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LOD  limit of detection
LOQ  limit of quantification
LPS  lipopolysaccharide
MA   mevalonic aciduria
MBP  maltose-binding protein
MDP  muramyldipeptide
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MVK	 	 gene encoding MK
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PAM  pamidronate
PBMC  peripheral blood mononuclear cell
PBS  phosphate buffered saline
PMK  phosphomevalonate kinase
SAA  serum amyloid A
SCAP  SREBP cleavage-activating protein
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SRE  sterol regulatory element
SREBP  sterol regulatory element binding protein
TNF  tumor necrosis factor
TRAPS  TNF-receptor associated periodic syndrome
UPLC-MS/MS ultra performance liquid chromatography-tandem mass spectrometry
ZAA  zaragozic acid A
ZOL  zoledronate





Chapter 1

General introduction

P

O

O
O-O-

O
P

O

O-



Chapter	1

1

10

ISoPreNoID BIoSyNTHeSIS PATHwAy

Introduction
The isoprenoid biosynthesis pathway plays an important role in cellular metabolism. 
It provides the cell with sterol and nonsterol isoprenoids which are incorporated into 
diverse classes of end products that participate in processes relating to cell growth, 
differentiation, glycosylation, isoprenylation and various signal transduction pathways 
[1;2]. Cholesterol is the major sterol end product of the pathway and is not only an 
important structural component of cellular membranes and myelin, but is also the 
precursor of oxysterols, steroid hormones and bile acids. Furthermore, cholesterol 
plays a crucial role in human embryogenesis and development [3]. In addition to the 
synthesis of sterol compounds, the isoprenoid biosynthesis pathway produces a variety 
of nonsterol isoprenoids. These include, among others: 1) ubiquinone-10 and the side 
chains of heme A, which are both involved in electron transport in the mitochondrial 
respiratory chain; 2) dolichol, a mediator of N-linked protein glycosylation; 3) isopentenyl 
tRNAs, involved in protein translation; 4) farnesyl and geranylgeranyl moieties, used 
for the prenylation of cellular proteins, which in most cases makes them membrane 
associated. Many isoprenylated proteins participate in important cellular functions, such 
as signal transduction, cell cycle control, cytoskeletal organization, intracellular vesicle 
traffic and inflammation [1;2].

Pathway intermediates and enzymes
The first part of the isoprenoid biosynthesis pathway is also known as the mevalonate 
pathway and consists of a series of reactions in which acetyl-CoA is converted into 
farnesyl pyrophosphate (FPP) (Figure 1). The pathway starts with two acetyl-CoAs, 
which are converted into acetoacetyl-CoA by the enzyme acetoacetyl-CoA thiolase. 
3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) is then formed through the addition of 
a third acetyl-CoA by HMG-CoA synthase. The reduction of HMG-CoA is catalyzed by 
the rate-limiting enzyme of the pathway, HMG-CoA reductase, and yields mevalonate. 
Subsequently, mevalonate is phosphorylated twice, first by mevalonate kinase (MK) 
followed by phosphomevalonate kinase, which produces 5-phosphomevalonate and 
5-pyrophosphomevalonate, respectively. Decarboxylation of this latter compound by 
mevalonate pyrophosphate decarboxylase yields isopentenyl pyrophosphate (IPP). This 
basic C5 isoprene unit is used for the synthesis of all isoprenoid end products including 
some tRNAs in which IPP is added to adenosine. After isomerization of IPP to dimethylallyl 
pyrophosphate (DMAPP) by the enzyme isopentenyl pyrophosphate isomerase, a head-
to-tail condensation of IPP to DMAPP by farnesyl pyrophosphate synthase results in the 
formation of geranyl pyrophosphate (GPP). The same enzyme then adds another IPP to 
GPP, which forms FPP [1;4]. At the level of FPP, the pathway branches off into a sterol 
and nonsterol part of the isoprenoid biosynthesis pathway. 
The conversion of two FPP molecules into squalene is the first reaction exclusively 
committed to the synthesis of sterol end products. This reaction is catalyzed by squalene 
synthase and is followed by the condensation of squalene into lanosterol. To eventually 
generate C27 cholesterol from lanosterol, a series of at least 8 different enzyme reactions 
is required (Figure 2). This complex set of enzyme reactions include one methylation at 
C14 and two demethylations at C4, three reductions of the Δ14, Δ7 and Δ24 double 
bonds, one isomerization of Δ8 to Δ7 and one desaturation between C5 and C6. 
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Because most of the enzymes of the sterol part of the isoprenoid biosynthesis pathway 
are assumed to be rather nonspecific and can interact with various intermediates, their 
sequence may vary dependent on the tissue in which they occur. Therefore, two major 
routes involving the same enzymes are proposed, which, dependent in particular on the 
timing of reduction of the Δ24 double bond, postulate either 7-dehydrocholesterol or 
desmosterol as the ultimate precursor of cholesterol [5].

Figure 1. Isoprenoid biosynthesis pathway. The different enzymes involved are numbered as follows: 1. 
Acetoacetyl-CoA thiolase; 2. 3-Hydroxy-3-methylglutaryl-CoA synthase; 3. 3-Hydroxy-3-methylglutaryl-CoA 
reductase; 4. Mevalonate kinase; 5. Phosphomevalonate kinase; 6. Mevalonate pyrophosphate decarboxylase; 
7. Isopentenyl pyrophosphate isomerase; 8. Farnesyl pyrophosphate synthase; 9. Squalene synthase; 10. 
tRNA isopentenyltransferase; 11. Farnesyltransferase; 12. Heme A:farnesyltransferase; 13. Geranylgeranyl 
pyrophosphate synthase; 14. Dehydrodolichyl pyrophosphate synthase; 15. Geranylgeranyltransferase I or II; 
16. Decaprenyl pyrophosphate synthase.
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In the nonsterol part of the isoprenoid biosynthesis pathway FPP is the substrate for 
several enzymes to form different isoprenoid end products. For example, FPP can be 
used for the farnesylation of protoheme, which is the first step in the conversion of 
protoheme to heme A [6], or for the farnesylation of proteins. FPP is also the substrate 
for the synthesis of dehydrodolichol pyrophosphate. Furthermore, addition of one IPP to 
FPP by geranylgeranyl pyrophosphate synthase produces geranylgeranyl pyrophosphate 
(GGPP) that can either be used directly for geranylgeranylation of proteins or is further 
elongated to nonaprenyl or decaprenyl pyrophosphate. The latter is used for the 
biosynthesis of ubiquinone-10 [7].

Figure 2. Cholesterol biosynthesis pathway. For the synthesis of cholesterol two major routes have been 
proposed, which use the same enzymes but either postulate 7-dehydrocholesterol or desmosterol as ultimate 
precursor of cholesterol. The different enzymes involved are numbered as follows: 1. Squalene monooxygenase 
(squalene epoxidase); 2. Lanosterol synthase; 3. Desmosterol reductase (sterol Δ24-reductase); 4. Sterol C14 
demethylase; 5. Sterol Δ14-reductase; 6. Sterol C4 demethylase; 7. Sterol Δ8-Δ7-isomerase; 8. Lathosterol 
oxidase (sterol Δ5-desaturase); 9. 7-Dehydrocholesterol reductase (sterol Δ7-reductase).
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Regulation of the isoprenoid biosynthesis pathway
The isoprenoid biosynthesis pathway is regulated tightly in order to allow a constant 
production of sterol and nonsterol isoprenoids without risking overaccumulation of 
potentially toxic intermediates or products, such as cholesterol. HMG-CoA reductase 
is the rate-limiting enzyme of the isoprenoid biosynthesis pathway and therefore plays 
a central role in this regulation, which occurs at the transcriptional level and by three 
post-transcriptional mechanisms. 
At the transcriptional level, a feedback mechanism of the isoprenoid biosynthesis 
pathway in response to cholesterol levels is mediated by sterol regulatory element 
binding proteins (SREBPs), a family of membrane-bound transcription factors, which 
activate transcription of genes that are involved in the synthesis of cholesterol and 
its receptor-mediated uptake as plasma lipoproteins (LDL-receptor). In the absence of 
sterols, SREBPs bind to sterol regulatory element 1 (SRE-1) in promoter regions to activate 
transcription, however, they are not required for basal transcription when sterols are 
present [8]. All genes encoding enzymes involved in the biosynthesis of cholesterol 
contain SRE-1 in their promoter region and are subject to the feedback regulation of 
SREBPs [9;10]. Two genes, SREBP-1 and SREBP-2, encode for three SREBP proteins, 
SREBP-1a, SREBP-1c and SREBP-2. SREBP-1a and SREBP-1c originate from SREBP-1, as 
a result of alternative transcription initiation start sites and alternative splicing [10]. 
Besides regulating cholesterol biosynthesis (SREBP-2), SREBPs can also function in the 
regulation of fatty acid biosynthesis (SREBP-1a), lipogenesis (SREBP-1c) and glucose 
metabolism (SREBP-1c) [11].
SREBPs are members of the basic helix-loop-helix-leucine zipper family of transcription 
factors. Unlike other members of this family, SREBPs are synthesized as inactive precursors, 
which localize to the membrane of the endoplasmic reticulum (ER) and nuclear envelop. 
Each SREBP precursor consists of three domains: an N-terminal transcription factor 
domain, a middle domain containing two hydrophobic transmembrane segments and a 
C-terminal regulatory domain [10]. Through this C-terminal regulatory domain, SREBPs 
are tightly associated with the SREBP-cleavage-activating protein (SCAP). SCAP contains 
a so-called “sterol-sensing domain” that can directly bind cholesterol, which will induce 
a conformational change of SCAP enabling the interaction with Insig-1 or Insig-2, two 
membrane proteins of the ER. As a result, the strong interaction of SCAP with Insig 
retains the SREBP-SCAP complex in the ER [12-14]. In the absence of cholesterol, the 
interaction between SCAP and Insig weakens and SCAP will function as a chaperone 
to transport the SREBP to the Golgi. In this compartment the SREBP is cleaved in two 
subsequent steps by proteases called Site-1 and Site-2 proteases (S1P and S2P) thereby 
releasing the N-terminal transcription factor domain, which translocates to the nucleus 
and activates transcription by binding to the SRE-1 in promoter regions of multiple 
target genes [15;16].
Although all enzymes of the isoprenoid biosynthesis pathway are subject to 
transcriptional regulation, only HMG-CoA reductase can also be regulated by three post-
transcriptional mechanisms, such as translational efficiency, rate of protein degradation 
and modulation of enzymatic activity [8]. The translation rate of HMG-CoA reductase 
mRNA is controlled by nonsterol isoprenoids. For instance, inhibition of the pathway 
with statins, results in an efficient translation of HMG-CoA reductase mRNA, even in 
the presence of sterols. However, when the levels of nonsterol isoprenoids are restored 
by the addition of mevalonate, the translation rate reduces 5-fold [17]. The degradation 
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rate of HMG-CoA reductase protein is regulated by both sterol and nonsterol isoprenoids. 
HMG-CoA reductase is embedded in the ER membrane and contains a “sterol-sensing 
domain” like SCAP. In the presence of cholesterol one of the Insig proteins binds to 
this domain, which leads to ubiquitination and proteasomal degradation of HMG-
CoA reductase [18;19]. This degradation can be enhanced by nonsterol isoprenoids, 
including derivatives of FPP and GGPP (e.g. farnesol and geranylgeraniol) [19-22]. Finally, 
the catalytic activity of HMG-CoA reductase can be regulated by the cellular energy 
state (ATP/AMP ratio). ATP depletion and consequently AMP rise cause the activation 
of AMP-activated protein kinase, which in turn phosphorylates HMG-CoA reductase, 
thereby decreasing its activity. AMP-activated protein kinase functions as a metabolic 
sensor that monitors cellular energy levels and switches off ATP-consuming pathways 
and switches on ATP-producing pathways [23;24].

Subcellular localization
The subcellular localization of the isoprenoid biosynthesis pathway is in the ER and 
cytosol. All enzymes involved in the conversion of acetyl-CoA to FPP (all soluble 
substrates), are cytosolic, whereas all subsequent cholesterogenic enzymes of the post-
squalene part of the pathway, which handle lipophilic substrates, are located in the 
ER. The only exception is HMG-CoA reductase, which is an integral membrane protein 
of the ER, but which has its catalytic domain localized in the cytosol [8]. Previously, it 
has also been postulated that the enzymes of the pre-squalene part of the isoprenoid 
biosynthesis pathway are localized in peroxisomes, and despite contradicting results 
this peroxisomal involvement has been regarded as well established for many years 
[25]. More recent data, however, shows that the absence of functional peroxisomes 
does not lead to a deficiency of enzymes involved in cholesterol biosynthesis [26] 
and that intact peroxisomes are not necessary for isoprenoid biosynthesis [27]. 
Furthermore, experiments towards the subcellular localization of endogenous proteins, 
which were performed under physiological conditions, demonstrate an exclusive 
cytosolic localization for mevalonate kinase [28], phosphomevalonate kinase [29] and 
mevalonate pyrophosphate decarboxylase [30]. These results do not support a direct 
role of peroxisomes in isoprenoid biosynthesis.

Disorders of isoprenoid biosynthesis
Several inherited disorders have been linked to specific enzyme defects in isoprenoid 
biosynthesis including enzyme deficiencies in the post-squalene part of the pathway 
(which affect only the biosynthesis of cholesterol), respiratory chain deficiencies, 
deficiency of protein prenylation and one disorder that affects the biosynthesis of 
all isoprenoids since the deficient enzyme is located in the pre-squalene part of the 
pathway. This latter disorder is mevalonate kinase deficiency, which is characterized by 
recurrent fever episodes and generalized inflammation, and will be discussed in more 
detail in the following paragraph.
In the post-squalene part of the isoprenoid biosynthesis pathway seven disorders have 
been described; Smith-Lemli-Opitz syndrome (SLOS; MIM 270400), desmosterolosis (MIM 
602398), lathosterolosis (MIM 607330), Greenberg skeletal dysplasia (MIM 2151140, 
also known as HEM skeletal dysplasia), Conradi-Hünermann-Happle syndrome (CDPX2; 
MIM 302960), CHILD syndrome (MIM 308050) and, very recently, CK syndrome (MIM 
300831). All these disorders, caused by mutations in genes encoding enzymes of the 
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post-squalene part of the pathway, are characterized by multiple morphogenic and 
congenital anomalies, like dysmorphic craniofacial features, microcephaly, multiple 
internal organ, limb/skeletal, and urigenital malformations, (intrauterine) growth and 
mental retardation, and behavioral problems [31;32]. The overall clinical presentation 
of patients with a cholesterol biosynthesis defect implies that cholesterol plays a crucial 
role in human embryogenesis and development.
Other disorders affect the biosynthesis of only specific nonsterol isoprenoids, like heme 
A (COX deficiency; MIM 220110) and ubiquinone-10 (coenzyme Q10 deficiency; 
MIM 607426) which cause respiratory chain deficiencies. Some of the symptoms are 
mitochondrial encephalopathy, ataxia and myopathy [33-35]. Choroideremia (MIM 
303100) is a protein prenylation disorder that causes hypogeranylgeranylation of 
Rab27a, which leads to progressive night blindness and loss of peripheral vision [36].

MevALoNATe kINASe DeFICIeNCy

Clinical characteristics
Mevalonate kinase deficiency (MKD) is a hereditary periodic fever syndrome classified 
as an autoinflammatory disorder. Autoinflammatory disorders are characterized by 
spontaneous attacks of systemic inflammation without an apparent infectious or 
autoimmune etiology. Among these disorders are familial Mediterranean fever (FMF, 
MIM 249100), TNF-receptor-associated periodic syndrome (TRAPS, MIM 142680), 
familial cold autoinflammatory syndrome (FCAS, MIM 120100), Muckle-Wells syndrome 
(MWS, MIM 191900), chronic infantile neurologic cutaneous and articular syndrome 
(CINCA; also known as neonatal-onset multisystem inflammatory disease, NOMID, MIM 
607115), pyogenic sterile arthritis, pyoderma gangrenosum, and acne (PAPA syndrome, 
MIM 604416), Blau’s syndrome (MIM 186580), Crohn’s disease (CD, MIM 266600), early 
onset sarcoidosis (EOS, MIM 609464), periodic fever, aphthous stomatitis, pharyngitis 
and cervical adenitis syndrome (PFAPA), Schnitzler syndrome, Behçet’s syndrome (BS, 
MIM 109650), systemic-onset juvenile chronic arthritis (sJCA, MIM 604302), adult-onset 
Still’s disease and deficiency of IL-1 receptor antagonist (DIRA, MIM 612852) [37-39].
MKD includes two clinical entities, the hyperimmunoglobulinemia D and periodic fever 
syndrome (HIDS) and classic mevalonic aciduria (MA), which were thought unrelated 
until the cloning of the mevalonate kinase (MVK) gene revealed that they actually 
represent the two opposite phenotypes of the same genetic disease [40-42]. HIDS, 
first described in 1984 [43], is now recognized as the mild clinical end, whereas MA, 
described first by Berger et al. in 1985 [44], is considered the severe clinical end of the 
MKD spectrum [4]. However, there is a substantial clinical overlap ranging from mild 
MA to severe HIDS [45].
HIDS is characterized by recurrent episodes of fever, which usually return every 3 to 
6 weeks and last for 3 to 7 days. Body temperature rises abruptly, often with chills or 
rigors, remains high, often over 40°C, and then gradually returns to normal. These 
fever episodes are associated with malaise, headache, arthralgias, arthritis, nausea, 
abdominal pain, diarrhea, skin rash, hepatosplenomegaly and lymphadenopathy. Most 
HIDS patients will experience their first fever episode within the first year of life, but the 
fever episodes tend to become less frequent and less severe with age. The attacks can 
be triggered by vaccinations, infections, minor trauma and physical or emotional stress, 
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but most often such a trigger can not be identified. Between attacks patients are usually 
symptom-free [46;47].
MA, the severe presentation of MKD, is also characterized by similar fever attacks 
as seen with the mild HIDS presentation, however, in addition these patients have 
congenital and developmental anomalies. Severely affected MA patients have 
profound developmental delay, dysmorphic features, cataracts, hepatosplenomegaly, 
lymphadenopathy and anemia, and they often die in infancy. Less severely affected 
MA patients suffer from psychomotor retardation, hypotonia, myopathy and cerebellar 
atrophy, leading to ataxia [48].
The majority of currently identified MKD patients is diagnosed with the HIDS presentation 
and most of these HIDS patients are of Dutch origin. This may be explained by a founder 
effect with a common ancestor [49], as in the Netherlands the carrier frequency of the 
most common HIDS mutation is estimated to be 1:350. However, it can not be excluded 
that it may be a result of a heightened awareness of the disorder in the Netherlands and 
the inclusion of a specific laboratory test for IgD levels (one of the diagnostic hallmarks 
of HIDS) in Dutch patients with periodic fever. 

Biochemical background
MKD is caused by a deficient activity of MK and, as indicated by the clinical symptoms, 
there is a marked difference in residual MK activity between the mild HIDS presentation 
and the more severe MA presentation. Cultured skin fibroblasts and peripheral blood 
mononuclear cells (PBMCs) of patients with the HIDS presentation still show a residual MK 
enzyme activity, which varies between 1% and 10% when compared to healthy control 
subjects [42;50;51], while in cells of patients with the MA presentation MK activity is 
virtually absent (i.e. below detection levels) [48;52]. This difference in residual enzyme 
activity is also reflected in the plasma levels and urinary excretion of the accumulating 
MK substrate, mevalonate (or mevalonic acid). While plasma levels of mevalonate are 
only moderately elevated in HIDS patients (ranging from 0.8-4.8 µmol/L), these levels 
can be massive in MA patients (up to a maximum of 500 µmol/L). Normal plasma levels 
of mevalonate are below 0.03 µmol/L. Also the urinary excretion of mevalonate in 
HIDS is low to moderate (0.005-0.040 mol/mol creatinine) [42] and increases during 
fever attacks [53], whereas MA is characterized by a massive and constitutively elevated 
excretion (1-56 mol/mol creatinine) [48]. Normal excretion of mevalonate in urine is 
usually less than 0.001 mol/mol creatinine.
Patients with the MA presentation exhibit reduced levels of ubiquinone-10 in plasma 
[48;54] and reduced biosynthesis of dolichol [55]. Squalene, cholesterol and bile acid 
levels, however, are usually near normal [48;56]. In addition, protein prenylation and 
de	novo biosynthesis of cholesterol can be rather normal in fibroblasts of MKD patients 
when cultured under normal conditions [55;57;58]. Apparently, MKD cells are able 
to compensate for the reduced MK activity. This is achieved by elevating intracellular 
mevalonate levels through increased activity of HMG-CoA reductase [55;58]. The 
elevated intracellular mevalonate levels are necessary to maintain the flux through 
the isoprenoid biosynthesis pathway. The increased activity of HMG-CoA reductase, 
however, is not caused by a shortage of sterol end products, since exogenous LDL 
cholesterol did not suppress the activity and even further upregulation was detected 
under cholesterol-free culture conditions [58]. Moreover, HMG-CoA mRNA levels are 
normal in MA cells, indicating that the sterol-dependent SREBP pathway, involved in 
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transcriptional regulation, is not activated [57]. Yet, the increased HMG-CoA reductase 
activity was downregulated when MA cells were incubated with the isoprenoid 
precursors farnesol, geranylgeraniol and mevalonate [57]. This indicates that under 
normal conditions shortage of one of the nonsterol end products causes increased 
activity of HMG-CoA reductase.
Because of this compensatory mechanism, MK becomes the rate-limiting enzyme of 
the isoprenoid biosynthesis pathway. And since most mutations found in MKD patients 
have a temperature-sensitive effect on MK protein maturation and stability [59], any 
small increase in body temperature will result in a rapid decrease in residual MK activity. 
This will lead to a rather instant disturbance of the flux through the pathway, resulting 
in a temporary shortage of end products followed by inflammation and fever [59]. This 
could provide an explanation for the episodic nature of the fever episodes in MKD.

Molecular background
Since the identification of MVK as the disease-causing gene in both MA [60] and HIDS 
[41;42] and the elucidation of the genomic structure of the MVK gene at chromosome 
12q24 [50], many mutations have been detected at the cDNA and genomic level. So 
far, 65 mutations, which cause MKD have been reported [61-63] and these include 
mostly missense mutations, but also nonsense mutations, deletions, insertions, 
splicing defects and a complex mutation comprising a combination of a deletion and 
an insertion. The most common mutation in MKD is a missense mutation, a G>A 
transition at nucleotide 1129 changing the valine at position 377 into an isoleucine 
(V377I). This mutation is exclusively associated with the HIDS phenotype and is found 
in approximately 90% of the HIDS patients, mostly in a compound heterozygous state 
[42;59]. Other common mutations have been found both in patients with the HIDS 
presentation and MA presentation, like H20P and I268T, or only in patients with the MA 
presentation, including L264F, V310M, and A334T. Although the V377I mutation is the 
most common mutation in MKD, only few patients homozygous for V337I are known. 
A carrier frequency study in the Dutch population showed that the predicted incidence 
of V377I homozygotes based on the carrier frequency of the V377I mutation is much 
higher than the observed incidence. This strongly suggests that homozygotes for V377I 
exhibit a milder phenotype of MKD or no disease-phenotype at all [64].
The disease-causing nature of the identified mutations was concluded from the fact 
that they all were found in patients clinically suspected to suffer from MKD, whereas 
none of the mutations were found in control chromosomes. Evidence was obtained by 
expression of several mutant proteins in Escherichia	coli, which confirmed the mutations 
to have a deleterious effect on MK activity. Furthermore, most mutations were associated 
with decreased protein levels and marked deficient activities in fibroblasts of patients 
[42;52;65;66]. Most mutations primarily affect folding/stability of MK protein rather 
than affecting MK activity directly, as could be deduced from the fact that MK protein 
levels and residual activity could be increased when fibroblasts of MKD patients were 
cultured under conditions that promote a more controlled folding of precursor proteins 
into their mature form (i.e. growth at 30°C or growth in the presence of the ‘chemical 
chaperone’ glycerol) [59;61]. Mutations found in patients with the MA phenotype, 
however, have a more deleterious effect on MK protein folding and/or catalytic activity 
of the enzyme. This has been demonstrated for the A334T mutation, which has a direct 
effect on MK activity [65].
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Immunological aspects
HIDS is characterized by high serum IgD levels, one of the first observations in patients, 
which led to the name of the disorder [43], and is usually accompanied by high levels of 
IgA [67]. Also in MA patients elevated levels of IgD and IgA have been detected [51;68]. 
The physiological role of serum IgD, however, is largely unknown, as well as its role in 
the pathogenesis of MKD. Since there is no correlation between IgD concentration 
and disease severity [43;46] and several MKD patients with normal IgD levels have 
been reported [42;69-71], it is unlikely that IgD plays a major role in the onset of the 
inflammatory attacks. Furthermore, IgD may be elevated in other autoinflammatory 
diseases, like FMF [72] and TRAPS [73;74], and various other diseases and conditions 
including infections, immunodeficiencies, autoimmune diseases and allergic diseases 
[75].
During attacks, patients experience an acute phase response with leukocytosis, 
granulocytosis, elevated erythrocyte sedimentation rates and high levels of C-reactive 
protein and serum amyloid A [46;76;77]. Fever and an acute phase response are 
considered to be initiated by the release of inflammatory mediators. Indeed, in 
MKD there is an increased release of inflammatory markers, such as leukotriene E4, 
neopterin, soluble type II phospholipase A2 and α1-glycoprotein (AGP) [76;78-80]. The 
concentration of AGP is increased continuously, during and between fever episodes, 
indicating a persistent state of inflammation. In addition, release of inflammatory 
cytokines occurs during febrile attacks. Serum levels of the pro-inflammatory cytokines 
IFN-γ and IL-6 have been reported to be highly increased during attacks, TNF-α has 
risen to high normal values, whereas levels of IL-1α and IL-1β were not elevated. Also 
the anti-inflammatory cytokines IL-1ra and soluble TNF receptors p55 and p75 were 
increased, while IL-10 levels remained normal [76]. Unstimulated PBMCs from MKD 
patients obtained between attacks secrete more IL-1β, IL-6 and TNF-α, than PBMCs 
from healthy controls. Moreover, after stimulation with LPS the secretion of these pro-
inflammatory cytokines increases even further [81]. Taken together, elevated levels of 
IL-1β, IL-6 and TNF-α, together with the observed raise in urinary leukotriene E4 and 
neopterin excretion, suggests activation of macrophages at least during, but most likely 
also between attacks.

Treatment
The therapeutic options for MKD are still limited and most experience relies on case 
reports. In individual HIDS cases, clinical improvement as a result of treatment with 
non-steroidal anti-inflammatory drugs, corticosteroid, colchicine, or cyclosporine has 
been reported [46], but in the majority of patients these treatments do not have 
beneficial effects. In a small group of HIDS patients, treatment with the HMG-CoA 
reductase inhibitor simvastatin had a positive effect on the number of days of illness 
[82], but treatment with similar statins in MA patients led to severe worsening of the 
clinical symptoms [48]. Also treatment of HIDS patients with etanercept, a soluble 
p75 TNF-α receptor-Fc fusion protein, or with anakinra, a recombinant form of IL-1 
receptor antagonist, showed varying results [83-88]. Furthermore, a clinical trial with 
thalidomide (an inhibitor of TNF-α production) had limited efficacy on the number and 
severity of febrile attacks in HIDS patients [89]. Positive results were obtained in an MA 
patient who underwent allogeneic bone marrow transplantation from an HLA-identical 
sister [90].
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Variant type HIDS
With the availability of molecular analysis of the MVK	gene and biochemical analysis of 
MK enzyme activity in MKD patients, it became apparent that not all patients diagnosed 
with HIDS, the mild presentation of MKD, have MK deficiency [91;92]. This subgroup 
of patients with clinical symptoms indicative of HIDS, but no mutations in the MVK 
gene, was designated as having “variant type HIDS”, whereas patients with mutations 
in the MVK	gene were denoted as having “classic type HIDS” [92]. Subtle differences in 
symptoms, signs and laboratory findings were noted upon comparison of HIDS variants 
with classic type HIDS patients. In general, patients with classic type HIDS were younger 
at the onset of the disease, tended to have shorter, but more frequent fever episodes, 
and had more additional symptoms during attacks. Although variant type HIDS patients 
had high serum IgD concentrations, values were lower than those seen in classic type 
patients [91;92]. The defect or defects in the variant type patients which result in 
periodic fever and elevated IgD are unknown at present. One of the possibilities is that 
in addition to MK, defects of other enzymes of the isoprenoid biosynthesis pathway 
could also cause periodic fever.

