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Abbreviations  
cDNA   Complementary DNA 

CoA   Coenzyme A 

DMAPP  Dimethylallyl pyrophosphate 

FCS    Fetal calf serum 

FHC    Familial hypercholesterolemia 

FOH    Farnesol 

FPP   Farnesyl pyrophosphate 

FTI   Farnesyl transferase inhibitor 

GAP   GTPase-activating protein 

GAPDH   Glyceraldehyde-3-phosphate dehydrogenase 

GDI   Guanine nucleotide dissociation inhibitor 

GDP   Guanosine diphosphate 

GEF   Guanine nucleotide exchange factor 

GGOH   Geranylgeraniol 

GGPP   Geranylgeranyl pyrophosphate 

GGTI   Geranylgeranyl transferase inhibitor 

GOH   Geraniol  

GPP   Geranyl pyrophosphate 

GTP   Guanosine triphosphate 

GTPase  Guanosine triphosphatase 

HIDS    Hyper-IgD and periodic fever syndrome 

HMG-CoA   3-hydroxy-3-methylglutaryl-CoA  

HMGR   HMG-CoA reductase 

IgD   Immunoglobulin D 

IL   Interleukin 

IPOH    3-methyl-3-buten-1-ol  

IPP   Isopentenyl pyrophosphate 

LDL    Low density lipoprotein 

LPS   Lipopolysaccharide 

LT   Leukotriene 

MA    Mevalonic aciduria 

MK    Mevalonate kinase 

MKD   Mevalonate kinase deficiency 

mRNA   Messenger ribonucleic acid 

MVK   Gene encoding MK 



PBMC   Peripheral blood mononuclear cell 

PBS    Phosphate-buffered saline 

SAA   Serum amyloid A 

SCAP   SREBP cleavage-activating protein 

SREBP   Sterol regulatory element-binding protein 

TNF   Tumor necrosis factor 

ZAA   Zaragozic acid A 
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1. Isoprenoid biosynthesis pathway 

1.1 Introduction 

The isoprenoid biosynthesis pathway plays a central role in cellular metabolism. It 

provides cells with a variety of essential bioactive molecules that have pivotal functions 

in multiple cellular processes. Examples of these are the following non-sterol 

isoprenoids: 1) isopentenyl tRNAs, involved in protein translation; 2) heme A, present in 

the multiple heme-containing cytochrome c oxidase functioning in the mitochondrial 

respiratory chain; 3) dolichol, a mediator of N-linked protein glycosylation; 4) 

ubiquinone-10, functioning as an antioxidant and involved in electron transport in the 

mitochondrial respiratory chain; 5) farnesyl and geranylgeranyl moieties, used for the 

prenylation of proteins, which allows these to anchor in membranes. Such prenylated 

proteins have been implicated in signal transduction, cell cycle control, cytoskeletal 

organization, intracellular vesicle traffic and inflammation (1-3). The isoprenoid 

biosynthesis pathway also produces sterol isoprenoids among which the major sterol 

end product cholesterol. Cholesterol has an essential function as component of cellular 

membranes, but is also the precursor for steroid hormones, bile acids and oxysterols. 

Furthermore, it plays a crucial role in mammalian embryogenesis (4).  

1.2 The mevalonate pathway 

The mevalonate pathway is involved in the synthesis of all isoprenoids (fig.1) and 

consists of a chain of reactions in which acetyl-CoA is converted into 

farnesylpyrophosphate (FPP). Three acetyl-CoAs are converted into 3-hydroxy-3-

methylglutaryl-CoA (HMG-CoA) in two enzyme steps. Subsequently, HMG-CoA is 

reduced to mevalonate by HMG-CoA reductase, the rate-limiting enzyme of the 

mevalonate pathway. Mevalonate is then phosphorylated twice and subsequently 

decarboxylated to form isopentenyl pyrophosphate (IPP). IPP and its isomer 

dimethylallyl pyrophosphate (DMAPP) are the five carbon (C5) building units, also 

called isoprene units, used for the synthesis of all isoprenoids. IPP and DMAPP are 

condensated in a head-to-tail configuration to form geranyl pyrophosphate (GPP). 

Addition of another IPP results in the formation of farnesyl pyrophosphate (FPP), the 

branch-point intermediate of the mevalonate pathway.  

1.3 The branch point 

Because FPP is the precursor for almost all isoprenoids it is also known as the branch-

point intermediate of the mevalonate pathway (fig.1). FPP is the substrate for several 

enzymes to form the different isoprenoids. For example, FPP can be used for the 

farnesylation of protoheme, which is the first step in the conversion of protoheme to 

heme A (5) or for the farnesylation of proteins. Furthermore, addition of IPP to FPP by 

geranylgeranyl pyrophosphate synthase produces geranylgeranyl pyrophosphate 

(GGPP), which can be used for the geranylgeranylation of proteins or further elongated 

to nonaprenyl or decaprenyl pyrophosphate, which are precursors of the side chains in 
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ubiquinone. Finally, two molecules of FPP can be converted to squalene by squalene 

synthase, the first enzyme dedicated exclusively to the production of sterol isoprenoids 

(fig.1 and fig.2). To eventually produce cholesterol from squalene, a complex set of 

enzyme reactions is required (fig.2).  
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Figure 1. The mevalonate pathway and branch point 

The figure includes all names of the metabolites involved. Numbering of the enzymes: 1. HMG-

CoA synthase; 2. HMG-CoA reductase; 3. Mevalonate kinase; 4. Phosphomevalonate kinase; 

5. Mevalonate pyrophosphate decarboxylase; 6. Isopentenyl pyrophosphate isomerase; 7. 

Farnesyl pyrophosphate synthase; 8. tRNA isopentenyltransferase; 9. Heme 

A:farnesyltransferase; 10. Dehydrodolichol pyrophosphate synthase; 11. Farnesyltransferase; 

12. Squalene synthase; 13. Geranylgeranyl pyrophosphate synthase; 14. Geranylgeranyl-

transferase I or II; 15. Decaprenyl pyrophosphate synthase.  
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Figure 2. Cholesterol biosynthesis 

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 figure shows the names of the metabolites involved and the disorders linked to 

specific enzyme deficiencies. Numbering of the enzymes: 1. squalene epoxidase; 2. 2,3-

oxidosqualene sterol cyclase; 3. sterol ∆
24

-reductase (desmosterolosis); 4. sterol C-14 

demethylase; 5. sterol ∆
14

-reductase (HEM dysplasia); 6. sterol C-4 demethylase complex 

(CHILD syndrome); 7. sterol ∆
8
-∆

7
 isomerase (CDPX2); 8. sterol ∆

5
-desaturase (lathosterolosis); 

9. sterol ∆
7
-reductase (SLO syndrome). 



                                                                                                                  General Introduction          

 

 13 

2. Regulation 

2.1 SREBPs  

The isoprenoid biosynthesis pathway is regulated tightly in order to produce the 

required amounts of sterol and non-sterol isoprenoids without risking overaccumulation 

of potentially toxic products, like cholesterol. End-product regulation of cholesterol 

levels is achieved predominantly through the activation of transcription of genes that 

govern the synthesis of cholesterol and its receptor-mediated uptake from plasma 

lipoproteins (6). This transcriptional regulation is coordinated by a family of membrane-

bound transcription factors designated sterol regulatory element-binding proteins 

(SREBPs). SREBPs bind to sterol regulatory element 1 (SRE) in promoter regions to 

activate transcription when sterols are absent, but are not required for basal 

transcription when sterols are present (6). All genes encoding enzymes involved in the 

biosynthesis of cholesterol contain a sterol regulatory element 1 (SRE) in their promoter 

region and are subject to the feedback regulation of SREBPs (7,8). Besides regulating 

cholesterol biosynthesis, SREBPs can also function in the regulation of fatty acid 

biosynthesis, lipogenesis, and glucose metabolism (9). 

In mammals there are three members of the SREBP family, SREBP-1a, SREBP-1c 

and SREBP-2. SREBP-1a and SREBP-1c are derived from a single gene (SREBP-1) 

through alternative splicing, whereas SREBP-2 is a product of a separate gene, 

SREBP-2 (8).  

SREBPs are members of the basic helix-loop-helix-leucine zipper (bHLH-Zip) family 

of transcription factors. Unlike other members of this family, SREBPs are synthesized 

as inactive precursors which localize to the endoplasmic reticulum (ER). Each SREBP 

precursor is organized into three domains: 1) an NH2-terminal transcription factor 

domain of ~480 amino acids; 2) a middle hydrophobic region of ~80 amino acids 

containing two transmembrane segments; and 3) a COOH-terminal regulatory domain 

of ~590 amino acids (8). In order to reach the nucleus and act as a transcription factor, 

the NH2-terminal domain must be released from the membrane (fig.3). SREBP 

cleavage-activating protein (SCAP) binds to the regulatory domain of SREBP and is 

both an escort protein and a sensor of sterols. Cholesterol can directly bind to the 

sterol-sensing domain of SCAP, inducing a conformational change of SCAP enabling 

the interaction with one of the two highly similar Insig proteins (10). As a result, the 

strong interaction of SCAP with Insig retains the SREBP-SCAP complex in the ER. 

When cells become depleted in cholesterol, the interaction between SCAP and Insig 

weakens and SCAP transports the SREBP from the ER to the Golgi (fig.3). In the Golgi, 

Site-1 protease (S1P) cleaves SREBP, dividing the molecule in half. Site-2 protease 

(S2P) then releases the NH2-terminal transcription factor domain from the membrane. 

The NH2-terminal domain, called nuclear SREBP (nSREBP), translocates to the 

nucleus and activates transcription by binding to the SRE of target genes (11,12) 

(fig.3). 
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Figure 3. SREBP activation 
Model for sterol-mediated proteolytic release of SREBPs from membranes.  

Modified from ref. (9). 

 

2.2 Posttranscriptional regulation of HMG-CoA reductase  

In addition to the transcriptional regulation by SREBPs, the activity of the rate-limiting 

enzyme of isoprenoid biosynthesis, HMG-CoA reductase, can also be regulated by two 

posttranscriptional mechanisms, translational efficiency and protein degradation. The 

translational rate of HMG-CoA reductase mRNA is controlled by non-sterol isoprenoids. 

When the reductase is inhibited, its mRNA is efficiently translated in the presence of 

sterols, but when non-sterol requirements are satisfied by the addition of exogenous 

mevalonate together with sterols, translation of reductase mRNA is reduced fivefold (6). 

The degradation rate of HMG-CoA reductase protein is regulated by both sterol and 

non-sterol isoprenoids and is accelerated when sterol and non-sterol end products 
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accumulate in cells (6). Sever et al. reported that the Insig proteins play an important 

role in the sterol-accelerated degradation of HMG-CoA reductase (13). At high sterol 

concentrations, one of the Insig proteins and sterols bind to the sterol-sensing domain 

of HMG-CoA reductase, which leads to ubiquitination and proteasomal degradation of 

HMG-CoA reductase. Geranylgeraniol, the alcohol precursor of GGPP, can enhance 

this sterol-accelerated degradation of HMG-CoA reductase via Insig (14). The role for 

farnesol and/or FPP as a non-sterol regulator of HMG-CoA reductase degradation is 

still a matter of debate, however, because several reports show that farnesol can 

induce degradation of HMG-CoA reductase, while others show the opposite (14-19).  

3. Disorders of the pathway 

Several disorders of the isoprenoid biosynthesis pathway have been described. Only 

one disorder, mevalonate kinase deficiency, affects the biosynthesis of all isoprenoids 

because the deficient enzyme is located in the mevalonate pathway (fig.1). This 

disorder will be discussed in more detail later. Six disorders have deficiencies located in 

the post-squalene part of the pathway, affecting only the biosynthesis of the sterol 

isoprenoids (fig.2). All these disorders are characterized by multiple morphogenic, 

developmental and neurological abnormalities, like microcephaly, dysmorphic facies 

and shortening of the long bones, implying an important role for cholesterol in 

embryonic development. 

In the most common disorder Smith-Lemli-Opitz syndrome (SLOS; MIM 270400) the 

enzyme 7-dehydrocholesterol reductase (7-DHCR) is deficient (20) (fig.2), resulting in 

elevated levels of 7- and 8-dehydrocholesterol.  

Desmosterolosis (MIM 602398) is a very rare autosomal recessive disorder for 

which only two patients have been described with mutations in the gene coding for 24-

dehydrocholesterol reductase (21-24) (fig.2).  

X-linked dominant chondrodysplasia punctata (CDPX2, also called Conradi–

Hunermann or Happle syndrome; MIM 302960) is a rare X-linked disorder which is 

usually lethal in males (25). Females have abnormal sterol profiles characterized by 

increased levels of 8-dehydrocholesterol and cholesta-8(9)-en-3β-ol. Mutations have 

been found in the gene EBP, which encodes the sterol ∆8, ∆7-isomerase (26-28) (fig.2).  

CHILD syndrome (congenital hemidysplasia with ichthyosiform erythroderma or 

nevus and limb defects; MIM 308050) is also an X-linked male-lethal disorder with 

phenotypic similarities to CDPX2, but usually with a unilateral distribution of anomalies 

(29). Patients can have mutations in either the EBP or the Nsdhl (NAD(P)H steroid 

dehydrogenase-like) gene. NSDHL encodes a sterol dehydrogenase or decarboxylase 

that is part of the C-4 sterol demethylase protein complex (30,31) (fig.2). 

Hydrops-ectopic calcification-moth-eaten (HEM) or Greenberg skeletal dysplasia 

(MIM 215140) was first described by Greenberg et al. in 1988 (32). This lethal disorder 



Chapter 1                                                                                                       

 

 16 

is caused by mutations in the LBR gene (33). LBR encodes the lamin B receptor, a 

protein which exhibits sterol ∆14-reductase activity (fig.2). 

For the last disorder, lathosterolosis (MIM 607330), two patients have been 

described with increased levels of lathosterol. The enzyme activity of 3-beta-hydroxy-

steroid-delta-5-desaturase (SC5D) was deficient and in both patients mutations were 

found in the encoding SCD5L gene (34,35) (fig.2). 

In addition to these sterol biosynthesis defects, there are disorders that affect the 

biosynthesis of only specific non-sterol isoprenoids, like heme A, ubiquinone-10 or 

isoprenylated proteins. 

Complex IV or cytochrome c oxidase is the terminal complex of the respiratory 

chain. Cytochrome c oxidase deficiency (MIM 220110) can be caused by mutations in 

different nuclear-encoded and mitochondrial-encoded genes. One of those genes is 

COX10, a nuclear gene encoding heme A:farnesyltransferase (COX10), which 

catalyzes the farnesylation of a vinyl group resulting in the conversion of protoheme to 

heme O. Some of the symptoms associated with this defect are ataxia, muscle 

weakness, hypotonia, ptosis, pyramidal syndrome, status epilepticus, proximal 

tubulopathy, and mitochondrial encephalopathy (36). 

