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General Introduction 





Introduction 

Introduction 

Arteriosclerosis, the principal cause of heart attacks, strokes, and ischemia, is 

responsible for 50% of all mortality in the Western world (1). In the last 

decades, it became clear from epidemiological studies that cardiovascular 

disease is a complex trait, with a multi-factorial etiology. Many factors, both 

environmental and hereditary, have been proposed to influence the 

susceptibility to cardiovascular disease, recently summarized by Hopkins et al. 

(2). Established risk factors for arteriosclerosis include hypercholesterolemia, 

hypertension, diabetes mellitus and smoking, whereas protein C, protein S and 

anti-thrombin III deficiency, activated protein С resistance, pregnancy, immob

ilization and use of oral contraceptives predispose to venous thrombosis. 

Almost 30 years ago, McCully (3) postulated homocysteine as toxic to the 

vascular system. An international survey clarified that patients with severe 

hyperhomocysteinemia due to cystathionine ß-synthase (CBS) deficiency, the 

classical homocystinuria, have a probability of about 50% to suffer from a 

vascular event before the age of 30 years. This observation motivated others to 

investigate mild hyperhomocysteinemia as a risk factor for vascular disease. 

After pioneering work of Wilcken and Wikken in 1976 (4), many studies of 

different design have investigated mild hyperhomocysteinemia. Nowadays, it 

is generally accepted that mild hyperhomocysteinemia is an independent risk 

factor for both arteriosclerosis (5-8) and venous thrombosis (9). Whether 

homocysteine-lowering intervention in mild hyperhomocysteinemia is clinical

ly beneficial in reducing the risk of vascular disease remains to be established 

in clinical intervention trails. 

Homocysteine 
Homocysteine is a sulfur-containing intermediate in methionine metabolism 
(figure 1). Methionine, an essential amino acid, can be activated to S-adenosyl-
methionine (AdoMet) by methionine adenosyltransferase (MAT). AdoMet is 
the most predominant methyl donor in the human body, and donates its 
methyl group in over 100 transmethylation reactions including DNA, RNA, 
phospholipids, and for creatine synthesis. After demethylation of AdoMet S-
adenosylhomocysteine (AdoHcy) is formed, which quickly hydrolyzes to 
adenosine and homocysteine. 

Homocysteine can be catabolized in the transsulphuration pathway via two 
vitamin Be dependent enzymatic reactions. The regulating enzyme in trans
sulphuration is cystathionine ß-synthase (CBS), which condenses homocysteine 
and serine to cystathionine. Cystathionine is further catabolized by γ-cysta-

thionase to cysteine and α-ketobutyrate. Homocysteine can also be remethyl-
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Chapter 1 

afced to methionine. Regulating enzymes in remethylation of homocysteine are 

methionine synthase (MS) and methylenetetrahydrofolate reductase (MTHFR). 

The latter enzyme reduces 5,10-methylenetetrahydrofolate to 5-methyltetra-

hydrofolate (5-MeTHF), the predommant form of folate in plasma. This 

important folate derivative donates its methyl group to cobalamin attached to 

MS which enables the remethylabon of homocysteine to methionine. In the 

liver, homocysteine can also be remethylated by a betaine (trimethylglycine)-

dependent remethylabon pathway (10,11). 

Dimethylglyane 

\ 

Betaine 

Methionine 

S-adenosyl-

methtomne 

+ 
S-adenosyl-

homocystane 

Serine 
Homocysteine 

Cystathionine 

« I © 

Cysteine 

/ \ 

THF 

5,10-methylene-

3 THF 

So 
5-methyl-

THF 

a-ketobutyrate 

Figure 1. A simplified scheme of homocysteine metabolism Main regulating enzymes are 

denoted by numbers, co-factors are enarcled. 

1 = cystathionine fS-synthase (CBS), 2 = methionine synthase (MS); 3 = methylenetetrahydro

folate reductase (MTHFR), 4 = γ-cystathtonase, 5 = betaine-homocysteine methyltransferase, 

Вг = vitamin Bi as FAD (flavin adenine dtnucleotide); Bs = vitamin Be as PLP (pyndoxal 5'-

phosphate), Bu = vitamin Bn as MeCbl (methylcobalamin), THF = tetrahydrofolate 

14 



Introduction 

A main regulatory compound of homocysteine metabolism is AdoMefc an 

allosteric activator of CBS in the transsulphuration pathway (12,13), and an 

allosteric inhibitor of MTHFR activity (14,15). This highly coordinated regula

tion favors the remethylation of homocysteine in circumstances of low 

methionine levels, whereas in conditions of high methionine concentrations, the 

surplus will be catabolized at the level of homocysteine via an activated 

transsulfuration pathway (12,16). 

Several B-vitamins serve as co-factor or co-substrate in homocysteine 

metabolism. Activity of CBS depends on pyridoxal 5'-phosphate, a biologically 

active form of vitamin Ββ, 5,10 methylene-THF is the co-substrate and FAD 

(vitamin B2) the co-factor for MTHFR, whereas MeCbl (vitamin B12) serves as 

co-factor for MS. Thus, vitamin Вб is required for optimum transsulfuration, 

whereas vitamin B2, vitamin B12 and folate are necessary for efficient 

remethylation of homocysteine to methionine. 

In healthy individuals as well as in homocystinuria patients, a significant 

fraction of homocysteine in plasma is protein-bound (17). The main carrier to 

which homocysteine is bound in plasma is albumin, and this protein-bound 

fraction accounts for ~70% of the total plasma homocysteine in healthy 

individuals (17,18). Non-protein bound homocysteine consists of homocysteine 

and its oxidized species, including homocystine (disulphide of homocysteine), 

and homocysteine-cysteine mixed disulphide (19). The total amount of protein 

and non-protein bound homocysteine moieties is denoted total plasma 

homocysteine (tHcy). 

Routinely, total plasma homocysteine concentrations are measured after an 

overnight fast and after a methionine loading test, in which the metabolism is 

stressed by oral administration of methionine (0.1 g L-methionine/kg body 

weight) (20). Post methionine load homocysteine concentrations are preferen

tially determined at peak levels (4-8 hours) after ingestion of methionine. This 

test was originally designed to discriminate heterosygotes for CBS deficiency 

from healthy individuals, as this test mainly examines transsulphuration 

capacity (21). Hyperhomocysteinemia, in most studies defined as a homo

cysteine concentration above the 80*-95* percentile of the control group, in 

fasting state is supposed to reflect abnormalities in homocysteine remethyla

tion, whereas an abnormal homocysteine increase upon methionine provo

cation is considered to reflect defects in homocysteine transsulphuration. 

Homocystinuria: inborn errors in methionine metabolism 

Carson and Neill (22) and Gerritsen et al. (23) independently described the first 

error in methionine metabolism by demonstrating an excessive urinary excre-
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tion of homocystine. Soon thereafter, these reports were followed by studies 

establishing the main pathological findings in homocystinuria patients (24-26): 

dislocation of the optic lens (ectopia lentis), myopia, skeletal abnormalities like 

scoliosis, osteoporosis, and Marfanoid features, mental retardation, convul

sions, and life-threatening complications of the vascular system (27,28). In 1964, 

Mudd et al. identified an enzymatic deficiency of CBS as a cause of severe 

hyperhomocysteinemia in homocystinuria (29), which was shown to be an 

autosomal recessive trait (30). CBS deficiency is the most common cause of 

homocystinuria with an estimated world-wide incidence of 1:344,000 living 

births (31). Biochemically, patients are characterized by severe hyperhomo

cysteinemia, hypermethioninemia, and hypocysteinemia. CBS activities in liver 

specimens (29,32), phytohemagglutinin-stimulated lymphocytes (33), and in 

extracts of cultured fibroblasts (28,34-36) are decreased in most patients, al

though studies in tissue cultures do not show deficiencies in all patients (35,37). 

First choice of therapy in CBS deficiency consists of mega doses vitamin Be, 

which, in about 50% of the patients (27), results in a marked decrease in plasma 

homocysteine concentration and a change in methionine and cysteine concen

trations towards normal values (38). In Be-nonresponsive homocystinuria 

patients stimulation of the remethylation pathways by administration of folate, 

hydroxycobalamin and betaine (27,39,40) has been proven to be successful in 

reducing plasma homocysteine concentrations. 

Another form of severe hyperhomocysteinemia originates from MTHFR 

deficiency. This deficiency, albeit the most common inborn error in folate 

metabolism (41), is relatively rare with an estimated incidence of ~1:3,000,000. 

Biochemically, patients are characterized by severe hyperhomocysteinemia, 

homocystinuria, and hypomethioninemia. MTHFR activities in extracts of 

cultured fibroblasts are usually less than 20% of the control mean (41), whereas 

activities in isolated lymphocytes of patients are hardly detectable (Blom et al., 

unpublished results). Patients with a severe MTHFR deficiency display a wide 

range of clinical features, such as neurological abnormalities, probably due to 

demyelination (42), mental retardation, and premature vascular disease (41,43-

47). Homocysteine-lowering treatment in severe MTHFR deficiency includes 

administration of folate and FAD (41,48) and, in folate non-responsive MTHFR 

deficiency, large doses (15-20 g daily) of betaine (46). 

On the basis of complementation tests in cultured fibroblasts, at least five 

inborn errors of cobalamin metabolism have been described (cblC, cblO, cblB, 

ΜΈ, and cblG), affecting either the synthesis and transport of cobalamin 

leading to a reduced MS activity (49). These cobalamin deficiencies, however, 

are very rare. 
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Introduction 

Homocysteine and vascular disease 
About thirty years ago, McCully described in a patient with a genetic 
deficiency in cobalamin metabolism vascular lesions, which resembled those 
that had been found in patients with homozygous CBS deficiency (3). As severe 
hyperhomocysteinemia is the only common metabolite in those patients, he 
postulated that the vascular damage found in association with both anomalies 
should be attributed to the toxic effects of increased concentrations of homo
cysteine (3,50). From a large international survey among more than 600 patients 
with homocystinuria due to CBS deficiency, Mudd et tu. calculated a chance of 
about 50% for untreated patients to suffer from a vascular accident before the 
age of 30 (27). 

The observation of such a high risk for arteriosclerosis and thrombosis in 
severe hyperhomocysteinemia inspired Wilcken and Wikken (4) to investigate 
a possible contribution of mild hyperhomocysteinemia to cardiovascular 
disease. They observed an impaired homocysteine metabolism, classified as an 
abnormal response to methionine provocation, in 7 (28%) out of 25 coronary 
patients and in 1 (~5%) out of 22 individuals from the reference group (4). The 
homocysteine concentrations observed were comparable to those found in 
obligate heterozygotes for CBS deficiency (21). Subsequently, both prospective 
(51-53) as well as retrospective (5,6,54) studies have provided evidence that 
mild hyperhomocysteinemia is an independent and graded risk factor for 
arteriosclerotic vascular diseases. Recently, Boushey et al. performed a quantit
ative assessment of plasma homocysteine as a risk factor for arteriosclerosis (7). 
In their meta-analysis, they combined 27 case-control studies, and calculated 
odds ratios for elevated plasma homocysteine in different categories of arterio
sclerotic vascular disease. The summary estimate of the odds ratio for coronary 
artery disease was 1.7 (95% CI: 1.5-1.9), for cerebrovascular disease 2.5 (95% CI: 
2.0-3.0), and for peripheral vascular disease 6.8 (95% CI: 2.9-15.8). In a very 
recent collaborative European study, in which mild hyperhomocysteine-mia 
was defined by using a relatively low cut-off level of the 80* percentile in 
controls, similar risk estimates were observed for coronary artery and cerebro
vascular disease, although in peripheral arterial disease a more conservative 
estimate was calculated (OR 2.0 [95% CI: 1.2-3.1]) (8). 

Although venous occlusions are found among homocystinuria patients at 
least as frequent as arterial disease, data on a possible relationship between 
mild hyperhomocysteinemia and venous thrombosis is scarce. Only a few 
studies have explored the relationship between mild hyperhomocysteinemia 
and elevated risk of venous thrombosis with contradicting results (55-58). 
Recent data from Den Heijer et al., in relatively large study groups, convin
cingly showed that mild hyperhomocysteinemia is also a risk factor for the first 
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occurrence (9) and the recurrence (59) of venous thrombosis, with relative risks 

comparable to those observed in arteriosclerotic vascular disease. Epidemiolo

gical evidence, summarized independently by Selhub/D'Angelo (60) and Den 

Heijer (61), indicates that the association between mild hyperhomocysteinemia 

and venous thrombosis resembles that found in arteriosclerotic vascular 

disease, although there seems to be a threshold effect rather than a graded 

effect of homocysteine in the risk of thrombosis (9,62). 

Genetics of hyperhomocysteinemia 

Recognized inborn errors in the methionine metabolism include CBS, MTHFR, 

and MS deficiency, the latter either directly or indirectly by impaired methyl-

cobalamin synthesis (30,31,41,63,64). 

The three genes encoding these enzymes have been isolated and sequenced. 

The CBS gene has been mapped to chromosome 21q22.3 (65,66) and its cDNA 

of 2554 bp encodes a 63 kDa subunit, consisting of 551 amino acids (67). 

Relatively common mutations responsible for the homocystinuria phenotype 

are 833T-KZ (I278T) and 919G->A (G307S) (68-70), together present in - 75% of 

the homocystinuric alleles analyzed thus far (Kraus et al, unpublished results). 

The MTHFR gene has recently been mapped to ІрЗб.З (71), and genetic 

analysis in patients with a severe MTHFR deficiency revealed several muta

tions (71-73). Very recently, also the MS gene was mapped to chromosome 1 

(lq43), cloned and sequenced (74,75), and the first mutations in cobalamin G 

(MS) deficiency were reported (75). 

Since the observation of mild hyperhomocysteinemia in patients with 

coronary artery disease, many efforts have been made to elucidate the genetic 

origin of mild hyperhomocysteinemia. Genetic studies in mono2ygotic and 

dizygotic twins indicated that mild hyperhomocysteinemia is strongly 

genetically based (76,77), a phenomenon also observed in studies of families 

with mild hyperhomocysteinemic vascular patients as index cases (78,79). Boers 

et al.were the first who measured CBS activities in cultured fibroblasts of hyper

homocysteinemic arterial disease patients, and found enzyme activities in the 

range of obligate heterozygotes for CBS deficiency (5), results that have also 

been found by Clarke et al. (6). These findings in both studies suggested that 

mild hyperhomocysteinemia in most cases, if not all, was caused by hetero

zygosity for CBS deficiency, an observation hard to reconcile with the normal 

incidence of heart attacks among obligate heterozygotes for CBS deficiency (80). 

These enzymatic studies could not be reproduced, and normal CBS activities 

were found in extracts of cultured fibroblasts in 9 out of 10 hyperhomo

cysteinemic vascular disease patients (81). Other enzymatic studies on CBS 
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deficiency as a cause of mild hyperhomocysteinemia in vascular disease 
patients were inconclusive (36,82). 

In 1988, Kang et al. discovered a new variant of MTHFR characterized by 
decreased specific enzyme activity and increased thermolability of the protein, 
leading, although not necessarily, to elevated homocysteine concentrations 
(83-85). In subsequent studies, they biochemically detected thermolabile 
MTHFR in 5% of control individuals and in 17% of patients with coronary 
artery disease (86), and a positive association was demonstrated between the 
severity of coronary stenosis and the frequency of thermolabile MTHFR (87). 
Engbersen et al. (81) were able to show that in 28% of the hyperhomo-
cysteinemic patients with premature vascular disease, abnormal homocysteine 
metabolism could be attributed to thermolabile MTHFR. From these studies it 
was established that thermolabile MTHFR was a common genetic cause of mild 
hyperhomocysteinemia, and constituted an inherited risk factor for vascular 
disease. 

Objectives of this thesis 
At the time this study was initiated, there was a controversy with regard to the 
involvement of heterozygosity for CBS deficiency in mild hyperhomocysteine
mia as detected in vascular disease patients. Although some studies (5,6) 
showed that heterozygosity for CBS deficiency accounted for mild hyperhomo
cysteinemia in most, if not all, vascular disease patients, those results were 
incompatible with earlier observations of Mudd et al. (80), and could be not 
reproduced (81). 

Departing from this controversy, specific objectives of this thesis were: 

• to analyze the molecular basis of homocystinuria due to CBS deficiency. 

• to study by means of molecular genetic techniques whether heterozygosity 
for CBS deficiency is a significant cause of mild hyperhomocysteinemia in 
patients with premature vascular disease. 

• to study other genetic origins of mild hyperhomocysteinemia in vascular 
disease patients. 

The studies presented in this thesis can be subdivided into two parts, dealing 
with the molecular basis of severe hyperhomocysteinemia (Part 1: chapters 2-6) 
and with the genetics of mild hyperhomocysteinemia (Part 2: chapters 7-11). 
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Parti 
In chapter 2, 3, and 4, the identification of some novel mutations in the CBS 
gene (chapter 2 and 4) and MTHFR gene (chapter 3) is described. 

In chapter 5, the possible contribution of thermolabile MTHFR or factor V 
Leiden to the risk of venous thrombosis in classical homocystinuria patients is 
reported. 

In chapter 6, we present the molecular basis of homocystinuria due to CBS 
deficiency in 29 Dutch homocystinuria patients, and the possibility of a 
relationship between CBS genotype and the clinical phenotype is explored. 
Furthermore, we describe data on the clinical efficacy of homocysteine-
lowering treatment in these patients. 

Part 2 
In chapter 7, we present the data of our study on the molecular basis of 
thermolabile MTHFR, and its association with plasma homocysteine concen
trations. 

A common MTHFR polymorphism, a 677C-»T transition, has been deter
mined as a cause of such thermolability, and is studied as a risk factor in 
different forms of vascular disease in chapter 8 (arterial occlusive disease), 
chapter 9 (coronary artery disease) and chapter 10 (deep-vein thrombosis). In 
the latter study, we also investigated a possible interaction between the 
MTHFR variant and factor V Leiden in the risk of deep-vein thrombosis. 

In chapter 11, the possible involvement of so far unknown CBS mutations in 
mild hyperhomocysteinemia is described. 

Finally, in chapter 12, the studies presented in mis thesis are summarized 
and discussed, and suggestions for future research on the genetic basis of mild 
hyperhomocysteinemia are given. 
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Chapter 2 

Two Novel Missense Mutations in the Cystathionineß-Synthase Gene in 

Homocystinunc Patients 

Leo A.J. Kluijtmans, Henk J. Blom, Godfried H.J. Boers, Bernard A. van Oost Frans 

J.M. Trijbels, and Lambert P.W.J, van den Heuvel. 

Departments of Pediatrics, Internal Medicine, and Human Genetics, University Hospital Nijmegen, 

The Netherlands 

Human Genetics 1995; 96:249-250 





Two novel mutations in homocystinuria 

Abstract 
Direct sequencing of the coding region of the cystathionine ß-synthase (CBS) 

gene in two homocystinuric patients revealed the presence of two novel 

missense mutations. The first mutation, a 1111G-»A transition, resulted in the 

substitution of the evolutionary conserved valine-371 by a methionine residue 

(V371M) and created a new NlaTU restriction site. The second mutation, a G-»A 

transition at base pair 494, resulted in an amino acid change from cysteine to 

tyrosine (C165Y) and abolished a BsoFI restriction site. Both mutations were 

found in a compound heterozygous state with the previously described 

833T-KI transition. 

Introduction 
Homocystinuria due to cystathionine ß-synthase deficiency is an inborn error 

of methionine metabolism and is inherited as an autosomal recessive trait The 

predominant clinical manifestations of the homozygous state are arterio

sclerosis, thromboembolic complications, skeletal abnormalities, ectopia lentis 

and mental retardation (28,31). The large variety in severity of the clinical 

features as well as the biochemical response to therapy suggests genetic hetero

geneity of the CBS gene. CBS, a pyridoxal phosphate requiring enzyme, cata

lyzes the synthesis of cystathionine from homocysteine and serine (12). Up till 

now, 14 mutations have been reported in the coding region of the CBS gene 

(70), which has been mapped to 21q22.3 (66). In mis report, we describe the 

identification of two new missense mutations in this coding region. 

Subjects and methods 
Patient 1 is a 33 year old man who suffered from ectopia lentis, osteoporosis, 

scoliosis and mental retardation. He also showed typically marfanoid features 

like arachnodactyly and dolichostenomelia. Therapy consisted of daily admin

istration of 750 mg pyridoxine, which reduced his total homocysteine levels to 

35 μιηοΙ/L (control levels 8-18 μπιοΙ/L). 

Patient 2 is a 44 year old male patient with typical clinical features of homo

cystinuria: ectopia lentis, thrombosis, seizures, arachnodactyly and scoliosis. 

Family examination showed that a sister and a brother were also affected. All 

were pyridoxine responsive. 

For mutation detection, RNA was extracted from cultured fibroblasts (88) 

and first strand cDNA was synthesized by standard methods. The cDNA 

product was subjected to PCR amplification using three sets of oligonucleotides 

(Table 1). The PCR fragments generated, covered the entire coding region and 
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were subsequently subjected to direct sequencing according to the manu
facturer's recommendations (Applied Biosystems, Foster City, CA, USA). 

Table 1. Primers used for PCR amplification and sequence analysis of the 
cystathionine ß-synthase cDNA. 

Primer Nucleotide sequence (51-» 3') Nucleotide position* 

1 F GTCAGCACCATCTGTCCGCTC n t -26 - -6 
1 R CTCGGAGCTCATCTTCTCTGGC n t 528 - 507 
2 F GATCGGGCTGGCCCTGGC n t 453 - 471 
2 R CCCGCCTCATCCACCACGG n t 1358-1340 
3 F GACCAAGTTCCTGAGCGACAGGTG n t 1146 -1169 
3R TCCTACCTGGCCGACTTCTCTC n t 1720 - 1699 

The nucleotide position of the cystathionine ß-synthase cDNA is numbered according 
to Kraus et aL (67) 

Human CBS E L Q E - G Q R C 
Rat CBS 
Yeast CBS 
Wheat CS-
precursor 
M.circ. CBS 
CysK E.coli 

E L K E - G Q R C 
E L Τ E - D D V I 
R P E N A G K L F 

E L K E - G Q R C 

Ν Κ N I 

V I L Ρ D S V R 

V I L Ρ D S V R 

A I F Ρ D S I R 

V V F P S F G E 

V I L Ρ D S V R 

V I L Ρ S S G E 

Figure 1. Comparison of amino add sequences of homologous proteins of different species.The 

amino adds are indicated in capital letters. A gap (-) has been introduced to maintain 

alignment. 

CysK-E.coli: Escherichia coli acetylserine lyase 

M.drc. CBS: Mucor drdnelloides cystathionine ß-synthase 

Results and discussion 

Direct sequence analysis of the entire coding region of the CBS gene in patient 
1, showed a novel 1111G-*A transition and the previously described 833T-KZ 
(I278T) (89) missense mutation (data not shown). The observed G to A tran
sition resulted in an amino acid exchange from valine to methionine at codon 
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371 of the mature protein (V371M) and introduced a new ΝίαΓΠ restric-tion site. 

Both transitions were confirmed at the genomic DNA level by NlaTD. and BsrI 

restriction analysis respectively. The substituted valine-371 residue appears to 

be highly conserved in homologous proteins in both prokaryotic and eu-

karyotic species (Fig. 1). Evolutionary conservation may indicate functional 

relevance of an amino acid in structure and function of the mature protein. 

Thus, this mutation is expected to interfere with the normal functioning of the 

CBS protein. 

Patient 2 was found to be a compound heterozygote for the 833T-+C mis-

sense mutation and a novel 494G->A transition. This latter transition resulted in 

a substitution of cysteine-165 by tyrosine (C165Y) in the CBS protein and 

abolished a BsoFI restriction site. The putative amino acid is located in the 

catalytic domain of the protein (Kraus JP, personal communication). This G to 

A transition may disrupt a disulphide bond in this catalytic domain. The 

disruption of a disulphide bond could interfere with inter-molecular interac

tions and consequently with the catalytic activity of the protein. Yet from the 

present data, it cannot be established whether these two new missense muta

tions are compatible with pyridoxine-responsiveness in vivo because the other 

mutation (833T-KZ) is associated with responsiveness both in homozygous and 

compound heterozygous state (89). 
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Novel mutations in severe MTHFR deficiency 

Abstract 

Severe methylenetetrahydrofolate reductase (MTHFR) deficiency is an inborn 

error of folate metabolism, and is inherited as an autosomal recessive trait 

MTHFR is a key enzyme in folate-dependent remethylation of homo

cysteine, and reduces 5,10-methylenetetrahydrofolate to 5-methyltetrahydro-

folate. Patients with this severe enzymatic deficiency are biochemically 

characterized by homocystinuria and hypermethioninemia, and may suffer 

from neurological abnormalities, mental retardation and premature vascular 

disease. Here we report the molecular basis of severe MTHFR deficiency in 

four unrelated families from Turkish/Greek ancestry. By use of reverse-

transcriptase (RT)-PCR, subsequently followed by direct sequencing analysis, 

we were able to identify four novel mutations in the MTHFR gene: two 

missense (983А-ИЗ; 1027Т-Ю) and two nonsense (1084C->T; 1711C-»T) 

mutations. Furthermore, a splice variant containing a premature translation 

termination codon, was observed in one patient, probably as a secondary effect 

of the 1027T->G missense mutation. The ongoing identification and characteri

zation of mutations in the MTHFR gene will provide further insight in the 

heterogeneity of the clinical phenotype in severe MTHFR deficiency. 

Introduction 

Methylenetetrahydrofolate reductase (MTHFR) [EC. 1.5.1.20] is a key enzyme 

in the folate-dependent remethylation of homocysteine. The enzyme reduces 

5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate, the predominant 

circulating form of folate, and donor of the methyl group in the remethylation 

of homocysteine to methionine. In addition to its involvement in protein 

synthesis, methionine is converted to S-adenosylmethionine (AdoMet), the 

most important methyl donor in the human body. MTHFR, a flavoprotein, is 

allosterically regulated by AdoMet; high levels of AdoMet inhibit MTHFR 

activity and thereby the remethylation of homocysteine to methionine (14,15). 

MTHFR deficiency, the most common inborn error of folate metabolism 

(41,90), is inherited as an autosomal recessive trait and may be subdivided into 

severe and thermolabile MTHFR deficiency. Patients with the severe form have 

severely elevated homocysteine levels in blood and urine, a decreased concen

tration of methionine in plasma, and display a wide range of clinical features, 

such as neurological abnormalities, mental retardation, and premature vascular 

disease. Residual MTHFR activity in cultured fibroblasts is usually <20% 

compared with controls, whereas virtually no residual activity can be detected 

in isolated lymphocytes. The variety in clinical presentation, age of onset and 

residual MTHFR activity in cultured fibroblasts, suggest the existence of a 
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strong heterogeneity in mutations causing severe MTHFR deficiency. 

The recent localization of the MTHFR gene on chromosome 1 and the eluci

dation of the MTHFR cDNA (71), permitted the molecular characterization of 

patients with severe MTHFR deficiency. Goyette et al. reported the identifi

cation of mutations in the MTHFR gene in patients with a homozygous MTHFR 

deficiency (71-73), and correlated genotypes to residual MTHFR activity in 

cultured fibroblasts and to clinical phenotype (72). 

Recently, Kang et al. described a thermolabile variant of MTHFR with a 

specific MTHFR activity in isolated lymphocytes <50% of the control mean, and 

with an increased thermolability after heat incubation for 5 minutes at 46°C 

(83,84). This thermolabile variant may result in mildly elevated homocysteine 

concentrations and is reported to be associated with cardiovascular disease 

(81,86). In 1995, we described a 677C-*T transition responsible for the thermo

labile MTHFR variant (91). Recent studies have investigated this mutation as a 

genetic risk factor for spina bifida (92-94) and cardiovascular disease (95-99). 

All studies indicate that homozygotes for this transition have mildly elevated 

plasma homocysteine, especially in circumstances of low folate status (100,101). 

In this report we describe the identification of two missense and two 

nonsense mutations in the MTHFR gene in four unrelated families from 

Turkish/Greek ancestry with severe MTHFR deficiency. Furthermore, our data 

contribute to the genotype/phenotype correlations in this metabolic disease. 

Patients, Materials and Methods 

Patient CM was the second girl of a family of Greek-Macedonian ancestry, and 

was admitted to our hospital at the age of two years because of marked 

psychomotor retardation. This patient has been described before as a case 

report by Hyland et al. (42; case 2) and by Wendel and Bremer (46). Both 

patients originate from the same village, but without known consanguinity. 

The girl was microcephalic, hypotonic, restless, and was unable to sit without 

support Plasma homocysteine concentrations ranged from 15-25 цтоІ/L, 

homocysteine-cysteine mixed disulphide from 25-35 μπιοΙ/L, and methionine 

concentrations ranged from 4-5 μπιοΙ/L. Diagnosis of severe MTHFR deficien

cy was established by absence of MTHFR activity in extracts of cultured fibro

blasts. Therapy was initiated, and she received 20 g of betaine and 15 mg of 

folinic acid daily. Plasma methionine levels increased to >25 μπιοΙ/L, and 

plasma homocystine concentration decreased to trace amounts. Her clinical 

condition improved substantially; however, now at 17 years of age, she is still 

severely mentally retarded. 

Patient UB, a male, is the 7* child of a healthy consanguineous Turkish 
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couple. In at least three previous children of the family, MTHFR deficiency had 

been diagnosed, fri this child, MTHFR deficiency was diagnosed immediately 

after birth with plasma homocystine concentrations ranging from 15-27 

μιηοΙ/L, and methionine concentrations of 4-6 μπιοΙ/L. Therapy with betaine 

(60 mg/kg body weight daily) was initiated at the 6* day of life. Plasma 

methionine levels increased to >25 μπιοΙ/L, and plasma homocystine decreased 

to trace amounts. He was again referred to our hospital at the age of 4 years 

old, when he was found to be severely mentally retarded, and he showed signs 

of dysmyelination in a cranial MRI. During the four years, betaine has only 

been given irregularly, and even left out for long periods of time. When regular 

treatment with betaine was re-started, total plasma homocysteine decreased to 

80-100 μπιοΙ/L, and methionine increased to high normal values. 

Patient К was a male child of a healthy consanguineous Turkish couple, 

previously presented as case 3 in Hyland et al. (42). Homocystinuria with low 

plasma methionine was diagnosed at the end of the first month of life; how

ever, the patient was untreated. A CAT scan revealed severe internal hydro

cephalus, being rapidly progressive during the first months. At 10 months of 

age, he suffered from severe psychomotoric retardation, severe muscular hypo

tonia, and he had no social contact Plasma homocystine (38-50 μιηοΙ/L) and 

homocysteine-cysteine mixed disulphide (40-60 μιηοΙ/L) concentrations were 

severely elevated, whereas plasma methionine concentrations were decreased 

and ranged from 6-10 μπιοΐ/ί. Specific MTHFR activity was assayed in extracts 

of cultured fibroblasts, but was undetectably low. Betaine (15-20 g daily) 

treatment was initiated. As a result plasma methionine concentrations in

creased to >30 μΓηοΙ/L, and homocystine levels decreased to <5 μιηοΙ/L; 

homocysteine-cysteine mixed disulphide remained virtually unchanged. Upon 

treatment, the patient showed some neurological improvement He became 

more alert and gained some social contact but was never able to walk. At the 

age of 7 years, he died severely mentally retarded with hyperpyrrhexia. 

Patient U is an infant child, the first child born from a consanguineous 

Turkish couple. At the age of 10 months, she presented with severely retarded 

psychomotor development, severe microcephaly, and homocystinuria (102). 

Methionine concentration in plasma was <5 μπιοΙ/L and total plasma 

homocysteine was >150 μιηοΙ/L. Upon betaine treatment (6-9 g daily), her 

plasma methionine increased to normal values, and total plasma homocysteine 

decreased to 90 μιηοΙ/L. Clinically, her condition improved remarkably, 

however, now at the age of 4 yrs old, she is still severely mentally retarded. 

MTHFR assay. MTHFR activity was determined radiochemically in its reverse 

direction (103). fri the assay, [14C]Me-THF served as a co-substrate in the 
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presence of menadione as electron acceptor. Fibroblasts were resuspended in 

50 mM potassium phosphate buffer (pH 7.2), sonicated on ice, and subsequent

ly centrifuged for 40 minutes at 15,800g at 4°C. The incubation mixture con

sisted of 0.18 M potassium phosphate buffer (pH 6.8), 1.15 mM EDTA (pH 7.0), 

11.5 mM ascorbic acid, 54 μΜ FAD, 17 μΜ [»qMe-THF (-3.0Ч05 dpm), 

3.5 mM menadione, and a maximum of 250 μ ι enzyme extract in a total 

volume of 600 μι . Menadione was added to start the incubation. The incu

bation was performed for 20 minutes at 37°C in the dark, and was stopped by 

addition of 10 μ ι of 1.0 M formaldehyde, 50 μπιοί dimedone in 200 μΐ, 

ethanolrwater (1:1), and 100 μ ι 3.0 M potassium acetate (pH 4.5). The incu

bation mixture was heated for 15 minutes at 95°C and quenched on ice for at 

least 10 minutes. After addition of 3 mL toluene, the mixture was shaken 

vigorously for 14 seconds and centrifuged at low-speed. A 2.0 mL aliquot of the 

toluene phase was used for the measurement of radioactivity. Fibroblasts were 

cultured as described previously (20,104). Protein content of the samples was 

determined by the method of Lowry et al. (105). Specific MTHFR activity was 

expressed in nmol formaldehyde/mg protein.h. 

