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Abstract Background. Venous and arterial thromboem-
bolism occurs in only about one third of patients homozy-
gous for homocystinuria, which suggests that other, con-
tributory factors are necessary for the development of
thrombosis in these patients. Factor V Leiden, an R506Q
mutation in the gene coding for factor V, is the most com-
mon cause of familial thrombosis and could be a poten-
tiating factor.

Methods. We determined activated partial-thrombo-
plastin times in the presence and absence of activated
protein C and tested for the factor V Leiden mutation in
45 members of seven unrelated consanguineous kin-
dreds in which at least 1 member was homozygous for
homocystinuria.

Results. Thrombosis (venous, arterial, or both) oc-
curred in 6 of 11 patients with homocystinuria (age, 0.2

OMOCYSTINURIA is caused by deficient activi-

ty of one of several enzymes in methionine me-
tabolism, either as a primary defect or as a result of
defects in the cytosolic metabolism of cobalamin.'* Hy-
perhomocysteinemia can also be due to a deficiency of
vitamin B, folate, or vitamin B,.> The major clinical
features of patients homozygous for homocystinuria are
mental retardation, ectopia lentis, skeletal abnormali-
ties, and life-threatening thromboembolic events.?® It is
intriguing that thrombosis develops in only about one
third of patients with homocystinuria; the reason for
this variability, which is found even among siblings, is
unknown.” The thrombotic episodes, which are likely to
occur before the age of 30, include deep-vein thrombo-
sis, pulmonary embolism, and arterial thrombosis in-
volving in particular cerebral, peripheral, and coronary
vessels.?’

Hereditary resistance to activated protein C is cur-
rently regarded as the most frequent cause of familial
thrombosis.® Activated protein C is an important phys-
iologic anticoagulant. Generated from protein C on the
surface of endothelial cells by the action of thrombo-
modulin-modified thrombin, it inactivates factors VIIla
and Va.? Most cases of resistance to activated protein C
stem from a missense mutation in the gene coding for
factor V, in which adenine replaces guanine at nucleo-
tide 1691 (G1691A). This change leads to the substitu-
tion of glutamine for arginine at position 506 (R506Q)),
thereby altering the first cleavage site involved in the
activation of factor V.'%!! This mutation, also designated

From the Department of Pediatrics (H.M., M.B.) and the Thrombosis and He-
mostasis Unit (B.B., N.L.), Rambam Medical Center, Technion Faculty of Med-
icine, Haifa, Israel; the Institute of Thrombosis and Hemostasis, Department of
Hematology, Sheba Medical Center, Sackler School of Medicine, Tel Aviv Uni-
versity, Tel Aviv, Israel (N.R., U.S.); Department of Pediatrics, Free University
Hospital, Amsterdam (C.J.); and Basel University Children’s Hospital, Basel,
Switzerland (B.F.). Address reprint requests to Dr. Mandel at the Department of
Pediatrics, Rambam Medical Center, Haifa 31096, Israel.

Supported in part by the Joseph Elias Fund for Medical Research, Technion
Faculty of Medicine, Haifa, Israel.

to 8 years). All six also had the factor V Leiden mutation.
One patient with prenatally diagnosed homocystinuria
who was also heterozygous for factor V Leiden has re-
ceived warfarin therapy since birth and has not had
thrombosis (age, 18 months). Of four patients with homo-
cystinuria who did not have factor V Leiden, none had
thrombosis (ages at this writing, 1 to 17 years). Three wom-
en who were heterozygous for both homocystinuria and
factor V Leiden had recurrent fetal loss and placental in-
farctions.

Conclusions. Patients with concurrent homocystinuria
and factor V Leiden can have an increased risk of throm-
bosis. Screening for factor V Leiden may be indicated in
patients with homocystinuria and their family members.
(N Engl J Med 1996;334:763-8.)

01996, Massachusetts Medical Society.

factor V Leiden, has been found in 30 to 60 percent of
cases of familial thrombophilia in patients of various
ethnic origins and in 3 to 7 percent of healthy people
in two white populations.®'? Although the risk of throm-
bosis increases by a factor of 50 to 100 among persons
homozygous for factor V Leiden and by a factor of 5 to
10 among heterozygotes,*'* many people with the mu-
tant gene may not have signs of thrombosis unless they
also have another genetic defect, such as a deficiency of
protein C or protein S,'*! or unless they are exposed to
additional precipitating factors, such as oral contracep-
tives, pregnancy, or surgery.>

We investigated whether the coexistence of additional
genetic defects or acquired conditions affected the ex-
pression of thrombosis in patients with homocystinuria.