Primary coenzyme Q10 (ubiquinone-10) deficiency (MIM 607426) is a subclass of 

respiratory chain deficiencies, due to a coenzyme Q10 biosynthesis defect. Mutations 

have been found in the COQ2 gene (37), coding for mitochondrial parahydroxybenzoid-

polyprenyltransferase, the APTX gene (38), coding for a member of the histidine triad 

(HIT) superfamily, and the PDSS2 gene (39), coding for decaprenyl diphosphate 

synthase subunit 2. Some of the symptoms of this rare, clinically heterogeneous 

autosomal recessive disorder are encephalomyopathy, cerebellar ataxia, 

encephalopathy, renal failure, and myopathy  (40-45). 

Choroideremia is an X-linked chorioretinal degeneration caused by mutations in the 

CHM gene, which codes for the Rab escort protein-1 (REP1), a subunit of 

geranylgeranyl transferase-II. The deficiency causes hypogeranylgeranylation of one 

specific Rab protein, Rab27a, leading to progressive night blindness and loss of 

peripheral vision (46). 

4. Mevalonate kinase deficiency 

Mevalonate kinase deficiency (MKD) is an autoinflammatory disorder, belonging to a 

group of diseases characterized by spontaneous attacks of systemic inflammation 

without an apparent infectious or autoimmune etiology. Originally, based primarily on 

clinical presentation, 2 distinct entities associated with this defect were defined, classic 

mevalonic aciduria (MA) (47) and hyperimmunoglobulinemia D and periodic fever 

syndrome (HIDS) (48). After the discovery that both disorders are caused by a deficient 

activity of mevalonate kinase (MK) (47,49,50), due to mutations in the encoding MVK 

gene, they are now recognized as the severe and mild ends of the MKD spectrum. 
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Worldwide more than 200 patients have been diagnosed with MKD, the majority with 

the HIDS presentation. 

Patients with the relative mild HIDS presentation suffer from recurring episodes of 

high fever, which occur every 2 to 6 weeks and last 3 to 7 days. These fever episodes 

are associated with malaise, chills, headache, arthralgias, arthritis, nausea, abdominal 

pain, diarrhea, skin rash, hepatosplenomegaly and lymphadenopathy (51,52). The 

attacks can be triggered by vaccinations, infections, surgery and physical or emotional 

stress, but often occur without a clear precipitating event (51).  

Patients with the MA presentation experience similar fever attacks as HIDS patients, 

however, a clinical distinction can be made between the two presentations by the 

presence of congenital and developmental anomalies. Severely affected MA patients 

have dysmorphic features, developmental delay, hepatosplenomegaly, lymphadeno-

pathy and anemia and they may die during early childhood. Less severely affected MA 

patients suffer from psychomotor retardation, myopathy, hypotonia, cataracts and 

cerebellar atrophy, leading to ataxia (53).  

The explanation for this difference in clinical presentation lies at the biochemical 

level. Cells from HIDS patients still show a residual MK enzyme activity of up to 10% of 

the activity in controls (50,54,55). In contrast, enzyme activity in cells from patients with 

the MA presentation is below the level of detection (53,56). As a result of the difference 

in residual enzyme activity, the urinary excretion of mevalonic acid varies markedly 

between the two presentations. In HIDS patients, the level of mevalonic acid in urine is 

low to moderate (0.005 to 0.040 mol/mol creatinine) (50) and increases during fever 

attacks (29). In MA patients, the excretion is massive and constitutively elevated, 

ranging from 1 to 56 mol/mol creatinine (53). Control subjects have an excretion of less 

than 0.001 mol/mol creatinine. 

4.1 Molecular aspects 

In 1992, the cDNA clone coding for the human MK was isolated. This led to the 

identification of the first MA-causing mutation in the MVK gene, N301T (57). 

Transfection of the mutant cDNA construct in COS-7 cells confirmed the pathogenicity 

of this mutation, resulting in a severely reduced enzyme activity varying between 5 and 

20% of the activity of the normal expression construct (57). The genetic basis of HIDS 

was not found until 1999, when two groups separately identified mutations in the MVK 

gene in HIDS patients (49,55). Since then, 63 disease-causing mutations have been 

identified at the cDNA and the genomic level (58-60). Most of these mutations are 

missense mutations, but also nonsense mutations, deletions, insertions and splicing 

defects have been reported. The most frequently occurring 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 compound heterozygous state in the vast majority of patients 

with the HIDS presentation. The fact that the V377I mutation is often found in 
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combination with one of two other common missense mutations, H20P and I268T, 

which have been identified in both MA and HIDS patients indicates that the V377I 

mutation is responsible for the HIDS phenotype (50,61). A few patients with the HIDS 

phenotype have been identified with other mutations than the V377I mutation, 

indicating that also other mutations may cause the HIDS phenotype (49,54,55,58) 

Although the V377I mutation is the most common mutation in MKD, only few 

patients homozygous for V377I 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 (62).  

The disease-causing nature of the identified mutations was substantiated by 

characterization of mutant proteins by immunoblotting of fibroblast lysates of patients 

using an MK-specific antibody and heterologous expression of mutant proteins in 

Escherichia coli (E.coli). All mutant MK proteins expressed in E.coli showed markedly 

decreased enzyme activity (H20P, T234I, L264F, L265P, I268T, V310M and A334T) 

(50,56,63,64). Only the V377I mutation still had considerable residual activity when 

expressed in E.coli, much more than the residual activity measured in cells of HIDS 

patients. However, in fibroblast lysates of MKD patients, MK protein was hardly 

detectable as shown by immunoblotting (50,56). Moreover, MK protein levels 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) (58). 

These observations indicate that most mutations do not directly affect MK activity but 

primarily affect protein folding/stability. 

4.2 Immunological findings  

The first description of the HIDS presentation was published in 1984, and its name was 

derived from the constitutively elevated levels of serum immunoglobulin (Ig)D, usually 

with concomitant high levels of IgA. In MA patients, an elevated serum IgD and IgA has 

also been reported.  In contrast to the other immunoglobulin isotypes, the IgD class is 

mainly expressed on the surface of B lymphocytes as the major antigen receptor 

isotype, whereas in the serum it is found only in very low levels (65). Both IgD and IgA 

are probably assembled in the bone marrow, suggesting a systemic stimulation of the 

immune system (66). However, the physiological role of serum IgD and its role in the 

pathogenesis of MKD remain unclear. IgD is a potent inducer of tumour necrosis factor-

α (TNF-α), interleukin-1β (IL-1β), interleukin-1 receptor antagonist, IL-10, and IL-6 in 

vitro (67,68). However, its elevation in MKD is more likely to be an epiphenomenon 

than the cause of the inflammatory attacks, since several patients have been identified 

with MKD, caused by MK deficiency, but without elevated levels of serum IgD 

(50,69,70). Moreover, there is no relation between the level of IgD and the severity or 
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frequency of the attacks (51). Furthermore, other autoinflammatory diseases may have 

elevated IgD levels as well, like PFAPA, FMF, and BS, and various other diseases, 

including infections, immunodeficiencies, autoimmune and allergic diseases (68).  

In patients with MKD, fever attacks are accompanied by an acute phase response, 

which is the production of acute phase proteins in response to inflammation. In MKD, 

elevated levels of C-reactive protein, serum amyloid A, soluble type II phospholipase A2 

(PLA2), and α1-acid glycoprotein (AGP), but also leukocytosis, neutrophilia, and steeply 

elevated erythrocyte sedimentation rates (ESR) (51,67,71) were found. The elevated 

level of AGP in patients with the HIDS presentation was not only found during attacks, 

but also during remissions, indicating a persistent state of inflammation (72).   

Because the acute phase reaction and fever are mediated by cytokines, the 

production of pro- and anti-inflammatory cytokines has been studied in MKD patients. 

The serum levels of the pro-inflammatory cytokines interferon-γ and IL-6 rose sharply, 

while the level of TNF-α increased slightly during fever attacks. Also, the levels of the 

anti-inflammatory compounds IL-1 receptor antagonist (IL-1ra) and the soluble TNF 

receptors p55 (sTNFr p55) and p75 (sTNFr p75) were higher with attacks than between 

attacks (73). Neopterin is released by monocytes/macrophages after stimulation by 

IFN-γ, excreted in urine and appears to be an early and sensitive marker of activation 

of the cellular immune system. In patients with the HIDS presentation urinary neopterin 

was elevated on the first day of the fever attack and remained elevated for a few days 

after normalization of the body temperature (74). Plasma concentrations of IL-1α, IL-1β, 

and the anti-inflammatory cytokine IL-10 did not change during attacks (73).  

Unstimulated peripheral blood mononuclear cells (PBMCs) from MKD patients 

obtained between attacks secrete more IL-1β, IL-6, and TNF-α, than PBMCs from 

healthy subjects. Moreover, after stimulation with LPS the secretion of these pro-

inflammatory cytokines increases even further (75).  

In search for the pathogenesis of MKD, elevated levels of leukotriene E4 (LTE4) 

were found. The cysteinyl leukotrienes, LTC4, LTD4, and LTE4, are potent lipid 

mediators with diverse functions in the immune and inflammatory response (76). 

Urinary excretion of LTE4 is a measurement for the total systemic synthesis of cysteinyl 

leukotrienes in vivo (77). In patients with the MA presentation the level of urinary LTE4 

is continuously elevated (78), while HIDS patients have normal levels of LTE4 between 

fever episodes and increased levels during fever episodes (79). The elevated LTE4 in 

MA patients is not caused by an impaired peroxisomal degradation of cysteinyl 

leukotrienes. Although there is a strong positive linear relationship between urine 

concentrations of excreted mevalonate and LTE4, and the levels of arachidonic acid are 

always elevated, the exact cause for increased urinary LTE4 excretion is unclear 

(53,78).   

Reactive amyloidosis is the most devastating complication in periodic fever 

syndromes. It is caused by accumulation of amyloid fibrils in the extracellular spaces of 

various organs and tissues, most notably the kidneys, liver, and spleen, resulting in 
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organ failure (80). One of the risk factors to develop amyloidosis is high concentrations 

of serum amyloid A (SAA), an acute-phase protein. Because the level of SAA is 

elevated during fever episodes, many patients with periodic fever syndromes develop 

amyloidosis. Although patients with the HIDS presentation also have elevated levels of 

SAA during fever episodes and even during remissions, the incidence of reactive 

amyloidosis is very low when compared to the other periodic fever syndromes. It is 

unclear why HIDS patients have such a low incidence, though it could be possible that 

MKD protects against amyloidosis (80).  

Currently, no established treatment is available for MKD patients. In individual cases 

clinical improvement was achieved by the use of anti-inflammatory agents, such as 

corticosteroids (81), leukotriene inhibitors (81), or etanercept, a soluble TNF-α receptor 

(82). Moreover, a clinical trial with thalidomide had limited efficacy on the number and 

severity of febrile attacks (83). However, these have not led to general treatment 

options for MKD patients. Recently, some MKD patients have been treated with 

anakinra, an IL-1 receptor antagonist, which resulted in a reduction in the frequency 

and severity of the fever episodes (84,85). A major disadvantage of this treatment is 

that patients have to receive a subcutaneous injection daily. Further studies are 

required to confirm the clinical beneficial response of anakinra and to evaluate the 

effectiveness of treatment-on-demand in aborting the inflammatory attack. 

4.3 Pathogenesis 

The precise molecular mechanism by which a depressed MK enzyme activity leads to 

inflammation and fever episodes is still unknown. The symptoms in MKD patients can 

either be caused by an excess of mevalonic acid or a shortage of isoprenoid end 

products. Although there are several indications that a shortage of isoprenylated 

proteins causes the fever episodes, a clinical trial with simvastatin in six HIDS patients 

did lead to shorter periods of fever in most patients (86). Because simvastatin is an 

inhibitor of HMG-CoA reductase, this treatment blocks the synthesis of mevalonate and 

leads to a lowering of mevalonate levels. It should be noted, however, that treatment of 

two patients with mevalonic aciduria using lovastatin, a drug similar to simvastatin, 

provoked severe clinical crises in those patients (53). This discrepancy could be 

explained by the fact that although treatment with simvastatin results in higher residual 

MK enzyme activities in cells from MKD patients (87), it appears to have a negative 

effect on the flux towards geranylgeranyl synthesis (87,88). Therefore, the delicate 

balance between inhibiting HMG-CoA reductase and inducing residual MK activity 

could be positive in HIDS patients and negative in MA patients.  

Patients with the MA presentation have decreased serum levels of ubiquinone-10 

and cells from MA patients contain decreased levels of dolichol (53,89,90). However, 

the de novo biosynthesis of cholesterol and protein isoprenylation can be rather normal 

in fibroblasts from MKD patients when cultured under normal conditions (88,89,91). 

Thus, MKD cells are able to compensate for their defect in MK. This is possible 
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because they have increased activity of HMG-CoA reductase and the LDL receptor 

pathway (89,91). The increased reductase activity ensures sufficient non-sterol 

isoprenoid intermediates at the expense of cholesterol, and the increased expression of 

LDL receptors ensures sufficient uptake of LDL cholesterol, thus enabling production of 

non-sterol isoprenoids from mevalonate (89). Indeed, the increased HMG-CoA 

reductase activity is not caused by a shortage of sterol end products, because it is 

insuppressible by exogenous LDL cholesterol and is further upregulated under 

cholesterol-free culture conditions. Moreover, HMG-CoA reductase mRNA levels are 

normal in MA cells, indicating that the SREBP pathway, involved in transcriptional 

regulation, is not activated (88). Supplementation with GGOH, FOH, sterols, and 

mevalonate down-regulated the increased HMG-CoA reductase activity in MA cells 

(88). Moreover, when the increased HMG-CoA reductase activities in an MA and a 

familial hypercholesterolemia fibroblast cell line were compared, the suppression of the 

reductase activity in the MA cell line was more sensitive to supplementation with 

GGOH, while in the hypercholesterolemia cell line suppression of HMG-CoA reductase 

activity was more sensitive to a mixture of sterols (88). Together, this indicates that the 

regulation of the isoprenoid biosynthesis pathway is still functional in MKD and that 

under normal conditions shortage of one of the non-sterol end products causes the 

increased activity of HMG-CoA reductase.  