ISoPreNyLATIoN AND MevALoNATe kINASe DeFICIeNCy

Protein prenylation
FPP and GGPP, two intermediates of the isoprenoid biosynthesis pathway, are necessary 
for the post-translational modification of proteins called isoprenylation. Isoprenylation is 
the post-translational covalent addition of either a farnesyl (15-carbon) or geranylgeranyl 
(20-carbon) moiety to C-terminal cysteine residues of target proteins. The attached lipid 
enables membrane association of these proteins and, subsequently interaction with 
downstream effectors [1;93].
The enzymes responsible for isoprenoid addition to proteins consist of three distinct 
protein prenyltransferases, including farnesyltransferase (FTase) which is involved in 
farnesylation of proteins, and geranylgeranyltransferase type I (GGTase-I) and type 
II (GGTase-II), which both catalyse geranylgeranylation of proteins [2;94]. FTase and 
GGTase-I are heterodimers that consist of an identical α-subunit [95] and a homologous 
but distinct β-subunit [96]. Both enzymes are classified as CaaX prenyltransferases, 
because they only recognize proteins that contain a C-terminal CaaX motif, where C 
represents an invariable cysteine, ‘a’ is an aliphatic amino acid, and X is any amino acid. 
The X in general determines if the protein is farnesylated (usually serine, methionine, 
alanine, glutamine or threonine) or geranylgeranylated (leucine or phenylalanine) [96-
98]. Substrates for FTase are Ras GTPases, lamin B and transducin γ-subunits, whereas 
substrates for GGTase-I include Rho, Rac and most γ-subunits of heterotrimeric G 
proteins [2]. However, there are many examples of cross-prenylation. For example, 
when farnesylation of K-RasB is inhibited by FTase inhibitors, it becomes a substrate 
for geranylgeranylation [99;100]. Furthermore, RhoB can be both farnesylated and 
geranylgeranylated by GGTase-I [101]. After prenylation, proteins with a C-terminal 
CaaX motif undergo two additional post-translational modifications. First, the aaX is 
cleaved from the C-terminus by the Rce-1 (Ras-converting enzyme 1) endoprotease 
[102;103], followed by the addition of a methyl group to the prenylated cysteine residue 
catalysed by the enzyme isoprenylcysteine-O-carboxyl methyltransferase (Icmt) [104]. 
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The enzyme that is not classified as CaaX prenyltransferase is GGTase-II, which is also 
known as Rab geranylgeranyltransferase. It attaches geranylgeranyl moieties to two 
C-terminal cysteines, like Cys-Cys (CC) or Cys-X-Cys (CXC) motifs, which are found 
exclusively in the Rab family of small GTPases. GGTase-II consists of three subunits, a 
Rab escort protein I (Rep1), an α-subunit and a β-subunit. Rep1 binds unprenylated Rab 
protein, presents it to the catalytic αβ-subunits, and remains bound to the Rab protein 
after geranylgeranylation [105;106]. 

Small GTPases
Many proteins in the human proteome are potential substrates to undergo isoprenylation, 
however, the largest family of prenylated proteins are the intracellular GTP-binding 
proteins that transduce extracellular signals into intracellular changes via downstream 
effectors. These proteins include some of the heterotrimeric G protein subunits [107] 
and the small G protein superfamily [108]. This small G protein superfamily consists of 
more than 100 different proteins that have only been identified in eukaryotes, from 
yeast to humans. Small G proteins are monomeric G proteins with molecular masses of 
20-40 kDa and are also commonly referred to as “small GTPases”. Small GTPases play a 
fundamental role in a multitude of intracellular signal transduction pathways involving 
vesicle trafficking, cell growth, differentiation and cytoskeletal function. The most well-
known family of small GTPases is the Ras superfamily, which is structurally classified into 
at least five major subfamilies: Ras, Rho/Rac, Rab, Sar1/Arf and Ran. The functions of 
the different subfamilies are as follows: Ras subfamily members mainly regulate gene 
expression; the Rho/Rac/Cdc42 proteins of the Rho family regulate both cytoskeletal 
reorganization and gene expression; the Rab and Sar1/Arf proteins regulate intracellular 
vesicle trafficking; and the Ran family members regulate nucleocytoplasmic transport 
during the G1, S and G2 phases of the cell cycle and microtubule organization during 
the M phase [108;109].

Activation of small GTPases
Small GTPases act as molecular switches that transduce an upstream signal to a 
downstream effector. This is achieved by cycling between an inactive GDP-bound state 
and an active GTP-bound state. In this way signaling pathways can be switched on 
and off, thereby regulating important processes like vesicle trafficking, cell growth 
differentiation and cytoskeletal function. The cycling between the inactive and active 
state is mediated by three sets of adaptor proteins, including guanine nucleotide 
dissociation inhibitors (GDIs), guanine nucleotide exchange factors (GEFs) and GTPase 
activating proteins (GAPs) [110] (Figure. 3). 
Small GTPases are activated when bound to GTP, but essentially non-functional when 
bound to GDP. GDIs prevent activation of small GTPases through binding with their 
C-terminal isoprenoid moieties. Currently, four human GDIs have been identified, 
namely three Rho-GDIs and one Rab-GDI that has a different structure but performs 
the same function for proteins in the Rab family [111-113]. Rho-GDIs inhibit both the 
basal and GEF-stimulated dissociation of GDP from the GDP-bound form and maintain 
the small GTPases as soluble cytosolic proteins [114-116]. Furthermore, Rho-GDIs are 
able to interact with the GTP-bound form of small GTPases to prevent interactions with 
effectors [111;112].
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Upon release of GDI, small GTPases associate with membranes through their isoprenoid 
moiety and an upstream signal stimulates the exchange of GDP for GTP, a process that 
is normally extremely slow and is therefore catalyzed by GEFs. GTP-bound small GTPases 
can then interact with and regulate the activity of their binding partners (effectors) to 
induce signaling pathways that promote a host of cellular responses, including the 
induction of gene expression. Many GEFs have been identified in humans, and most 
GEFs can activate more than one small GTPase. In addition, multiple GEFs can activate 
one GTPase [117;118]. The GDP-GTP exchange reaction is thought to be the rate-
limiting step in the GTP-binding/GTP hydrolytic cycle of GTPases and the GEFs have 
therefore been proposed as key regulators of the small GTPases.
Small GTPases themselves can hydrolyze GTP to GDP, however, this intrinsic GTPase 
activity is very slow. GAPs stimulate the GTPase activity of small GTPases thereby releasing 
the interaction with effectors and terminating signaling. Hereafter, degradation or 
rebinding of the small GTPases with GDIs may occur. GAPs are classified according to 
their GTPase subfamily (Ras-GAP, Rap-GAP, Rho-GAP, Rab-GAP, Arf-GAP and Ran-GAP) 
with sequence homology within subfamilies but not between families [119;120].

Figure 3. Activation of small GTPases. See text for details. GDI, guanine nucleotide dissociation inhibitor; GEF, 
guanine nucleotide exchange factor; GAP, GTPase activating protein [110].

Defective isoprenylation 
Although there are some studies that show that unprenylated proteins may also 
have functional effects [121;122], for most small GTPases isoprenylation is critical 
for intracellular trafficking and functional effects. Several studies have shown that 
prenylation is necessary for the small GTPases to interact with their regulatory proteins 
[111;116;123;124], and therefore inhibition of the isoprenoid biosynthesis pathway 
and subsequent protein prenylation is expected to disturb proper functioning of the 
small GTPases. 



Chapter	1

1

22

MKD patients still are capable of generating sufficient levels of isoprenoid end 
products under normal conditions, because of the previously discussed compensatory 
mechanism, which involves elevated levels of mevalonate through increased activation 
of HMG-CoA reductase [55;57;58]. However, while this flux may be sufficient under 
normal conditions, MKD patients are unable to respond rapidly or adequately to an 
instant further decrease in the activity of MK, which can already occur at small increases 
in body temperature, since mutated MK is highly temperature-sensitive [59]. This 
results in a temporary shortage of one or more isoprenoid end products. Inhibition of 
geranylgeranylation of proteins in control PBMCs increased the secretion of the pro-
inflammatory cytokine IL-1β and addition of GGPP reduced the elevated levels of IL-
1β secretion in PBMCs from MKD patients [125;126]. Furthermore, supplementation 
of GGOH in fibroblasts from MKD patients reduced the elevated levels of HMG-CoA 
reductase activity to control levels [57]. This indicates that the temporary shortage of 
one or more geranylgeranylated proteins causes the fever episodes these patients suffer 
from.

MouSe MoDeLS For MevALoNATe kINASe DeFICIeNCy

Currently, two mouse models have been reported to study MKD in	 vivo. The first 
model is based on the deletion of a single Mvk allele (Mvk+/-), which yields viable mice 
with significantly reduced liver MK enzyme activity (approximately 50% compared to 
controls) [127]. Multiple matings failed to produce complete Mvk knock-out mice, 
which is not unexpected since an HMG-CoA reductase knock-out mouse was reported 
to have an embryonic lethal phenotype [128]. Cholesterol levels in tissue and blood, 
and isoprenoid end products (ubiquinone and dolichol) in tissues were normal in this 
model. Conversely, mevalonate concentrations were increased in spleen, heart and 
kidney, but normal in brain and liver. Although there are immunological differences 
between control and Mvk+/- mice, such as elevated levels of IgA, IgD and TNF-α, only 
IgD levels were significantly higher in Mvk+/- mice [127].
The second animal model is obtained by treating Balb/c mice with aminobisphosphonates 
and bacterial muramyldipeptide (MDP) to induce an MKD-like inflammatory disorder 
[129;130]. Aminobisphosphonates, such as alendronate and pamidronate, block the 
isoprenoid biosynthesis pathway by inhibiting farnesyl pyrophosphate synthase [131], 
thereby mimicking the deficiency seen in MKD. In mice treated with alendronate alone, 
a statistical significant increase of acute phase markers, such as serum amyloid A (SAA) 
and the number of cells in the peritoneal exudate, is observed. Together with the pro-
inflammatory bacterial compound MDP, alendronate even triggers a more severe systemic 
inflammatory response [129]. Isoprenoids, in particular geraniol and geranylgeraniol, 
and a farnesyl transferase inhibitor were able to inhibit the inflammatory reaction in 
these mice [129;132]. As expected, treatment with pamidronate leads to a similar 
inflammatory response as seen with alendronate, both in the absence and presence of 
MDP. Moreover, geraniol diminishes the levels of inflammatory markers, like IL-1β and 
SAA, in pamidronate-treated mice [130].
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ouTLINe oF THIS THeSIS

MKD is an autosomal recessive inherited disorder characterized by periodic fever and 
inflammation. The disorder is caused by mutations in the MVK gene coding for MK, 
a key enzyme in the isoprenoid biosynthesis, and the deficient activity of this enzyme 
results in elevated mevalonic acid levels in plasma and urine. While in the majority of 
patients with periodic fever syndrome and elevated mevalonic acid levels a deficiency of 
MK could be demonstrated, we also observed several patients with normal MK activity 
and no mutations in the MVK gene. These patients, also designated as having “variant 
type HIDS”, may have a different enzyme defect in the isoprenoid biosynthesis pathway 
downstream of MK and such enzyme defects would result in the accumulation of 
specific phosphorylated isoprenoids. Therefore, we developed a sensitive method using 
HPLC-MS/MS (chapter 2) and UPLC-MS/MS (chapter 3) that allows the direct detection 
and quantification of all intermediates of the mevalonate pathway. After validation of 
the method in chapter 2, we demonstrated in chapter 3 that our method is not only 
useful to study variant type HIDS patients, but can also be a useful tool in determining 
the specificity of inhibitors of the isoprenoid biosynthesis pathway. In chapter 4 and 5 we 
studied the effect of MK-deficiency on the geranylgeranylation and activation of three 
small GTPases; RhoA, Rac1 and Cdc42, because there are indications that in particular 
a temporary shortage or dysfunction of one or more geranylgeranylated proteins is 
responsible for the fever episodes in MKD patients. We show that small disturbances 
in the flux of the isoprenoid biosynthesis pathway by low concentrations of simvastatin 
(chapter 4) or increased culturing temperatures (chapter 5) have an enormous effect 
on the localization and activation of the three small GTPases in MKD cells compared 
to controls. Chapter 6 describes the characterization of two novel mouse models of 
MKD, which will be useful to study MKD in	vivo and to test and develop therapeutic 
interventions.
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ABSTrACT

Isoprenoids constitute an important class of biomolecules that participate in many 
different cellular processes. Most available detection methods allow the identification 
of only one or two specific nonsterol isoprenoid intermediates following radioactive or 
fluorescent labeling. We here report a rapid, nonradioactive and sensitive procedure for 
the simultaneous detection and quantification of the eight main nonsterol intermediates 
of the isoprenoid biosynthesis pathway by means of tandem mass spectrometry. 
Intermediates were analyzed by HPLC-MS/MS in the multiple reaction monitoring mode 
using a silica-based C18 HPLC column. For quantification, their stable isotope-labeled 
analogs were used as internal standards. HepG2 cells were used to validate the method. 
Mevalonate, phosphomevalonate and the six subsequent isoprenoid pyrophosphates 
were readily determined with detection limits ranging from 0.03 to 1.0 µmol/L. The 
intra- and interassay variations for HepG2 cell homogenates supplemented with 
isoprenoid intermediates were 3.6-10.9% and 4.4-11.9%, respectively. Under normal 
culturing conditions, isoprenoid intermediates in HepG2 cells were below detection 
limits. However, incubation of the cells with pamidronate, an inhibitor of farnesyl 
pyrophosphate synthase, resulted in increased levels of mevalonate, isopentenyl 
pyrophosphate/dimethylallyl pyrophosphate and geranyl pyrophosphate. This method 
will be suitable for measuring profiles of isoprenoid intermediates in cells with 
compromised isoprenoid biosynthesis and for determining the specificity of potential 
inhibitors of the pathway.
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INTroDuCTIoN

The isoprenoid biosynthesis pathway (Figure 1) plays an important role in cellular 
metabolism. It provides the cell with a variety of compounds serving a number of 
different functions. In addition to sterols involved in maintaining membrane fluidity 
and required for the synthesis of hormones, bile acids and oxysterols, the pathway 
produces a variety of nonsterol isoprenoids. Examples of these are the side chains of 
ubiquinone-10 and heme A (which function in the mitochondrial respiratory chain), 
dolichol (required for protein glycosylation), isopentenyl tRNA (involved in protein 
translation) and the farnesyl and geranylgeranyl moieties of isoprenylated proteins such 
as the small GTPases. Although isoprenoids are rather diverse in structure and function, 
they all are derived from the basic C5 isoprene units isopentenyl pyrophosphate (IPP) 
and dimethylallyl pyrophosphate (DMAPP). These C5 isoprene units are synthesized in 
the nonsterol, pre-squalene part of the isoprenoid biosynthesis pathway, also known 
as the mevalonate pathway [1;2]. The mevalonate pathway starts with three acetyl-
CoAs, which are converted into 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) in 
two consecutive enzyme steps. HMG-CoA is then converted into mevalonate (MVA) 
by the rate-limiting enzyme of the pathway, HMG-CoA reductase. Subsequently, 
MVA is phosphorylated twice, which produces 5-pyrophosphomevalonate (MVAPP). 
Decarboxylation of the latter compound yields IPP. After isomerization of IPP to DMAPP, 
a head-to-tail condensation of IPP to DMAPP results in the formation of geranyl 
pyrophosphate (GPP). Addition of another IPP gives farnesyl pyrophosphate (FPP), 
the branch point metabolite of the pathway, which is the precursor of geranylgeranyl 
pyrophosphate (GGPP); GGPP is produced by the condensation of one FPP with one IPP 
molecule.
Different methods for the detection of intermediates of the mevalonate pathway 
have been described in the literature. Most of these methods allow the detection of 
only one specific compound, for example, the detection of MVA in human urine and 
plasma [3-7] and dog plasma [8]; DMAPP in plant leaves, yeast and bacteria [9]; and 
FPP in human and dog plasma [10] and yeast [11]. In addition, methods have been 
described for the simultaneous determination of FPP and GGPP in rat liver [12] and 
cultured NIH3T3 cells [13] and the detection of IPP and FPP in mouse and rat liver 
[14]. Measuring all the intermediates of the mevalonate pathway in one procedure is 
a major challenge, because the metabolites differ markedly in structure and physical 
properties. Indeed, only McCaskill and Croteau [15] reported a procedure for the 
analysis of all 11 intermediates of the mevalonate pathway from acetyl-CoA through 
GGPP in plant cells, while Zhang and Poulter [16] described a method to analyze the 
phosphorylated isoprenoid intermediates. Both procedures require incubation of cells 
or purified enzymes with radiolabeled precursors, after which metabolites are detected 
by HPLC with radiodetection. 
Here we report the development of a sensitive method using high-performance liquid 
chromatography-tandem mass spectrometry (HPLC-MS/MS) that allows the direct 
detection and quantification of all intermediates of the mevalonate pathway without 
the use of radioactive or fluorescent compounds. The applicability of our procedure was 
demonstrated by the analysis of HepG2 cells incubated with pamidronate, an inhibitor 
of farnesyl pyrophosphate synthase (FPPS), which resulted in the accumulation of MVA, 
IPP/DMAPP, and GPP.
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MATerIALS AND MeTHoDS

Chemicals/materials
The following intermediates of the isoprenoid biosynthesis pathway were purchased 
from Sigma-Aldrich: mevalonolactone (MVAL), IPP, DMAPP, GPP, FPP and GGPP. 
MVAL-d7 was purchased from CDN isotopes.

Figure 1. Isoprenoid biosynthesis pathway. The different enzymes involved are numbered as follows: 1. 
Acetoacetyl-CoA thiolase; 2. 3-Hydroxy-3-methylglutaryl-CoA synthase; 3. 3-Hydroxy-3-methylglutaryl-CoA 
reductase; 4. Mevalonate kinase; 5. Phosphomevalonate kinase; 6. Mevalonate pyrophosphate decarboxylase; 
7. Isopentenyl pyrophosphate isomerise; 8. Farnesyl pyrophosphate synthase; 9. Geranylgeranyl pyrophosphate 
synthase.
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Synthesis of 5-phosphomevalonate and 5-pyrophosphomevalonate
5-Phosphomevalonate (MVAP) and MVAPP were prepared by enzymatic synthesis. 
Maltose-binding protein (MBP)-mevalonate kinase (MK) and MBP-phosphomevalonate 
kinase (PMK) fusion proteins were obtained as described [17] and used to convert MVA 
to MVAP and MVAPP. Incubations were performed using the same conditions described 
for MK or PMK activity measurements [18;19], with a few minor modifications. Instead 
of 1 M KPi, 1 M NH4HCO3 was used and the incubation time was extended to 1 h. 
The reactions were not stopped with 20% formic acid, but samples were immediately 
deproteinized using a Microcon YM-10 (Microcon Centrifugal Filter Devices, Millipore 
Corp.) according to the manufacturer’s protocol.

Internal standards
All internal standards (ISs) except MVA-d7 were prepared by either enzymatic or 
chemical synthesis. MVA-d7 was prepared by dissolving MVAL-d7 in 0.1 M NaOH 
followed by incubation at 37°C for 30 min. MVAP-d7 and MVAPP-d7 were synthesized 
by purified MBP-MK and MBP-PMK using MVA-d7 as substrate and following the same 
procedure described above for the synthesis of MVAP or MVAPP. IPP-d7 was synthesized 
by purified MBP-MK, MBP-PMK and MBP-mevalonate pyrophosphate decarboxylase 
(MPD) using MVA-d7 as substrate. MBP-MPD fusion protein was obtained as described 
[17] and used to convert MVAPP-d7 to IPP-d7. Incubations were performed using the 
same conditions described for synthesis of MVAP or MVAPP with one additional step. 
After the incubation with MBP-MK and MBP-PMK, MPB-MPD was added and incubated 
for an additional hour. After the enzymatic syntheses, the samples were deproteinized 
using a Microcon YM-10 according to the manufacturer’s protocol. GPP-d3, FPP-d3 and 
GGPP-d3 were prepared using the vinyl triflate methodology previously developed in 
the Gibbs laboratory [20;21]. Full details of the synthesis of these compounds will be 
published elsewhere.

Cell culture
HepG2 cells were cultured in Dulbecco’s modified Eagles medium (DMEM) containing 
10% fetal calf serum (FCS), 1% penicillin/streptomycin and 25 mM Hepes in a 
temperature- and humidity-controlled incubator (95% air, 5% CO2 as the gas phase) 
at 37°C. For experiments, cells were grown in T75 flasks at a density of 3 million cells/
flask in DMEM containing 10% lipoprotein (cholesterol)-depleted FCS, 1% penicillin/
streptomycin and 25 mM Hepes. After 3 days of culturing, 100 µM pamidronate was 
added and incubated for 6, 12 and 24 h. Cells were harvested as described under 
Sample Preparation.

Sample preparation
Cells in culture flasks were washed two times with 100 mM NH4HCO3, pH 7.8. One or 
two milliliters of 2-propanol:100 mM NH4HCO3, pH 7.8 (1:1 v/v) was added to a T75 or 
T162 flask, respectively, and cells were scraped from the bottom. Cells were collected in 
a test tube and sonicated on ice (twice, 40 J at 8 W output) and 250 µl of the resulting 
cell homogenate was used for further preparation. To each cell homogenate (with or 
without supplemented isoprenoid intermediates), 500 µl 2-propanol:100 mM NH4HCO3 
pH 7.8 (1:1 v/v) and ISs (1 nmol MVA-d7, MVAP-d7, and MVAPP-d7, 0.2 nmol IPP-d7, 
GPP-d3, FPP-d3 and GGPP-d3) were added and samples were vortexed. Subsequently, 
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750 µl acetonitrile was added for deproteinization and samples were kept on ice 
for 10 min. The samples were then centrifuged for 10 min at 14,000g at 4°C. After 
centrifugation, supernatants were transferred to glass tubes and dried under a stream 
of nitrogen at 40°C. The residues were then dissolved in 120 µl MilliQ water and 10 
µl of this solution was injected into the HPLC-MS/MS system. Protein concentration of 
each cell suspension was determined using bicinchoninic acid [22].

Intra- and interassay determination
HepG2 cells were grown for 3 days in culture flasks at a density of 55,000 cells/cm2 
in regular DMEM as described under Cell Culture. Cells were harvested as described 
under Sample Preparation. The intraassay variation of the method was established 
with unsupplemented HepG2 cell homogenates and with HepG2 cell homogenates 
supplemented with one of three different mixtures of isoprenoid intermediates: low–1 
nmol MVA, MVAP and MVAPP, 0.2 nmol IPP, 0.1 nmol GPP, 0.11 nmol FPP and 0.12 
nmol GGPP; medium–1.5 nmol of each calibrator; high–3 nmol of each calibrator. The 
interassay variation was established with unsupplemented HepG2 cell homogenates 
and with HepG2 cell homogenates supplemented with the same mixtures of isoprenoids 
used for the intraassay, for a period of 12 weeks. Recovery was determined using the 
intra- and interassay samples enriched with relevant intermediates. 

Calibration curves
Calibration mixtures containing different concentrations of intermediates were used to 
construct calibrations curves. MVA: 10, 20, 30, 40 and 50 µmol/L. MVAP and MVAPP: 
5, 10, 20, 30 and 40 µmol/L. IPP: 1.5, 13.7, 25.8, 37.9 and 50 µmol/L. GPP, FPP and 
GGPP: 0.5, 12.9, 25.3, 37.7 and 50 µmol/L. Constant amounts of ISs were added to 
each calibration mixture: 1 nmol MVA-d7, MVAP-d7 and MVAPP-d7; 0.2 nmol IPP-d7, 
GPP-d3, FPP-d3 and GGPP-d3. Calibration curves were used to determine linearity and 
the concentration of each compound in prepared samples.

HPLC-MS/MS
The HPLC system consisted of a Surveyor quaternary gradient pump, a vacuum degasser, 
a column temperature controller, and an autosampler (Thermo Finnigan Corp.). Column 
temperature was maintained at 20°C. The samples were injected onto a 4.6 × 50 mm 
Luna C18 (2) column, 3 µm particle diameter (Phenomenex). The intermediates of the 
isoprenoid biosynthesis pathway were separated by a linear gradient between solution 
A (20 mM NH4HCO3, 0.1% triethylamine) and solution B (acetonitrile:H2O, 4:1, 0.1% 
triethylamine). The gradient was as follows: 0-2 min, 100% A to 80% A; 2-6 min, 80% 
A to 0% A; 6-7 min, 0% A; 7-7.1 min, 0% A to 100% A; 7.1-12 min, equilibration with 
100% A. The flow rate was set to 1 ml/min and was split after the HPLC column in a 
ratio of 1/20, producing an inlet flow into the tandem mass spectrometer of 50 µl/min. 
For each analysis, 10 µl of sample was injected onto the column, and the total analysis 
time, including the equilibration, was 12 min. 
A TSQ Quantum AM (Thermo Finnigan Corp.) was used in the negative electrospray 
ionization mode. Nitrogen was used as the nebulizing gas, and argon was used as the 
collision gas at a pressure of 0.5 mTorr. The ion spray voltage was set at 3000 V, and the 
capillary temperature was 350°C. Collision cell energy was optimized for each particular 
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intermediate of the isoprenoid biosynthesis pathway. The intermediates were detected 
with the mass spectrometer in multiple reaction monitoring (MRM) mode. 

reSuLTS

Chromatography and mass spectra
We first optimized the mass spectrometer for each intermediate of the mevalonate 
pathway. Calibration mixtures containing 12.5 µmol/L MVA, MVAP, MVAPP, IPP, DMAPP, 
GPP, FPP or GGPP were used to determine MS/MS fragmentation patterns and HPLC 
retention behavior for each compound. The isoforms IPP and DMAPP elute as one peak 
and, with this procedure, cannot be measured separately. To allow reliable quantification 
and exclude misinterpretation due to different physical behavior of the various 
intermediates, we used for each intermediate its own IS, that is, MVA-d7, MVAP-d7, 
MVAPP-d7, IPP-d7, GPP-d3, FPP-d3 and GGPP-d3. Because we observed interference of 
IPP-d7 detection by MVAP and MVAPP, we separated the preparation and detection of 
MVAP and MVAPP from those of the other compounds. The specific transitions obtained 
for each metabolite are listed in Table 1. All the isoprenoid intermediates containing a 
phosphate or pyrophosphate moiety produced a collision-induced fragment ion of m/z 
79. 