METHODS
Family Studies

The study population comprised 45 members of seven unrelated Is-
raeli Arab families in which at least 1 member was homozygous for ho-
mocystinuria. Informed consent was obtained from the parents of the
patients and from other adult family members. The study was ap-
proved by the Human Studies Ethics Committee of Rambam Medical
Cienter. We constructed detailed pedigrees (Fig. 1) and reviewed the
medical files and autopsy reports of the patients homozygous for ho-
mocystinuria.

Biochemical and Enzymatic Studies

Plasma concentrations of amino acids were determined by ion-
exchange chromatography. Free and protein-bound plasma homo-
cysteine concentrations were measured by high-performance liquid
chromatography.”” Methylmalonic acid was quantitated by gas chro-
matography and mass spectrometry.'®

Homozygosity for homocystinuria was diagnosed on the basis of
clinical features, elevated plasma homocysteine levels (range, 43 to
370 pwmol per liter; range in normal subjects, 6 to 19 wmol per liter),
and elevated urinary homocysteine levels (150 to 520 wmol per gram
of creatinine). The plasma methionine level ranged from 1.5 to 15 mg
per deciliter (100 to 980 wmol per liter) in patients with cystathionine
B-synthase deficiency and was reduced or normal in patients with
methylenetetrahydrofolate reductase deficiency or cobalamin defects.

Human fibroblasts were obtained from skin-punch biopsy speci-
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mens from all the patients homozygous for homocystinuria. Fibro-
blasts were grown in Eagle minimum essential medium (Sigma Chem-
ical, St. Louis) as previously described,' and cystathionine 3-synthase
deficiencies, methylenetetrahydrofolate reductase deficiencies, and
cobalamin C/D defects (combined deficiencies of 5'-deoxyadenosylco-
balamin and methylcobalamin) were confirmed with slight modifica-
tions of previously described methods.?** Similar procedures were
used with amniocytes obtained by amniocentesis for prenatal diag-
nosis.

Measurements of Coagulation

Samples of whole blood (4.5 ml) were collected in Vacutainer tubes
containing 0.5 ml of 0.12 M sodium citrate and were centrifuged at
2000X g for 20 minutes to obtain platelet-poor plasma, which was
kept frozen at —70°C until it was tested. The normal values for each
test were defined as ranging from —2 SD to +2 SD of the mean value
in 20 normal subjects. Protein C antigen was determined by enzyme
immunoassay with a protein C kit (Asserachrom, Stago, Asniéres,
France; normal range, 60 to 136 units per deciliter). Protein C activity
was determined by a chromogenic method with a protein C kit (Sta-
chrom, Stago). The assay was calibrated with a calibration plasma
(Instrumentation Laboratory, Milan, Italy; normal range, 78 to 146
units per deciliter). Antithrombin III activity was determined by a
chromogenic method (Antithrombin III Asserachrom kit, Stago; nor-
mal range, 78 to 128 units per deciliter). Total protein S antigen was
determined with the Asseraplate Protein kit (Stago; normal range, 70
to 130 units per deciliter). Free protein S was determined by elec-
troimmunoassay of the plasma supernatants after precipitation with
polyethylene glycol (Sigma 5000, 25 percent; normal range, 65 to 130
units per deciliter).

Assay for Resistance to Activated Protein C

Resistance to activated protein C was measured by determining the
activated partial-thromboplastin times in the absence and presence of
activated protein C (Coatest activated protein C resistance kit, Chro-
mogenix, Molndal, Sweden). The results were expressed as the ratio
of the two values. Plasma samples from 33 normal subjects were test-
ed, and the mean (%2 SD) ratio was found to be 2.7+0.4. A ratio of
less than 2.1 but not less than 1.6 was considered suggestive of heter-
ozygosity for factor V Leiden, and a ratio of less than 1.6 was consid-
ered consistent with homozygosity.