MKD cells are able to compensate for their defect, by elevating the intracellular 

levels of mevalonate. However, in these cells MK has become the rate-limiting enzyme 

of the isoprenoid biosynthesis pathway, determining the flux through the pathway. As 

most mutations found in these patients have a deleterious, temperature-sensitive effect 

on MK protein maturation and stability, any small increase in body temperature will 

result in a rapid decrease in residual MK activity (61). This will lead to a rather instant 

disturbance of the flux through the isoprenoid biosynthesis pathway and, as a 

consequence, to a shortage of non-sterol end products. In response to the decreased 

MK activity, HMG-CoA reductase activity is increased and eventually this will re-

establish normal isoprenoid production (61). However, before the flux is re-established, 

the production of isoprenoids is temporarily decreased. Because inhibition of 

geranylgeranylation of proteins increases the secretion of the pro-inflammatory cytokine 

IL-1β (92,93) and addition of GGPP reduced the elevated levels of IL-1β secretion in 

PBMCs from MKD patients, as well as the elevated levels of HMG-CoA reductase 

activity in fibroblasts from MKD patients to control levels (88,93), it is believed that the 

temporary shortage of one or more geranylgeranylated proteins causes the fever 

episodes these patients suffer from. 
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5. GTPases 

5.1 Introduction 

The small G proteins are monomeric G proteins of 20-40 kDa and are often called 

‘small GTPases’. More than 100 different small GTPases have been identified in 

eukaryotes from yeast to human. The most well-known family of small GTPases is the 

Ras superfamily with five major subfamilies; Ras, Rho/Rac, Rab, Sar1/ARF, and Ran. 

The functions of the subfamilies can be classified broadly as follows: members of the 

Ras subfamily mainly regulate gene expression; the Rho subfamily members (including 

Rho/Rac/CDC42) regulate both cytoskeletal reorganization and gene expression; the 

Rab and Sar1/Arf subfamily members regulate intracellular vesicle trafficking, and 

members of the Ran subfamily regulate nucleocytoplasmic transport during G1, S and 

G2 phases of the cell cycle (3).   

5.2 Protein prenylation 

Membrane localization is important for the function of many small GTPases and this 

localization is mediated by a posttranslational modification called isoprenylation. 

Isoprenylation is the posttranslational covalent addition of farnesyl (15-carbon) or 

geranylgeranyl (20-carbon) isoprenoids to cysteine residues at the carboxy terminus of 

proteins. The attached lipid enables membrane association of the small GTPases and, 

subsequently interaction with downstream effectors. 

Three prenyltransferases responsible for isoprenylation have been identified, 

farnesyltransferase (FTase) catalyses farnesylation of proteins, while geranylgeranyl-

transferase-I (GGTase-I), and geranylgeranyltransferase-II (GGTase-II) catalyse 

geranylgeranylation (1,94). FTase and GGTase-I are both heterodimers that share an α 

subunit (95) and have homologous but distinct β subunits (96). Both enzymes are 

designated CaaX prenyltransferases since they act only on proteins containing a CaaX 

box at the C terminus (97). The CaaX sequence consist of an invariable cysteine, two 

aliphatic amino acids, and the ‘X’ amino acid determines which prenyl group is added. If 

X is Ser, Met, Ala, or Gln, the protein is processed by FTase, while Leu at this position 

allows modification by GGtase-I (96,97). The substrate specificity rule for FTase and 

GGTase-I is not absolutely stringent, with many examples of cross-prenylation. For 

example, when farnesylation of small GTPase K-RasB is inhibited by FTase inhibitors, 

it becomes a substrate for geranylgeranylation (98,99). Furthermore, RhoB can be both 

farnesylated as well as geranylgeranylated by GGTase-I (100).  

In addition to prenylation at the cysteine residue, proteins with carboxy-terminal 

CaaX sequences typically undergo two further post-translational modifications, namely 

truncation and methylation. After prenylation, the aaX is cleaved from the s-prenyl 

protein by the endoprotease Rce-1 (101), resulting in a c-terminal prenylated cysteine 

that is carboxymethylated by an s-adenosylmethione-dependent protein carboxy-

methylase (102,103).  
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Figure 4. GTPase activation 

Model for GTPase activation in the cell. See text for details. GEF: guanine nucleotide exchange 

factor, GAP: GTPase-activating proteins, GDF: GDI displacement factor. (137).   

 

 

The third prenyltransferase, GGTase-II, also known as Rab geranylgeranyl-

transferase, geranylgeranylates proteins that contain a C terminal sequence of Cys-Cys 

or Cys-X-Cys and are found exclusively in the Rab family of small GTPases. GGTase-II 

consists of three subunits, a Rab escort protein I (Rep1), an α- and a β-subunit. Rep1 

binds unprenylated Rab proteins, presents them to the catalytic αβ-subunits, and 

remains bound to the Rab proteins after the geranylgeranyl transfer reaction (104).  

5.3 Activation 

Small GTPases regulate several important cell functions, like gene expression, vesicle 

trafficking, cytoskeletal reorganization, nucleocytoplasmic transport, cell cycle 

progression, and microtubule organization. Since these processes are not constantly 

required in cells, they have to be switched on and off. Therefore, the small GTPases 

that regulate these processes function as molecular switches, cycling between an 

inactive GDP-bound state and an active GTP-bound state (Fig.4). An upstream signal 

stimulates the dissociation of GDP from the GDP-bound form, which is followed by the 

binding of GTP. This will eventually lead to a conformational change of the downstream 

effector-binding region so that this region interacts with the downstream effector. This 
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interaction causes the activation (or inactivation) of functions of the downstream 

effector. The GTP-bound form is converted to the GDP-bound form by the action of 

intrinsic GTPase activity, which then releases the bound downstream effector. In this 

way, one cycle of activation and inactivation is achieved, and small GTPases serve as 

molecular switches that transduce an upstream signal to a downstream effector. 

To control the activation, these proteins are regulated tightly by three main classes 

of proteins. At first, the dissociation of GDP from the GDP-bound form is extremely 

slow, and therefore stimulated by a regulator, named guanine nucleotide exchange 

factor (GEF) (fig.4). Activation of GEF is often regulated by an upstream signal, after 

which it releases the bound GDP and forms a complex with the small GTPase. 

Subsequently, GEF is replaced by GTP to form the GTP-bound form of the GTPase. 

Many GEFs have been identified in humans, and most of the GEFs can activate more 

than one small GTPase. In addition, multiple GEFs can activate one GTPase 

(105,106). 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 hydrolyse GTP to GDP. However, the GTPase 

activity of small GTPases is very slow and is therefore accelerated by a group of 

regulatory proteins known as GTPase-activating proteins (GAPs) (fig. 4). GAPs are 

classified according to their GTPase subfamily (Ras-GAP, Rho-GAP, Rap-GAP, etc) 

with sequence homology within subfamilies but not between families (107).  

The third group of regulatory proteins of the small GTPases are the guanine 

nucleotide dissociation inhibitors (GDIs). GDIs bind to the carboxyl terminus of small 

GTPases in a 1:1 ratio to prevent activation. To date, only four human GDIs have been 

identified, three RhoGDIs and a RabGDI that has a different structure but performs the 

same function for proteins in the Rab family (108-110). The human RhoGDIs are the 

ubiquitously expressed RhoGDI (or RhoGDIα/ RhoGDI1) (111,112), the haematopoietic 

cell-selective Ly/D4GDI (or RhoGDIβ/ RhoGDI2) (113), and Rho-GDIγ (or RhoGDI3), 

which is preferentially expressed in brain, pancreas, lung, kidney, and testis (114,115). 

RhoGDIs can prevent activation of Rho GTPases via three distinct mechanisms. First, 

they maintain Rho GTPases as soluble cytosolic proteins by forming high-affinity 

complexes in which the isoprenoid moiety of the GTPase is shielded from the solvent 

by its insertion into the immunoglobulin-like hydrophobic cavity of the GDI (116-119). 

Second, RhoGDIs inhibit the dissociation of GDP from the Rho proteins, maintaining 

the GTPases in an inactive form and preventing GTPase activation by GEFs. 

Interaction of GDIs with the side chain of the essential Thr35 residue in switch I of the 

GTPase stabilizes Mg2+ coordination, thereby stabilizing nucleotide binding and 

preventing the GEF-catalysed nucleotide exchange reaction (117,118). Finally, the 

GDIs are able to interact with the GTP-bound form of the GTPase to prevent 

interactions with effectors (109,110). Because of these mechanisms, GDIs are major 

regulators of Rho GTPase activity and function. However, GDIs themselves are also 
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regulated by other proteins, called GDI displacement factors (GDFs) (fig. 4). Members 

of the ERM (ezrin/radixin/moesin) family, like a number of other proteins and lipids 

(reviewed in ref. (109,120)), have been described to induce the release of RhoA from 

RhoGDI (121). Moreover, it has been proposed that the activity of kinases that 

modulate the phosphorylation state of RhoGDIs might also act in regulating activation 

of the GDIs (109). However, further studies on these pathways have to be done.  

5.4 Functions and diseases 

Small GTPases participate in a multitude of cellular functions. The functions of 

farnesylated proteins from the Ras subfamily in gene expression are well characterized, 

however, the focus here will be on the functions of geranylgeranylated GTPases. Rho, 

Rac, and CDC42 of the Rho GTPases are the most extensively studied geranyl-

geranylated proteins. The major function of the Rho GTPases is the regulation of the 

assembly and organization of the actin cytoskeleton. As reorganization of the 

cytoskeleton plays a crucial role in many cellular functions, Rho/Rac/CDC42 proteins 

indirectly play a role in the regulation of cytokinesis, phagocytosis, pinocytosis, cell 

adhesion, cell migration, morphogenesis, and axon guidance (122).   

In addition, other functions of the Rho/Rac/CDC42 proteins have been elucidated. 

Rac protein is very important for the function of NADPH oxidase. NADPH oxidase 

produces reactive oxygen species (ROS) to kill and degrade bacteria that are 

phagocytosed by leukocytes. It is a multicomponent enzyme consisting of a membrane-

associating catalytic moiety and cytosolic regulatory proteins. Upon stimulation, the 

cytosolic proteins, p47phox, p67phox, p40phox and Rac GTPase are translocated to the 

membrane to form the enzyme complex. It is not clear if Rac is solely an adaptor that 

positions the cytosolic proteins at the membrane component or that Rac itself also 

regulates the electron transfer reactions (123). That NADHP oxidase enzyme activity is 

essential for host defence is stressed by the disorder chronic granulomatous disease 

(CGD), caused by mutations in one of the subunits gp91phox, p22phox, p47phox, and 

p67phox. Patients with CGD are unable to kill phagocytosed bacteria and fungi and 

therefore suffer from chronic and sometimes life-threatening bacterial and fungal 

infections, resulting in lymphadenitis, granuloma formation, abscesses, and sepsis 

(124,125). Another disorder, neutrophil immunodeficiency syndrome, is caused by 

mutations in Rac2 (126). Only one patient has been described with neutrophil 

immunodeficiency syndrome, who suffered from severe recurrent bacterial infections 

and poor wound healing (127), due to an heterozygous missense mutation, resulting in 

the substitution of an asparagine for aspartate. This aspartate residue binds the 

catalytic Mg++, which is required for GTP hydrolysis and Rac2 function. The mutant 

protein is unable to bind GTP and is suggested to affect the stability of the normal Rac2 

protein, because of diminished Rac2 levels in the patient (126).  

Rho, Rac and CDC42 are also able to regulate gene expression (3). Rac and 

CDC42 are activators of the Jun NH2-terminal kinase (JNK) cascade and p38 MAP 
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kinase (128,129). Moreover, Rho, Rac and CDC42 have been reported to regulate 

transcriptional activation by serum response factor (SRF) (130). The activation of the 

MAPK signalling pathways is independent of changes to the actin cytoskeleton, 

however, the activation of SRF appears to be directly linked to the levels of 

unpolymerized actin (131). Rho, Rac, and CDC42 have also been shown to activate the 

transcription factor NF-κB (132).  

Another subfamily of geranylgeranylated proteins are the Rab GTPases. 

Posttranslationally modified Rab GTPases appear to be targeted to distinct intracellular 

compartments and thus display a characteristic pattern of subcellular localization. Rab 

proteins function in the thethering/docking of vesicles to their target compartment, 

leading to membrane fusion. Moreover, Rab proteins have been shown to determine 

the distribution of cellular compartments by regulating the movement of vesicles and 

organelles along cytoskeletal filaments (133). Although more than 60 human RAB 

genes are known, deficiency of only one Rab protein is implicated in a human disease. 

Mutations in the RAB27A gene causes the rare autosomal recessive disorder, Griscelli 

syndrome (GS). Patients with GS have an immunodeficiency due to failure of cytotoxic 

T lymphocytes to secrete their lytic granules, and albinism due to defects in 

melanosome transport. Most patients develop an uncontrolled T lymphocyte and 

macrophage activation syndrome (hemophagocytic syndrome) (134).  

Although there are some studies that show that unprenylated proteins may also 

have functional effects (135,136), for most small GTPases isoprenylation is critical for 

intracellular trafficking and function, as several studies have shown that prenylation is 

necessary for the small GTPases to interact with their regulatory proteins. Therefore, 

inhibition of the isoprenoid biosynthesis pathway and subsequent protein prenylation 

will disturb proper functioning of the small GTPases.  

6. Outline of this thesis 

MKD is caused by mutations in the MVK gene. Up till now, 63 disease-causing 

mutations have been identified at the cDNA and genomic level. Most of these mutations 

do not directly affect MK activity but primarily affect protein folding/stability (chapter 2). 

The residual MK enzyme activity in MK-deficient cells is very low, however, the 

biosynthesis of cholesterol can be rather normal in these cells. This is due to the fact 

that MK-deficient cells are able to compensate for their deficiency by elevating HMG-

CoA reductase enzyme activity. In chapter 3 we show that the increased activity of 

HMG-CoA reductase is caused by shortage of one of the non-sterol end products. 

Because MK has become the rate-limiting enzyme in the isoprenoid biosynthesis 

pathway in MK-deficient patients, it determines the flux through the pathway. 

Manipulation of isoprenoid biosynthesis can increase the residual MK enzyme activity 

and may be an interesting therapeutic option to treat MK deficiency (chapter 4). 

Although the deficient MK enzyme activity in principle affects the biosynthesis of all 
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isoprenoids, there are indications that in particular a temporary shortage (or 

dysfunction) of one or more geranylgeranylated proteins is responsible for the fever 

episodes in these patients. Because small GTPases highly depend on geranyl-

geranylation for proper functioning, we studied the effect of MK deficiency on the 

geranylgeranylation and activation of two small GTPases, RhoA and Rac1 in chapter 5. 
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Summary 

Mevalonate kinase deficiency (MKD) is an autosomal recessive auto-

inflammatory disorder caused by mutations in the MVK gene resulting in 

deficient activity of mevalonate kinase (MK). Depending on the clinical severity, 

MKD may present as hyper-IgD and periodic fever syndrome (HIDS) or the more 

severe mevalonic acidura (MA). We analyzed the MVK gene in 57 patients with 

MKD and found 39 different mutations including 15 novel mutations, expanding 

the total mutational spectrum of MKD to 63 mutations. To get more insight in the 

genotype-phenotype correlation in MKD, we studied the effect of selected 

missense mutations on MK protein stability and activity in various patient 

fibroblast cell lines. All MKD cell lines showed markedly decreased MK activities 

that correlated well with the clinical severity and, for most of the cell lines, with 

the amount of MK protein. When fibroblasts of MKD patients were cultured under 

conditions known to promote a more controlled protein folding, all cell lines of 

patients with the HIDS phenotype and few cell lines of patients with the MA 

phenotype showed an increase in the residual MK activity. This increase in 

enzyme activity correlates well with an increase in the MK protein levels in these 

cell lines, indicating that most of the mutations in MKD affect stability and/ or 

folding of MK protein rather than affecting the catalytic properties of the enzyme. 

