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Chapterr 2 

Abstract t 

BackgroundBackground and study design: 

AA large cohort of patients with familial hypercholesterolemia (FH), free from selection for 
cardiovascularr disease (CVD), and their unaffected relatives, was collected by genetic 
cascadee screening and examined for the influence of different mutations of the low-density 
lipoproteinn (LDL) receptor gene on lipoprotein levels and the risk of CVD. Multivariate 
analysess with adjustment for age, gender, and specific family ties were performed. 

Results: Results: 

Significantt variation of LDL levels was observed among 399 FH patients with different 
mutations.. Null-alleles were associated with more severely elevated LDL-cholesterol, 
whereass the frequent N543H/2393del9-mutation lead to less elevated LDL-cholesterol. 
Thee type of mutation did not influence high-density lipoprotein (HDL) cholesterol levels. 
FHH patients had 8.5 times more often CVD compared to their unaffected relatives (RR 
8.54,95%% CI 5.29-13.80). The N543H/2393del9-mutation was associated with a smaller 
increasee of risk compared to other mutations (p< 0.0001). After exclusion of families 
withh the N543H/2393del9-mutation, null-alleles and other alleles mutations did no longer 
differr with regard to LDL-cholesterol levels and CVD risk. 

Conclusions: Conclusions: 
LDL-receptorr mutations only partly contributed to the variation of LDL-cholesterol levels 
andd cardiovascular burden in FH. Additional, so far unidentified, familial risk factors 
mustt underlie the differences of CVD risk, most likely independent of lipids and 
lipoproteins. . 
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Introductio n n 

Familiall  Hypercholesterolemia (FH) is a common disorder of lipoprotein metabolism, 

leadingg to severe hypercholesterolemia and an increased risk of cardiovascular disease 

(CVD).11 The disorder is caused by mutations in the low-density lipoprotein (LDL) receptor 

gene.. To date approximately 700 DNA sequence variations have been identified and 

categorizedd in 6 different functional classes. The effects of these mutation classes on 

plasmaa lipoprotein levels and on risk of CVD have been studied extensively.2,38 

Inn these studies, however, patient populations were small and invariably selected through 

Lipidd Clinics. Thus, other risk factors for CVD were likely to determine the excess 

mortalityy from FH, whereas the type of mutation had seemingly littl e or no relevant 

contribution.99 In effect, we recently reported the presence of additional dyslipidemias in 

somee FH families.10 Hence, in previous studies, it was not clear whether variance of 

lipoproteinn levels and CVD risk could be attributed to variation at the LDL-receptor 

locuss or to other familial factors. Therefore, the exact relationship between the different 

LDL-receptorr mutation classes, lipoprotein levels and the risk of CVD is still unclear. 

Thee Dutch national screening program for FH provided a large population free form 

selectionn for CVD, after exclusion of probands.10 The present study assessed the effect 

off  different LDL-receptor gene mutations on plasma lipoproteins and risk of CVD in 

thiss cohort, after adjustment for familial risk factors. 

Methods s 

Thee screening program 

Thee national genetic testing program for FH was executed as described before.10 Patients 

withh FH were identified according to a uniform diagnostic protocol.11 DNA samples of 

thesee patients were analyzed for the presence of a LDL-receptor gene mutation and, 

oncee identified, such a patient was referred to as an index case.12 The mutations were 

describedd previously and known to be pathogenic. Relatives of the index patient were 

thenn actively contacted and DNA-testing was performed for the presence of the mutation. 

Thiss genetic testing program did not allow for extensive data collection or measurement 

off  many biochemical parameters, thereby limiting a full-scale risk assessment. 
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Studyy population and patient selection 
Onlyy relatives of index cases were included in this study and the participation rate among 

relativess was 90%.10 Selection was based solely on the Mendelian inheritance pattern of 

thee LDL-receptor mutations and not on referral type. Therefore, analysis of genotype-

phenotypee relations without selection on additional risk factors for CVD was possible. 

Too avoid ascertainment bias, index cases were excluded from all analyses since a 

proportionn could have been referred based on the onset of CVD and this would lead to 

overestimationn of the risk from FH. On the other hand, index cases were selected on 

beingg alive, which could also introduce a selection bias leading to underestimation of 

thee risk from the disorder. Individuals receiving any form of cholesterol-lowering 

medicationn were excluded from analyses of the lipid and lipoprotein parameters. 