Homocysteine determination. Determination of methionine and the non-protein 

bound forms of homocysteine, i.e. homocystine and homocysteine-cysteine 

mixed disulphide, in serum of our patients was performed as described earlier 

(106). Total plasma homocysteine concentrations (i.e. total amount of protein 

and non-protein bound homocysteine) were determined according to Te Poele-

Pothoffeíaí. (107). 

Mutation detection. Primers used for PCR amplification of cDNA and genomic 

DNA sequences are listed in table 1. Primer sequences are based on the cDNA 

sequence published by Goyette et al. (71), and on the sequence submitted to 

GenBank (accession number UO9806). 

Total RNA was extracted from cultured fibroblasts or isolated lymphocytes 

using the method of Chomczynski and Sacchi (88). Five μg total RNA was 

reversed transcribed to cDNA as described previously (108). A 5 μΐ. aliquot of 

the cDNA product was subjected to PCR amplification in a total volume of 

100 μ ι , consisting of 100 ng forward and reverse primer, 200 μΜ each dNTP, 

10 mM Tris-HCl pH 8.3, 50 mM KCl, 1.5-3 mM MgCb, and 1 unit Toa 

polymerase (Life Technologies, Breda, The Netherlands). PCR conditions were 

as follows: 3 minutes initial denaturation at 94°C, followed by 35 cycles of 60 

seconds at 92°C, 60 seconds at 52-60°C, and 30-120 seconds at 72°C. A final 

extension of 7 minutes at 72°C was performed to ensure a complete extension of 

all PCR products. The PCR products generated were purified and subjected to 
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direct sequencing analysis using an ABI 377 automated DNA sequencer 
according to the manufacturer's recommendations (Applied Biosystems Inc., 
Forster City, CA, USA). 

Table 1: Oligonucleotides used for PCR amplifications and direct sequencing. 

Oligo 

1 

6 

7 

10 

14 

17 

9 

19 

15 

21 

F/R 

F 

R 

F 

R 

F 

R 

F 

R 

F 

R 

Sequence (5'->3') 

GCCATGGTGAACGAAGCCAG 

TGGTAGCCCTGGATGGGAAAG 

ATCACTTGCCCCATCGTCCC 

CTCCTTG<XXXÎACITGCTCTTCAG 

CTTTGGGGAGCTGAAGGACTACTAC 

ATGGAGCCTCCGTTTCTCTCGC 

CGAGGCCTCCACTTCTACACCC 

CACTTTGTGACCATTCCGGTTTG 

CAGCGGGGGCTATGTCTTCCAG 

CTCCICTGGGGATCTCTGGGC 

Position* 

10-29 

780-800 

754-773 

1234-1256 

1200-1224 

1960-1981 

958-979 

1340-1362 

1518-1539 

in tronie 

'Position according to Goyette et al. (71) and the MTHFR sequence submitted to 
GenBank (accession number UO9806) 

Genomic DNA was extracted from cultured fibroblasts or peripheral blood 
lymphocytes (109). Mutations were confirmed on genomic DNA by restriction 
enzyme analysis of a genomic PCR fragment Depending on the length of the 
fragments expected, restriction fragments were separated in either 3% agarose 
or 10-20% Polyacrylamide gels containing 5% glycerol, and visualized after 
ethidiumbromide staining and UV illumination. 

Results 
Missense mutation 983A ->G. In patient CM, we identified a homozygous A->G 
transition at position 983 of the MTHFR cDNA. This mutation results in a 
putative amino acid change from a conserved asparagine to serine (N->S) in the 
mature protein, and introduces an additional Ddel restriction site. The mutation 
was confirmed at genomic DNA level using oligonucleotides 9 and 21 (intronic 
primer). After Ddel restriction enzyme analysis, the mutated allele yielded 
3 fragments (54 bp, 42 bp, and 23 bp) whereas the wild type allele yielded two 
fragments (77 bp and 42 bp). The parents and an unaffected brother were also 
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Figure ΊΑ: Screening of the 981 A~>G (N->S) mutation in the pedigree of patient CM. A 

genomic DNA fragment was amplified by PCR, screened for the mutation by Dde! restriction 

enzyme analysis, and subsequently electrophoresed in a 20% Polyacrylamide gel. The mutated 

allele yields three fragments (54 bp, 42 bp, and 23 bp), whereas the wild type allele displays two 

fragments (77 bp and 42 bp). Lane 1: father; lane 2: mother; lane 3: index patient; lane 4: 

brother; lane 5: healthy control. 

tested for this mutat ion by Ddel restriction enzyme analysis. Both parents and 

the brother were heterozygous for this transition (figure 1A). The asparagine 

residue involved is a conserved amino acid in several oxidoreductases in both 

prokaryotic and eukaryotic organisms (figure IB). The index patient was also 

found to be homozygous for the previously described 677C->T transition 

related to thermolability of the protein. The remainder of the cDNA, which w a s 

sequenced entirely, was identical to the wild type sequence, except for some 

silent mutat ions (data n o t shown). The 983А-ИЗ mutat ion was not observed in 

7 other patients with severe MTHFR deficiency, and was absent among 40 

healthy unrelated Dutch controls. 
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Missense mutation 10Z7T->G. In patient UB, a homozygous 1027T-K3 trans-
version was observed, converting a non-conserved tryptophan (W) residue into 
a glycine (G). The mutation creates a Bsll restriction site, which was used to 
confirm the mutation at genomic DNA (data not shown). By amplifying cDNA 
in the region containing this mutation, we detected a splice variant of a compa
rable abundance compared with the normal cDNA fragment This splice 
variant was approximately 230 bp longer than expected from the sequence 
published by Goyette et al. (71). Sequencing analysis of both cDNA fragments 
and the genomic equivalent, revealed the retainment of an intronic sequence at 
position 1043 in the longer fragment The intron contained a preliminary trans
lation termination cod on (figure 2). Direct sequencing of both donor and accep
tor splice sites and the entire intron in our patient and a control did not reveal 
any sequence aberrations as a possible explanation of alternative splicing. The 
1027T-»G mutation was not detected among seven other MTHFR deficient 
patients and 40 Dutch controls. The patient is a homozygote for the 677C->T 
mutation. 

Nonsense mutation 1084C->T. In patient K, we observed a homozygous C-*T 
transition at position 1084 of the cDNA, resulting in a CGA (R) to TGA (X) 
codon change. This mutation introduces a premature stop codon, probably 
resulting in a truncated protein. The mutation creates an additional Ddel 
restriction site, which facilitates screening of this transition on genomic DNA 
level. Analysis of this mutation on a genomic PCR fragment confirmed the 
presence of the mutation in the patient and demonstrated the homozygous 
state for this transition. Family members were not available for DNA analysis, 
so compound heterozygosity for a deleted allele and the nonsense mutation 
could formally not be excluded. Seven other patients with an enzymatically 
homozygous MTHFR deficiency were tested by Ddel restriction enzyme 
analysis; all were negative for this transition. Furthermore, the patient was 
homozygous for the 677C->T transition. 

Nonsense mutation 1711C->T. In patient U, we detected a 1711C-*T nonsense 
mutation in homozygous state, which resulted in a codon change from CGA (R) 
to TGA (X). The premature stop codon will, during translation, most likely 
result in a truncated protein, in which the 89 carboxy-terminal amino acid 
residues are deleted. The mutation created an additional Hphl restriction site, 
which was used to confirm the mutation at genomic DNA level in this patient 
and his parents. Both parents were heterozygous for this transition (data not 
shown). This mutation was not detected among seven other MTHFR deficient 
patients. This patient is not a carrier of the 677C->T mutation. 
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MTHFR_Human 

MTHFR_Yeast 

MetfJE coli 

Metf_H influenzae 

Nifj_K pneumoniae 

V Ρ G L 

Ι К G F 

V К D F 

V N D F 

R E N I 

H 

H 

H 

H 

H 

F 

F 

F 

F 

F 

Y 

Y 

Y 

Y 

Y 

Τ 

Τ 

Τ 

Τ 

Τ 

L 

L 

L 

L 

L 

Ν 

Ν 

Ν 

Ν 

Ν 

R E M A T T E V L 

L Ε Κ A I A Q Ι V 

R A E M S Y A I C 

R S E L T Y A T C 

A V D I A R E L G 

Figure IB: Alignment of different MTHFR proteins and one oxidoreductase from eukaryotic 

and prokaryotic species. Absolute conservation is boxed. Ammo acids are indicated in one-

letter code, and the asparagine residue (N) mutated in our index patient is indicated with an 

asterisk Metf: methylenetetrahydrqfolate reductase; Nifj. pyruvate-flavodoxin oxidoreductase. 

1043 1044 

intron (233 bp) 

GAGGACCCCAGGCGTCCCCTA 

E D Ρ R R Ρ L 

GAGGACCCCAGgtgaggg....acccagGCGTCCCCTA 

E D Ρ R * 

Figure 2: Overview of splice junction sites at cDNA positions #1043 (splice donor site) and 

#1044 (splice acceptor site). (A) Schematic illustration of genomic DNA fragment. (B) Normal 

splice variant. DNA andammo acid sequences are boxed. (C) Aberrant splice variant, in which 

mtron sequence is retained m the transcript. Exon DNA sequences are indicated in uppercase, 

intron sequence in lowercase. The premature translation termination codon (tga) is underlined 

and indicated with an asterisk in the amino acid sequence. In patient UB we observed both 

normal and aberrant splice variant m equal abundance. 
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Discussion 

In this study, we have investigated four unrelated patients with severe 

hyperhomocysteinemia due to MTHFR deficiency, and found two missense 

and two nonsense mutations in the MTHFR cDNA, which are unique for the 

specific family. 

We observed a 983A-*G transition, which resulted in an amino acid substitu

tion from asparagine to serine in the mature protein, both uncharged polar 

amino acids. The asparagine residue is located in a highly conserved region in 

MTHFR proteins of both eukaryotic and prokaryotic origin (figure IB), an 

indication of importance in biological structure or function of the protein. 

Goyette et al. (72) detected a mutation in the same region affecting the adjacent 

arginine residue (985C->T; R->C). Their patient showed a relatively mild 

clinical phenotype, with a high residual enzyme activity (20%) in cultured 

fibroblasts. Based on the absence of flavin adenine dinucleotide (FAD) stabili

zation of the MTHFR protein in their patient during heat inactivation (103), it 

was postulated that this region of the protein is critical in FAD binding. Our 

patient, showed a more severe clinical phenotype with no residual enzyme 

activity in cultured fibroblasts, regardless of FAD addition. Obviously, the 

asparagine residue seems, in addition to its putative involvement in FAD 

binding, more critical in its catalytic function than the adjacent arginine. 

In patient UB, we observed a homozygous 1027T-+G transversion (W-»G), 

and two splice variants: one fragment of normal size, and one in which the 

intron at cDNA #1043 is retained. Both splice variants were of approximately 

equal abundance. Direct sequencing of the donor and acceptor splice sites in 

our patient and a control did not reveal any sequence aberrations which could 

explain this phenomenon. Both sites are highly homologous to the consensus 

splice site sequences (110). Alternative splice site selection as a secondary effect 

of mutations has been described in fibrillin (FBN1) gene (111), collagen IV tx5 

(COL4A5) gene (112), and in the transacylase (E2) gene of the human branched-

chain α-keto acid dehydrogenase (BCKAD) (113), however in all cases due to a 

nonsense mutation or frameshift mutation introducing a premature translation 

termination codon. Theoretically, we could have missed a mutation in one of 

the up- or downstream located introns as the primary cause of this alternative 

splicing. Alternatively, the 1 0 2 7 T - K J transversion, 16 basepairs upstream of the 

splice donor site, might have an effect on the global secondary structure of the 

primary transcript, which could result in a less efficient and variable splicing 

on both alleles. 

The missense mutations described above, were the only amino acid changing 

DNA aberrations observed in our patients. Because control individuals of the 

same ethnic background were not available for testing, we analyzed 40 un-

39 



Ρ 
< 
+ 

tv 
ci 

О 
о 
ON 

О 
< о 

od 
ά 
со 

С 
О 

о 

Î 

> 
Τ 
< 
> 
î 
< 

ι 
ϊ 

> 
î 
< 
> 
< 

3 
И χ 

χ; 

> 
î 
< 
> 
< 

χ 
τ 
« 
χ 

г 

ι 

ο 
со 
$ 
< 
со 
00 

< 

Ε S 
δ 

δ 

<3 

> 
ω 

•Μ 

α. 
и 

о 
о 

I 
β и 

pa 

К Ì4 

II 

о 

§ 

-а 
01 



Novel mutations in severe MTHFR deficiency 

related Dutch controls for the 983A-K3 and 1027T->G mutations. Their absence 

among those individuals, suggests that they are most likely not benign poly

morphisms, although only in vitro expression of those mutations will be 

conclusive in demonstrating their pathogenicity. 

We observed two nonsense mutations, 1084C->T and 1711C-*T in homo

zygous form in two unrelated patients, both affecting an arginine residue in the 

protein; both could result from a deamination of a methylated cytosine to 

thymidine in a CpG dinucleotide, a common genetic cause of С to Τ transitions 

(114). Because of the introduction of a termination codon, these transitions are 

expected to be pathogenic. The first mutation, 1084C-»T, is located in the 

putative KRREED linker sequence between the catalytic NH2-terminal domain 

and the regulatory COOH-terminal domain (71). In porcine, this hydrophilic, 

and highly charged linker region, is susceptible to trypsinization, resulting in a 

MTHFR protein which is catalytically active, but cannot be regulated by S-

adenosylmethionine (AdoMet) (115). Our nonsense mutation is expected to 

result in a truncated protein, in which only the catalytic domain is translated. 

Analogous to porcine MTHFR, this could result in a catalytically active protein. 

However, residual enzyme activity in cultured fibroblasts of our patient was 

undetectably low, suggesting that this mutation prevents formation of a cata

lytically active enzyme, or that the truncated protein is very rapidly degraded 

by proteolytic enzymes (116). 

The second nonsense mutation, 1711C-+T, observed in patient U in homo

zygous state, results in a truncated protein in which the 89 carboxy-terminal 

amino acid residues are deleted. None of the prokaryotic MetV genes shows 

any homology with the C-terminal region of the human MTHFR (71), indi

cating that this region is probably not involved in catalytic activity or binding 

of co-factors and substrates. The C-terminal part of the MTHFR protein is only 

conserved in yeast MTHFR, and is probably involved in AdoMet binding. The 

mutation leads to a biochemical phenotype with relatively high residual 

enzyme activity in cultured fibroblasts. Obviously, the 89 amino acids do not 

contain critical residues for catalytic activity. AdoMet inhibition of the MTHFR 

activity was not assessed in this patient However, a defective binding and 

inhibition of AdoMet due to this mutation would not cause hyperhomo-

cysteinemia and hypomethioninemia, but would result in a hypermethionin-

emia and low to normal homocysteine concentrations. 

All patients were treated with high concentrations of betaine (trimethyl-

glycine), to stimulate betaine-dependent remethylation of homocysteine. 

Although there was a considerable reduction in homocysteine concentration in 

all patients, total plasma homocysteine levels remain at concentrations (~80 

цтоІ/L) considered to confer a tremendously high risk on arteriosclerosis and 
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thrombosis. In the human body, betaine is converted to dimethylglycine by 

beteiine:homocysteine methyltransferase (BHMT), an enzyme which is only 

catalytically active in the human liver and possibly kidney (117). Dimethyl

glycine can further be demethylated by dimethylglycine dehydrogenase to 

sarcosine, and via sarcosine dehydrogenase to glycine; the latter can even be 

catabolized to ammonia and a one carbon moiety, carbon dioxide, via the 

glycine cleavage system (118). In these subsequent reactions one-carbon units 

are used for the conversion of tetrahydrotolate to 5,10-methylenetetra-hydro-

folate. The use of high doses of betaine may cause accumulation of 5,10-

methylenetetrahydrofolate and depletion of tetrahydrofolate. Because dimet

hylglycine is an inhibitor of BHMT in mvo (119), administration of folic acid 

may be recommended in combination with betaine in patients with severe 

MTHFR deficiency to enhance further conversion of dimethylglycine. Further

more, high concentrations of 5,10-methylenetetrahydrofolate may stimulate 

residual MTHFR activity and increase homocysteine remethylation to 

methionine. 

In conclusion, by RT-PCR and direct sequencing analysis, we have identified 

4 novel mutations in the MTHFR gene in patients with severe MTHFR defi

ciency; two missense (983А-КЭ, 1027T-KÎ) and two nonsense mutations 

(1084C->T, 1711C-*T). In one patient we also detected a splice variant con

taining a premature translation termination codon. All point mutations were 

present in homozygous state and were restricted to one pedigree. Although the 

clinical manifestation of MTHFR deficiency in our patients is diverse, all were 

diagnosed within the first two years of life, and adequate treatment was 

instituted. The latter may preclude conclusions regarding clear genotype-

phenotype correlations in our patients. Expression of these mutations in either 

prokaryotic or eukaryotic expression systems should reveal the exact patho

genic mechanisms of these mutations in protein structure or enzyme activity. 
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Defective CBS regulation in homocystinuria 

Abstract 
We determined the molecular basis of cystathionine ß-synthase (CBS) defi

ciency in a partially pyridoxine responsive homocystinuria patient Direct 

sequencing of the entire CBS cDNA revealed the presence of a homozygous 

1330G—>A transition. This mutation causes an amino acid change from aspartic 

acid to asparagine (D444N) in the regulatory domain of the protein and 

abolishes a Taql restriction site at DNA level. Despite the homozygous 

mutation, CBS activities in extracts of cultured fibroblasts of this patient were 

not in the homozygous but in the heterozygous range. Furthermore, we 

observed no stimulation of CBS activity by S-adenosylmethionine, contrary to a 

three-fold stimulation in control fibroblast extracts. The mutation was 

introduced in an E.coli expression system and CBS activities were measured 

after addition of different S-adenosylmethionine concentrations (0-200 μΜ). 

Again, we observed a defective stimulation of CBS activity by S-adenosyl

methionine in the mutated construct, whereas the normal construct showed a 

three-fold stimulation in activity. These data suggest that this D444N mutation 

interferes in S-adenosylmethionine regulation of CBS. Furthermore, it demon

strates the importance of S-adenosylmethionine regulation of the transsulfu-

ration pathway in homocysteine homeostasis in humans. 

Introduction 

Homocystinuria due to cystathionine ß-synthase (CBS, L-serine hydro-lyase 

[adding homocysteine], EC 4.2.1.22) deficiency is an inborn error of methionine 

metabolism. CBS deficiency is inherited as an autosomal recessive trait and is 

clinically characterized by premature arteriosclerosis and thrombosis, ectopia 

lentis, skeletal abnormalities and mental retardation (28,31). 

In a large international survey of 629 homocystinuria patients, Mudd et al. 

(27) showed that about 50% of these patients were considered pyridoxine 

responsive, i.e. a large decrease in homocysteine concentrations was obtained 

upon administration of pharmacological doses of pyridoxine (vitamin Be), the 

precursor of the co-factor pyridoxal 5'-phosphate (PLP) for CBS. 

CBS catalyzes the condensation of homocysteine and serine to cystathionine, 

an irreversible step in the transsulfuration pathway. This catalytic active 

enzyme consists of four identical subunits. The CBS gene has been mapped to 

the subtelomeric segment of chromosome 21: 21q22.3 (66) and encodes a 

subunit of 63 kDa. 

Several mutations have been reported in the human CBS cDNA (70,120,121), 

of which most were screened for pathogenicity in a bacterial or yeast expres

sion system (122,123). The mutations described so far, are located in the cata-

45 



Chapter 4 

lytic domain of the protein (amino acids 1 to 418; JP Kraus, unpublished 
results), with some clusters of mutations in exon 3 and 8 (67). No mutations 
have been reported in the regulatory domain of this protein. 

S-Adenosylmethionine (AdoMet), an intermediate in the conversion of 
methionine to homocysteine, is the methyl donor in various transmethylation 
reactions including nucleic acids, neurotransmitters, phospholipids and hor
mones. It is an important regulator of homocysteine/ methionine metabolism 
(13,16), by stimulating CBS activity about three-fold (124) and decreasing the 
formation of 5-methyltetrahydrofolate by inhibition of methylenetetrahydro-
folate reductase (MTHFR). The result of elevated AdoMet levels is a decreased 
remethylation of homocysteine to methionine and an enhanced clearance of 
homocysteine via the transsulfuration pathway. 

In this report we describe a homocystinuria patient with severely elevated 
homocysteine concentrations, but with CBS activities in cultured fibroblasts in 
the heterozygous range. DNA analysis revealed a novel mutation in the regula
tory domain of the CBS protein. We were able to correlate this mutation to a 
defective regulation of the CBS protein by AdoMet in both fibroblasts and an 
E.coli expression system, which provides evidence for the important regulatory 
function of AdoMet in homocysteine metabolism. 

Subjects and Methods 
Patient. The patient is a woman, now 20 years of age, who had been admitted to 
the hospital at the age of nine years because of psychomotoric retardation and 
marfanoid features such as excessive height, dolichostenomelia, and arachno-
dactyly. The diagnosis homozygous homocystinuria has been made then, and 
since she is treated with a combination of pyridoxine (vitamin Be, 500-750 mg 
daily), folic acid (5 mg daily), and betaine (6 g daily). At present time, i.e. 
11 years after diagnosing and start of therapy, she is in a very good physical 
condition and her intellectual development has reached an average level. Her 
length is 182 cm and weight 75 kg. She has not any physical complain. Ectopia 
lentis, osteoporosis, and vascular complications did not occur until now. 

Biochemical analysis. Determination of homocystine, homocysteine-cysteine 
mixed disulphide and methionine in serum of the patient was performed as 
described earlier by us (106). The total amount of non-protein bound homo
cysteine was calculated as twice the concentration of homocystine plus the 
concentration of the homocysteine-cysteine mixed disulphide. Total homo
cysteine concentrations (fasting and after methionine-loading) in plasma of a 
sister were determined according to Te Poele-Pothoff et al. (107). 
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CBS activities in extracts of cultured skin fibroblasts were determined in the 

absence and presence of 1 mM pyridoxal 5'-phosphate (PLP) or different con

centrations of AdoMet, essentially according to Engbersen et al. (81). Activities 

are expressed in nmol cystathionine formed per mg protein per hour at 37°C. 

Methylenetetrahydrofolate reductase (MTHFR) activity was measured in iso

lated lymphocytes (81) in me absence and presence of 75 μΜ or 400 μΜ 

AdoMet, and in cultured fibroblasts (103). The specific MTHFR activity is ex

pressed in nmol formaldehyde formed per mg protein per hour. Protein con

centrations were determined as described by Lowry et al. (105). 

Mutation analysis. Genomic DNA was isolated from peripheral blood leukocytes 

according to a protocol by Miller et al. (109). Total RNA was extracted from 

cultured fibroblasts (88) and stored as an ethanol precipitate at -80°C. A 5 μg 

sample of RNA was reverse transcribed to cDNA in 1 h at 42°C with 200 units 

of Superscript II reverse transcriptase (Life Technologies, Breda, The Nether

lands), using oligo(dT) and random hexamer primers. One μΐ of this first-

strand cDNA was subjected to PCR amplification. The oligonucleotides used 

were described elsewhere (121). These amplifications were carried out in a total 

volume of 100 μΐ, containing 100 ng forward and reverse primer, 200 μΜ each 

dNTP, 10 mM Tris-HCl pH 8.3, 50 mM KCl, 1.5 mM MgClz, 0.01% gelatin and 

1 unit Toa polymerase (Life Technologies, Breda, The Netherlands). Amplifica

tion parameters were as follows: 35 cycles of 92°C/60s (denaturation), 

52°C-58°C/60s (annealing) and 72°C/90s (extension). The cycles were preceded 

by an initial denaturation step of 5 min at 95°C and were followed by a final 

extension of 7 min at 72°C. 

By PCR, we generated three overlapping fragments which covered the entire 

coding region. Direct sequencing of these products was performed using the 

Taq Dye Deoxy™ Terminator Cycle Sequencing Kit according to the manufac

turer's recommendations (Applied Biosystems, Forster City, CA, USA). The 

dye-labeled sequencing products were purified by phenol/chloroform 

extraction and ethanol precipitation at room temperature. The pellets were 

washed in 70% ethanol, solubilized in loading buffer (96% deionized forma-

mide, 20 mM EDTA, pH 8.0, dextran blue) and electrophoresed in a 6% 

Polyacrylamide/8 M urea sequencing gel on a ABI 373A DNA sequencer. All 

PCR fragments were sequenced on both strands. 

Genomic DNA amplification. To confirm the mutation at the genomic DNA level, 

a fragment consisting of exon 11, intron 11 and exon 12 was amplified in the 

same PCR buffer as described above, using forward primer 5-GACCAAG-

^CCTGAGCGACAGGTG-3' (cDNA #1146-1169) and reverse primer 5'-CC-
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CGCCTCATCCACCACGG-3' (cDNA #1358-1340). Amplification conditions 

were as follows: 5 min initial denaturation at 95°C, 35 cycles of 92°C/60s, 

59°C/60s and 72°C/45s, followed by a final extension of 7 min at 72°C. Taql 

restriction enzyme analysis was performed according to the recommendations 

of the manufacturer (Life Technologies, Breda, The Netherlands). Restriction 

fragments were resolved in a 15% Polyacrylamide gel containing 5% glycerol. 

Ethidium bromide staining was used to visualize the restriction fragments. 

Cloning and expression of the mutation. The cDNA fragment containing the 

mutation was amplified by PCR and subcloned into an expression cartridge de

rived from pHCS3, using ßsfXI and Kpnl, as described extensively (68,122). 

E.coli JM109 cells were transformed and recombinants were selected by PCR 

and restriction enzyme analysis. The integrity of the mutated clone was 

established by sequencing analysis. Expression of the CBS cDNA was induced 

by IPTG addition (68) and the CBS enzyme assay (81) was performed without 

addition of BSA to the incubation mixture. Cystathionine (Sigma, Amsterdam, 

The Netherlands) was added to a final concentration of 2 mM to adjust for 

bacterial consumption. 

Results 

Biochemical analysis. Hyperhomocysteinemia and hypermethioninemia were 

observed in our patient when compared to controls (table 1). Daily admini

stration of 500 mg pyridoxine for six weeks resulted in only a minor reduction 

of homocysteine levels of ~30%. Additional administration of folic acid (5 mg 

daily, for 6 weeks) and later on also of betaine (6 g daily, for 6 weeks) resulted 

in a markedly decrease in homocysteine, however still elevated compared to 

controls (table 1). Therapy left methionine concentrations virtually unchanged. 

In her sister, total homocysteine concentration was elevated in fasting state 

(26 цтоІ/Ь; reference values: 6-15 цтоІ/L) and after a methionine-loading test 

(72 цтоІ/L; reference values: 18-51 μιηοΙ/L). 

Specific MTHFR activity was normal in isolated lymphocytes of our patient 

(12.6, reference values: 9.1-23.9 nmol CPbO/mg protein.h; n=18) as well as in 

cultured fibroblasts (6.2, reference values: 4.9-10.0 nmol СНгО/mg protein.h; 

n=6). In isolated lymphocytes, we found the same inhibition by AdoMet as 

observed in control lymphocytes (data not shown). She was found to be 

heterozygous for the previously described 677C->T transition in the MTHFR 

gene. 
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(91), which is associated with normal MTHFR activities in isolated lymphocytes 
(125). 

Extracts of cultured fibroblasts were assayed for CBS activity in the presence 
and absence of 1 mM PLP, as shown in table 2. Both measurements show CBS 
activities in the heterozygous range which is in contrast to the clinical presen
tation and the severely elevated homocysteine levels observed in this patient 
DNA analysis of the CBS cDNA was performed to explore the genetic basis 
underlying this contradiction. 

Table 2. CBS activities in extracts of cultured fibroblasts 

-PLF +PLP 

(ImM) 

Controls (n=12) 2.3 -18.2 4.0 - 22.3 

Obligate heterozygotes (n=14) 0.17 - 2.4 0.39 - 5.4 

Homozygotes (n=14) 0 - 0.19 0 -1.6 

Patient 1.7 2.6 

Activities are expressed in nmol cystathionine formed per mg protein per hour. 
*PLP: pyridoxal 5'-phosphate. 

DNA analysis. We synthesized three sets of oligonucleotides which enabled us 
to amplify overlapping fragments covering the entire CBS cDNA. The PCR 
fragments generated were all of the expected size, suggesting the existence of 
point mutations rather than small deletions, insertions or splice error mutations 
in the cDNA of this patient 

Direct sequencing of the entire coding region revealed a novel homozygous 
1330G->A missense mutation. No other sequence aberrations could be detected 
in the CBS cDNA. This mutation is expected to cause an amino acid change 
from aspartic acid (GAC) to asparagine (AAC) at position 444 of the mature 
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protein (D444N), i.e. a negatively charged amino acid is replaced with a neutral 

one. The mutation abolished a Taql restriction site which was used to confirm 

the mutation at the genomic DNA level. Screening of both parents and an 

unaffected sister revealed their heterozygous state for this transition (figure 1). 

We were unable to detect this mutation among 14 other Dutch homozygotes for 

CBS deficiency, indicating that this transition is rare among Dutch homo-

cystinurics. The D444N substitution was not observed in 80 control chromo

somes. 

ETC 

D è * 
1 2 3 4 5 

« 54 bp 

« 30 bp 
- 24 bp 

Figure 1. Pedigree of the family. A genomic DNA fragment was amplified by PCR, screened 
for the mutation by Taal restriction enzyme analysis and subsequently electrophoresed in a 
15% Polyacrylamide gel. The mutated allele yields one fragment of 54 bp, whereas the wildtype 
allele yields two fragments of 30 bp and 24 bp, respectively. A larger fragment of ~500 bp, 
present in all samples, was cut off the photo for clarity. Lane 1: healthy male control; lane 2: 
father; lane 3: mother; lane 4: patient; lane 5: sister. 

In vitro expression and AdoMet regulation. The pathogenic nature of the 1330G->A 

transition was investigated both in cultured fibroblasts and in an E.coli expres

sion system. CBS assays in extracts of cultured fibroblasts were performed after 

addition of different AdoMet concentrations to the incubation mixture. As 

shown in figure 2, AdoMet stimulates CBS activity about three-fold in control 
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fibroblasts, contrary to virtually no stimulation observed in fibroblast extracts 

of the patient 

We cloned the cDNA fragment, containing the 1330G-*A transition, into an 

expression cartridge to restore the CBS cDNA in plasmid pHCS3. The presence 

of the mutation and the absence of artifacts introduced by PCR were confirmed 

by sequence analysis of the cloned fragment and its cloning sites (data not 

shown). Cell lysates were analyzed for CBS activity in the presence of different 

concentrations of AdoMet (0 - 200 μΜ; figure 3). This figure clearly demon

strates that CBS activity in the mutant is indistinguishable from the control 

when measured in the absence of AdoMet AdoMet, however, is unable to 

stimulate the CBS protein with the D444N substitution to the same extent as the 

CBS protein translated from the control construct, which is stimulated 

three-fold. 

•Control 

•Patient 

100 200 

AdoMet concentration (μτηοΙ/L) 

300 

Figure 2. CBS activities in extracts of cultured fibroblasts of a liealthy control and the patient 
in the presence of different concentrations of S-adenosylmethionine. Each point represents the 
mean of two independent experiments. 

Discussion 
Severe hyperhomocysteinemia, as observed in our patient, may be caused by a 
homozygous deficiency in CBS or MTHFR, two regulating enzymes in homo-
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cysteine metabolism. In this study, we detected a novel 1330G-»A (D444N) 
missense mutation in the regulatory domain of the CBS protein, which is 
associated with a defective regulation of the CBS protein by AdoMet MTHFR 
activity and regulation by AdoMet was normal. 

Until now, about 18 mutations have been described in the CBS gene in 
patients with a homozygous CBS deficiency (70,120,121). Some mutations 
seemed to be rather unique to one family, while others, especially the I278T (68) 
and G307S (69), occur more frequently. All mutations described so far, are 
located in the N-terminal domain and are thought to interfere in the catalytic 
activity of the enzyme. 

In our patient, we detected an apparent mild D444N mutation in the regu
latory domain of the CBS protein, implying a mild CBS deficiency. However, 
the clinical manifestations and the severe hyperhomocysteinemic status of the 
patient and the moderate hyperhomocysteinemia of the heterozygous sister, 
indicate that this mutation interferes in a very important regulation of CBS 
activity. 

In extracts of cultured fibroblasts, we observed an exceptionally high 
residual CBS activity for a homocystinuria patient compared with 14 other 
diagnosed CBS deficient patients (table 2). Homocystinuria patients described 
so far, exhibited dramatically decreased CBS activities in cultured fibroblasts. 
However, Uhlendorf, Bittles and their co-workers (35,37), described each a 
homocystinuria patient with CBS activities in the heterozygous or low-normal 
range. They ascribed these findings to either a very mild homozygous CBS 
deficiency, or to a heterozygous deficiency with hepatic CBS activities unusual
ly low for heterozygotes, which could lead to homocystinuria. According to our 
data, those patients may be homozygotes for CBS deficiency defective in CBS 
regulation. 