The finding that the residual activity in MKD can be manipulated by 

environmental conditions, may offer therapeutic options to alleviate or prevent 

the clinical symptoms associated with MKD. 

Introduction 

Mevalonate kinase deficiency (MKD; MIM 251170, 260920) is an autosomal recessive 

metabolic disorder characterized by recurring episodes of high fever associated with 

headache, arthritis, nausea, abdominal pain, diarrhea, and skin rash (1,2). Originally, 

two distinct syndromes were defined, classic mevalonic aciduria (MA; MIM 251170) (3) 

and the auto-inflammatory hyperimmunoglobulinemia D and periodic fever syndrome 

(HIDS; MIM 260920) (4). After the discovery that both disorders are caused by a 

deficient activity of mevalonate kinase (MK) (5,6), due to mutations in the encoding 
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MVK gene (MIM 251170), they are now recognized as the severe and mild clinical ends 

of the MKD spectrum (7). Indeed, whereas patients with the HIDS phenotype typically 

only present with recurrent episodes of fever and associated inflammatory symptoms 

(2), patients with the MA phenotype show, in addition to these episodes, developmental 

delay, dysmorphic features, ataxia, cerebellar athrophy, and psychomotor retardation 

and may die in early childhood (1). Furthermore, cells from patients with the HIDS 

phenotype still contain residual MK enzyme activities from 1 to 8% of the activities of 

control cells (6,8,9), while in cells from patients with the MA phenotype the MK enzyme 

activity is below the detection level (approximately 0.1% of normal) (1,10,11). This 

difference in residual enzyme activity is also reflected in the occurrence of high levels of 

mevalonic acid in plasma, urine, and tissues of patients with the MA phenotype and low 

to moderately increased levels of mevalonic acid in patients with the HIDS 

presentation. 

MK catalyzes the ATP-dependent phosphorylation of mevalonate to produce 5-

phosphomevalonate and is the next enzyme to follow the rate-limiting and highly 

regulated enzyme 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase in the 

isoprenoid biosynthesis pathway (12). The isoprenoid biosynthesis pathway provides 

cells with numerous bioactive molecules collectively named isoprenoids. These include 

the side chain of heme A, dolichol, sterols, and the isoprenoid moieties of isoprenylated 

proteins that are involved in a variety of important cellular processes. Although the 

precise molecular mechanism by which a defective activity of an enzyme in the 

isoprenoid biosynthesis pathway leads to fever episodes is still unknown, it is believed 

that it is due to a temporary shortage of certain prenylated proteins (7,13,14). 

We report here 39 different mutations in the MVK gene, which we identified by 

sequencing this gene in 57 patients diagnosed with MKD on the basis of clinical 

symptoms and/or biochemical findings. Of these 39 mutations, 15 mutations have not 

been reported previously expanding the total mutational spectrum of MKD to 63 

mutations. To get more insight into a genotype-phenotype correlation in MKD, we 

studied the effect of selected missense mutations on MK protein stability and enzyme 

activity. Our results indicate that most mutations do not directly affect MK activity but 

primarily affect protein folding/ stability. 

Material and Methods 

Patients 

All patients analyzed in this study were initially suspected to be affected with MKD on 

the basis of clinical presentation. For most patients, the clinical suspicion was 

confirmed by direct enzyme measurements of MK in white blood cells and/ or cultured 

skin fibroblasts. 
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Table 1. Mutations in the MVK gene in MKD patients      

Type of mutation     Intron/Exon     Nucleotide change 

missense Exon 2 c.58C>Aa 

 Exon 2 c.59A>C* 
 Exon 2 c.60T>A* 
 Exon 3 c.104T>Cb,* 
 Exon 3 c.116T>C* 
 Exon 5 c.394G>A 
 Exon 5  c.404C>T* 
 Exon 5 c.439G>A* 
 Exon 5 c.442G>A* 
 Exon 5 c.449C>Ta 
 Exon 5 c.500C>T* 
 Exon 6 c.604G>Aa 
 Exon 6 c.608T>C 
 Exon 6 c.613A>G* 
 Exon 6 c.625A>G* 
 Exon 7 c.632G>C* 
 Exon 7 c.632G>A 
 Exon 7 c.644G>Aa 
 Exon 8 c.700T>C* 
 Exon 8 c.709A>T* 
 Exon 8 c.728C>Ta 
 Exon 8 c.748G>A* 
 Exon 9 c.790C>T* 
 Exon 9 c.794T>Ca 
 Exon 9 c.794T>G* 
 Exon 9  c.803T>C* 
 Exon 9 c.815C>T* 

 
Exon 9 
Exon 9 

c.829C>T* 

c.830G>A 
 Exon 10 c.902A>C* 
 Exon 10 c.924C>T 
 Exon 10 c.925G>Aa 
 Exon 10 c.928G>A* 
 Exon 10 c.965C>G* 
 Exon 10 c.976G>Aa 
 Exon 10 c.987C>Aa 
 Exon 10 c.1000G>A* 
 Exon 11 c.1067C>T 
 Exon 11 c.1127G>T 
 Exon 11 c.1129G>A* 

 
Exon 11 
Exon 11 

c.1132T>C 
c.1139A>G 

nonsense Exon 2 c.37A>T* 
 Exon 3 c.185G>A* 
 Exon 5 c.447C>G* 
 Exon 6 c.564G>A 
 Exon 11 c.1162C>T* 
deletion Exon 2 c.-14_78delc 
 Exon 2 c.16_34delCTACTGGTGTCTGCTCCG 
 Exon 3 c.79_226deld 

 Exon 3 c.129_130delCC* 
 Exon 4 c.277_283delGAGGTTG* 
 Exon 4 c.340_344delTACTT* 
 Exon 5 c.372_527delc 
 Exon 6 c.571_572delC* 

 Exon 11 c.1095_1098delTGAC* 
insertion Exon 2 c.72_73insT b,* 
 Exon 5 c.417_418insC* 
 Exon 5 c.421_422insG* 
 Exon 6 c.606_607insG* 
complex Exon 5 c.503_512delTGAAGGACGGinsAC* 

splice site 
Exon 2 
Intron 7 

c.75C>Te 

c.678-1G>C* 

*Reference MVK sequence: GenBank Accession NM_000431. Nucleotide numbering starts with the A of the 
ATG translation initiation codon as +1. 
a Identified by MVK cDNA analysis only. 
b Previously mentioned in Frenkel and Kuis (38). 
cSkipping of exon 2 and 5 identified by cDNA analysis. Responsible mutations at genomic level unknown. 



                                                                                       Mutational spectrum in MK deficiency          

 

 39 

 
Predicted protein 
or transcript change 

Allele frequency 
  %      (n/n)

f  
                                                      

Reference 

p.H20N    Cuisset et al. (9) 
p.H20P    5.66   (6/106) Houten et al. (6) 
p.H20Q   1.89   (2/106) D'Osualdo et al. (26) 
p.L35S   1.89   (2/106) Raupp et al. (27) 
p.L39P   0.94   (1/106) Cuisset et al. (9), Houten et al. (8) 
p.V132I  D'Osualdo et al. (26) 
p.S135L   0.94   (1/106) Cuisset et al. (9), Houten et al. (8) 
p.A147T   0.94   (1/106) This article 
p.A148T   0.94   (1/106) Di Rocco et al. (28) 
p.S150L  Cuisset et al. (9) 
p.P167L   0.94   (1/106) Drenth et al. (5) 
p.G202R  Cuisset et al. (9) 
p.V203A  Stojanov et al. (29) 
p.N205D   0.94   (1/106) This article 
p.T209A   1.89   (2/106) Houten et al. (30) 
p.G211A   0.94   (1/106) Arkwright et al. (31) 
p.G211E  D'Osualdo et al. (26) 
p.R215Q  Cuisset et al. (9) 
p.L234P   0.94   (1/106) This article 
p.T237S   1.89   (2/106) This article 
p.T243I  Hinson et al. (11) 
p.V250I   0.94   (1/106) D'Osualdo et al. (26) 
p.L264F   3.77   (4/106) Hinson et al. (11) 
p.L265P  Hinson et al. (11) 
p.L265R   0.94   (1/106) Obici et al. (32) 
p.I268T 14.15  (15/106) Drenth et al. (5), Houten et al. (6) 
p.S272F   1.89  (2/106) Houten et al. (30) 
p.R277C 
p.R277H 

  2.83   (3/106) 
Houten et al. (30), 
Hospach et al. (33) 

p.N301T   0.94   (1/106) Schafer et al. (34) 
p.L308L  D'Osualdo et al. (26) 
p.G309S  Cuisset et al. (9) 
p.V310M   2.83   (3/106) Houten et al. (10) 
p.T322S   1.89   (2/106) This article 
p.G326R  Cuisset et al. (9) 
p.S329R  Takada et al. (35) 
p.A334T   2.83   (3/106) Hinson et al. (21) 
p.T356M  D'Osualdo et al. (26) 
p.G376V  D'Osualdo et al. (26) 
p.V377I 32.08   (34/106) Drenth et al. (5), Houten et al. (6) 
p.S378P 
p.H380R 

 
Hoffmann et al. (36) 
Wickiser and Saulsbury (37) 

p.K13X   0.94   (1/106) Houten et al. (8) 
p.W62X   0.94   (1/106) Houten et al. (8) 
p.Y149X   0.94   (1/106) Houten et al. (8) 
p.W188X  Saulsbury (38) 
p.R388X   0.94   (1/106) Houten et al. (30) 
exon 2 skipping  Drenth et al. (5) 
p.L6fs  D'Osualdo et al. (26) 
exon 3 skipping  Takada et al. (35) 
p.H44fs   0.94   (1/106) This article 
p.E93fs   0.94   (1/106) This article 
p.Y114fs   0.94   (1/106) This article 
exon 5 skipping  Cuisset et al. (9) 
p.Q190fs   0.94   (1/106) This article 
p.D366fs   0.94   (1/106) This article 
p.G25fs   0.94   (1/106) This article 
p.G140fs   0.94   (1/106) This article 
p.A141fs   0.94   (1/106) Frenkel et al. (13) 
p.V203fs   0.94   (1/106) This article 
p.L168fs   0.94   (1/106) This article 
p.G25fs  
exon 8 skipping 

 
  0.94   (1/106) 

Hospach et al. (33) 
This article 

dSkipping of exon 3 identified by cDNA analysis. Genomic DNA analysis did not reveal responsible mutation. 
eCreates a novel splice donor site 5 nt upstream of authentic donor site. 
fn/n denotes the number of the specific mutant allele encountered among the total number of 106 mutant 
alleles examined (excluding siblings). 
*Mutations found in our cohort. 
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Mutation analysis  

Genomic DNA was extracted from primary skin fibroblasts, white blood cells (i.e. 

lymphocytes and leucocytes), or lymphoblasts from MKD patients using the Wizard 

Genomic DNA purification kit according to the instructions of the supplier (Promega, 

Madison, WI). Mutation analysis of the MVK gene (GenBank accession number 

AH009614) in genomic DNA was performed as described previously (8). The DNA 

mutation numbering is based on the MVK cDNA sequence with GenBank Accession 

NM_000431, with the A of the ATG translation-initiation codon numbered as +1. Amino 

acid numbering starts with the translation initiator methionine as +1. 

Cell culture 

Selected primary skin fibroblast cell lines from MK-deficient patients and a healthy 

control subject were cultured in standard medium, which is 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 

(Invitrogen, Breda, The Netherlands). Prior to experiments, cells were seeded in T-75 

culture flasks (Costar, NY) in standard medium supplemented with 10% fetal calf serum 

and grown until confluency. Subsequently, the medium was replaced with fresh 

standard medium supplemented with 10% fetal calf serum, 10% lipoprotein-depleted 

fetal calf serum (Biowest, Nuaillé, France), or 10% fetal calf serum plus 10% glycerol 

(w/v). The cells were then cultured for 5 days at 30°C or 37°C. Cells were harvested by 

trypsinization, washed once with phosphate-buffered saline (PBS), and twice with 0.9% 

NaCl, snap-frozen as pellets in liquid nitrogen, and stored at -80°C until further 

analysis.  

Mevalonate kinase activity 

MK activity was measured as described previously (15) using 14C-labeled mevalonate 

(NEN; Perkin Elmer Life Sciences, Boston, MA) as substrate. The intraassay and 

interassay coefficients of variance were 5.2% and 5.6%, respectively. 

Immunoblot analysis 

Immunoblot analysis was performed in the same samples used for MK enzyme 

analysis. 

Equal amounts of protein were separated by SDS-PAGE and transferred onto 

nitrocellulose by semidry blotting. Affinity-purified antibodies directed against human 

MK (16) were used at a 1:5,000 dilution. Antigen-antibody complexes were visualized 

with swine anti-rabbit alkaline phosphatase conjugate (Applied Biosystems, Foster City, 

CA) using the Western-Light protein detection kit (Tropix; Applied Biosystems). To 

verify equal transfer of proteins, each blot was reversibly stained with Ponceau S prior 

to incubation with antibodies. As a control for equal protein loading, we reprobed the 

immunoblots with monoclonal antibodies against β-actin (Sigma, St. Louis, MO) using a 

1: 20,000 dilution. 
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Table 2. Polymorphisms in the MVK gene*                                                  

Intron/Exon   Nucleotide change 
Predicted protein 
or transcript change                              

Reference 

Intron 2 c.78+61A>G  D'Osualdo et al. (26) 
Intron 2 c.78+177G>A  D'Osualdo et al. (26) 
Intron 2 c.79-62G>A  D'Osualdo et al. (26) 
Exon 3 c.155G>A

a
 p.S52N Cuisset et al. (9) 

Intron 4 c.371+8C>T
a
  D'Osualdo et al. (26) 

Exon 5 c.405G>A
a
 p.S135S D'Osualdo et al. (26) 

Exon 5 c.510C>T
a
 p.D170D Cuisset et al. (9) 

Intron 6 c.632-18A>G
a
  D'Osualdo et al. (26) 

Exon 8 c.684A>G
a,b

 p.P228P this article 
Intron 8 c.769-7T>G

a
  this article 

Intron 8 c.769-38C>T
a
  this article 

Intron 9 c.885+24G>A
a
 this article 

Exon 10 c.924C>T p.L308L D'Osualdo et al. (26) 
3'UT + 11 c.1202C>T  D'Osualdo et al. (26) 
3'UT + 54 c.1245_1246insG

c
  Cuisset et al. (9) 

 

*Reference MVK sequence:GenBankAccessionNM_000431. Nucleotide numbering starts with the A of 
the ATG translation initiation codon as +1. 
a
Polymorphisms found in our cohort. 

b
Allelic with L234P mutation. 

c
Identified by MVK cDNA analysis only. 