Laborator yy methods 
Plasmaa concentrations of total cholesterol, HDL-cholesterol, and triglycerides were 

measuredd by commercially available kits (Boehringer Mannheim, Mannheim, Germany) 

inn fasting blood samples. LDL-cholesterol concentrations were calculated by the 

Friedewaldd formula only if the triglyceride concentration was below 398 mg/dl.13 Genomic 

DNAA was isolated from the leukocyte fraction of 10 ml freshly collected blood. Mutational 

analysess were performed using polymerase chain reaction (PCR) and restriction enzyme 

analysiss as described previously.13 

Cardiovascularr  disease 
Cardiovascularr disease was defined as fatal myocardial infarction (MI) or onset of non-

fatall  symptoms. The latter included the (1) onset of angina pectoris assessed with 

electrocardiographicc exercise testing, (2) 70% stenosis as assessed by coronary 

angiography,, (3) MI documented by electrocardiography, or a deep and wide Q-wave as 

ann electrocardiographic manifestation of an old infarction or CPK-MB monitoring during 

thee acute phase and (4) performance of coronary bypasses, or percutaneous transluminal 

coronaryy angioplasty. 

Statisticall  analysis 
Fourr frequent mutations allowed for separate analyses, as did receptor-negative (null-

alleless W23X and 1359-1) and receptor-defective (other alleles) mutations. 

Al ll  data were analyzed using SPSS software (version 9.0, SPSS, Chicago, USA). To 

estimatee the effect of mutational heterogeneity at the LDL-receptor locus on lipoprotein 
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levels,, two different methods were used: (7) comparison of lipid levels of the carriers of 

thee mutations by ANOVA and multiple linear regression with adjustment for age and 

gender;; (2) calculation of mean differences in lipoprotein levels, standard error of the 

meann and the 95% confidence intervals of lipoproteins levels between relatives with and 

withoutt a mutation, using a matched multiple regression model. Each case was matched 

withh the mean value of the unaffected relatives with adjustment for age, gender, and 

specificc family ties. In multivariate analyses, difference in age was entered as a continuous 

co-variable,, and family and degree of relative as dichotomous dummies. Cumulative 

survivall  was analyzed with the Kaplan-Meier method and Cox's regression. In effect, 

thee population was stratified by family, degree of relative, gender and age. Generation 

andd date of birth were correlated and separate analyses yielded similar results. Date of 

birthh was used in the Cox' regression to adjust for differences in life expectancy over 

calendarr periods. 

Moreover,, in all multivariate analyses we have compared the proportion of shared genome 

withh the nearest proband with the degree of relative code. These techniques yielded 

identicall  results. We chose for the more neutral codes of the dummy variables, instead of 

thee proportions to avoid putting weight on relationships without being able to consider 

sharedd environmental factors. In this way, estimations were made in the multivariate 

modell  and were not influenced by our interpretation of the relationships. 

Results s 

Patientt  characteristics 

AA total of 1695 relatives of 66 consecutive index patients were screened for the LDL-

receptorr gene mutation transmitted in the respective families. Figure 1 gives a breakdown 

off  the study population 

Figuree 1. Patient selection 

totall  number screened 
1695 5 

—* —* 

—

carriers s 
608(35.7%) ) 

non-- carriers 
1087(64.3%) ) —

carrierss without medication 
399(65.6%) ) 

non-carrierss without medication 
1048(96.4%) ) 

WithoutWithout medication means that individuals were not cholesterol lowering medication. Index cases and 
theirtheir first-degree relatives were not included. 
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withh regard to carrier and treatment status. The mean age differed significantly between 

treatedd and untreated carriers: 9 years versus 31  1.1 years respectively (p<0.001), 

whilee the proportion of men was similar in these two groups: 47%  3% and 49%  3%, 

respectivelyy (p=0.7). 

Inn table 1 the characteristics of the carriers of null- and other alleles and of unaffected 

relativess are presented. In the following analyses, additional adjustment for significantly 

differentt risk factors did not change the outcome. The number of patients with hypertension 

andd type 2 diabetes was too small for meaningful analyses. 