Detection of the R506Q Mutation of the Factor V Gene

Blood samples were collected in EDTA, and genomic DNA was
prepared by standard techniques. A 206-base-pair (bp) DNA frag-
ment of the factor V gene that includes nucleotide 1691 was amplified
by the polymerase chain reaction (PCR) with the forward primer
5'CATACTACAGTGACGTGGACS' and the reverse primer 5" TGT-
TCTCTTGAAGGAAATGC3'. Digestion of this 206-bp fragment by
Mnll yielded three fragments (47, 36, and 123 bp) in the normal allele,
and two fragments (47 and 159 bp) in the mutant allele. The PCR was
carried out in 25 ul of reaction mixture consisting of buffer (10 mM
TRIS-hydrochloric acid [pH 9.0], 50 mM potassium chloride, 1.5
mM magnesium chloride, 0.1 percent Triton X-100, and 0.2 mg of bo-
vine serum albumin per milliliter), 0.2 nM of each nucleoside triphos-
phate, 250 nM of each primer, 100 to 200 ng of the DNA sample, and
0.125 ul of Tag polymerase (Appligene, Illkirch, France). The PCR
was performed in 30 cycles consisting of 30 seconds at 94°C, 120 sec-
onds at 63°C,, and 180 seconds at 72°C. Eight microliters of the 206-
bp amplified DNA product was digested with 1 uU of Mn/I (New Eng-
land Biolabs, Beverly, Mass.) at 37°C for three hours. Then the sample
was subjected to electrophoresis on 4 percent NuSieve agarose gels
(FMC, Rockland, Me.), and the fragments were visualized with ethid-
ium bromide.

RESULTS

The pedigrees of the seven highly consanguineous
families with homocystinuria are shown in Figure 1,
which indicates the observed or inferred genotypes for
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homocystinuria and factor V Leiden, as well as other
genetic disorders.

Case Histories
Family 1

Subject VI-1 from Family 1 presented at the age of
three weeks with severe hypotonia and a bulging fon-
tanelle. The presence of arterial and venous thrombosis
and hydrocephalus was later determined on a computed
tomographic (CT) scan of the brain and was confirmed
at autopsy five months thereafter. Homocystinuria due
to a methylenetetrahydrofolate reductase deficiency
was diagnosed. The patient’s activated protein C resist-
ance ratio was 1.6. The parents, who were inferred to
be obligate heterozygotes for homocystinuria, were also
heterozygous for factor V Leiden.

Family 2

Subject VI-7 from Family 2 was homozygous for ho-
mocystinuria because of cystathionine 8-synthase defi-
ciency. At the age of eight years, after an eye operation
for dislocated optic lenses, he had deep-vein thrombosis
with massive pulmonary embolism. Heparin treatment
was given, followed by warfarin for six months. The pa-
tient was found to be homozygous for factor V Leiden.

Family 3

Subject V-2 from Family 3 presented at the age of
four weeks with severe hypotonia and failure to thrive.
CT of the brain disclosed arterial and venous thrombo-
sis and hydrocephalus, because of which a ventriculo-
peritoneal shunt was inserted. This infant was homozy-
gous for methylenetetrahydrofolate reductase deficiency
and had severe psychomotor retardation, and she died
at the age of two years from aspiration pneumonitis.
Her father (Subject IV-1) was found to be homozygous
for factor V Leiden, and her mother (Subject IV-2) to be
heterozygous.

Family 4

Subject VI-2 from Family 4 presented at the age of five
years with dislocation of the optic lenses and was found
to be homozygous for homocystinuria because of cysta-
thionine B-synthase deficiency. At the age of 10, a mark-
edly reduced plasma cobalamin level was also found. A
defect of cobalamin absorption not corrected by the pro-
vision of the normal human intrinsic factor was sugges-
tive of the Imerslund—Graesback syndrome.?> His elevat-
ed plasma homocysteine levels were not substantially
altered by monthly injections of cobalamin. This child,
who had both homocystinuria and selective vitamin B,
malabsorption, was not found to have the factor V Leiden
mutation and remained free of any evidence of thrombo-
sis at the age of 14. He is mildly retarded.