 

Results 

Mutation analysis of MKD patients 

We performed mutation analysis of the MVK gene in 57 patients, including four siblings, 

initially suspected to suffer from MK deficiency based on clinical presentation. For the 

majority of cases, we confirmed the tentative clinical diagnosis by the measurement of 

MK activities, which ranged from below detection level (< 0.5 pmol/mg*min) to ~10% of 

control values. In our cohort of 57 patients we detected 39 different mutations (Table 1; 

footnote g), which we consider to be pathogenic. Of these, 24 were among the 48 

mutations previously reported (by us and others; see Table 1) while 15 represent novel 

mutations, bringing the total number of known pathogenic mutations in the MVK gene 

to 63. These 63 mutations are summarized in Table 1 and include 42 missense and five 

nonsense mutations, nine deletions, four insertions, two splicing defects, and one 

complex mutation comprising a combination of a deletion and an insertion. In addition 

to these pathogenic mutations, 15 polymorphisms have been identified in the MVK 

gene, including four new polymorphisms reported in this work (Table 2). 

Genotype-phenotype correlation in MKD 

To study whether the identified mutations affect the catalytic properties or the protein 

stability/ folding of MK, we cultured skin fibroblasts from control subjects and MKD 

patients with different genotypes in standard medium with 10% FCS at 37°C, in 
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standard medium with lipoprotein-depleted FCS at 37°C, in standard medium with 10% 

FCS at 30°C, or in standard medium with 10% FCS and 10% glycerol at 37°C. In 

standard medium with 10% FCS at 37°C, all MKD cell lines tested showed markedly 

decreased MK activities with the amount of residual activity depending on the mutations 

(Table 3; Fig. 1). The residual MK activity appeared to correlate well with the clinical 

presentation of the MKD patients. In all fibroblasts from MKD patients with the HIDS 

phenotype, the residual MK activities were more than 1 pmol/mg*min (Fig. 1A), 

whereas in fibroblasts from MKD patients with the MA phenotype, residual MK activities 

were below 1 pmol/mg*min (Fig. 1B). For most patient cell lines the residual MK 

activities also correlated well with the amount of MK protein determined in the same 

lysates, as visualized by Western blot analysis of the cell lysates using antibodies 

against MK (Fig. 1).  

Culturing of fibroblasts in lipoprotein-depleted medium is known to result in 

enhanced transcription rates of genes encoding isoprenoid/ sterol biosynthetic 

enzymes (12,17) and therefore is predicted to cause increased residual MK enzyme 

activities in the patients’ cell lines. Indeed, in all cell lines from patients with the HIDS 

phenotype we detected an increase in residual MK activity, which correlated well with 

increased MK protein levels on immunoblot (Fig. 1). An increase in MK protein was also 

observed in several cell lines of patients with the MA phenotype, notably in the cell lines 

from a patient homozygous for the p.V310M mutation and from patients heterozygous 

for the p.A334T mutation. MK activity, however, remained hardly detectable or 

undetectable in most of the MA cell lines. 

 

 

Table 3.  MK activity in fibroblasts from control and MKD patients     
Amino acid 
substitution 

 MK activity in pmol/min*mg Subject Patient 
phenotype 

Allele 1 Allele 2  Standard lipoprotein-depleted
a
 30°C

a
 glycerol

a
 

C Control    352.7 783.3 (2.2) 376.0 (1.1) 442.9 (1.3) 
H1 HIDS T209A T209A  4.0 44.5 (11.4) 57.1 (14.7) 34.9 (8.9) 
H2 HIDS W62X V377I  10.1 81.7 (8.1) 91.0 (9.0) 118.0 (11.6) 
H3 HIDS L39P V377I  8.8 113.4 (12.9) 103.0 (11.7) 117.4 (13.4) 
H4 HIDS A148T I268T  5.0 61.3 (12.3) 43.2 (8.7) 52.8 (10.5) 
H5 HIDS Y114fs N205D  6.3 26.8 (4.3) 16.5 (2.6) 37.8 (6.1) 
H6 HIDS I268T V377I  20.0 79.5 (4.0) 72.0 (3.6) 75.2 (3.8) 
H7 HIDS H20P V377I  7.0 66.8 (9.5) 57.7 (8.2) 72.7 (10.4) 
M1 MA T237S T237S      BD  4.8 (NA) 4.6 (NA) BD 
M2 MA I268T I268T  0.6 6.4 (10.7) 3.3 (5.5) 1.0 (1.7) 
M3 MA A141fs A334T      BD 2.1 (NA) 0.8 (NA) 0.8 (NA) 
M4 MA V310M V310M      BD BD BD BD 
M5 MA L168fs R388X  0.5 8.9 (16.3) 12.8 (23.5) 2.1 (3.8) 
M6 MA H20P A334T      BD BD BD BD 
M7 MA S272F R277C      BD 5.0 (NA) 4.0 (NA) BD 
M8 MA L264F L264F      BD BD BD BD 

 

a
Ratios between indicated condition and standard conditions are displayed within parentheses.           

BD, below the detection level (<0.5 pmol/mg*min); NA, not applicable. 
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To allow distinction between mutations directly affecting the catalytic activity and 

mutations affecting folding and/ or stability of MK protein, we cultured the various cell 

lines under conditions that are known to promote a more controlled folding of mutant 

proteins that are affected in folding/stability rather than catalytic activity. These include 

culturing at 30°C and at 37°C in the presence of the ‘chemical chaperone’ glycerol. All 

fibroblasts from patients with the HIDS phenotype showed markedly increased residual 

MK activities and increased MK protein levels on immunoblot when compared to 

standard culturing conditions, indicating that these mutations affect stability and/or 

folding of the protein. A similar observation was made for the cell lines from the MA 

patients with the p.I268T/p.I268T and fs/p.R388X genotypes, although the activities 

remained very low. In the remaining six MA cell lines hardly or no increase in MK 

protein and activity was observed, although in three cell lines (V310M-V310M, H20P-

A334T, fs-A334T) after culturing at 30°C as well as in the presence of glycerol, MK 

protein levels were increased. 

Discussion 

Since the discovery of the molecular defect underlying HIDS (5,6) and the subsequent 

elucidation of the genomic structure of the MVK gene at chromosome 12q24 (8), we 

have analyzed the MVK gene in 57 patients diagnosed with MKD based on clinical 

symptoms and, in most cases, deficient MK activities. The molecular analysis involves 

sequencing of the coding regions of all 11 exons plus flanking intronic sequences 

amplified by PCR from genomic DNA of patients using MVK gene-specific primers (8). 

This strategy has proven to be very reliable, as we identified either one homozygous 

mutation or two compound heterozygous mutations in all 57 patients, including 41 

patients with enzymatically proven MKD. Of the 53 patients (excluding four siblings), 14 

were apparent homozygotes for whom homozygosity was confirmed in five patients by 

parental DNA testing. The other 39 patients were heterozygotes for two different 

mutations, with compound heterozygosity confirmed in 23 patients by parental DNA 

testing. Of the remaining 16 heterozygotes, 12 were heterozygous for the common 

p.V377I mutation, highly suggestive that they also are compound heterozygotes 

because so far no mutations in cis with the p.V377I have been identified.  

In our cohort of 57 patients, we identified 39 different disease-causing mutations, 

the majority of which (24) were missense mutations. In addition, we found four 

nonsense mutations, five deletions, four insertions, one splice-acceptor site mutation 

and one complex mutation involving both a deletion and an insertion. 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 MK deficiency, whereas none 

of the mutations were found in 250 control chromosomes. Moreover, most mutations 

were associated with markedly deficient MK activities in cells of the patients. This latter 

is also the case for 4 of the 5 novel missense mutations reported in this study. For the 
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p.T322S mutation, no patient cells were available. Finally, several of the mutations 

have been expressed previously in Escherichia coli and were confirmed to have a 

deleterious effect on MK activity (6,10). 
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Figure 1. MK activity and immunoblot analysis of MK in fibroblasts from control and MKD 

patients expressed as pmol/mg*min, cultured at standard conditions (N), with lipoprotein-

depleted FCS (D), at 30 °C (30), and in the presence of glycerol (G). A. Control and HIDS cell 

lines. B. MA cell lines. * below the detection level (<0.5 pmol/mg*min). 

 

 

In addition to the 39 different disease-causing mutations, we identified nine different 

polymorphisms, four of which are located in the coding region. Only one of these, 

c.155G>A, results in an amino acid change, p.S52N. Eight of the nine single nucleotide 

changes are considered polymorphic because they are rather frequently observed also 

in the MVK gene of individuals that do not exhibit deficient MK activities. The c.684A>G 

(p.P228P) mutation, however, has only been found once in cis with the disease-causing 

p.L234P mutation and, based on the fact that it does not involve an amino acid change, 

is also considered to be polymorphic. 



                                                                                       Mutational spectrum in MK deficiency          

 

 45 

Of the 39 disease-causing mutations identified in our cohort, 24 have been reported 

previously by others and/or ourselves. In total, 63 different mutations have now been 

reported in patients diagnosed with MKD (Table 1, but see also INFEVERS 

DATABASE at http://fmf.igh.cnrs.fr/infevers/) (18,19). Many of the other reported 

mutations have been identified by sequencing of reverse-transcribed MVK mRNA (i.e., 

cDNA). However, this strategy may not always identify two disease-causing mutations 

(e.g. (5,9)) or may only detect an exon skipping event without identifying the actual 

causative splice site mutation (e.g., the 79_226 deletion and the 372_527 deletion in 

Table 1).  

The most common mutation in MKD is the p.V377I mutation, which is exclusively 

associated with the HIDS phenotype and in fact is found in compound heterozygous 

state in the vast majority of patients with the HIDS phenotype. Other common 

mutations, including p.H20P, p.I268T, p.V310M, p.A334T, and p.L264F, have been 

found both in patients with the HIDS phenotype and the MA phenotype, or only in 

patients with the MA phenotype. 

In our cohort we identified 39 patients with the HIDS phenotype, of whom 33 were 

compound heterozygotes for the p.V377I mutation and two homozygotes. The four 

patients with the HIDS phenotype who did not carry the p.V377I mutation include three 

compound heterozygotes for a p.A148T and a p.I268T mutation, a p.N205D and a 

p.Y114fs mutation, and a p.P167L and a p.I268T mutation, and one homozygote for a 

p.T209A mutation. The fact that the p.I268T mutation is also found in patients with the 

MA phenotype and that the p.Y114fs mutation leads to a truncated protein indicates 

that the p.A148T, p.N205D, p.P167L, and p.T209A mutations are responsible for the 

HIDS phenotype and residual MK activities in the patients, similar to a previous 

conclusion for the p.V377I mutation (6,20). Indeed, this was confirmed in studies with 

available skin fibroblasts from these and other MKD patients. In these studies we 

determined the effect of mutations on MK activity and protein levels under different 

culture conditions. These include standard conditions (i.e. standard medium with 10% 

FCS), conditions that lead to transcriptional induction of genes encoding enzymes 

involved in isoprenoid biosynthesis, including MVK (i.e., medium depleted for 

lipoproteins), and conditions that may promote a more controlled folding of precursor 

proteins into their mature conformation (i.e., growth at 30°C or growth in the presence 

of a “chemical chaperone” glycerol). The combined results of these studies indicate that 

the residual MK activities in cells from patients with the HIDS phenotype are all 

increased by the three specific culture conditions when compared to the standard 

condition. When we applied the Friedman test (i.e., nonparametric paired analysis of 

variance [ANOVA]) followed by the post-hoc Dunn’s test, we find significant increase in 

MK activity after culturing in lipoprotein-depleted medium (P<0.01) and medium with 

glycerol (P<0.01). Overall, the increase in activity correlates well with the increase in 

MK protein as determined by immunoblotting. This implies that, similar to that 

previously reported for the p.V377I and the p.A148T mutations (20), the p.N205D and 
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p.T209A mutations also exhibit temperature sensitivity with respect to MK activity (and 

protein levels) and that these mutations primarily affect folding (or stability) of the 

encoded mutant protein rather than the catalytic activity. 

Also, in some cells from patients with the MA phenotype a temperature and culture 

condition-dependent induction of MK protein levels can be observed. In several cases 

this also correlates with a small increase in MK activity (which nevertheless remains 

very low), although the correlation between protein levels and activity is not as clear as 

observed in cells from patients with the HIDS phenotype. Moreover, in a few cell lines 

we did not measure increased activities, although the MK protein levels increased 

under the specific culture conditions. These combined findings indicate that the 

mutations found in patients with the MA phenotype have a more deleterious effect on 

MK protein folding and/or a direct effect on catalytic activity of the enzyme. Indeed, this 

latter has been demonstrated for the p.A334T mutation, which is located in a region of 

the MK protein involved in the binding of its substrate mevalonate. As a consequence 

of the p.A334T change, the Michaelis constant (Km) for mevalonate has increased 30-

fold (21), which means that the enzyme is still catalytically active but requires far more 

mevalonate than normally used in the enzyme activity assay to be measured 

accurately.  

To conclude, MKD is an autosomal recessive auto-inflammatory disorder due to a 

defect in isoprenoid biosynthesis, for which we found a rather good genotype-

phenotype correlation. This is true for both the clinical phenotype and the biochemical 

phenotype, in particular the residual MK enzyme activity in cells from patients. Indeed, 

the measurement of MK activity in patient cells appears more informative than 

predicting the effect of a certain mutation on the basis of the crystal structure of MK 

(22), since, based on this structure, the common p.V377I mutation was postulated not 

to have any significant effect on the structure and activity of MK (23).  

The finding that in particular in cells from patients with the HIDS phenotype, the 

residual MK activities can be manipulated by environmental conditions, may offer 

therapeutic possibilities to alleviate the clinical symptoms or even prevent their onset. In 

this respect one could think of low-fat diets, in order to induce the transcription of the 

MVK gene (comparable to growing cells in lipoprotein-depleted medium), or the use of 

small compounds that may act as chemical chaperones and assist in a more controlled 

folding of proteins with mild folding defects (24,25). 
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Summary 

Mevalonic aciduria (MA) and hyper-IgD and periodic fever syndrome (HIDS) are 

both caused by depressed mevalonate kinase (MK) activity. MK is the first 

enzyme to follow the highly regulated 3-hydroxy-3-methylglutaryl (HMG)-CoA 

reductase (HMGR), which catalyzes the rate-limiting step in the isoprenoid/ 

cholesterol biosynthesis pathway. In fibroblasts of MA patients, but not of HIDS 

patients, HMGR activity is elevated under normal growth conditions. This activity 

is down-regulated when the cells are supplemented with the isoprenoid 

precursors geraniol, farnesol, or geranylgeraniol, or a mixture of 25-hydroxy-

cholesterol and cholesterol. This indicates that the regulation of the pathway in 

these cells is not disturbed. The elevated HMGR activity is probably due to a 

shortage of non-sterol isoprenoid end products, as indicated by normal HMGR 

mRNA levels in MA fibroblasts. Furthermore, the HMGR activity in MA cells was 

more sensitive to geranylgeraniol suppression and less sensitive to sterol 

suppression than the HMGR activity in low density lipoprotein receptor-deficient 

cells. HMGR activity in MA cells was down-regulated also by addition of its 

product mevalonate to the culture medium. Indicating that the elevation of 

mevalonate levels, which are high in MA patients and moderate in HIDS patients, 

allows the cells to compensate for the depressed MK activity. Indeed, the 

isoprenylation of Ras and RhoA protein appeared normal in HIDS and MA 

fibroblasts under normal conditions but showed increased sensitivity toward 

inhibition of HMGR by simvastatin. Our combined results indicate that MK-

deficient cells maintain the flux through the isoprenoid/cholesterol biosynthesis 

pathway by elevating intracellular mevalonate levels.  