Compound m/z Collision energy (eV)

Parent ion Product ion

MVA 147.10 59.10 14
MVAP 227.10 79.00 23
MVAPP 306.90 79.00 23
IPP/DMAPP 245.00 79.00 23
GPP 313.10 79.00 21
FPP 381.10 79.00 40
GGPP 449.15 79.00 46
MVA-d7 154.10 59.10 14
MVAP-d7 234.00 79.00 23
MVAPP-d7 313.90 79.00 23
IPP-d7 252.00 79.00 23
GPP-d3 316.10 79.00 21
FPP-d3 384.10 79.00 40
GGPP-d3 452.15 79.00 46

Table 1
MRM transitions for each isoprenoid intermediate and internal standards

Limits of quantification and detection
HepG2 cell homogenates were supplemented with decreasing concentrations of 
calibration mixture containing MVA, IPP, GPP, FPP and GGPP or MVAP and MVAPP, 
thereby decreasing the concentration of the isoprenoid intermediates to undetectable 
levels. Samples were subsequently prepared for HPLC-MS/MS as described under 
Materials and methods. The LOQ and the LOD were defined as the lowest concentrations 
that gave signal-to-noise ratios of 10 and 3, respectively. The LOQ and LOD for the 
isoprenoid intermediates were 0.1-4.2 µmol/L and 0.03-1.0 µmol/L, respectively (Table 
2). In Figure 2 are the MRM chromatograms of HepG2 cell homogenate spiked with 
LOQ levels of each compound.
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Figure 2. MRM chromatograms of HepG2 cell homogenate and HepG2 cell homogenate spiked with LOQ 
levels of each isoprenoid intermediate.
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Linearity
Calibration curves were constructed for each isoprenoid intermediate as described under 
Materials and methods. The calibration curves were linear up to at least 50 µmol/L (r2 
>0.990). Because the HPLC column was overloaded for IPP, GPP, FPP and GGPP when 
using calibration mixtures of 100 µmol/L, concentrations higher than 50 µmol/L could 
not be measured accurately.

Compound Mean amount (nmol) CV (%)

MVA 1.53 9.3
MVA-P 1.41 7.8
MVA-PP 1.56 8.7
IPP 1.37 7.9
GPP 1.51 4.4
FPP 1.51 5.1
GGPP 1.63 3.7

Table 3
MS/MS variationa 

a n = 10 for each compound. HepG2 cell homogenates were supplemented with 1.5 nmol of each intermediate. 
Every sample contains 775 µg of protein.

MS/MS variation, intra- and interassay variations, and recovery
MS/MS variation was determined by 10 consecutive analyses of 10 µl of a single 
sample, that is, processed HepG2 cell homogenates supplemented with 1.5 nmol of 
each calibrator. The MS/MS variation was 3.7-9.3% (Table 3). The intra- and interassay 
variations were established by measurement of HepG2 cell homogenates and HepG2 
cell homogenates supplemented with isoprenoid intermediates at three different 
concentrations (Tables 4 and 5). The lowest concentrations of added calibrators used 
(1 nmol MVA, MVAP and MVAPP; 0.2 nmol IPP; 0.1 nmol GPP, 0.11 nmol FPP and 0.12 
nmol GGPP), were based on the observed difference in MS/MS sensitivity. The medium 
and high concentrations of calibrators were 1.5 and 3 nmol, respectively. Intracellular 
levels of isoprenoid intermediates in HepG2 cells were below detection limits. The intra- 
and interassay variations determined with the homogenates supplemented with the 
intermediates were 3.6-10.9% and 4.4-11.9%, respectively. Recoveries of the added 
calibrators were in the range of 91-124%.

Compound LOQ (µmol/L) LOD (µmol/L)

MVA 4.17 1.04
MVAP 4.17 1.04
MVAPP 4.17 1.04
IPP 0.42 0.10
GPP 0.10 0.03
FPP 0.11 0.03
GGPP 0.13 0.06

Table 2
LOQ and LOD of all isoprenoid intermediates
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Compound Input amount (nmol) Mean amount (nmol) CV (%) Recoveryb (%)

MVA 1.00 0.98 9.8 98
MVA-P 1.00 1.14 9.9 114
MVA-PP 1.00 1.06 10.3 106
IPP 0.20 0.22 10.3 109
GPP 0.10 0.12 4.3 124
FPP 0.11 0.13 6.0 116
GGPP 0.12 0.13 5.8 106

MVA 1.50 1.48 9.6 99
MVA-P 1.50 1.63 7.1 108
MVA-PP 1.50 1.60 9.6 106
IPP 1.50 1.48 8.4 98
GPP 1.50 1.44 4.7 96
FPP 1.50 1.61 5.6 108
GGPP 1.50 1.62 4.1 108

MVA 3.00 2.96 10.9 99
MVA-P 3.00 2.94 7.8 98
MVA-PP 3.00 2.90 8.7 97
IPP 3.00 2.74 8.8 91
GPP 3.00 2.90 3.7 97
FPP 3.00 3.11 4.3 104
GGPP 3.00 3.08 3.6 103

Table 4
Intraassay variation and recovery for HepG2 cellsa 

a n = 10 for each compound concentration. No intermediates were detected in unsupplemented HepG2 cell 
homogenates. Every sample contains 775 µg of protein.
b Recoveries were determined using cell homogenates supplemented with the indicated intermediates.

Compound Input amount (nmol) Mean amount (nmol) CV (%) Recoveryb (%)

MVA 1.00 1.02 9.5 102
MVA-P 1.00 0.99 10.2 99
MVA-PP 1.00 1.06 11.9 106
IPP 0.20 0.22 11.2 109
GPP 0.10 0.12 8.5 123
FPP 0.11 0.12 11.1 107
GGPP 0.12 0.11 11.1 94

MVA 1.50 1.62 10.6 108
MVA-P 1.50 1.52 9.5 101
MVA-PP 1.50 1.47 11.5 98
IPP 1.50 1.54 10.6 103
GPP 1.50 1.61 9.6 108
FPP 1.50 1.69 9.3 113
GGPP 1.50 1.61 4.6 107

MVA 3.00 3.12 8.5 104
MVA-P 3.00 2.88 9.8 96
MVA-PP 3.00 2.81 10.5 94
IPP 3.00 2.82 9.9 94
GPP 3.00 3.05 4.4 102
FPP 3.00 3.14 6.7 105
GGPP 3.00 3.09 7.7 103

Table 5
Interassay variation and recovery for HepG2 cellsa

a n = 10 for each compound concentration. No intermediates were detected in unsupplemented HepG2 cell 
homogenates. Every sample contains 775 µg of protein.
b Recoveries were determined using cell homogenates supplemented with the indicated intermediates.
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Intracellular accumulation of intermediates of the mevalonate pathway
Application of the method to determine intracellular levels of intermediates was 
demonstrated by blocking the isoprenoid biosynthesis pathway with pamidronate, 
which inhibits FPPS (Figure 1). HepG2 cells were cultured in medium supplemented 
with lipoprotein-depleted FCS to induce isoprenoid biosynthesis [23;24], and incubated 
with 100 µM pamidronate for 6, 12 and 24 h (Figure 3). Accumulation of MVA and 
IPP/DMAPP was observed in a time-dependent manner. Furthermore, small amounts 
of MVAP, MVAPP and GPP were detected, although levels of MVAP and MVAPP were 
below quantification limits. When HepG2 cells were cultured in medium with regular 
FCS and incubated with pamidronate, no accumulation of intermediates was observed 
(data not shown).

DISCuSSIoN

We developed a sensitive and specific method for the detection and quantification 
of nearly all isoprenoid intermediates of the mevalonate pathway using HPLC-MS/MS. 
Our method covers the measurement of MVA up to GGPP and is most sensitive for 
the phosphorylated compounds. Previously, Seker et al. [25] described a method to 
analyze the first three metabolites of the pathway, that is, acetyl-CoA, acetoacetyl-
CoA and HMG-CoA, using reversed-phase ion-pair HPLC, which can be used as a 
complementary method to allow detection of all isoprenoid intermediates. To ensure 
that our method would be suitable for studies in cells and tissue, we determined the 
detection and quantification parameters of the various intermediates after supplying 
these to homogenates of the hepatoma cell line HepG2 rather than using the 
intermediates dissolved in buffer. Because of the wide diversity in structure, the various 
isoprenoid intermediates behaved quite differently in our extraction procedure, which 

Figure 3. Inhibition of the isoprenoid biosynthesis pathway with pamidronate. HepG2 cells were treated with 
100 µM pamidronate for 6, 12 and 24 h. n = 4, mean ± SD. nd, not detected; nq, not quantified.
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makes the use of stable isotope-labeled compounds of each metabolite as internal 
standards important for accurate quantification. Moreover, MVA, MVAP and MVAPP 
have a somewhat higher limit of detection (1.0 µmol/L) than the other intermediates 
(0.03-0.1 µmol/L).
Currently, only one genetic disorder is known that is due to an enzyme defect in the 
mevalonate pathway, namely, mevalonate kinase deficiency (MKD). MKD is autosomal 
recessively inherited and characterized by periodic episodes of fever and inflammation. 
Because of the deficient activity of mevalonate kinase, the patients have elevated levels 
of mevalonic acid in plasma and urine [26]. A deficiency of one of the other enzymes of 
the mevalonate pathway is predicted to result in the accumulation of a phosphorylated 
isoprenoid intermediate. In contrast to mevalonic acid, however, compounds containing 
a phosphate moiety are expected not to cross the cell membrane easily, and thus, this 
accumulation would predominantly occur intracellularly. Indeed, in the experiments 
in which we incubated HepG2 cells with pamidronate, we also analyzed the culture 
medium. Despite the marked accumulation of IPP/DMAPP in the cells (Figure 3), these 
phosphorylated metabolites were not detected in the culture medium, while the non-
phosphorylated intermediate MVA could be readily detected in the medium (data not 
shown). This implies that patients with a deficiency in an enzyme of the mevalonate 
pathway other than mevalonate kinase may not be detected by plasma and/or urine 
analysis, although some accumulation of mevalonic acid may provide a first clue. 
Analysis of (cultured) cells, peripheral blood mononuclear cells, or tissue by our HPLC-
MS/MS method may therefore be helpful in identifying these potential patients.
Our method can also be useful in assessing the effect of manipulation of the isoprenoid 
biosynthesis pathway with specific inhibitors directed against enzymes of this pathway. 
For example, isoprenylation of proteins is an important therapeutic target in cancer 
research. This posttranslational modification promotes membrane association and 
contributes to protein-protein interactions. Ras, a member of the small G protein 
superfamily, is one of many proteins that is prenylated by farnesyl transferase. Because of 
the high frequency of Ras mutations in cancer, farnesyl transferase inhibitors have been 
widely developed and are being tested for potential use in cancer therapy [2;27;28]. 
There has also been renewed interest in the development of squalene synthase inhibitors 
as potential agents for the treatment of hypercholesterolemia, and such inhibitors could 
also lead to enhanced cellular levels of isoprenoid intermediates [29]. With our method, 
the specificity of these two classes of inhibitors can be studied by determining their 
effect on overall isoprenoid biosynthesis. 
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ABSTrACT

The isoprenoid biosynthesis pathway provides the cell with a variety of compounds 
which are involved in multiple cellular processes. Inhibition of this pathway with statins 
and bisphosphonates is widely applied in the treatment of hypercholesterolemia and 
metabolic bone disease, respectively. In addition, since isoprenylation of proteins 
is an important therapeutic target in cancer research there is interest in interfering 
with isoprenoid biosynthesis, for which new inhibitors to block farnesylation and 
geranylgeranylation of small GTPases are being developed. We recently developed a 
sensitive method using UPLC-MS/MS that allows the direct detection and quantification 
of all intermediates of the mevalonate pathway from MVA to GGPP which can be used 
to verify the specificity of inhibitors of the isoprenoid biosynthesis pathway. We here 
investigated the specificity of several inhibitors of the isoprenoid biosynthesis pathway 
in HepG2 cells, fibroblasts and lymphoblasts. The nitrogen-containing bisphosphonates 
pamidronate and zoledronate specifically inhibit farnesyl pyrophosphate synthase 
indicated by the accumulation of IPP/DMAPP. However, zaragozic acid A, a squalene 
synthase inhibitor, causes an increase of MVA in addition to the expected increase of FPP. 
Analysis of isoprenoid intermediate profiles after incubation with 6-fluoromevalonate 
showed a very nonspecific result with an increase in MVA, MVAP, MVAPP and IPP/
DMAPP. These results show that inhibitors of a particular enzyme of the isoprenoid 
biosynthesis pathway can have additional effects on other enzymes of the pathway 
either direct or indirect through accumulation of isoprenoid intermediates. Our method 
can be used to test new inhibitors and their effect on overall isoprenoid biosynthesis.
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INTroDuCTIoN

The isoprenoid biosynthesis pathway (Figure 1) is an important metabolic pathway 
which produces a range of sterol and nonsterol isoprenoids, vital for multiple cellular 
functions. Cholesterol is an important sterol end product of the pathway and functions 
not only as a structural component of the plasma membrane, but also as the precursor 
for steroid hormones, bile acids and oxysterols. In addition, the pathway synthesizes 
nonsterol isoprenoids (such as the side chains of ubiquinone-10 and heme A, dolichol, 
isopentenyl tRNA and the farnesyl and geranylgeranyl groups of isoprenylated proteins) 
which are incorporated into diverse classes of end products that participate in processes 
relating to cell growth, differentiation, cytoskeletal function and vesicle trafficking [1;2].

Figure 1. Isoprenoid biosynthesis pathway. Inhibitors of various enzyme steps of the pathway are indicated 
in the figure. Enzymes of the pathway: 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR), mevalonate 
kinase (MK), phosphomevalonate kinase (PMK), mevalonate pyrophosphate decarboxylase (MPD), 
isopentenyl pyrophosphate isomerise (IPPI), farnesyl pyrophosphate synthase (FPPS), squalene synthase (SQS), 
farnesyltransferase (FTase), geranylgeranyltransferase (GGTase).
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The mevalonate pathway is the nonsterol, pre-squalene part of the isoprenoid 
biosynthesis and is involved in the synthesis of all isoprenoids. This pathway starts with 
three acetyl-CoAs, which are converted into 3-hydroxy-3-methylglutaryl-CoA (HMG-
CoA) in two consecutive enzyme steps. HMG-CoA is then converted into mevalonate 
(MVA) by the rate-limiting enzyme of the pathway, HMG-CoA reductase. Subsequently, 
MVA is phosphorylated twice, which produces 5-pyrophosphomevalonate (MVAPP). 
Decarboxylation of this latter compound yields isopentenyl pyrophosphate (IPP). 
After isomerization of IPP to dimethylallyl pyrophosphate (DMAPP), a head-to-tail 
condensation of IPP to DMAPP results in the formation of geranyl pyrophosphate (GPP). 
Addition of another IPP gives farnesyl pyrophosphate (FPP), the branch point metabolite 
of the pathway, which is the precursor of geranylgeranyl pyrophosphate (GGPP); GGPP 
is produced by the condensation of one FPP with one IPP molecule [3].
Inhibitors of the mevalonate pathway are widely used to treat human disease including 
statins and nitrogen-containing bisphosphonates. Statins competitively inhibit HMG-CoA 
reductase and are used to lower blood LDL cholesterol levels, important in prevention of 
cardiovascular disease [4;5]. Bisphosphonates are potent inhibitors of osteoclast-mediated 
bone resorption and are used to treat metabolic bone disease [6]. Manipulation of the 
mevalonate pathway by these inhibitors has been intensively studied and, interestingly, 
these inhibitors are found to have beneficial effects by mechanisms unrelated to changes 
of cholesterol and bone metabolism. Statins have many pleiotropic effects, for instance, 
anti-inflammatory and immunomodulatory effects, antithrombotic properties and anti-
proliferative effects [5;7-10]. These cholesterol-independent effects are supposed to 
be caused by a decrease in isoprenoid intermediates like FPP and GGPP. Experiments 
with nitrogen-containing bisphophonates have shown that these inhibitors may exhibit 
anti-tumor properties [11-14]. Bisphosphonates inhibit farnesylpyrophosphate synthase 
(FPPS), a key enzyme in the mevalonate pathway, also causing a shortage in FPP and 
GGPP. This shortage in isoprenoids prevents prenylation of small GTPases like Ras, a 
protein that is believed to play a critical role in tumor growth and progression [10;15]. 
Therefore, the enzymes of the mevalonate pathway may be targets for improved 
anticancer therapy. Indeed, farnesyltransferase and geranylgeranyltransferase inhibitors 
have been developed to target the post-translational modification of small GTPases and 
are being tested for potential use in cancer therapy [16;17]. 
Another class of inhibitors that interfere with the isoprenoid biosynthesis pathway are 
squalene synthase inhibitors. Squalene synthase catalyzes the first committed step of the 
sterol part of the isoprenoid biosynthesis pathway and inhibitors are being developed as 
potential agents for the treatment of hypercholesterolemia [18].
As is clear, inhibition of the isoprenoid biosynthesis pathway may be an important 
therapeutic target for different clinical conditions, and therefore we developed a 
sensitive method using ultra performance liquid chromatography-tandem mass 
spectrometry (UPLC-MS/MS) that allows the direct detection and quantification of all 
intermediates of the mevalonate pathway from MVA to GGPP. We used this method 
to study the specificity of different classes of inhibitors by determining their effect on 
overall isoprenoid biosynthesis.
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MATerIALS AND MeTHoDS

Chemicals/materials
MVA and MVA-d7 were prepared by hydrolyzation of mevalonolactone (MVAL, Sigma-
Aldrich) or MVAL-d7 (CDN isotopes) in 0.1 M NaOH. IPP, DMAPP, GPP, FPP and GGPP were 
purchased from Sigma-Aldrich. 5-Phosphomevalonate (MVAP), MVAPP, MVAP-d7 and 
MVAPP-d7 were prepared by enzymatic synthesis as previously described [19]. GPP-d3, 
FPP-d3 and GGPP-d3 were prepared using the vinyl triflate methodology previously 
described [20;21]. 6-Fluoromevalonate (FMVA, Sigma) was dissolved in DMSO (100 
mM). Pamidronate (PAM) and zoledronate (ZOL, a gift from Novartis) were dissolved 
in distilled water (10 mM). Zaragozic acid A (ZAA, a gift from Merck) was prepared 
as previously described [22]. Farnesyltranferase inhibitor (FTI-277, Calbiochem) and 
geranylgeranyltransferase inhibitors (GGTI-298, Calbiochem) were dissolved in DMSO 
(20 mM).

Cell culture
HepG2 cells and lymphoblasts were cultured in Dulbecco’s Modified Eagles Medium 
(DMEM) containing 10% fetal calf serum (FCS), 1% Penicillin/Streptomycin and 25 mM 
Hepes and RPMI 1640 medium containing 10% FCS and 1% Penicillin/Streptomycin, 
respectively, in a temperature- and humidity-controlled incubator (95% air, 5% CO2 as 
the gas phase) at 37°C. For experiments, HepG2 cells and lymphoblasts were grown in 
T75 cm2 and T25 cm2 flasks, respectively, at a density of 4 million cells/flask in medium 
containing 10% lipoprotein (cholesterol)-depleted FCS. After 3 days of culturing, 
different concentrations of FMVA, PAM, ZOL, ZAA, FTI-277 or GGTI-298 were added 
and incubated for 24 h. Fibroblasts were cultured in nutrient mixture Ham’s F-10 
with L-glutamine and 25 mM HEPES supplemented with 10% FCS and 1% Penicillin/
Streptomycin in a temperature- and humidity-controlled incubator (95% air, 5% CO2 
as the gas phase) at 37°C. For experiments, fibroblasts were grown in T162 cm2 flasks 
starting with 50% confluency in regular medium. After 3 days of culturing, the medium 
was replaced with medium containing 10% lipoprotein (cholesterol)-depleted FCS. 
The next day, different concentrations of FMVA, PAM, ZOL, ZAA, FTI-277 or GGTI-298 
were added and incubated for 3 days. Cells were harvested as described under Sample 
preparation.

Sample preparation
HepG2 cells and fibroblasts were washed 2 times with 100 mM NH4HCO3, pH 7.8. One 
milliliter of 2-propanol:100 mM NH4HCO3 pH 7.8 (1:1 v/v) was added to the culture flask, 
and cells were scraped from the bottom. Cells were collected in a tube, sonicated on ice 
(twice, 40 J at 8 W output) and 300 µl was used for further preparation. Lymphoblasts 
were spinned down for 5 min at 2000 rpm and the medium was discarded. The pellet 
was dissolved in 1 ml 2-propanol:100 mM NH4HCO3 pH 7.8 (1:1 v/v) and sonicated on 
ice (twice, 40 J at 8 W output) and 300 µl was used for further preparation. To each 
cell suspension, 450 µl 2-propanol:100 mM NH4HCO3 pH 7.8 (1:1 v/v) and internal 
standard (IS, 1 nmol MVA-d7, MVAP-d7 and MVAPP-d7, 0.2 nmol GPP-d3, FPP-d3 and 
GGPP-d3) was added and samples were vortexed. Subsequently, 750 µl acetonitrile was 
added for deproteinization and samples were kept on ice for 10 min. The samples were 
then centrifuged for 10 min at 14,000g at 4°C. After centrifugation, supernatants were 
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transferred to glass tubes and dried under a stream of nitrogen at 40°C. The residues 
were then dissolved in 120 µl milliQ water and 10 µl of this solution was injected into 
the UPLC-MS/MS. Protein concentration of each cell suspension was determined using 
bicinchoninic acid [23].

Calibration curves
Calibration mixtures containing different concentrations of intermediates were used to 
construct calibrations curves. MVA: 10, 20, 30, 40 and 50 µmol/L. MVAP and MVAPP: 
5, 10, 20, 30 and 40 µmol/L. IPP: 1.5, 13.7, 25.8, 37.9 and 50 µmol/L. GPP, FPP and 
GGPP: 0.5, 12.9, 25.3, 37.7 and 50 µmol/L. Constant amounts of IS were added to 
each calibration mixture (1 nmol MVA-d7, MVAP-d7 and MVAPP-d7, 0.2 nmol GPP-d3, 
FPP-d3 and GGPP-d3). Calibration curves were used to determine the concentration of 
each compound in prepared samples. GPP-d3 was used as an internal standard for GPP 
and IPP/DMAPP.

UPLC-MS/MS
The Acquity UPLC system (Waters) consisted of a binary solvent manager, a vacuum 
degasser, a column heater and sample manager. The column temperature was 
maintained at 50°C. The samples were injected onto an Acquity UPLC-BEH C18 
column, 50 × 2.1 mm, 1.7 µm particle diameter (Waters). The intermediates of the 
isoprenoid biosynthesis pathway were separated by a linear gradient between solution 
A (20 mM NH4HCO3, 0.1% triethylamine) and solution B (acetonitrile/H2O, 4:1, 0.1% 
triethylamine). The gradient was as follows: 0-0.5 min, 100% A, flow 0.35 ml/min; 0.5-
2.0 min, 100% A to 40% A, 0.35 ml/min; 2.0-2.5 min, 40% A to 0% A , flow 0.35 ml/
min; 4.0-4.1 min, 0% A to 100% A, 0.45 ml/min; 4.1-6.0 min, equilibration with 100% 
A, 0.45 ml/min. For each analysis, 10 µl of sample was injected onto the column, and 
the total analysis time, including equilibration, was 6 min. 
A Quattro Premier XE (Waters) was used in the negative electrospray ionization mode. 
Nitrogen was used as desolvation gas (900 L/h) and cone gas (50 L/h). The desolvation 
temperature was 400°C. Argon was used as the collision gas at a pressure of 3.5 × 
10e-3 mbar and the collision energy was 15-25 eV. The capillary voltage was set at 2.5 
kV, and the source temperature was 130°C. The cone voltage and collision cell energy 
were optimized for each particular intermediate of the isoprenoid biosynthesis pathway 
(Table 1). The isoprenoid intermediates and their stable isotopically labeled analogs as 
internal standards were detected in multiple reaction monitoring (MRM) mode with an 
interchannel delay of 0.05 s, an inter scan time of 5 ms and a dwell time of 0.02-0.05 
s. The specific transitions and retention time obtained for each intermediate are listed 
in Table 1.
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reSuLTS

Effect of bisphosphonates on the isoprenoid biosynthesis pathway
Bisphosphonates are well established as the leading drugs for the treatment of 
osteoporosis. The main mechanism of action through which nitrogen-containing 
bisphosphonates inhibit osteoclast-mediated bone resorption is through inhibition of 
FPPS, an enzyme of the mevalonate pathway, which results in decreased levels of end 
products of this pathway (i.e. FPP and GGPP) [6]. We investigated the specificity of 
the two nitrogen-containing bisphosphonates pamidronate (PAM) and zoledronate 
(ZOL) by analysis of isoprenoid intermediate profiles of different cell lines treated with 
these inhibitors using UPLC-MS/MS. HepG2 cells, fibroblasts and lymphoblasts were 
cultured in medium supplemented with lipoprotein-depleted FCS to induce isoprenoid 
biosynthesis [3;24] and incubated with different concentrations of PAM (Figure 2A-C) 
or ZOL (Figure 2D-F). Accumulation of IPP/DMAPP (the procedure can not distinguish 
between the two isoforms) was observed in a concentration-dependent manner in 
all cell lines. Furthermore, small amounts of GPP were detected in HepG2 cells and 
lymphoblasts, although some levels of GPP were below quantification limits. Higher 
levels of IPP/DMAPP after treatment with ZOL indicate that this inhibitor is more potent 
than PAM. Our results confirm that these bisphosphonates act as previously described 
[6] and show that these inhibitors specifically inhibit FPPS without blocking any other 
enzyme of the isoprenoid biosynthesis pathway. 

Compound MRM transition Cone voltage Collision energy Retention time

(m/z) (V) (eV) (min)

MVA 147.1 → 59.2 20 15 0.60
MVAP 227.0 → 79.0 30 20 0.45
MVAPP 307.0 → 79.0 30 20 0.42
IPP/DMAPP 245.0 → 79.0 25 20 1.50
GPP 313.0 → 79.0 30 22 1.90
FPP 381.0 → 79.0 30 22 2.40
GGPP 449.0 → 79.0 30 22 2.80
MVA-d7 154.1 → 59.2 20 15 0.58
MVAP-d7 234.0 → 79.0 30 20 0.43
MVAPP-d7 314.0 → 79.0 30 20 0.40
GPP-d3 316.0 → 79.0 30 22 1.89
FPP-d3 384.0 → 79.0 30 22 2.39
GGPP-d3 452.0 → 79.0 30 22 2.79

Table 1
MRM transitions for each isoprenoid intermediate and internal standards

Inhibition of the isoprenoid biosynthesis pathway with zaragozic acid A
Another class of inhibitors which are of great interest are squalene synthase inhibitors. 
Squalene synthase is the first enzyme in the sterol part of the isoprenoid biosynthesis 
pathway and inhibition of this step in principle should only affect cholesterol production, 
and not the synthesis of other nonsterol end products, such as dolichol, ubiquinone, 
heme A and isoprenylated proteins [18]. Therefore these inhibitors are potential 
cholesterol-lowering drugs that may reduce side effects seen with upstream inhibition 
of HMG-CoA reductase [25]. We analyzed isoprenoid profiles of HepG2 cells, fibroblasts 
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Figure 2. Inhibition of the isoprenoid biosynthesis pathway with pamidronate and zoledronate. HepG2 cells 
(A and D), fibroblasts (B and E) and lymphoblasts (C and F) treated with 0, 25, 50 and 100 µM pamidronate 
(A-C) or zoledronate (D-F) for 24 h (A, C, D and F) or 3 days (B and E). n=3, mean ± SD. x, not detected. #, 
not quantified.
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Figure 3. Inhibition of the isoprenoid biosynthesis 
pathway with zaragozic acid A. HepG2 cells (A), 
fibroblasts (B) and lymphoblasts (C) treated with 
0, 25, 50 and 100 µM zaragozic acid A for 24 h 
(A and C) or 3 days (B). n=3, mean ± SD. x, not 
detected. #, not quantified.

