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We describe two patients with mevalonate
kinase deficiency and prominent hemato-
logic abnormalities and cholestatic liver
disease. Patient R.B. was not anemic at
birth, but developed petechiae and cutane-
ous extramedullary hematopoiesis, hepato-
splenomegaly, leukocytosis, and recurrent
febrile events without positive bacterial or
viral cultures. Patient N.M. manifested mi-
nor anomalies, hepatosplenomegaly, ane-
mia, thrombocytopenia, recurrent febrile
crises, and facial rashes. Mevalonic aciduria
was found by urinary organic acid analysis,
and mevalonate kinase deficiency was docu-
mented in both. The clinical spectrum of
normocytic hypoplastic anemia, leukocyto-
sis, thrombocytopenia, and abnormal blood
cell forms led to diagnoses of congenital in-
fection, myelodysplastic syndromes, or
chronic leukemia in these patients before
recognition of mevalonate kinase defi-
ciency. Mevalonate kinase deficiency repre-
sents a single-gene abnormality that may be
associated with significant hematologic
findings. Recognition of the variability of
this disorder with some patients manifest-

ing only mild neurologic findings, yet sig-
nificant hepatosplenomegaly, normocytic
anemia, thrombocytopenia, and leukocyto-
sis is important for all specialists who need
to be aware of this organic aciduria. Am. J.
Med. Genet. 78:408–412, 1998.
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INTRODUCTION

Mevalonic aciduria due to mevalonate kinase (E. C.
2.7.1.36) deficiency (MKD) is an inborn error of choles-
terol and nonsterol isoprenoid biosynthesis previously
described in 11 patients (Fig. 1) [Hoffmann et al.,
1993]. The patients manifest a variable combination of
developmental delay; failure to thrive; hypotonia;
ataxia; myopathy; minor anomalies; cataracts; hepato-
splenomegaly; anemia; lymphadenopathy, and fat mal-
absorptive enteropathy. Many patients also suffer from
recurrent febrile crises with vomiting; diarrhea; leuko-
cytosis; elevated erythrocyte sedimentation rate (ESR);
increased creatine kinase (CK); arthralgia; edema; and
morbilliform rash [Hoffmann et al., 1993]. Mevalonic
acid excretion ranges from 0.9–56 mol/mol creatinine
(control <0.0003). Despite almost absent mevalonate
kinase activity in the patients’ cultured fibroblasts,
concentrations of plasma cholesterol are in the low-
normal to normal range.

MKD offers an opportunity to learn more about the
regulation of sterol and isoprenoid metabolism. MKD is
unique in that it is a defect of both sterol and isopren-
oid biosynthesis whereas other genetic errors of choles-
terol biosynthesis, such as Smith-Lemli-Opitz (SLO)
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syndrome or desmosterolosis, are defects that specifi-
cally involve sterol metabolism [Tint et al., 1994; Clay-
ton et al., 1996]. In MKD patients, plasma levels of
ubiquinone are low and dolichol synthesis is impaired
[Hubner et al., 1993; Hoffmann et al., 1997]. In SLO
syndrome and desmosterolosis the regulation of 3-
hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) re-
ductase appears to be intact, whereas in MKD the
regulation of this enzyme is aberrant and constantly
up-regulated [Gibson et al., 1990]. Supplementation
with isoprenoid vitamins, cholesterol, anti-inflam-
matory steroids, or treatment with HMG-CoA reduc-
tase inhibitors has not been beneficial. Because of the
important position of mevalonate kinase in metabolism
and the wide spectrum of organ involvement, elucidat-
ing the mechanisms leading to the clinical phenotype
remains a challenge.

In this report, the phenotype of MKD is extended by
describing two new patients with MKD. Both pre-
sented in infancy with profound normocytic anemia,
hepatosplenomegaly, thrombocytopenia due to hyper-
splenism, leukocytosis, and cholestatic liver disease.
They later had recurrent febrile crises and other indi-
cators of inflammation. These patients could have re-
ceived diagnoses of sepsis, congenital infection, myelo-
dysplastic syndrome, or leukemia if accurate organic
acid analysis had not been performed. One patient had
been diagnosed with a myelodysplastic syndrome, a di-
agnosis that was supported by bone marrow histology
and cytogenetic analysis. The phenotype of MKD ex-
hibited by these patients defines a single-gene defect
associated with grave hematologic abnormalities.