Introduction 

Mevalonic aciduria (MA, MIM 251170) and hyper-IgD and periodic fever syndrome 

(HIDS, MIM 260920) are two autosomal recessive disorders both caused by a deficient 

activity of the enzyme mevalonate kinase (MK, ATP:mevalonate-5-phosphotransferase, 

EC 2.7.1.36) due to functional significant mutations in the encoding gene (MVK) (1-5). 

MA is a severe and often fatal multisystemic disease, characterized by psychomotor 
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retardation, failure to thrive, hepatosplenomegaly, anemia, and recurrent febrile 

episodes. HIDS is a more benign condition, in which patients suffer, as in MA, from 

recurrent fever episodes associated with lymphadenopathy, arthralgia, gastrointestinal 

problems, and skin rash.  

MK enzyme activity in MA is usually below detection levels when measured in 

cultured skin fibroblasts of MA patients (3). In HIDS, however, a residual MK activity 

ranging between 1 and 7% of the control value can be measured both in fibroblasts and 

leukocytes from patients (4,6). As a result of the MK deficiency, excretion of mevalonic 

acid in urine occurs, which correlates with disease activity in both syndromes. The 

basal level of excreted mevalonic acid is 100- to 1000-fold higher in MA when 

compared with HIDS and may reach concentrations of over 500 µM in plasma (3,7).  

MK is the first enzyme to follow the highly regulated 3-hydroxy-3-methylglutaryl-CoA 

(HMG-CoA) reductase (HMGR, EC 1.1.1.34) in the isoprenoid/cholesterol biosynthesis 

pathway and converts mevalonate into 5-phosphomevalonate. This pathway provides 

cells with isoprenoids that are vital for diverse cellular processes. The main end 

products include isoprenylated proteins, heme A, dolichol, ubiquinone-10, isopentenyl 

tRNAs, and sterols.  

Feedback regulation of isoprenoid biosynthesis by cholesterol is achieved 

predominantly through activation of transcription of genes that govern the synthesis of 

cholesterol (HMG-CoA synthase and HMGR) and its receptor-mediated uptake from 

plasma lipoproteins (LDL receptor) (8). This regulation is performed by a class of 

transcription factors called sterol regulatory element-binding proteins (SREBPs) (9). 

The SREBPs are conditional positive transcription factors that enhance transcription 

when sterols are absent but are not required for basal transcription when sterols are 

present (8).  SREBP cleavage-activating protein (SCAP) binds to the regulatory domain 

of SREBP and is both an escort protein and a sensor of sterols. At high sterol 

concentrations, SCAP strongly interacts with one of the two Insig proteins, causing the 

SREBP-SCAP complex to retain in the ER. At low sterol concentrations, this interaction 

is weakened allowing SCAP to transport SREBP from the ER and activate transcription 

(10-12). HMGR, which performs the rate-limiting enzyme step in isoprenoid 

biosynthesis, is also subject to several post-transcriptional regulation mechanisms. 

These include translational efficiency of the HMGR mRNA and turnover of the HMGR 

protein (8). The rate of translation of HMGR mRNA is dictated by the cell's demand for 

non-sterol isoprenoids, whereas the degradation rate of the HMGR protein is regulated 

by the cell's demand for both sterol and non-sterol isoprenoids (8). The sterols together 

with one of the Insig proteins bind to the membrane-spanning domain of HMGR, which 

is a so-called "cholesterol sensing domain", leading to ubiquitination and proteasomal 

degradation (13). Geranylgeraniol can enhance this sterol-accelerated degradation of 

HMG-CoA reductase via Insig (14). Farnesol (FOH) also has been implicated to be a 

non-sterol regulator of HMGR degradation (15-21), however, this is still a matter of 

debate (14,22). Combined, these different regulatory mechanisms can induce a 200-
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fold increase in HMGR protein in response to statins (8), potent competitive inhibitors of 

HMGR that are used widely to treat atherosclerosis and familial hypercholesterolemia. 

These drugs block the synthesis of mevalonate and, as a consequence, lower the 

endogenous synthesis of isoprenoids, including cholesterol.  

Although the MK enzyme activity in fibroblasts from MA patients is hardly detectable 

with the standard enzyme assays, the biosynthesis of cholesterol from radiolabeled 

precursors can be (near) normal in these cells (23-25). Thus, it appears that MA 

fibroblasts are able to compensate for their defect in MK and that the flux through the 

cholesterol biosynthesis pathway may be rather normal. This is due to increased 

activity of HMG-CoA reductase and the LDL receptor pathway in such cells (23,25). It 

has been reported that the increased activity of HMG-CoA reductase is insuppressible 

by exogenous LDL cholesterol and can be up-regulated further under cholesterol-free 

culture conditions (23). We have extended these studies by measuring the effect of 

non-sterol and sterol end products as well as different inhibitors on HMGR activity and 

determining the effect of HMGR inhibition on protein isoprenylation in fibroblasts from 

both MA and HIDS patients. Our data indicate that MK-deficient cells maintain the flux 

through the isoprenoid biosynthesis pathway by elevating the intracellular mevalonate 

levels.  

Materials and Methods 

Materials 

HMG-CoA, geraniol (GOH), FOH, geranylgeraniol (GGOH), cholesterol, and 25-

hydroxycholesterol were obtained from Sigma. Mevalonolactone, 3-methyl-3-buten-1-

ol, and 3-methyl-2-buten-1-ol were obtained from Fluka. Farnesyltransferase inhibitor 

(FTI-277) and geranylgeranyltransferase inhibitor (GGTI-298) were obtained from 

Calbiochem. Simvastatin was a gift from Merck Sharpe and Dohme, Zaragozic Acid A 

(ZAA) was a gift from Merck, and Pamidronate was a gift from Novartis. Radiolabeled 

[14C]HMG-CoA was obtained from Amersham Biosciences. When necessary, the 

obtained batch was purified further by ethyl acetate extraction. The antibody against 

Ras was obtained from Transduction Laboratories; the antibody against RhoA was 

obtained from Santa Cruz Biotechnology.  

Cell Culture 

Fibroblast cell lines obtained from confirmed MK-deficient patients (HIDS and MA) and 

a homozygous familial hypercholesterolemia (FHC) patient were cultured in nutrient 

mixture Ham's F-10 with L-glutamine and 25 mM HEPES (Invitrogen) supplemented 

with 10% fetal calf serum (FCS, Invitrogen) or 10% delipidated FCS (Roche Molecular 

Biochemicals) as indicated. For each experiment, cells were seeded in a T-75 culture 

flask (Costar) and grown until confluency. Two days prior to a particular treatment, the 

cells received fresh culture medium. To treat cells, culture medium with the indicated 
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compounds or, as a control, solvent was added to the cells and the incubation was 

continued for another 2 days. For enzyme and immunoblot analysis, cells were 

harvested after trypsinization and washed twice with PBS, and either used directly or 

snap-frozen in liquid nitrogen and stored at -80°C until use.  

Mevalonolactone, GOH, FOH, and GGOH were dissolved in ethanol as 250× stock 

solutions. A 250 mM solution of mevalonic acid was prepared by dissolving the 

mevalonolactone in a 0.1 N NaOH solution. Pamidronate was dissolved in water as a 

10 mM stock solution and both FTI and GGTI were dissolved in DMSO as a 20 mM 

stock solution. ZAA was prepared as a 50 mM stock solution by dissolving the drug in 

DMSO. A 10 mM simvastatin stock solution was prepared by dissolving the prodrug in 

pure ethanol, followed by hydrolysis of the lactone by adding 0.1 N NaOH. After 

neutralization with 50 mM HEPES, pH 7.4, and 0.1 N HCl, the solution was sterilized by 

filtration through a 0.2-µm filter and stored in aliquots at -20°C (end concentration 

ethanol 25% (v/v)).  

Quantitative PCR 

The relative expression levels of glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH), β-actin and HMGR mRNAs were determined using the Lightcycler system 

(Roche Molecular Biochemicals). For the experiment where the expression levels of 

HMGR mRNA were related to the expression levels of GAPDH mRNA, total RNA (free 

of genomic DNA) was isolated with the SV total RNA isolation system (Promega) after 

which first-strand cDNA was prepared as described by IJlst et al. (26). The relative 

mRNA expression levels of HMGR and GAPDH were determined using a plasmid 

containing the corresponding gene as standard. The GAPDH fragment was amplified 

using the following primer set: GAPDH Fw, 5'-ACC ACC ATG GAG AAG GCT GG-3', 

and GAPDH Rev, 5'-CTC AGT GTA GCC CAG GAT GC-3'. The HMGR fragment was 

amplified using primers: HRED Fw2, 5'-TCA AAG GGT ACA GAG AAA GCA C-3', and 

HRED Rev2, 5'-TAT GCT CCC AGC CAT GGC AG-3'. In every sample the expression 

of GAPDH and HMGR was determined in duplicate.  

For the experiment where the expression levels of HMGR mRNA were related to the 

expression levels of β-actin mRNA, total RNA was isolated from primary skin fibroblasts 

using TRIzol (Invitrogen, Carlsbad, CA) extraction, after which complementary DNA 

(cDNA) was prepared using a first-strand cDNA synthesis kit for RT-PCR (Roche). The 

β-actin fragment was amplified using primers: β-actin fw, 5’-GGC ACC AGG GCG TGA 

TGG-3’, and β-actin rev, 5’-GTC TCA AAC ATG ATC TGG GTC-3’. In every sample the 

expression of β-actin and HMGR was determined in duplicate. Data were analyzed 

using LightCycler software, version 3.5 (Roche) and the program LinRegPCR, version 

7.5 (27) for analysis of real-time PCR data. 

HMGR Enzyme Assay 

HMGR was measured essentially as described by Brown et al. (28) with some 

modifications. The fibroblast pellets were dissolved in HMGR assay buffer containing 
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100 mM KPi, 200 mM KCl, 5 mM EGTA, 5 mM EDTA, 10 mM DTT, and 10 µg/ml 

leupeptin (pH 7.1). The cells were disrupted by sonication (twice at 8-watt output, 40 J, 

at room temperature). One-hundred microliters of the resulting homogenate was 

preincubated for 10 min at 37 °C with 60 µl of cofactor-mix containing 66.7 mM glucose 

6-phosphate, 10 mM NADPH, 16.7 mM EDTA, and 25 units/ml glucose-6-phosphate 

dehydrogenase. The enzyme reactions were started with the addition of 1.7 nmol of 

[14C]HMG-CoA and 5.6 nmol of HMG-CoA in 40 µl of H2O. After a 30-min incubation 

period at 37 °C, reactions were terminated by adding 50 µl of 1.2 N HCl. After 30 min, 

the product was extracted three times with 2 ml of ethyl acetate. The extracts were 

evaporated to dryness and analyzed by silica thin layer chromatography using a solvent 

system toluene:acetone (1:1) dried with Na2SO4. The formed product was quantified by 

phosphorimaging (Fuji FLA-3000) with the aid of the Aida software package using 

samples with known amounts of [14C]mevalonate. In every sample, the activity of 

HMGR was determined in duplicate.  

 

Table 1. Relative mRNA expression levels of HMGR and HMGR enzyme activity in control, 

HIDS, and MA cultured skin fibroblasts  

 
 

Relative HMGR expression, 
500 x HMGR/GAPDH 

HMGR activity 
pmol/min*mg 

Activity/expression 

Control 1.3 ± 0.3   9 ± 1  7 

HIDS 2.6 ± 0.3 19 ± 4  7 

MA 1.2 ± 0.2 58 ± 9 50 

 

Membrane and Cytosol Separation 

Cell pellets were dissolved in hypotonic buffer containing 5 mM Tris-Cl, pH 7.0, 5 mM 

NaCl, 1 mM CaCl2, 1 mM MgCl2, 2 mM EGTA, 2 mM DTT, and Complete protease 

inhibitor mixture (Roche Molecular Biochemicals). The cells were lysed by sonication 

(twice at 8-watt output, 40 J, with cooling between the pulse periods). The membranes 

were separated from the cytosolic fraction by a 30-min ultracentrifugation step in an 

Airfuge (Beckman, 15 p.s.i., 100,000xg). The supernatant was designated as the 

cytosolic fraction. The membrane pellet was dissolved in radioimmune precipitation 

assay (RIPA++) buffer containing 20 mM Tris-Cl, pH 8.0, 150 mM NaCl, 10 mM 

NaH2PO4, 5 mM EDTA, 10% glycerol, 1% Nonidet P-40, 1% sodium deoxycholic acid, 

0.1% SDS, 1 mM DTT, and Complete protease inhibitor mixture and homogenized by 

sonication (once 7-watt output, 40 J). Both fractions were boiled in Laemmli sample 

buffer and stored at -20 °C.  

Immunoblot Analysis 

Equal amounts of protein (measured in the sonicated lysates prior to 

ultracentrifugation) were resolved on a 15% SDS-polyacrylamide gel and transferred 
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onto nitrocellulose by semi-dry immunoblotting. To verify equal transfer of protein, the 

blots were stained reversibly with Ponceau S. Membranes were blocked using blocking 

buffer containing 5% nonfat dry milk and 1% bovine serum albumin in PBS with 0.1% 

Tween. Membranes were probed with either the Ras antibody (1:1000) or the RhoA 

antibody (1:1000) in blocking buffer, which was diluted 10 times in PBS with 0.1% 

Tween. Detection of the antigen-antibody complexes was performed with horseradish 

peroxidase-conjugated secondary antibody (DAKO) and using the enhanced 

chemiluminescence kit (ECL, Amersham Biosciences).  
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Figure 1. Suppression of HMGR activity by sterols.  

HMGR specific activities in control (C) and two different MA (M1 and M2) fibroblast cell lines 

were determined after 48 h of culturing in the presence or absence of various mixtures of 25-

hydroxycholesterol (25-OH chol) and cholesterol (chol). The error bars indicate 1 S.D.  

Results 

Elevated HMGR Activity Is Suppressed by Isoprenoid Precursors and Sterols 

In accordance with previous observations by Gibson et al. (23), we observed an 

elevation of HMGR activity in cultured skin fibroblasts of MA patients. In HIDS 

fibroblasts, however, HMGR activity was within the normal range (Table I). Gibson et al. 