Figure 4. Inhibition of the isoprenoid biosynthesis 
pathway with 6-fluoromevalonate. HepG2 cells 
(A), fibroblasts (B) and lymphoblasts (C) treated 
with 0, 50, 100 and 200 µM 6-fluoromevalonate 
for 24 h (A and C) or 3 days (B). n=3, mean ± SD. 
x, not detected. #, not quantified.
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and lymphoblasts treated with the squalene synthase inhibitor zaragozic acid A (ZAA) 
in lipoprotein-depleted medium (Figure 3). The profiles showed accumulation of FPP 
as expected after inhibition of squalene synthase. In addition to FPP, however, we also 
detected high levels of MVA in all three cell lines, indicating inhibition of mevalonate 
kinase (MK). This is most probably due to the elevated FPP levels, as it has been shown 
previously that MK is subject to feedback inhibition by low concentrations of FPP [26]. 

Isoprenoid intermediate profile after inhibition with 6-fluoromevalonate
Another previously reported inhibitor of the nonsterol, pre-squalene part of the 
isoprenoid biosynthesis pathway is 6-fluoromevalonate (FMVA). FMVA is converted into 
6-fluoromevalonate 5-phosphate and 5-pyrophosphate by MK and phosphomevalonate 
kinase (PMK), respectively. 6-Fluoromevalonate 5-pyrophosphate is a potent inhibitor 
of mevalonate pyrophosphate decarboxylase (MPD) [27]. This inhibitor has only been 
used in	vitro. To determine the specificity of this inhibitor, HepG2 cells, fibroblasts and 
lymphoblasts were cultured in medium supplemented with lipoprotein-depleted FCS to 
induce isoprenoid biosynthesis, followed by incubation with different concentrations 
of FMVA (Figure 4). All three cell lines accumulated MVA, MVAP, MVAPP and IPP/
DMAPP in a concentration-dependent manner with some levels of intermediates below 
quantification limits. This indicates that in addition to inhibition of MPD, the preceding 
enzymes MK and PMK are also inhibited, either directly by FMVA or indirectly by the 
accumulating isoprenoid intermediates. Furthermore, there appears to be inhibition 
of isopentenyl pyrophosphate isomerase (IPPI) or FPPS explaining the increase in IPP/
DMAPP. These results clearly show that inhibition of the isoprenoid biosynthesis pathway 
with FMVA is not restricted to MPD alone, but that more enzymes are sensitive to this 
compound.

Farnesyltransferase and geranylgeranyltransferase inhibitors
Given the importance of isoprenylated proteins in cancer, inhibition of prenyltransferases 
seems a promising strategy to block the function of these regulatory proteins. Inhibitors 
of farnesyltransferase (FTI) and, more recently, geranylgeranyltransferase (GGTI) have 
been developed for clinical use and inhibit the farnesylation and geranylgeranylation of 
small GTPases, respectively [17;28;29]. To determine if our method is suitable for testing 
the effect of different inhibitors, we tested the specificity of two commercially available 
inhibitors, FTI-277 and GGTI-298 in HepG2 cells, fibroblasts and lymphoblasts. All cell 
lines were cultured in lipoprotein-depleted medium to induce isoprenoid biosynthesis 
and incubated with FTI-277 or GGTI-298 or in combination with ZAA (Figure 5). The latter 
was used to block cholesterol synthesis which forces isoprenoid biosynthesis towards 
the production of nonsterol isoprenoids, including FPP and GGPP. No accumulation of 
the isoprenoid intermediates was observed after inhibition with FTI-277 or GGTI-298 
alone (data not shown), however, in combination with ZAA, increased levels of MVA, 
FPP and GGPP were detected. Remarkably, the results differ between cell lines. FTI-
277 has a clear effect in fibroblasts showing an increase in FPP levels, however, this 
effect was much smaller in HepG2 cells and even resulted in a decrease in FPP levels in 
lymphoblasts. Incubation with GGTI-298 also showed the best results in fibroblasts with 
accumulation of GGPP. HepG2 cells already had higher levels of GGPP after inhibition of 
the pathway with ZAA alone and GGTI-298 had no additional effect. We observed no 
effect of GGTI-298 in lymphoblasts.
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DISCuSSIoN

Since the isoprenoid biosynthesis pathway is an important target in many areas 
of ongoing research, new inhibitors to block this pathway are being developed. 
Inhibition of this pathway is already applied in the treatment of cardiovascular disease, 
hypercholesterolemia and metabolic bone disease and is a possible new therapy in 
cancer treatment. Therefore, we developed a sensitive and specific method for the 
detection and quantification of nearly all intermediates of the mevalonate pathway 
using UPLC-MS/MS, which can be used to investigate the specificity of inhibitors of this 
pathway.
With our method we demonstrated that the nitrogen-containing bisphosphonates PAM 
and ZOL specifically inhibit FPPS as previously described [6]. Moreover, we showed that 
ZAA and FMVA inhibit squalene synthase and MPD, respectively, as expected. However, 
both ZAA and FMVA also have an effect on other enzymes of the pathway, either 

Figure 5. Inhibition of the isoprenoid biosynthesis 
pathway with FTI and GGTI. HepG2 cells (A), 
fibroblasts (B) and lymphoblasts (C) treated 
with 0.3% DMSO, 50 µM ZAA, 50 µM ZAA in 
combination with 40 µM FTI-277 and 50 µM ZAA 
in combination with 40 µM GGTI-298 for 24 h 
(A and C) or 3 days (B). n=3, mean ± SD. x, not 
detected. #, not quantified.
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direct or indirect through accumulation of isoprenoid intermediates. Previous studies 
showed that MK is subject to feedback inhibition by several nonsterol isoprenoids 
[26;30;31] and can be inhibited by IPP, DMAPP, GPP, FPP and GGPP. This may explain 
the accumulation of MVA in cells treated with ZAA, which is probably due to inhibition 
of MK by accumulated levels of FPP. Incubation with FMVA results in an additional 
accumulation of MVA, MVAP and IPP/DMAPP. The increase in MVA is most likely again 
the result of feedback inhibition of MK, this time by IPP or DMAPP, whereas the MVAP 
levels may be explained by the fact that the reaction catalyzed by PMK is reversible 
[32;33]. For IPPI and FPPS it is not clear whether these enzymes are inhibited directly by 
FMVA or that the accumulated levels of IPP/DMAPP is the result of indirect inhibition by 
other accumulated intermediates. 
Inhibition of the pathway with FTI-277 and GGTI-298 in combination with ZAA results 
in accumulation of MVA, FPP and GGPP, however, we observed differences with the 
different cell lines we tested. These differences between cell lines may be a consequence 
of differences in metabolic rate (i.e. growth), because HepG2 cells and lymphoblasts 
grow much faster than fibroblasts. Therefore, the concentration of FTI-277 and GGTI-
298, and also incubation times, may need to be optimized for every cell line. 
In conclusion, the overall results show that our UPLC-MS/MS method can be a useful 
tool in determining the specificity of inhibitors of the isoprenoid biosynthesis pathway.

ACkNowLeDGeMeNTS

We thank Novartis for kindly providing pamidronate and zoledronate, and Merck for 
kindly providing zaragozic acid A. We gratefully thank Prof. Dr. R.A. Gibbs for the 
synthesis of GPP-d3, FPP-d3 and GGPP-d3.

reFereNCeS

[1] P.J. Casey, M.C. Seabra, Protein prenyltransferases. J. Biol. Chem. 271 (1996) 5289-5292.
[2] S.J. McTaggart, Isoprenylated proteins. Cell Mol. Life Sci. 63 (2006) 255-267.
[3] J.L. Goldstein, M.S. Brown, Regulation of the mevalonate pathway. Nature 343 (1990) 425-430.
[4] H. Lennernas, G. Fager, Pharmacodynamics and pharmacokinetics of the HMG-CoA reductase 

inhibitors. Similarities and differences. Clin. Pharmacokinet. 32 (1997) 403-425.
[5] Q. Zhou, J.K. Liao, Statins and cardiovascular diseases: from cholesterol lowering to pleiotropy. Curr. 

Pharm. Des 15 (2009) 467-478.
[6] R.G. Russell, N.B. Watts, F.H. Ebetino, M.J. Rogers, Mechanisms of action of bisphosphonates: 

similarities and differences and their potential influence on clinical efficacy. Osteoporos. Int. 19 (2008) 
733-759.

[7] V.G. Athyros, A.I. Kakafika, K. Tziomalos, A. Karagiannis, D.P. Mikhailidis, Pleiotropic effects of statins 
- clinical evidence. Curr. Pharm. Des 15 (2009) 479-489.

[8] S. Bellosta, N. Ferri, F. Bernini, R. Paoletti, A. Corsini, Non-lipid-related effects of statins. Ann. Med. 32 
(2000) 164-176.

[9] K.K. Chan, A.M. Oza, L.L. Siu, The statins as anticancer agents. Clin. Cancer Res. 9 (2003) 10-19.
[10] M.R. Graaf, D.J. Richel, C.J. van Noorden, H.J. Guchelaar, Effects of statins and farnesyltransferase 

inhibitors on the development and progression of cancer. Cancer Treat. Rev. 30 (2004) 609-641.
[11] B. Kubista, K. Trieb, F. Sevelda, C. Toma, F. Arrich, P. Heffeter, L. Elbling, H. Sutterluty, K. Scotlandi, 

R. Kotz, M. Micksche, W. Berger, Anticancer effects of zoledronic acid against human osteosarcoma 
cells. J. Orthop. Res. 24 (2006) 1145-1152.

[12] P. Tassone, P. Tagliaferri, C. Viscomi, C. Palmieri, M. Caraglia, A. D’Alessandro, E. Galea, A. Goel, A. 



Inhibition	of	isoprenoid	biosynthesis;	detection	of	intermediates	by	UPLC-MS/MS

3

59

Abbruzzese, C.R. Boland, S. Venuta, Zoledronic acid induces antiproliferative and apoptotic effects in 
human pancreatic cancer cells in vitro. Br. J. Cancer 88 (2003) 1971-1978.

[13] A. Wada, K. Fukui, Y. Sawai, K. Imanaka, S. Kiso, S. Tamura, I. Shimomura, N. Hayashi, Pamidronate 
induced anti-proliferative, apoptotic, and anti-migratory effects in hepatocellular carcinoma. J. 
Hepatol. 44 (2006) 142-150.

[14] H.K. Brown, I. Holen, Anti-tumour effects of bisphosphonates--what have we learned from in vivo 
models? Curr. Cancer Drug Targets. 9 (2009) 807-823.

[15] M. Caraglia, A. Budillon, P. Tagliaferri, M. Marra, A. Abbruzzese, F. Caponigro, Isoprenylation of 
intracellular proteins as a new target for the therapy of human neoplasms: preclinical and clinical 
implications. Curr. Drug Targets. 6 (2005) 301-323.

[16] S. Ayral-Kaloustian, E.J. Salaski, Protein farnesyltransferase inhibitors. Curr. Med. Chem. 9 (2002) 
1003-1032.

[17] A.K. Sjogren, K.M. Andersson, M. Liu, B.A. Cutts, C. Karlsson, A.M. Wahlstrom, M. Dalin, C. 
Weinbaum, P.J. Casey, A. Tarkowski, B. Swolin, S.G. Young, M.O. Bergo, GGTase-I deficiency reduces 
tumor formation and improves survival in mice with K-RAS-induced lung cancer. J. Clin. Invest 117 
(2007) 1294-1304.

[18] S. Seiki, W.H. Frishman, Pharmacologic inhibition of squalene synthase and other downstream 
enzymes of the cholesterol synthesis pathway: a new therapeutic approach to treatment of 
hypercholesterolemia. Cardiol. Rev. 17 (2009) 70-76.

[19] L. Henneman, A.G. van Cruchten, S.W. Denis, M.W. Amolins, A.T. Placzek, R.A. Gibbs, W. Kulik, H.R. 
Waterham, Detection of nonsterol isoprenoids by HPLC-MS/MS. Anal. Biochem. 383 (2008) 18-24.

[20] R.A. Gibbs, U. Krishnan, J.M. Dolence, C.D. Poulter, A stereoselective palladium/copper-catalyzed 
route to isoprenoids: synthesis and biological evaluation of 13-methylidenefarnesyl diphosphate. J. 
Org. Chem. 60 (1995) 7821-7829.

[21] T.J. Zahn, M. Eilers, Z. Guo, M.B. Ksebati, M. Simon, J.D. Scholten, S.O. Smith, R.A. Gibbs, Evaluation 
of isoprenoid conformation in solution and in the active site of protein-farnesyl transferase using 
carbon-13 labeling in conjunction with solution- and solid-state NMR. J. Am. Chem. Soc. 122 (2000) 
7153-7164.

[22] M.S. Schneiders, S.M. Houten, M. Turkenburg, R.J. Wanders, H.R. Waterham, Manipulation of 
isoprenoid biosynthesis as a possible therapeutic option in mevalonate kinase deficiency. Arthritis 
Rheum. 54 (2006) 2306-2313.

[23] P.K. Smith, R.I. Krohn, G.T. Hermanson, A.K. Mallia, F.H. Gartner, M.D. Provenzano, E.K. Fujimoto, 
N.M. Goeke, B.J. Olson, D.C. Klenk, Measurement of protein using bicinchoninic acid. Anal. Biochem. 
150 (1985) 76-85.

[24] K.M. Gibson, G. Hoffmann, A. Schwall, R.L. Broock, S. Aramaki, L. Sweetman, W.L. Nyhan, I.K. 
Brandt, R.S. Wappner, W. Lehnert, 3-Hydroxy-3-methylglutaryl coenzyme A reductase activity in 
cultured fibroblasts from patients with mevalonate kinase deficiency: differential response to lipid 
supplied by fetal bovine serum in tissue culture medium. J. Lipid Res. 31 (1990) 515-521.

[25] J. Beltowski, G. Wojcicka, A. Jamroz-Wisniewska, Adverse effects of statins - mechanisms and 
consequences. Curr. Drug Saf 4 (2009) 209-228.

[26] D.D. Hinson, K.L. Chambliss, M.J. Toth, R.D. Tanaka, K.M. Gibson, Post-translational regulation of 
mevalonate kinase by intermediates of the cholesterol and nonsterol isoprene biosynthetic pathways. 
J. Lipid Res. 38 (1997) 2216-2223.

[27] J.F. Nave, H. d’Orchymont, J.B. Ducep, F. Piriou, M.J. Jung, Mechanism of the inhibition of cholesterol 
biosynthesis by 6-fluoromevalonate. Biochem. J. 227 (1985) 247-254.

[28] A.G. Agrawal, R.R. Somani, Farnesyltransferase inhibitor as anticancer agent. Mini. Rev. Med. Chem. 
9 (2009) 638-652.

[29] J. Lu, L. Chan, H.D. Fiji, R. Dahl, O. Kwon, F. Tamanoi, In vivo antitumor effect of a novel inhibitor of 
protein geranylgeranyltransferase-I. Mol. Cancer Ther. 8 (2009) 1218-1226.

[30] J.K. Dorsey, J.W. Porter, The inhibition of mevalonic kinase by geranyl and farnesyl pyrophosphates. J. 
Biol. Chem. 243 (1968) 4667-4670.

[31] D. Potter, H.M. Miziorko, Identification of catalytic residues in human mevalonate kinase. J. Biol. 
Chem. 272 (1997) 25449-25454.

[32] T.J. Herdendorf, H.M. Miziorko, Phosphomevalonate kinase: functional investigation of the 
recombinant human enzyme. Biochemistry 45 (2006) 3235-3242.

[33] D. Pilloff, K. Dabovic, M.J. Romanowski, J.B. Bonanno, M. Doherty, S.K. Burley, T.S. Leyh, The kinetic 
mechanism of phosphomevalonate kinase. J. Biol. Chem. 278 (2003) 4510-4515.





Chapter 4

Compromised geranylgeranylation of rhoA and rac1 
in mevalonate kinase deficiency

Academic Medical Centre, University of Amsterdam, Laboratory Genetic Metabolic Diseases, 
Departments of Clinical Chemistry and Pediatrics, Amsterdam, the Netherlands

Journal	of	Inherited	Metabolic	Disease	(2010)	33:	625-632

P

O

O
O-O-

O
P

O

O-

Linda Henneman*
Marit S. Schneiders*
Marjolein Turkenburg
Hans R. Waterham

* These authors contributed equally to this study



Chapter	4

4

62

ABSTrACT

Mevalonate kinase deficiency (MKD) is an autoinflammatory disorder caused by mutations 
in the MVK gene resulting in decreased activity of the enzyme mevalonate kinase (MK). 
Although MK is required for biosynthesis of all isoprenoids, in MKD, in particular, the 
timely synthesis of geranylgeranyl pyrophosphate appears to be compromised. Because 
small GTPases depend on geranylgeranylation for their proper signaling function, we 
studied the effect of MK deficiency on geranylgeranylation and activation of the two 
small GTPases, RhoA and Rac1. We demonstrate that both geranylgeranylation and 
activation of the two GTPases are more easily disturbed in MKD cells than in control 
cells when the flux through the isoprenoid biosynthesis pathway is suppressed by low 
concentrations of simvastatin. The limited capacity of geranylgeranylation in MKD cells 
readily leads to markedly increased levels of nonisoprenylated and activated GTPases, 
which will affect proper signaling by these GTPases.
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INTroDuCTIoN

Protein isoprenylation is the posttranslational covalent addition of the isoprenoids 
farnesyl pyrophosphate or geranylgeranyl pyrophosphate to cysteine residues at the 
carboxy terminus of proteins [1]. Isoprenylation is crucial for the proper function of 
small GTPases [2;3], because it enables their localization to membranes where they can 
interact with downstream signalling effectors. Small GTPases participate in the regulation 
of a wide variety of cellular functions, including cell cycle progression, morphology and 
migration, cytoskeletal function, vesicle trafficking, and gene transcription [1-3]. 
In addition to regulation by isoprenylation, small GTPases act as molecular switches 
by cycling between an active GTP-bound state and an inactive GDP-bound state [4]. 
Activation of small GTPases is controlled by so-called guanine nucleotide exchange 
factors (GEFs) that catalyse the exchange of GDP for GTP, whereas GTPase activating 
proteins (GAPs) release the interaction with downstream effectors by accelerating 
hydrolysis of GTP by the small GTPases. Cytosolic Rho-GDP-dissociation inhibitors (Rho-
GDIs) normally prevent activation of small GTPases in the cytosol through binding with 
their geranylgeranyl moieties [4].
Among the different enzyme defects of isoprenoid biosynthesis currently known, only 
the autoinflammatory disorder mevalonate kinase deficiency (MKD; OMIM #260920, 
#610377) affects the synthesis of all isoprenoids [5]. MKD is due to mutations in the 
MVK gene, resulting in decreased activities of mevalonate kinase (MK; EC 2.7.1.36), 
the first enzyme following the highly regulated HMG-CoA reductase in the isoprenoid 
biosynthesis pathway [5;6]. Dependent on the mutations, patients may present with 
the milder hyperimmunoglobulinemia D and periodic fever (hyper-IgD) syndrome 
phenotype characterized primarily by recurrent episodes of high fever associated with 
headache, skin rash, abdominal pain, arthritis, nausea, and diarrhea or with the more 
severe mevalonic aciduria phenotype, where these episodes are accompanied with 
developmental delay, dysmorphic features, ataxia, cerebellar atrophy, and psychomotor 
retardation [6]. 
Despite the markedly decreased MK enzyme activity in fibroblasts from MKD patients, 
the de	novo isoprenoid biosynthesis can be rather normal when these fibroblasts are 
cultured under normal conditions [7-9]. Previous work showed that this is due to an 
increased activity of HMG-CoA reductase, which leads to elevated levels of mevalonate 
and a virtually normal flux through the isoprenoid biosynthesis pathway [7-9]. However, 
this flux can easily be disturbed, which also follows from the observation that MKD 
fibroblasts are more sensitive to inhibition of HMG-CoA reductase by simvastatin than 
are control fibroblasts [9]. Although the depressed MK enzyme activity in MKD in 
principle affects the biosynthesis of all isoprenoids, there are strong indications that, 
in particular, a temporary shortage or dysfunction of one or more geranylgeranylated 
proteins is associated with onset of the fever episodes [9-12]. 
Because small GTPases depend on isoprenylation for their proper signalling function, 
we studied the effect of MK deficiency on isoprenylation (i.e. geranylgeranylation) and 
activation of the two small GTPases, RhoA and Rac1. RhoA and Rac1 are two major 
examples of the family of RhoA GTPases that play a role in different cellular processes 
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(including inflammatory processes), are abundantly expressed, and for which good 
antibodies and sensitive activation assessment assays are available. For these studies, 
we used cultured control and MKD fibroblasts in which the isoprenoid biosynthesis 
pathway can be readily manipulated by varying the culturing conditions. 

MATerIALS AND MeTHoDS

Cell culture
Primary skin fibroblast cell lines obtained from an MK-deficient patient with the 
classic mevalonic aciduria presentation and homozygous for the c.803T>C (p.I268T) 
mutation in the MVK gene, and a healthy control individual with similar passage 
numbers, were cultured in nutrient mixture of Ham’s F-10 with L-glutamine and 25 
mM 4-2-hydroxyethyl-1-piperazineethanesulfonic acid (HEPES; Invitrogen, Breda, The 
Netherlands), supplemented with 10% fetal calf serum (FCS; Invitrogen) and grown 
in a temperature- and humidity-controlled incubator (95% air, 5% CO2) at 37°C 
until confluence. Subsequently, the medium was replaced with fresh culture medium 
supplemented with either 20 μM geranylgeranyltransferase inhibitor (GGTI-298; 
Calbiochem, Merk Chemicals Ltd, Nottingham, UK) or different concentrations of 
simvastatin (a gift from Merck, Sharpe and Dohme BV, Haarlem, The Netherlands), as 
indicated. Cells were then cultured for 2 days at 37°C and either used directly for the 
activated RhoA and Rac1 assessment assays (see below) or harvested by trypsinization, 
washed once with phosphate-buffered saline (PBS) and once with 0.9% sodium chloride 
(NaCl), snap-frozen as pellets in liquid nitrogen, and stored at -80°C to be used later 
for membrane and soluble fraction separation (see below). Simvastatin was prepared 
as a 10 mM stock solution, as described previously [9]. GGTI was prepared as a 20 mM 
stock solution by dissolving the drug in dimethylsulfoxide (DMSO) (Merck, Darmstadt, 
Germany).

Membrane and soluble fraction separation
Membrane and soluble fraction separation was performed essentially as described 
previously [9] and used to determine levels of isoprenylated protein (i.e., membrane-
bound) and nonisoprenylated protein (i.e., soluble fraction). Protein concentration in 
the sonicated lysates was determined using the Bradford assay (Biorad) and adjusted 
with hypotonic buffer to a concentration of 1 mg/ml. One milligram of total protein 
was used for ultracentrifugation. The membrane and soluble fractions were analyzed 
by immunoblot analysis, as described below. These experiments were performed in 
triplicate. 

Activated RhoA and Rac1 assessment assays
Activated RhoA and Rac1 assessment assays were performed as described previously 
[13]. Briefly, cultured fibroblasts were washed three times with ice-cold PBS and 
subsequently lysed by scraping in the culture flask using lysis buffer (50 mM Tris pH 7.4, 
100 mM NaCl, 10% glycerol, 1% NP-40, 2 mM MgCl2, 0.1 mM phenylmethylsulfonyl 
fluoride, 10 μg/ml leupeptine, 10 μg/ml aprotinin, 1 mM benzamidine, 1 mM DTT, 1 mM 
vanadate). The lysed cell homogenates were then centrifuged (10 min at 12,000g) and 
the supernatants transferred to 1.5 ml tubes. After determining protein concentration 



Compromised	geranylgeranylation	of	RhoA	and	Rac1	in	MKD

4

65

of the supernatants with the Bradford assay (Biorad), 500 μg of total protein in 500 ml 
was incubated for 60 min at 4°C with bacterially produced glutathione S-transferase 
Ras-binding domain (GST-RBD, Rhotekin) [14] (for RhoA pulldowns) or GST-p21-
activated Ser/Thr kinase (PAK) [13] (for Rac1 pulldowns) bound to glutathione-agarose 
beads (Sigma, St. Louis, MO, USA). Subsequently, the beads were washed three times 
with lysis buffer followed by centrifugation (10 sec at 12,000g). Bound proteins, i.e., 
active RhoA or Rac1, were eluted by boiling in sodium dodecyl sulfate (SDS)-sample 
buffer and analyzed by immunoblot analysis, as described below. These experiments 
were performed in triplicate.

Combination of membrane and soluble fraction separation and activated RhoA 
and Rac1 assessment assays
For the combination assays, fibroblasts were incubated with 0, 0.2, or 0.02 μM 
simvastatin for 48 h at 37°C. Fibroblasts were washed three times with ice-cold PBS 
and harvested by scraping in lysis buffer without 1% NP-40. Protein concentration in 
the sonicated lysates was determined using the Bradford assay (Biorad) and adjusted 
with lysis buffer lacking 1% NP-40 to a concentration of 1 mg/ml. Then, 900 μg of total 
protein was used for ultracentrifugation. The supernatant was transferred to another 
tube, and NP-40 was added (end concentration 1% NP-40). The pellet was dissolved 
in lysis buffer with 1% NP-40 and sonicated. The supernatant (soluble) and pellet 
(membrane) fractions were then incubated with GST-RBD or GST-PAK, as described 
above. These experiments were performed in triplicate.

Immunoblot analysis
To allow comparisons between control and MKD cells, protein fractions of the two cell 
lines from one experiment were separated on the same 12% SDS-polyacrylic acid (PAA) 
gel and subsequently transferred onto nitrocellulose membranes by semidry blotting. To 
verify equal transfer of proteins, each blot was reversibly stained with Ponceau S. prior 
to incubation with antibodies. Membranes were then incubated with RhoA monoclonal 
antibody (sc-418; Santa Cruz Biotechnology, Santa Cruz, CA, USA) diluted 1:1,000, Rac1 
monoclonal antibody (Upstate Biotechnology, Lake Placid, NY, USA) diluted 1:10,000 
or, to verify for equal amounts of input protein, β-actin monoclonal antibody (Sigma-
Aldrich, St. Louis, MO, USA) diluted 1:10,000. Antigen-antibody complexes were 
visualized with rabbit anti-mouse horseradish peroxidase conjugate (DAKO, Glostrup, 
Denmark) using the enhanced chemiluminescence system (Amersham Biosciences, 
Little Chalfont, UK). Densitometric analysis of the immunoblots (same exposure for 
both cell lines) was performed using Advanced Image Data Analyzer (AIDA) software 
(Raytest, Strauenhardt, Germany). 