Tablee 1. Characteristics of carriers of null-alleles, carriers of other alleles, and unaffected relatives. 

NN (total) 
Meann age (years  SEM) 
Agee range (years) 
Genderr (male/female) 

Riskk factors (number (% 
hypertension n 
diabetess type II 
Formerr smokers 
Currentt smokers 

Null-alleles s 

124 4 
34.88  1.6 

16-80 0 
61/63 3 

 SEM)) 
99 (7  2%) 
00 (0  0%) 

299 (23  4%) 
322 (26  4%) 

Otherr alleles 

484 4 
36.88  0.9 

16-84 4 
233/251 1 

177 (4 ) 
22 (0  0%) 

777 (16 * 
93(199 * 

Unaffectedd relatives 

1087 7 
40.77  0.6 

16-96 6 
511/576 6 

622 (6  0%) 
266 (2  1%) 

1977 (18 ) 
2844 (26 ) 

NN (untreated) 26(F)) 28 (M) 178(F) 167 (M) 559(F) 495 (M) 

totall  cholesterol (mg/dl) 
LDL-cholesteroll  (mg/dl) 
HDL-cholesteroll  (mg/dl) 
Triglyceridess (mg/dl) 

3288 (67) 
2588 (59) 

39(8) ) 
1533 (78) 

291(48) ) 
2299 (44) 
37(10) ) 

1288 (73) 

2899 (63) 
217(59) ) 
455 (14) 

1266 (79) 

2777 (52) 
2111 (49) 
37(12) ) 

1355 (86) 

1999 (45) 
1344 (40) 
499 (14) 

1033 (89) 

2133 (58) 
137(40) ) 
411 (13) 

168(115) ) 

LipoproteinLipoprotein values are mean values  SD); F: female; M: male; SEM, standard error of the mean. 
*:*:  In comparison with the other two groups p=0.2, and in comparison with the null-alleles group 
p=0.07.p=0.07. **:  significantly lower than in the other two groups (p=0.03). 

MutationsMutations and lipoproteins 
Fourr mutations were present in substantial numbers. Unadjusted mean lipid values (

SD)) of untreated male and female patients with FH and unaffected relatives are shown in 

tablee 1. The N543H/2393del9-mutation, which is a combination of a point mutation in 

exonn 11 and a deletion of 9 base pairs in exon 17 linked on the same allele, was present 

inn 185 patients. V408M was found in 51 patients. Two splice defects at positions 313+1 

orr 2 in intron 3 and 1359-1 in intron 9 were found in 39 and 38 patients respectively. 
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Fivee other  mutations, Leiden-3, W23X, E207K, P664L, and S285L, were present in 15, 

16,, 16, 25, and 14 untreated patients respectively. 

ANOVAandd multipl e linear  regression with adjustment for  age and sex yielded identical 

results.. A total of 54 patients with null-alleles (W23X and 1359-1) had significantly 

higherr  elevated LDL - cholesterol levels (mean 243 mg/dl, 95% CI  229 to 258, pO.001) 

andd tended to lower  HDL-cholesterol levels (mean 38 mg/dl, 95% CI  36 to 41, p= 0.06) 

comparedd to 345 patients with other  alleles (mean LDL-cholesterol 214 mg/dl, 95%CI 

2088 to 220, mean HDL-cholesterol 41 mg/dl, 95% CI  40 to 43). The carriers of the 

N543H/2393del9-mutationn had significantly less increased LDL-cholesterol levels (mean 

2000 mg/dl, 95 % CI  192 to 205, p< 0.001) compared to the carriers of V408M (mean 245 

mg/dl,, 95% CI  230 to 260), 1359-1 (mean 252 mg/dl, 95 % CI  236 to 269), and 313+1/ 

22 (mean 227 mg/dl, 95 % CI  209 to 244). Using a triglycerid e cut-off point of 204 mg/dl, 

thee prevalence of hypertriglyceridemia was 15% (  1%) in FH patients and 21.7% (

1%)) in unaffected relatives. Additional adjustment for  triglycerid e levels did not change 

thesee analyses. A total of 22.4% had HDL levels lower  than 35 mg/dl. Of these 

dyslipidemicc FH patients 5% was on lipid lowering drugs. The percentage of patients 

withh CVD was 5% in unaffected relatives with dyslipidemia and 3% in those without 

dyslipidemia.. Exclusion of these relatives did not change the results of the risk analyses. 