(23) also reported that the elevated HMGR enzyme activity in MA fibroblasts could not 
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be suppressed by exogenous LDL cholesterol and was up-regulated further when the 

cells were cultured with LDL-cholesterol (lipid) depleted FCS (23). We also observed 

this up-regulation in MA cells when cultured under lipid-depleted conditions 

(unpublished data). In addition and similar to data previously shown in normal cells 

(8,29) and our control cells, we observed efficient down-regulation of HMGR activity 

when MA fibroblasts were grown in the presence of various mixtures of 25-

hydroxycholesterol and cholesterol (Fig. 1). This down-regulation was dose-dependent 

and occurred in fibroblasts of MA patients with different genotypes. These include cells 

from mildly affected MA patients with mutations resulting in a stable MK with an 

elevated Km for mevalonate (A334T; M1) and from severe MA patients with mutations 

mainly affecting the stability of the MK protein (I268T; M2) (30-32).  

Next, we tested whether the elevated HMGR activity in MA fibroblasts could be 

suppressed by non-sterol isoprenoids. To this end, MA, HIDS, and control fibroblasts 

were cultured for 2 days with 60 µM GOH, FOH, or GGOH (Fig. 2A). The treatment with 

GGOH caused a decrease in HMGR enzyme activity in all cell lines, whereas the 

treatment with FOH caused only a decrease in the MA cell line. GOH was ineffective in 

all three tested cell lines at this concentration. To determine the effective concentration  
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Figure 2. Suppression of HMGR activity by isoprenoid precursors.  

A, HMGR specific activities in control (C), HIDS (H), and MA (M1) fibroblast cell lines were 

determined after 48 h of culturing in the presence or absence of 60 µM GOH, FOH, and GGOH. 

B, HMGR specific activities in control (C) and two different MA (M1 and M2) fibroblasts cell lines 

were determined after 48 h of culturing in the presence or absence of GOH, FOH, GGOH, and 

IPOH at different concentrations. The error bars indicate ±1 S.D.  

 

 

range of GOH, FOH, and GGOH, we cultured MA fibroblasts in the presence of 

different concentrations of these compounds (Fig. 2B). This showed a dose-dependent 

decrease of the HMGR enzyme activity for all three compounds. 

GGOH was the most effective in suppressing HMGR enzyme activity and 

consequently showed significant cytotoxicity at 75 µM leading to death of the cells 
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within 2 days. FOH was more effective than GOH. The suppression of HMGR enzyme 

activity by these non-sterol isoprenoids was fast with an almost maximal effect reached 

already after 2 h (unpublished data). Similar as the effect of sterols, the effect was 

observed in cells with different genotypes (A334T; M1, I268T; M2). The suppressive 

effect of these compounds appeared specific, because the alcohol of the closely related 

isoprenoid isopentenyl pyrophosphate (IPOH, 3-methyl-3-buten-1-ol) did not have any 

effect on HMGR activity even up to a concentration of 1 mM (Fig. 2B). These findings 

indicate that the regulatory mechanisms of the isoprenoid/cholesterol biosynthesis 

pathway are not disturbed in MA patients.  

To determine whether the elevated HMGR activity was due to an increase in HMGR 

gene transcription, we analyzed HMGR mRNA by quantitative PCR and determined the 

activity of HMGR in the same sample. This showed that the elevated activity in the MA 

fibroblasts was not due to a higher transcription rate of the HMGR gene, because 

HMGR mRNA levels were similar in all cell lines, whereas HMGR activity was elevated 

only in the MA cell line (Table 1). When, as a control, the same cell lines were cultured 

under lipid-depleted conditions, however, we observed the expected increase in HMGR 

mRNA levels indicating that HMGR gene transcription per se is not disturbed in these 

cells (unpublished data). 

Differential Suppression of HMGR Activity in MA and FHC Cells by GGOH and Sterols 

The finding of similar HMGR mRNA levels in the MA cells suggest that the elevated 

HMGR activity in the cells is not due to the sterol-dependent activation of the SREBP 

pathway but to one of the post-transcriptional non-sterol-dependent regulatory 

mechanisms. To obtain additional support for this we studied the suppressive effect of 

various mixtures of 25-hydroxycholesterol and cholesterol and of GGOH on the HMGR 

activity in MA fibroblasts and in fibroblasts of a homozygous familial hypercholes-

terolemia (FHC) patient. The latter cell line also exhibits elevated HMGR activity, which 

is not due to MK deficiency but to a complete deficiency of the LDL receptor, 

responsible for LDL-cholesterol import. We observed that the suppression of HMGR 

activity in the MA cell line was more sensitive to supplementation with GGOH (which 

can only be used as precursor for non-sterol isoprenoids) than in the FHC cell line (Fig. 

3A). The reverse was true for supplementation with the sterol mixtures, which showed 

that the suppression of HMGR activity in the FHC cell line was more sensitive than in 

the MA cell line (Fig. 3B).  

Elevated HMGR activity in MA cells is caused by shortage of non-sterol isoprenoids 

We next studied the effect of different enzyme inhibitors of the isoprenoid biosynthesis 

pathway on the HMGR activity in MA and control fibroblasts. Inhibition of the synthesis 

of both sterol and non-sterol isoprenoids by pamidronate, an inhibitor of farnesyl 

pyrophosphate synthase, resulted in an increase in HMGR enzyme activity in the  
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Figure 3. Differential suppression of HMGR activity in MA and FHC cells by GGOH and sterols.  

A, suppression of the elevated HMGR activity in MA fibroblasts and in fibroblasts of a 

homozygous familial hypercholesterolemia (FHC) patient by various concentrations of the non-

sterol isoprenoid precursor GGOH. B, suppression of the elevated HMGR activity in MA 

fibroblasts and in fibroblasts of a homozygous familial hypercholesterolemia (FHC) patient by 

various mixtures of 25-hydroxycholesterol (25-OH) and cholesterol (Chol). The error bars 

indicate ±1 S.D.  
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control cells as well as a further increase in the MA cells (fig 4A). This increase appears 

to be due to a shortage of non-sterol isoprenoids, because the incubation with ZAA 

(inhibitor of squalene synthase), which inhibits solely the synthesis of sterol isoprenoids 

and simultaneously promotes the synthesis of non-sterol isoprenoids, did not have an 

effect on the HMGR enzyme activity in control cells. Moreover, ZAA incubation resulted 

in a decrease of the HMGR activity in MA cells. To confirm that elevated levels of non-

sterol isoprenoids reduce the increased HMGR enzyme activity in MA cells, these cells 

were incubated with FTI and GGTI. Because FTI and GGTI are inhibitors of 

farnesylation and geranylgeranylation of proteins respectively, this incubation will lead 

to higher levels of FPP and/or GGPP in the cell. Indeed, both inhibitors reduced the 

HMGR activity in MA cells as efficiently as ZAA. The highest reduction was observed 

with a combination of the inhibitors (Fig. 4a). FTI had no effect in the control cells, but 

GGTI caused a small increase in HMGR activity in the control cells. 

To determine whether the effects of the different inhibitors on HMGR activity were 

due to an altered HMGR gene transcription, we analyzed HMGR mRNA levels in the 

same samples. The marked increase in HMGR enzyme activity due to incubation with 

pamidronate in both control and MA cells was not due to an increased transcription rate 

of the HMGR gene, as the HMGR mRNA levels were similar to those of the untreated 

samples (Fig. 4B). This suggests that the effect of pamidronate is regulated by a post-

transcriptional mechanism, which would be consistent with regulation by non-sterol 

isoprenoids. ZAA incubation resulted in somewhat increased HMGR gene transcription, 

which could be caused by a small activation of SREBPs due to decreased sterol  
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Figure. 4. Elevated HMGR activity in MA cells is caused by shortage of non-sterol isoprenoids.  

Enzyme activity (A) and relative mRNA expression levels of HMGR (B) in two control (C1 and 

C2) and two MA (M3 and M4) fibroblast cell lines after 48 h of culturing in the presence 100 µM 

pamidronate, 50 µM ZAA, 20 µM FTI, 20 µM GGTI, or a combination of 10 µM FTI and 10 µM 

GGTI. The error bars indicate ±1 S.D. 

 

 

biosynthesis. Remarkably, although the HMGR enzyme activity was reduced in MA 

cells, incubation with GGTI and to a lesser extent the combination of FTI and GGTI led 

to a marked increase in the transcription rate of the HMGR gene in all cell lines.  

Exogenous Mevalonate Suppresses HMGR Activity in MA Fibroblasts 

The fact that fibroblasts from MA patients are still capable of synthesizing cholesterol 

and several other isoprenoids from radiolabeled precursors, like acetate, octanoate, 

and mevalonate (23-25) unpublished data), implies that MK activity is not entirely 

deficient in these cells, although it is below detection level in our MK enzyme assay. To 

test whether exogenous mevalonate is capable of normalizing HMGR enzyme activity 

in MA fibroblasts, these cells were cultured for 48 h in the presence of different 

concentrations of mevalonolactone or sodium mevalonate (Fig. 5). This treatment 

caused a dose-dependent decrease in HMGR enzyme activity. This down-regulation 

occurred not only in fibroblasts of an MA patient with a mutation affecting the Km of MK 

for mevalonate (A334T; M1) but also in an MA fibroblast cell line in which the stability of 

the MK protein is decreased (I268T; M2). Sodium mevalonate was more effective than 

mevalonolactone in suppressing HMGR enzyme activity. In controls, treatment with 

mevalonolactone reduced the HMGR activity to undetectable levels.  
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Figure  5. Suppression of HMGR activity by exogenous mevalonate.  

HMGR specific activity in control (C) and two different MA (M1 and M2) fibroblast cell lines after 

48 h of culturing in the presence or absence of mevalonate or mevalonolactone at different 

concentrations. The error bars indicate ±1 S.D.  

 

HIDS and MA Skin Fibroblasts Have Increased Sensitivity for Simvastatin 

From our results we hypothesized that MA and HIDS fibroblasts compensate for their 

depressed MK activity by raising intracellular mevalonate levels. To test this hypothesis 

we determined the sensitivity of a control, an HIDS, and an MA fibroblast cell line to 

inhibition of HMGR activity by simvastatin. This was done by culturing these cell lines in 

the presence of different concentrations simvastatin for 48 h. After incubation, the cells 

were fractionated into a membrane and a cytosolic fraction, which were subjected to 

immunoblotting with antibodies against two isoprenylated proteins (Fig. 6). Most 

isoprenylated proteins function in the membrane and need farnesyl or geranylgeranyl 

moieties to become associated with the membrane. As a consequence of normal 

protein turnover, inhibition of HMGR by simvastatin will lead to an increase in non-

isoprenylated (and non-functional) proteins in the cytosolic fraction and a decrease in 

isoprenylated proteins in the membrane fraction (33,34). We used antibodies to Ras, 

which is a farnesylated protein, and RhoA, which is a geranylgeranylated protein. All 

fibroblast cell lines cultured in the absence of simvastatin had similar levels of Ras and 
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RhoA protein in the membrane fraction, indicating that MA and HIDS fibroblasts are 

capable of synthesizing isoprenylated proteins as efficiently as control fibroblasts (Fig. 

6). Similar results were obtained in cultured lymphoblasts of MA and HIDS patients 

(unpublished data). It appears that in confluently grown fibroblasts the majority of the 

RhoA protein is localized in the cytosol fraction, whereas the majority of Ras is 

localized in the membrane fraction.  

Depletion of cellular mevalonate levels induced by simvastatin treatment of the cells 

showed a marked difference. First, in all cell lines, total RhoA protein levels are 

increased in response to simvastatin treatment, a previously reported compensatory 

response to the lowered levels of functional RhoA in the membrane (33-36). In addition, 

the MA cell line had more RhoA in the cytosolic fraction than the control cell line. 

Moreover, in MA and HIDS fibroblasts, the increase of Ras (Fig. 6A) and RhoA (Fig. 

6B) in the cytosolic fraction occurs at lower concentrations of simvastatin than in 

controls. The concomitant decrease of RhoA in the membrane fraction is much stronger 

than for Ras, suggesting a higher turnover rate for RhoA. In fibroblasts from an MA 

patient an effect was already visible at a simvastatin concentration as low as 8 nM. Also 

fibroblasts from an HIDS patient were more sensitive to simvastatin than a control cell 

line. Although both the control and the HIDS cell line start to accumulate RhoA in the 

cytosol at 40 nM simvastatin, this process is faster in the HIDS cell line. In addition, 

quantification of the immunoblots revealed that this process was already maximal at 

200 nM in the HIDS cell line, whereas in the control cell line it was only half-maximal at 

this concentration. Thus, the extent of the MK deficiency reflects the sensitivity to 

simvastatin, with the cells displaying the lowest MK activity (and highest HMGR activity) 

being the most sensitive.  

To study the effect of an increased pathway flux on the sensitivity to simvastatin, 

MA, HIDS, and control fibroblasts were cultured in lipid-free FCS. The sensitivity to 

inhibition of HMGR by simvastatin decreased in all cell lines, which most probably 

reflects the up-regulation of HMGR enzyme activity (Fig. 6B). In MA and HIDS 

fibroblasts, however, RhoA appears in the cytosolic fraction at lower concentrations of 

simvastatin than controls. Without addition of simvastatin, lipid-free FCS did not induce 

an apparent difference in isoprenylation between MA, HIDS and control fibroblast cell 

lines.  

FOH and GGOH Can Rescue Deficient Isoprenylation in MA 

FOH and GGOH can be utilized by cells for isoprenoid biosynthesis when added to the 

culture medium (37-39). We tested whether fibroblasts from an MA patient were also 

able to use FOH and GGOH for the rescue of protein isoprenylation when HMGR was 

inhibited by simvastatin. FOH rescued farnesylation of Ras (Fig. 7A) as judged from the 

decreased level of this protein in the cytosol, whereas GGOH rescued 

geranylgeranylation of RhoA (Fig. 7B) as judged from the increased level of this protein 

in the membrane fraction. A combination of both compounds rescued isoprenylation of 

both proteins. Also the addition of 1 mM mevalonate to the medium rescued 
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Figure 6. Effect of simvastatin on protein isoprenylation in HIDS and MA skin fibroblasts.  

A, immunoblot analysis of Ras in cytosol and membrane fractions of fibroblast lysates (15 µg of 

protein/lane). The control, HIDS, and MA cell lines were cultured in the presence of different 

concentrations of simvastatin. The concentrations are indicated in the figure. B, immunoblot 

analysis of RhoA in cytosol and membrane fractions of fibroblast lysates (12.5 µg of protein/lane 

and 25 µg of protein/lane, respectively). The control, HIDS, and MA cell lines were cultured in 

the presence of different concentrations of simvastatin in medium containing FCS and medium 

containing lipid-free FCS. The concentrations are indicated in the figure. Shown are the results 

from one representative experiment from three independently performed experiments.  
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isoprenylation of RhoA, again indicating that MA fibroblasts can use mevalonate when 

concentrations are sufficiently high (Fig. 7b). In accordance with a rescue of protein 

isoprenylation, we observed that in response to simvastatin treatment the total RhoA 

protein levels decreased after treatment with FOH, GGOH, and mevalonate (Fig. 7B).  