Family 5

Subjects IV-5 and IV-6 from Family 5 both presented
with bilateral dislocation of the optic lenses and devel-
opmental delay at the age of five years. They were found
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Figure 1. Pedigrees of Seven Families with Homocystinuria in Which the Factor V Leiden Mutation Was Studied.
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to be homozygous for homocystinuria because of cysta-
thionine B-synthase deficiency. At the age of 17, Subject
IV-5 was found not to have factor V Leiden and has not
had any thrombosis. In contrast, Subject IV-6, who was
heterozygous for factor V Leiden, presented at the age
of six years with left hemiparesis and in the ensuing
years had three episodes of deep-vein thrombosis. At
the age of 15, she was blind, severely retarded, and bed-
ridden.

Family 6

Subject V-2 from Family 6 had generalized hypoto-
nia and vomiting, beginning in the first week of life. At
the age of three weeks, he was admitted to the hospital
with hypothermia and seizures. Laboratory studies re-
vealed pancytopenia, macrocytosis (mean corpuscular
volume, 105 um?®), and elevated plasma homocysteine
and methylmalonic acid levels. The diagnosis of a co-
balamin C/D defect was confirmed by study of his fibro-
blasts. A CT scan of the brain showed no abnormality
and no evidence of vascular occlusion. This child did
not carry the factor V Leiden mutation and at the age
of three years had not had thrombosis. He has severe
mental retardation.

Family 7

Subject IV-6 from Family 7 presented at the age of
three months with a bulging fontanelle and severe hypo-
tonia. A CT scan of the brain revealed hydrocephalus
but no evidence of cerebral thrombosis. A ventriculo-
peritoneal shunt was inserted. The diagnosis of homozy-
gosity for homocystinuria due to a methylenetetrahydro-
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folate reductase deficiency was confirmed by study of
her fibroblasts. At the age of one year, the patient had
only moderate developmental retardation. This infant
does not carry the factor V Leiden mutation.

Association of Thrombosis, Homocystinuria, and Factor V
Leiden

Table 1 lists the clinical and laboratory features of the
11 patients homozygous for homocystinuria from these
seven families. Thromboembolic manifestations were ob-
served in six patients, of whom four had cystathionine
B-synthase deficiency and presented with thrombosis
at the ages of seven or eight years. The remaining two
had methylenetetrahydrofolate reductase deficiencies and
thrombosis in early infancy. The thrombotic manifesta-
tions were mainly venous. However, arterial thrombosis
was also documented by brain CT in two patients (and
in one of these also by autopsy) and was suggested in
two others by the clinical presentation of acute hemi-
paresis. In four of the six patients with homocystinuria
who had thromboses, the events occurred in associa-
tion with diarrhea, dehydration, or surgery.

All six patients with homocystinuria who had throm-
boses were homozygous or heterozygous for factor V
Leiden: one (Subject VI-7 in Family 2) was a homozy-
gote; three (Subjects VI-5 and VI-6 in Family 2 and
Subject V-2 in Family 3) were offspring of fathers ho-
mozygous for factor V Leiden and heterozygous moth-
ers and thus could be either homozygotes or heterozy-
gotes; and two patients (Subject IV-6 in Family 5 and
Subject VI-1 in Family 1) were determined to be hetero-
zygotes. In an additional patient (Subject V-4 in Family

Table 1. Clinical and Laboratory Data on 11 Patients with Homozygous Homocystinuria.*

PLASMA APC FAcTOR
FamiLy No./ ENzZYMATIC HOMOCYSTEINE =~ RESISTANCE V LEIDEN
SuBJEcT No.  SEX DEFECT (umol/liter) RATIO MUTATION
1/VI-1 M MTHFR 50 1.6 ND¥
2/VI-5 F CBS NPS ND Homozygous or
heterozygous
2/VI-6 F CBS NPS ND Homozygous or
heterozygous
2/VI-7 M CBS 290 1.3 Homozygous
3/V-2 F MTHFR 47 ND Homozygous or
heterozygous
3/V-4 F MTHFR 62 1.6 Heterozygous
4/VI1-2 F CBS 350 2.2 None
5/V-5 M CBS 322 3.4 None
5/1V-6 F CBS 274 2.0 Heterozygous
6/V-2 M Cobalamin 43 2.4 None
C/D
7/1V-6 F MTHFR 79 2.1 None