Correctionn for  familial factors, not related to the LDL-receptor  gene locus, was also 

performed.. The mean differences in lipoprotein levels between mutation carriers and 

theirr  unaffected relatives were estimated with the multipl e linear  regression method, 

adjustedd for  age, gender  and family ties. 

Figuree 2 shows mean differences in plasma LDL - and HDL-cholesterol between carriers 

off  a mutation and unaffected relatives. Compared to unaffected relatives, FH patients 

hadd increased plasma concentrations of total cholesterol (difference 83 mg/dl, 95% CI 

777 to 89, p<0.001) and LDL-cholesterol (difference 88 mg/dl, 95% CI  83 to 93, pO.001). 

HDL-cholesteroll  was decreased by 4 mg/dl (95% CI  -5 to -2, pO.001). Additional 

adjustmentt  for  triglycerides did not change this finding. Plasma triglycerid e levels were 

nott  significantly different between patients and unaffected relatives (mean difference -

111 mg/dl, 95% CI-21 to -5, p=0.06). LDL-cholesterol levels of carriers of the N543H/ 

2393del9-mutationn were significantly less elevated compared to three other  mutations 

(figuree 2, pO.001). Differences in HDL-cholesterol levels between carriers and non-

carrierss were similar  for  the different mutation carriers. Carriers of null-alleles had 

significantlyy higher  LDL levels compared to the carriers of other  alleles. However, after 

exclusionn of the families with the N543H/2393del9-mutation, the mean difference in 
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Figuree 2. Mean differences (  SEM) in LDL - and HDL-cholesterol levels between carrier s of 
differentt  types of LDL-receptor  mutations and their  unaffected relatives adjusted for  differences 
inn age, gender, and family ties. 

-- 1 
88 £ 
££ g 

<BB "5 

1355 -i 

116--

977 -

777 -

588 -
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--

* * 

T" " ~r r 

~r ~r 
** * 

T T 

N543H// V408M 
2393del9 9 

1359-11 313+1/2 nulll other 
alleless alleles 

cases s 
relatives s 

0 0 

185 5 
393 3 

51 1 
173 3 

38 8 
163 3 

39 9 
148 8 

54 4 
223 3 
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825 5 

Q Q 
X X 55 -1.54 

D) ) 
E E 
^T-3.09 9 
o o 
03 3 
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-7.722 J 

X X x x 

other r 
N543H/239233 excl. 

160 0 
332 2 

X X 

**  Significant (p<0.001) difference between carriers of the N543H/2393del9-mutation and carriers of 
313+1/2,313+1/2, 1359-1 or V408M mutation. 

****  Significant (p<0.001) difference between carriers of the null-alleles (W23X and 1359-1) and the 
otherother mutations (Leiden-3, E207, P664L, S285, N543H/2393del9, 313+1/2, V408M). 

LDLL level was 113 mg/dl (95% CI 100 to 125) for carriers of null-alleles versus 109mg/ 

dll  (95% CI 101 to 117) for carriers of the other alleles (figure 2). In this model, the 

differencess in HDL-cholesterol levels between carriers of null and other alleles could 

nott be reproduced. 

Cardiovascularr  disease 
Thee numbers of events were 20 in 241 for the N543H/2393del9-mutation, 53 in 367 for 

thee other mutations and 37 in 1087 for unaffected relatives. In our population, 27% 

(95%% CI 21 to 33%) started treatment after a CVD event. Four percent (95% CI 2 to 6%) 

off  the untreated FH patients had an event, while patients that used cholesterol-lowering 

medicationn had three times more often CVD than those that were not on medication (RR 

3.04,95%% CI 1.55 to 5.94, p=0.001). This illustrates that medication was mostly prescribed 

ass secondary prevention. 
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Tablee 2: Risk of coronary artery disease in 
forr  age and gender. 