CLINICAL REPORTS

Patient R.B. was the mother’s second child but this
father’s first child. The father was from Southern Italy
and the mother from the Balkans. The pregnancy and
term delivery were uneventful except for meconium-
stained amniotic fluid. Birth weight was 2,585 g,
length 46 cm, and head circumference (OFC) 32 cm (all
5th centile for age). No minor anomalies were noted. At
six hours of age the infant was noted to have cutaneous
blue spots suggestive of extramedullary hematopoiesis.
The patient’s liver and spleen were enlarged, and there
was subsequent development of direct hyperbilirubin-
emia. Aminotransferases were moderately elevated

(AST 161 U/L, ALT 45 U/L) as was the lactate dehy-
drogenase (LDH) (4,236 U/L). However, results of co-
agulation studies and an a-1 antitrypsin level were
normal. Serology and direct urine tests for cytomega-
lovirus were negative, as were serological tests for toxo-
plasmosis, syphilis; rubella; herpes simplex; listeriosis;
Epstein-Barr virus; varicella-zoster; adenovirus; Cox-
sackie virus; mycoplasma; borreliosis; leptospirosis;
HIV-1 or 2; and hepatitis B or C.

At birth the hemoglobin was normal at 15.9 g/dL,
platelets decreased to 88,000/mL, and WBC increased
at 37,500/mL with 40% neutrophils, 18% bands, and
numerous immature granulocytes in the peripheral
smear. During his neonatal course the hemoglobin de-
creased despite nucleated red blood cells on the periph-
eral smear. Two packed red blood cell transfusions
were required. A bone marrow aspirate showed de-
creased erythropoiesis with disordered maturation of
both the erythroid and myeloid lineages. Throughout
the first two years of life he maintained a hemoglobin of
only 5–6 g/dL with an MCV between 80 and 85 fl re-
quiring occasional transfusions. Nucleated red blood
cells were prominent in the peripheral blood smear un-
til four months, after which they were no longer seen.
Platelets were 88,000/mL at birth but increased to the
normal range for the first four months of life. After that
they ranged between 20 and 80 thousand only to in-
crease to 140,000/mL by 26 months of life. The white
blood cell count was always elevated. The lowest value
was about 25,000/mL, but elevations to over 40,000/mL
were common in association with febrile events. For
the first four months of life, promyelocytes, myelocytes,
and metamyelocytes were always present in the pe-
ripheral smear.

Routine newborn screening tests for the metabolic
disorders phenylketouria (PKU), hypothyroidism, ga-
lactosemia, maple syrup urine disease (MSUD), hyper-
methioninemia, and biotinidase deficiency were nega-
tive. Plasma amino acids, analysis of cerebrospinal
fluid, skull X-ray, brain sonography, and ophthalmo-
logic examination were normal. The echocardiogram
was normal. The gall bladder was sonographically de-
tectable; however, stools were sometimes loose and
light colored. At four weeks of age the child had a liver
biopsy and repair of an inguinal hernia. The liver bi-
opsy indicated chronic active cholestatic hepatitis, sug-

Fig. 1. Schematic overview of cholesterol and nonsterol isoprenoid biosynthesis. The site of the defect in mevalonate kinase deficiency is indicated by
the cross-hatched box. Farnesylated and geranylated proteins are involved in intracellular signal transduction, cell growth, and differentiation; dolichol
is active in protein glycosylation; heme A and ubiquinones are involved in the respiratory chain; and iospentenyl-tRNA is involved in DNA replication.
PP, inorganic pyrophosphate; tRNA, transfer ribonucleic acid.
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gestive of an intrauterine infection. By the second
month, the infant was able to nurse, began to thrive,
and was consequently discharged from the hospital.

The child was admitted to the Department of Pedi-
atrics at the University of Hamburg when he was two
months old because of a herpetiform eruption in the
diaper area. On admission the boy appeared pale and
icteric, his weight was 3480 g, length 50 cm (both
slightly below 5th centile), and OFC 36.5 cm (15th cen-
tile). The abdomen was large and tense with some ve-
nous distention. The liver was palpable 7 cm below the
right costal margin and the spleen 5 cm below the left
costal margin. Abdominal sonography showed uniform
increase in the size of the liver, spleen, pancreas, and
kidneys.

Except for hypotonia, the neurological findings were
unremarkable. Blood lactate, ammonia, blood gases,
anion gap, and blood coagulation tests were normal.
Lipoprotein X and bile acid concentrations in the blood
were elevated. Urinary organic acid studies showed
markedly increased excretion of mevalonic acid, estab-
lishing the diagnosis of mevalonic aciduria. The child
was discharged after one week.