CLINICAL
THROMBOSIS OUTCOME
AGE AT POSSIBLE
SITE ONSET (YR) TRIGGER
Brain 0.2 Diarrhea Death at 18 mo
Deep vein, 7 Diarrhea Death at 8 yr
lung
Deep vein, 8 — Death at 13 yr
lung, brain
Deep vein, 8 Surgery Mild mental retarda-
lung tion at 14 yr
Brain 0.2 — Death at 2 yr
— — — Healthy at 18 mo with
warfarin
— — — Mild mental retardation at
14 yr
— — — Moderate mental retarda-
tion at 17 yr
Deep vein, 7 Surgery Severe mental retardation
brain at 15 yr

Severe mental retardation
at 3 yr

Moderate developmental
retardation at 1 yr

*APC denotes activated protein C, MTHFR methylenetetrahydrofolate reductase, CBS cystathionine 3-synthase, NPS a positive urinary nitroprusside test (indicating
elevated levels of homocysteine), and ND not determined. In patients described as homozygous or heterozygous for the factor V Leiden mutation, the genotype was deter-
mined by inference from the parents’ factor V genetic status.

1This patient was determined to be heterozygous for the mutation on the basis of the plasma APC ratio.

Downloaded from www.nejm.org on April 11, 2005 . This article is being provided free of charge for use in Syrian Arab



Vol. 334 No. 12

3), homocystinuria was diagnosed prenatally and het-
erozygosity for factor V Leiden was identified postna-
tally. This infant was treated with warfarin, betaine,
and leucovorin beginning at birth, and was healthy at 18
months.

Of the remaining four patients with homocystinuria
(who were 1 to 17 years old at this writing), none has had
thrombosis to date, even though two of them have had
extremely high plasma homocysteine levels. None was
found to carry the factor V Leiden mutation.

Among the 45 people we studied in the seven families,
33 had at least one of the mutant genes — either factor
V Leiden or one of the defects causing homocystinuria.
As Table 2 shows, thrombosis occurred only in family
members who had a combination of defects, with the
probable exception of one patient (Subject V-3 in Family
3) who had familial microvillus inclusion disease?’; in
this patient, recurrent thrombosis of the large veins was
induced by central venous catheterization. She did not
have homocystinuria but was homozygous for factor V
Leiden. Her methylenetetrahydrofolate reductase geno-
type was not determined.

Interestingly, three women, all in Family 1, were het-
erozygous for both methylenetetrahydrofolate reductase
deficiency and factor V Leiden and had recurrent abor-
tions with placental infarctions. Of 25 pregnancies in
these women, 9 ended in spontaneous abortion and
7 were associated with placental infarctions and led to
the birth of newborns small for their gestational ages.

The values for protein C, protein S, and antithrombin
III were in the normal range in 43 persons we studied.
The two subjects not tested were the patients homozy-
gous for homocystinuria in Family 2 (Subjects VI-5 and
VI-6) who could be inferred to be either homozygous or
heterozygous for factor V Leiden on the basis of their
parents’ genotypes.

DISCUSSION

Thromboembolism, venous, arterial, or both, is a ma-
jor cause of death in patients homozygous for homocys-
tinuria.” However, among 629 such patients described
in one survey, only 158 presented with thromboembolic
events.? Our data provide evidence that one reason for
the variability of thrombosis in patients with homocys-
tinuria is the presence or absence of factor V Leiden.
A remarkable finding in the families we studied was
that major thrombotic events occurred only in patients
homozygous for homocystinuria who were also homozy-
gous or heterozygous for factor V Leiden.

The likelihood that additional families with these two
genetic defects will be identified is not remote, in view of
the relatively high allelic frequency of factor V Leiden.?2
The high prevalence of the mutation in the families we
have described is probably due to their high rates of con-
sanguinity. The family pedigrees (Fig. 1) show a cluster-
ing of various other genetic diseases, reflecting the long
history of intermarriage in this population.

Several recent reports have indicated that the con-
currence of factor V Leiden and other genetic defects is
frequent among patients with thrombophilia. Among
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Table 2. Association between Mutated Genotypes for Homocys-
tinuria and Factor V Leiden and the Occurrence of Thrombosis
in 33 Subjects from the Seven Families Studied.