Expression of the D444N mutation was performed in an E.coli expression 
system (68,122). CBS enzyme expressed in E.coli is indistinguishable from 
human CBS enzyme present in cultured fibroblasts. It is able to bind PLP, heme 
and AdoMet and exhibits catalytic activity (68,126). Activities obtained when 
expressing the mutant construct were equal to those observed in the control 
construct in the absence of AdoMet Thus, the mutation has no pathogenic 
nature in the absence of AdoMet in our in vitro expression system. Addition of 
AdoMet to the incubation mixture reveals the pathogenic nature of the 
mutation: it interferes in the regulation of the CBS protein by AdoMet 

The E.coli expression with our mutant CBS construct showed a normal basal 
activity, contrary to fibroblasts, in which we observed a reduced basal activity. 
However, the effect of a mutation on enzyme activity in cultured fibroblasts 
cannot be compared directly to its effect in E.coli. It is known that mutant 

53 



Chapter 4 

polypeptides are degraded more rapidly in cultured fibroblasts than in E.coli, 

which has also been demonstrated for mutant CBS subunits (68). The 

discrepancy observed may depend on differences in protein catabolism be

tween both systems, heme status (important in CBS function) and the 

concentration of stabilizing (co)-factors. 

CBS activity (nmol/mg protein.h) 

75 Ί 

50 

25 

0 ^ Б Ш & Ш З 

π 
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.; : 

' 1 

Ш'-ШШ 

ШШШ 

¡III 
1 I 

• QuM AdoMd 

M25/JM AdoMd 

Ώ50μΜ AdoMet 

П ЦіМАасШ 

mWOtMAdcMet 

Control Mtdant 

Figure 3. Regulation of CBS activity by S-adenosylmethionine in cell lysates of the E.coli 

expression system. "Control" denotes expression plasmid pHCS3 harboring the wildtype CBS 

cDNA sequence. "Mutant" denotes the mutated plasmid pHCS3 containing the 1330G-*A 

transition. Each bar represents the mean of two independent experiments. 

Although our experiments in the E.coli expression system show that this 

D444N mutation is causing a regulatory defect, we were unable to exclude a 

possible influence of the mutation on CBS activity in liver, the main site of 

homocysteine catabolism. The mutation may also have an effect on protein 

synthesis and/or turnover of CBS in liver affecting hepatic CBS activity and 
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plasma homocysteine concentration in this patient For ethical reasons we were 

unable to obtain a liver specimen to address this issue. 

AdoMet is an allosteric regulator of the homocysteine flux through either the 

transsulfuration or remethylation pathway. Low levels of AdoMet favor the 

conservation of the homocysteine-skeleton of methionine by remethylation, 

whereas high levels of AdoMet stimulate the irreversible conversion of homo

cysteine to cystathionine in the transsulfuration pathway (16). The disruption of 

this regulation of homocysteine metabolism may explain the severe hyper-

homocysteinemia observed in our patient Nutritional intake of methionine will 

lead to an increased formation of AdoMet Due to the homozygous 1330G->A 

transition in the CBS gene, AdoMet is unable to stimulate CBS, so a surplus of 

homocysteine will not be degraded via the transsulfuration pathway. Further

more, the elevated AdoMet levels will inhibit MTHFR, resulting in an additio

nal accumulation of homocysteine. 

MTHFR deficiency was excluded as a possible contributor to hyperhomo-

cysteinemia. Specific MTHFR activity in isolated lymphocytes as well as in 

cultured fibroblasts of our patient was well within the reference range, ex

cluding a major defect in MTHFR. Furthermore, regulation of MTHFR by 

AdoMet was found to be normal. The patient is heterozygous for the previous

ly described 677C—>Ύ transition in the MTHFR gene. The prevalence of this 

heterozygous state in the Dutch population is ~40% (92,125). In homozygous 

state, this mutation is associated with elevated homocysteine concentrations 

(91,92,125), especially in circumstances of low folate (100). Plasma homo

cysteine concentrations in heterozygotes however, do not differ significantly 

from those observed in wild-type individuals (91,92,100,125). An interaction 

between lowered folate and plasma homocysteine has only been described in 

individuals with the homozygous mutant genotype and not in heterozygous 

individuals (100). 

Comparison of the human CBS to the rat enzyme and several homologous 

cysteine synthases from plants and bacteria (70), indicates an extensive homolo

gy in the N-terminal part of these proteins. This NHz-terminal domain, 

encoded by exon 1 to 12, is believed to bind both substrates (homocysteine and 

serine), heme, and its cofactor PLP. The COOH-terminal domain of the CBS 

protein is only conserved in rat CBS (127) and partly in yeast CBS (123), in 

which also the aspartic acid-444 residue is conserved, but is absent in O-acetyl-

serine (thiol)-lyase (cysK) from E.coli (128). However, this latter enzyme, which 

shows 52% sequence similarity to human CBS, catalyzes the formation of 

cysteine from O-aceryl-L-serine and inorganic sulfide and not the homocysteine 

conversion into cystathionine in this organism. Although the enzymatic 

55 



Chapter 4 

function is different, both enzymes, CBS and cysK, condense serine and a thiol-
group containing compound to either cystathionine or cysteine 

Pathogenicity of the 1330G-»A mutation was ascertained by four different 
methods. First we found no other mutations in the codmg region of the CBS 
gene, which could be responsible for the severely elevated homocysteine and 
methionine levels. Second, the mutation was absent m 80 control alleles, 
indicating that it is not a benign polymorphism. Third, the wildtype asparhc 
acid-444 residue is conserved in the evolution, which is evidence for functional 
relevance of mis amino acid in the biological function of the protein. Fourth, we 
observed a defective regulation of CBS by AdoMet in extracts of cultured fibro
blasts of this patient and in a prokaryouc expression system m which we 
introduced this mutation 

To our knowledge, this is the first report of a mutation in the regulatory 
domain of the CBS protein. We have provided substantial evidence that the 
D444N substitution is a pathogenic mutation and interferes in the normal 
regulation of the CBS protein by AdoMet, although a possible effect on CBS 
synthesis and turnover in liver could not be excluded. From a diagnostic point 
of view, we urge others to include an AdoMet dependent enzyme assay in the 
diagnosis of homocystinuna, because similar patients could be missed m the 
regular screening methods, which could lead to a false conclusion regarding 
the origin of homocystinuria in such patients. 
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CBS deficiency, thermolabiìe MTHFR and FVL in venous thrombosis 

Abstract 
Severe hyperhomocysteinemia in its most frequent form, is caused by a homo

zygous enzymatic deficiency of cystathionine ß-synthase (CBS). A major com

plication in CBS deficiency is deep venous thrombosis or pulmonary embolism. 

A recent report by Mandel et al. (Ν Engl J Med 334: 763-768,1996) postulated 

factor V Leiden (FVL) to be an absolute prerequisite for the development of 

mromboembolism in patients with severe hyperhomocysteinemia. We studied 

24 patients with homocystinuria due to homozygous CBS deficiency from 18 

unrelated kindreds for FVL and for the 677С- Г mutation in the methylene-

tetrahydrofolate reductase (MTHFR) gene, and investigated their possible 

interaction in the risk of venous thrombosis. Thrombotic complications were 

diagnosed in six patients, of whom only one was carrier of FVL. On the con

trary, thermolabiìe MTHFR caused by the 677С-УГ mutation, was frequently 

observed among homocystinuria patients, especially among those with throm

boembolic complications: three out of six homocystinuria patients who had 

suffered from a thromboembolic event had thermolabiìe MTHFR. These data 

indicate that FVL is not an absolute prerequisite and probably not even a major 

determinant of venous thrombosis in homocystinuria, but, interestingly, ther

molabiìe MTHFR may constitute a significant risk factor for mromboembolic 

complications in this inborn error of methionine metabolism. 

Introduction 
Homocystinuria, characterized by severe hyperhomocysteinemia, may have its 

origin in deficiencies in enzymes involved in methionine metabolism (30,63,64). 

The concomitant finding of an extremely high risk of premature vascular 

disease in patients suffering from homocystinuria has led to the 'homocysteine 

theory' (3), which hypothesizes that a severely elevated homocysteine concen

tration, irrespective its cause, is associated with vascular pathology in arterio

sclerosis and thrombosis. 

The most frequent cause of homocystinuria is a homozygous deficiency of 

cystathionine ß-synthase (CBS), the first enzyme in the transsulphuration path

way (31). This classical homocystinuria is, next to the life-threatening compli

cations from the vascular system, characterized by ectopia lentis, skeletal ab

normalities, and mental retardation (31). In a large international survey among 

patients with homocystinuria due to CBS deficiency, Mudd et al. (27) observed 

one or more episodes of a thromboembolic event in 158 (25%) out of 629 homo

cystinuria patients. These thromboembolic events can be subdivided in cerebro

vascular accidents (31%), venous complications (51%, of which 12% represent 

pulmonary embolism), myocardial infarctions (4%) and peripheral arterial 
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complications (11%). It could be calculated that each untreated patient had a 

chance of about 50% to suffer from such event under the age of 30 years. 

Resistance to activated protein С (APC resistance) due to a single R506Q 

mutation in the factor V gene, the so-called factor V Leiden (FVL) mutation 

(129), is the most predominant hereditary cause of venous thrombosis identi

fied so far (130). Heterozygous individuals have an approximately eight-fold 

higher risk on thrombosis (131), whereas the risk in homozygotes is about 

80-fold increased (132). In the Physicians' Health Study including about 15,000 

apparently healthy men, Ridker et al. reported also an association between this 

mutation and the occurrence of deep venous thrombosis after a mean follow-up 

of 8.6 years, but not with myocardial infarction and stroke (133). 

Only a few studies have investigated a possible interaction between hyper-

homocysteinemia and APC resistance due to FVL in the risk of thrombosis. In a 

recent study by Den Heijer and co-workers, mild hyperhomocysteinemia was 

associated with an increased risk for a first occurrence of deep-vein thrombosis 

(9), but they did not observe an enhanced thrombotic risk in jointly affected 

patients. These results have been confirmed in a study of D'Angelo et al. (134). 

On the other hand, Ridker et al. (62) noticed a substantially increased risk of 

developing future thrombosis in apparently healthy men with coexistent hyper

homocysteinemia and FVL. In severe hyperhomocysteinemia data are con

flicting. In seven, highly consanguineous families including 45 patients with 

homocystinuria of different origins, Mandel et al. observed thrombosis in only 

those homocystinuria patients with concomitant heterozygous or homozygous 

FVL (135). These results were challenged by Quéré et al. who reported the 

absence of such an interaction in 15 homocystinuria patients with genetically 

proven CBS deficiency from 13 unrelated kindreds (136). 

A common homozygous 677C-»T mutation in the methylenetetrahydrofolate 

reductase (MTHFR) gene has been shown to be a major cause of mildly ele

vated plasma homocysteine concentrations (91,125), and has been investigated 

as a risk factor for venous thrombosis (137,138). The effect of the homozygous 

677C-*T mutation on the risk of deep venous thrombosis in CBS deficient 

patients is unknown. 

In the present study, we analyzed 24 homozygous CBS deficient patients 

from 18 unrelated kindreds for FVL, and the 677C->T mutation in the 

methylenetetrahydrofolate reductase (MTHFR) gene. We investigated whether 

a possible interaction between FVL, thermolabile MTHFR and the severe 

hyperhomocysteinemia due to CBS deficiency, is leading to an enhancement of 

the excessive thrombotic risk in patients with joint abnormalities. 
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Patients, Materials and Methods 

Patients. Twenty-four patients, 14 men and 10 women from 18 unrelated kind

reds, with homocystinuria due to CBS deficiency were studied for FVL and the 

MTHFR 677C—>T polymorphism. Twenty-three patients were pyridoxine res

ponsive. The diagnosis of homocystinuria due to CBS deficiency in patients 

was made at a mean age of 24.7 years (range: 4-54), by establishing severe 

hyperhomocysteinemia and homocystinuria, hypermethioninemia, and de

creased levels of cysteine in plasma. Furthermore, CBS activities measured in 

extracts of cultured fibroblasts (20,104) were less than 2% of the mean in 

controls, except in one patient, in whom we observed CBS activities in the 

heterozygous range. However, in this patient we were able to demonstrate a 

defective CBS regulation by S-adenosylmethionine (AdoMet) leading to severe 

hyperhomocysteinemia (108). Up to now, in 18 out of 24 patients, homozygous 

CBS deficiency was confirmed by molecular genetic analysis of the CBS cDNA 

(108,121,125, Kluijtmans et я/., unpublished results). 

Deep venous thrombosis was diagnosed by means of flebography and 

pulmonary embolism by pulmonary perfusion-ventilation scintigraphy. 

Mutation detection. DNA was isolated from peripheral blood lymphocytes by a 

standard method (109). Factor V Leiden was investigated by allele specific PCR 

amplification and capillary electrophoresis with on-line UV detection, as 

described by Van de Locht et al. (139). Screening for the 677C->T polymorphism 

in the MTHFR gene was performed essentially according to Frosstet al. (91). 

Biochemical analysis. Determination of homocystine, homocysteine-cysteine 

mixed disulphide, and methionine in serum of the homocystinuria patients has 

been performed as described earlier by us (106). The total amount of non-

protein-bound homocysteine was calculated as twice the concentration of 

homocystine plus the concentration of the homocysteine-cysteine mixed 

disulphide. 

Statistics. The differences in MTHFR genotype distributions and allele 

frequencies among homocystinuria patients versus Dutch controls (95) have 

been assessed by (Yates corrected) chi-squared analyses. Differences in serum 

homocysteine and methionine concentrations in carriers versus non-carriers of 

the homozygous 677C->T mutation in the MTHFR gene have been assessed by 

nonparametric Wilcoxon-Mann-Whitney-U tests. All Ρ values reported are two-

tailed, and P< 0.05 was considered statistically significant 
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Results 

Out of 24 homocystinuria patients three individuals - all belonging to the same 

kindred - were carriers of FVL; no homozygotes for FVL were observed. In the 

study group, six individuals, mean age 23 y (range 9-40), suffered from a 

thrombotic complication; four patients (three males and one female) had deep 

venous thrombosis, two patients (both females) had pulmonary embolism, 

whereas 18 homocystinuria patients remained free of venous thrombotic 

disease. 

Venous thrombosis occurred in these six patients before the start of homo-

cysteine-lowering treatment, which had been prescribed immediately after the 

diagnosis of homocystinuria had been established. All six patients with throm

bosis proved to be vitamin Вб responders. Only one thrombotic event occurred 

in a homocystinuria patient with concomitant factor V Leiden. Five patients 

suffered from thrombosis without the presence of FVL (table 1). 

Table 1. Association between factor V Leiden and thermolabile MTHFR genotype and 
the occurrence of thrombosis in twenty-fouT homozygous CBS deficient patients. 

Number of 

patients 

24 Thrombosis 

No Thrombosis 

N 

6 

18 

Factor V Leiden 

positive 

1 

2 

MTHFR TT 

genotype 

3 

2 

Factor V Leiden positive: heterozygous carrier for the factor V Leiden mutation 

We also screened for the 677C-»T polymorphism in the MTHFR gene in 

these patients. The overall allele frequency of the T-allele was 0.44 which is 

significantly different from the allele frequency (0.30) observed in Dutch 

controls (χ2 = 3.88; DF=1; Ρ = 0.049). In our study group, we observed 5 (21%) 

homozygotes for the T-allele, 11 (46%) heterozygotes and 8 (33%) wild type 

(CC) individuals, which tends to be statistically significantly different from the 

genotype distribution in Dutch controls (χ2 = 5.43; DF = 2; Ρ = 0.07). The rela

tively high frequency of the homozygous TT genotype among these homo

cystinuria patients was not caused by a high prevalence of TT genotype among 

sibs (data not shown). Three out of six patients with thrombosis had the homo

zygous TT genotype (table 1), one was heterozygous, whereas two patients had 

the CC genotype. 

We assessed the serum non-protein bound homocysteine and methionine 

concentrations and the homocysteine/methionine ratio in the homocystinuria 
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patients (n=21); 5 patients with the concomitant homozygous I T genotype were 

compared with 16 heterozygous (CT) and wildtype (CQ individuals (table 2). 

Mean serum homocysteine concentration in concomitant carriers of the TT 

genotype was elevated compared with those observed in individuals with CT 

and CC genotypes (P=0.6). Methionine concentrations were less elevated in TT 

carriers, whereas the homocysteine/methionine ratio was slightly increased 

compared with non-carriers (P=0.4 and P=0.7, respectively). However, all these 

differences did not reach statistical significance because of the small number of 

patients. 

Table 2. Nonprotein-bound homocysteine and methionine concentrations in homo
zygous CBS deficient patients with and without concomitant homozygosity for the 
677C->T mutation in the MTHFR gene. 

TT carriers (n=5) 

CT+CC carriers (n=16) 

Homocysteine 

(μιηοΙ/L) 

155 ±115 

128 ± 55 

Methionine 

(цтоІ/L) 

75 ±31 

117 ±119 

HCy/Met 

ratio 

2.1 ±1.8 

1.4 ±0.8 

HCy/Met: homocysteine/methionine 
Homocysteine and methionine concentrations are expressed as mean ± SD. 

Discussion 

In homocystinuria due to CBS deficiency, venous thrombotic events are a 

common manifestation; about 13% of a large cohort of homocystinuria patients 

studied retrospectively, suffered from one or more episodes of venous throm

bosis (27). This observation, and the concomitant finding of a high risk for 

arteriosclerosis in homocystinuria, led to the conclusion that severely elevated 

plasma homocysteine concentrations constitute a risk factor for both arterio

sclerosis and thrombosis. 

Recently, Bertina et al. described a point mutation in the factor V gene, an 

R506Q substitution, which renders factor V resistant to cleavage by activated 

protein С (129). Several studies have investigated either APC resistance 

(133,140-142), mild hyperhomocysteinemia (55-59), or thermolabiìe MTHFR 

(137,138,143) as risk factors for venous thrombosis. Only a few reports have 

investigated a possible interaction between hyperhomocysteinemia or thermo

labiìe MTHFR, and F VX in the risk of thrombosis (9,62,134-136,138,143). 
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However, both in mild and severe hyperhomocysteinemia, data are confu

singly conflicting. Very recently, a synergistic interaction between mild hyper

homocysteinemia and FVL was reported from the Physicians' Health Study, in 

which a 20-fold higher risk on thrombosis was calculated in jointly affected 

individuals compared with non-affected subjects (62). These results were in 

contradiction with those reported by Den Heijer (9) and D'Angelo (134). 

Cattaneo et al. reported a synergistic interaction between thermolabile MTHFR 

and FVL in Italian thrombosis patients (138). However, the numbers of jointly 

affected individuals in all these studies were relatively small. 

Mandel et al. reported on an interaction between severe hyperhomocystein

emia and FVL (135). In their study they observed thrombotic events only in 

patients with both inherited anomalies, which led them to conclude that FVL is 

a prerequisite for the occurrence of thrombosis in homocystinuria patients. 

However, the results in their study may have been biased by the high degree of 

consanguinity in their families, which is reflected in the presentation of other 

rare inborn errors of metabolism, like phenylketonuria, lysinuric protein into

lerance, and Immerslund-Gräsbeck syndrome in some of their pedigrees (135). 

Our present study contradicts the hypothesis of Mandel et al. (135). In our 

study group, five out of six homocystinuria patients, who suffered from one or 

more thrombotic events, were not carriers of a FVL allele. The same results 

were obtained by Quéré et al. (136), who also concluded that FVL is not an 

absolute requirement for the development of thrombosis in homozygous CBS 

deficient patients. In their study, five out of 15 homocystinuria patients had 

presented with venous thrombosis, of which only two individuals had FVL. 

Thus, three patients without the FVL mutation had had venous thrombosis 

(136). 

A remarkable finding in the present study, was the relatively high frequency 

of the MTHFR TT-genotype among our six homocystinuria patients who suf

fered from a thrombotic event In this subgroup, three (50%) out of six patients 

had the MTHFR TT-genotype, suggesting that although the number of indivi

duals is small, thermolabile MTHFR might be an important additional factor in 

the risk of thrombosis in homozygous CBS deficient patients. In the 18 homo-

cystinurics who did not present with thrombotic complications, the frequency 

of the MTHFR TT-genotype was -10%, virtually identical to that observed in 

the Dutch population (95). This major contributing effect of the 677C->T 

mutation may be explained by the coordinate regulation of homocysteine 

metabolism by S-adenosylmethionine (AdoMet) (12,16). In homocystinuria due 

to CBS deficiency, AdoMet concentrations are elevated (144), which results in 

an inhibition of MTHFR. In case of a combination with the homozygous 

677С-УГ mutation, mis joint effect will be an even more substantial reduction 
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of homocysteine remethylation, theoretically leading to a further accumulation 
of serum homocysteine and an attenuation in the rise of serum methionine. The 
measurement of serum non-protein bound homocysteine and methionine in 
concomitant TT carriers and non-carriers supports this hypothesis: serum 
homocysteine was slightly higher, whereas serum methionine was less elevated 
in these patients with concomitant thermolabile MTHFR. However, probably 
due to the small sample sizes, these differences did not reach statistically 
significance. 

In our study group, the three patients with FVL were sibs, and only one of 
them presented with thrombosis. Interestingly, the patient with thrombosis was 
carrier of the MTHFR TT-genotype as well, in contrast to his two sibs. Institu
tion of anticoagulation and homocysteine lowering treatment after diagnosis 
could have prevented the development of thrombosis in these two subjects. 
However, both individuals were untreated for a long period, 21 and 26 years, 
respectively, at which ages in five out of six homocystinurics deep venous 
thrombosis had developed already. In this pedigree, thermolabile (TT) MTHFR 
might have been a critical contributing factor in the risk of thrombosis in the 
homocystinuric sib with joint anomalies. 
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The molecular basis of CBS deficiency 

Abstract 
Introduction. Among inborn errors of methionine metabolism, homocystinuria 
due to cystathionine ß-synthase (CBS) deficiency is the most prevalent The 
clinical manifestations of this autosomal recessively inherited disorder include 
myopia and ectopia lentis, skeletal abnormalities, mental retardation, and pre
mature arteriosclerosis and thrombosis. Severe hyperhomocysteinemia and 
homocystinuria, hypermethioninemia, and hypocysteinemia, next to reduced 
CBS activity in cultured fibroblasts are biochemical key marks. Homocysteine-
lowering intervention proved to be beneficial, although extensive data on 
efficacy are lacking. 
Methods. We investigated the molecular basis of CBS deficiency in 29 Dutch 
homocystinuria patients, from 21 unrelated pedigrees. Also clinical symptoms 
were recorded and biochemical parameters were determined both at diagnosis, 
and during long-term follow-up of homocysteine-lowering treatment The 
possibility of a genotype-phenotype relationship with regard to biochemical 
and clinical expression, as well as response upon treatment was examined. 
Results. The 833T-KZ (I278T) transition was found in 59% of the alleles, and was 
the most predominant mutation among Dutch homocystinurics. At diagnosis, 
homozygotes for this mutation (n=12) had higher homocysteine levels, and 
presented with more clinical manifestations of CBS deficiency than patients 
with another genotype (n=17), although these differences did not reach statis
tical significance. Nevertheless, during follow-up, these 833T-K2 homozygotes, 
showed a biochemically most efficient response to homocysteine-lowering 
treatment After a total of 378 patient-years of treatment no more than two vas
cular accidents were recorded among these 29 patients, one in a 833T-KZ homo
zygote, and one in a patient with a different genotype. In case of no therapy, 30 
such events would have been expected (P<0.01). 

Conclusions. The 833T-KZ mutation is the predominant mutation among Dutch 
CBS deficient homocystinuria patients, and is, in homozygous state, associated 
with an in vivo most beneficial biochemical response to homocysteine-lowering 
therapy. Treatment of the severe hyperhomocysteinemia in Dutch patients, 
both 833T-KZ homozygotes and the patients with another genotype, proved to 
remarkably reduce the risk on cardiovascular disease and other sequelae of the 
classical homocystinuria syndrome. 

Introduction 

Homocystinuria due to cystathionine ß-synthase (CBS; L-serine hydro-lyase 
[adding homocysteine], EC 4.2.1.22) deficiency is in methionine metabolism the 
most common inborn error. CBS is a pyridoxal 5'-phosphate (PLP) dependent 
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enzyme, and condenses homocysteine and serine to cystathionine, an irrever
sible step in transsulphuration (31). 

Homocystinuria was first described by Carson and Neill in mentally re
tarded individuals in Northern Ireland, by the observation of homocystine 
excretion into urine (22). Soon thereafter, it was shown that the primary defect 
in homocystinuria was an enzymatic defect of CBS (29), with a recessive mode 
of inheritance (30). The clinical manifestation of CBS deficiency is diverse, and 
resembles Marian's syndrome in some cases but with some distinct disagree
ments (24,26,31,145). Four major organ systems are predominantly involved: 
the eye (severe myopia and ectopia lentis), the skeleton (osteoporosis, scoliosis, 
and Marfanoid features), the vascular system (premature arteriosclerosis and 
mromboembolism), and the central nervous system (mental retardation, con
vulsions, and psychiatric disturbances). 

Biochemically, CBS deficient patients are characterized by severe hyper-
homocysteinemia and homocystinuria, hypermethioninemia, and low normal 
to decreased plasma cysteine levels. Furthermore, CBS activities in either liver 
biopsy specimens (29), cultured fibroblasts (34) or phytohemagglutinin-
stimulated lymphocytes (33) are mostly well below the range of controls and 
even heterozygotes for CBS deficiency. First choice of therapy in CBS deficient 
patients consists of administration of supra physiological doses of pyridoxine 
(vitamin Be), the precursor of the cofactor for CBS, PLP. A large international 
survey on more than 600 homocystinuria patients showed that about 50% of the 
patients responded upon high doses of pyridoxine with a substantial reduction 
in blood homocysteine concentrations (27). Pyridoxine non-responsive patients 
usually are more severely affected than pyridoxineresponders, and may be 
treated with combinations of folic acid, hydroxycobalamin or betaine to 
stimulate remethylation of homocysteine into methionine. Data on the clinical 
efficacy of homocysteine-lowering treatment are scarce. In pyridoxine-respon-
sive patients and early-treated pyridoxine non-responsive patients, such treat
ment has proven to be effective in terms of reduction of the number of initial 
thromboembolic events (27). However, data on efficacy of treatment in late-
detected, late-treated pyridoxine non-responsive homocystinuria patients are 
limited so far, because longer follow-up in these patients is required (27). A 
recent report by Wikken and Wikken (146) showed that treatment which 
effectively lowered plasma homocysteine concentrations, even to suboptimal 
levels, markedly reduced cardiovascular risk in 32 patients with pyridoxine 
responsive as well as pyridoxine non-responsive forms of CBS deficiency. 

The clinical diversity and differences in pyridoxine responsiveness suggest 
considerable genetic heterogeneity in CBS deficiency. The concordance of pyri
doxine responsiveness within sibships indicates that this ability to respond to 
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pyridoxine has a genetic basis, which is probably identical to the molecular 
defect leading to CBS deficiency itself (31). The human CBS gene, which has 
been mapped to the 21q22.3 (66), encodes a CBS subunit of 63 kDa that as
sembles into a homotetrameric protein (147). Since the isolation and characte
rization of the CBS cDNA by Kraus and co-workers (67), many efforts have 
been made to elucidate the molecular basis of CBS deficiency in individual 
homocystinuria patients. So far, more than 50 mutations have been detected 
(68-70,89,108,120-122,148-154; JP Kraus, unpublished results), and functional 
relevance has been tested for some of them in either a bacterial (68,122) or yeast 
(123,151) expression system. Although most mutations seem to be private or 
restricted to only a few pedigrees, three mutations are relatively common 
among homocystinuria patients. The first common mutation, a 833T->C 
transition (I278T) (68), has been found in homocystinuric alleles of different 
genetic backgrounds and reported to be associated with pyridoxine responsive
ness when present in homozygous state (89). Albeit in vitro expressed CBS 
cDNA carrying this mutation lacks CBS activity completely (68), in vivo this 
mutation seems to be associated with a mild clinical phenotype (149). On the 
other hand, a 919G-»A transition (G307S) (89) is related to a more severe 
clinical phenotype, and has been detected mainly in homocystinuric alleles of 
'Celtic' origin; 70% of the CBS defective alleles in Ireland carried this particular 
mutation (69). In vitro, G307S mutants have an immunoreactive but completely 
inactive CBS protein; in vivo this mutation is incompatible with pyridoxine 
responsiveness in homozygous as well as heterozygous state (89). Very recently 
a third relatively common CBS mutation, a 797G—*A transition (R266K) was 
detected in Norwegian homocystinurics, and reported to be associated with a 
pyridoxine-responsive phenotype (155). 

In the present study, we investigated the molecular basis of homocystinuria 
due to CBS deficiency in 29 Dutch homocystinuria patients from 21 unrelated 
pedigrees. We measured homocyst(e)ine concentrations at diagnosis, upon 
pyridoxine treatment and upon maximal treatment with pyridoxine, folic acid, 
with or without betaine, and recorded whether homocysteine-lowering treat
ment had been able to prevent further clinical events or symptoms. 

Patients, Materials, and Methods 
Patients. This study comprises 29 patients with homocystinuria due to CBS 
deficiency, from 21 unrelated pedigrees. Patients were initially diagnosed on 
the basis of clinical manifestations of homozygous CBS deficiency, in combi
nation with a quantitative assessment of homocysteine, and methionine in 
serum or plasma. Severely elevated homocysteine and methionine concen-
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trations were demonstrated in all patients, but in 2 (no 19 and 29) the diagnosis 

was based only on severe homocystinuria demonstrated by qualitative urine 

analyses. Homocysteine-lowering treatment was initiated in all patients, imme

diately after the diagnosis homocystinuria due to CBS deficiency had been 

made. All patients were seen on a regular basis (once or twice each year) by 

two of us (Boers and Cruysberg), and the biochemical efficacy of therapy was 

determined by measurement of homocysteine and methionine in blood. Clini

cal manifestations at diagnosis and during long-term follow-up were assessed 

according routine clinical or radiographic or scintigraphic examination proce

dures. 

Pyridoxine responsiveness was examined after 6 weeks of treatment with 

750 mg vitamin Ββ daily in adults, and 200-500 mg daily in children. Patients in 

whom non-protein bound serum homocysteine had decreased to < 20 μιηοΙ/L, 

or total plasma homocysteine (protein and non-protein bound) to < 50 μιηοΙ/L 

were classified as pyridoxine responsive. All other patients were categorized as 

suffering from pyridoxine non-responsive homocystinuria. 

Biochemical analysis. Determination of homocystine, homocysteine-cysteine 

mixed disulphide, and methionine in serum of the homocystinuria patients has 

been performed as described earlier by Boers et al. (106). The amount of non

protein bound homocysteine was calculated as the sum of twice the concen

tration of homocystine, plus the concentration of the homocysteine-cysteine 

mixed disulphide moiety. Total plasma homocysteine, i.e. the total amount of 

protein and non-protein bound homocysteine moieties, which method was 

introduced since 1990, was determined as previously described by Te Poele-

PothofferaZ. (107). 

CBS activities in extracts of cultured fibroblasts were measured as described 

by Fowler et al. (104), with some modifications (20). These CBS activities were 

measured with and without addition of 1 mM pyridoxal 5'-phosphate (PLP) to 

the incubation mixture. 

Mutation analysis. The procedure for mutation analysis of the CBS gene in 

homocystinuria patients has been described by us before (108). Briefly, genomic 

DNA was isolated from peripheral blood leukocytes (109) and stored at 4°C. 

Total RNA was extracted from cultured fibroblasts by the method of Chomc-

zynski and Sacchi (88), and stored as an ethanol precipitate at -80°C. One to 

five micrograms total RNA were used for first-strand cDNA synthesis using 

Superscript Π reverse transcriptase (Life Technologies, Breda, The Nether

lands). First-strand cDNA was subsequently used as template in PCR amplifi

cation reactions to amplify the CBS encoding region in multiple overlapping 
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cDNA fragmente, which were sequenced directly using the Taq Dye Deoxy™ 

Terminator Cycle Sequencing Kit according to the manufacturer's recommen

dations (Applied Biosystems, Forster City CA, USA). Sequencing products 

were electrophoresed and analyzed using an ABI 377 automated DNA sequen

cer. All cDNA fragments were sequenced on both strands, and the mutations 

found were confirmed at the genomic DNA level by restriction enzyme 

analysis or sequencing. Restriction enzymes were purchased from Life Tech

nologies (Breda, The Netherlands) or from New England Biolabs (Westburg, 

Leusden, The Netherlands), and were used according the manufacturer's 

recommendations. Screening for 833T-KÜ was performed as described pre

viously (125). Using this procedure, we were able to discriminate between 'real' 

833T->C carriers and those with an 844ins68 duplication variant 

Cloning and expression of mutations. The cDNA fragments containing the 

presumed functional mutations were amplified by PCR and subcloned into an 

expression cartridge, as described extensively before (68,122). Recombinant 

clones were selected, sequenced to verify the integrity of the cloned fragment, 

and expression of CBS was induced following IPTG addition (68). The CBS 

assay was performed without addition of BSA (bovine serum albumin) to the 

incubation mixture. Cystathionine was added to a final concentration of 2 mM. 

Statistics. Differences in clinical manifestation of CBS deficiency, and efficacy of 

homocysteine-lowering treatment between separate groups were assessed by 

Yates' corrected χ2 test Differences in age of diagnosis and homocysteine and 

methionine concentrations were assessed by non-parametric Wilcoxon-Mann-

Whitney-U tests. Statistical significance was accepted at P<0.05. 

Results 

Study group. Twenty-nine homocystinuria patiente were included in this study, 

from 21 pedigrees; 6 families had two affected siblings, one family had three 

affected siblings. The remaining 14 patients were presumed unrelated. The 

male:female ratio was 16:13. The diagnosis of CBS deficiency was established at 

a mean age of 26 y (range 4-60). Pyridoxine responders were diagnosed at a 

mean age of 31 y (range 7-54), and non-responders at an age of 18 y (range 4-30; 

P=0.08). 