During the succeeding months, the child was seen
repeatedly on an outpatient basis. He was always pale
and weak and at times required transfusions of packed
red cells. He frequently had high fevers, elevated leu-
kocyte counts (higher than baseline with persistent left
shift), and elevated C-reactive protein (CRP) concen-
trations. Blood cultures were consistently negative and
antibiotics had little effect on the course of these
events. He was never acidotic. At 10 months, he was
dystrophic and pale, his weight was 5500 g, length 60
cm (far below 5th centile), and OFC 42.5 cm (now below
5th centile). Except for hypotonia and weakness, no
definite neurological abnormality was noted.

Patient N.M. was the first child of healthy, noncon-
sanguineous German parents. The mother had a his-
tory of a previous pregnancy that ended in spontaneous
abortion during the first trimester. This pregnancy was
normal until fetal distress was diagnosed at the 35th
week and the child was delivered by cesarean section.
Immediately postpartum he was intubated and placed
on mechanical ventilation because of respiratory dis-
tress. His birth weight was 1,360 g, length 39 cm, and
OFC 27.4 cm (all <3rd centile). The infant remained
pale and cyanotic despite mechanical ventilation with
100% oxygen. His liver and spleen were enlarged and
he had grade III hypospadias. Additional anomalies in-
cluded frontal bossing, low-set ears, down-slanted pal-
pebral fissures, and long eyelashes. The infant was hy-
potensive, anemic (hemoglobin 8.9 g/dL), and thrombo-
cytopenic (platelets 31×103/mL). He required volume
replacement, red cell and platelet transfusion, and
sympathomimetic agents (dopamine and dobutamine).
Blood cultures were negative, but there was leukocyto-
sis with a left shift and elevated CRP (7.9 mg/dL). Leu-
kocyte alkaline phosphatase was elevated. He was
weaned from mechanical ventilation at age five days.

The child’s liver and spleen were enlarged with mod-
erately elevated direct bilirubin, AST (82 U/L), ALT (81
U/L), and LDH (3,609 U/L). Results of coagulation
studies and a-1-antitrypsin level were normal. Cyto-

megalovirus-PCR and direct tests for cytomegalovirus
in the urine were negative. Serology for the following
infectious agents remained negative: cytomegalovirus,
toxoplasmosis, syphilis, rubella, herpes simplex type I
and type II, listeriosis, Epstein-Barr virus, adenovirus,
Coxsackie virus B1 - B6, borreliosis, parvovirus B19,
HIV-1 and HIV-2. Bone marrow aspirate showed hy-
percellularity with arrest of erythropoiesis at normo-
blast stage and moderate dysplasia. Bone marrow
karyotype revealed the deletion of the long arm of chro-
mosome 11 in 7 of 12 metaphases. A diagnosis of my-
elodysplasia was made.

Results of newborn-screening tests for metabolic dis-
orders (PKU, hypothyroidism, galactosemia, MSUD,
and biotinidase deficiency) were normal. A cranial ul-
trasound study showed dilated frontal horns of the lat-
eral ventricles, intraventricular septa, and two small
periventricular cysts. The echogenicity of the periven-
tricular matrix was elevated. The ophthalmologic find-
ings were normal. Echocardiogram showed an open fo-
ramen ovale with a moderate left-to-right shunt. Bili-
ary atresia was ruled out. A liver biopsy showed
marked cholestasis, fibrosis of the portal fields, and
increased extramedullary hematopoiesis. The infant
was fed with a protein hydrolysate-formula but failed
to thrive. Stools were frequent, sometimes loose,
greasy, and intermittently bloody. Chymotrypsin in the
stool was decreased to 7 U/L. After the introduction of
pancrelipase the infant began to gain weight (approxi-
mately 100–160 g per week).

Recurrent crises were characterized by fever; el-
evated CRP; nonspecific rashes of the face, trunk, and
upper limbs; swelling of the left knee; lymphadenopa-
thy; distended abdomen; and bloody stools. There was a
borderline hypoglycemia and one incident of metabolic
acidosis. Persistent anemia required treatment with
repeated transfusions of packed red blood cells. Twice,
necrotizing enterocolitis was suspected, feedings
stopped, and antibiotic therapy initiated. The diagnosis
of necrotizing enterocolitis was never confirmed and
the antibiotic therapy had no effect on the concentra-
tions of CRP and/or leukocytosis. WBC ranged from
6,300–39,000/mL during this period.