Al ll  mutations 
N543H/2393dcl9bp p 

V408M M 
1359-1 1 
313+1/2 2 

Null-alleles s 
Otherr alleles 

N543H/2393del99 included 

Otherr alleles 
N543H/2393del99 excluded 

n n 

608/1087 7 
241/401 1 
77/181 1 
102/176 6 
83/151 1 

124/236 6 
484/851 1 

243/450 0 

FHH patients relative to unaffected relatives, adjusted 

Nott  adjusted for 
familyy ties 

RR* * 

4.00 0 
2.15 5 
5.19 9 
7.39 9 
8.11 1 

6.03 3 
3.58 8 

5.53 3 

95%% CI 

2.83-5.65 5 
1.30-3.57 7 
2.82-9.54 4 
4.35-12.56 6 
4.71-13.98 8 

3.58-10.16*** * 
2.47-5.19 9 

3.61-8.46 6 

Fami i 

RR* * 

8.54 4 
7.83 3 
7.01 1 

15.95 5 
11.14 4 

10.43 3 
7.97 7 

7.53 3 

ilyy analyses 

95%% CI 

5.29-13.80 0 
3.11-19.67** * 
2.18-22.59 9 
5.52-46.14 4 
4.67-26.57 7 

4.08-26.69*** * 
4.60-13.81 1 

3.84-14.76 6 

CI:CI:  confidence interval; n: number of carriers/number of non-carriers. *:relative risk (RR) differed 
significantlysignificantly (p< 0.003) compared to unaffected relatives; 

**:**:  in comparison with the other 3 mutations the risk of coronary artery disease was 0.30 (95% CI 
0.180.18 to 0.52, p<0.0001); 

**  * *:  not significantly different compared with other alleles. 

Inn Table 2 the CVD risk of mutation carriers relative to unaffected relatives, adjusted for 

datee of birt h and gender, is shown. In the total group, patients had a 4 times higher  risk 

off  CVD relative to all unaffected relatives. However, after  adjustment for  family ties, the 

patientss had an 8.5 times higher  CVD risk compared to their  unaffected relatives. 

Additionall  adjustment for  the ratio total cholesterol/HDL-cholesterol did not change 

thiss risk (data not shown). The carriers of the N543H/2393del9-mutation had lower 

CVDD risk compared to the other  three mutations (RR 0.30,95% CI  0.18 to 0.52; pO.001). 

Afterr  adjustment for  family ties the risk of the N543H/2393del9- and the V408M-mutation 

becamee similar, albeit significantly different from the other  two mutations. Additional 

adjustmentt  for  the ratio total cholesterol/HDL-cholesterol did not change the results. 

Thee carriers of null-alleles had a 6 times higher  CVD risk compared to unaffected relatives 

andd this risk tended to higher  values after  adjustment for  family ties and lipid profile. 

Thee analyses of coronary artery disease risk with and without the N543H/2393del9-

mutationn families yielded virtuall y identical results (table 2). 

Inn Figure 3, Kaplan-Meier  curves represent the CVD free survival of carriers of the 

N543H/2393del9-mutation,, carriers of all other  mutations and unaffected relatives. The 
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numberss of censored persons were, respectively, 221 (92%), 314 (86%), and 1044 (97%). 

Thee log rank test was 112, df=2, pO.0001. 

Figuree 3. Kaplan-Meier  curves for  fatal myocardial infarction or  CVD for  different types of 
LDL-receptorr  mutations. 

1.00 ,-

" || 0.8 • 

11 06 ' 
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Discussion n 
Wee show that LDL-cholesterol levels and CVD risk significantly varies within and 

betweenn carriers of different LDL-receptor gene mutations. In particular, carriers of the 

N543H/2393del9-mutationn had less abnormal lipid profiles and accordingly lower CVD 

risk,, compared to carriers of other mutations. The allelic combination of the N543H and 

2393del9-mutationss has been described as a functional class 2-defect (transport 

deficient)14,, but its mild phenotype was first noticed in this study. 

Carrierss of null-alleles had a worse lipoprotein profile when compared to carriers of 

otherr alleles. However, after exclusion of families with the N543H/2393del9-mutation, 

lipoproteinss nor CVD risk no longer differed. 