CBS activities in cultured fibroblasts. CBS activities were measured in extracts of 

cultured fibroblasts of 12 healthy controls, 7 CBS deficient patients homo

zygous for 833T-»C, and in 12 patients with another CBS genotype; the results 

are presented in figure 1. Without PLP addition to the incubation mixture, the 
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mean (dtíSD) CBS activity in homozygotes was 0.1 (± 0.4) nmol cystathio-
nine/mg proiein.h, less than 1.5% of the control mean (7.4 [± 5.1] nmol cysta
thionine/mg protein.h). One homocystinuria patients (no 18) clearly exhibited 
CBS activities in the range of obligate heterozygotes; this patient is described in 
detail elsewhere (108). 

The mean CBS activity in fibroblasts of homozygotes for 833T-+C (n=7) 
versus patients with other genotypes (n=12) was 0.03 ± 0.05 versus 0.07 ± 0.08 
nmol cystathionine/mg protein.h (P=0.28), and 0.13 ± 0.16 versus 0.43 ± 0.39 
nmol cystathionine/mg protein.h (P=0.07) in the assay without and with 1 mM 
PLP, respectively. Patient no 18 was excluded in these calculations. 
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Figure 1. CBS activities measured in extracts of cultured fibroblasts of healthy controls 
(n=12), homozygotes for the 833T->C transition (n=7), and patients with other genotypes 
(n=12). Left panel: CBS activities without addition of PLP to the incubation mixture. Right 
panel: CBS activities after addition of 1 mM PLP to the incubation mixture. Presented are 
individual values of CBS activity assays. Means ± SD are indicated for each different category. 
All values are means of two independent CBS assays. 

Genetic basts of homocystinuria. The CBS gene of the homocystinuria patients was 
analyzed for mutations, either by direct-sequencing of RT-PCR amplified 
fragments (in 14 patients) or by RFLP analysis of genomic DNA to screen for 
familiar mutations detected by direct sequencing (in 15 patients). Ten different 
mutations were found (table 1), of which the 833T-KZ mutation was most 
prevalent This mutation was observed in 34 (59%) out of 58 alleles: 12 
individuals (40%) were homozygous for this transition, another 10 patients 
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were compound heterozygotes carrying this mutation on one allele. The 

molecular basis of homocystinuria was resolved in 25 (86%) of the 29 patients. 

In four patients, of whom in one the entire cDNA was sequenced, only one 

mutation in heterozygous state was found; the mutation in the second allele has 

to be found yet A complete overview of the molecular basis of each patient is 

given in table 2. 

Table 1. CBS mutations in Dutch homocystinuria patients. 

DNA mutation 

373C->T 

456С-Ю 

494G->A 

539T-K: 

833T-K: 

HOSC-^T1 

1111G-*A 

1301C->A 

1330G-+A 

UTIC-^T1 

Amino acid 

substitution 

R125W 

I152M 

C165Y 

V180A 

I278T 

R369C 

V371M 

T434N 

D444N 

R491C 

RFLP 

-Aril 

-SAM3A 

-BsoFI 

+ Hhal 

+ Bsrl 

-Hhal 

+ Nlam 

None 

-Taqi 

+ BglE 

Frequency 

2/58 

4/58 

5/58 

1/58 

34/58 

2/58 

2/58 

2/58 

2/58 

2/58 

]Mutations were observed in eis in one patient. 

RFLP: restriction fragment length polymorphism. 

In vitro expression mutations. The functional relevance of 7 mutated alleles was 

investigated in an E.coli expression system: 6 constructs contained one mutation 

and one construct contained the 1105C-+T and 1471C-+T mutations in cis. The 

results of the in vitro expression are displayed in figure 2. All mutated 

constructs, except the one containing 1330G—»A, showed a reduction in CBS 

activity of >90%, demonstrating the deleterious effect of each construct 

Mutation 1330G-»A is described in detail elsewhere (108). Two mutations 

(i.e. 373C-+T and 1301C-> A) have not been tested yet 

Pyridoxine-responsiveness. Of 29 patients, 14 (48%) were classified as pyridoxine 

responsive and 9 (31%) patients were denoted pyridoxine non-responsive on 

the basis of the criteria described in the method section. In 6 patients 
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Table 2. The molecular basis of homocystinuria due to CBS 

Patient 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

Sibship 

1 

1 

1 

2 

2 

3 

3 

4 

4 

5 

5 

6 

6 

7 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

Pyridoxine 

Responsiveness 

+ 

+ 

+ 

-

-

+ 

+ 

-

-

+ 

+ 

ND 

ND 

-

-

ND 

-

-

+ 

-

ND 

+ 

+ 

+ 

+ 

+ 

+ 

ND 

ND 

Allele 1 

494G->A 

494G-»A 

494G-A 

833T-C 

833T-C 

833T-C 

833T-K: 

833T->C 

833T-*: 

833T-C 

833T-K: 

456C-KÎ 

456С-Ю 

373C-T 

373C-»T 

833T-<: 

494G-»A 

1330G->A 

456C-K3 

833T->C 

вззт-с 
1105C-+T+1471C 

833T-»C 

вззт-с 
539T-K3 

833T-C 

833T-C 

вззт-с 
83зт->с 

> deficiency. 

Mutation 

Allele 2 

833T-K: 

833T-»C 

833T-K: 

* 

* 

833T-K: 

833T-<: 

833T-C 

833T-K: 

833T-K: 

833T-K: 

833T-K: 

833T-C 

1301C-A 

1301C-A 

833T-K: 

494G->A 

1330G-A 

456C-KÎ 

833T-K: 

833T->C 

-»T 1105C->T+1471C-T 

вззт-к: 
83зт-<: 

* 

1111G->A 

вззт-с 
l l l lG-A 

* 

* Unidentif ied; ND not determined. 
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R491C 

Figure 2. CBS activities measured in an E.coli expression system. Mutations were introduced 

as described in the section materials and methods. Bacterial lysates were assayed for CBS 

activity, and the mean CBS activity of a control construct has been set to 100%. Each bar 

represents another mutated construct, and is the mean of two independently performed CBS 

assays. 

(no 12,13,16, 21, 28, and 29), responsiveness to merely pyridoxine could not be 

assessed, because patients were treated directly after diagnosis with a combina

tion of therapeutic regimens (pyridoxine, folic acid with or without betaine) in 

view of their extremely high homocysteine levels. 

Seven (58%) out of 12 homozygotes for the 833T-*C transition showed in 

ΌΙΌΟ pyridoxine responsiveness, 3 (25%) were non-responders, and in 2 (17%) 

patients this specific responsiveness could not be assessed. In 17 individuals 

with other genotype combinations these numbers were respectively 7 (41%), 6 

(35%), and 4 (24%) (χ2=0.13; P=0.7). Vice versa, in 14 pyridoxine responsive 

patients, 18 (64%) out of 28 alleles carried the 833T-KZ mutation (7 homo

zygotes, 4 heterozygotes), versus 8 (44%) alleles in 9 non-responsive patients 

(3 homozygotes, 2 heterozygotes) (χ2=1.39; P=0.5). There was an absolute 

concordance of pyridoxine responsiveness between siblings. 
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Clinical characteristics at diagnosis. The clinical manifestation of homocystinuria 

due to CBS deficiency in this study group is very diverse, and is presented in 

table 3. Some patients showed at diagnosis nearly not any clinical symptom (no 

2,13, and 15) and were established as homocystinurics by family screening. In 

some other patients (no 6,19, 22, 23, and 25) all four major organ systems were 

involved. Ocular abnormalities and skeletal abnormalities were the most 

consistent findings among the 29 homocystinuria patients: 25 (86%) suffered 

from either severe myopia or ectopia lentis, 22 (76%) had ectopia lentis in 

concomitance with myopia, and an additional 3 (10%) had only myopia. 

Twenty-six patients (90%) exhibited either osteoporosis (15; 52%), scoliosis (21; 

72%), or Marfanoid features (18; 62%). Thirteen patients (45%) had compli

cations in the vascular system: 7 patients (24%) had arteriosclerosis (peripheral 

arterial disease in 5, coronary heart disease in 2, cerebrovascular accident in 2) 

and 8 patients (28%) had suffered from a thromboembolic event (deep venous 

thrombosis in 5, pulmonary embolia in 2, sinus sagittalis thrombosis in 1). The 

central nervous system was involved in 16 (55%) patients (some degree of 

mental retardation in 12 patients (41%) and convulsions in 7 (24%) of the 

patients), and psychiatric illness was noticed in only a minority of the patients 

(psychosis in 4 (14%) and depressions in 1 (3%) patient). Among homozygotes 

for the 833T->C transition, ocular abnormalities and complications of the 

vascular system, in contrast to mental retardation and convulsions, were more 

frequently observed than among patients with other genotypes, including those 

with the 833T-KZ transition on only one allele (figure 3). However, subdivision 

into these two genotype groups showed no significant differences in any of the 

clinical presentation. 

Biochemical characteristics at diagnosis. Non-protein bound homocysteine concen

trations at diagnosis had been measured in 21 patients, total homocysteine 

concentrations in 6 patients, whereas in two patients no baseline homocysteine 

blood levels were available; in these two cases the diagnosis had been made in 

1975 by means of qualitative examination of urine only. The mean non-protein 

bound homocysteine concentration was 135 цтоІ/L (range: 42-266 цтоІ/L; 

n=21) and mean total plasma homocysteine concentration was 240 цтоІ/L 

(range: 134-299 цтоІ/L; n=6). Mean serum methionine concentration was 

130 μπιοΙ/L (range: 52-549 цтоІ/L; n=23). Homozygotes for the 833T-KZ 

mutation had a higher mean non-protein bound homocysteine concentration 

than homocystinuria patients with another genotype (160 ± 73 цтоІ/L versus 

116 ± 57 μπιοΙ/L; P=0.16; figure 4a), whereas methionine concentration was 

lower (89 ± 35 μπιοΙ/L versus 152 ± 166 μιηοΙ/L; P=0.49). However, not any of 

these differences reached statistical significance. 
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Figure 3. Clinical expression of homocystinuria due to CBS deficiency at diagnosis. Patients 
are divided in two separate groups with respect to CBS genotype. 

Response upon homocysteine-lowering treatment. Patients were treated after the 
diagnosis had been made with pyridoxine in a dose of 750 mg daily in adults, 
and at least 200 mg daily in children. Long-term homocysteine-lowering 
therapy (mean term: 13 y [range: 1-29]) consisted of maximally 750 mg 
pyridoxine, in 15 (56%) patients in combination with 5 mg folic acid and in 8 
(30%) patients also with 6 g betaine daily. Because of the development of 
vitamin Bu deficiency in 15% of the patients additional intramuscular injections 
with 1 mg hydroxycobalamin/1-2 months were given in these patients. Only 
one patient (no. 17) used a methionine restricted diet with a methionine content 
of 600 mg daily. Two patients could not be followed after diagnosis had been 
made: patient 6 refused treatment, and patient 13 moved to another country. 
So, follow-up was recorded in 27 (93%) of the homocystinuria patients. Mean 
follow-up in the 11 homozygotes for the 833T-+C transition was 11 y (range: 
1-20) and in 16 patients with another genotype 16 y (range: 3-27; P=0.09). 
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The molecular basis of CBS deficiency 

Biochemically, pyridoxine treatment resulted in a marked decrease in homo

cysteine concentrations, both in homozygotes for the 833T-+C mutation, as well 

as in homozygotes with another genotype (figure 4a). The reduction of the 

mean homocysteine levels was 90% in the 833T->C group, versus 67% in the 

other group (P<0.02). Extended therapeutical regimen after addition of folic 

acid with or without betaine further decreased homocysteine concentrations in 

both genotype groups with 84% and 47%, respectively (PO.05). Homocysteine 

concentrations 'normalized' (non-protein bound homocysteine <20 цтоІ/L, or 

total plasma homocysteine <50 цтоІ/L) in the majority of the patients. Four 

patients (no. 14,15,17, and 18), all without 833T-K2 mutation, persistently had 

total plasma homocysteine above 100 μπιοΙ/L. Methionine concentrations 

decreased in both groups upon pyridoxine therapy with 56% and 33%, respec

tively (F=0.15). Additional treatment with folic acid and betaine to stimulate 

homocysteine remethylation, left methionine concentrations in homozygotes for 

the 833T-KZ transition hardly unchanged, whereas methionine levels increased 

to the untreated level in patients with other genotypes (figure 4b). 

During chronic treatment, 9 (82%) out of 11 homozygotes for 833T-»C con

tinuously had non-protein bound homocysteine concentrations <20 μπιοΙ/L or 

total homocysteine concentrations <50 μπιοΙ/L, versus only 6 (38%) out of 16 

patients with another genotype (P=0.06). Mean (JSD) non-protein bound 

homocysteine during long-term follow-up was 13±13 μπιοΙ/L in 833T-»C 

homozygotes versus 23±18 μιηοΙ/L in patients with other genotypes (P=0.31). 

For total homocysteine levels, these concentrations were 30±16 μιηοΙ/L and 

67i38 μπιοΙ/L, respectively (P<0.01). 

On the basis of genotype classification, 121 patient-years of treatment were 

recorded in 12 homozygotes for the 833T-KZ transition, during which in one 

patient (no 7) peripheral arteriosclerosis, already present at diagnosis, pro

ceeded to the development of an abdominal aortic aneurysm which required 

vascular surgery. During 257 patient-years of treatment in patients with an

other genotype combination, only in one patient (no. 25), who suffered from a 

cerebrovascular accident before the diagnosis, a recurrent event i-e. myocardial 

infarction, occurred from which he died at the age of 42 yr. In summary, in 378 

patient-years of homocysteine-lowering treatment, only 2 vascular events were 

recorded. From the data of Mudd et al. (27) an expected number of vascular 

incidents of 2 event per 25 years can be calculated for untreated patients. 

Without treatment in our group of 27 homocystinurics, at least 30 vascular 

events could be expected. Also, during this follow-up in not any patient 

worsening of ophthalmological, skeletal, or neurological symptoms was re

corded, and no first involvement of these organ symptoms was noticed, except 

for recurrent depressive episodes in 2 patients (no 2 and 15). 
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Discussion 
In the present study, we investigated the molecular basis of homocystinuria 
due to CBS deficiency in 29 Dutch homocystinuria patients, and explored a 
possible relationship between the different CBS genotypes and the clinical 
expression, as well as the biochemical and clinical efficacy of homocysteine-
lowering treatment Clinical data on natural history in homocystinuria, 
presented in 1985 by Mudd et al. (27), including 629 homocystinuria patients 
diagnosed world-wide, were used as a reference in the evaluation of the 
clinical effect of homocysteine-lowering therapy. 

In the present survey, 58 homocystinuric alleles were investigated, which led 
to the identification of 10 mutations (table 1), of which two mutations (833T-»C 
and 1105C->T) have been described before. The 833T-4Z mutation, first report
ed in a heterozygous state in a pyridoxine responsive patient by Kraus et al. 
(68), was found to be the most prevalent mutation in Dutch homocystinurics: 
34 (59%) of the 58 Dutch homocystinuric alleles investigated in this study 
carried the 833T-+C mutation. Twelve patients were homozygous, and 10 
patients were heterozygous for this transition. So far, 7 mutated constructs have 
been functionally assayed in an E.coli expression system, which demonstrated 
that the mutations tested had a detrimental effect on CBS function. This 
indicates that these mutations are likely to be disease causing ones and not 
benign polymorphisms. The 373C->T (R125W) and 1301C-»A (T434N) 
mutations, detected in the two siblings of pedigree 7, need still to be analyzed 
by us in an expression system. Another mutation (R125Q) affecting the same 
arginine residue has been found independently by two other groups, and was 
shown to inactivate CBS completely (120,148). The arginine residue, which is 
conserved only in rat (70), is likely critical in CBS function. The 1301C->A 
mutation awaits functionality screening in an in vitro system, but it was, next to 
373C-+T, the only molecular defect observed in this pedigree. The mutations 
1105C-+T and 1471C-»T in as, showed a relatively high residual CBS activity of 
~10% of the control mean, and are associated with a relatively late onset of 
disease. Very recently, the 1105C-*T transition was postulated to be a rare 
polymorphism not affecting CBS function in a yeast expression system (155). 
The separation of both mutations by in vitro mutagenesis and expression in an 
E.coli expression system will clarify their individual effect on CBS activity. 

We did not detect the relatively common 919G->A mutation, which is very 
frequent among pyridoxine non-responsive homocystinuria patients from Cel
tic origin (69,70). A 797G->A mutation, a frequent cause of pyridoxine respon
sive homocystinuria in Norwegian patients, and published only recently (155), 
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Π Diagnosis 
И B6 therapy 
• Max. therapy 

Homozygotes 833T-<C Patients with 
other genotypes 

Figure 4a. Non-protein bound homocysteine concentrations in classical homocystinuria 
patients, divided in two separate groups with respect to CBS genotype. Non-protein bound 
homocysteine were measured at diagnosis, upon therapy with merely vitamin Be, and upon 
maximal treatment with vitamin Be and folic acid, with or without betaine. Bars represent 
mean ± SD. 

350.0 

Homozygotes 833T-K2 Patients with other 

genotypes 

Figure 4b. Methionine concentrations in classical homocystinuria patients, divided in two 
separate groups with respect to CBS genotype. Methionine concentrations were measured at 
diagnosis, upon therapy with merely vitamin Be, and upon maximal treatment with vitamin Вб 
and folic acid, with or without betaine. Bars represent mean ± SD. 
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was not detected in cDNA of those patients analyzed by direct sequencing 
(n=14), but may be present in cis with another pathogenic mutation, and 
escaped identification in the remaining 15 patients, who were only analyzed by 
restriction enzyme analysis for previously detected mutations in Dutch homo-
cystinurics. In a survey among 14 Italian families with one or more patients 
with predominantly pyridoxine-responsive homocystinuria, Sebastio et al. (120) 
did also not detect the 'Celtic' 919G-*A mutation, but did observe relative 
frequently the 833T-KI and 341C-*T transitions (in 9 respectively 4 out of 36 
alleles). Unlike 833T-4Z, the other common CBS mutations may be of more 
recent genetic origin, and did not yet spread throughout different populations. 

At diagnosis, homozygotes for 833T-KZ had higher mean homocysteine 
concentrations compared with patients with a different genotype, whereas 
mean methionine concentrations were less elevated. The finding of a more 
elevated mean homocysteine concentration in 833T-KZ corroborated the obser
vation of slightly lower mean CBS activities in fibroblasts of this subgroup 
compared with those in fibroblasts of patients with a different genotype. It is 
also in agreement with the in vitro expression data which showed that 833T-»C 
mutated CBS cDNA almost completely lacked CBS activity, whereas some 
other mutations clearly resulted in residual activities up to 10% of the control 
mean. However, none of the differences in biochemical expression between 
833T-<Z homozygotes and patients with other genotypes reached statistical 
significance. Among homozygotes for 833T-KZ, ocular abnormalities and 
vascular complications, in contrast to mental retardation and convulsions, were 
more frequently observed than in patients from the other genotype group. 
Again, none of these differences was statistically significant 

In the present study, we subdivided our patients in only two groups with 
regard to pyridoxine responsiveness, to maintain statistical power in our 
analysis. On the basis of their biochemical in vivo response to large doses of 
pyridoxine, 48% (n=14) of the Dutch homocystinurics were categorized as 
responsive, and 31% (n=9) as pyridoxine non-responsive. However, according 
to the classification of Brenton and Cusworth (156), only two patients (no 17 
and 18) out of these 9 would be unequivocal non-responders (7%), the others 
would be considered partially pyridoxine responsive (24%). The present 
observations strongly deviate from those by Mudd et al., who observed virtual
ly equal proportions of pyridoxine responsive and non-responsive patients (27). 
This clearly indicates the relatively mild 'nature' of CBS deficiency in the 
Netherlands. The absence of a new-born screening program for homocystinuria 
in the Netherlands, a screening by which in particularly pyridoxine non-
responsive homocystinuria patients are detected (27,31), might contribute to 
this different distribution. Because pyridoxine non-responsive homocystinuria 
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usually are more severely affected, they may die at еатііег age, or may have 

been institutionalized severely mentally retarded leaving them undiagnosed. 

Irish homocystinuria patients are predominantly carriers of 919G-»A, whereas 

the 833T-KZ transition has not been detected yet in the Irish patients, who all 

are pyridoxine non-responsive (31,69). The high prevalence of 833T-»C among 

Dutch homocystinuria patients might explain the high pyridoxine respon

siveness among these individuals. Seven homozygotes for this mutation show

ed pyridoxine responsiveness, 3 individuals were classified as non-responders. 

This seems to be in contradiction with the finding of pyridoxine responsiveness 

in three homocystinuria patients homozygous for the 833T-KZ transition re

ported elsewhere (120,149). However, the non-protein bound homocysteine 

concentrations upon pyridoxine treatment in our non-responsive patients 

homozygous for 833T-»C were only marginally above the cut-off value of non

protein bound homocysteine of 20 цтоІ/L (i.e. 28 цтоІ/L and 32 цтоІ/L) or 

total plasma homocysteine of 50 цтоІ/L (i.e. 61 цтоІ/L), and completely 

normalized upon extended treatment So, in the present study, all homozygotes 

for the 833T-KZ mutation responded in fact very successfully to homocysteine-

lowering treatment contrary to non 833T->C homozygotes from whom only 

7 out of 17 patients showed such beneficial biochemical response. The 

association between pyridoxine responsiveness and the 833T-»C mutation is 

also reflected in the methionine concentrations upon maximal treatment In 

individuals homozygous for the 833T-»C transition, methionine levels showed 

no substantial decrease upon additional treatment with folic acid and betaine, 

compared with the levels upon pyridoxine treatment alone (figure 4b). 

Conversely, in patients with other genotypes, methionine concentrations upon 

maximal treatment returned to untreated levels, illustrative of a substantially 

increased homocysteine remethylation. 

Homocysteine concentrations during long-term treatment showed a clear 

distinction between the both genotype groups. Homozygotes for the 833T-KZ 

transition not only had a lower mean plasma homocysteine concentration than 

patients with another genotype, but, on chronic treatment, the majority of this 

group continuously had non-protein bound homocysteine levels lower than 

20 цтоІ/L or total plasma homocysteine less than 50 μιηοΙ/L. In the other 

genotype group, the majority of the patients persistently exceeded these limits. 

It has been reported from mese Dutch homocystinuria patients that long-

term therapy prevented the development and progression of myopia and 

ectopia lentis (157). None of the patients without ectopia lentis at diagnosis 

developed this abnormality during follow-up. Furthermore, there was no 

progression in the degree of myopia in myopic patients (157). The clinical 

beneficial effect of chronic homocysteine lowering treatment was also obvious 
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from the overall number of vascular accidents after start of treatment Only 
2 vascular accidents were recorded during follow-up of in total 378 patient-
years, whereas, if untreated, 30 would have been expected (P<0.01) according 
clinical data on natural history in homocystinuria presented earlier by Mudd et 
al. (27). Moreover, skeletal abnormalities presented at diagnosis in high fre
quencies in these patients did not deteriorate during this follow-up period. 
Osteoporosis persisted in most cases but did not worsened and no pathological 
fractures were observed (Boers, unpublished data). Whether 833T-KÜ homo
zygotes can be treated more efficiently than other homocystinuria patients 
awaits a longer follow-up in both genotype groups in more patients. From this 
small group of 12 homozygotes for the 833T-KZ mutation with a limited num
ber of patient-years of treatment a more beneficial outcome is not suggested. In 
their large survey, Mudd et al. (27) showed the efficacy of therapy on lens dislo
cation and thromboembolic events in pyridoxine responsive and in early 
treated non-responsive patients. Similar positive results have been obtained in 
a study among 40 homocystinuria patients from Australia (146). In 539 patient-
years of treatment a significantly reduced relative risk on vascular disease has 
been observed, a reduction noticed in pyridoxine responsive as well as non-
responsive patients. 

The risk on vascular disease in homocystinurics is influenced also by other 
genetic factors, apart from environmental determinants. Recently, Mandel et al. 
(135) postulated factor V Leiden, the most common heritable risk factor for 
venous thrombosis identified so far (129), as an absolute prerequisite for the 
development of thromboembolism in patients with severe hyperhomocysteine-
mia. A subsequent study of Quéré et al. (136) was unable to confirm this obser
vation, and in a previous study, we detected factor V Leiden in only one out of 
six homocystinuria patients who had suffered from a thromboembolic compli
cation (158). Interestingly, the common 677C-*T mutation in the methylene-
tetrahydrofolate reductase (MTHFR) gene, a mutation which renders the en
zyme thermolabile (91), was observed in three (50%) out of these six patients, 
and we postulated that thermolabile MTHFR may constitute a significant 
additional risk factor for mromboembolic complications in CBS deficiency by a 
further derangement of homocysteine metabolism (158). 

In summary, the 833T->C mutation is among Dutch homocystinurics the 
most predominant mutation, which in homozygous state results in higher 
homocysteine and methionine blood levels, but constitutes also a higher sensi
bility to homocysteine-lowering treatment by pyridoxine with or without folic 
acid and betaine. The clinical efficacy of such therapy in these homocystinurics 
emphasizes the necessity to diagnose and treat CBS deficient patients at early 
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age, to prohibit first presentations of severe clinical sequelae and to prevent 
from deterioration of already existing abnormalities. 
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A common mutation in MTHFR 

Hyperhomocysteinemia has been identified as a risk factor for cerebrovascular, 

peripheral vascular and coronary heart disease (5,6,51,159). Elevated levels of 

plasma homocysteine can result from genetic or nutrient-related disturbances 

in the transsulphuration or remethylation pathways for homocysteine metabo

lism (5,81,86,160). 5,10-Methylenetetrahydrofolate reductase (MTHFR) cata

lyzes the reduction of 5,10-methylenetetrahydrofolate to 5-methyltetrahydro-

folate, the predominant circulatory form of folate and carbon donor for the 

remethylation of homocysteine to methionine. Reduced MTHFR activity with a 

thermolabile enzyme has been reported in patients with coronary and peri

pheral artery disease (81,86). We have identified a common mutation in 

MTHFR which alters a highly-conserved amino acid; the substitution occurs at 

a frequency of approximately 38% of unselected chromosomes. The mutation in 

heterozygous or homozygous state correlates with reduced enzyme activity 

and increased thermolability in lymphocyte extracts; in vitro expression of a 

mutagenized cDNA containing the mutation confirms its effect on thermo

lability of MTHFR. Finally, individuals homozygous for the mutation have 

significantly elevated plasma homocysteine levels. This mutation in MTHFR 

may represent an important genetic risk factor in vascular disease. 

Severe MTHFR deficiency, the most common inborn error of folate 

metabolism, results in hyperhomocysteinemia, homocystinuria, and hyper-

methioninemia. Patients with severe MTHFR deficiency (0-20% residual activ

ity in cultured fibroblasts) present in infancy or adolescence with develop

mental delay, motor and gait dysfunction, seizures, psychiatric disturbances 

and other neurological abnormalities; they are also at risk for vascular com

plications (170). Individuals with 50% residual activity, due to a thermolabile 

form of the reductase, were first reported in approximately 17% of 212 North 

American patients with coronary artery disease (86). A recent study of the 

Netherlands population identified the thermolabile variant in different forms 

of premature vascular disease (81), and estimated its incidence to be 7% of 

vascular patients. The presence of a thermolabile MTHFR is predictive of 

coronary artery stenosis, independent of other risk factors, such as age, 

smoking, hypercholesterolemia and hypertension (87). 

Our recent isolation of a cDNA for human MTHFR (71) has enabled us to 

identify nine mutations in this gene, in the severely-deficient group of patients, 

by SSCP analysis and direct-sequencing of PCR fragments (71,72). Using the 

same procedures, we identified а С to Τ substitution at nucleotide (nt) 677, 

which converts an alanine to a valine residue (figure la). This alteration creates 

a Hz'nfl site (figure lb), which was used to screen 114 unselected French-

Canadian chromosomes; the allele frequency of the substitution was 0.38. The 

frequency of the three genotypes were as follows: (-/-), 37%; (+/-), 51%; and 
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(+/+) , 12% ('+' indicates the presence of the Hinfì site and a valine residue). As 

these individuals were not examined clinically or biochemically, they cannot be 

considered as control group. 
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Figure 1: Sequence cltange and restriction enzyme analysis for the alanine to valine 

substitution, a, Sequence of two individuals, a homozygote for the alanine residue and a 

homozygote for the valine residue. The antisense strands are depicted. The primers for analysis 

of the A^V change are: 5'-TGAAGGAGAAGGTGTCTGCGGGA-3'(exonic) and 5'-

AGGACGGTGCGGTGAGTG-3' (intronic); these primers generate a fragment of 198 bp. b, 

The substitution creates a Hinfl recognition sequence which digests the 198bp fragment into 

175 and 23 bp fragments: the latter fragment has been run off the gel. All three possible 

genotypes are shown. 

We next performed genotypic analysis and measured enzyme activity and 

thermolability in a total of 40 lymphocyte pellets from patients with premature 

vascular disease and controls (Table 1). We selected 13 vascular patients from 

our previous study, among w h o m five were considered to have thermolabile 

MTHFR (81). From a large reference group of 89 controls, w e studied all seven 

individuals w h o had thermolabile MTHFR, and selected at random an ad

ditional 20 controls with normal MTHFR from the same reference group. The 
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mean MTHFR activity for individuals homozygous for the Ala to Val substi

tution (+/+) was approximately 30% of the mean activity for (-/-) individuals. 

Heterozygotes had a mean MTHFR activity of 65% compared to (-/-) 

individuals, intermediate between values for (-/-) and (+/+) individuals. The 

ranges of activities showed some overlap for the heterozygous and (-/-) 

genotypes, but homozygous (+/+) individuals showed virtually no overlap 

with the other two groups. A one-way analysis of variance yielded a Ρ value 

of <.0001; a pairwise Bonferroni t test showed that all three genotypes were 

significantly different with P<0.01 for the three possible combinations. 

Table 1. Correlation between MTHFR genotype and enzyme activity, thermolability, 

and plasma homocysteine level 

Specific activity »'b 

(runol СНгО/mg protein/hr) 

Residual activity 

after heating "-b (%) 

Plasma homocysteine « 

(μΜ) (after fasting) 

Plasma homocysteine "* 

(μΜ) (post-methionine load) 

V-
(n=19) 

22.9 ±1.7 

(11.8-33.8) 

66.8 ± 1.5 

(55-76) 

12.6 ± 1.1 

(7-21) 

41.3 ± 5.0·· 

(20.9-110) 

Genotype 

+/-

(n=9) 

15.0 ± 0.8 

(10.2-18.8) 

56.2 ± 2.8 

(41-67) 

13.8 ± 1.0 

(9.6-20) 

41 ± 2.8 

(29.1-54) 

+ / + 

(n-12) 

6.9 ± 0.6 

(2.6-10.2) 

21.8 ± 2.8 

(10-35) 

22.4 ± 2.9 

(9.6-42) 

72.6 ± 1 1 > 

(24.4-159) 

Enzyme activity and plasma homocysteine were determined as previously reported 

(81). Each value represents mean ± standard error. The range is given in parentheses 

below the mean, "one-way anova P<.01. bpaired f test for all combinations P<.01. 
cpaired t test P<.05 for (+/+) group versus (+/-) group or (-/-) group; P>.05 for (+/-) 

versus (-/-) group. dn=18. e n=ll. 

The three genotypes were all significantly different (P<.01) with respect to 

enzyme thermolability. The mean residual activity after heat inactivation 

(5 min at 46°C) was 67% (-/-), 56% (+/-) and 22% (+/+). While the degree of 

thermolability overlaps somewhat for (-/-) individuals and heterozygotes, indi

viduals with two mutant alleles had a distinctly lower range. Every individual 

with the (+/+) genotype had residual activity <35% after heating, and specific 
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activity < 50% of that of the (-/-) genotype. 
Fasting homocysteine levels in (+/+) individuals were almost twice the 

value for (+/-) and (-/-) individuals. The differences among genotypes for 
plasma homocysteine were maintained when homocysteine was measured 
following six hours of methionine loading. A one-way anova yielded a P<.01 
for the fasting and post-methionine homocysteine levels. A pairwise Bonferrom 
f test showed that homozygous mutant individuals had significantly elevated 
homocysteine levels (P<.05), compared to either (+/-) or (-/-) individuals. 

We have used the original MTHFR cDNA (1.3 kb) to isolate a 2.2 kb cDNA, 
which contained an additional 900 bp at the 3' end; the latter contained a 
termination codon, 100 bp of 3' UTR and a poly A tail (GenBank # UO9806). 
The open reading frame of 1980 bp predicts a protein of 74,6 kDa. The purified 
porcine liver enzyme has been shown to have subunits of 77 kDa (161). Western 
analysis (figure 2a) of several human tissues and of porcine liver reveals a 
polypeptide of 77 kDa, as well as an additional polypeptide of approximately 
70 kDa in human fetal liver and in porcine liver, suggesting the presence of 
isozymes. 

The wild-type cDNA and a mutagenized cDNA, containing the Ala to Val 
substitution, were expressed in £ coli to yield a protein of approximately 70 
kDa (figure 2a), which co-migrates with the smaller polypeptide mentioned 
above Treatment of extracts at 46°C for five minutes revealed that the enzyme 
containing the substitution was significantly more thermolabile than the wild-
type enzyme (P<0.001, figure 2b). The expression experiments were not de
signed to measure differences in specific activity before heating, since variation 
in efficiencies of expression could contribute to difficulties in interpretation. 
Curiously though, the specific activity for the mutant construct was higher in 
both experiments. It is possible that the mutant protein has increased stability 
in E.coh, or that inclusion bodies in our extracts contributed to differences in 
recovery of properly-assembled enzyme. 