Urinary amino acids showed increased excretion of
cystine, ornithine, lysine, and arginine. Organic acid
studies of the urine revealed markedly increased ex-
cretion of mevalonic acid. The diagnosis of mevalonic
aciduria due to MKD was established (Table I). The
parents were informed and counseled, at which time
they refused further special dietary measures and
medical treatment. Enlargement of the liver and
spleen rapidly progressed, although liver function re-
mained normal. Coagulation status four days prior to
death was normal. At 87 days of age and weighing only
2500 g, the child died of cardio-respiratory failure.

MATERIALS AND METHODS

Urine organic acids were determined by conventional
methods [Gibson et al., 1994; Tanaka et al., 1980].
Mevalonate kinase was assayed in tissue homogenates
as described [Gibson et al., 1989]. Lymphocytes were
harvested from whole blood by centrifugation of Ficoll
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and transformed using Epstein-Barr virus according to
established methods [Sly et al., 1976]. Isotope dilution
gas chromatography-mass spectrometry for determina-
tions of mevalonic acid and 3-methylglutaconic acid in
plasma were performed as described using 3C13-labeled
internal standards [Hoffmann et al., 1993; Kelley and
Kratz, 1995].

RESULTS

Relevant enzyme and metabolite findings in the pa-
tients and parents are summarized in Table I. Both
patients had a severe deficiency of mevalonate kinase
activity, with activities in parental cell extracts consis-
tent with heterozygote status. Of interest, the surviv-
ing patient R.B. had a somewhat higher residual en-
zyme activity than N.M. Mevalonic acid concentrations
were elevated in urine, much more so in N.M. than R.B.
It had been documented previously that patients with
SLO syndrome appear to accumulate 3-methyl-
glutaconic acid (3MGC), an intermediate of L-leucine
degradation and a postulated by-product of mevalonate
via the shunt pathway of mevalonate metabolism [Kel-
ley and Kratz, 1995]. We examined the quantities of
this intermediate in plasma samples from N.M. (Table
I). As shown, the concentration of 3MGC was mildly
increased. The physiologic significance of this finding
remains to be elucidated, but suggests that the meva-
lonate shunt may not be involved in the synthesis of
3MGC, as often speculated [Kelley and Kratz, 1995].

Both patients had a normocytic anemia that occa-
sionally required transfusion, thrombocytopenia due to
hypersplenism, and a left-shifted leukocytosis that ap-
peared to increase with ‘‘febrile crises.’’ The anemia in
this leukoerythroblastic blood was very different from
that encountered in children with other metabolic dis-
ease. For the first four to six months of life the anemia
was erythroblastic in nature with prominent numbers
of nucleated red blood cells in the peripheral blood and
marked extramedullary hematopoiesis (blue skin le-
sions in R.B., liver biopsy in N.M.). This, in association
with an inappropriately low reticulocyte count for the
persistent degree of anemia present suggests the ane-
mia was due to ineffective erythropoiesis.

DISCUSSION

The two patients in the current report expand our
understanding of the hematologic findings in MKD. Al-
though it is likely that other patients with this disease
have experienced similar hematologic abnormalities,
data on their blood findings have not been reported in
detail. As infants, our patients exhibited a normocytic
anemia with striking extramedullary hematopoiesis,
hepatosplenomegaly, thrombocytopenia due to hyper-
splenism and leukocytosis with a left shift and chole-
static liver disease. With increasing age, recurrent fe-
brile crises with further elevation of the white blood
count and other markers of inflammation became fre-
quent. This is in contrast to the concept that MKD is
associated with ‘‘preponderant or isolated leukoneutro-
penia’’ [Saudubray and Charpentier, 1995]. Indeed, the
leukocytosis appears, in patient B.R., to be chronic. Al-
though the hematologic findings in our patients are
nonspecific, they constitute a constellation of findings
that suggest congenital or perinatal infection, myelo-
dysplastic syndrome, or juvenile myelomonocytic leu-
kemia (JMML). However, their occurrence in these two
patients in association with high urinary mevalonic
acid levels suggests a causal relationship.

Of interest, the initial hematologic diagnosis of Pa-
tient N.M. was congenital myelodysplastic syndrome.
Chromosomal analysis indicated a deletion of the long
arm of chromosome 11 in seven of 12 metaphases ana-
lyzed. It is unclear how this correlates with MKD in
this patient since mevalonate kinase has been localized
to 12q24 [Gibson et al., 1997]. However, MKD appears
to be a single-gene disease now associated with signifi-
cant hematologic findings. Precedence for such an ob-
servation can be found in other disorders, including
neurofibromatosis NF1 (17q11) and NF2 (22q12) that
are associated with the development of JMML. Given
the variability of neurologic findings in this disorder,
infants evaluated in pediatric hematology/oncology or
gastrointestinal clinics with similar presentations
should be considered for urine organic acid screening.