Thee lipoprotein profile, however, poorly explained the differences of cardiovascular risk 

betweenn mutations. Together, our findings suggest a relevant genotype-phenotype effect 

onn lipids and cardiovascular burden, but accentuate on the other hand the importance of 

other,, probably not lipid related, risk factors for CVD in FH. 

Assessmentt of cardiovascular burden in family analyses, free from selection for CVD, 

representss the strength of our study. Kindreds of large series of index cases with a 

molecularr diagnosis of FH were recruited and these index cases were excluded from our 

analyses.. This study design clearly contrasts with others, thatothers, which actually 

selectedd on CVD. Peculiar to the present study was the ability to compare association 

•--unaffectedd relatives 

FH:: N543H/2393dcl9 mutation 

FH:: all other mutations 

20 0 400 60 80 0 
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andd family studies, whereas others neglected the influence of family ties. Unfortunately, 

thee family analyses had less power as a result of smaller groups. Nonetheless, these 

analysess showed more severely increased point estimates of the CVD risk compared to 

thee analyses without considering the family ties. This phenomenon was a result of the 

relativelyy high prevalence of CVD among the relatives without FH, reflecting the high 

prevalencee of CVD in our general population. Restricting analyses to families revealed 

that,, although the relatives without FH often had CVD, FH patients had onset of CVD 

symptomss at much younger age. Therefore, we argue that the point risk estimates in 

familiess described the cardiovascular burden of FH better than those without considering 

familyy ties. A possible limitation of our study was the possibility of underestimating 

cardiovascularr burden as a result of premature death among relatives with FH. In a 

recentt family tree mortality study, however, we showed that exclusion of such 'severe' 

heterozygouss cases did not occur.15 Mortality from heterozygous FH occurs in middle 

agedd men and elderly women and it is therefore unlikely that premature death had a 

relevantt influence on the present analyses.9 

Sincee the elucidation of the cholesterol pathway by Brown and Goldstein, many studies 

havee addressed the relation between mutations causing FH and the resulting phenotypic 

expressionn of the disorder. Gudnason and Humphries found that FH patients with null-

alleless had significantly higher LDL-cholesterol levels, but were not able to establish a 

relationshipp with CVD risk.4 This may be a result of recruiting patients from a Lipid 

Clinicc population in which CVD was almost omnipresent. Two studies in French-Canadian 

patientss revealed that LDL-cholesterol levels as well as severity of CVD was higher in 

patientss carrying null-alleles, but the results of these studies may have been influenced 

byy unknown ethnic or familial genetic factors.7 8 Sun et al. examined a small cohort of 12 

patientss from 7 families with the 313+1 (G to A) splice-site mutation in intron 3 and 

concludedd that this mutation leads to a relatively severe clinical phenotype.16 Although 

inn our patients with mutations in the 313+1/2 cluster the LDL-levels were not extreme, 

wee found relatively frequent CVD among the carriers of these mutations, in agreement 

withh Sun et al. 

Ourr older observations and those of others may have been biased by the presence of 

additionall (familial) lipoprotein disorders, because in previous studies it was not possible 

too perform family analyses as in the present study.915 The analyses of CVD risk with and 

withoutt the N543H/2393del9-mutation families yielded virtually identical results. 

Wee included the patients on medication in all CVD risk analyses. Excluding patients on 

medicationn would certainly lead to further underestimation of risk by excluding a 
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proportionn of patients with C VD. The latter were on medication mostly in the framework 

off  secondary prevention and belong to the highest risk category. In our analyses, we 

cannott adjust for the effect of medication without also adjusting for the relatively high a 

priorii  risk of the majority of patients on medication. Therefore, our study is not able to 

estimatee the effect of medication on CVD risk. 

Inn conclusion, clear genotype-phenotype relations exist between specific LDL-receptor 

mutations,, plasma lipid and CVD burden. However, independent of lipoprotein profiles, 

additionall  familial risk factors contributed to the CVD burden of FH. 

Thee combination of genetic testing and assessment of cardiovascular risk by IMT-

measurementt may lead to a strategy for an individual approach in preventive medicine.918 

Moree aggressive treatment of elevated LDL-cholesterol levels in FH has shown that the 

modalitiess for optimal patient identification and treatment are now available for these 

patients.19 9 
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