No. or No

GENETIC ASSOCIATION SUBIJECTS THROMBOSIS THROMBOSIS

HOMOCYSTINURIA FACTOR V LEIDEN

Homozygote Homozygote 1 1
Homozygote Homozygote or het- 3 3
erozygote

Homozygote Heterozygote 3 2 1*

Homozygote Normal genotype 4

Obligate heterozy- Heterozygote 8 3 5
gote

Obligate heterozy- Normal genotype 7 7
gote

Obligate heterozy- Homozygote 2 2
gote

Not determined Homozygote 5 1% 4

All subjects 33 10 23

*This subject (Subject V-4 in Family 3) was an 18-month-old child treated with warfarin
from birth.

FThese three subjects were women who had recurrent abortions, low-birth-weight babies,
and placental infarctions. One woman (Subject IV-2 in Family 1) was a grandmother who was
considered to be heterozygous for homocystinuria on the basis of a high fasting plasma ho-
mocysteine level.

£This subject (Subject V-3 in Family 3) had congenital diarrhea, and thrombosis was in-
duced by central venous catheterization.

patients with deficient protein C, protein S, or antithrom-
bin III activity, 15 to 26 percent also had the factor V
Leiden mutation.!*»?”-% These double defects conferred
a higher risk of thrombosis than did either defect alone,
and the initial presentation of thrombosis occurred at
an earlier age.!*?"28

Exogenous factors, such as surgery, diarrhea, trau-
ma, immobilization, and pregnancy, can trigger throm-
bosis in patients who are heterozygous for protein C,
protein S, or antithrombin III deficiency,*® as well as in
patients with factor V Leiden.®*%2 We found that such
environmental risk factors also increased the tendency
to thrombosis among patients homozygous for homo-
cystinuria who have factor V Leiden.

Among women who are obligate heterozygotes for
homocystinuria, the incidence of fetal loss may be in-
creased,? and a recent report suggests that there may
also be an increased perinatal mortality rate in their
offspring.® The results of tests for resistance to activat-
ed protein C in the women in these studies were not re-
ported. In our series, three women who were heterozy-
gous for both homocystinuria and factor V Leiden had
recurrent miscarriages, low-birth-weight babies, and pla-
cental infarctions. None had elevated plasma levels of
antiphospholipid antibodies.*

High concentrations of homocysteine can induce the
activation of factor V in endothelial cells®® and inhibit
the activation of protein C,** compromising a major
mechanism by which blood coagulation is controlled.
The increased tendency to thrombosis in patients with
the combination of homocystinuria and factor V Leiden
could result from an additive adverse effect of these
two defects on a common protective mechanism in the
coagulation cascade.

Mild-to-moderate increases in plasma levels of ho-

Downloaded from www.nejm.org on April 11, 2005 . This article is being provided free of charge for use in Syrian Arab



768 THE NEW ENGLAND JOURNAL OF MEDICINE

mocysteine have been thought to be an independent
risk factor for arterial vascular disease®*’ and recur-
rent venous thrombosis.**?> However, none of the 16 ob-
ligate carriers of cystathionine B-synthase deficiency or
methylenetetrahydrofolate reductase deficiency whom we
studied have presented with arterial disease or venous
thrombosis to date. Most of these subjects were less than
30 years old when studied, and two of them were also
homozygous and two heterozygous for factor V Leiden.
These observations suggest that additional contributing
factors may be needed for thrombosis to occur.

Our observations, as well as those of others, imply
that a search for other hereditary thrombotic disorders
should be conducted in patients who are found to carry
mutant genes predisposing them to thrombosis. Patients
with more than one mutation should be evaluated care-
fully before they undergo surgical, medical, or obstetri-
cal procedures that carry an increased thrombotic risk,
since they may require regimens of appropriate prophy-
lactic anticoagulant therapy.

REFERENCES

1. Holme E, Kjellman B, Ronge E. Betaine for treatment of homocystinuria
caused by methylenetetrahydrofolate reductase deficiency. Arch Dis Child
1989;64:1061-4.

2. Mudd SH, Levy HL, Skovby F. Disorders of transsulfuration. In: Scriver
CR, Beaudet AL, Sly WS, Valle DL, eds. The metabolic and molecular
bases of inherited disease. 7th ed. Vol. 1. New York: McGraw-Hill, 1995:
1279-327.