The alanine residue is conserved in porcine MTHFR and in the corres
ponding bacterial metF genes (71). We have also observed a region of homology 
in the human dihydrofolate reductase (DHFR) gene (72), although the alanine 
residue itself is not conserved; this region of amino acids 130-149 of DHFR 
contains Thrl36 which has been implicated m folate binding of human DHFR 
(162). This region m MTHFR might also be mvolved in folate binding and the 
enzyme may be stabilized in the presence of folate. This hypothesis is com
patible with the well-documented influence of folate on homocysteine levels 
(160,163) and with the reported correction of mild hyperhomocysteinemia by 
folic acid in individuals with premature vascular disease (163) and thermo
labile MTHFR (83). 
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Our data have identified a common genetic change in MTHFR which results 
in thermolability; our experiments do not directly address the relationship 
between this change and vascular disease. Nonetheless, this mutation repre
sents a diagnostic test for evaluation of MTHFR thermolability in hyperhomo-
cysteinemia. Large case-control studies are required to evaluate the frequency 
of this genetic change in various forms of occlusive arterial disease and to 
examine the interaction between this genetic marker and dietary factors, such 
as folate intake. Well-defined populations need to be examined, as the limited 
data set thus far suggests that population-specific allele frequencies may exist 
More importantly, the identification of a candidate genetic risk factor for 
vascular disease, which may be influenced by nutrient intake, represents a 
critical step in the design of appropriate therapies for the homocysteinemic 
form of arteriosclerosis. 

Materials and Methods 
Mutation identification. Primers were designed from the cDNA sequence to 
generate 250-300 bp fragments which overlapped 50-75 bp at each end. When 
PCR amplification of human genomic DNA yielded larger fragments than 
expected for the coding region alone, these fragments were presumed to 
contain introns and were sequenced directly (Cycle Sequencing kit, GIBCO). 
Intronic primer sequences were obtained with this strategy. PCR products were 
analysed by a non-radioactive SSCP protocol as described (71). Fragments 
showing a shift on SSCP gels were subcloned into Bluescript and sequenced 
(Sequenase kit, USB). To confirm the sequence changes, a new PCR was 
performed with genomic DNA; the PCR product was digested with Hinfl and 
analysed by Polyacrylamide gel electrophoresis. 

Clinical material. To determine the frequency of the A-»V mutation, DNA from 
57 individuals from Quebec was analysed by PCR and restriction digestion. 
The individuals, all French-Canadian, were not examined clinically or bio
chemically. The 40 individuals analysed in Table 1 have been described (81). Of 
the 13 cardiovascular patients, eight had cerebrovascular arteriosclerosis and 
five had peripheral arteriosclerosis. Five had thermolabile MTHFR while eight 
had thermostable MTHFR (>33% residual activity after heating). Controls and 
patients were all Dutch-Caucasian, between 20-60 years of age. None of these 
individuals used vitamins which could alter homocysteine levels. Enzyme 
assays and homocysteine determinations have also been reported (81). 

Constructs for expression analysis. A human colon carcinoma cDNA library (gift 
of Nicole Beauchemin, McGill University) was screened by plaque hybridi-
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zation with the original 1.3 kb cDNA (71) to obtain additional coding sequen

ces. A cDNA of 2.2 kb was isolated, which contained 900 additional bp at the 

3' end (Genbank accession number UO9806). Sequencing was performed on 

both strands for the entire cDNA. Additional 5' sequences (800 bp) were 

obtained from a human kidney cDNA library (Clontech) but these sequences 

did not contain additional coding sequences and were therefore used for the 

PCR-based mutagenesis only (see below) and not for the expression analysis. 

The two cDNAs (2.2 kb and 800 bp) were ligated using the EcoRI site at nt 199 

and inserted into Bluescript (Stratagene). The 2.2 kb cDNA was subcloned into 

the expression vector pTrc99A (Pharmacia) using the Ncol site at nt 11 and the 

Xbal site in the polylinker region of both vectors. Sequencing was performed 

across the cloning sites to verify the wild-type construct 

PCR-based mutagenesis, using the cDNA-containing Bluescript vector as 

template, was used to create the A to V mutation identified (164). Vent poly

merase (NEB) was used to reduce PCR errors. The folloing primers were used: 

primer 1, bp -200 to -178, sense; primer 2, bp 667 to 687, antisense, containing a 

mismatch, A, at nt 677; primer 3, 667 to 687, sense, containing a mismatch, T, at 

nt 677; primer 4, bp 1092 to 1114, antisense. PCR was performed using primers 

1 and 2 to generate a product of 887 bp, and using primers 3 and 4 to generate a 

product of 447 bp. The two PCR fragments were isolated from a 1.2% agarose 

gel by Geneclean (BIO 101). A final PCR reaction, using primers 1 and 4 and the 

first two PCR fragments as template, was performed to generate a 1.3 kb band 

containg the mutation. The 1.3 kb fragment was digested with Ncol and MscI, 

and inserted into the wild-type cDNA-containing expression vector by re

placing the sequences between the Ncol site at bp 11 and the MscI site at bp 943. 

The entire replacement fragment and the cloning sites were sequenced to verify 

that no additional changes were introduced by PCR. 

Expression analysis. Overnight cultures of JM105 containing vector, wild-type or 

mutagenized MTHFR cDNA, were grown at 37°C, in 2xYT media with 

0.05 mg/ml ampicillin. Fresh 10 ml cultures of each were inoculated with 

approximately 50 μΐ of overnight cultures and grown at 37°C to an OD of 1 at 

420 ran. Cultures were then induced for 2 h with 1 mM IFTG and pelleted. The 

cells were resuspended in TE buffer with 2 μg/ml aprotinin and leupeptin 

(3.5 χ wet weight of cells). Cell suspensions were sonicated on ice for 3x15s and 

centrifuged for 30 min at 4°C to pellet cell debris and unlysed cells. The 

supernatant was removed and assayed for protein concentration with the Bio-

Rad protein assay. Western analysis was performed using the Amersham ECL 

kit with antiserum generated against purified porcine liver MTHFR (161). 

Enzymatic assays were performed by established procedures (103); thermo-
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lability was assessed by pre-heating the extracts at 46°C for 5 min before 

determining activity. Specific activities (nmol formaldehyde/mg protein.h) 

were calculated for the 2 cDNA containing constructs after subtraction of the 

values obtained for the vector alone (to subtract background E.coli MTHFR 

activity). 
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Genetic risk factorfor cardiovascular disease 

Abstract 
Mild hyperhomocysteinemia is an established risk factor for cardiovascular 
disease. Genetic aberrations in the cystathionine ß-synthase (CBS) and methyl-
enetetrahydrofolate reductase (MTHFR) genes may account for reduced 
enzyme activities and elevated plasma homocysteine levels. In 15 unrelated 
Dutch patients with homozygous CBS deficiency, we observed the 833T-+C 
(I278T) mutation in 50% of the alleles. Very recently, we identified a common 
mutation (677C-+T; A-»V) in the MTHFR gene, which, in homozygous state, is 
responsible for the thermolabile phenotype, and which is associated with 
decreased specific MTHFR activity and elevated homocysteine levels. We 
screened 60 cardiovascular patients and 111 controls for these two mutations, to 
determine whether these mutations are risk factors for premature cardio
vascular disease. Heterozygosity for the 833T-KZ mutation m the CBS gene was 
observed m one individual of the control group, but was absent m patients 
with premature cardiovascular disease. Homozygosity for the 677C-+T muta
tion in the MTHFR gene was found in 9 (15%) of 60 cardiovascular disease 
patients and m only 6 (~5%) of 111 control individuals (odds ratio 3.1 
[95% confidence interval 1 0-9.2]). Because of both the high prevalence of the 
833T-KÜ mutation among homozygotes for CBS deficiency and its absence in 60 
cardiovascular disease patients, we may conclude that heterozygosity for CBS 
deficiency does not appear to be involved in premature cardiovascular disease 
However, a frequent homozygous mutation in the MTHFR gene is associated 
Wim a three-fold increase in risk for premature cardiovascular disease. 

Introduction 
Over the last decade, mild hyperhomocysteinemia has been recognized as a 
risk factor for occlusive arterial disease and thrombosis (4,5,59,165,166). 
Homocysteine levels are influenced by environmental (folate, vitamin Be and 
vitamin Bn intake) as well as genetic factors (20,160,165,167-169). 

Classic homocysbnuna, which is inherited as an autosomal recessive trait, is 
characterized by severely elevated concentrations of homocysteine and 
methionine in blood and urme, and is usually caused by a genehc deficiency of 
cystathionine ß-synthase (CBS) (30). CBS catalyzes the first reaction in the trans-
sulfuranon pathway, in which homocysteine and serme are condensed to cysta
thionine. Life-threatening complications of CBS deficiency are premature 
arteriosclerosis and thrombosis (28). To date, 17 mutations have been found m 
the CBS gene m homocystmuric patients (70,121). Reduced activities in the 
range of obligate heterozygotes for CBS deficiency have been reported m vas
cular patients with mild hyperhomocysteinemia (5,6), suggesting a causal role 
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for CBS in premature vascular disease. However, Mudd et al. (80) reported a 

normal incidence of heart attacks or strokes in a large group of obligate hetero

zygotes for CBS deficiency. 

A less frequent form of severe hyperhomocysteinemia is MTHFR deficiency. 

MTHFR is a regulating enzyme in folate-dependent homocysteine remethyl-

ation; it catalyzes the reduction of 5,10-methylenetetrahydrofolate to 5-methyl-

tetrahyd rotolate. Patients with the severe form of MTHFR deficiency show 

virtually no residual MTHFR activity in isolated lymphocytes compared to 

controls and have an increased risk of arteriosclerosis and thrombosis (170). 

In 1988, a thermolabile variant of the MTHFR enzyme was described with a 

specific MTHFR activity lower than 50% of the control value in lymphocytes, 

and decreased thermostability after inactivation at 46°C (83,85). Kang et al. (86) 

reported a frequency of this thermolabile MTHFR enzyme of 17% in coronary 

artery disease and of 5% in controls. In a previous study from our group, on 

patients with premature occlusive cerebrovascular or peripheral arteriosclero

sis, we observed an incidence of a thermolabile MTHFR enzyme in 11 (~ 28%) 

out of 39 hyperhomocysteinemic cardiovascular patients and in 1 (~5%) out of 

23 controls (81). Both studies indicate that thermolabile MTHFR may be a signi

ficant risk factor for hyperhomocysteinemia-related cardiovascular disease. 

In an earlier work, we reported the isolation of the human cDNA for 

MTHFR and the assignment of the gene to chromosome ІрЗб.З (71). Genetic 

analysis in severe MTHFR deficiency revealed 9 mutations (71,72). Very 

recently, we observed a common 677C->T transition in the MTHFR coding 

sequence, which changed a highly-conserved alanine into a valine residue; this 

mutation introduced a Hinfl restriction site. Individuals who are homozygous 

for the mutation showed reduced specific MTHFR activity, increased thermo-

lability and elevated homocysteine concentrations (91). E.coli expression studies 

with a mutagenized MTHFR cDNA demonstrated that this mutation is res

ponsible for the thermolabile phenotype (91). 

In the present study, we assessed whether the 833T-KZ transition in the CBS 

gene, observed in 50% of the alleles in Dutch homocystinuric patients, was 

implicated in premature cardiovascular disease. Furthermore, we examined the 

prevalence of the homozygous 677C->T mutation in the MTHFR gene in 

patients with premature cardiovascular disease and in controls. Finally, we 

related genotype to biochemical phenotype at the level of homocysteine con

centration and MTHFR activity. 
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Materials and Methods 
Subjects. We studied 60 patients (aged: 13-68 years) with documented 
premature cardiovascular disease. Ten patients had suffered from myocardial 
infarction, 32 from cerebral arterial occlusive disease and 18 from peripheral 
arterial occlusive disease. Cardiovascular disease had been diagnosed in these 
patients using standard methods and techniques as reported by us elsewhere 
(5). Excluded from this study were patients with the following known risk 
factors for vascular disease, such as hyperlipoproteinemia [fasting serum levels 
of cholesterol >6.5 mmol/liter and triglycerides >2.0 mmol/liter], hypertension 
[systolic and diasystolic blood pressure > 150 and > 90 mm Hg, respectively] 
and diabetes mellitus [fasting plasma glucose levels > 5.6 mmol/liter]. No other 
exclusion criteria were employed. The study group did not consist of patients 
reported by us elsewhere (81). Five patients had reduced vitamin B12 concentra
tions (<150 pmol/liter), and two patients were folate deficient (<5.0 
nmol/ liter). 

Control subjects (n=l l l ; aged: 23-75 years) were recruited from a general 
practice in The Hague, the Netherlands (59). All subjects agreed to participate 
in this study. 

Fifteen unrelated patients with classic homocystinuria due to CBS deficiency 
were studied for the 833T-KÜ transition. The diagnosis was established by 
severe hyperhomocysteinemia, hypermethioninemia and decreased levels of 
cysteine in plasma. In addition, CBS activities in cultured fibroblasts were less 
than 1% of the control mean. Most patients showed responsiveness to 
pyridoxine in vivo. The study protocol had been approved by the hospital 
ethics committee. 
Biochemical analysis. Cardiovascular patients (n=60) and controls (n=ll l ) were 
subjected to an oral methionine loading test (0.1 g L-methionine/kg body 
weight) as described by Boers et al. (5). Total homocysteine concentrations 
(fasting and post methionine load) were measured in EDTA plasma by high-
performance liquid chromatography (HPLC) and fluorescence detection (107). 

CBS activity was measured as described earlier (20,104) and is expressed as 
nmol of cystathionine formed per mg protein per hour. Assays were performed 
without the addition of pyridoxal 5'-phosphate to the incubation mixture. 

Specific and residual MTHFR activities in isolated lymphocytes were 
determined radiochemically as described extensively by Engbersen et al. (81). 
Activities are expressed as nmol of formaldehyde formed per mg protein per 
hour. Protein concentrations in fibroblast and lymphocyte extracts were 
determined as described by Lowry et al. (105). Folic acid and vitamin B12 
concentrations were determined in heparinized plasma, and vitamin Be 
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concentrations were determined in whole blood, all by routine hospital assays 

(171). 

Mutation analysis. DNA was extracted from peripheral lymphocytes as previ

ously described (109) and approximately 100 ng was used for polymerase chain 

reaction (PCR) amplification. The PCR mixture for analysis of the 833T-KZ 

transition in the CBS gene, consisted of 100 ng of both oligonucleotides 

(S'-CGCACAGCAGCCCCTCTTG-S'; cDNA position 738-758 (67)) and 5'-GAA-

GCTGGACATGCTGGTGGC-3'; cDNA position 1039-1021), 200 μΜ dNTPs, 

10 mM Tris-hydrochloride (pH 8.3), 50 mM potassium chloride, 1.5 mM mag

nesium chloride, 100 μg/mL gelatine, 1 mg/mL Triton X-100, and 1 U Taq 

polymerase (Life Technologies) in a total volume of 100 \\L. The cycle para

meters were as follows: 5 minutes initial denaturation at 96°C, followed by 35 

cycles of 1 minute at 93°C, 1 minute at 59°C and 2 minutes at 72°C. Final 

extension was performed at 72°C for 10 minutes. The 833T-4Z mutation 

introduces a ßsrl restriction site, so the PCR product was subjected to Bsrl 

restriction enzyme (New England Biolabs) analysis, after which the restriction 

fragments were resolved in a 6% Polyacrylamide gel containing 5% glycerol. 

For detection of the 677C-»T transition in the MTHFR gene, PCR was 

performed using 100 ng forward and reverse primer (91) in the same buffer as 

described above. An initial denaturation step was carried out for 5 minutes at 

96°C, followed by 35 cycles of denaturation for 50 seconds at 93CC, primer 

annealing for 50 seconds at 55°C and primer extension for 30 seconds at 72°C. A 

final extension step was performed for 7 minutes at 72°C Hinfl restriction 

enzyme (Life Technologies) analysis and subsequent electrophoresis in a 3% 

agarose gel revealed the mutational status of the subject 

Statistics. Results are expressed as the mean ± standard deviation (SD). We 

calculated mean differences (MD) and 95% confidence intervals [95% CIJ for 

homocysteine concentrations, specific MTHFR activity and residual MTHFR 

activity, as estimates of statistical significance between different groups. Odds 

ratios and 95% CIs were calculated (172) to estimate the relative risk of the 

homozygous mutation and of a homocysteine concentration (fasting and post-

methionine load) which exceeded the 90* percentile of the control group. These 

odds ratios were adjusted for age and gender, by use of a logistic regression 

model. Correlation analyses w^re performed using Spearman's rank correlation 

test(r„). 

Results 

Fasting and post-methionine loading homocysteine concentrations were 
measured in 58 patients and in 111 controls. The mean homocysteine concentra-
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Table 1. Fasting and post-methionine loading homocysteine concentrations in cardio

vascular disease patients and controls 

Fasting Homocysteine' 

(μτηοΙ/L) 

Post-load Homocysteine* 

(μιιιοΙ/L) 

Cardiovascular 

Disease Patients 

14.1 ±5.1 

(n=58) 

44.5 ±18.6 

(n=58) 

Controls 

12.5 ±4.0 

(n=ll l) 

38.6 ±13.0 

(n=110) 

Results are expressed as mean ± S.D. 

* mean difference: 1.6 [95% CI: 0.2-3.0] 

* mean difference: 5.9 [95% CI: 1.0-10.8] 

tions (fasting and post methionine loading) were higher in vascular patients 

compared to controls (Table 1). The 90* percentile of the fasting homocysteine 

concentration in the control group was 17.1 цтоІ/L. In the patient group, 13 

(22.4%) out of 58 individuals exceeded this concentration versus 11 individuals 

(10%, by definition) in the control group. The calculated crude odds ratio for 

fasting homocysteine concentrations above 17.1 μτηοΙ/L was 2.9 [95% CI: 1.1-

6.3]. The 90* percentile of the post-methionine loading homocysteine concen

tration in the control group was 56.5 цтоІ/L. In the patient group, 12 (20.7%) 

out of 58 exceeded this cut-off point versus 10 individuals (10%) in the control 

group, which resulted in a crude odds ratio of 2.6 [95% CI: 1.1-6.5]. After 

adjustments for age and gender, we found odds ratios of 5.7 [95% CI: 1.8-17.4] 

and 4.0 [95% CI: 1.4-11.6] for the fasting and post-methionine load homo

cysteine concentrations, respectively. 

To evaluate hetero2ygosity for CBS deficiency in cardiovascular disease, we 

first investigated the prevalence of the 833T-KZ transition in 15 Dutch classic 

homocystinuria patients. This 833T-KZ transition accounted for 50% of the 

Dutch homocystinuric alleles. Next we screened cardiovascular patients and 

controls for the same mutation. We failed to detect the 833T-KH transition in the 

patient group (n=60) whereas one heterozygote for this mutation was observed 

among the 111 control subjects. 

In cardiovascular patients and in controls, we measured specific MTHFR 

activities in isolated lymphocytes and the residual MTHFR activity after heat 

inactivation, as a percentage of the specific MTHFR activity. The observed 
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mean specific MTHFR activity tended to be lower in cardiovascular patients 

versus controls (17.5 ± 7.1 vs 19.1 ± 6.8 nmol CH20/mg protein.h; MD: 1.6 

[95% CI: -0.9-4.1]). The residual MTHFR activity after heat inactivation showed 

a significant difference between patients and controls (53.3 ±15.7% vs 

60.2 ± 12.1%; MD: 6.9 [95% CI: 2.1-11.7]). There was no correlation between age 

and specific MTHFR activity (data not shown). 

Table 2. MTHFR genotype distribution among cardiovascular disease patients and 

control groups. 

Genotype 

+/+ 

+/-

7-

Cardiovascular Disease 

Patients 

15% (9) 

35% (21) 

50% (30) 

Controls 

5.4% (6) 

37.8% (42) 

56.8% (63) 

Number of individuals is given in parentheses. 

Table 3. Relationship between fasting and post-methionine loading plasma 

homocysteine concentrations and MTHFR genotype 

+/+ +/- -/-

(n=15) (n=61) (n=93) 

Fasting Homocysteine 16.3 ±8.3 13.4 ±4.0 12.3 ±3.6 

(μπιοί/ liter)* 

Post-load Homocysteine 49.8 ±20.0 41.9 ±18.0 38.4 ±11.7! 

( μπιοί/ liter)' 

« Mean Difference 2.9 (95% CI: 0-5.8) for (+/+) vs. (+/-) and 4.0 (95% CI: 1.5-6.5) for 

(+/+)vs.(-/-) 

' Mean Difference 7.9 (95% CI: -2.7-18.5) for (+/+) vs. (+/-) and 11.4 (95% CI: 4.2-18.6) 

for(+/+)vs.(-/-) 
1 n=92 for this parameter 
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The prevalence of the homozygous 677C->T mutation in the MTHFR gene 
was examined in patients with cardiovascular disease as well as in control 
subjects. In the patient group, we observed an incidence of the homozygous 
transition (+/+ genotype) in 9 (15%) out of 60 cases, which is significantly 
higher than 6 (5.4%) out of 111 controls (Table 2). The calculated odds ratio for 
the (+/+) genotype was 3.1 [95% CI: 1.0-9.2]. 

To study the correlation between genotype and biochemical phenotype, we 
divided all individuals into three distinct subgroups with respect to their 
MTHFR genotype (+/+; +/-; - / - ) . Individuals with the (+/+) genotype showed 
markedly elevated homocysteine compared to individuals with the (-/-) 
genotype (Table 3). A striking correlation was observed between genotype and 
specific MTHFR activity or residual MTHFR activity, with only a small overlap 
between the (+/+) genotype and the two other genotypes (Figure 1). Patients 
and controls with the (+/+) genotype showed a mean specific MTHFR activity 
of < 50% of the mean specific MTHFR activity of the (-/-) group (7.8 ± 4.5 
(n=10) vs 22.1 ±6.2 (n=81) nmol CH 2 0/mg protein.h). The mean residual 
MTHFR activity (%) in the (+/+) group was significantly lower than that 
observed in the (+/-) and (-/-) groups (24.9% ± 10.6% (n=10) vs 53.6% ± 9.0% 
(n=53) and 65.4% ± 8.1% (n=81), respectively (figure 1)). The mean folic acid, 
vitamin Bi2 and vitamin Be concentrations did not differ significantly between 
the three MTHFR genotypes (data not shown). In individuals with the (+/+) 
genotype, a clear negative correlation was observed between fasting homo
cysteine and plasma folate (r5= -0.94;P<.001), contrary to the non-significant 
correlations in individuals with the (+/-) and (-/-) genotypes. Exclusion of a 
patient with folate deficiency and the (+/+) genotype did not change the signi
ficance of this correlation. No correlations were found between fasting 
homocysteine and vitamin B12 or vitamin Bé for any of the three MTHFR geno
types (data not shown). 

Discussion 
In line with several previous studies (5,6,165,173), we found elevated plasma 
homocysteine concentrations in cardiovascular disease patients compared to 
controls. In patients with cardiovascular disease and mildly elevated homo
cysteine concentrations, we (5) and others (6) have reported reduced CBS activ
ities, within the range of obligate heterozygotes for CBS deficiency. In both 
studies, the enzymatic CBS analyses were performed in one and the same la
boratory in Manchester (U.K.). Over the last two years, we have been unable to 
reproduce those previous findings and found normal CBS activities in cultured 
fibroblasts of 9 out of 10 hyperhomocysteinemic vascular disease patients in 

109 



Chapter 8 

our own laboratory (81). To date, we have studied 25 vascular disease patients 

with elevated homocysteine levels and found normal CBS activities in 24 (96%) 

of these patients (Blom HJ, Boers GHJ, Trijbels JMF, unpublished results). 

Because of the contradiction between previous studies and our present enzym

atic findings, we examined this inconsistency by molecular genetic studies. 

Among 15 unrelated Dutch homozygotes for homocystinuria, we observed the 

833T-KZ transition in 50% of the alleles. We did not identify any 833T-KZ 

mutation in 60 cardiovascular disease patients, whereas in the controls (n=ll l), 

the normal carrier frequency (-0.5%) (5) was observed. This finding corrobor

ates our enzymatic data and the recent results of Whitehead et al. (174), who 

were unable to detect the 919G-*A (G307S) mutation in the CBS gene, observed 

in 70% of Irish homocystinuric alleles, in a group of 100 Irish patients with 

premature vascular disease. Very recently, Kozich et al. (175) were unable to 

detect mutations in the CBS cDNA in hyperhomocysteinemic patients with 

peripheral occlusive arterial disease. Taken together, all enzymatic and 

molecular genetic studies do not provide any evidence that heterozygosity for 

CBS deficiency is a risk factor for cardiovascular disease. 

10 20 30 

Speafic MTHFR activity 

40 

Figure 1. Residual MTHFR activity after heat inactivation versus specific MTHFR activity in 
patients and controls with the three different genotypes. A circle ( · ) denotes individuals with 
(+/+) genotype; a square (Π) denotes individuals with (+/-) genotype and a triangle (Δ) denotes 
individuals with (-/-) genotype. 
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We recently demonstrated that the 677C->T mutation in the MTHFR gene 

results in a thermolabile enzyme in vitro (91). In that study and in the present 

report, a correlation was observed between MTHFR genotype and specific 

MTHFR activity in isolated lymphocytes. In this study, low MTHFR activities 

were demonstrated in subjects with the (+/+) genotype; intermediate activities 

occurred in the (+/-) genotype, while the highest MTHFR activities were 

observed in subjects with the (-/-) genotype. The genotype-phenotype cor

relation was even more striking when the residual MTHFR activity after heat 

inactivation was examined for the three genotypes. All subjects with the (+/+) 

genotype showed a residual MTHFR activity after heat inactivation, of 

< 37%, with almost no overlap with the two other genotypes. 

The mean homocysteine level was elevated in individuals homozygous for 

the mutation in the MTHFR gene, although fasting homocysteine concen

trations were < 17.1 μηιοΙ/L (90"1 percentile of the control group) in 60% of the 

individuals with the (+/+) genotype. Homocysteine concentrations are obvi

ously determined not only by genetic factors but also by environmental 

parameters, especially nutritional factors. The homocysteine levels of subjects 

with decreased MTHFR activity might be more sensitive to low folate intake 

than others. Plasma folate appeared to be strongly correlated to fasting homo

cysteine concentrations only in individuals with the (+/+) genotype, in contrast 

with the situation in individuals with the (+/-) and (-/-) genotypes. This 

indicates that plasma folate is critical in homocysteine homeostasis in indivi

duals with the (+/+) genotype. Variations in dietary folate intake in these 

subjects could therefore lead to a diversity in homocysteine concentration. 

Kang et al. (85,86) reported an incidence of thermolabile MTHFR activity of 

17% among 212 patients with coronary artery disease. In the present study, we 

demonstrate that the homozygous 677C-»T mutation, the cause of thermolabile 

MTHFR, is a risk factor for arteriosclerotic disease in general, including 

peripheral and cerebral arterial occlusive disease. From our results, an odds 

ratio of 3.1 could be calculated for the (+/+) genotype, indicating that the 

mutation in the homozygous state may be an important risk factor for arterio

sclerotic disease, comparable to hypercholesterolemia or cigarette smoking (6). 

In summary, we have no evidence that heterozygosity for CBS deficiency 

predisposes to premature cardiovascular disease. On the other hand, we show 

that a common mutation in the MTHFR gene, causing elevated homocysteine 

levels, is a genetic risk factor for cardiovascular disease. 
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Thermolabile MTHFR in CAD 

Abstract 

Background. Hyperhomocysteinemia is an independent and graded risk factor 

for coronary artery disease (CAD), and may result from both environmental 

and hereditary factors. Methylenetetrahydrofolate reductase (MTHFR) cata

lyzes the conversion of methylenetetrahydrofolate to methyltetrahydrofolate, 

the methyl donor in the remethylation of homocysteine to methionine. A 

677C->T mutation in the MTHFR gene, has been associated with elevated 

homocysteine concentrations in homozygous (+/+) individuals. 

Methods and Results. We assessed the frequency of this common mutation in 735 

CAD patients from the REGRESS study, a lipid-lowering coronary-regression 

trial, and in 1,250 population-based controls. Furthermore, the association 

between the mutation and serum homocysteine concentrations was studied. 

The frequency of the homozygous (+/+) mutation was 9.5% among patients 

versus 8.5% among controls, resulting in an odds ratio of 1.21 (95% CI: 0.87-

1.68), relative to the (-/-) genotype. Homocysteine concentrations were 

significantly elevated in both (+/+) and (+/-) individuals compared with (-/-) 

individuals (median homocysteine levels: 15.4, 13.4, and 12.6 цтоІ/L, for 

(+/+), (+/-), and (-/-) individuals, respectively). For a summary estimation of 

the risk of the (+/+) genotype for CAD, we performed a meta-analysis on 8 

different case-control studies on thermolabile MTHFR in CAD. In the meta

analysis, the homozygous (+/+) genotype was present in 299 (12.1%) out of 

2,476 patients and in 257 (10.4%) out of 2,481 controls, resulting in a significant 

odds ratio of 1.22 (95% CI: 1.01-1.47) relative to the (-/-) genotype. 

Conclusions. Both the homozygous (+/+) and heterozygous (+/-) genotype 

result in elevated homocysteine concentrations. From our meta-analysis, we 

conclude that the homozygous (+/+) genotype is a modest but significant risk 

factor for CAD. 

Introduction 

A recent meta-analysis by Boushey et al. of 27 independent studies, in which 

plasma homocysteine concentrations were quantitatively related to atheroscle

rotic disease, demonstrated that mild hyperhomocysteinemia is an independent 

and graded risk factor for cerebral, peripheral, and coronary artery disease 

(CAD) (7). Elevated homocysteine concentrations may originate from nutri

tional deficiencies in co-factors or co-substrates of enzymes involved in homo

cysteine metabolism, or from molecular defects in genes coding for enzymes 

crucial in this metabolism (5,6,83,160). 

The enzymes, pivotal in homocysteine metabolism are cystathionine ß-

synthase (CBS), the first enzyme in homocysteine transsulfuration, and 5,10-
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methylenetetrahydrofolate reductase (MTHFR), which is involved in the folic 
acid dependent remethylation of homocysteine to methionine. Both genes have 
been cloned and characterized (67,71), and several mutations have been re
ported (70,72,73,108,121) in patients with a homozygous deficient phenotype. 
Heterozygotes for either CBS or MTHFR deficiency often have elevated homo
cysteine concentrations. However, the frequency of heterozygosity for CBS and 
MTHFR deficiency is too low to account for the frequency of mildly elevated 
homocysteine levels in patients with cardiovascular disease (168). 

MTHFR is a flavoprotein which reduces S/lO-methylenetetrahydrofolate to 
5-methyltetrahydrofolate, the predominant circulating form of folate. In 1988, 
Kang et al. (83) described a new MTHFR variant with thermolabile properties. 
Individuals with this MTHFR variant have decreased specific MTHFR activity 
in lymphocytes (< 50% of the control mean), increased thermolability after 
preincubation at 46°C, and may have elevated plasma homocysteine concentra
tions. In other studies, the same group reported an increased incidence of this 
MTHFR variant in patients with CAD (86) compared with controls (17% versus 
5% respectively), and they were able to correlate the incidence of thermolabile 
MTHFR to the severity of CAD (87). In a Dutch study, this thermolabile 
MTHFR was found to be the cause of abnormal homocysteine metabolism in 11 
(28%) out of 39 hyperhomocysteinemic vascular patients (81). 

Recently, Frosst and co-workers (91) were able to identify a relatively 
common 677C->T mutation in the MTHFR gene, which substituted a conserved 
alanine by a valine residue. Individuals who are homozygous for this mutation 
often have elevated homocysteine concentrations (91,125), especially in combi
nation with a low folate status (100,176). 

In the present study, we investigated the prevalence of the 677C-»T mutation 
in a well-defined population of 735 male CAD patients and in 1,250 population-
based controls, and assessed the association of this mutation to serum homo
cysteine concentration. Several studies have investigated the homozygous 
677C-*T mutation as a risk factor for CAD, however with conflicting results 
(96,97,177-180), probably due to the relatively small numbers of individuals 
included in each study separately. We therefore performed a meta-analysis of 
8 case-control studies reporting data on the MTHFR genotype distribution to 
estimate the relative risk of the homozygous (+/+) genotype for CAD. 

Materials and Methods 
Study populations. We studied 735 male patients with angiographically assessed 
CAD enrolled in the Regression Growth Evaluation Statin Study (REGRESS), 
which was conducted under auspices of the Interuniversitary Cardiology 
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Institute The Netherlands (ICIN). The REGRESS study is a double-blind, 

placebo-controlled, multi-center trial to assess the effects of lipid lowering 

therapy with pravastatin on progression and regression of CAD in 885 male 

patients with normal to moderately elevated serum cholesterol levels 

(4-8 mmol/L). The overall study design and inclusion criteria of patients have 

been described extensively before (181). 

A large control group was constructed, consisting of individuals recruited 

from several published (59,101) and unpublished Dutch case-control studies 

(Kluijtmans, Van der Put, Den Heijer, Rosendaal, and Blom; unpublished 

results), which resulted in a control group consisting of 1,250 unrelated 

population-based controls. All 677C->T mutation analyses were performed in 

our laboratory. 