Statistical analysis
Statistical analysis was performed using one-way analysis of variance (ANOVA) followed 
by Dunnett’s post hoc test or paired Student’s t-test. P values less than 0.05 were 
considered significant.
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reSuLTS

Effect of simvastatin on RhoA and Rac1 localization and activation
Previously, we showed that under standard culturing conditions, fibroblasts from 
MKD patients have similar levels of geranylgeranylated RhoA in their membranes, as 
observed in control cells, despite MK deficiency. Inhibition of HMG-CoA reductase, 
however, resulted in a stronger decrease of membrane-bound (i.e., geranylgeranylated) 
RhoA in MKD cells than in control cells [9]. Using the same approach, i.e., reducing the 
flux through the pathway by incubating control and MKD cells with simvastatin, an 
inhibitor of HMG-CoA reductase, we now studied the effect on the localization and the 
activation of RhoA and Rac1. 
When control and MKD cells were cultured in the absence of simvastatin followed by 
separation into membrane and soluble fractions, we observed somewhat higher levels of 
membrane-bound RhoA in the MKD cells than in control cells (Figure 1B, immunoblots), 
whereas membrane-bound Rac1 levels were slightly lower in the MKD cells than in 
control cells (Figure 1G, immunoblots). Incubation with simvastatin decreased the levels 
of membrane-bound RhoA in both control and MKD cells (Figure 1B). However, MKD 
cells were more sensitive to treatment with simvastatin, already resulting in decreased 
levels of membrane-bound RhoA after incubation with 0.02 µM simvastatin. The levels 
of RhoA protein in soluble fractions increased in both control and MKD cells (Figure 
1C). Although the relative increase of soluble RhoA was higher in control cells after 
simvastatin treatment, levels of soluble RhoA were higher in MKD cells, which can be 
explained by the fact that untreated MKD cells already have higher levels of soluble 
RhoA.
Levels of membrane-bound Rac1 also decreased upon incubation with increasing 
simvastatin concentrations, paralleled with increasing levels of soluble Rac1 (Figure 1G 
and 1H). However, with respect to Rac1 localization, MKD cells do not appear to be 
more sensitive toward inhibition with simvastatin than control cells. Overall, the effects 
of simvastatin treatment were more pronounced for RhoA than for Rac1. Incubation 
with simvastatin led to an increase in the total levels of active, GTP-bound RhoA and 
Rac1 in both control and MKD cells. The relative increase in active RhoA was larger than 
the relative increase in active Rac1 (Figure 1E and 1J). 

The effect of GGTI on RhoA and Rac1 localization and activation
Earlier studies indicated that the effect of simvastatin on the localization of RhoA is 
due to a shortage of geranylgeranyl pyrophosphate (GGPP) and can be prevented by 
the addition of geranylgeraniol (GGOH) [9]. To confirm that the observed effect of 
simvastatin on RhoA and Rac1 activation was due to a shortage of GGPP, we studied the 
effect of GGTI, an inhibitor of geranylgeranyl transferase, on localization and activation 
of RhoA and Rac1 and found that GGTI had a similar effect as simvastatin. Incubation 
with GGTI led to a reduction in membrane-bound RhoA and Rac1 that was similar for 
both control and MKD cells (Figure 2B and 2G), and, in parallel, an increase in the levels 
of soluble RhoA and Rac1 (Figure 2C and 2H). 
As observed with simvastatin, inhibition by GGTI also led to activation of total RhoA 
in both control and MKD cells (Figure 2E). After treatment with GGTI, Rac1 was also 
activated in the MKD cells, however, no Rac1 activation was detected in control cells 
(Figure 2J). Thus, the effect of specific inhibition of geranylgeranylation by GGTI was 
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Figure 1. Effect of simvastatin on the localization and activation of RhoA (A-E) and Rac1 (F-J). Control and 
MKD cells were incubated with 0 (white bar; set as 100%), 0.02 (grey bar), or 0.2 μM (black bar) simvastatin 
for 2 days. Equal amounts of cell lysate (A and F) were analyzed for relative levels of RhoA (B) and Rac1 (G) 
associated with the membranes and relative soluble levels of RhoA (C) and Rac1 (H). In separate experiments, 
equal amounts of cell lysate (D and I) were analyzed for relative levels of active RhoA (E) and Rac1 (J). 
Bars show the mean and SEM of three independent experiments. Immunoblots show the results of one 
representative experiment. Statistic analysis of observed effects of treatments was performed with one-way 
analysis of variance followed by Dunnett’s post hoc test; * = P < 0.05, ** = P < 0.01. 
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more pronounced for RhoA than Rac1, which is comparable with results obtained after 
simvastatin treatment. 

Effect of simvastatin on activation of soluble and membrane-bound RhoA and 
Rac1
To determine whether the observed increase of active GTP-bound RhoA and Rac1 
during the different culturing conditions was due to activation of soluble or membrane-
bound RhoA and Rac1, we studied separately the effect of simvastatin. When MKD 
and control cells were cultured in the absence of simvastatin, the levels of active RhoA 
protein in the soluble fraction were markedly higher in the MKD cells, whereas levels 
of active membrane-bound RhoA were similar in both control and MKD cells (Figure 
3B and 3C). Incubation with simvastatin led to an increase of active soluble RhoA and 
a decrease of active membrane-bound RhoA in a concentration-dependent manner 
in both control and MKD cells. Again, MKD cells were more sensitive to treatment 
with simvastatin, with markedly increased levels of active soluble RhoA and decreased 
levels of active membrane-bound RhoA already observed after incubation with low 
concentrations of simvastatin.
In contrast to active RhoA, levels of active Rac1 protein in soluble and membrane 
fractions were similar in control and MKD cells in the absence of simvastatin (Figure 
3E and 3F). In the presence of simvastatin, there was a decrease in active membrane-
bound Rac1 and an increase in active soluble Rac1, with MKD cells being more sensitive 
to lower concentrations of simvastatin than were control cells. 

DISCuSSIoN

Although the MK enzyme activity can barely be detected in MKD cells, we previously 
showed that protein isoprenylation is usually rather normal when these cells are cultured 
under normal conditions [9]. This is due to increased activity of HMG-CoA reductase, 
which leads to elevated levels of mevalonate and a virtually normal flux through the 
isoprenoid biosynthesis pathway [7-9]. Because MKD fibroblasts depend on elevated 
levels of mevalonate to maintain the flux through the pathway, they are more sensitive 
to simvastatin, an inhibitor of HMG-CoA reductase, which is the enzyme producing 
mevalonate [9]. Indeed, in MKD fibroblasts, a low concentration of simvastatin already 
inhibits the pathway, resulting in a substantial reduction of membrane-bound RhoA. 
Although the relative decrease of membrane-bound Rac1 is similar for control and MKD 
cells, we also observed less membrane-bound Rac1 in MKD cells after incubation with 
simvastatin. However, the effect of inhibiting the isoprenoid biosynthesis pathway on 
isoprenylation of Rac1 is less pronounced than for RhoA, which may be due to different 
turnover rates of these two proteins. Because small GTPases require the isoprenyl 
moiety to translocate to the membrane to allow binding to their effectors, inhibition of 
the isoprenoid biosynthesis pathway is expected to disturb proper functioning of such 
small GTPases. Indeed, we believe our observations for RhoA and Rac1 will also pertain 
to other proteins that rely on geranylgeranylation, including other members of the small 
GTPase family.
The observed effect of simvastatin on protein isoprenylation of RhoA and Rac1 is 
due to a shortage of geranylgeranyl pyrophosphate, and it was previously shown 
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Figure 2. Effect of GGTI on the localization and activation of RhoA (A-E) and Rac1 (F-J). Control and MKD 
cells were incubated with 0 μM (white bar; set as 100%) or 20 μM (black bar) GGTI for 2 days. Equal amounts 
of cell lysate (A and F) were analyzed for relative levels of RhoA (B) and Rac1 (G) associated with membranes 
and relative soluble levels of RhoA (C) and Rac1 (H). In separate experiments, equal amounts of cell lysate (D 
and I) were analyzed for relative levels of active RhoA (E) and Rac1 (J). Bars show the mean and SEM of three 
independent experiments. Immunoblots show the results of one representative experiment. Statistic analysis 
of observed effects of treatments was performed with paired Student’s t-test; * = P < 0.05, ** = P < 0.01.
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that this shortage can be replenished by the addition of mevalonate or GGOH [9]. 
Our experiments with GGTI confirm that increased activation of RhoA and Rac1 by 
simvastatin is also the result of a shortage of geranylgeranyl moieties. The increase 
in total cellular levels of active RhoA and Rac1 due to simvastatin appears primarily, if 
not solely, caused by activation of soluble RhoA and Rac1 and not membrane-bound 
RhoA and Rac1. A possible explanation for this could be the difference in the ability 
of isoprenylated and nonisoprenylated proteins to interact with regulatory proteins. 
Because the isoprenyl moiety plays a critical role in interaction with Rho-GDI [4], 
nonisoprenylated GTPases will no longer be inhibited by Rho-GDI and, consequently, 
intrinsic nucleotide exchange, i.e., GDP release and GTP binding, may occur. Moreover, 
it has been shown that nonisoprenylated Rac1 and RhoA have no or a much weaker 
interaction with GEFs [15;16] and GAPs [17] than the isoprenylated forms, implying 

Figure 3. Effect of simvastatin on activation of membrane-bound and soluble RhoA (A-C) and Rac1 (D-F). 
Control and MKD cells were incubated with 0 (white bar), 0.02 (grey bar), or 0.2 μM (black bar) simvastatin 
for 2 days. Equal amounts of cell lysate (A and D) were analyzed for relative levels of active RhoA (B) and active 
Rac1 (E) associated with the membranes (white bar set as 100%) and relative soluble levels of active RhoA (C) 
and active Rac1 (F) (black bar set as 100%). Bars show the mean and SEM of three independent experiments. 
Immunoblots show the results of one representative experiment. nd, not detected. Statistical analysis of 
observed effects of treatments was performed with one-way analysis of variance followed by Dunnett’s post 
hoc test; * = P < 0.05, ** = P < 0.01. 
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that activation and inactivation of nonisoprenylated GTPases is compromised. Because 
intracellular GTP levels are higher than GDP levels, binding to GTP will be preferred over 
GDP [18]. Therefore, nonisoprenylated GTPases are likely to accumulate in the GTP-
bound, active form. 
Previously, we showed in	vitro that treatment of MKD cells with simvastatin may lead 
to an increase of residual MK activity, whereas at the same time, the consequence of 
inhibiting HMG-CoA reductase appears to be negative for flux through the isoprenoid 
biosynthesis pathway [19].These findings indicated that one needs to be cautious when 
treating MK-deficient patients with simvastatin, because the balance between inhibiting 
HMG-CoA reductase and inducing MK activity may be critical, especially in MKD patients 
in whom the pathway flux is very sensitive to external influences. This was also suggested 
by the negative outcome of treating two patients with a severe MK deficiency, i.e., 
classical mevalonic aciduria, with lovastatin, a drug that is similar to simvastatin [20]. 
This treatment provoked severe clinical crises in those patients. In contrast, treatment 
of six patients with a milder MK deficiency, i.e., hyper-IgD syndrome, with simvastatin 
[21] did not provoke clinical crises. Although no statistical difference was observed with 
respect to the severity, frequency, and occurrence of febrile attacks, a decrease in the 
total number of febrile days was observed. These findings are consistent with this study 
and our previous observations that, in	vitro, cells from patients with mevalonic aciduria 
appear more sensitive to simvastatin compared with cells from patients with hyper-IgD 
syndrome or those from control individuals [9].
In summary, we showed that protein isoprenylation in MKD cells is more sensitive to 
inhibition by simvastatin than in control cells, resulting in an increased, ectopic activation 
of soluble RhoA and Rac1 in MKD cells. We hypothesize that such incorrect (ectopic) 
subcellular localization of activated small GTPases leads to inappropriate intracellular 
signaling, which may contribute to the inflammatory phenotype observed in MKD. This 
may be due to a failure to induce certain signaling pathways or incorrect induction of 
other signaling pathways involved in the up- or downregulation of inflammation, or 
both. In future studies, the effect of the disturbed, ectopic activation of these and other 
GTPases on their downstream targets will be studied, which may provide important 
insights into the pathophysiology underlying the inflammatory episodes observed in 
MKD patients.
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ABSTrACT

Mevalonate kinase deficiency (MKD) is an autosomal recessive metabolic and 
autoinflammatory disorder characterized by life-long episodes of high fever and 
inflammation. The disorder is caused by mutations in the MVK gene encoding the 
enzyme mevalonate kinase (MK), the first enzyme to follow HMG-CoA reductase in the 
isoprenoid biosynthesis pathway. We previously showed that in MKD, in particular, the 
timely synthesis of nonsterol isoprenoids, including geranylgeranyl pyrophosphate, is 
compromised, which appears to sensitize MKD patients for developing the inflammatory 
events. Because small GTPases are highly dependent on geranylgeranylation for their 
proper signaling function and have been implicated in the regulation of inflammatory 
processes, we studied the effect of fever on geranylgeranylation, activation and 
localization of three small Rho-GTPases RhoA, Rac1 and Cdc42 in cells from four different 
MKD patients and compared this with cells from two healthy control individuals. We 
showed that exposure of cells to 40°C for 24 h results in markedly increased levels 
of nonisoprenylated, activated GTPases with an altered subcellular localization in MK-
deficient cells but not in control cells. We postulate that such ectopic activation of small 
GTPases gives rise to inappropriate signalling, which may underlie the inflammatory 
presentation observed in MKD. 
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INTroDuCTIoN

Mevalonate kinase deficiency (MKD) is an autosomal recessive autoinflammatory 
disorder characterized by recurrent episodes of high fever associated with headache, 
arthritis, nausea, abdominal pain, diarrhea and skin rash. Clinically, patients may 
present with two distinct presentations, i.e., the hyper-IgD and periodic fever syndrome 
(HIDS; MIM# 260920) and mevalonic aciduria (MA; MIM# 251170). Because of the 
overlap between the two entities, they are currently considered to represent the mild 
and severe clinical and biochemical ends of the MKD spectrum [1-3]. Patients with 
the HIDS presentation typically show the recurrent episodes of fever with associated 
inflammatory symptoms [4], whereas patients with the more severe MA presentation 
in addition to these episodes show developmental delay, dysmorphic features, ataxia, 
cerebellar atrophy, and psychomotor retardation and may die in early childhood [5]. 
The distinction between the two presentations can be readily made by determining the 
residual MK enzyme activities in patient cells, which range from up to 10% in HIDS, 
when compared with control cells, to below detection levels in MA. 
MKD is caused by mutations in the MVK gene encoding mevalonate kinase (MK) the 
first enzyme to follow the rate-limiting and highly regulated HMG-CoA reductase 
in the isoprenoid biosynthesis pathway [6;7]. The isoprenoid biosynthesis pathway 
provides cells with a variety of bioactive molecules, i.e. sterol and nonsterol isoprenoids, 
which play pivotal roles in a range of essential cellular processes including growth, 
differentiation, glycosylation, isoprenylation and various signal transduction pathways 
[8]. 
Although MKD in principle affects the synthesis of all isoprenoids, patients with MKD 
still are capable of generating isoprenoid end products. In fact, even though MK enzyme 
activity is below detection levels in cultured skin fibroblasts from MA patients, the de 
novo biosynthesis of cholesterol and nonsterol isoprenoids can be virtually normal [9]. 
This is due to an increased activity of HMG-CoA reductase, which compensates for a 
potentially decreased flux through the isoprenoid biosynthesis pathway by elevating 
the levels of its product mevalonate [9-11]. However, while this flux may be sufficient 
under normal conditions, previous studies indicated that the inflammatory phenotype 
associated with MKD is related to an inability to respond rapidly or adequately to an 
instant further decrease in the activity of MK [12], which is assumed to result in a 
temporary shortage of one or more isoprenoid end products involved in the regulation 
or modulation of an innate immune response. There are strong indications that this 
shortage involves, in particular, nonsterol isoprenoid end products [9;13;14], including 
geranylgeranyl pyrophosphate, which is required for isoprenylation of a variety of 
proteins including small GTPases. Protein isoprenylation involves the posttranslational 
covalent addition of farnesyl pyrophosphate or geranylgeranyl pyrophosphate to 
cysteine residues at the carboxy terminus of proteins [8]. Isoprenylation is important 
for many regulatory proteins such as the small GTPases of the RhoA family, because 
it enables their localization to membranes where they can interact with and activate 
downstream effector proteins [15;16]. These small GTPases participate in the regulation 
of a wide variety of cellular functions, including cell cycle progression, morphology and 
migration, cytoskeletal function, vesicle trafficking, and gene transcription [8;15;16]. 
Most small GTPases act as molecular switches through cycling between an active GTP-
bound state and an inactive GDP-bound state [17]. The cycling between these two 
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states is mediated by three sets of adaptor proteins, including guanine nucleotide 
exchange factors (GEFs), GTPase activating proteins (GAPs) and guanine nucleotide 
dissociation inhibitors (GDIs). GEFs activate small GTPases by promoting the release of 
GDP and the binding of GTP, whereas GAPs inactivate small GTPases by increasing their 
intrinsic GTPase activity, thereby releasing the interaction with downstream effector 
proteins. GDIs prevent the cytosolic activation of small GTPases through binding with 
their carboxy terminal geranylgeranyl-groups thereby sequestering them away from 
down-stream targets [17].
Here we report the effect of fever on localization and activation of three small GTPases, 
RhoA, Rac1 and Cdc42, in MKD. We found that the elevated temperature induces an 
altered subcellular distribution of these small GTPases in cells from MKD patients but 
not in control cells. In addition, the elevated temperature results in a markedly increased 
activation of these soluble GTPases. 

MATerIALS AND MeTHoDS

Cell culture
Primary skin fibroblast cell lines obtained from 2 MKD patients with a HIDS presentation, 
i.e., MKD-HIDS1 and MKD-HIDS2, 2 MKD patients with an MA presentation, i.e., MKD-
MA1 and MKD-MA2, and 2 healthy control individuals, i.e., CTR1 and CTR2, with similar 
passage numbers (15±3) were cultured in 162 cm2 flasks in nutrient mixture Ham’s 
F-10 with L-glutamine and 25 mM 4-2-hydroxyethyl-1-piperazineethanesulfonic acid 
(HEPES; Invitrogen, Breda, The Netherlands), supplemented with 10% fetal calf serum 
(FCS; Invitrogen, Breda, The Netherlands) in a temperature- and humidity-controlled 
incubator (95% air, 5% CO2) at 37°C until confluence. Subsequently, the medium was 
replaced with fresh culture medium and cells were cultured for 24 h at 37°C or 40°C. 
After this incubation, cells were used directly for the different assays described below.

Activated GTPase pulldown assays using membrane and soluble protein 
fractions
Fibroblasts were washed three times with ice-cold PBS and harvested by scraping 
in lysis buffer (50 mM Tris pH 7.4, 100 mM NaCl, 10% glycerol, 2 mM MgCl2, 0.1 
mM phenylmethylsulfonyl fluoride, 10 μg/ml leupeptine, 10 μg/ml aprotinin, 1 mM 
benzamidin, 1 mM DTT, 1 mM vanadate). After harvesting, the lysed cell homogenates 
were sonicated twice (40 J at 8 W output) followed by protein concentration 
determination using the Bradford assay (Biorad, Veenendaal, The Netherlands) after 
which the protein concentration was adjusted to 1 mg/ml with lysis buffer. A small 
amount of total homogenate was saved for immunoblot analysis. The cell homogenates 
were subsequently separated into a membrane and soluble protein fraction, as described 
previously [9], to determine the levels of isoprenylated (i.e. membrane-bound) and 
nonisoprenylated proteins (i.e. soluble protein fraction). In brief, 900 μg of total protein 
was used for ultracentrifugation (30 min at 100,000g at 4°C). After centrifugation, 
the supernatant was transferred to another tube and NP-40 was added to an end 
concentration of 1%. The pellet was dissolved in lysis buffer containing 1% NP-40 
and sonicated twice (40 J at 8 W output). A small amount of the supernatant and 
pellet fraction was saved for immunoblot analysis. The supernatant (soluble) and pellet 
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(membrane) fractions were then used for activated RhoA, Rac1 and Cdc42 pulldown 
assays. To this end, the fractions were incubated for 60 min at 4°C with bacterially 
produced GST-RBD (Rhotekin) [18] (for RhoA pulldowns) or GST-PAK [19] (for Rac1 
and Cdc42 pulldowns) bound to glutathione-agarose beads (Sigma, St. Louis, MO, 
USA). Subsequently, the beads were washed three times with lysis buffer followed 
by centrifugation (10 sec at 12,000g). Bound proteins were eluted by boiling in SDS-
sample buffer and used for immunoblot analysis.

Figure 1. Effect of temperature on expression of RhoA (A), Rac1 (B) and Cdc42 (C) proteins. Control, MKD-
HIDS and MKD-MA cells were incubated at 37°C (white bar, set as 100%) and 40°C (black bar) for 24 h. 
Relative levels of RhoA/β-actin (A), Rac1/β-actin (B) and Cdc42/β-actin (C). Bars show the mean and SEM of 
three independent experiments. Immunoblots show the results of one representative experiment. Statistic 
analysis of observed effects was performed with unpaired Student’s t-test, * = P < 0.05, ** = P < 0.01.
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Immunoblot analysis
Proteins were separated by 12% SDS-PAGE and transferred onto nitrocellulose by 
semidry blotting. To verify equal transfer of proteins, each blot was reversibly stained 
with Ponceau S. prior to incubation with antibodies. Membranes were then incubated 
with a RhoA monoclonal antibody (dilution 1:1,000; Santa Cruz Biotechnology, Santa 
Cruz, CA, USA), a Rac1 monoclonal antibody (dilution 1:10,000; Upstate Biotechnology, 
Lake Placid, NY, USA), a Cdc42 polyclonal antibody (dilution 1:1,000; Santa Cruz 
Biotechnology, Santa Cruz, CA, USA) or a β-actin monoclonal antibody (dilution 
1:10,000; Sigma-Aldrich, St. Louis, MO, USA). Antigen-antibody complexes were 
visualized with IRDye 800CW goat anti-mouse secondary antibody (for monoclonal 
antibodies) or goat anti-rabbit secondary antibody (for polyclonal antibodies) using the 
Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, USA). Densitometric 
analysis of immunoblots was performed using Advanced Image Data Analyzer (AIDA) 
software (Raytest, Strauenhardt, Germany).

Statistical analysis
Statistical analysis was performed using unpaired Student’s t-test. P values less than 
0.05 were considered significant.

reSuLTS

The effect of temperature on the expression of RhoA, Rac1 and Cdc42 proteins
Because many mutations in MKD were shown to have a temperature-sensitive effect 
on residual MK enzyme activity [12], we previously postulated that an increase in body 
temperature in MKD patients induces a rapid further decrease in MK activity, which 
then causes a temporary, instant block of the isoprenoid biosynthesis pathway. As a 
consequence, the synthesis of down-stream isoprenoids, including geranylgeranyl 
pyrophosphate required for protein isoprenylation, would be compromised [9;13;14]. To 
study the effect of elevated temperature on protein isoprenylation, we simulated a fever 
episode in	vitro by incubating fibroblasts from MKD patients and control individuals for 
24 h at 40°C after which we determined expression, localization and activation of the 
geranylgeranylated small GTPases RhoA, Rac1 and Cdc42. As shown in figure 1, the 
increase in temperature had no marked effect on the total cellular levels of these small 
GTPases, except for RhoA protein in MKD-MA cells, the levels of which were higher 
than observed in MKD-MA cells cultured at 37°C (Figure 1A).

The effect of temperature on localization of RhoA, Rac1 and Cdc42
To determine the effect of fever on the subcellular localization of the 3 GTPases, 
i.e., membrane-bound versus soluble fraction, we determined the distribution of the 
proteins by subjecting cell homogenates to ultracentrifugation. We found that the 
subcellular distribution of the RhoA (Figure 2A and 2B), Rac1 (Figure 3A and 3B) and 
Cdc42 (Figure 4A) proteins remained virtually unchanged in control cells cultured at 
40°C when compared to culturing at 37°C. In contrast, however, we observed marked 
changes in the MKD-HIDS and MKD-MA cell lines. 
For RhoA, we observed that incubation at 40°C causes a decrease in membrane-bound 
and a concomitant increase in soluble protein in both the MKD-HIDS and MKD-MA cells 
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Figure 2. Effect of temperature on localization and activation state of RhoA protein. Control, MKD-HIDS and 
MKD-MA cells were incubated at 37°C (white bar) and 40°C (black bar) for 24 h. Relative levels of total RhoA 
(A, white bar set as 100%) and active RhoA (C, white bar set as 100%) associated with membranes. Relative 
soluble levels of total RhoA (B, white bar set as 100%) and active RhoA (D, black bar set as 100%). Bars show 
the mean and SEM of three independent experiments. Immunoblots show the results of one representative 
experiment. Statistic analysis of observed effects was performed with unpaired Student’s t-test, * = P < 0.05, 
** = P < 0.01.
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(Figure 2A and 2B). The effect of temperature is most pronounced in the MKD-MA cells 
in accordance with the lower residual MK activities in those cells.
The levels of soluble Cdc42 protein are also increased upon incubation at 40°C in the 
MKD-HIDS and MKD-MA cells (Figure 4A). In contrast to RhoA protein, however, there 
is no obvious difference in relative increase of soluble Cdc42 protein between the MKD-
HIDS and MKD-MA cell lines. The levels of membrane-bound Cdc42 protein appear to 
be too low to visualize with this assay.
The results for Rac1 protein are less pronounced than for the RhoA and Cdc42 proteins. 
The levels of membrane-bound and soluble Rac1 protein are decreased and increased, 
respectively, in MKD-MA cells cultured at 40°C (Figure 3A and 3B), but in MKD-HIDS 
cells no difference is observed in the levels of membrane-bound and soluble Rac1 
protein when the cells are cultured at different temperatures (Figure 3A and 3B). 

Effect of temperature on the activation state of soluble and membrane-bound 
RhoA, Rac1 and Cdc42
To determine if temperature has an effect on activation of small GTPases, we studied 
the effect of 40°C on the activation state of the soluble and membrane-bound RhoA, 
Rac1 and Cdc42 protein fractions using pulldown assays specific for activated GTPases.
As for the expression levels, we did not observe changes in the activity states of any of 
the three GTPases when control cells are cultured at 40°C when compared to culturing 
at 37°C. For the MKD-HIDS and MKD-MA cell lines, however, we noted that culturing 
at 40°C resulted in a marked increase in activated soluble RhoA protein (Figure 2D) and 
a decrease of activated membrane-bound RhoA (Figure 2C). 
Similar results were observed for activated soluble Cdc42 protein (Figure 4B), the levels 
of which also become elevated in MKD-MA and MKD-HIDS cells cultured at 40°C. 
Culturing at 40°C led to an increase in activated soluble Rac1 protein in the two MKD-
MA cells only, albeit to different extents, but not in the MKD-HIDS cells (Figure 3D). 
Also the decrease in activated membrane-bound Rac1 protein is only observed in the 
MKD-MA cell lines (Figure 3C). 

DISCuSSIoN

Previously, we postulated that the inflammatory phenotype in MKD can be explained 
by the fact that in patients with this defect the rate-limiting step determining the flux 
through the isoprenoid biosynthesis pathway has shifted from HMG-CoA reductase 
to MK [9], the residual activity of which has become very sensitive to relative minor 
perturbations, such as (small) rises in temperature [12]. When the flux through the 
pathway becomes disturbed, this will lead to a shortage of certain nonsterol isoprenoids 
that are required for proper regulation and/or modulation of the inflammatory response 
[13;14]. As a consequence, patients will develop a massive inflammatory response to 
only minor stimuli. Via feedback regulatory mechanisms, this shortage will induce a 
compensatory increase of HMG-CoA reductase activity [9;12], which leads to re-
establishment of the pathway flux and consequently the synthesis of the limiting 
nonsterol isoprenoid(s), after which the inflammatory response will resolve.
Our previous studies showed that an important nonsterol isoprenoid that becomes 
limiting in MKD is geranylgeranyl pyrophosphate [14]. Because geranylgeranyl 
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Figure 3. Effect of temperature on localization and activation state of Rac1 protein. Control, MKD-HIDS and 
MKD-MA cells were incubated at 37°C (white bar) and 40°C (black bar) for 24 h. Relative levels of total Rac1 
(A, white bar set as 100%) and active Rac1 (C, white bar set as 100%) associated with membranes. Relative 
soluble levels of total Rac1 (B, white bar set as 100%) and active Rac1 (D, black bar set as 100%). Bars show 
the mean and SEM of three independent experiments. Immunoblots show the results of one representative 
experiment. Statistic analysis of observed effects was performed with unpaired Student’s t-test, * = P < 0.05, 
** = P < 0.01.