3. Rosenblatt DS. Inherited disorders of folate transport and metabolism. In:
Scriver CR, Beaudet AL, Sly WS, Valle DL, eds. The metabolic and molec-
ular bases of inherited disease. 7th ed. Vol. 2. New York: McGraw-Hill,
1995:3111-28.

4. Fenton WA, Rosenberg LE. Inherited disorders of cobalamin transport and
metabolism. In: Scriver CR, Beaudet AL, Sly WS, Valle DL, eds. The met-
abolic and molecular bases of inherited disease. 7th ed. Vol. 2. New York:
McGraw-Hill, 1995:3129-49.

5. Selhub J, Jacques PF, Wilson PW, Rush D, Rosenberg IH. Vitamin status and
intake as primary determinants of homocysteinemia in an elderly popula-
tion. JAMA 1993;270:2693-8.

6. Selhub J, Jacques PF, Bostom AG, et al. Association between plasma ho-
mocysteine concentrations and extracranial carotid-artery stenosis. N Engl
J Med 1995;332:286-91.

7. Mudd SH, Skovby F, Levy HL, et al. The natural history of homocystinuria
due to cystathionine S3-synthase deficiency. Am J Hum Genet 1985;37:1-
31.

8. Dahlback B. Inherited thrombophilia: resistance to activated protein C as a
pathogenic factor of venous thromboembolism. Blood 1995;85:607-14.

9. Esmon CT. The regulation of natural anticoagulant pathways. Science 1987;
235:1348-52.

10. Bertina RM, Koeleman BPC, Koster T, et al. Mutation in blood coagulation
factor V associated with resistance to activated protein C. Nature 1994;369:
64-7.

11. Greengard JS, Sun X, Xu X, Fernandez JA, Griffin JH, Evatt B. Activated
protein C resistance caused by Arg506GIn mutation in factor Va. Lancet
1994;343:1361-2.

12. Koster T, Rosendaal FR, de Ronde H, Briet E, Vandenbroucke JP, Bertina
RM. Venous thrombosis due to poor anticoagulant response to activated
protein C: Leiden Thrombophilia Study. Lancet 1993;342:1503-6.

13. Rosendaal FR, Koster T, Vandenbroucke JP, Reitsma PH. High risk of
thrombosis in patients homozygous for factor V Leiden (activated protein
C resistance). Blood 1995;85:1504-8.

14. Koeleman BPC, Reitsma PH, Allaart CF, Bertina RM. Activated protein C
resistance as an additional risk factor for thrombosis in protein C-deficient
families. Blood 1994;84:1031-5.

15. Koeleman BPC, van Rumpt D, Hamulyak K, Reitsma PH, Bertina RM. Fac-
tor V Leiden: an additional risk factor for thrombosis in protein S deficient
families? Thromb Haemost 1995;74:580-3.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

29.

30.

31.

32.

33.

40.

41.

42.

March 21, 1996

Vandenbroucke JP, Koster T, Briet E, Reitsma PH, Bertina RM, Rosendaal
FR. Increased risk of venous thrombosis in oral-contraceptive users who
are carriers of factor V Leiden mutation. Lancet 1994;344:1453-7.

Ubbink JB, Vermaak WIJH, Bissbort S. Rapid high-performance liquid chro-
matography assay for total homocysteine levels in human serum. J Chro-
matogr 1991;565:441-6.

Sweetman L. Organic acid analysis. In: Hommes FA, ed. Techniques in di-
agnostic human biochemical genetics: a laboratory manual. New York:
Wiley—Liss, 1991:143-76.

Rosenblatt DS, Cooper BA, Lue-Shing S, et al. Folate distribution in cul-
tured human cells: studies on 5,10-CH,-H,PteGlu reductase deficiency.
J Clin Invest 1979;63:1019-25.

Uhlendorf BW, Mudd SH. Cystathionine synthase in tissue culture derived
from human skin: enzyme defect in homocystinuria. Science 1968;160:
1007-9.

Boss GR. Cobalamin inactivation decreases purine and methionine synthe-
sis in cultured lymphoblasts. J Clin Invest 1985;76:213-8.