For a summary quantitative risk assessment of the 677C-*T mutation in 

CAD, we evaluated 8 international case-control studies (96,97,101,177-180), 

including the present one. In this analysis, we confined to case-control studies, 

in which MTHFR genotype distributions among both CAD patients and 

controls were either given, or could be calculated from their data. We 

calculated the MTHFR genotype distribution and odds ratios of the (+/+) 

genotype for coronary disease in each study separately, and for all studies 

combined. 

MTHFR genotype analysis. Genomic DNA was extracted from peripheral blood 

lymphocytes by standard procedure, and mutation analysis was performed 

essentially as described by Frosst et al. (91). Electrophoresis in a 4% agarose gel 

followed by ethidium bromide staining and UV illumination allowed detection 

of mutated alleles. 

Homocysteine determination. After an overnight fast, blood was drawn from the 

CAD patients for an assessment of fasting homocysteine concentrations, and 

serum was stored at -70°C until analysis. Homocysteine concentrations were 

determined by high-performance liquid chromatography, using a 150 χ 4.6 mm 

Hypersil ODS column in a TSP HPLC analyzer (Thermo Separation Products), 

after binding the thiol groups to a fluorescent label (SBD-F) (182). 

Statistics. Odds ratios and 95% confidence intervals were calculated as an 

estimate of the relative risk of the different genotypes in CAD (172). Differences 

in genotype distributions were calculated by χ^ analysis. To assess the relation

ship between the 677C->T transition and homocysteine concentrations, we cal

culated median homocysteine concentrations in different genotype groups. 

Differences between homocysteine concentrations in these genotype groups 

were assessed by one-way ANOVA, followed by pair-wise t tests on log-trans

formed data. All P-values are two-tailed, and P<0.05 was considered statistic

ally significant 
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Results 

MTHFR genotype analysis (table V). The overall frequency for the (+) allele was 

31.8% among patients versus 29.5% among controls. The number (%) of 

individuals homozygous for the 677C Τ transition were 70 (9.5%) out of 735 

CAD patients versus 106 (8.5%) out of 1,250 controls (table 1). The genotype 

distributions in both groups of individuals are consistent with those calculated 

from the Hardy-Weinberg equilibrium. The odds ratios as an estimate of the 

relative risk of the (+/+) and (+/-) genotypes relative to the risk of the (-/-) 

genotype for CAD were 1.21 and 1.14, respectively (table 1). We also assessed 

the relative risk of the (+/+) genotype in relation to the risk of individuals with 

both other genotypes. In this model, the risk of the homozygous (+/+) geno

type in CAD was 1.14 (95% CI: 0.83-1.56). 

Table 1. Distribution of 677C-+T MTHFR variant among patients with coronary artery 

disease and controls 

CAD patients controls odds ratio 

(n=735) (n=l,250) (95% confidence interval) 

+/+(%) 70(9.5) 106(8.5) 1.21(0.87-1.68) 

+/-(%) 328(44.6) 527(42.2) 1.14(0.94-1.38) 

-/-(%) 337 (45.9) 617 (49.4) L0* 

* Reference Category: odds ratio = 1.0 

Association genotype and tHCy (table 2). Homocysteine concentrations were 

measured in 515 out of 735 CAD patients. The number (%) of individuals in the 

three different MTHFR genotype groups in this subset of individuals is 51 

(9.9%), 233 (45.2%) and 231 (44.9%) for the (+/+), (+/-) and (-/-) genotype, 

respectively, which is not substantially different from the MTHFR genotype 

distribution observed in the entire patient group (χ^=0.137; P=NS). As 

homocysteine concentrations in the different genotype groups showed a 

skewed distribution (data not shown), homocysteine concentrations are expres

sed in median (range) values. Individuals with the homozygous (+/+) geno

type have the highest homocysteine concentrations, (-/-) individuals the 

lowest, whereas heterozygous (+/-) individuals have intermediate homocyst

eine levels. Both homozygotes (+/+) and heterozygotes (+/-) have significantly 

elevated homocysteine concentrations compared with (-/-) individuals, demon-
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strating a significant effect of the homozygous (+/+) as well as heterozygous 

(+/-) genotype on homocysteine levels (table 2). 

Table 2. Association between MTHFR genotype and fasting serum homocysteine 

concentrations in coronary artery disease patients 

MTHFR genotype 

+/+ (n=51) 

+/-(n=233) 

-/-(n=231) 

Fasting homocysteine concentration 

(цгпоІ/L) 

15.4 (8.7-56.9)t 

13.4 (7.0-42.9)φ 

12.6 (6.5-30.2) 

Homocysteine concentrations are expressed as median values. The range is given in 

parentheses. 

* P<0.001 (ANOVA with log-transformed data) 

t P<0.002 (f test) for (+/+) vs (+/-) and (-/-) genotypes 

φ P<0.05 (t test) for (+/-) vs (-/-) genotype 

We also assessed the MTHFR genotype distribution in different homo

cysteine strata (figure 1). The frequency of the homozygous 677C-*T mutation 

showed a gradual increase from 4% in the lowest homocysteine stratum 

(homocysteine <10цто1/Ь) to 24% in the highest stratum (homocysteine 

>18 цтоІ/L), again indicating the association between homocysteine concen

trations and the homozygous (+/+) genotype. 

Thertnolabile MTHFR in CAD. For a summary estimate of the relative risk of the 

homozygous (+/+) genotype, we performed a meta-analysis of studies report

ing data on the MTHFR genotypes in patients with CAD. In this analysis, we 

confined to case-control studies, in which MTHFR genotype distributions 

among CAD patients as well as controls were either given, or could be 

calculated from their data. For each study separately, we calculated odds ratios 

and 95% confidence intervals for the (+/+) genotype relative to the (-/-) 

genotype (figure 2). The combination of all studies reported, yielded a patient 

group consisting of 2,476 individuals (299 +/+; 1,097 +/-; 1,080 -/-) and a 

control group of 2,481 individuals (257 +/+; 1,090 +/-; 1,134 -/-). From the 

MTHFR genotype distribution in this combined study group, we calculated an 

odds ratio of 1.22 (95% CI: 1.01-1.47) for the homozygous (+/+) genotype, and 
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1.06 (95% CI: 0.94-1.19) for the heterozygous (+/-) genotype, both relative to the 
(-/-) genotype. Combining the heterozygotes (+/-) and (-/-) individuals, the 
odds ratio for CAD among those with the (+/+) genotype was 1.19 (95% CI: 
1.00-1.42). 

<10 >10-12 >U-U >14-16 >16-18 >18 

Homocysteine strata (ßmdl/L) 

figure 1. MTHFR genotype distribution in different homocysteine strata. Serum homocysteine 
concentration is expressed in ßtnol/L. In each stratum, the total number of individuals is set to 
100%. 

Discussion 

In this study, we showed a correlation between the 677C->T mutation in the 
MTHFR gene and homocysteine concentrations, in which homozygous (+/+) 
and even heterozygous (+/-) individuals exhibited significantly elevated 
homocysteine levels compared with (-/-) individuals. Furthermore, by com
bining all previously reported studies, we were able to demonstrate the 
significance of the homozygous (+/+) genotype as a risk factor for CAD. 

Many studies have explored the relationship between elevated homocysteine 
concentrations and an increased risk for atherosclerotic vascular disease (5,6, 
52,54,183,184). Recently, these studies have been summarized in a meta-ana
lysis (7), which led to the conclusion that elevations in homocysteine concen-
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tratìons have to be considered as an independent and graded risk factor for 

different categories of arterial occlusive diseases. Several clinical studies sup

ported this conclusion by establishing a quantitative relationship between 

coronary occlusion and homocysteine levels (54,185). On the basis of a linear 

relationship between homocysteine and the risk of CAD, Boushey et al. (7) 

calculated an odds ratio for CAD of 1.6 (95% CI: 1.4-1.7) for a 5 μπιοΙ/L in

crease in homocysteine concentrations. Accordingly, a risk of 1.12 can be cal

culated for one цтоІ/L increase in homocysteine. In our analysis of the 

association between MTHFR genotype and homocysteine concentrations, we 

observed an increase in median homocysteine concentrations of 0.8 цтоІ/L for 

heterozygous (+/-) and 2.8 μπιοΙ/L for homozygous (+/+) individuals relative 

to (-/-) individuals, which equals a risk for CAD of 1.10 and 1.34 for the 

heterozygotes (+/-) and homozygotes (+/+), respectively, relative to the risk of 

(-/-) individuals. These risk estimates calculated are well in line with the odds 

ratios for the homozygous (+/+) and heterozygous (+/-) genotypes observed in 

the present study (table 1). 

The frequency of the homozygous (+/+) genotype varies between different 

populations. The effect of this mutation on homocysteine concentrations de

pends on study design, inclusion criteria, ethnic background, age and vitamin 

intake of the population. Except for the study of Schmitz et al. (178), all recent 

studies on this MTHFR variant and hyperhomocysteinemia (92,97,100,101, 

125,186) showed elevated homocysteine concentrations in homozygous (+/+) 

individuals. The present study supports these observations, and indicates again 

that the homozygous (+/+) genotype is associated with elevated homocysteine 

concentrations (table 2, figure 1). Folate status is considered to be an important 

environmental modulator of homocysteine levels only in homozygous (+/+) 

individuals (97,100,125,176). The effect of the homozygous (+/+) genotype on 

homocysteine concentrations might therefore differ between separate studies as 

a result of a different intake of folate. A possible adjustment for plasma folate 

could not be performed in this study, because blood folate levels were not 

determined. 

In the present study, we were also able to demonstrate a statistically signifi

cant effect of the heterozygous (+/-) genotype on homocysteine concentrations. 

This is in line with the results reported by Harmon et al. (186), who observed 

elevated plasma homocysteine concentrations in heterozygous (+/-) indivi

duals in the top 50% of the homocysteine distribution. Based on specific and 

residual MTHFR activities measured in isolated lymphocytes, this observation 

was not unexpected, because we have shown that heterozygous (+/-) indivi

duals have significantly decreased specific and residual MTHFR activities 

compared with (-/-) individuals (125,176). MTHFR-dependent homocysteine 
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remethylation, in which 5-methyltetrahydrofolate (Me-THF, the product of the 
reaction catalyzed by MTHFR) serves as methyl donor, is present in nearly 
every cell of the human body. Therefore, any significantly deleterious effect in 
MTHFR enzyme activity will be reflected in elevation of homocysteine concen
tration in these cells. Previous studies were unable to detect an effect of the 
heterozygous (+/-) genotype on homocysteine concentrations, probably be
cause of the relatively limited number of individuals included in those studies. 

Kang et al. (83) were the first to report on a thermolabile MTHFR variant in 
two patients with CAD and hyperhomocysteinemia. Subsequent studies by the 
same group (85-87) showed an association between this thermolabile MTHFR 
and (the severity of) CAD. In a large study among CAD patients and healthy 
controls, Kang et al. detected thermolabile MTHFR in 36 (17%) out of 212 cases 
versus 10 (5%) out of 202 controls (86). In the present study, we observed a 
much lower frequency of the thermolabile (+/+) genotype among Dutch CAD 
patients and a higher frequency among Dutch population-based controls. 
Several possible explanations for this phenomenon should be considered. In the 
study by Kang et al., the frequency of thermolabile MTHFR was assessed 
biochemically and was not based on genotyping of 677C-»T mutation. Because 
of the wide range in MTHFR activities in homozygous (+/+) and heterozygous 
(+/-) individuals (125,176), some individuals with a biochemically determined 
thermolabile MTHFR might not have been homozygotes (+/+), but hetero
zygotes (+/-) for the thermolabile allele, or carriers for other mildly defective 
MTHFR alleles. In addition, Kang et al. used in their studies a control group, 
consisting of healthy controls with no history nor clinical evidence of arterial 
occlusive disease. In our study, controls were recruited from the general 
population, possibly including individuals with a positive history of CAD, 
which may dilute an eventual effect of the homozygous (+/+) genotype. 

For a summary estimation of the relative risk of the homozygous (+/+) 
genotype, we analyzed 8 different case-control studies presenting data on the 
MTHFR genotype distribution in CAD patients. From these studies (96,97, 
101,177-180), only an Irish study (96) observed a significant odds ratio for the 
homozygous (+/+) genotype in CAD. In all other studies the odds ratios for the 
homozygous (+/+) genotype were not significantly increased. By combining all 
studies, we were able to calculate a significant odds ratio of 1.22 (95% CI: 1.01-
1.47) for the homozygous (+/+) genotype relative to the (-/-) genotype in CAD, 
an odds ratio comparable with that obtained in the present study on the risk of 
thermolabile MTHFR in the REGRESS study. This overall result indicates that 
the thermolabile (+/+) genotype itself is a modest but significant genetic risk 
factor for CAD; a risk which is likely modulated by environmental factors, 
especially folate status (97,100,125,176). 
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Figure 2. Odds ratios and 95% confidence intervals far CAO associated with the (+/+) 
genotype relative to the (-/-) genotype. The reference number of each study is given in 
parentheses. 

In conclusion, we demonstrated for the first time, that both the homozygotes 

(+/+) and heterozygotes (+/-) for the 677C-+T mutation in the MTHFR gene 

have significantly elevated homocysteine concentrations, relative to (-/-) indi

viduals. The odds ratios observed for both (+/+) and (+/-) genotypes for CAD 

are graded and in concordance with the risk calculated from a large quantita

tive study on homocysteine as a risk factor for CAD. By performing a meta

analysis, we were able to show that the homozygous (+/+) genotype is a 

genetic risk factor for CAD. 
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MTHFR and FVL in DVT 

Abstract 
Mild hyperhomocysteinemia is an established risk factor for both arterio

sclerosis and thrombosis, and may be caused by genetic and environmental 

factors. Methylenetetrahydrofolate reductase (MTHFR) catalyzes the reduction 

of 5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate, the co-substrate 

for the methylation of homocysteine to methionine. Individuals with the 

thermolabile variant of MTHFR have decreased MTHFR activities, resulting in 

elevated plasma homocysteine concentrations. A homozygous 677C->T tran

sition in the MTHFR gene has recently been identified as the cause of reduced 

enzyme activity and thermolability of the protein. We studied the frequency of 

the homozygous mutant (+/+) genotype in 471 patients with deep-vein throm

bosis and 474 healthy controls enrolled in The Leiden Thrombophilia Study 

(LETS), its interaction with factor V Leiden, and assessed the association be

tween the MTHFR genotypes and plasma homocysteine concentration. Homo

zygosity for the 677C-»T polymorphism was observed in 47 (10%) patients, and 

in 47 (9.9%) controls (OR 1.01 [95% CI: 0.7-1.5]). No modified risk of the (+/+) 

genotype was observed in carriers of factor V Leiden. Our data suggest that 

although the homozygous mutant genotype is associated with elevated plasma 

homocysteine concentrations, this homozygous mutation itself is not a genetic 

risk factor for deep-vein thrombosis, irrespective of factor V Leiden genotype. 

Introduction 
Mild hyperhomocysteinemia, a disorder of methionine metabolism, is an estab

lished risk factor for arterial cardiovascular disease (7). Although vascular acci

dents in homocystinuria due to cystathionine ß-synthase deficiency are of 

venous origin in 51% of the cases (27), only a few studies have explored the 

relation between mild hyperhomocysteinemia and venous thrombosis. Bratt-

ström et al. were the first who examined a possible relationship between mild 

hyperhomocysteinemia and venous thrombosis in a sex- and age-matched case-

control study (56). They observed mild hyperhomocysteinemia in 14% of the 

patients versus 5% of the controls after methionine loading; however, no 

differences were found in mean plasma homocysteine concentrations. Amund

sen et al. (57) did not report a significant difference in mean plasma homo

cysteine concentrations between young adults (<56y) with venous thrombosis 

and control subjects. However, from their data, we were able to calculate an 

odds ratio of 1.7 [95% CI: 0.5-5.9] for a post-load homocysteine concentration 

above 50 μπιοΙ/L (~ 90* percentile of their control group). In both studies, no 

differences were observed, probably due to the low number of patients and 

controls included in both studies. Falcon et al. (55) found a high prevalence of 
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hyperhomocysteinemia in patients with juvenile venous thrombosis. In their 

study, only mean post-methionine load increase in plasma homocysteine in 

patients appeared to be different from controls, and post-load hyperhomo

cysteinemia was observed in almost 20% of the cases. In subsequent studies, 

Den Heijer et al. found similar results on mild hyperhomocysteinemia in ~25% 

of the patients with recurrent venous thrombosis, both in fasting state and after 

methionine loading (59). In the Leiden Thrombophilia Study (LETS), fasting 

homocysteine concentrations were elevated in patients with deep-vein throm

bosis compared with age- and sex-matched healthy controls, suggesting that 

hyperhomocysteinemia is a risk factor for deep-vein thrombosis (9). 

In 1988, Kang et al. (83) described a new variant of methylenetetrahydro-

folate reductase (MTHFR) with thermolabile properties and reduced enzyme 

activity, resulting in mildly elevated plasma homocysteine concentrations. Pre

viously, we have shown that this thermolabile MTHFR is a cause of abnormal 

homocysteine metabolism in ~28% of cardiovascular disease patients with mild 

hyperhomocysteinemia (81). We elucidated the genetic basis underlying this 

thermolability to be a 677C-»T transition, resulting in a conserved amino acid 

change from alanine to valine (91). This mutation in homozygous form ap

peared to be in high agreement with thermolability of the protein, reduced 

specific enzyme activity, and increased plasma homocysteine concentrations 

(91,92,125), especially in circumstances of low folate status (100,176). 

In the present study, we investigated the 677 C->T mutation as a risk factor 

for deep-vein thrombosis in 471 patients and in 474 controls enrolled in the 

Leiden Thrombophilia Study (LETS), and its interaction with factor V Leiden 

(FVL), the most common heritable cause of deep-vein thrombosis, is studied 

(129). Furthermore, we assessed the association of the mutation to fasting total 

plasma homocysteine concentration in a subset of 269 matched case-control 

pairs. 

Patients and Methods 

Patients. The Leiden Thrombophilia Study (LETS) is a population based case-

control study in three Dutch Anticoagulation Clinics, including 474 patients 

with a first episode of deep-vein thrombosis and 474 age- and sex-matched 

healthy control subjects, designed to clarify the contribution of several risk 

factors to deep-vein thrombosis, which has been described in detail elsewhere 

(131). 

Methods. Genomic DNA was extracted from peripheral blood lymphocytes by 

standard techniques and the MTHFR mutation analysis was performed essen

tially according Frosst et al. (91), by a technician unaware of the status of the 
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DNA sample. The restriction fragments (198 bp for the 677C allele, and 175 bp 

and 23 bp for the 677T allele) were separated in 4% agarose gels and visualized 

after ethidium bromide staining. Mutation screening for FVL has been 

performed earlier (129), in which 92 cases and 14 controls were found to be 

carriers of the FVL mutation. 

Total plasma homocysteine concentrations were determined in the 269 

matched case-control pairs who attended the Leiden Anticoagulation Clinic (9) 

by reverse phase HPLC and fluorescent detection, as described by Te Poele-

Pothoff et al. (107). 

Statistics. Unmatched odds ratios and 95% confidence intervals as an estimate 

of the relative risk of the homozygous (+/+) genotype were calculated in the 

entire study population, in the Leiden subgroup, and in different age and sex 

groups. The 95% Confidence Intervals were calculated from a conditional 

logistic-regression algorithm by the maximum likelihood method, with Egret 

software. To assess the relation between the mutation and homocysteine level, 

we calculated homocysteine concentrations in different genotype groups, and 

prevalences of the three genotypes in different strata of homocysteine levels. 

The possible effect modification by FVL genotype, i.e. whether the MTHFR 

variant exerted a different effect in FVL carriers than in non-carriers, was 

examined by stratified analysis. We subdivided cases and controls in those 

with neither, one, or both of the variant genotypes, and calculated unmatched 

odds ratios as estimates of the relative risk of thrombosis for each group 

relative to those with double wildtype genotype. 

Results 

The mean age for the entire study group was 44 years (range 16-70 in patients, 

and 16-71 in controls). The male to female ratio was 1:1.3 for cases and controls 

alike (9). 

Fasting plasma homocysteine concentrations were determined in 269 out of 

474 matched case-control pairs. Median plasma homocysteine concentration 

was elevated in cases compared to controls (12.9 цтоІ/L; range 4.8 - 60.2 

μιηοΙ/L, versus 12.3 μιηοΙ/L; range 6.4 - 37.5 μπιοΙ/L, respectively) (9). Mild 

hyperhomocysteinemia, defined as a fasting total plasma homocysteine concen

tration >18.5 μπιοΐ/ί (i.e. above the 95* percentile of the control group), 

resulted in a matched odds ratio of 2.5 (95% Confidence Interval: 1.2 - 5.2) (9). 
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Table 1. MTHFR genotype distribution among patients with a first episode of 

thrombosis and controls 

Genotype 

+/+<%) 

+/-(%) 

-/-(%) 

Thrombosis Patients 

(n=471) 

47 (10.0) 

213 (45.2) 

211 (44.8) 

Controls 

(n=474) 

47 (9.9) 

203 (42.8) 

224 (47.3) 

Odds Ratio 

(95% CI) 

1.05(0.7-1.6) 

1.10 (0.8 -1.4) 

1.0« 

* Reference category, odds ratio = 1.0 

The prevalence of the 677С-УГ transition was examined in 471 patients with 

deep-vein thrombosis and in 474 healthy controls. We observed a prevalence of 

the homozygous mutant genotype (+/+) in 47 (10%) out of 471 patients, versus 

47 (9.9%) out of 474 healthy controls (Table 1). The unmatched odds ratio, as an 

estimate of relative risk of deep-vein thrombosis, for homozygous mutant (+/+) 

individuals relative to heterozygous (+/-) and homozygous normal (-/-) indivi

duals was 1.01 (95% Confidence Interval: 0.7 -1.5). 

Table 2. Relationship between MTHFR genotype and fasting plasma homocysteine 

concentration. 

Controls 

Patients 

+/+ 

15.3 ±5.8 

(«=23) 

19.6 ±13.0 

(n=28) 

+/-

13.1 ±4.0 

(я-112) 

13.5 ±4.1 

(«=117) 

-/-

12.3 ± 2.7 

(n=134) 

12.9 ±4.4 

(я=124) 

Plasma homocysteine concentrations are expressed in μαιοΙ/L as mean ± SD. 

The prevalence of the homozygous mutant genotype (+/+) in a subset of 269 

matched case-control pairs for whom plasma homocysteine measurements 

were performed, was 10.4% (28 out of 269) in cases, and 8.6% (23 out of 269) in 

controls, which is not substantially different from the overall result In this 

subgroup, we associated the MTHFR genotype to homocysteine concentrations 
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in plasma. As shown in table 2, homocysteine concentrations were higher 
among individuals with the homozygous mutant genotype (+/+) compared 
with heterozygous (+/-) and (-/-) individuals. We then subdivided this popu
lation in different homocysteine strata and calculated the MTHFR genotype 
distribution (figure 1). In the lowest three homocysteine strata, the frequency of 
the (+/+) genotype was <10%, whereas in the higher strata the frequency 
increased from 12-15% to more than 50% in the highest stratum. These results 
indicate that this mutation is a significant contributor to elevated homocysteine 
concentrations. 

In 11 out of 28 (+/+) cases (39%), mild hyperhomocysteinemia was observed 
compared with 4 out of 23 (+/+) controls (17.4%). The latter indicates that (+/+) 
cases are more prone to develop a mild hyperhomocysteinemia than controls 
from the same genotype group. In men we found an odds ratio for the (+/+) 
genotype slightly below one, and for women slightly above one; both these 
estimates had wide confidence limits (men: OR 0.76 [95% Confidence Interval: 
0.40-1.44]; women: OR 1.33 [95% Confidence Interval: 0.69-2.61]. No differences 
were observed in different age groups (table 3). 

Table 3. Thrombosis Risk Due To +/+ Genotype In Different Age Groups. 

Age Odds ratios 

(years) (95% Confidence Interval) 

<30 2.00 (0.42-12.4) 

30-50 0.96 (0.50-1.82) 

>50 0.89 (0.42-1.85) 

Overall 1.05 (0.7-1.6) 

We also studied the interaction of thermolabile MTHFR with the most 
common inherited cause of deep-vein thrombosis: APC resistance due to FVL. 
In these analyses, we calculated unmatched odds ratios for deep-vein throm
bosis due to either MTHFR, FVL or both risk genotypes, relative to those indi
viduals with neither of these risk genotypes (table 4). Although the number of 
individuals with both risk factors are relatively small, we observed no modi
fied risk of the MTHFR (+/+) genotype by concomitant FVL. For a summary 
estimate of the relative risk of venous thrombosis in jointly affected indivi
duals, we combined three studies recently presented at the XVIth Congress of 
the International Society on Thrombosis and Haemostasis, Florence, Italy, in 
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which we were able to calculate the genotype distributions of both mutations in 

cases and controls (187-189), and combined them with the present study. 

Overall, the homozygous mutant (+/+) genotype in the MTHFR gene was 

observed in 117 (14.4%) out of 810 cases, and in 121 (13.9%) out of 870 controls 

(OR 1.0 [95% CI: 0.8-1.4]). FVL was detected in 164 (20.2%) cases and in 26 

(3.0%) controls (OR 8.2 [95% CI: 5.4-12.6]), whereas the coexistence of both 

mutations was observed in 26 (3.2%) cases and in 4 (0.5%) controls (OR 7.2 

[95% CI: 2.5-20.7]). These summary estimates indicate that the MTHFR 677С-УГ 

variant itself is not a risk factor for venous thrombosis, and does not modify the 

risk in individuals with FVL genotype. 

Table 4. Relationship between thermolabile MTHFR, factor V Leiden, and the risk of 

deep-vein thrombosis 

FVLeiden MTHFR Cases Controls OR 95% CI 

-

-

+ 

+ 

342 

82 

37 

10 

416 

11 

44 

3 

V 

9.1 

1.0 

4.1 

4.8-17.3 

0.6-1.6 

1.1-14.8 

* Reference category: OR = 1 

FV Leiden: heterozygotes are referred to as «+», wildtype is referred to as «-». 

MTHFR: homozygotes (+/+) are referred to as «+»; heterozygotes (+/-) and 

wildtype (-/-) are referred to as «-». 

Discussion 

Homozygosity for the 677C—>T mutation in the MTHFR gene is associated with 

elevated plasma homocysteine concentrations. However, this homozygous 

mutation is not associated with an increased risk of deep-vein thrombosis, 

whereas mild hyperhomocysteinemia is (9). 

Den Heijer et al. (9) found a 2.5-fold increased risk [95% CI: 1.7-3.7] for a 

homocysteine concentration above 18.5 μιηοΙ/L (95th percentile of the control 

group) in the general population. This result and those from other studies 

(55,56,59) all suggested that mild hyperhomocysteinemia is a risk factor for 

occurrence and recurrence of venous thrombosis, which resembles the asso

ciation observed in arterial cardiovascular disease (190). 

Elevated plasma homocysteine concentrations may originate from nutri

tional deficiencies (low folate, vitamin B12 or vitamin Be status) or from genetic 
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aberrations in enzymes involved in homocysteine metabolism. The recently 

detected homozygous 677С- Г transition in the MTHFR gene has been shown 

to be associated with elevated mean plasma homocysteine concentrations (91, 

125). By combining eight case-control studies in a meta-analysis, we were able 

to show that this mutation is a rather modest but significant risk factor confer

ring a 22% higher risk for coronary artery disease (95). In the present study, 

mild hyperhomocysteinemia, defined as a homocysteine concentration exceed

ing the 95* percentile of the control group (>18.5 μιηοΙ/L), was observed in 

28 (10%) out of 269 patients. We observed that the homozygous mutation is a 

contributor to elevated plasma homocysteine concentrations, which is in agree

ment with several other studies (91,92,125). However, we found no difference 

in prevalence of the 677C-»T transition in patients with a first episode of 

venous thrombosis, indicating that disturbed homocysteine remethylation due 

to this genetic defect alone seems not a risk factor for deep-vein thrombosis. 

<12 >12-14 >14-16 >16-18 >lS-22 >22 

Homocysteine fomol/L) 

Figure 1. MTHFR genotype distribution in different homocysteine strata. Homocysteine 

concentrations are expressed in μηιοΙ/L. In each homocysteine stratum, the number of 

individuals is set to 100%. 

Several explanations may be offered: 
(1) Recent studies by Jacques et al. (100) and Van der Put et al. (176), demon
strated a strong interaction between this genetic predisposition and folate status 
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on the plasma homocysteine concentration. In individuals with inadequate 

folate status, the homozygous (+/+) genotype led to elevated homocysteine 

levels, contrary to (+/+) individuals with an adequate folate status, in whom 

plasma homocysteine was not elevated in comparison with both other geno

types. The fact that 39% of the cases versus only 17% of the controls with the 

(+/+) genotype were hyperhomocysteinemic, certainly implies the interaction 

with and the existence of another factor determining plasma homocysteine 

levels, more often found among cases than controls. Whether this can be attrib

uted to an inadequate folate status in patients could not be assessed, because 

the vitamin status was not determined in our study population. In a study on 

hyperhomocysteinemia in recurrent venous thrombosis, Den Heijer et al. did 

not find differences in vitamin B12 and folate status in patients compared with 

population-based controls (59,191). This could also be the case in our study on 

deep-vein thrombosis, although a change in dietary intake of vitamin nutrients 

due to a first episode of thrombosis cannot be ignored. 

(2) In the LETS-study, as we reported previously (9), the risk of venous 

thrombosis did not increase gradually; the odds ratios only increased substan

tially with homocysteine concentrations above 22 цтоІ/L, indicating that there 

might be a threshold above which homocysteine has thrombogenic repercus

sions. The MTHFR mutation itself may not be sufficient to lead to such pro

nounced homocysteine elevation, and will only in combination with an en

vironmental or another genetic factor lead to such a hyperhomocysteinemia. 

(3) The homozygous (+/+) genotype causes a redistribution of folate 

derivatives (92,176) leading to a higher availability of one-carbon moieties for 

thymidine synthesis. The latter may have a concomitant beneficial effect on the 

cardiovascular system. 

(4) There could be a, yet undetermined, stronger determinant of elevated 

homocysteine levels contributing to the risk of deep-vein thrombosis; a contrib

utor not associated to this genetic defect in MTHFR. This stronger determinant 

may mask a possible effect of the MTHFR mutation. 

(5) The observation of an equal distribution of the 677С-УГ transition over 

both controls and patients even raises the question whether homocysteine itself 

is the prime compound causing venous thrombosis and not another metabolite 

related to homocysteine metabolism but not associated to thermolabile MTHFR. 

The thrombogenic effect of mildly elevated homocysteine concentrations could 

be dependent of the primary underlying cause of mild hyperhomocysteinemia. 

Obviously, this sheds serious doubts to the status of mild hyperhomocysteine

mia as an independent cause of deep-vein thrombosis, and opens the possi

bility that hyperhomocysteinemia is only a marker of another defect which is 

the actual cause of an increased risk for deep-vein thrombosis (191). 
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Activated protein С resistance (APC-resistance) due to FVL is the most 

common inherited cause of venous thrombosis (129) in Europeans (192). The 

findings of Mandel et al. (135) in highly consanguineous homocystinuric fami

lies, suggested that concomitant FVL is an absolute prerequisite for thrombosis 

in severe hyperhomocysteinemic patients. These results challenged the obser

vation of Den Heijer et al. (9), who observed mildly elevated homocysteine 

concentrations as a risk factor for thrombosis, independent from coexisting 

abnormalities in blood coagulation, such as protein S-, protein C-, antithrombin 

deficiency and APC-resistance. In the Physician's Health Study, an interaction 

was reported between mild hyperhomocysteinemia and concomitant FVL in 

the risk of venous thromboembolism (62). 

In the present study, we did not observe an interaction between thermolabile 

MTHFR, a major determinant of elevated homocysteine concentrations, and 

FVL, indicating that the presence of both genetic variants do not lead to an 

additional risk compared with FVL alone. A number of studies have addressed 

the MTHFR variant and concomitant FVL in the risk of venous thrombosis, 

however with contradictory results (187-189,193-195). Zhighetti (189) and Gau-

stadnes (193) and their co-workers observed an overrepresentation of the fre

quency of joint abnormalities in thrombosis patients, indicative of an inter

action between the MTHFR variant and FVL in the risk of venous thrombosis. 

On the other hand, several other studies did not report an increased thrombotic 

risk in FVL carriers due to thermolabile MTHFR (187,188,194,195). In a sum

mary estimate, we did not observe an increased risk in jointly affected indivi

duals compared with the risk in individuals with isolated FVL. 

The mechanism by which homocysteine may cause venous thrombosis is 

obscure. Several in vitro studies suggest that homocysteine interferes with the 

anticoagulant and fibrinolytic system (196,197), although in most studies the 

homocysteine concentrations applied were almost ten times higher than those 

observed in homocystinuria patients. Furthermore, homocysteine concentra

tions were added in its free sulfhydryl (reduced) form, leading to a tremendous 

shift in redox status, whereas in blood almost 99% is present in an oxidated 

state. 

In conclusion, we have demonstrated that the prevalence of the homozygous 

677С-УГ mutation in the MTHFR gene is not increased in patients with deep-

vein thrombosis compared to healthy age- and sex-matched controls, indicating 

that this mutation itself is not a risk factor for deep-vein thrombosis. A small 

risk however, as previously shown in coronary artery disease (95), cannot be 

excluded. A possible interaction between the 677C->T mutation in the MTHFR 

gene and FVL was not observed. Further studies are warranted to elucidate the 
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relationship between abnormal homocysteine metabolism and its contribution 
to the risk of deep-vein thrombosis. 
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CBS and mild hyperhomocysteinemia 

Abstract. 