Chapter	5

5

84

pyrophosphate is required for isoprenylation of proteins such as the small GTPases of 
the RhoA family to enable their membrane localization and interaction with regulatory 
proteins [16;17], we expected that depletion of geranylgeranyl pyrophosphate should 
have an effect on the subcellular location and functioning of such proteins. Indeed, 
when we incubated fibroblasts of MKD patients with low concentrations of the HMG-
CoA reductase inhibitor simvastatin to decrease the pathway flux, we observed that the 
soluble levels of the RhoA and Rac1 proteins become markedly higher than in similarly 
treated control cells. In parallel, membrane-bound levels of these GTPases become 
lower in the MK-deficient cells [9;20]. 
In the present study, we have studied in	vitro the effect of fever on localization and 
functioning of three small GTPases, RhoA, Rac1 and Cdc42. Not only because high 
fever is the most prominent symptom in MKD, but also because we previously found 
that a small increase in temperature already results in a rapid further decrease in residual 
MK enzyme activity in MKD cells and consequently in an instant block in the isoprenoid 
biosynthesis pathway leading to a shortage of end products [1;12].

Figure 4. Effect of temperature on localization and activation state of Cdc42 protein. Control, MKD-HIDS 
and MKD-MA cells were incubated at 37°C (white bar) and 40°C (black bar) for 24 h. Relative soluble levels 
of total Cdc42 (A, white bar set as 100%) and active Cdc42 (B, black bar set as 100%). Bars show the mean 
and SEM of three independent experiments. Immunoblots show the results of one representative experiment. 
Statistic analysis of observed effects was performed with unpaired Student’s t-test, * = P < 0.05, ** = P < 
0.01.
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When we mimicked a fever episode by incubating fibroblasts at 40°C for 24 h, we 
observed a clear difference between MK-deficient and control cells with respect to the 
subcellular localization and activation state of RhoA, Rac1 and Cdc42. In general, the 
high temperature results in a significant increase in soluble levels of activated GTPases 
in the MK-deficient cells, while in control cells the elevated temperature does not have 
this effect. As expected, this effect was more pronounced in the MKD-MA cell lines, 
which have a much lower residual MK activity than MKD-HIDS fibroblasts, rendering 
these cells more sensitive to disturbances of the isoprenoid biosynthesis pathway flux. 
Both the increased levels and activation of the soluble fraction of the GTPases can 
be explained by a lack of geranylgeranylation, which compromises the membrane-
association of the proteins as well as their interaction with GDI proteins, two events that 
both are mediated by the geranylgeranyl moieties [16;17]. Under normal conditions, 
binding of GTPases to GDI proteins prevents GTPases to become activated in the cytosol 
by means of intrinsic nucleotide exchange and promotes the appropriate interaction 
with specific effector proteins [17]. However, because nonisoprenylated GTPases are 
not able to bind GDI proteins, the intrinsic nucleotide exchange will lead to cytosolic 
activation of the GTPases since intracellular GTP levels are higher than GDP levels [21]. 
Accordingly, nonisoprenylated GTPases will accumulate in the GTP-bound, active state. 
Previous studies on protein isoprenylation using inhibitors of the isoprenoid biosynthesis 
pathway in different cell lines showed effects that differ from the effects observed here 
in cells with genetic MK deficiency. For example, when THP-1 cells [22] and fibroblasts 
[23] are incubated with simvastatin this results in a marked increase in active soluble 
Rac1, while the effect of high temperature in MK-deficient cells is more pronounced 
for RhoA and Cdc42 than for Rac1. This indicates that different disturbances of the 
isoprenoid biosynthesis pathway may lead to different down-stream effects. Moreover, 
some studies with statins, bisphosphonates and GGTIs showed an activation of RhoA, 
Rac1 and Cdc42 proteins [24-26], whereas other studies showed that inhibitors 
of isoprenylation negatively regulate GTP loading of small GTPases [27-30]. For the 
different effects seen with statin treatment, however, it cannot be excluded that 
this is due to pharmacological off-target effects since statins have been reported to 
induce both anti-inflammatory and pro-inflammatory effects [31-35]. Indeed, statins 
are commonly used drugs to treat hypercholesterolemia, but are not documented to 
sensitize treated patients for developing fever and inflammatory responses, indicating 
that the effect exerted by statin treatment may differ from the effect resulting from a 
genetic MK deficiency [36].
To conclude, we believe that the ectopic subcellular localization of activated small 
GTPases may be an, if not the most, important factor underlying the inflammatory 
phenotype observed in MK deficiency. We postulate that the altered subcellular 
distribution of activated GTPases, as we demonstrated for RhoA, Rac1 and Cdc42, 
will lead to inappropriate signalling. This may be failure to induce certain signalling 
pathways or incorrect induction of other signalling pathways involved in the regulation 
of the inflammatory response or both. To get insight into which isoprenylated GTPase(s) 
are affected and causing defective signalling in MK deficiency, we will perform both 
transcriptome and phosphoproteome profiling of MK-deficient cells. The combined 
results of these studies should point out which signalling pathways are altered in MKD 
and thus may unveil novel regulatory mechanisms involved in the innate immune 
response.



Chapter	5

5

86

ACkNowLeDGeMeNTS

We thank Dr. S.M. Houten for discussions, help with statistics and critical reading of the 
manuscript. This research was supported by grant 912-03-024 of ZonMW. 

reFereNCeS

[1] S.M. Houten, J. Frenkel, H.R. Waterham, Isoprenoid biosynthesis in hereditary periodic fever syndromes 
and inflammation. Cell Mol. Life Sci. 60 (2003) 1118-1134.

[2] J.W. van der Meer, J.M. Vossen, J. Radl, J.A. van Nieuwkoop, C.J. Meyer, S. Lobatto, R. van Furth, 
Hyperimmunoglobulinaemia D and periodic fever: a new syndrome. Lancet 1 (1984) 1087-1090.

[3] G. Hoffmann, K.M. Gibson, I.K. Brandt, P.I. Bader, R.S. Wappner, L. Sweetman, Mevalonic aciduria--an 
inborn error of cholesterol and nonsterol isoprene biosynthesis. N. Engl. J. Med. 314 (1986) 1610-
1614.

[4] J.P. Drenth, C.J. Haagsma, J.W. van der Meer, Hyperimmunoglobulinemia D and periodic fever 
syndrome. The clinical spectrum in a series of 50 patients. International Hyper-IgD Study Group. 
Medicine (Baltimore) 73 (1994) 133-144.

[5] G.F. Hoffmann, C. Charpentier, E. Mayatepek, J. Mancini, M. Leichsenring, K.M. Gibson, P. Divry, M. 
Hrebicek, W. Lehnert, K. Sartor, Clinical and biochemical phenotype in 11 patients with mevalonic 
aciduria. Pediatrics 91 (1993) 915-921.

[6] J.P. Drenth, L. Cuisset, G. Grateau, C. Vasseur, S.D. van de Velde-Visser, J.G. de Jong, J.S. Beckmann, 
J.W. van der Meer, M. Delpech, Mutations in the gene encoding mevalonate kinase cause hyper-IgD 
and periodic fever syndrome. International Hyper-IgD Study Group. Nat. Genet. 22 (1999) 178-181.

[7] S.M. Houten, W. Kuis, M. Duran, T.J. de Koning, A. van Royen-Kerkhof, G.J. Romeijn, J. Frenkel, L. 
Dorland, M.M. de Barse, W.A. Huijbers, G.T. Rijkers, H.R. Waterham, R.J. Wanders, B.T. Poll-The, 
Mutations in MVK, encoding mevalonate kinase, cause hyperimmunoglobulinaemia D and periodic 
fever syndrome. Nat. Genet. 22 (1999) 175-177.

[8] P.J. Casey, M.C. Seabra, Protein prenyltransferases. J. Biol. Chem. 271 (1996) 5289-5292.
[9] S.M. Houten, M.S. Schneiders, R.J. Wanders, H.R. Waterham, Regulation of isoprenoid/cholesterol 

biosynthesis in cells from mevalonate kinase-deficient patients. J. Biol. Chem. 278 (2003) 5736-5743.
[10] G.F. Hoffmann, U.N. Wiesmann, S. Brendel, R.K. Keller, K.M. Gibson, Regulatory adaptation of 

isoprenoid biosynthesis and the LDL receptor pathway in fibroblasts from patients with mevalonate 
kinase deficiency. Pediatr. Res. 41 (1997) 541-546.

[11] K.M. Gibson, G. Hoffmann, A. Schwall, R.L. Broock, S. Aramaki, L. Sweetman, W.L. Nyhan, I.K. 
Brandt, R.S. Wappner, W. Lehnert, 3-Hydroxy-3-methylglutaryl coenzyme A reductase activity in 
cultured fibroblasts from patients with mevalonate kinase deficiency: differential response to lipid 
supplied by fetal bovine serum in tissue culture medium. J. Lipid Res. 31 (1990) 515-521.

[12] S.M. Houten, J. Frenkel, G.T. Rijkers, R.J. Wanders, W. Kuis, H.R. Waterham, Temperature dependence 
of mutant mevalonate kinase activity as a pathogenic factor in hyper-IgD and periodic fever syndrome. 
Hum. Mol. Genet. 11 (2002) 3115-3124.

[13] J. Frenkel, G.T. Rijkers, S.H. Mandey, S.W. Buurman, S.M. Houten, R.J. Wanders, H.R. Waterham, W. Kuis, 
Lack of isoprenoid products raises ex vivo interleukin-1beta secretion in hyperimmunoglobulinemia D 
and periodic fever syndrome. Arthritis Rheum. 46 (2002) 2794-2803.

[14] S.H. Mandey, L.M. Kuijk, J. Frenkel, H.R. Waterham, A role for geranylgeranylation in interleukin-
1beta secretion. Arthritis Rheum. 54 (2006) 3690-3695.

[15] S.J. McTaggart, Isoprenylated proteins. Cell Mol. Life Sci. 63 (2006) 255-267.
[16] Y. Takai, T. Sasaki, T. Matozaki, Small GTP-binding proteins. Physiol Rev. 81 (2001) 153-208.
[17] X.R. Bustelo, V. Sauzeau, I.M. Berenjeno, GTP-binding proteins of the Rho/Rac family: regulation, 

effectors and functions in vivo. Bioessays 29 (2007) 356-370.
[18] T. Reid, T. Furuyashiki, T. Ishizaki, G. Watanabe, N. Watanabe, K. Fujisawa, N. Morii, P. Madaule, S. 

Narumiya, Rhotekin, a new putative target for Rho bearing homology to a serine/threonine kinase, 
PKN, and rhophilin in the rho-binding domain. J. Biol. Chem. 271 (1996) 13556-13560.

[19] E.E. Sander, S. van Delft, J.P. ten Klooster, T. Reid, R.A. van der Kammen, F. Michiels, J.G. Collard, 
Matrix-dependent Tiam1/Rac signaling in epithelial cells promotes either cell-cell adhesion or cell 



Fever	induces	ectopic	activation	of	small	GTPases	in	MKD

5

87

migration and is regulated by phosphatidylinositol 3-kinase. J. Cell Biol. 143 (1998) 1385-1398.
[20] M.S. Schneiders, S.M. Houten, M. Turkenburg, R.J. Wanders, H.R. Waterham, Manipulation of 

isoprenoid biosynthesis as a possible therapeutic option in mevalonate kinase deficiency. Arthritis 
Rheum. 54 (2006) 2306-2313.

[21] F. Carlucci, F. Rosi, C. Di Pietro, E. Marinello, M. Pizzichini, A. Tabucchi, Purine nucleotide metabolism: 
specific aspects in chronic lymphocytic leukemia lymphocytes. Biochim. Biophys. Acta 1360 (1997) 
203-210.

[22] L.M. Kuijk, J.M. Beekman, J. Koster, H.R. Waterham, J. Frenkel, P.J. Coffer, HMG-CoA reductase 
inhibition induces IL-1beta release through Rac1/PI3K/PKB-dependent caspase-1 activation. Blood 
112 (2008) 3563-3573.

[23] L. Henneman, M.S. Schneiders, M. Turkenburg, H.R. Waterham, Compromized geranylgeranylation 
of RhoA and Rac1 in mevalonate kinase deficiency. J. Inherit. Metab Dis. 33 (2010) 625-632.

[24] J.E. Dunford, M.J. Rogers, F.H. Ebetino, R.J. Phipps, F.P. Coxon, Inhibition of protein prenylation by 
bisphosphonates causes sustained activation of Rac, Cdc42, and Rho GTPases. J. Bone Miner. Res. 21 
(2006) 684-694.

[25] A. Cordle, J. Koenigsknecht-Talboo, B. Wilkinson, A. Limpert, G. Landreth, Mechanisms of statin-
mediated inhibition of small G-protein function. J. Biol. Chem. 280 (2005) 34202-34209.

[26] C. Vecchione, R.P. Brandes, Withdrawal of 3-hydroxy-3-methylglutaryl coenzyme A reductase 
inhibitors elicits oxidative stress and induces endothelial dysfunction in mice. Circ. Res. 91 (2002) 
173-179.

[27] T. Ishibashi, K. Nagata, H. Ohkawara, T. Sakamoto, K. Yokoyama, J. Shindo, K. Sugimoto, S. Sakurada, 
Y. Takuwa, T. Teramoto, Y. Maruyama, Inhibition of Rho/Rho-kinase signaling downregulates 
plasminogen activator inhibitor-1 synthesis in cultured human monocytes. Biochim. Biophys. Acta 
1590 (2002) 123-130.

[28] A. Khwaja, C.C. Sharpe, M. Noor, B.M. Hendry, The role of geranylgeranylated proteins in human 
mesangial cell proliferation. Kidney Int. 70 (2006) 1296-1304.

[29] T.R. Patel, S.A. Corbett, Mevastatin suppresses lipopolysaccharide-induced Rac activation in the 
human monocyte cell line THP-1. Surgery 134 (2003) 306-311.

[30] T. Kato, H. Hashikabe, C. Iwata, K. Akimoto, Y. Hattori, Statin blocks Rho/Rho-kinase signalling and 
disrupts the actin cytoskeleton: relationship to enhancement of LPS-mediated nitric oxide synthesis in 
vascular smooth muscle cells. Biochim. Biophys. Acta 1689 (2004) 267-272.

[31] M.T. Montero, O. Hernandez, Y. Suarez, J. Matilla, A.J. Ferruelo, J. Martinez-Botas, D. Gomez-
Coronado, M.A. Lasuncion, Hydroxymethylglutaryl-coenzyme A reductase inhibition stimulates 
caspase-1 activity and Th1-cytokine release in peripheral blood mononuclear cells. Atherosclerosis 
153 (2000) 303-313.

[32] M.K. Jain, P.M. Ridker, Anti-inflammatory effects of statins: clinical evidence and basic mechanisms. 
Nat. Rev. Drug Discov. 4 (2005) 977-987.

[33] A.M. Abeles, M.H. Pillinger, Statins as antiinflammatory and immunomodulatory agents: a future in 
rheumatologic therapy? Arthritis Rheum. 54 (2006) 393-407.

[34] W.R. Coward, A. Marei, A. Yang, M.M. Vasa-Nicotera, S.C. Chow, Statin-induced proinflammatory 
response in mitogen-activated peripheral blood mononuclear cells through the activation of caspase-1 
and IL-18 secretion in monocytes. J. Immunol. 176 (2006) 5284-5292.

[35] T. Nagashima, H. Okazaki, K. Yudoh, H. Matsuno, S. Minota, Apoptosis of rheumatoid synovial cells 
by statins through the blocking of protein geranylgeranylation: a potential therapeutic approach to 
rheumatoid arthritis. Arthritis Rheum. 54 (2006) 579-586.

[36] D.D. Hinson, K.L. Chambliss, M.J. Toth, R.D. Tanaka, K.M. Gibson, Post-translational regulation of 
mevalonate kinase by intermediates of the cholesterol and nonsterol isoprene biosynthetic pathways. 
J. Lipid Res. 38 (1997) 2216-2223.





Chapter 6

Generation and characterization of two mouse 
models for mevalonate kinase deficiency

Linda Henneman
Marjolein Turkenburg
Merel S. Ebberink 
Hans R. Waterham

Academic Medical Centre, University of Amsterdam, Laboratory Genetic Metabolic Diseases, 
Departments of Clinical Chemistry and Pediatrics, Amsterdam, the Netherlands

P

O

O
O-O-

O
P

O

O-



Chapter	6

6

90

ABSTrACT

Mevalonate kinase deficiency (MKD) is an inherited autoinflammatory and metabolic 
disorder characterized by recurrent episodes of fever and inflammation. MKD is caused 
by mutations in the MVK gene encoding mevalonate kinase (MK), a key enzyme in 
the isoprenoid biosynthesis pathway. In this study we generated and characterized 
two MK-deficient mouse models. We first introduced the common human disease-
causing c.1129G>A (p.V377I) mutation by knock-in in exon 11 of the murine Mvk 
gene, creating an MvkV377I allele with two LoxP sites flanking exon 10 and 11 of the 
targeted allele. Subsequent crossing of mice harboring the floxed MvkV377I allele with a 
general Cre-expressing mouse strain created a functional Mvk knock-out allele, lacking 
exon 10, intron 10 and exon 11, i.e., MvkDEL. Interbreeding of these mice resulted in 
mice harboring the MvkV377I/V377I and MvkV377I/DEL genotype, which mimic the spectrum 
of MKD in humans as reflected by the decreased MK activities in liver, kidney and 
spleen. Both mouse models have increased levels of mevalonic acid in urine compared 
to controls and cultured tail fibroblasts exhibit a temperature-sensitive MK-deficiency 
similar as previously observed in patient cells. LPS stimulation of MvkV377I/V377I mice 
appears to induce a rapid pyrogenic response, which most likely compensates for the 
rapid decrease in body temperature observed in LPS-stimulated wild-type mice. After 
LPS administration pro-inflammatory cytokine levels were increased in plasma, but no 
differences were detected between MvkV377I/V377I and wild-type mice. Our studies indicate 
that these MK-deficient mouse lines are promising models to study the pathophysiology 
associated with MKD.
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INTroDuCTIoN

Mevalonate kinase deficiency (MKD) is an autosomal recessive metabolic disorder 
characterized by recurrent episodes of high fever associated with headache, arthritis, 
nausea, abdominal pain, diarrhea and skin rash. MKD is caused by mutations in the MVK 
gene encoding mevalonate kinase (MK), the first enzyme to follow the rate-limiting 
and highly regulated HMG-CoA reductase in the isoprenoid biosynthesis pathway [1;2]. 
The isoprenoid biosynthesis pathway plays an important role in cellular metabolism. It 
provides the cell with a variety of sterol and nonsterol isoprenoids required for essential 
cellular processes including cell growth, cell differentiation, protein glycosylation, 
protein isoprenylation and various signal transduction pathways [3].
Two previously described clinical entities, i.e., autoinflammatory hyper-IgD and periodic 
fever syndrome (HIDS; MIM# 260920) and classic mevalonic aciduria (MA; MIM# 
251170), are both caused by a deficient activity of MK and currently considered to 
represent the mild and severe clinical and biochemical ends of the MKD spectrum [4-
6]. Patients with HIDS typically show recurrent episodes of high fever with associated 
inflammatory symptoms [7], whereas patients with the more severe MA presentation 
in addition to such episodes show developmental delay, dysmorphic features, ataxia, 
cerebellar atrophy, and psychomotor retardation and may die in early childhood [8]. The 
different degrees of disease severity can be correlated to the residual activity of MK in 
cells of patients [9]. Cells of patients with HIDS show a residual MK activity of 1-10%, 
when compared with control cells, while in cells of patients with MA the enzyme activity 
is below detection levels. This difference in residual enzyme activity is also reflected in 
the occurrence of high levels of mevalonic acid in plasma and urine of patients with MA 
and low to moderate levels of mevalonic acid in patients with HIDS. 
During fever attacks, plasma concentrations of pro-inflammatory cytokines such as 
interleukin-6 (IL-6) and interferon gamma (IFN-γ) are elevated, indicating an acute 
inflammatory state [10;11]. Ex vivo production of pro-inflammatory cytokines, such 
as IL-1β, was also seen between fever episodes [12;13]. IL-1β is the prototypical pro-
inflammatory cytokine and plays an important role in the pathogenesis of several 
autoinflammatory diseases, including MKD [14]. Although the precise molecular 
mechanism by which a depressed MK activity leads to an inflammatory phenotype is 
still unknown, there are strong indications that it is due to a temporary shortage of 
isoprenoid end products [13;15;16]. 
So far, two mouse models have been reported to study aspects of MKD in	vivo. The 
first model involves a mouse strain with a deletion of only one of the two Mvk alleles 
[17]; deletion of both alleles appears to be embryonic lethal. This heterozygous Mvk+/- 
strain still has approximately 50% residual activity of MK in tissues, which is far from 
comparable to the much lower residual MK activities observed in human MKD. Although 
some immunological differences between wild-type and Mvk+/- mice were observed, only 
IgD levels were significantly higher in Mvk+/- mice. The second reported mouse model 
was pharmacologically induced by treating Balb/c mice with aminobisphosphonate 
alendronate and bacterial muramyldipeptide [18]. Aminobisphosphonates are inhibitors 
of the enzyme farnesyl pyrophosphate synthase, which is located downstream of MK 
in the isoprenoid biosynthesis pathway. When administered with the pro-inflammatory 
bacterial compound muramyldipeptide, alendronate triggered a severe systemic 
inflammatory response in mice, which was prevented by the administration of selected 
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isoprenoids, in particular geraniol and geranylgeraniol [18].
In this report we describe the generation by gene targeting of two mouse models 
that present close genocopies of the human disease. The generated mice are either 
compound heterozygous for two mutations in the Mvk gene, the c.1129G>A (p.V377I) 
mutation, identical to the most commonly observed mutation associated with HIDS 
in humans, and a deletion of exon 10 and 11, or homozygous for the c.1129G>A 
(p.V377I) mutation. Biochemical characterization of the two mouse models indicate 
that they represent good phenocopies for the human disorder and thus will be suitable 
for studies to the pathophysiology associated with MKD.

MATerIALS AND MeTHoDS

Generation of MK-deficient mice
Heterozygous MK-deficient mice were generated for us by the Institut Clinique de 
la Souris (ICS) - Mouse Clinical Institute (MCI) in Strasbourg, France by means of 
homologous recombination in 129/Sv embryonic stem (ES) cells using the targeting 
vector shown in figure 1A. Upon recombination, the targeted allele contained two 
loxP sites encompassing exon 10 and 11, a c.1129G>A (p.V377I) missense mutation 
in exon 11 and a neomycin cassette flanked by two FRT sites in intron 11. Following 
electroporation, 600 independent ES clones were screened for integration of the 
targeting vector. Correct recombination was confirmed by southern blot analysis in 
two positive ES clones that had a normal karyotype. The presence of the c.1129G>A 
mutation in the Mvk allele was verified by sequencing. Chimeric mice were obtained 
by injection of ES cells of the two clones into blastocysts from strain C57BL/6, followed 
by implantation of injected embryos into pseudopregnant females for development to 
term. Male chimeras were mated with C57BL/6 females to produce heterozygotes. The 
thus obtained heterozygotes were subsequently crossed with a general Flp recombinase-
expressing mouse strain to remove the neomycine cassette, followed by crossing with 
wild-type C57BL/6 mice to remove the Flp transgene. The genomic organization of the 
thus created MvkV377I allele is shown in figure 1B.
To create an MvkDEL allele, we crossed MvkV377I/WT mice with a general Cre recombinase-
expressing mouse strain (B6.C-Tg(CMV-cre)1Cgn/J, Jackson Laboratory, Bar Harbor, ME, 
USA) resulting in excision of exon 10 and 11 (Figure 1B). The resulting MvkDEL/WT mice 
were subsequently crossed with wild-type C57BL/6 mice to remove the Cre transgene. 
Homozygous MvkV377I/V377I mice were obtained by intercrossing with heterozygous 
MvkV377I/WT mice. Compound heterozygous MvkV377I/DEL mice were obtained by crossing 
MvkV377I/WT mice with MvkDEL/WT mice.

Genotyping of mice
Genotyping of the different MK-deficient mice strains was performed in genomic DNA 
isolated from toe clips using the TissueDirectTM Multiplex PCR system (GenScript, New 
Jersey, USA) according to the manufacturer’s instructions. To discriminate between 
the MvkWT, MvkV377I and MvkDEL alleles the following three primers are used for PCR 
amplification of gDNA: forward primer A, 5’-GCA AAT AGT AAG CCC TCC TCA 
CTG G-3’; reverse primer B, 5’-GAA ACC AGT TGG CTC CAG ACA CTA G-3’; and 
reverse primer C, 5’-CCC TTT CCT CCC CAA CTT ACA TCT TG-3’. The locations of the 
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Figure 1. A, generation of mutant Mvk locus. The wild-type Mvk locus (top), gene-targeting construct 
(middle), and Mvk locus after homologous recombination (bottom) are shown. Exons are depicted as filled 
boxes. Locations of loxP sites, FRT sites and PGK-neo are indicated. B, schematic diagram of the genomic 
Mvk structures in the mouse models. The wild-type allele (MvkWT, top), conditional allele (MvkV377I, middle) 
and knock-out allele (MvkDEL, bottom) are shown with the location of the loxP and FRT sites, and the V377I 
point mutation. The location and orientation of primers for PCR analysis and genotyping are indicated. The 
wild-type and conditional allele were identified with primers A and B, generating fragments of 195 bp for the 
wild-type allele and 245 bp for the conditional allele. The knock-out allele was identified with primers A and 
C, generating a fragment of 352 bp.

primers are indicated in figure 1B. The MvkWT (195 bp) and MvkV377I (245 bp) alleles are 
amplified with primers A and B in a PCR reaction that includes 30 cycles using 62°C for 
30 s as annealing step. A ‘touchdown’ PCR program was used to amplify the MvkDEL 

(352 bp) allele with primers A and C. The ‘touchdown’ program started with 3 min of 
denaturation at 94°C, followed by 10 cycles during which the annealing temperature 
was lowered with 1°C per cycle from 72°C to 62°C. Every cycle was initiated with 60 
s of denaturation at 94°C, followed by 60 s of annealing and 2.30 min of extention at 
72°C. These ‘touchdown’ cycles were followed by 25 cycles with 30 s of 94°C, 30 s at 
62°C and 2.30 min at 72°C.

Cholesterol, triglycerides and glucose in plasma
Plasma concentrations of cholesterol, triglycerides and glucose were determined 
according to standard clinical chemistry protocols.
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Determination of mevalonic acid in urine
Mevalonic acid concentrations were determined in urine by stable isotope dilution 
gas chromatography-mass spectrometry of the trimethylsilyl ether esters as previously 
described [19] using 2H7-mevalonolactone (CDN Isotope) as an internal standard.