Rosenblatt DS, Erbe RW. Methylenetetrahydrofolate reductase in cultured
human cells. II. Genetic and biochemical studies of methylenetetrahydro-
folate reductase deficiency. Pediatr Res 1977;11:1141-3.

Fowler B, Wenzel F, Baumgartner ER. Studies of cobalamin (vitamin B,,)
coenzyme synthesis and cobalamin-dependent enzymes in cultured skin fi-
broblasts. Enzyme Protein 1994;47:180-1.

Rosenblatt DS, Thomas IT, Watkins D, Cooper BA, Erbe RW. Vitamin B,
responsive homocystinuria and megaloblastic anemia: heterogeneity in
methylcobalamin deficiency. Am J Med Genet 1987;26:377-83.

Grisbeck R. Familial selective vitamin B, malabsorption. N Engl J Med
1972;287:358.

Cutz E, Rhoads JM, Drumm B, Sherman PM, Durie PR, Forstner GG. Mi-
crovillus inclusion disease: an inherited defect of brush-border assembly
and differentiation. N Engl J Med 1989;320:646-51.

Gandrille S, Greengard JS, Alhenc-Gelas M, et al. Incidence of activated
protein C resistance caused by the ARG 506 GLN mutation in factor V in
113 unrelated symptomatic protein C-deficient patients. Blood 1995;86:
219-24.

. Zoller B, Berntsdotter A, de Frutos PG, Dahlback B. Resistance to activated

protein C as an additional genetic risk factor in hereditary deficiency of pro-
tein S. Blood 1995;85:3518-23.

van Boven HH, Reitsma PH, Rosendaal FR, et al. Interaction of factor V
Leiden with inherited antithrombin deficiency. Thromb Haemost 1995;73:
1256. abstract.

Bauer KA. Management of patients with hereditary defects predisposing to
thrombosis including pregnant women. Thromb Haemost 1995;74:94-100.
Lindblad B, Svensson PJ, Dahlback B. Arterial and venous thromboembo-
lism with fatal outcome and resistance to activated protein C. Lancet 1994;
343:917.

Greengard JS, Eichinger S, Griffin JH, Bauer KA. Variability of thrombosis
among homozygous siblings with resistance to activated protein C due to an
Arg — GIn mutation in the gene for factor V. N Engl J Med 1994;331:1559-62.
Burke G, Robinson K, Refsum H, Stuart B, Graham I. Intrauterine growth
retardation, perinatal death, and maternal homocysteine levels. N Engl
J Med 1994;326:69-70.

Triplett DA. Antiphospholipid antibodies and recurrent pregnancy loss. Am
J Reprod Immunol 1989;20:52-67.

Rodgers GM, Kane WH. Activation of endogenous factor V by a homocys-
teine-induced vascular endothelial cell activator. J Clin Invest 1986;77:
1909-16.

Rodgers GM, Conn MT. Homocysteine, an atherogenic stimulus, reduces
protein C activation by arterial and venous endothelial cells. Blood 1990;
75:895-901.

Lentz SR, Sadler JE. Inhibition of thrombomodulin surface expression and
protein C activation by the thrombogenic agent homocysteine. J Clin Invest
1991;88:1906-14.

. Clarke R, Daly L, Robinson K, et al. Hyperhomocysteinemia: an inde-

pendent risk factor for vascular disease. N Engl J Med 1991;324:1149-
55.

Ueland PM, Refsum H, Brattstrom L. Plasma homocysteine and cardiovas-
cular disease. In: Francis RB Jr, ed. Atherosclerotic cardiovascular disease,
hemostasis, and endothelial function. New York: Marcel Dekker, 1992:183-
236.

Rees MM, Rodgers GM. Homocysteinemia: association of a metabolic dis-
order with vascular disease and thrombosis. Thromb Res 1993;71:337-59.
Falcon CR, Cattaneo M, Panzeri D, Martinelli I, Mannucci PM. High prev-
alence of hyperhomocyst(e)inemia in patients with juvenile venous throm-
bosis. Arterioscler Thromb 1994;14:1080-3.

Den Heijer M, Blom HJ, Gerrits WBJ, et al. Is hyperhomocysteinaemia a
risk factor for recurrent venous thrombosis? Lancet 1995;345:882-5.

Downloaded from www.nejm.org on April 11, 2005 . This article is being provided free of charge for use in Syrian Arab