Introduction. Molecular defects in genes encoding enzymes involved in 

homocysteine metabolism may account for mild hyperhomocysteinemia, an 

independent and graded risk factor for cardiovascular disease (CVD). Al

though heterozygosity for CBS deficiency seems to be excluded as origin of 

mild hyperhomocysteinemia in vascular disease, mutations in (non)-coding 

DNA sequences leading to mildly affected CBS expression have never been 

investigated as risk factors for CVD. In the present study, we investigated the 

possible involvement of CBS in CVD. 

Methods. We analyzed two silent polymorphisms in the CBS gene (i.e. 699C-»T; 

1080T-KZ) as markers in linkage disequilibrium with a possible pathogenic 

mutation, and assessed their association with fasting, post-methionine load, 

and delta (increase upon methionine loading) homocysteine in 184 patients 

with arterial occlusive disease, and in 87 controls. 

Results. No differences were observed in genotype and haplotype distribution, 

nor in allele frequencies for both polymorphisms between cases and controls. 

Nevertheless association of plasma homocysteine levels and CBS genotype 

revealed significantly elevated post-load homocysteine concentrations in indi

viduals with the 699TT genotype versus those with 699CC genotype (P=0.02). A 

test for linear trend for differences in post-load homocysteine concentrations 

between individuals with different 1080T-»C genotypes, tended to be 

statistically significant (P=0.08). 

Conclusion. Our results suggest the existence of molecular defects in the CBS 

gene predisposing to elevated plasma homocysteine concentrations after 

methionine loading. The molecular basis of this association, however, remains 

to be elucidated and needs further investigation. 

Introduction. 

Cardiovascular disease is a complex multi-factorial trait, and is the leading 

cause of death in industrialized countries (1,198). Multi-factorial diseases are 

originating from interactions of genes and environmental factors creating a 

gradient of genetic susceptibility to disease. Established risk factors for athero

sclerotic disease include diabetes mellitus, hypertension, tobacco smoking and 

elevated blood cholesterol levels. In the last decade, both prospective and retro

spective evidence is accumulating that elevated plasma homocysteine concen

tration is an independent and graded risk factor for both arterial occlusive 

disease and venous thrombosis (8,9,51,62). 

Homocysteine, a branch-point intermediate of methionine metabolism 

(figure 1), can be irreversibly committed to transsulphuration by a vitamin Вб-
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Figure 1. A simplified scheme of homocysteine metabolism. Matti regulating enzymes are 

denoted by numbers; co-factors are encircled. 

1 = cystathionine fl-synthase (CBS); 2 = methionine synthase (MS); 

3 = methylenetetrahydrofolate reductase (MTHFR); 4 = γ-cystathtonase; 

5 = betaine-homocysteine methyltransferase; 

Вг = vitamin Вг ; Be = vitamin Be, Bu = vitamin Bu ; THF = tetrahydrofolate. 

dependent enzyme, cystathionine ß-synthase (CBS). Alternatively, homo
cysteine can be remethylated to methionine in a reaction catalyzed by the 
vitamin Bi2-dependent enzyme methionine synthase. The latter enzyme re-
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quires 5-methyltetrahydrofolate as a co-substrate, which is formed by reduction 

of 5,10-methylenetetrahydrofolate by methylenetetrahydrofolate reductase 

(MTHFR). Genetic defects in genes coding for enzymes mvolved m these path

ways (91), or depletion of important cofactors or (co)substrates for those en

zymes (54,160) may account for elevated plasma homocysteine. 

About thirty years ago, McCully (3) reported about vascular disease in a 

patient with homocystinuria due to an impaired cobalamin metabolism. In that 

patient, he noticed atherosclerotic lesions that resembled those found in pa

tients with severe hyperhomocysteinemia due to cystathionine ß-synthase 

(CBS) deficiency. Since a severely elevated homocysteine concentration was the 

only metabolic similarity between both patients, McCully postulated that the 

clinical manifestation of vascular disease could be attributed to the effects of 

increased concentrations of homocysteine (3). Subsequent studies have investi

gated mild hyperhomocysteinemia as a risk factor for vascular disease (4,5) A 

recent meta-analysis, consisting of 27 case-control studies, established that an 

elevation of plasma homocysteine concentration indeed has to be considered as 

an independent and graded risk factor for arteriosclerotic vascular disease (7). 

In the last decade, several studies have been conducted to elucidate the 

origin of mild hyperhomocysteinemia m patients with premature cardiovas

cular disease. In addition to the role of adequate plasma folate, vitamin Вб, and 

vitamin B12 concentrations (199-201), hereditary defects m homocysteine meta

bolism have been investigated by enzymatic and molecular genetic techniques. 

In 1985, Boers et al (5) detected decreased CBS activities in extracts of cultured 

fibroblasts of hyperhomocysteinemic vascular disease patients, which were 

comparable to those measured in obligate heterozygotes for CBS deficiency. 

Similar results were reported in a study of Clarke et al. (6) m 80% of the hyper

homocysteinemic patients Both studies concluded that vascular disease pa

tients with hyperhomocysteinemia were presumably heterozygotes for CBS de

ficiency (5,6), a finding hard to reconcile with the observation by Mudd et al 

(80). They observed a normal incidence of heart attacks among obligate hetero

zygotes for CBS deficiency, compared with relatives of children with either 

new-mutation achondroplastic dwarfism or with impaired phenylalanine meta

bolism. The finding of decreased CBS activities in cultured fibroblasts from 

hyperhomocysteinemic vascular disease patients in the range of obligate 

heterozygotes, however, could not be reproduced (81,125), and stall needs clari

fication. In other studies, reduced CBS activities in fibroblasts of atherosclerotic 

patients were measured, however, differences in ages between patients and 

controls (36) and lack of obligate heterozygotes for CBS deficiency as a refer

ence group (82) precluded diagnostic differentiation of CBS deficiency. 

The isolation and characterization of the CBS cDNA by Kraus and co-
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workers (67) permitted the molecular genetic analysis of the CBS cDNA in 
patients with vascular disease. In 60 Dutch patients with arterial occlusive 
disease, we were unable to detect the I278T mutation in the CBS gene, a 
mutation that is present in ~50% of alleles of Dutch homozygotes for CBS 
deficiency (125). In a comparable study, Gallagher et al. (96) did not detect the 
'Celtic' G307S mutation in 100 vascular disease patients, whereas this mutation 
is the predominant cause of homocystinuria in the Irish population (69). These 
observations were supported by the results of Kozich et al. (175) who analyzed 
the CBS cDNA in four hyperhomocysteinemic patients with peripheral arterial 
occlusive disease and decreased CBS activities in extracts of cultured fibro
blasts. Neither pathogenic mutations, nor a defective stimulation by S-adeno-
sylmethionine (AdoMet) were noticed as a possible cause of decreased 
enzymatic activity. In summary, all genetic studies performed so far, failed to 
detect an involvement of heterozygosity for CBS deficiency in hyperhomo-
cysteinemia and premature vascular disease. 

The previous studies, however, do not exclude the involvement of mildly 
impaired CBS function in hyperhomocysteinemia and vascular disease. Most 
genetic studies performed thus far, only explored the CBS coding region, but 
did not examine the non-coding regions of the CBS gene, i.e. promoter region, 
intronic sequences, or 5' and 3' untranslated regions for DNA changes. As 
reported recently, genetic defects in these sequences or even silent mutations 
may affect enzyme expression, transcript stability or splicing (202-204), even
tually resulting in reduced CBS catalytic activity and predisposing individuals 
to mildly elevated plasma homocysteine concentrations. 

Genetic association studies are widely used for the identification of can
didate genes of complex (i.e. non-mendelian) traits (205). In such studies, the 
association is investigated between phenotype and genomic markers close to or 
preferably within the gene of interest Such a marker in itself is not functionally 
related to this phenotype but is possibly in linkage disequilibrium with a func
tional mutation. To investigate a potential involvement of defects in non-coding 
regions in the CBS gene in hyperhomocysteinemia and vascular disease, we 
analyzed two silent polymorphisms in the CBS gene in patients with arterial 
occlusive disease and in population-based controls. In the present study, we 
report the allele frequencies and genotype distributions of these polymor
phisms in both study groups, and describe their association with fasting and 
post-methionine load plasma homocysteine concentrations. 

Subjects, Materials and Methods. 
Study population. The study population consisted of 184 cases with documented 
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arterial occlusive disease: 139 had suffered from coronary artery disease, 

29 from cerebrovascular disease, and 16 from peripheral arterial occlusive 

disease. Arteriosclerotic lesions in all patients were angiographically con

firmed. 

Population-based control individuals (n=87) were recruited from a general 

practice in the Hague (59). All individuals agreed to participate in this study. 

Biochemical parameters. After an overnight fast, blood was collected in EDTA 

tubes for measurement of fasting total homocysteine. The EDTA-blood samples 

were placed on ice immediately, and centrifuged for 10 min at 3000 g with 

minimal delay. All individuals were subjected to a standardized methionine 

loading test Briefly, L-methionine (0.1 g/kg body weight) was dissolved in 200 

mL orange juice and administered orally. All study subjects received a stand

ardized low protein breakfast and luncheon, and were asked not to consume 

any milk-containing beverages. After six hours, another blood sample was 

drawn for assessment of the post-methionine load homocysteine concentration. 

Total homocysteine was measured in plasma using a high-performance 

liquid chromatography (HPLC) procedure, with reverse phase separation and 

fluorescence detection, as described by Te Poele-Pothoff et al. (107). 

Detection of CBS polymorphisms. 

Genomic DNA was isolated from buffy coats of EDTA blood by a standard 

method (109), and stored at 4°C until analysis. 

699C->T transition. This polymorphism did not create a restriction enzyme 

recognition site, and was therefore analyzed by Single Stranded Conformation 

Polymorphism (SSCP) analysis (206). SSCP conditions to discriminate between 

the three possible genotypes were selected on the basis of 699 CC, CT, and TT 

individuals, identified by genomic sequencing. A genomic DNA fragment of 70 

bp was amplified using approximately 100 ng genomic DNA, 100 ng both 

forward and reverse oligonucleotides [sense (5'-TACCGCAACGCCAGCAAC-

3') and anti-sense (5'-CATCACACTGCTGCAGGATCTC-3')] in a standard PCR 

buffer (10 mM Tris-HCl, pH 8.3; 50 mM KCl) containing 1.5 mM MgCh, and 

2 цСі [a-32P]-dCTP (3000 mCi/mmol). PCR parameters were as follows: 3 min 

initial denaturation at 94°C, followed by thirty-five cycles of 92°C/60s, 

55°C/60s, 72°C/30s, and a final extension of 7 min at 72°C. PCR fragments 

were electrophoresed in a 0.5 χ MDE (Mutation Detection Enhancer, Biozym, 

The Netherlands) gel containing 10% glycerol in a 0.6 χ TBE buffer for 14-16 h 

at 4°C. Autoradiography, performed at -70°C for 12 h, allowed detection of the 

699 CC, CT and TT genotypes. 

1080T-<2 transition. A genomic DNA fragment of 88 bp was amplified by PCR 

using both 100 ng forward (5'-CTGGCAGCACGGTGGCGG-3') and 100 ng re-
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verse oligonucleotides (5'-CGCACTGAGTCGGGCAGAATG-3'), and approxi

mately 100 ng genomic DNA in a PCR mixture described above. All samples 

were cycled thirty-five times: 1 min/92°C denaturation, 1 min/55°C annealing, 

1 min/72°C extension, preceded by an initial denaturation of 3 min/94°C and 

followed by a final extension of 7 min/72°C. The PCR fragment was analyzed 

by НаеШ. restriction enzyme analysis. The 1080 TT genotype results in one 

fragment of 88 bp, the 1080 CC genotype in two fragments of 58 bp and 30 bp. 

The heterozygous genotype is displayed by three fragments (88,58, and 30bp). 

Statistical analysis. Differences in genotype, allele and haplotype distribution 

were assessed by chi-squared (χ2) analysis. Yates' correction was applied when 

testing in a 2X2 contingency table. Plasma homocysteine concentrations showed 

a non-normal distribution, and were therefore log-transformed prior to statis

tical analysis. The difference in geometric mean homocysteine concentrations 

between genotype subgroups were assessed by Student's f-tests. P-values were 

adjusted for age and sex by linear regression analysis. Odds ratios (OR) and 

95% confidence intervals (95% CI) for arterial occlusive disease, associated with 

the different CBS genotypes, were calculated with logistic regression analysis. 

Tests for trend were performed with linear regression analysis. All P-values 

reported are two-tailed, and statistical significance was accepted at Ρ <0.05. 

Results. 

Characteristics of study groups. Age, sex, and total plasma homocysteine concen

trations (i.e. fasting, post methionine load, and net increase upon methionine 

loading) for cases and controls separately are shown in table 1. Mean age did 

not differ between cases and controls, whereas a higher percentage males was 

observed among cases. 

Cases had a higher geometric mean fasting homocysteine (8%; P=0.06) and a 

higher geometric mean homocysteine concentration after methionine loading 

(8%; P<0.01) compared with controls. The net increase upon methionine 

loading (i.e. post-load minus fasting homocysteine concentration) was also 

higher in cases relative to controls (7%; P<0.01). 

Mild hyperhomocysteinemia, defined as a homocysteine concentration 

above the 90* percentile of the control group, was present if levels exceeded 

17 μπιοΙ/L in fasting state, 57 μιηοΙ/L after methionine loading, and 42 μιηοΙ/L 

as increase upon methionine loading. Age and sex-adjusted odds ratios, as 

estimates of the relative risk for arterial occlusive disease were 1.8 (95% CI: 0.7-

4.9), 2.8 (95% CI: 1.1-7.2), and 2.3 (95% CI: 0.8-7.0) for fasting, post-load and 

post-load increase hyperhomocysteinemia, respectively. 
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Table 1. Characteristics and plasma homocysteine concentrations of cases and con

trols. 

Age (years) 

Sex(% male) 

Fasting homocysteine (цтоІ/L) 

Geometric mean (ßmol/L) 

Post-load homocysteine (цтоІ/L) 

Geometric mean (ßmol/L) 

Post-load increase (цтоІ/L) 

Geometric mean (ßmol/L) 

Cases 

(n=184) 

48.7 ± 10.6 

76% 

13.9 ±6.4 

13.0 

42.3 ±15.0 

40.1 

28.5 ±12.0 

26.5 

Controls 

(n=87) 

50.8 ± 12.2 

31% 

12.7 ±4.4 

12.0 

39.3 ± 13.7 

37.3 

26.7 ±11.3 

24.7 

Ρ 

NS 

<0.001 

0.06* 

<0.01' 

<o.or 

"Student's f test, based on difference in geometric means between cases and controls, 
adjusted for age and sex differences. 

CBS genotype distributions and risk of arterial occlusive disease. 

Genotype distributions and allele frequencies for two CBS polymorphisms 

were compared between cases and controls (table 2). The genotype distribu

tions of both polymorphisms were in accordance with those calculated from the 

Hardy-Weinberg equilibrium (data not shown). CBS genotypes were investig

ated as risk genotypes in arterial occlusive disease. However, not any of the dif

ferences in CBS genotype nor in allele frequencies between cases and controls 

was statistically significant, nor was a particular CBS genotype associated with 

an elevated risk of arterial occlusive disease (table 2). Haplotypes were cal

culated on the basis of the CBS genotypes observed among cases and controls, 

and were not significantly different between both study groups (table 2). 

Association CBS genotypes and plasma homocysteine 
Fasting and post-load plasma homocysteine concentrations were determined, 
and associations with the CBS genotypes were studied. Because associations 
between CBS genotypes and plasma homocysteine were similar in cases and 
controls, we combined cases and controls to increase statistical power (table 3). 
For the 699C-»T polymorphism, plasma homocysteine concentrations (fasting, 
post-load and delta) were highest in 699 TT individuals, lowest in 699 CC 
individuals, whereas heterozygotes (CT) had intermediate plasma homocys-
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Table 2. CBS genotype, allele, and haplotype distribution in arterial occlusive disease 

patients and in controls. 

Polymorphism Patients Controls Odds Ratio1 

N(%) N(%) (95% CI) 

699C-T 

Genotypes 

CC 73 (40) 36 (43) 

CT 81 (45) 36 (43) 

TT 27 (15) 12 (14) 

χ2=0.15; P=0.93 

Alleles 

699С 227 (63) 108 (64) 

699Т 135 (37) 60 (36) 

χ^Ο.06; Ρ=0.80 

ΙΟβΟΤ-ΚΖ 

Genotypes 

TT 26(15) 10(15) 1.0-

TC 65(38) 31(46) 1.09(0.40-2.95) 

CC 81(47) 26(39) 1.14(0.45-2.86) 

χ2=1.60; P=0.45 

Alleles 

1080T 117 (34) 66 (38) 

1080C 229 (66) 106 (62) 

χ2=0.85; P=0.36 

Haplotype 

699С-1080С 115 (37) 47 (29) 

699С-1080Т 92 (30) 58 (36) 

699Т-1080С 103 (33) 57 (35) 

χζ=3.40; Ρ=0.18 

'Adjusted for age and sex 

'Reference category 

1.0* 

1.02 (0.55-1.90) 

1.04 (0.42-2.59) 
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teine concentrations. The difference in plasma homocysteine between 699 CC 
and 699 TT individuals was statistically significant only after methionine 
loading (P=0.02). A comparable association was observed for the 1080T->C 
polymorphism. Individuals with 1080 CC genotype had elevated plasma homo
cysteine concentrations compared with 1080 TT subjects. Again, heterozygotes 
(TQ had intermediate values. Differences in post-load homocysteine levels 
between 1080CC and 1080TT genotypes did not reach statistical significance. 
The test for linear trend tended to be statistically significant after a methionine 
loading test (P=0.08). Adjustment for plasma pyridoxal phosphate levels did 
not materially change the associations observed (data not shown). 

Discussion. 
Mildly elevated plasma homocysteine concentration has been shown to be an 
independent risk factor for cardiovascular disease in both prospective (51-53) 
and retrospective (5,6,8,9,201) case-control studies. Although most studies only 
assessed the relationship between fasting hyperhomocysteinemia and the risk 
of CVD, several studies also report on the association between elevated post 
methionine load homocysteine concentrations as a risk factor for cardiovascular 
disease (5,6,8,183,201,207,208). In the present study, only post-load homo
cysteine concentrations appeared to be significantly different between cases 
and controls, and a relative risk of 2.8 could be calculated for post-load hyper
homocysteinemia. As abnormal methionine tolerance has been reported to pro
vocate in particular the transsulfuration pathway (12,16,173), in which CBS is 
the regulating enzyme, these data suggest the involvement of suboptimal CBS 
function in hyperhomocysteinemia after methionine loading. 

In the present study, we analyzed neutral polymorphisms in the CBS gene as 
possible indicators of molecular CBS defects contributing to the risk of arterial 
occlusive disease. No differences in genotype distributions, allele frequencies, 
and haplotype distribution were found between cases and controls, indicating 
that no particular allele is overrepresented in vascular disease patients. How
ever, since sample sizes are small, and confidence intervals of associated relat
ive risks are relatively wide, cautiousness in conclusions is warranted. 

We also investigated the associations between CBS genotypes and plasma 
homocysteine concentrations, especially after methionine loading. Plasma 
homocysteine concentration after methionine-loading was significantly elev
ated in individuals with the 699TT genotype compared with individuals with 
699CC genotype. Furthermore, the 699C->T heterozygotes showed intermediate 
plasma homocysteine levels, indicating that the haplotype containing 699T 
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Table 3. Association between total plasma homocysteine and CBS 

CBS 

polymorphism 

699C->T 

CC 

CT 

TT 

Ρ* (TT vs C Q 

ρ ** 

1080T-K: 

TT 

тс 
cc 
Ρ* (CC vs TT) 

ρ*» 

Ν 

109 

117 

38 

36 

96 

107 

Fasting 

homocysteine 

(μιηοΙ/L) 

12.5 

12.6 

13.9 

0.08 

0.16 

11.8 

12.7 

13.0 

0.21 

0.17 

Post-load 

homocysteine 

(цтоІ/L) 

38.0 

39.0 

43.4 

0.02 

0.03 

36.1 

38.9 

40.4 

0.12 

0.08 

genotype. 

Increase in 

homocysteine 

(μπιοΙ/L) 

25.2 

25.9 

28.4 

0.09 

0.11 

23.6 

26.0 

26.7 

0.14 

0.14 

Total plasma homocysteine concentrations are expressed as geometric means in 
μιηοΙ/L. Increase in homocysteine reflects the net increase upon methionine loading 
(i.e. postload homocysteine minus fasting homocysteine). 
* Adjusted for age and sex. 
** Test for linear trend, adjusted for age and sex. 

might predispose to mild hyperhomocysteinemia only after methionine-

loading. For the 108OT-K2 transition no significant differences were observed in 

plasma homocysteine concentrations between individuals with different geno

types, although, for the after-load homocysteine concentrations, the statistical 

test for linear trend tended to be significant However, on the basis of haplo-

type analysis (table 2), only 50% of the 1080C alleles cosegregate on the haplo-

type with 699T, which may explain the lack of statistical significance. 

Our data seem compatible with one or more molecular defects in the CBS 

gene, causing mildly elevated post-load plasma homocysteine concentrations. 

These defects may therefore constitute a genetic risk factor for arterial occlusive 

disease. The molecular basis for the elevated plasma homocysteine levels after 

methionine loading remains to be solved. In general, mutations in regulatory 
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sequences may affect transcription levels or transcript stability (209). In recent 

studies, promoter sequence variants were reported leading to a predisposition 

to essential hypertension (203), and hyperlipoproteinemia (202) by affecting 

basal transcription levels of the angiotensinogen and apolipoprotein(a) gene, 

respectively. Furthermore, a common genetic variation in the 3' untranslated 

region of the prothrombin gene, probably affecting transcript stability, was 

found to be associated with elevated plasma prothrombin levels and an in

creased risk for venous thrombosis (210). Notwithstanding the association 

between CBS genotypes and post-load homocysteine levels, no differences in 

genotype and haplotype distributions, nor in allele frequencies were detected 

between cases and controls. The statistical power to detect such differences may 

have been too limited. Verhoef et al. (201) calculated a 20% higher risk on co

ronary artery disease per 12 μιηοΙ/L increase in post-load homocysteine con

centration. Theoretically, on the basis of the differences in plasma homocysteine 

levels between 699CC and 699TT individuals (i.e. 5.4 μιηοΙ/L) only a modest 

9% additional risk on arteriosclerosis could be calculated. 

Several aspects may have obscured our findings. Firstly, cases and controls 

were non-homogeneous study groups, differed in percentage males and 

originated from different geographical areas. Artifacts in population admixture 

may be overcome by the use of parental alleles as internal control for ethnic 

ancestry (205,211,212). Secondly, the polymorphisms used in this study only 

serve as a marker in linkage disequilibrium with a possible functional muta

tion, and not all risk alleles might carry the functional mutation. The genuine 

frequency and effect of this unknown mutation might therefore be diluted and 

underestimated in this study. Thirdly, the possible involvement of more than 

one molecular defect in the CBS gene needs to be considered, which may 

hinder our association study. Fourthly, the relative small numbers in this study, 

make our association susceptible to additional contributing elements. Pyridoxal 

5'-phosphate, an active form of vitamin Be, is the co-factor for CBS, and might 

have influenced the association. However, stratification for vitamin Be concen

tration in a subset of our cases, did not significantly affect the trends observed 

(data not shown). 

In conclusion, the present study indicates an involvement of molecular 

defects) in the CBS gene resulting in post-load hyperhomocysteinemia, which 

may therefore constitute a risk factor for arterial occlusive disease. Studies in 

large homogeneous populations are warranted to confirm or refute the present 

findings. 
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Summary, discussion, and friture perspectives 

Summary 

A general introduction on homocysteine metabolism, its relationship to 

cardiovascular disease and on the genetics of severe and mild hyperhomo-

cysteinemia is given in chapter 1. The studies in this thesis are presented in two 

parts: the first one on the molecular basis of severe hyperhomocysteinemia due 

to either CBS or MTHFR deficiency (Part 7; chapters 2-6), and the second one on 

the genetic causes of mild hyperhomocysteinemia in different forms of vascular 

disease (Part 2: chapters 7-11). 

In chapter 2, two novel mutations (494G-+A [C165Y] and 1111G-+A [V371M]) 

in the CBS gene, found in two Dutch homocystinuria patients are presented. 

Both mutations are present in compound heterozygous state with the panethnic 

833T-KI (I278T) mutation. Functional relevance of these mutations was postu

lated on the basis of evolutionary conservation of both wild type sequences. 

In chapter 3, the study on the molecular basis of homocystinuria due to severe 

MTHFR deficiency was presented. We analyzed the MTHFR gene by RT-PCR 

subsequently followed by direct sequencing for mutations, and found 4 novel 

mutations in 4 patients from Turkish/Greek ancestry: two nonsense mutations 

(1084C->T and 1711C->T) and two missense mutations (983A-H3 and 1027 

Т-ЧЗ). Absence of these missense mutations among 40 controls, albeit of 

different ethnic background, segregation of mutation with disease phenotype 

within families, and evolutionary conservation of the wild type amino acid 

sequence were indicative of functional relevance. 

In chapter 4, a hitherto unknown cause of severe hyperhomocysteinemia due 

to CBS deficiency was presented: a defective CBS regulation by AdoMet In a 

homocystinuria patient, we observed CBS activities comparable with those 

found in obligate heterozygotes, despite a homozygous 1330G->A (D444N) 

mutation in the regulatory domain of the CBS protein. CBS activity assays in 

the presence of different concentrations of the allosteric activator AdoMet 

revealed that this mutation interferes in normal regulation of the protein by 

AdoMet This defective regulation was observed in extracts of cultured 

fibroblasts as well as in an E.coli expression system, designed to analyze the 

functional relevance of CBS mutations. 

We analyzed in homozygous CBS deficient patients whether the coexistence 

of factor V Leiden or thermolabile MTHFR leads to an enhancement of the risk 

on venous thrombosis (chapter 5). In contradiction with a previous report in 

which factor V Leiden was postulated as an absolute prerequisite for throm

bosis in homocystinuria, we observed coexistence with factor V Leiden in only 

one out of six homocystinuria patients with venous thrombosis. On the other 

hand, we observed thermolabile MTHFR, caused by a homozygous 677C-»T 

transition in the MTHFR gene, frequently among homocystinuria patients, 
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especially among those who suffered from venous thrombosis: in this subgroup 
3 (50%) out of 6 patients had the thermolabile MTHFR genotype. The existence 
of an even higher homocysteine and less increased methionine concentrations 
in CBS patients with concomitant homozygosity for the 677C-+T mutation, led 
to the conclusion that thermolabile MTHFR might be a significant additional 
factor in the risk of venous thrombosis in homozygous CBS deficient patients 
due to a further derangement of homocysteine metabolism. 

In chapter 6, the molecular basis of homocystinuria due to CBS deficiency is 
described in 29 Dutch homocystinuria patients. Ten different mutations were 
detected, of which a 833T-KZ (I278T) transition was the most predominant 
mutation observed in 59% of the homocystinuric alleles. Functional relevance of 
mutations was demonstrated in an E.coli expression system. Twelve patients, 
who had the homozygous 833T-KZ genotype, were compared with 17 patients 
with another genotype. At diagnosis, homozygotes for the 833T-*C mutation 
had higher homocysteine concentrations than patients from the other genotype 
group. However, during follow-up, these 12 patients showed a larger decrease 
in homocysteine upon homocysteine-lowering treatment even on pyridoxine as 
the sole therapy. Clinically, no significant differences were noticed between 
patients from both genotype groups. Overall, in 378 patient-years of treatment, 
only two vascular accidents were recorded, whereas, if untreated or without 
any clinical effect of treatment, 30 events would have been expected (P<0.01), 
demonstrating the clinical benefit of homocysteine-lowering treatment in 
homocystinuria patients. 

In part 2, we investigated the genetic causes of mild hyperhomocysteinemia. 
The contribution of thermolabile MTHFR and possible molecular defects in the 
CBS gene to mild hyperhomocysteinemia and the risk of cardiovascular disease 
was analyzed. 

The genetic basis of thermolabile MTHFR is investigated in chapter 7. Ther
molabile MTHFR was biochemically assessed by preincubation of the lympho
cyte extract at 46°C for 5 min. A relatively common mutation in the MTHFR 
gene, a 677C-»T transition which causes the substitution of a conserved alanine 
to valine, resulted in decreased specific MTHFR activity in isolated lympho
cytes, and was highly correlated with the biochemically assessed thermolability 
of the protein. In vitro expression with a mutagenized MTHFR cDNA in E.coli 
proved that this mutation itself was a genetic basis of thermolabile MTHFR. 
The 677C-+T mutation in homozygous state was associated with significantly 
elevated plasma homocysteine concentrations and it was therefore postulated 
that this mutation might represent a significant genetic risk factor for vascular 
disease. 
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We analyzed the MTHFR mutation as a risk factor for arterial occlusive 
disease in a case-control design (chapter 8). Sixty patients with different forms 
of arterial disease and 111 controls recruited from a general practice were 
analyzed for this mutation, and specific and residual MTHFR activities were 
measured in isolated lymphocytes. The mutation was associated with de
creased specific MTHFR activity and increased thermolability of the protein. 
The mutation in homozygous state, denoted as (+/+) genotype, was associated 
with significantly elevated plasma homocysteine concentrations, and was 
found three times more prevalent among patients compared with controls. A 
negative correlation between plasma homocysteine and folate concentrations 
was observed in individuals with the (+/+) genotype. It was therefore con
cluded that this mutation in homozygous state seemed a genetic risk factor for 
arterial occlusive disease, leading to a three-fold increase in risk of vascular 
disease, a risk likely modulated by plasma folate concentrations. 

The MTHFR mutation was investigated as a genetic risk factor for coronary 
artery disease (CAD) (chapter 9). The prevalence of the mutation was analyzed 
in patients with angiographically assessed CAD enrolled in the Dutch Regres
sion Growth Evaluation Statin Study (REGRESS), a lipid-lowering coronary-
regression trial, and in 1,250 Dutch population-based controls. The frequency of 
the (+/+) genotype was higher among patients (9.5%) versus controls (8.5%), 
albeit not statistically significantly (odds ratio (+/+) versus (-/-) genotype: 
1.21 [95% CI: 0.87-1.68]). The odds ratios observed were similar to the odds 
ratios which could theoretically be calculated on the basis of small differences 
in homocysteine concentrations between the different genotypes. We also per
formed a meta-analysis of 8 published case-control studies in which the risk of 
the MTHFR mutation in CAD was investigated. The summary estimate of the 
relative risk of the homozygous mutation yielded an odds ratio of 1.22 (95% CI: 
1.01-1.47), indicating that the (+/+) genotype leads to a modest but significant 
22% higher risk on CAD. 

We furthermore investigated this mutation as a risk factor for deep-vein 
thrombosis, in the Leiden Thrombophilia Study (LETS) (chapter 10). The LETS 
is a population-based case-control study of 474 patients with an objectively 
confirmed first episode of deep-vein thrombosis and 474 age- and sex-matched 
population-based controls. Den Heijer et al. (9) showed in the LETS, that mild 
hyperhomocysteinemia was an independent risk factor for deep-vein throm
bosis. The homozygous (+/+) MTHFR genotype was equally distributed over 
patients (10%) and controls (9.9%), resulting in an odds ratio of 1.05 (95% CI: 
0.7-1.6) versus (-/-) genotype. Again, the (+/+) genotype was associated with 
significantly elevated plasma homocysteine concentrations, and its frequency 
was increased up to 50% in individuals with a plasma homocysteine concen-
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tration above 22 μιηοΙ/L. We also investigated a possible interaction with factor 

V Leiden, the most common heritable cause of deep-vein thrombosis. We did 

not find an overrepresentation of a combination of both mutations in patients 

with thrombosis, indicating that the presence of both genetic variants does not 

lead to an increased risk of deep-vein thrombosis compared with factor V 

Leiden alone. This observation was supported by the results of a meta-analysis, 

in which we did not observe an increased risk on deep-vein thrombosis in 

factor V Leiden carriers with concomitant thermolabile MTHFR. We therefore 

concluded that thermolabile MTHFR is not a major risk factor for deep-vein 

thrombosis, irrespective of factor V Leiden. 

We investigated the possibility of an involvement of CBS in hyperhomo-

cysteinemia and arterial occlusive disease (chapter 11). Although heterozygosity 

for CBS deficiency is an unlikely cause of mild hyperhomocysteinemia (see 

chapter 8), this does not exclude mildly impaired CBS function as a contributor 

to mild hyperhomocysteinemia and vascular disease. We analyzed two neutral 

polymorphisms in the CBS gene as markers of molecular defects in coding or 

non-coding regions of the CBS gene, and assessed their association with fasting 

as well as post-methionine load homocysteine concentrations. No differences 

were observed in genotype, allele or haplotype distribution between cases and 

controls. Nevertheless, association of plasma homocysteine levels and CBS 

genotype revealed significantly elevated post-load homocysteine concentra

tions in individuals with the 699TT genotype versus those with a 699CC geno

type (P=0.02). A test foT linear trend for differences in post-load homocysteine 

levels between individuals with different 1080T-KZ genotypes, tended to be 

statistically significant (P=0.08). The results of this study suggest the existence 

of molecular defects in the CBS gene predisposing to elevated plasma homo

cysteine concentrations after methionine load, which may contribute to the risk 

ofCVD. 