Quantitative real-time RT-PCR analysis
Expression levels of Mvk and Hmgcr (encoding HMG-CoA reductase) mRNAs were 
determined using the LightCycler System (Roche, Mannheim, Germany) and related to 
the expression levels of Ppib (encoding cyclophilin B) mRNA used as housekeeping gene. 
Total RNA was isolated from mouse livers using TRIzol (Invitrogen, Carlsbad, CA, USA) 
extraction, after which complementary DNA (cDNA) was prepared using a first-strand 
cDNA synthesis kit for RT-PCR (Roche). The following primer sets were used to amplify 
part of the Mvk cDNA: 5’-CGC CTA CTC TGT GTG TCT GG-3’ (forward) and 5’-AGG 
CCC ACT TGT TGA TTG AC-3’ (reverse), part of the Hmgcr cDNA: 5’-TGT GGC CAG 
CAC TAA CAG AG-3’ (forward) and 5’-CAG GTG TTT CAA GCC AGG TC-3’ (reverse), 
and part of the Ppib cDNA: 5’-TGG AGA GCA CCA AGA CAG ACA-3’ (forward) and 
5’-TGC CGG AGT CGA CAA TGA T-3’ (reverse). Data were analyzed using LightCycler 
software, version 3.5 (Roche) and the program LinRegPCR [20], version 7.5 for analysis 
of real-time PCR data.

Mevalonate kinase activity measurements
MK enzyme activity was measured as described previously [21] using 14C-labeled 
mevalonate (NEN, Perkin Elmer Life Sciences, Boston, MA, USA) as substrate. 

Immunoblot analysis
Immunoblot analysis was performed with the same lysates used for MK enzyme activity 
analysis. Equal amounts of total protein were separated by SDS-PAGE and transferred 
onto nitrocellulose by semidry blotting. To verify equal transfer of proteins, each blot was 
reversibly stained with Ponceau S prior to incubation with antibodies. Affinity-purified 
antibodies directed against human MK [22], but which also cross-react specifically with 
mouse MK, were used at a 1:5,000 dilution. As a control for equal protein loading, 
we simultaneously probed immunoblots with monoclonal antibodies against β-actin 
(Sigma, St. Louis, MO, USA) using a 1:10,000 dilution. Antigen-antibody complexes 
were visualized with IRDye 800CW goat anti-rabbit secondary antibody for MK and 
IRDye 680CW goat anti-mouse secondary antibody for β-actin using the Odyssey 
Infrared Imaging System (LI-COR Biosciences, Nebraska, USA). 

Cell culturing
Mouse fibroblasts were grown from tail tips and cultured in nutrient mixture Ham’s F-10 
with L-glutamine and 25 mM HEPES (Invitrogen, Breda, The Netherlands), supplemented 
with 10% fetal calf serum (Invitrogen, Breda, The Netherlands) in a temperature- and 
humidity-controlled incubator (95% air, 5% CO2) at 37°C. Prior to experiments, cells 
were seeded in T75 culture flasks and grown until confluence. Subsequently, the 
medium was refreshed and the cells were cultured for 4 days at 37°C or 40°C. Cells 
were harvested by trypsinisation, washed once with PBS and twice with 0.9% NaCl, 
snap-frozen as pellets in liquid nitrogen and stored at -80°C until further analysis.
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Cytokine measurements
Cytokine analysis was performed in plasma using commercially available Bio-Plex Pro 
Cytokine Assays (Bio-Rad Laboratories B.V., Veenendaal, The Netherlands) according to 
the manufacturer’s instructions. The Mouse Cytokines Group I 6-plex Kit was used for 
detection of IL-1α, IL-1β, IL-6, IL-10, IFN-γ and TNF-α. 

LPS administration of mice
IPTT-300 temperature transponders (PLEXX, Elst, The Netherlands) were implanted 
subcutaneous in 4-month-old male mice to monitor body temperatures. Temperatures 
were measured daily with a hand-held DAS 5002 scanner (PLEXX, Elst, The Netherlands) 
to determine normal body temperature and for mice to get used to the procedure. After 
7 days, the mice were injected i.p. with 2.5 mg E.	coli 055:B5 lipopolysaccharide (LPS; 
Sigma, St. Louis, MO, USA; stock 625 µg/ml) or saline solution per kg body weight. 
After LPS administration, body temperatures were measured every 2 hours and after 6 
hours mice were sacrificed and blood was collected for further analysis.

reSuLTS

Generation of MK-deficient mice
To develop mouse models for MKD we generated transgenic mice that carry the 
p.V377I mutation, which is identical to the mutation found in the MVK gene of >95% 
of patients with the HIDS phenotype [9]. To this end, we introduced by knock-in the 
c.1129G>A (p.V377I) mutation in exon 11 of the murine Mvk gene. The knock-in 
construct used to introduce the mutation included two loxP sites flanking exon 10 and 
11 of the Mvk gene, which allows excision by Cre recombinase of these two essential 
coding regions to produce a functional null allele, i.e., MvkDEL (Figure 1B). By crossing 
heterozygous MvkV377I/WT mice with a general Cre-expressing mouse strain we generated 
heterozygous MvkDEL/WT mice. After removal of the Cre transgene by back-crossing 
with wild-type C57BL/6 mice, the MvkDEL/WT mice were crossed with MvkV377I/WT mice to 
generate compound heterozygous MvkV377I/DEL mice. 

Figure 2. Increased levels of mevalonic acid in urine of 
MK-deficient mice. Mevalonic acid levels determined 
in urine of MvkWT/WT, MvkV377I/V377I and MvkV377I/DEL mice. 
Data represent the mean ± SD of pooled urine samples 
measured in duplicate.
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Phenotypic and metabolic characterization of MKD mice
Because previously it was reported that MvkDEL/DEL mice are embryonic lethal [17], we 
focused on generating MvkV377I/V377I and MvkV377I/DEL mice. Both mouse strains appeared 
to develop equally to at least 10 weeks and did not show any obvious adverse signs 
when compared with wild-type animals and, as far as tested, reproduced as well as wild-
type litter mates. The outcome of multiple matings to produce mice with the different 
genotypes revealed normal Mendelian ratios (Table 1). Upon sacrifice of animals that 
were ~10-weeks old, aberrations of the spleen were noted in 50% and 33% of the 
MvkV377I/V377I and MvkV377I/DEL mice, respectively. Histological analysis is pending.
Evaluation of metabolic parameters in plasma of the different MK-deficient mouse 
strains did not reveal differences in cholesterol, triglycerides and glucose levels when 
compared with wild-type litter mates (Table 2). Evaluation of serum IgD and IgA levels 
in the different mouse strains is pending.
Patients with MKD have elevated levels of mevalonic acid in plasma and urine, which 
correlates with the residual MK enzyme activity. A similar correlation was observed in 
pooled urine samples of mice with different genotypes. Both MvkV377I/V377I and MvkV377I/

DEL mice have significantly increased mevalonate levels compared to wild-type mice. The 
levels in the MvkV377I/DEL mice were more increased when compared to the MvkV377I/V377I 
mice (Figure 2).

Parameter MvkWT/WT MvkV377I/V377I

Glucose (mmol/L) 11.82 (3.36) 11.04 (2.93)
Cholesterol (mmol/L) 2.19 (0.73) 1.97 (0.31)
Triglyceride (mmol/L) 0.81 (0.20) 0.71 (0.17)

Parameter MvkWT/WT MvkV377I/DEL

Glucose (mmol/L) 25.32 (1.97) 21.84 (5.15)
Cholesterol (mmol/L) 1.88 (0.10) 1.83 (0.28)
Triglyceride (mmol/L) 0.61 (0.07) 0.60 (0.16)

Table 2
Metabolic parameters in plasma of MK-deficient mice

n=5, mean (sd)

MvkV377I/WT x MvkV377I/WT MvkWT/WT MvkV377I/WT MvkV377I/V377I

Number of animals 75 136 64
Percentage 27 50 23
Ratio 1.08 2 0.92

MvkV377I/WT x MvkDEL/WT MvkWT/WT MvkV377I/WT MvkDEL/WT MvkV377I/DEL

Number of animals 19 18 37 22
Percentage 20 19 38 23
Ratio 0.80 0.76 1.52 0.92

Table 1
Mendelian ratios
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Genetic and biochemical characterization of MKD mice
For genetic and biochemical characterization we used 10 week-old-mice with 3 different 
genotypes: MvkWT/WT, MvkV377I/V377I and MvkV377I/DEL. Genotypes were confirmed using PCR 
primer sets specific for the MvkV377I and MvkDEL alleles. 
To determine whether the different mutations affect the levels of Mvk mRNA and, as 
a pathway control, Hmgcr mRNA, we quantified the levels of Mvk and Hmgcr cDNA 
prepared from mRNA isolated from liver tissue and corrected these for the levels of Ppib 
cDNA (Figure 3). This revealed significant lower Mvk mRNA levels in the MvkV377I/DEL mice 
compared to wild-type mice, while the Mvk mRNA levels in the MvkV377I/V377I mice were 
comparable. This indicates that the V377I mutation does not have an effect on Mvk 
mRNA levels, but that a deletion of exon 10 and 11 most probably results in degradation 
of the Mvk mRNA through nonsense mediated decay. There is no significant difference 
in Hmgcr mRNA expression levels.
Previously, we showed that the V377I mutation in human MK results in a lower MK 
enzyme activity in patient cells due to a temperature-dependent effect of this mutation 
on the correct folding/maturation of the encoded MK protein, which gives rise to lower 
levels of MK protein as demonstrated by immunoblot analysis [23]. To study if the 
c.1129G>A (p.V377I) mutation in the murine Mvk gene has the same effect on the 
encoded mouse MK, we first determined the MK enzyme activities and MK protein levels 
in liver lysates prepared from the different mouse strains. Similar to what we observed 
in cells from patients, we found decreased MK enzyme activities corresponding well 
with decreased MK protein levels due to the V377I mutation (Figure 4A). Both the MK 
enzyme activities and MK protein levels in liver lysates from the MvkV377I/DEL mice were 
clearly lower than those observed in liver lysates from wild-type and MvkV377I/V377I mice, 
respectively, confirming that the MvkDEL allele does not produce stable (truncated) MK 
protein, which corresponds well with the decreased Mvk mRNA levels in the MvkV377I/DEL 
mice. In addition to the MK activities in liver lysates, we also determined the activities 
and protein levels in lysates of kidney (Figure 4B) and spleen (Figure 4C) of the different 
mice strains and found comparable decreases in activity and protein levels as observed 
in liver. 

Figure 3. Relative mRNA expression levels of Mvk and Hmgcr in liver of MvkWT/WT, MvkV377I/V377I and MvkV377I/DEL 
mice. Data represent the mean ± SD of Mvk/Ppib and Hmgcr/Ppib ratios from 5 mice. Statistic analysis was 
performed with a two-tailed unpaired Student’s t-test, * = P < 0.01.
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To study whether the V377I mutation also provides a similar temperature-dependent 
effect on the folding/maturation of murine MK as observed for human MK, we 
determined MK enzyme activity and protein levels in tail fibroblasts grown from 
MvkV377I/V377I, MvkV377I/DEL and wild-type mice and cultured at 37°C or 40°C for 4 days. 
Indeed, strikingly similar as previously observed in cells from patients [23], we observed 
a marked and significant decrease in both enzyme activity and protein levels at 40°C 
when compared to 37°C in the fibroblasts harboring the MvkV377I allele (Figure 5).

Figure 5. Temperature sensitivity of MK in MK-deficient mice. A, MK activity measured in tail fibroblasts of 
MvkWT/WT, MvkV377I/V377I and MvkV377I/DEL mice cultured at 37°C and 40°C for 4 days. Data represent the mean 
± SD of measurements in 5 cell lines. Statistic analysis of observed effects was performed with a two-tailed 
paired Student’s t-test, * = P < 0.05, ** = P < 0.01. B, immunoblots show MK protein and β-actin after 
culturing tail fibroblasts at 37°C and 40°C for 4 days.

Figure 4. Decreased MK activity and MK protein levels in tissue of MK-deficient mice. MK activity measured 
in liver (A), kidney (B) and spleen (C) in MvkWT/WT, MvkV377I/V377I and MvkV377I/DEL mice. Data represent the mean 
± SD of measurements in tissue from 5 mice. Statistic analysis of observed effects was performed with a two-
tailed unpaired Student’s t-test, * = P <0.01, ** = P < 0.001. Immunoblots show MK protein and β-actin in 
liver, kidney and spleen of MvkWT/WT, MvkV377I/V377I and MvkV377I/DEL mice.
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Immunological characterization of MKD mice
Because MKD patients often show elevated levels of pro-inflammatory cytokines during 
and also between fever episodes, we determined the levels of several cytokines in 
plasma of the different MK-deficient mice without challenge. We detected no significant 
difference in the levels of IL-1α, IL-1β, IL-6, IL-10, IFN-γ and TNF-α between the MK-
deficient and wild-type mice (Table 3).

Cytokine (pg/ml) MvkWT/WT a MvkV377I/V377I b MvkV377I/DEL a

IL-1α 20.1 (4.6) 9.0 (7.1) 16.9 (6.1)
IL-1β 14.4 (16.4) 20.1 (23.2) 14.9 (14.7)
IL-6 9.3 (11.6) 5.1 (5.7) 6.5 (2.3)
IL-10 31.6 (10.5) 11.4 (9.4) 27.1 (3.2)
IFN-γ nd nd 0.8 (1.8)
TNF-α 18.5 (1.6) 21.9 (17.1) 18.5 (4.5)

Table 3
Cytokine levels in plasma of MK-deficient mice

a n=5, b n=4, mean (sd), nd = not detected

Next, we performed a pilot study with 2 groups comprised of 5 MvkV377I/V377I and 5 
wild-type mice each to determine whether the MK-deficient mice exhibit a similar 
inflammatory phenotype as observed in MKD patients. To this end, we first implanted 
the mice with subcutaneous temperature micro-transponders that allow easy read-out 
of body temperatures during the experiment. One week after implantation we injected 
intra-peritoneally one group of 5 MvkV377I/V377I and 5 wild-type mice with 2.5 mg/kg 
bodyweight of LPS and, as a control, a second group of 5 MvkV377I/V377I and 5 wild-type mice 
with saline solution and measured the body temperature every 2 hours. After 6 hours, 
the mice were sacrificed, blood samples were collected and serum cytokines measured. 
Both the MvkV377I/V377I and the wild type mice became rapidly hypothermic following the 
LPS injections (Figure 6), which is in line with the documented initial cryogenic response 
following LPS challenge of mice at room temperature [24-26]. Interestingly, however, 
the hypothermia observed in the wild-type mice was significantly more severe than in 
the MvkV377I/V377I mice. Indeed, the body temperature 6 hours after the LPS challenge 
of the wild-type mice (26.98 ± 2.31°C) was significantly lower (P<0.01) than that of 
MvkV377I/V377I mice (32.66 ± 0.71°C). This suggests that the cryogenic response in the 
MvkV377I/V377I mice was counterbalanced by a rapid pyrogenic response, which normally 
follows the initial cryogenic response induced by LPS [24].
Analysis of cytokine levels in plasma of the MvkV377I/V377I and wild-type mice taken 6 hours 
after the LPS challenge revealed a marked increase in the levels of the pro-inflammatory 
cytokines IL-1α, IL-1β, IL-6, TNF-α and IFN-γ, but also of the anti-inflammatory cytokine 
IL-10 (Table 4). At this point after the LPS challenge, however, no significant differences 
in cytokine levels were observed between the MvkV377I/V377I and wild-type mice.
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DISCuSSIoN

In this study we generated and characterized two MK-deficient mouse models that will 
be useful to study the pathophysiology associated with MKD. The generated mice are 
either compound heterozygote for two mutations in the Mvk gene, the c.1129G>A 
(p.V377I) mutation, present in >95% of the HIDS patients [9], and a deletion of exon 
10 and 11, or homozygote for the c.1129G>A (p.V377I) mutation. In HIDS patients the 
V377I mutation results in a lower MK enzyme activity due to a temperature-dependent 
effect of this mutation on the correct folding/maturation of the encoded MK protein, 
which leads to lower levels of protein [23]. The V377I mutation appears to have the 
same effect on the encoded mouse MK. We found reduced MK activities and MK protein 
levels in liver, kidney and spleen of both MK-deficient mouse strains compared to wild-
type mice. The MvkV377I/DEL mice had much lower MK activities and protein levels than 
the MvkV377I/V377I mice, which indicates that the MvkDEL allele does not produce a stable/
functional MK protein. Moreover, cultured tail fibroblasts from both MvkV377I/V377I and 
MvkV377I/DEL mice displayed a similar temperature-sensitive MK-deficiency as previously 
observed in patient cells. Hager et al. reported a mouse model of HIDS in which loss of 
a single Mvk allele (Mvk+/-) resulted in a 50% decrease in MK activity in liver [17]. This 
residual MK activity, however, is still rather high compared to human MKD. Our MvkV377I/

V377I mice also have a residual MK activity of approximately 50%, though this MK activity 
is further decreased at elevated temperatures. As expected the MvkV377I/DEL mouse strain 
exhibits an even lower residual MK activity of 10-15%, with an additional decrease of 
90% at 40°C. Therefore, the MvkV377I/DEL model is very similar to patients with MKD with 
respect to MK activity.
In the reported Mvk+/- mice an accumulation of mevalonate in spleen, kidney and heart 
was measured, however, the decrease of MK activity did not have an adverse effect 
on end product formation, such as cholesterol, dolichol and ubiquinone [17]. Our 
mouse models showed comparable results. We measured significantly elevated levels 
of mevalonic acid in urine of the MK-deficient mouse strains, another characteristic in 

Figure 6. Body temperature of MK-deficient mice after LPS stimulation. MvkWT/WT (A) and MvkV377I/V377I (B) 
mice were injected with 2.5 mg/kg body weight of LPS or saline solution i.p. and body temperatures were 
monitored with implanted temperature micro-transponders. Data represent the mean ± SD of measurements 
from 5 mice.
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human MKD, which correlated well with the residual MK enzyme activity. Furthermore, 
cholesterol levels in plasma were normal, which shows parallels with the metabolic 
features of patients with MKD. These patients have only moderately decreased or low 
normal serum cholesterol levels despite a markedly decreased activity of MK [8;27]. 
MA patients, in whom the MK activities are below detection levels, however, do exhibit 
reduced levels of ubiquinone-10 in plasma [8;28] and reduced biosynthesis of dolichol 
[29].
Hager et al. described elevated levels of serum IgA, IgD and TNF-α in the Mvk+/- mice which 
is consistent with observations in patients, however, only IgD levels were significantly 
higher. This increase was considerably higher in mice older than 15 weeks [17]. We 
did not detect a significant difference in the levels of IL-1α, IL-1β, IL-6, IL-10, IFN-γ 
and TNF-α in plasma of our MK-deficient mice compared to wild-type mice (Table 3). 
However, the ratio of IL-1β/IL-10 was almost 6-fold higher (2.40 ± 4.16 vs 0.42 ± 0.41) 
in the MvkV377I/V377I mice compared to wild-type mice. This indicates a pro-inflammatory 
state given the fact that Il-1β is a pro-inflammatory and IL-10 is an anti-inflammatory 
cytokine. The IL-1β/IL-10 ratio was not higher in the MvkV377I/DEL mice, however. Possibly, 
this difference is more explicit in older mice, since our mice were only 10 weeks of age 
and immunological differences were also more distinct in older Mvk+/- mice [17]. This is 
also suggested by the results of our LPS experiment where we used 4-month-old mice. 
The ratio of IL-1β/IL-10 is 25-fold higher in the MvkV377I/V377I mice compared to the wild-
type mice in the saline-treated group (3.65 ± 5.50 vs 0.14 ± 0.32).
Hepatomegaly and splenomegaly are common characteristics in patients with MKD 
and this was found in 25% and 33% of the Mvk+/- mice, respectively [17]. So far, we 
did not find these phenotypic characteristics, which may be related to the fact that our 
MK-deficient mice were 10 weeks of age upon sacrifice, whereas the Mvk+/- mice were 
between 20 and 40 weeks of age. However, we noted aberrant spleens in 50% and 
33% of the MvkV377I/V377I and MvkV377I/DEL mice, respectively. 
MKD patients are in a severe inflammatory state during fever episodes and to investigate 
whether our MK-deficient mice display a similar inflammatory phenotype, we stimulated 
mice with LPS to evoke an inflammatory response as observed in patients. In accordance 
with the documented cryogenic response that normally occurs upon LPS exposure at 
room temperature [24-26], the wild-type mice showed a strong cryogenic response 
as demonstrated by the rapid decrease in body temperature. In contrast, the MvkV377I/

V377I mice only showed a minor decrease in body temperature. Thus, it appears that the 

Cytokine (pg/ml) MvkWT/WT MvkV377I/V377I

Saline LPS Saline LPS

IL-1α 14.8 (6.4) 30.3 (7.8) 12.7 (6.7) 29.8 (9.0)
IL-1β 8.0 (18.0) 278.6 (41.9) 19.5 (27.1) 327.6 (140.9)
IL-6 10.5 (8.2) 2445.6 (284.2) 7.8 (6.3) 2972.0 (2473.2)
IL-10 19.4 (20.5) 264.3 (135.2) 5.5 (6.7) 253.6 (88.7)
IFN-γ 2.5 (3.4) 56.6 (26.8) nd 84.9 (71.1)
TNF-α 20.0 (5.8) 210.0 (41.5) 21.2 (4.3) 244.5 (141.8)

Table 4
Cytokine levels in plasma after 6 hours of LPS stimulation

n=5, mean (sd), nd = not detected
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MvkV377I/V377I mice are less sensitive to the cryogenic consequences of LPS stimulation. 
We believe that this is because these MK-deficient mice are already primed to develop 
a rapid inflammatory pyrogenic response, which in LPS-stimulated wild-type mice 
normally follows the cryogenic response in a later stage [24]. Previously, it has been 
demonstrated that the LPS-induced cryogenic response in mice can be prevented when 
mice are kept under higher ambient temperatures [25;26]. Mice have a thermoneutral 
zone at 30-31°C, however, our LPS experiment was accomplished at room temperature, 
therefore, to study the pyrogenic response in more detail, future experiments will be 
performed at an ambient temperature of 30°C. Cytokine levels in plasma of LPS-treated 
mice were elevated indicating an inflammatory response, however, no differences 
were seen between MK-deficient and wild-type mice. Possibly, the LPS concentration 
used was too high to observe differences and thus for future experiments we will 
subject mice to titrated LPS concentrations. In addition, it may be that another pro-
inflammatory bacterial compound, like muramyldipeptide, will give a better response. 
Apart from a dosage-effect, it is also possible that a possible difference in cytokine 
levels between wild-type and MK-deficient mice is already disappeared 6 hours after 
LPS stimulation and therefore it might be better to check cytokine levels much earlier 
after LPS stimulation.
Currently, there is no general efficacious treatment available for MKD. After we have 
defined stimuli that provoke (increased) inflammation in the MK-deficient mouse models, 
we want to test whether it is possible to suppress or, preferably, prevent the onset of 
inflammation by manipulation of the isoprenoid biosynthesis pathway. In	vitro studies 
with skin fibroblasts and PBMCs from MK-deficient patients revealed several promising 
approaches that could be helpful in preventing the inflammatory insults in patients 
[16;30]. These approaches include supplementation of intermediate isoprenoids (e.g. 
farnesyl pyrophosphate and geranylgeranyl pyrophosphate), specific enzyme inhibitors, 
including squalene synthase inhibitors (e.g. Zaragozic acid A) that redirect the flux 
through the pathway to nonsterol isoprenoid biosynthesis [31], and ligands that are 
known to upregulate the isoprenoid biosynthesis pathway, such as sterol-regulatory 
element binding protein (SREBP)-activating SCAP ligands [32] and AMP-DNM [33].
Overall, our studies indicate that these MK-deficient mouse strains are promising models 
to study the pathophysiology associated with MKD.
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GeNerAL DISCuSSIoN AND SuMMAry