The pathogenesis of the hematologic syndrome in pa-
tients with MKD is unclear. One possibility is that the
anemia is the result of oxidant damage to the red cell
membrane and subsequent splenic sequestration of
erythrocytes. The initial erythroblastic blood picture
and marked extramedullary hematopoiesis in MKD
distinguishes it from other organic acidemias such as
propionic acidemia in which the pancytopenia is asso-
ciated with signs of marrow intoxication and arrested
differentiation [Fenton and Rosenberg, 1995]. Thus,
the hematologic abnormalities in propionic acidemia
patients most likely reflect ineffective erythropoiesis
with in situ degeneration of the erythroid line. It is also
possible that defective cell-proliferation or enhanced
degradation are associated with deficiency of isopente-
nyl adenine, a special transfer ribonucleic acid with an
isoprenoid side chain (Figure 1), which may be defi-
cient in MKD. Such a deficiency would be expected to
affect rapidly dividing tissues, such as bone marrow.
On the other hand, an explanation for the increased
white blood counts and cholestasis in our patients re-
mains obscure. Chronic hepatic disease was clearly in-

TABLE I. Mevalonic Acid Concentrations and Mevalonate
Kinase Activities for Two Patients With

Mevalonate Kinase Deficiency

Subject

Mevalonate
kinasea activity
(% of controls)

Urine mevalonic
acidb (nmol/mol

creatinine)

Plasma 3-
methylglutaconic

acidc (nmol/L)

N.M.d <1% fibroblasts 8000–13600 331
Mother 23% fibroblasts — 239
Father 63% fibroblasts — 98

R.B. <5% lymphocytes 152–1039 —
Mother 35% lymphocytes — —
Father 53% lymphocytes — —

aControl range 1.1–2.9 nmol/min/mg protein (n 4 6).
bControl mevalonate excretion <2 mmol/mol creatinine.
cControl 3-methylglutaconic acid: adult plasma 157 ± 66 (SD) nmol/L; chil-
dren (0–2 years) plasma 144 ± 58 (SD) nmol/L, range 70–232 (n 4 10).
dPlasma mevalonic acid concentration 290 mM (control <0.03 mM).
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dicated by increased hepatic enzyme levels. On the
other hand, we previously reported that the in vivo
concentration of bile acids in other patients with MKD
were normal [Gibson et al., 1993].

The minor anomalies that have been noted in pa-
tients with MKD [Hoffmann et al., 1993] are mild in
comparison with the multiorgan anomalies seen in
other inborn errors of cholesterol biosynthesis, such as
SLO syndrome or desmosterolosis [Kelley, 1996; Clay-
ton et al., 1996]. The severely affected index patient
with MKD had dolichocephaly, a triangular face, fron-
tal bossing, down-slanted palpebral fissure, large, pos-
teriorly angulated, low-set ears; and long eyelashes.
Patient N.M. manifested similar but milder anomalies,
which suggests that clinical geneticists should consider
an inborn error of cholesterol biosynthesis in their dif-
ferential diagnosis of patients with such anomalies.

In our original patient with MKD [Hoffmann et al.,
1986], we attributed our patient’s anemia to iron defi-
ciency. However, in retrospect the data better support
a diagnosis of anemia of inflammation or a hypoprolif-
erative anemia as seen in the two patients reported
here. In our index case, we detected a low serum iron,
elevated ferritin and a normal total iron binding capac-
ity (TIBC; the TIBC is always increased in iron defi-
cient anemia). The increase in ferritin in the index pa-
tient was beyond that expected in iron deficiency and
could have been due to inflammation. The two patients
in this report, as well as the patient reported by de
Klerk et al. (1988) had high white cell and neutrophil
counts, which differs from most other metabolic disor-
ders with hematologic disease, where low counts are
more typical.

The two patients reported here establish that MKD
can present as a distinct hematologic disorder mimick-
ing congenital infection, myelodysplastic syndrome, or
even acute leukemia in childhood. It remains to be de-
termined how this enzymatic defect could exert these
effects at the gene, metabolite, and clinical level. As
additional patients with MKD are detected, it will be
important to follow the hematologic parameters of the
disorder to confirm that hematologic abnormalities ob-
served in our patients are common characteristics of
the disease.
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