Discussion 

Patients with severe hyperhomocysteinemia and homocystinuria have, irre

spectively of the underlying enzymatic deficiency, a very high risk on 

arteriosclerosis and thrombosis, and may suffer from mese vascular complic

ations already in early adolescence or even in childhood (27,31). This 

observation, first published by McCully (3,50), led to the theory that homo

cysteine itself is toxic for the vascular system. Since, many epidemiological 

studies have been performed to assess the strength of the relationship between 

elevated homocysteine concentrations and vascular disease, and meta-analysed 

data indicated that a 5 μιηοΙ/L increase in homocysteine leads to a 60% higher 
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risk on coronary artery disease, comparable to the effect of an increase of 
0.5 mmol/L cholesterol (7). The latter indicates equal strength as a risk factor 
for premature vascular disease as hypercholesterolemia, and in a recent col
laborative European study it was shown that elevated homocysteine constitutes 
a graded and independent risk factor for premature arteriosclerosis, with 
strong interactive effects with smoking and hypertension (8). 

Hyperhomocysteinemia may occur in fasting state or after a methionine 
loading test In large studies, similar relative risks have been calculated foT 
vascular disease using either fasting or post-load hyperhomocysteinemia (7,8). 
An elevated plasma homocysteine concentration in fasting state is postulated to 
reflect abnormalities in homocysteine remethylation, whereas an abnormal 
increase in homocysteine concentration upon a methionine loading test is 
considered to reflect aberrant homocysteine transsulphuration (12,16). On the 
basis of fasting homocysteine concentrations alone, about 25-40% of subjects 
with a methionine intolerance would not have been detected, but for their 
disclosure the performance of a methionine loading test is a prerequisite 
(8,208). The methionine loading test may be discriminating between three 
different categories of individuals with hyperhomocysteinemia: those with 
(1) isolated fasting or (2) post-load hyperhomocysteinemia, and (3) those who 
exhibit both fasting and post-load hyperhomocysteinemia, and these categories 
may represent different groups with regard to the origin of mild hyperhomo
cysteinemia. Twin studies (76) and family studies (78,79,213) suggest that both 
fasting and post-load mild hyperhomocysteinemia are strongly genetically 
based. 

In the study presented in chapter 8, heterozygosity for CBS deficiency was 
excluded as a significant cause of mild hyperhomocysteinemia in vascular 
disease. No heterozygotes for the 833T-KZ (I278T) transition in the CBS gene, 
the most predominant mutation among Dutch homocystinuria patients (chap
ter 6), were found among 60 vascular disease patients. These observations were 
at variance with earlier enzymatic reports of heterozygosity for CBS deficiency 
as the origin of mild hyperhomocysteinemia in vascular disease patients (5,6), 
but corroborated recent genetic studies (96,175). Furthermore, the frequency of 
heterozygosity for CBS deficiency is simply too low to constitute a significant 
cause of mild hyperhomocysteinemia in the general population (10-20%) (168). 

Homozygosity for a common mutation in the MTHFR gene (677C-+T), 
subject of study in chapters 7-Í0, has been elucidated as a genetic basis of ther-
molabile properties of the MTHFR protein, and was associated with reduced 
enzyme activity (chapter 7 and 8) and elevated plasma homocysteine concen
trations (chapters 7-10). In a meta-analysis, the mutation in homozygous state 
appeared to be a genetic risk factor for coronary artery disease - albeit not a 
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strong one - (chapter 9), but in venous thrombosis this risk status is still open for 
research as sufficient number of cases and controls to address this question 
have not been investigated yet The risk associated with homozygosity for the 
677C-»T mutation varies between different studies which may be caused by 
differences in inclusion criteria, age, or dietary intake of important nutrients or 
multi-vitamins. Especially in homozygotes for this transition, folate concen
trations regulate homocysteine homeostasis (100,176), and differences in folate 
status may explain the divergent results. 

In their study on plasma homocysteine and folate on the risk of CAD, Pan-
charuniti et al. (199) observed elevated plasma homocysteine concentrations in 
CAD patients versus controls in each folate stratum, pointing to causes of mild 
hyperhomocysteinemia unrelated to folate metabolism. The finding of an 
association between CBS polymorphisms and elevated plasma homocysteine 
concentrations after methionine loading (chapter 11) is in line with this obser
vation. Mutations in the coding region of the CBS gene are unlikely to con
tribute to mild hyperhomocysteinemia (chapters 8 and 11) and, more probably, 
molecular defects in regulatory sequences may be implicated (202,203,210). The 
actual cause of the post-load mild hyperhomocysteinemia remains to be 
elucidated, but a reduced transcription rate or transcript stability of CBS 
mRNA deserves attention. The observation of CBS genotypes predisposing to 
elevated plasma homocysteine concentrations certainly indicates the need of 
methionine loading tests in the diagnosis of mild hyperhomocysteinemia, 
although it may be too laborious, and too expensive to include this test in large 
epidemiological studies. 

Causality between hyperhomocysteinemia and vascular disease should be 
assessed separately in severe and mild hyperhomocysteinemia. In Dutch pa
tients with severe hyperhomocysteinemia due to CBS deficiency, homocysteine-
lowering treatment proved to be clinically beneficial in significantly reducing 
the risk on vascular disease (chapter 6), suggesting that a severely elevated 
plasma homocysteine concentration itself is pathological. Support for this 
hypothesis was also obtained by the study presented in chapter 5, in which was 
demonstrated that concomitant thermolabile MTHFR increased additionally the 
risk on venous thromboembolism in homocystinuria patients, probably by a 
further accumulation of plasma homocysteine. In mild hyperhomocysteinemia, 
the causality between hyperhomocysteinemia and vascular disease still lacks 
the ultimate proof. If homocysteine is causally related to vascular disease, it is 
expected to find determinants of elevated plasma homocysteine more often 
among cases than controls. The results of the studies on the thermolabile 
MTHFR variant (chapters 8-10), which is a genetic determinant of plasma 
homocysteine levels, support a causal relationship. The risk of the homozygous 
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677C-»T transition observed in a large Dutch study on CAD (chapter 9) equaled 
the risk which could be calculated on the basis of difference in homocysteine 
per genotype. Likewise, also the observation of Van den Berg et al. (214), who 
analyzed parameters of endothelial dysfunction upon treatment in patients 
with arteriosclerosis and hyperhomocysteinemia, is indicative of a causal 
relationship. Therapy normalized plasma homocysteine levels and appeared to 
ameliorate endothelial dysfunction. However, evidence of reduction of vascular 
events upon treatment needs to be provided. Dietary folate and pyridoxine 
intake in the general population to reduce cardiovascular morbidity and 
mortality, is too low to normalize plasma homocysteine levels. However, public 
health recommendations regarding dietary supplementation with folic acid 
may substantially reduce plasma homocysteine concentrations and possibly the 
risk of cardiovascular disease (7,215). Nevertheless, at present, there are insuf
ficient data to fully justify such a recommendation. 

Future perspectives 
The studies presented in part 2 of the present thesis have contributed to the 
identification of genetic causes of mild hyperhomocysteinemia. The effect of the 
homozygous 677C->T mutation in the MTHFR gene on fasting plasma 
homocysteine concentrations is modulated by plasma folate concentrations 
(176,216), and only in those individuals with low folate status, this mutation 
leads to an elevated plasma homocysteine concentration. In future studies the 
effect modification of the MTHFR mutation by folate status and intake should 
be investigated, to provide a rational basis for additional folate intake in 
homozygotes for the 677C-»T mutation. The 677C-»T mutation can only partly 
explain the mild hyperhomocysteinemia observed in fasting state. As fasting 
homocysteine concentration depends on the efficiency of homocysteine re-
methylation, other molecular defects in remethylation may contribute to mild 
hyperhomocysteinemia as well. Candidate genes, next to MTHFR, include MS 
(methionine synthase), BHMT (betaine-homocysteine methyltransferase), 
SHMT (serine hydroxymethyltransferase), MTHFD (methylenetetrahydrofolate 
dehydrogenase), and genes encoding regulatory proteins or leading to the for
mation of (co)-substrates involved in homocysteine remethylation. These 
candidate genes may be subjected to mutation analysis, and associations be
tween novel mutations and plasma homocysteine concentrations might elucid
ate other genetic determinants of mild hyperhomocysteinemia. 

The observation of an association between CBS genotypes and elevated 
plasma homocysteine concentrations only after methionine loading should 
direct further attention to the identification of the molecular basis of this 
specific homocysteine elevation. Such a study may comprise the search for 
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common sequence variants in regulatory sequences, the quantification of CBS 

mRNA steady-state levels, and tests of promoter function using reporter genes. 

Thereafter, effect modification by gene-environment interactions may be 

studied in further detail. 

The identification of different causes of mild hyperhomocysteinemia, both in 

fasting state or after methionine loading, may have its repercussions on homo

cysteine lowering intervention. Intervention by folic acid lowers fasting as well 

as after methionine load plasma homocysteine levels (217,218), whereas 

vitamin Bé has been shown to effectively lower post-load homocysteine concen

trations (163,219). Whether homocysteine-lowering intervention is clinically 

beneficial remains to be established in large randomized clinical trials. In those 

trials, it may be worthwhile to study the effects of different dosages of folic acid 

and vitamin Be, to achieve a safe and efficient intervention. 

Possible mechanisms of elevated homocysteine in vascular pathogenesis 

have been the subject in many studies, but are, as yet, only partially under

stood, and need further exploration. Recent studies have shown that homo

cysteine promoted DNA synthesis in smooth muscle cell (220) by induction of 

cyclin A gene expression (221), and increased transcription of cyclin-dependent 

kinase, a regulatory protein in mitosis (222). Adverse effects of homocysteine 

on vascular endothelial function (223), endothelium-dependent vasodilation 

(224), thrombomodulin surface expression (225), protein С activation (197), 

tissue factor activity (1%), and on susceptibility of low density lipoproteins to 

oxidation (226) have also been described as possible mechanisms by which 

homocysteine provokes arteriosclerosis and thrombosis. However, most in vitro 

studies have been performed with non-physiological concentrations of homo

cysteine (up to 10 mM); concentrations more than 10 times higher than those 

observed in CBS deficient patients. Furthermore, in blood, only about 1% of all 

homocysteine moieties is present in its reduced state. Addition of reduced 

homocysteine in non-physiological concentrations leads to a large shift in 

cellular redox status, and the relevance of these studies is ambiguous. Future 

studies on the elucidation of the exact pathological mechanism of hyperhomo

cysteinemia will involve the use of a transgenic mouse model to study the 

effects of hyperhomocysteinemia on the vascular wall in vivo. A refined in vitro 

model to study the effect of homocysteine on differences in gene expression 

within the endothelial or smooth muscle cells as a response to homocysteine 

stimuli is differential display (227) using these cells cultured in vitro under 

various homocysteine stress conditions. Different homocysteine concentrations 

may be applied to mimic severe and mild hyperhomocysteinemia, in which 

circumstances also differences in mRNA transcription could be quantitatively 

assessed. 

160 



Samenvatting 

Samenvatting 
Na een algemene introductie over het homocysteine metabolisme, de relatie 
van hyperhomocysteinemie met hart- en vaatziekten en de genetica ervan, 
wordt het in dit proefschrift beschreven onderzoek onderverdeeld in: (1) de 
genetische oorzaken van ernstige hyperhomocysteinemie ten gevolge van 
cystathionine ß-synthase (CBS) of methyleentetrahydrofolaat reductase 
(MTHFR) deficiëntie (hoofdstukken 2-6), en (2) de genetische oorzaken van 
milde hyperhomocysteinemie bij verschillende vormen van vaatlijden (hoofd
stukken 7-12). 

In hoofdstuk 2 werden twee nieuwe mutaties gepresenteerd in het CBS gen 
(494G-+A [C165Y] en 1111G->A [V371M]), die in heterozygote vorm gevonden 
werden bij twee Nederlandse homocystinurie patiënten. Beide mutaties bij 
deze patiënten zijn aanwezig in combinatie met de wereldwijd voorkomende 
833T-*: (I278T) mutatie. 

In hoofdstuk 3 werd de moleculair genetische achtergrond van ernstige 
MTHFR deficiëntie beschreven. In deze studie hebben we met behulp van de 
RT-PCR (Reverse Transcriptase-Polymerase Chain Reaction) techniek het 
MTHFR gen geanalyseerd, waarbij 4 nieuwe mutaties werden gevonden in 
patiënten van Turkse/ Griekse afkomst: twee "nonsense" mutaties (1084C-*T en 
1711C->T), en twee "missense" mutaties (983А-Ю en 1027T-*G). De missense 
mutaties, waarbij de wildtype aminozuren geconserveerd zijn in de evolutie, 
werden niet gevonden bij 40 Nederlandse controles, en ze segregeerden met 
het ziekte fenotype binnen de belaste families, hetgeen indicaties zijn voor de 
functionele betrokkenheid'van de mutaties in ernstige MTHFR deficiëntie. 

In hoofdstuk 4, werd een 'nieuwe' oorzaak van ernstige hyperhomocysteine
mie ten gevolge van CBS deficiëntie beschreven: een verstoorde regulatie van 
het CBS eiwit door S-adenosylmethionine (AdoMet). In fibroblasten van een 
homocystinurie patiënt werd een CBS activiteit gevonden die vergelijkbaar was 
met die in obligaat heterozygoten voor CBS deficiëntie, ondanks de identificatie 
van een homozygote 1330G->A (D444N) mutatie in het regulatoire domein van 
het CBS eiwit Activiteits-metingen van CBS in aanwezigheid van wisselende 
concentraties van de activator AdoMet wezen uit dat de mutatie de normale 
regulatie van het CBS eiwit door AdoMet beïnvloedt Deze verstoorde regulatie 
werd zowel waargenomen in gekweekte fibroblasten, als in het E.coli expressie-
systeem. 

In hoofdstuk 5 werd onderzocht of het voorkomen van factor V Leiden of van 
de mermolabiele MTHFR variant in patiënten met ernstige hyperhomocysteine
mie leidt tot een extra verhoogd risico op veneuze trombose. In tegenstelling tot 
een recente hypothese dat trombose alleen optreedt indien de homocystinurie 
patiënt tevens drager is van de factor V Leiden variant, vonden wij deze combi
natie bij slechts één van de zes homocystinurie patiënten met veneuze trombo
se. Een verrassende bevinding was het relatief frequent voorkomen van de 
fhermolabiele MTHFR variant, veroorzaakt door een homozygote 677C-+T mu
tatie in het MTHFR gen, voornamelijk onder die homocystinurie patiënten, 
waarbij trombotische complicatie werd vastgesteld: in deze subgroep bij 3 van 
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de 6 patiënten. De bevinding van sterker verhoogde homocysteine 
concentraties bij deze patiënten, leidde tot de conclusie dat thermolabiel 
MTHFR een belangrijke additionele risicofactor is voor veneuze trombose m 
homocystinurie patiënten door een verdere verstoring van het homocysteine 
metabolisme. 

In hoofdstuk 6 werd de moleculaire basis van ernstige hyperhomocysteinemie 
ten gevolge van CBS deficiëntie beschreven in 29 Nederlandse homocystinurie 
patiënten. Totaal werden 10 verschillende mutaties gevonden, waarvan de 
833T-KZ (I278T) mutane het meest frequent voorkomt m 59% van de allelen 
werd deze mutatie aangetroffen. De functionele betekenis van de mutaties 
werd aangetoond m een E.coh expressie-systeem. Op grond van het CBS 
genotype werden de patiënten onderverdeeld m twee groepen: 12 patiënten 
met de 833T-KZ mutatie m homozygote vorm en 17 patiënten met een ander 
CBS genotype. Deze twee groepen werden onderling vergeleken met betrek
king tot de klinische en biochemische expressie van de CBS deficiëntie, en het 
effect van homocysteine verlagende therapie. Bij de diagnose hadden de 
833T-*C homozygoten gemiddeld een hogere homocysteine concentratie m het 
bloed dan de patiënten met het andere genotype, maar vertoonden een betere 
biochemische respons op homocysteine verlagende therapie, zelfs op pyri-
doxine (vitamine Вб) alleen. Bi] de diagnose waren er geen significante verschil
len m klinische presentatie tussen beide groepen. Homocysteine-verlagende 
therapie bleek klinisch effectief te zijn: in 378 panënt-jaren van behandeling 
werden slechts twee vasculaire complicaties waargenomen bij een patiënt met 
homozygoue voor 833T-»C en bij één patiënt met een ander genotype, terwijl 
er, zonder behandeling, minimaal 30 konden worden verwacht 

In deel 2 van het proefschrift is het onderzoek beschreven naar de genetische 
oorzaken van milde hyperhomocysteinemie bij patiënten met hart- en vaat
ziekten. De MTHFR en CBS genen zijn onderzocht op hun betrokkenheid bij 
milde hyperhomocysteinemie en het risico op hart- en vaatziekten. 

Het onderzoek naar de genetische basis van thermolabiel MTHFR werd 
beschreven m hoofdstuk 7. De activiteit van thermolabiel MTHFR werd bepaald 
door een preïncubabe van het lymfocyten extract bij 46°C gedurende 5 mi
nuten. Een relatief frequente mutabe m het MTHFR gen, een 677C-»T transitie 
die leidt tot de substitutie van het geconserveerde aminozuur alanine door vali
ne, resulteerde m verlaagde specifieke MTHFR activiteit in geïsoleerde 
lymfocyten, en verminderde thermostabiliteit van het eiwit In vitro expressie 
met een gemuteerd MTHFR cDNA toonde aan dat de mutabe zelf de geneti
sche basis vormt van thermolabiel MTHFR. De 677C->T mutatie m homozygote 
vorm was geassocieerd met significant verhoogde homocysteine concentraties. 
Deze mutatie is dus mogelijk een genetische risicofactor voor hart- en vaat
ziekten. 

In hoofdstuk 8, werd de MTHFR mutatie als risicofactor voor artériosclérose 
onderzocht m een patiënt-controle onderzoek. Zesng patiënten met diverse 
vormen van arteneel vaatlijden en 111 controles uit een huisartsenpraktijk 
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werden gescreend op de mutatie. Tevens werd de specifieke activiteit en de 
Testactiviteit na hitte incubatie gemeten in geïsoleerde lymfocyten. De mutatie 
bleek geassocieerd tE zijn met verlaagde specifieke MTHFR activiteit en 
toegenomen thermolabiliteit van het eiwit De mutatie in homozygote vorm, 
aangeduid met (+/+) genotype, is geassocieerd met significant verhoogde 
homocysteine concentraties, en was drie keer zo frequent aanwezig bij patiën
ten in vergelijking met controles. Een associatie tussen plasma homocysteine 
concentraties en foliumzuur status werd gevonden in individuen met het (+/+) 
genotype. Er werd geconcludeerd dat deze mutatie in homozygote vorm een 
genetische risicofactor is voor artériosclérose, leidend tot een drie-voudige 
toename in het risico op vaaÜijden, een risico dat waarschijnlijk gemoduleerd 
wordt door de foliumzuur concentratie in plasma. 

In hoofdstuk 9 werd het onderzoek beschreven waarin de thermolabiele 
MTHFR variant werd onderzocht als risicofactor voor coronair vaaÜijden bij 
een grote groep patiënten. De prevalentie van deze mutatie werd onderzocht in 
735 patiënten met angiografisch aangetoond coronair vaaÜijden 'uif de 
Nederlandse REGRESS (Regression Growth Evaluation Statin Study) studie, en 
in 1250 Nederlandse controles. De frequentie van het (+/+) genotype was 
hoger bij patiënten (9,5%) dan bij controles (8,5%); ditverschü was echter niet 
significant (odds ratio (+/+) versus (-/-) genotype: 1,21 [95% Betrouwbaar
heidsinterval: 0,87-1,68]). De odds ratios die gevonden werden in deze studie 
kwamen overeen met de odds ratios die kunnen worden berekend op grond 
van de verschillen in homocysteine concentraties per genotype. In dit hoofd
stuk werden tevens de resultaten gepresenteerd van een meta-analyse van 8 ge
publiceerde patiënt-controle studies, waarin tevens het risico van de thermo
labiele MTHFR variant in coronair vaaÜijden werd onderzocht De odds ratio 
van het (+/+) genotype, als schatting van het relatieve risico van deze homozy
gote mutatie, bedroeg 1,22 (95% BI: 1,01-1,47), hetgeen aangeeft dat het (+/+) 
genotype leidt tot een 22% hoger risico op coronair vaaÜijden. 

In hoofdstuk Ί0 werden de resultaten gepresenteerd van het onderzoek in 
'The Leiden Thrombophilia Study' (LETS) naar de thermolabiele MTHFR 
variant als risicofactor voor diep-veneuze trombose. De LETS studie is een 
onderzoek waarbij 474 patiënten met een objectief gediagnostiseerde eerste 
optreden van diep-veneuze trombose, en 474 controles met dezelfde leeftijds-
en geslachtsverdeling worden vergeleken. In deze studie was reeds door Den 
Heijer (9) aangetoond, dat milde hyperhomocysteinemie een risicofactor is voor 
diep-veneuze trombose. Het (+/+) genotype was gelijk verdeeld over patiënten 
(10,0%) en controles (9,9%), hetgeen resulteerde in een odds ratio van 1,05 (95% 
BI: 0,7-1,6). Het (+/+) genotype was geassocieerd met significant verhoogde 
plasma homocysteine concentraties, en meer dan 50% van de individuen met 
een homocysteine concentraties boven de 22 μιηοΙ/L had het (+/+) genotype. 
Vervolgens werd een mogelijke interactie met factor V Leiden, de meest 
voorkomende erfelijke oorzaak van veneuze trombose, onderzocht Het gecom
bineerd voorkomen van beide mutaties resulteerde echter niet tot een verhoogd 
risico op trombose in vergelijking met dragerschap van de factor V Leiden 
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variant alleen. Uit het onderzoek in de LETS studie werd geconcludeerd dat 
thermolabiel MTHFR geen belangrijke risicofactor is voor diep-veneuze trom
bose, onafhankelijk van de aanwezigheid van factor V Leiden. Deze conclusie 
werd bevestigd door de resultaten van een kleine meta-analyse van andere 
studies tot nu toe. 

In hoofdstuk 11 onderzochten we de betrokkenheid van CBS bij hyperhomo-
cysteinemie en arterieel vaatlijden. Hoewel heterozygotie voor CBS deficiëntie 
zeer waarschijnlijk geen belangrijke oorzaak is van hyperhomocysteinemie (zie 
ook hoofdstuk 8), sluit dit enige betrokkenheid van CBS in milde hyperhomo
cysteinemie en hart- en vaatziekten niet geheel ui t We analyseerden twee 
neutrale polymorfismen in de coderende regio van het CBS gen als markers 
van genetische defecten in niet-coderende gebieden, en onderzochten de asso
ciatie ervan met nuchtere en mefhionine-belaste plasma homocysteine concen
traties in 184 patiënten met arterieel vaatlijden en in 87 controles. Geen 
verschillen werden gevonden in genotype, allei of haplotype distributie tussen 
patiënten en controles. Desalniettemin, hadden individuen met het 699TT 
genotype significant hogere homocysteine waarden na methionine belasting 
dan degenen met het 699CC genotype (P=0,02). Een statistische test voor 
lineaire trend voor de verschillen in homocysteine concentraties na methionine 
belasting tussen individuen met verschillende 1080T-KZ genotypen was statis
tisch bijna significant (P=0,08). Deze resultaten geven aan dat er mogelijk toch 
genetische defecten aanwezig zijn in het CBS gen, die resulteren in verhoogde 
homocysteine concentraties na methionine belasting, en daarmee mogelijk 
bijdragen aan het risico op arterieel vaatlijden. 

Tot slot werden in hoofdstuk 12 de resultaten van deze studies samengevat, 
bediscussieerd, en worden suggesties voor verder onderzoek gegeven. 
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Dankwoord 

Tot slot het meest gelezen, en daardoor moeilijkste hoofdstuk uit dit boekje: het 
dankwoord. Zoals alle promovendi opmerken: promoveren doe je niet alleen. 
Ds ben dan ook (zeer) veel mensen dank verschuldigd. 

Op de eerste plaats mijn promotor, Prof. Dr. Ir. J.M.F. Trijbels. 
Beste Frans, door mijn voorgangers (en dat zijn er velen!) is al reeds veel over je 
geschreven, maar wellicht nog meer verzwegen. Jouw betrokkenheid bij de 
onderzoeken van jouw promovendi is bewonderenswaardig. Zelfs één van je 
favoriete bezigheden, het kijken naar en het volgen van het (inter)nationale 
voetbal, wordt zonder problemen opzij geschoven voor het corrigeren van 
diverse manuscripten. Dit laatste gebeurde altijd in 'no time' (in 1,3 ± 0,4 da
gen), met bruikbare alternatieven voor verbetering. 
Mijn co-promotores, Dr. H.J. Blom en Dr. G.H.J. Boers. 

Beste Henk, met veel enthousiasme en op inspirerende en aanstekende wijze 
geef je leiding aan het homocysteine onderzoek binnen het lab. Altijd had je 
een luisterend oor, en jouw deur stond altijd open voor een goed gesprek, ook 
over niet-wetenschappelijke zaken. Jouw interesse in de persoon en het privé-
leven 'achter7 de onderzoeker waardeer ik enorm. Je zorgde er tevens voor dat 
in mijn manuscripten de 'rode-lijn' zichtbaar bleef. Ik hoop vanuit Philadelphia 
nog veel met je samen te werken binnen het homocysteine onderzoek. 
Beste Frits, jouw eigen promotie-onderzoek vormde de basis van veel homo
cysteine onderzoek, en was het startpunt voor dit boekje. Nauwgezet wist je de 
klinische data nodig voor hoofdstuk 6 in kaart te brengen, en al mijn 'toetsen
bordvruchten' kritisch te beoordelen en te verbeteren. Ik vond het bijzonder om 
met je te mogen samenwerken, en ik hoop dat dit boekje niet het einde hiervan 
betekent 

Dr. L.P.W.J. van den Heuvel, beste Bert vanaf het begin heb jij je bijdrage gele
verd aan het onderzoek. Door jouw inzet en bevlogenheid heeft het DNA-
onderzoek van ons lab een flinke stap voorwaarts gedaan. 
Erik, Sandra en Raoul. Bedankt voor jullie analytische ondersteuning in mutatie
analyse en enzym-assays. Jullie hebben niet altijd de leukste klusjes gehad. 
Addy, Dinny, en Maria. Zonder betrouwbare homocysteine metingen is er geen 
onderzoek mogelijk. Jullie bijdrage is dan ook van onschatbare waarde 
geweest Henriette, jouw CBS en MTHFR enzym-assays brachten mij veel 
patiënten voor DNA-onderzoek. 
De collega's van het DNA-lab {Belinda, Garin, Erik, Henk (vD), Iwan, Jan, 
Maarten, Marjan, Nathalie, Peter, Ralf, Roel, Sander en Sandra). Bedankt voor alle 
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leuke gesprekken (ook via het netwerk), discussies, ie-meeltjes, etentjes en 
borrels. 
Het 'Carpool-team Westervoorf : Jenneke, John en Hanneke. Vele uren stonden we 
in de file voor de Waalbrug. Met leuke gesprekken en veel muziek kwamen we 
die tijd door. 
Inge en Stefanie. Vele bloedmonsters kwamen via jullie bij mij. Dank voor deze 
medewerking, eerst dichtbij op het 'urinelab', later iets verder weg. 
Twee mensen achter de schermen die vaak worden vergeten maar ook wel eens 
met name genoemd mogen worden: Maja (wat zouden we kunnen zonder 
schoon glaswerk?) en Frans (Z) (voor alle logistieke zaken, en leuke gesprekken 
over het voetbal). 
Anita en Willianne. Bedankt voor het fungeren als klankbord. Met veel plezier 
denk ik terug aan de vele E-mails en het 'ochtend-gesprek'. 
De vele collega's van Lab. Kindergeneeskunde en Neurologie, de toevallige 
voorbijgangers hier niet met name genoemd: voor een leuk gesprek op de gang, 
tijdens de koffie, thee of lunch (!). Ook jullie bijdrage aan de goede werksfeer is 
onmisbaar geweest De 'oud'-collega's van DNA-diagnostiek: deze keer is er 
wel een feest! 
Marcel Straetemans en Marieke de Visser. Dank voor jullie inzet en collegialiteit 
tijdens jullie onderzoeksstages op 'mijn' project Laten we de contacten per E-
mail in stand houden. 
Martin den Heijer. Jouw controlegroep is van grote waarde voor veel onderzoek 
binnen de homocysteine groep en is de basis voor diverse hoofdstukken in dit 
boekje. 
Petra Verhoef (LUW). Hartelijk dank voor je inzet vriendschap en het 'draaien' 
van statistische analyses op die momenten dat ik de data nodig had. 
Prof. dr. J.P. Kraus, University of Colorado, Denver, USA. Dear Jan, I never had 
the opportunity to work in your lab. Thanks to your E.coli expression system, 
we were able to demonstrate the functional relevance of many mutations 
summarized in chapters 4 and 6. Thank you for your confidence, all discussions 
and beers during the conferences (Sierra Nevada, FASEB meetings), and your 
support throughout the years. 
Alle vrienden, familie en bekenden die steeds informeerden naar de voortgang 
van mijn onderzoek. Met name wil ik Willem en Hedwig Groothuis bedanken 
voor de belangstelling in mijn onderzoek en bijdrage aan mijn boekje. 
All sponsors. Thank you for your generous contributions to the printing costs 
of my thesis. 
Mijn paranimfen. Marcel, bedankt dat je mijn paranimf wilt zijn. Ik houd me 
warm aanbevolen om de rollen nog eens om te draaien! Belinda, dank voor je 
collegiale inzet en de gezelligheid tijdens het laatste congres in Baltimore. 
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Carolina, Martin, Rense, Rob, Dannie, Wendy en Manfred voor de broodnodige af
wisseling in de weekendjes Denekamp. 
Mijn schoonouders. Pa en Ma, bedankt voor jullie steun in de afgelopen jaren. 
Ik hoop dat 'promoveren' na vandaag een betekenis heeft gekregen. 
Mijn ouders. Lieve Pa en Ma, bedankt voor jullie onvoorwaardelijke steun en 
vertrouwen in mij. Jullie hebben de basis gelegd voor dit resultaat Het is 
daarom ook aan jullie opgedragen. 

And last but certainly not least Monique. Jouw bijdrage is moeilijk in woorden 
uit te drukken, en uitte zich in vele (kleine) dingen. Ik zal er zijn voor jou, zoals 
jij er was voor mij. 
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1. Heterozygotie voor cystathionine ß-synthase deficiëntie is geen 
belangrijke oorzaak van milde hyperhomocysteïnemie bij patiënten 
met hart- en vaatziekten, (dit proefschrift) 

2. Een relatief frequente mutatie in het methyleentetrahydrofolaat 
reductase gen, in homozygote vorm aanwezig bij 8,5% van de 
Nederlandse bevolking, geeft een 22% hoger risico op coronair 
vaatlijden. (dit proefschrift) 

3. Een stoornis in de regulatie van cystathionine ß-synthase door S-
adenosylmethionine kan een oorzaak zijn voor ernstige hyperhomo
cysteïnemie. (dit proefschrift) 

4. Homocysteïne-verlagende therapie in homozygoten voor cystathio
nine ß-synthase deficiëntie, blijkt zowel biochemisch als klinisch 
effectief te zijn. (dit proefschrift) 

5. Factor V Leiden is geen noodzakelijke voorwaarde voor trombose 
bij hyperhomocysteïnemie patiënten, (dit proefschrift) 

6. Indien foliumzuur het homocysteïne-gerelateerde risico op hart- en 
vaatziekten vermindert, zal ongeveer de helft van de bevolking baat 
hebben bij additionele foliumzuur inname. 

7. Bij slechts ongeveer 50% van de patiënten met een geslachts
gebonden vorm van Alport Syndroom, wordt een mutatie gevonden 
in het X-chromosomaal gelegen COL4A5 gen. (proefschrift H.H. 
Lemmink) 

8. Vanwege het vaak positieve effect, zou placebo-therapie als een 
alternatieve geneeswijze kunnen worden gezien. (Walter Α. Brown, 
The Placebo Effect; Scientific American January 1998: 68-73) 



9. Om de speurtocht naar de eerste fout in een zojuist uitgereikt 
proefschrift te ontmoedigen, kan deze fout het beste met opzet in 
één van de stellingen worden gemaakd. 

10. Een betere bekendheid met de betekenis van de in een eucharistie
viering gebruikte symbolen en uitgevoerde handelingen zou op zijn 
minst een gedeelte van de door sommigen als 'saaie bedoening' 
omschreven klacht met betrekking tot deze vieringen kunnen 
wegnemen. (Proefschrift P.J.G. Rauch "The Lactococcus ¡actis 
Nisin-Sucrose Conjugative Transposon TnS276", stelling 8) 

11. De voortdurend sneller wordende tekstverwerkers zijn nog steeds zo 
langzaam als de denk- en typesnelheid van de gebruiker. 

12. Voordat 'hyperhomocysteïhemie' algemeen wordt aanvaard als een 
belangrijke risicofactor voor hart- en vaatziekten, zal het eerst voor 
iedereen uitspreekbaar moeten zijn. 

13. De sigarettenfabrikanten staan reeds klaar om bij een eventuele 
legalisering van marihuana, kleine hoeveelheden toe te voegen aan 
de sigaret; zou hier sprake kunnen zijn van een echte 'Joint
venture? 

Stellingen behorende bij het proefschrift "Molecular Genette Analysis 
in Hyperhomocysteinemia". 

Nijmegen, 21 april 1998. Léonard Kluijtmans 