The isoprenoid biosynthesis pathway is an important metabolic pathway which 
produces a range of sterol and nonsterol isoprenoids, vital for multiple cellular functions. 
Isoprenoids such as ubiquinone-10, heme A, dolichol, isopentenyl tRNA, the farnesyl 
and geranylgeranyl groups of isoprenylated proteins and cholesterol are incorporated 
into diverse classes of end products that participate in processes relating to cell growth, 
differentiation, glycosylation, isoprenylation and various signal transduction pathways. 
Several inherited disorders have been linked to specific enzyme defects in isoprenoid 
biosynthesis, however, only one disorder affects the biosynthesis of all isoprenoids since 
it occurs early in the pathway. This disorder is mevalonate kinase deficiency (MKD). 
MKD is an autosomal recessive metabolic and autoinflammatory disorder characterized 
by life-long episodes of high fever and inflammation. MKD is caused by mutations in 
the MVK gene resulting in decreased activities of mevalonate kinase. Dependent on the 
mutations, patients may present with the hyperimmunoglobulinemia D and periodic 
fever syndrome (HIDS) or classic mevalonic aciduria (MA), which represent the mild 
and severe clinical and biochemical ends of the MKD spectrum. HIDS is characterized 
by recurrent episodes of fever, which usually return every 3 to 6 weeks and last for 3 
to 7 days. These fever episodes are associated with malaise, headache, arthralgias, 
arthritis, nausea, abdominal pain, diarrhea, skin rash, hepatosplenomegaly and 
lymphadenopathy. Patients with the severe MA presentation experience similar fever 
episodes; however, in addition they have congenital and developmental features, and 
may die in early childhood. The attacks can be triggered by vaccinations, infections, 
minor trauma and physical or emotional stress, but most often such a trigger can 
not be identified. Chapter 1 is a review of the current knowledge on the isoprenoid 
biosynthesis pathway, its defects with emphasis on MKD, the isoprenylation of small 
GTPases, and in	vivo models of MKD.
MKD patients with the mild HIDS presentation can be divided in two subgroups: 
patients with “variant type HIDS”, which have clinical symptoms indicative of HIDS, 
but no mutations in the MVK gene, and patients with “classic type HIDS”, which do 
have mutations in the MVK gene. Subtle differences in symptoms, signs and laboratory 
findings were noted upon comparison of HIDS variants with classic type HIDS patients. 
However, the defect or defects in the variant type patients which result in periodic 
fever are unknown at present. One of the possibilities is that in addition to MK, defects 
of other enzymes of the isoprenoid biosynthesis pathway could also cause periodic 
fever. Therefore, we developed a sensitive method using HPLC-MS/MS (chapter 2) 
and UPLC-MS/MS (chapter 3) that allows the direct detection and quantification of all 
intermediates of the mevalonate pathway. Chapter 2 describes the validation of the 
method and also demonstrates that by blocking the isoprenoid biosynthesis pathway 
with pamidronate, an inhibitor of farnesyl pyrophosphate synthase, accumulation of 
intracellular levels of pathway intermediates can be determined in a time-dependent 
manner in HepG2 cells. Analysis of (cultured) cells, PBMCs or tissue by our HPLC-
MS/MS method therefore may be helpful to identify the defect in variant type HIDS 
patients. In addition, our method can also be a useful tool in determining the specificity 
of inhibitors of the isoprenoid biosynthesis pathway. Since the isoprenoid biosynthesis 
pathway is an important target in many areas of ongoing research, new inhibitors to 
block this pathway are being developed. Inhibition of this pathway is already applied 
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in the treatment of cardiovascular disease, hypercholesterolemia and metabolic bone 
disease and is a possible new therapy in cancer treatment. In chapter 3 we tested 
several inhibitors of the isoprenoid biosynthesis pathway. We demonstrated that some 
inhibitors specifically inhibit one enzyme of the isoprenoid biosynthesis pathway, like 
the nitrogen containing bisphosphonates pamidronate and zoledronate, while other 
inhibitors, such as zaragozic acid A and 6-fluoromevalonate, have an effect on multiple 
enzymes of the pathway, either direct or indirect through accumulation of isoprenoid 
intermediates. These results show that our UPLC-MS/MS method can be a useful tool in 
determining the specificity of inhibitors of the isoprenoid biosynthesis pathway.
Mevalonate is the pathway intermediate which accumulates in MKD and, indeed, 
patients have elevated levels of mevalonate in plasma and urine. However, there is 
also a shortage in isoprenoid end products when MK is deficient and, in particular, 
the synthesis of geranylgeranyl pyrophosphate appears to be compromised in 
MKD. Because small GTPases are highly dependent on geranylgeranylation (i.e. 
isoprenylation) for their proper signaling function and have been implicated in the 
regulation of inflammatory processes, we studied the effect of MK deficiency on the 
geranylgeranylation, activation and localization of the three small Rho-GTPases RhoA, 
Rac1 and Cdc42. Protein isoprenylation is usually rather normal when cells of MKD 
patients are cultured under normal conditions, even though the MK enzyme activity 
can be hardly detectable in these cells. This is due to an increased activity of HMG-
CoA reductase, the rate-limiting enzyme of the isoprenoid biosynthesis pathway, which 
leads to elevated levels of mevalonate and a virtually normal flux through the pathway. 
However, this pathway flux in MKD cells is very sensitive to small disturbances. Because 
MKD cells depend on elevated levels of mevalonate to maintain the flux through the 
pathway, they are more sensitive to simvastatin, an inhibitor of HMG-CoA reductase. 
Chapter 4 describes that both geranylgeranylation and activation of RhoA and Rac1 is 
indeed more easily disturbed in MKD cells than in control cells when the flux though the 
isoprenoid biosynthesis pathway is suppressed by low concentrations of simvastatin. 
The limited capacity of geranylgeranylation in MKD cells readily leads to markedly 
increased levels of nonisoprenylated, and activated GTPases, which will affect proper 
signaling by these GTPases. In chapter 5 we studied the effect of elevated temperatures 
on the localization and activation of RhoA, Rac1 and Cdc42 in MKD. Not only because 
high fever is the most prominent symptom in MKD, but also because we previously 
found that a small increase in temperature already results in a rapid further decrease in 
the residual MK enzyme activity in MKD cells and consequently in an instant block in the 
isoprenoid biosynthesis pathway leading to a shortage of end products. We observed 
that incubating fibroblasts at 40°C (i.e. mimicking a fever episode) induces an altered 
subcellular distribution of RhoA, Rac1 and Cdc42 in cells from MKD patients but not 
in control cells. In addition, the elevated temperature results in a markedly increased 
activation of these soluble GTPases. We postulate that such ectopic activation of small 
GTPases gives rise to inappropriate signaling, which may underlie the inflammatory 
presentation observed in MKD. 
Chapter 6 describes the generation and characterization of two mouse models that 
present close genocopies of human MKD. The generated mice are either homozygous 
for the V377I mutation in the Mvk gene, which is the most commonly observed mutation 
associated with HIDS in humans, or compound heterozygous for the V377I mutation 
and a deletion of exon 10 and 11 in the Mvk gene. Biochemical characterization of 
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the two mouse models indicate that they represent good phenocopies for the human 
disorder and thus will be suitable for studies to the pathophysiology associated with 
MKD. 
Since there is currently no general efficacious treatment available for MKD, the mouse 
models described in this thesis will be useful to test and develop therapeutic interventions. 
We showed that the small GTPases RhoA, Rac1 and Cdc42 have an altered subcellular 
distribution and disturbed activation in MKD cells, which probably is associated with the 
onset of fever episodes and inflammation in MKD patients. Because this is the result of 
a temporary shortage of geranylgeranyl pyrophosphate, manipulation of the isoprenoid 
biosynthesis pathway would be a potential therapeutic approach for the treatment of 
MKD. A possible therapy could be supplementation of intermediate isoprenoids (e.g. 
farnesyl pyrophosphate and geranylgeranyl pyrophosphate), specific enzyme inhibitors, 
including squalene synthase inhibitors (e.g. Zaragozic acid A) that redirect the flux 
through the pathway to nonsterol isoprenoid biosynthesis, and ligands that are known 
to upregulate the isoprenoid biosynthesis pathway, such as sterol-regulatory element 
binding protein (SREBP)-activating SCAP ligands.
The question remains how a disturbance in isoprenoid biosynthesis leads to periodic 
fever and inflammation. In this thesis we demonstrated that stress, including elevated 
temperature, results in an altered subcellular distribution of activated small GTPases 
in MKD cells. This may lead to inappropriate signaling, i.e. failure to induce certain 
signaling pathways or incorrect induction of other signaling pathways involved in the 
regulation of the innate immune response or both. Which isoprenylated GTPase(s) and 
which signaling pathways are affected in MKD, however, is still unknown. Although we 
consider it likely that either of the GTPases RhoA, Rac1 or Cdc42 plays a role in MKD, 
we do not exclude that other less well studied GTPases are involved. Transcriptome- 
and phosphoproteome profiling in MKD cells may point out which signaling pathways 
are altered in MKD. Moreover, the results of such studies should indicate signaling 
pathways that are connected with the function of GTPases that could play a role in the 
pathogenesis of MKD.
Another important question is whether the NALP3 inflammasome1 is involved in the 
onset of periodic fever and inflammation in MKD. MKD has been assigned to the 
group of autoinflammatory diseases and, in the majority of these disorders, pathogenic 
mutations have been identified in genes encoding components of the NALP3 
inflammasome or factors known to modulate the assembly or activation of the NALP3 
inflammasome. These inflammasomes are multi-protein complexes that assemble upon 
sensing danger and serve as molecular scaffolds for the dimerization and subsequent 
activation of procaspase-1. Caspase-1 in turn is required for the proteolytic processing 
and subsequent release of active pro-inflammatory cytokines, such as IL-1β, IL-18 
and IL-33 and thus is a critical component in the regulation of innate immunity. Like 
in other autoinflammatory diseases, IL-1β appears to play an important role also in 
the pathogenesis of MKD, as indicated by the massive ex	 vivo production of this 
pyrogenic cytokine observed after LPS stimulation of PBMCs from MKD patients. This 
increased IL-1β production is reversed by supplementation of downstream isoprenoid 
intermediates, including geranylgeranyl pyrophosphate. The increased IL-1β secretion 
observed in PBMCs from MKD patients suggests that MK deficiency may give rise to 
a rapid activation of NALP3 inflammasomes, which results in activation of caspase-1 
required for proteolytic conversion of pro-IL-1β activation. To determine if there is a 
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connection between MK deficiency and NALP3 inflammasome function or activation, 
our MKD mouse model described in chapter 6 will be very useful. After crossing our 
MK-deficient mice with functional inflammasome-depleted NALP3 knock out mice, it 
would be interesting to analyze peritoneal macrophages for their capability to secrete 
IL-1β following LPS stimulation. A disability to secrete IL-1β upon stimulation would 
point to a connection between the compromised isoprenoid biosynthesis in MKD 
and functioning of the NALP3 inflammasome. However, when IL-1β secretion is still 
observed on the inflammasome-depleted background, this would point to a different 
mechanism.
The exact mechanism by which MK deficiency leads to the recurrent episodes of fever 
and inflammation and whether there is a direct link with NALP3 inflammasome is still 
unclear. Therefore, future research should focus on this important issue and hopefully 
will lead to the finding of novel targets for the treatment of MKD.

1 K. Schroder, J. Tschopp, The inflammasomes. Cell 140 (2010) 821-832
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SAMeNvATTING voor IeDereeN

Om goed te kunnen functioneren, heeft ons lichaam bouwstoffen nodig. Naast 
opname uit onze dagelijkse voeding maakt ons lichaam veel van deze bouwstoffen 
zelf aan. Een belangrijke groep bouwstoffen zijn de isoprenoïden. Isoprenoïden spelen 
een rol in veel verschillende processen in het lichaam, waaronder de deling van cellen 
en de overdracht van signalen in cellen. De aanmaak (biosynthese) van isoprenoïden 
bestaat uit verschillende stappen en bij elke stap wordt een stof omgezet in een andere 
stof (Figuur 1). Enzymen zijn nodig om deze stappen te versnellen (katalyseren). De 
eerste paar stappen in de biosynthese zijn voor alle isoprenoïden hetzelfde, maar 
uiteindelijk splitst de route zich op om verschillende eindproducten te produceren. Het 
bekendste eindproduct is cholesterol, wat belangrijk is voor de opbouw van cellen, 
maar daarnaast zijn er nog vele andere eindproducten zoals farnesyl pyrofosfaat en 
geranylgeranyl pyrofosfaat, beide betrokken bij de overdracht van signalen in cellen. Er 
zijn verschillende erfelijke stofwisselingsziektes bekend waarbij één van de stappen in 
de isoprenoïd biosynthese niet goed verloopt, met als gevolg dat er een tekort ontstaat 
aan een bepaald eindproduct. Dit wordt veroorzaakt doordat een enzym in de route niet 
goed meer functioneert. Er is echter maar één stofwisselingsziekte die een effect heeft 
op de aanmaak van alle isoprenoïden en dit is mevalonaat kinase deficiëntie (MKD). 
MKD is een aangeboren aandoening die wordt veroorzaakt door een defect in het 
enzym mevalonaat kinase (MK). MK katalyseert één van de eerste stappen in de 
isoprenoïd biosynthese, waardoor er bij MKD in principe een tekort kan ontstaan aan alle 
isoprenoïden. Patiënten met MKD hebben last van periodieke koortsaanvallen waarbij 
de koorts kan oplopen tot 40°C en 3 tot 4 dagen aanhoudt. Deze koortsaanvallen gaan 
gepaard met koude rillingen, gewrichtsklachten, huiduitslag, hoofdpijn, duizeligheid, 
buikpijn, braken en diarree. Daarnaast kunnen lever, milt en lymfeklieren opgezet 
zijn. De koortsperioden komen meestal iedere 3 tot 6 weken terug, maar tussen de 
aanvallen door zijn de patiënten symptoomvrij. De meeste patiënten ervaren hun eerste 
koortsaanval al tijdens het eerste levensjaar, maar naarmate ze ouder worden, zullen 
de koortsperioden minder vaak voorkomen en ook minder ernstig zijn. Vaccinaties, 
infecties, verwondingen, maar ook stress (bijvoorbeeld voor een verjaardag of bezoek 
van Sinterklaas) kunnen aanleidingen zijn voor een koortsaanval, echter in de meeste 
gevallen is er geen duidelijke oorzaak.
Oorspronkelijk zijn er twee verschillende ziektebeelden beschreven welke veroorzaakt 
worden door een defect van MK, namelijk het hyperimmunoglobulinemie D en periodiek 
koorts syndroom (HIDS) in 1984 en mevalonacidurie (MA) in 1985. HIDS ontleent zijn 
naam aan de abnormaal hoge concentratie immuunglobuline D (IgD) dat in het bloed 
van deze patiënten gevonden wordt en de opvallend terugkerende koortsperioden. MA 
is vernoemd naar de hoge concentratie mevalonzuur dat in de urine van de patiënten 
wordt gevonden. Mevalonzuur is de stof die door het enzym MK omgezet wordt. Bij een 
defect enzym zal deze stof niet meer omgezet kunnen worden en ophopen in de cellen. 
Uiteindelijk zal het lichaam de stof via de nieren uitscheiden en is het detecteerbaar in 
urine. Patiënten met MA hebben vergelijkbare koortsaanvallen als HIDS patiënten, maar 
hebben daarnaast vaak ernstige bijkomende symptomen, zoals misvormingen aan het 
gezicht, bloedarmoede, staar en ze blijven meestal achter in mentale ontwikkeling en 
groei. Veel MA patiënten komen te overlijden in hun eerste levensjaar. 
Jaren na de beschrijving van beide syndromen is in 1999 ontdekt dat zowel HIDS als 
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MA veroorzaakt wordt door een defect in het enzym MK. Sindsdien worden HIDS en 
MA beschouwd als respectievelijk de milde en ernstige vorm van MKD. Het verschil in 
ziektebeeld tussen HIDS en MA kan verklaard worden aan de hand van de activiteit van 
MK. Hoe lager de activiteit van MK, hoe slechter dit enzym werkt en hoe ernstiger het 
ziektebeeld. In patiënten met HIDS ligt de activiteit van MK tussen de 1 en 10% t.o.v. de 
normale waarden, terwijl bij MA patiënten de activiteit minder dan 0.1% is. Hoe laag 
de activiteit van MK is, hangt af van waar de fout (mutatie) zit in het stukje DNA (gen) 
dat codeert voor MK. Sommige mutaties zorgen voor verkeerd gevouwen enzymen die 
door de cel versneld worden afgebroken waardoor er weinig MK aanwezig is. Andere 
mutaties hebben geen invloed op de vouwing van MK, maar door de mutaties werkt 
het enzym niet meer optimaal. Wat ook vaak voor komt, is dat MK extra gevoelig wordt 
voor temperatuur, wat betekent dat hoe hoger de temperatuur is, hoe lager de enzym 
activiteit is, en vice versa.

Figuur 1. Schematische weergave van de isoprenoïd biosynthese. Bij mevalonaat kinase deficiëntie (MKD) 
wordt de omzetting van mevalonzuur naar fosfomevalonzuur geblokkeerd waardoor er een tijdelijk tekort 
aan eindproducten ontstaat.
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Naast de patiënten met MKD is er ook een groep patiënten die wel de symptomen heeft 
van MKD, maar geen defect in het enzym MK. Omdat een tekort aan eindproducten 
waarschijnlijk de oorzaak is voor de symptomen van MKD, verwachten we dat bij deze 
specifieke groep patiënten misschien een ander enzym in de isoprenoïd biosynthese 
defect is waardoor deze patiënten dezelfde symptomen vertonen. Om dit uit te zoeken 
hebben we een methode ontwikkeld waarmee we met een zeer gevoelig apparaat, een 
HPLC-MS/MS, een groot aantal stoffen uit de isoprenoïd biosynthese kunnen detecteren 
en kwantificeren. Als er een enzym in de isoprenoïd biosynthese defect is, dan zal de 
stof die normaal door dit enzym wordt omgezet, ophopen en met onze methode kun 
je dit detecteren. De beschrijving en validatie van deze methode staat beschreven in 
hoofdstuk 2. Naast het opsporen van enzymdefecten in de isoprenoïd biosynthese, kan 
deze methode ook gebruikt worden om de specificiteit van remmers van de route te 
testen. Het remmen van de productie van cholesterol wordt al toegepast bij hart- en 
vaatziekten en hypercholesterolemie. Daarnaast kan het remmen van de productie van 
andere eindproducten van de route een belangrijke target zijn in de behandeling van 
andere ziekten, zoals een nieuwe behandeling voor kanker. Er worden veel nieuwe 
remmers van de isoprenoïd biosynthese ontwikkelt en onze methode kan gebruikt 
worden om deze remmers te testen. In hoofdstuk 3 hebben we bekende en minder 
bekende remmers getest op verschillende soorten cellen. We hebben aangetoond dat 
de meeste remmers specifiek één enzym remmen, maar dat sommige remmers op 
meerdere punten de isoprenoïd biosynthese route blokkeren.
Omdat bij patiënten met MKD waarschijnlijk een tekort aan eindproducten de oorzaak 
is dat deze patiënten ziek worden, willen we graag weten welke eindproducten dat zijn 
en hoe een tekort daaraan kan leiden tot koortsaanvallen. Ondanks dat de functie van 
MK in MKD patiënten sterk verminderd is, kan de productie van cholesterol normaal 
zijn, zelfs bij de ernstige patiënten. Dit laat zien dat een heel lage activiteit van MK nog 
voldoende is om genoeg eindproducten te maken. Maar de isoprenoïd biosynthese 
route is veel gevoeliger voor verstoringen in MKD patiënten dan in gezonde personen. 
Een kleine temperatuursverhoging verlaagt de restactiviteit van MK, waardoor de route 
geremd wordt en er een (tijdelijk) tekort aan eindproducten ontstaat. Dit tekort leidt 
tot ontsteking en koorts, wat de temperatuur verder verhoogt en de activiteit van MK 
nog meer verlaagt. Deze vicieuze cirkel kan doorbroken worden doordat cellen een 
compensatiemechanisme hebben. Als er een tekort aan eindproducten ontstaat, wordt 
de concentratie van mevalonaat in cellen verhoogd en kan MK efficiënter werken. 
Hierdoor zijn de cellen in staat om de productie van de isoprenoid biosynthese route 
(langzaam) weer te herstellen. 
Uit eerder onderzoek is gebleken dat voornamelijk een tekort aan geranylgeranyl 
pyrofosfaat (GGPP) een probleem is bij MKD. Er zijn een heleboel eiwitten die GGPP 
nodig hebben om goed te functioneren, zogenaamde signaaleiwitten. Deze eiwitten 
kunnen een signaal van buiten de cel doorgeven aan andere eiwitten in de cel, waardoor 
de juiste reactie ontstaat. GGPP is nodig om de signaaleiwitten op de juiste plek te 
houden, namelijk verankerd in het celmembraan. Op het moment dat er geen of weinig 
GGPP in de cellen is, zullen de signaaleiwitten op de verkeerde plek in de cel zitten 
en zal de signaaloverdracht niet of anders verlopen en zo ontstaat er een verkeerde 
reactie. In hoofdstuk 4 en 5 hebben we aangetoond dat bij een kleine verstoring van 
de isoprenoïd biosynthese, signaaleiwitten op de verkeerde plek in de cel zitten en 
overactief worden. In hoofdstuk 4 hebben we huidcellen van patiënten en controles 
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behandeld met een remmer van de isoprenoïd biosynthese en in hoofdstuk 5 hebben 
we huidcellen van patiënten en controles gekweekt bij 40°C om zo een koortsaanval 
na te bootsen. In beide situaties is er een groot effect te zien op de locatie en activatie 
van signaaleiwitten in de cellen van MKD-patiënten en er is bijna geen effect te zien 
in de controle cellen. Wij hebben 3 van deze signaaleiwitten onderzocht, maar er zijn 
veel meer van deze eiwitten en ze hebben veel verschillende functies. Daardoor is het 
erg moeilijk om erachter te komen welk van deze eiwitten verantwoordelijk is voor de 
symptomen in MKD. Het identificeren van deze eiwitten is dan ook een belangrijke 
onderzoeksrichting in de toekomst.
Naast onderzoek in cellen van patiënten is onderzoek in een organisme zoals de muis 
nodig om tot nieuwe inzichten te komen. In hoofdstuk 6 beschrijven we een muismodel 
voor MKD. Deze muizen hebben dezelfde mutaties in hun DNA als de MKD-patiënten 
en vertonen daardoor veel dezelfde ziekteverschijnselen als MKD patiënten. Dit model 
kan gebruikt worden om de pathophysiologie van MKD te bestuderen, maar kan ook 
worden ingezet om nieuwe therapieën te ontwikkelen en te testen. 
Op dit moment is er nog geen effectieve therapie tegen MKD. Een mogelijke therapie 
zou de toediening van isoprenoïden kunnen zijn, en dan voornamelijk GGPP, omdat een 
tekort hieraan ten grondslag ligt aan MKD. Maar je kunt ook denken aan manipulatie/
activatie van de isoprenoid biosynthese, zodat er meer eindproducten (meer GGPP) 
geproduceerd wordt. Voordat deze potentiële nieuwe therapieën daadwerkelijk bij 
kunnen dragen aan een effectieve behandeling van MKD, is er nog veel onderzoek 
nodig.
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Marjolein, twee paardenmeisjes op hetzelfde project, wie had dat kunnen denken. 
Wat hebben we veel leuke dingen gedaan, Horse Event, Jumping Amsterdam, ritjes 
met de paarden en natuurlijk het (roze) cholesterol-uitje (toch iedereen op een paard 
gekregen!), maar daarnaast konden we ook goed samenwerken, zonder jou was dit 
boekje er niet geweest. Dank je wel voor alle pulldowns (ontelbaar veel!), je inzet en 
doorzettingsvermogen, maar ook voor je peptalks als ik het een keer niet zag zitten. 
Geen collega’s meer, wel vriendinnen!   
Saskia en Marit, mijn mede cholesterol-AIO’s, jullie hebben me wegwijs gemaakt op 
het lab en in het MKD onderzoek. Marit, het klikte vanaf het eerste moment, ik zal ons 
tripje naar New York niet snel vergeten. Saskia, ik heb met veel plezier met je samen 
gewerkt en bewonder je ondernemende karakter. Allebei bedankt voor alle hulp en 
gezelligheid, ik ben blij dat we nog steeds contact hebben. 
Janet, ook jij bedankt voor al je hulp bij experimenten, jij staat altijd voor iedereen 
klaar. Maar daarnaast heb ik ook veel plezier beleefd aan de klimcursus (ben ik niet veel 
zwaarder dan jij?) die we samen met andere collega’s hebben gedaan.
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Naast het cholesterolgroepje zijn er nog een aantal mensen erg belangrijk geweest 
voor het onderzoek beschreven in dit proefschrift. Simone, mede dankzij jou heb ik 
doorgezet en is hoofdstuk 2 tot stand gekomen, bedankt voor al je hulp en het delen 
van je ervaring, ik heb veel van je geleerd. Arno, zonder jou geen MS resultaten, wat 
hebben we een problemen gehad met de tandem-MS, maar je was altijd in staat om 
het apparaat toch weer aan de praat te krijgen en uit te zoeken waarom kolommen 
niet meer deden wat ze moesten doen, bedankt voor het meten van al die honderden 
samples! Ook de rest van de MS-groep en Wim, bedankt! Sander, met jouw MKD 
achtergrond kon ik altijd bij je terecht met vragen, bedankt voor je interesse in mijn 
onderzoek en je motiverende ideeën en adviezen.

Toen ik net begon met promoveren was er een grote groep AIO’s werkzaam op lab 
GMZ. En wat een leuke groep! Naast het bespreken van experimenten, het delen van 
promotiestress, maar ook het vieren van publicaties, hebben we vooral ook veel lol gehad 
tijdens de vele AIO-etentjes, borrels en het bedenken van grappen om uit te vechten 
welke AIO kamer nou echt de leukste was. Mijn kamergenoten: Riekelt, ik ben zo blij 
dat ik ruim 4 jaar naast je heb mogen zitten. Lief en leed (hoeveel tranen kan iemand 
laten?) hebben we gedeeld en ik vind het knap dat je het met me hebt uitgehouden. 
Maar ik mis vooral onze gesprekken over van alles en nog wat, dat ik je stoel niet meer 
naar beneden kan laten zakken (is gewoon echt grappig!), en onze discussies over 
pietluttige details in de opmaak van figuren. Dank je wel dat je er altijd voor me was en 
ik ben blij dat je weer terug komt naar Nederland! Annemieke, vrolijke en chaotische 
meid, gelukkig hebben we contact gehouden, veel succes met het afronden van je 
promotie! Maar ook Jasper (we zijn toch maar mooi de morele winnaars!), Marc (nooit 
meer eating is cheating!), Robert-Jan, Pedro, Daan, en later Michel, Nellie en Catherine 
bedankt voor de goede sfeer in de AIO-kamer. 
En natuurlijk de (ex-)AIO’s uit de andere kamer: Malika (altijd bizarre verhalen), Roos, 
Naomi ((ex-)AIO-eten planner), Jolein, Ference, Wouter, Claire, Cátia, Paula, Sara, en 
Odette, zonder jullie was het een stuk minder leuk geweest, bedankt!

Verder zijn er veel mensen binnen lab GMZ die ik wil bedanken voor alle praktische hulp, 
discussies en adviezen bij werkbesprekingen, en natuurlijk de mentale steun. Judith de 
V. en Solange bedankt voor jullie hulp bij het muizenwerk. Petra en Patricia bedankt 
voor het opstarten van alle cellijnen. Rob, kamergenoot, bedankt voor je frisse kijk 
op mijn onderzoek en het delen van al je kennis en ervaring. Inge en Heleen bedankt 
voor de gezelligheid op het lab. Lodewijk, Carlo, Jos, Conny, Mirjam, Leila, Sacha en 
Stephan, dames van de DNA diagnostiek: Maaike, Wendy, Janet H. en de Nucleotide 
groep: René (chaos met de organisatie van de labdag, gelukkig hadden we Femke nog), 
Rutger (en dan zeggen ze dat ik veel praat), Lida Z. (chocoladetaart!), Jeroen R., Jerry, 
en Judith M, bedankt voor alles! 
Maar ook de mensen die het lab draaiende houden wil ik graag bedanken. Maddy, altijd 
opgewekt en behulpzaam, heel erg bedankt voor het regelen van alle promotiezaken. 
Rally, Gerrit Jan, Suzan, Annemarie, Radna, Michel, Jan, Annelies, Moniek, Desi en 
Annie bedankt voor alles, van bestellingen tot schoon glaswerk.
Als laatste wil ik alle GMZers, van de diagnostiek en de research, bedanken voor de vele 
gezellige borrels, labuitjes, lunch en koffiepauzes en de goede sfeer op het lab!
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Mijn nieuwe collega’s van het NKI wil ik ook bedanken voor hun steun, medeleven en 
interesse tijdens het afronden van mijn proefschrift.

Naast alle collega’s zijn natuurlijk ook alle mensen buiten het lab heel belangrijk om een 
promotieonderzoek te kunnen doorstaan. Ondanks dat de meeste familie en vrienden 
niet veel zullen begrijpen van de inhoud van dit boekje, heeft iedereen altijd veel 
belangstelling getoond voor mijn onderzoek en meegeleefd met alle promotieperikelen. 
Ik wil jullie allemaal bedanken voor jullie interesse, steun, en geduld, maar ook voor de 
afleiding en ontspanning in de vorm van etentjes, feestjes, goede gesprekken, festivals 
en vakanties. Daniëlle, eindelijk ben ook ik bijna gepromoveerd, zullen we nu weer meer 
tijd hebben om af te spreken, je bent een lieve vriendin! Petra, Sharon en Debby, ondanks 
dat we zo ver uit elkaar wonen, zien we elkaar altijd bij belangrijke gebeurtenissen, 
bedankt voor jullie vriendschap en ik ben blij dat jullie bij mijn verdediging zijn. Chantal, 
bedankt voor het aanhoren van al mijn geklaag over proeven en schrijfwerk en dat 
je me altijd overal mee naar toe hebt gesleept, van feestje tot festival, alles was even 
gezellig! Monique, of het nou over paarden, werk of de nieuwste roddels gaat, wij 
kunnen overal over praten en met jouw relativeringsvermogen heb je me uit menig dipje 
gehaald en daar ben ik je heel erg dankbaar voor! Josien, bedankt voor alle etentjes en 
lieve smsjes, wat een support! Daarnaast heeft ook mijn familie enorm meegeleefd, ik 
zie jullie op de promotie! Lieve Oma, jij gelooft in mij als geen ander, ik ben ontzettend 
blij dat ik je mijn proefschrift nog kan laten zien!

Lieve Judith (paranimf) en Ralph, ik had me geen betere zus en zwager kunnen wensen, 
jullie staan altijd voor me klaar en samen met James en Winston zorgen jullie voor veel 
gezelligheid. Ik ben dol op die twee jongens!
Lieve papa en mama, zonder jullie onvoorwaardelijke steun en liefde had ik het 
waarschijnlijk niet gered. Ik weet dat wat er ook gebeurt, jullie altijd achter me staan 
en dat uiteindelijk alles goed komt. Jullie zijn trots op mij, maar ik ben minstens net zo 
trots op jullie! Bedankt voor alles! 

Linda