To verify if the rescue of protein isoprenylation by FOH and GGOH was specific, we 

tested whether the alcohols of the isoprenoids isopentenyl pyrophosphate and 

dimethylallyl pyrophosphate (3-methyl-2-buten-1-ol) could also rescue the deficient 

isoprenylation in the MA cells when HMGR was inhibited by simvastatin. No rescue was 

observed with any of the tested concentrations or with combinations of these 

compounds (unpublished data). 

Discussion 

MA and HIDS are both caused by a deficiency of MK enzyme activity but to variable 

degrees. Despite this deficiency, cholesterol biosynthesis in fibroblasts derived from 

MA patients can be near normal depending on the culture condition ((23-25), 

unpublished data). Thus, it appears that MA fibroblasts are able to compensate for their 

defect in MK. Previously, it has been postulated that this is due to an increased activity 

of HMGR and the LDL receptor pathway (23-25). HMGR that catalyzes the conversion 

of HMG-CoA into mevalonate, which is the enzyme step preceding the one catalyzed 

by MK, is believed to perform the main rate-limiting step in isoprenoid biosynthesis and 

is among the most highly regulated enzymes in nature (8). The increased activity of 

HMGR in MA fibroblasts had been reported as insuppressible by exogenous LDL 

cholesterol and was up-regulated further under cholesterol-free culture conditions (23). 

This suggests that the LDL receptor pathway is saturated and that the high basal 

HMGR activity in MA is not due to a shortage of sterol end products. Apparently, the 

lipoproteins normally present in the FCS provide the cells with sufficient cholesterol, 

thus preventing SREBP activation. In accordance with this, we found that HMGR 

mRNA levels in MA fibroblasts are similar to the levels in control cells, indicating that 

under standard growth conditions the sterol-dependent SREBP pathway, involved in 

transcriptional regulation, is not activated. We also found that the increased HMGR 

activity was down-regulated when the medium of MA cells was supplied with FOH, 

GGOH, sterols, or extra mevalonate. Moreover, we noted that the HMGR activity in an 

MA cell line was more sensitive to GGOH suppression than the HMGR activity in an 

FHC cell line, whereas the HMGR activity in the FHC cell line was more sensitive to 

sterol suppression than the HMGR activity in the MA cell line. Furthermore, we showed 

that promoting the synthesis of non-sterol isoprenoids by inhibiting enzymes of the 

isoprenoid biosynthesis pathway with ZAA, FTI and GGTI reduced the elevated levels 

of HMGR enzyme activity in MA cells. Together, these findings indicate that the 

regulation mechanisms of the isoprenoid/cholesterol biosynthesis pathway are still 

functional in MA fibroblasts and that under normal growth conditions one of the non-
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sterol-dependent regulatory mechanisms causes the increase in HMGR activity. These 

mechanisms are post-transcriptional and involve higher mRNA translation efficiency 

and protein degradation. The role for farnesol and/or FPP as a non-sterol regulator of 

HMGR protein degradation is still a matter of debate, because several reports show 

that farnesol can induce degradation of HMGR, while others show the opposite (14-22). 

GGOH has been implicated to be a non-sterol regulator of HMGR activity, as Sever et 

al. (14) showed that GGOH can enhance the sterol accelerated degradation of HMGR 

via Insig. In our experiments, GGOH was more effective than FOH in down-regulating 

HMGR enzyme activity. Correll et al. (17) reported that FOH was more effective than 

GGOH in promoting HMGR protein degradation, so the effect by GGOH may be related 

to mRNA translation efficiency.  
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Figure 7. Rescue of deficient protein isoprenylation in HIDS and MA skin fibroblasts by FOH 

and GGOH. A, immunoblot analysis of Ras in cytosol and membrane fractions of fibroblast 

lysates of an MA patient (10 µg of protein/lane and 20 µg of protein/lane, respectively) showing 

the effect of 20 µM FOH and 20 µM GGOH alone or in combination on the treatment with 

simvastatin. B, immunoblot analysis of RhoA in cytosol and membrane fractions of fibroblast 

lysates of an MA patient (10 µg of protein/lane and 20 µg of protein/lane, respectively) showing 

the effect of 20 µM FOH and 20 µM GGOH alone or in combination on the treatment with 40 nM 

simvastatin (lanes 2-5) and the effect of 1 mM mevalonate on the treatment with 100 nM 

simvastatin (lanes 6 and 7). Shown are the results from one representative experiment from 

three independently performed experiments.  
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Non-sterol isoprenoid regulation usually occurs at the posttranscriptional level. 

However, in our experiments, incubation with GGTI reduced the HMGR activity in MA 

cells, but led to a marked increase in the level of HMGR mRNA in both control and MA 

cells. A study by Ong et al. (40) also showed an induction in the mRNA of HMGR due 

to non-sterol isoprenoids in hepatocytes from rats that were treated with FOH for eight 

weeks. The increase could be due to a compensatory up-regulation of HMGR gene 

expression following degradation of the enzyme by non-sterol isoprenoids. Another 

explanation could be that shortage of a certain geranylgeranylated protein leads to an 

increase in transcription of the HMGR gene via a mechanism that is independent of 

SREBPs. 

The difference in efficacy of mevalonate and mevalonolactone is probably a 

reflection of the activity of specific hydrolases (esterases) to activate the 

mevalonolactone in fibroblasts and the different diffusion coefficients of both molecules 

for crossing the cellular membrane.  

As reported for cholesterol biosynthesis from radiolabeled precursors (23-25) 

unpublished data), we now report that under normal conditions also protein 

isoprenylation in HIDS and MA fibroblasts is normal. In cells from both disorders, the 

farnesylated protein Ras and the geranylgeranylated protein RhoA were present in the 

membrane fraction as shown by cellular subfractionation followed by immunoblotting. 

From these observations it can be concluded that MA and HIDS cells are able to 

compensate for reduced MK activity by elevating their intracellular mevalonate levels. 

This was illustrated also by the fact that addition of extra mevalonate to the medium 

down-regulated the HMGR activity in MA fibroblasts. This implies that the elevated 

HMGR activity observed in MA fibroblasts mainly serves to compensate for the leakage 

of mevalonate (or mevalonolactone) out of the cell. This is inevitable because a higher 

mevalonate concentration in the cell will lead to an increased leakage. Indeed, MA 

fibroblasts are more sensitive to simvastatin than HIDS fibroblasts, whereas HIDS 

fibroblasts are more sensitive to HMGR inhibition than control fibroblasts as 

demonstrated by the variable accumulation of non-isoprenylated proteins in the cytosol 

after treatment of cells with different concentrations of statins. Furthermore, this is 

reflected by the 100- to 1000-fold higher mevalonic acid excretion in MA patients when 

compared with HIDS patients (3,7).  

The elevation of intracellular mevalonate concentrations is expected to promote a 

normal flux through the isoprenoid/cholesterol biosynthesis pathway in the MK-deficient 

cells when the following three criteria are met: 1) MK is not saturated with substrate. 

(When MK is saturated, any elevation in mevalonate levels would have no effect.); 2) 

HMGR is able to generate mevalonate levels that are high enough for MK to function at 

a normal rate. (HMGR has to compensate for the leakage of mevalonate out of the 

cell.); 3) HMGR is not subjected to non-competitive product inhibition. (This is not the 

case because HMGR is insensitive to any form of product inhibition ((41), unpublished 

data).) When MA and HIDS fibroblasts are able to compensate largely for their MK 
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deficiency by elevation of intracellular mevalonate levels, one could imagine a 

pathogenetic mechanism in which toxic levels of mevalonate are the cause of the 

observed symptoms in HIDS and MA. Hoffmann et al. (3), however, reported that a trial 

with lovastatin in two MA patients, used in an attempt to lower their presumed toxic 

mevalonate levels, resulted in severe clinical crises. This indicates that an excess of 

mevalonate itself may not be the major pathogenic factor in MA but instead a shortage 

of one of the isoprenoid end products. In fact, the outcome of this trial illustrates the 

importance of maintaining elevated mevalonate levels. However, at this moment, it 

cannot be excluded that few of the symptoms, exclusively observed in the far more 

severe MA, are induced by toxic mevalonate levels.  

In conclusion, our results suggest that supplementation of isoprenoid precursors, 

such as mevalonate, FOH, and GGOH, may be beneficial in the abortion and 

prevention of fever episodes in HIDS and MA. Because it is known that, in vitro, FOH 

and GGOH have substantial cytotoxicity and are able to down-regulate HMGR enzyme 

activity, studies to the in vivo effects of isoprenoid precursor supplementation will be 

needed.  
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Summary 

Objective. In cells from patients with the autoinflammatory disorder mevalonate 

kinase (MK) deficiency, which includes the hyperimmunoglobulin D with periodic 

fever syndrome, MK becomes the rate-limiting enzyme in the isoprenoid 

biosynthesis pathway. This suggests that up-regulation of residual MK activity in 

these patients could be a way in which to prevent or alleviate the associated 

symptoms. We studied the effect of 2 specific inhibitors of isoprenoid 

biosynthetic enzymes on the residual activity of MK in cells from patients with 

MK deficiency. Methods. Skin fibroblasts from MK-deficient patients and from 

controls were cultured for 7 days with either simvastatin, an inhibitor of 3-

hydroxy-3-methylglutaryl coenzyme A reductase, or zaragozic acid A, an inhibitor 

of squalene synthase. Following culture, MK activity, MK protein levels, MVK 

messenger RNA levels, and the effect on the pathway flux toward non-sterol 

isoprenoid biosynthesis were determined. Results. Treatment of the fibroblasts 

with either of the inhibitors led to a marked increase in residual MK enzyme 

activity, which was largely attributable to increased MVK gene transcription. This 

effect was even more pronounced when the cells were cultured in lipoprotein-

depleted medium. The flux toward non-sterol isoprenoid end-product synthesis 

was reduced when cells were treated with simvastatin but was partly restored by 

concomitant treatment with zaragozic acid A. Conclusion. Our results indicate 

that manipulations of the isoprenoid biosynthesis pathway that promote the 

synthesis of non-sterol isoprenoids may provide an interesting therapeutic 

option for the treatment of MK deficiency. 

 
Mevalonate kinase (MK) deficiency is an autosomal-recessive inborn error of 

metabolism. Patients with MK deficiency present with characteristic autoinflammatory 

symptoms, including recurring episodes of high fever associated with headache, 

arthritis, nausea, abdominal pain, diarrhea, and skin rash (1,2). Originally, 2 distinct 

clinical entities associated with this defect were defined: classic mevalonic aciduria (3) 

and hyperimmunoglobulin D with periodic fever syndrome (HIDS) (1). However, it is 

now clear that those 2 entities represent the severe and mild ends, respectively, of the 
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clinical and biochemical spectrum of MK deficiency. Indeed, patients with the HIDS 

presentation typically have recurrent episodes of fever with associated symptoms (1), 

whereas patients with the mevalonic aciduria presentation show, in addition to these 

episodes, developmental delay, dysmorphic features, ataxia, cerebellar atrophy, and 

psychomotor retardation; patients with mevalonic aciduria may die during early 

childhood (2).  

This difference in clinical presentation can be explained by the fact that at the 

biochemical level, cells from patients with the HIDS presentation still show residual MK 

enzyme activity that is 1–8% of the activity in cells from healthy controls (4-7). In 

contrast, enzyme activity in cells from patients with the mevalonic aciduria presentation 

is below the level of detection (2). This difference in residual enzyme activity is also 

reflected by high levels of mevalonic acid in plasma and urine from patients with the 

mevalonic aciduria presentation (2) and low to moderate levels of mevalonic acid in 

plasma and urine from patients with the HIDS presentation (5).  
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Figure 1. The isoprenoid biosynthesis pathway.  

HMG-CoA = 3-hydroxy-3-methylglutaryl coenzyme A; SREBPs = sterol regulatory element 

binding proteins; ZAA = zaragozic acid A. 
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MK catalyzes the phosphorylation of mevalonate to produce 5-phosphomevalonate 

and is the next enzyme in the isoprenoid biosynthesis pathway after 3-hydroxy-3-

methylglutaryl coenzyme A (HMG-CoA) reductase (Fig.1), which, under normal 

conditions, is the rate-limiting enzyme in this pathway (8). The isoprenoid biosynthesis 

pathway provides cells with a variety of essential bioactive molecules, including sterols 

and non-sterol compounds that have pivotal functions in multiple cellular processes, 

ranging from cell growth and differentiation to protein glycosylation and numerous 

signal transduction pathways.  

To prevent a shortage of end products or overaccumulation of intermediates, the 

flux through the isoprenoid biosynthesis pathway is tightly regulated by the levels of its 

end products (8). HMG-CoA reductase plays a central role in this regulation and is 

subject to different regulatory mechanisms. For example, the efficiency of HMG-CoA 

reductase messenger RNA (mRNA) translation is dictated by the requirement of the cell 

for non-sterol isoprenoids, whereas the degradation rate of HMG-CoA reductase 

protein is dependent on the requirement for both sterol and non-sterol isoprenoids (8). 

At the transcription level, the HMG-CoA reductase gene and all other genes encoding 

enzymes of the isoprenoid biosynthesis pathway are subject to transcriptional feedback 

regulation coordinated by the so-called sterol regulatory element binding proteins 

(SREBPs), in particular SREBP type 2 (9-11). SREBPs are conditional positive 

transcription factors that enhance gene transcription in the absence of sterols but are 

not required for basal transcription when sterols are present (9,10).  

Previously, we postulated that the episodes of fever in MK-deficient patients are 

attributable to a temporary shortage of 1 or more of the non-sterol isoprenoids that are 

required for down-regulation of the inflammatory response precipitated by fairly 

harmless events such as physical stress or vaccination (12-14). This lack of down-

regulation can be explained by the fact that in patients with MK deficiency, MK has 

become the rate-limiting enzyme in the isoprenoid biosynthesis pathway instead of 

HMG-CoA reductase. Under normal conditions, the flux through this pathway in MK-

deficient patients will be sufficiently high for most cellular processes requiring 

isoprenoids (13,14). However, any small increase in body temperature will result in a 

rapid decrease in residual MK activity, due to the deleterious, temperature-sensitive 

effect on MK protein maturation and stability of most mutations found in these patients, 

which will lead to a rather instant disturbance of the flux through the pathway and, as a 

consequence, a shortage of end products (14).  

Based on this postulate, we investigated the effect of 2 specific inhibitors of 

isoprenoid biosynthetic enzymes on the residual activity of MK in cells from MK-

deficient patients. For these studies, we used cultured primary skin fibroblasts from 

such patients, in which the isoprenoid biosynthesis pathway can be readily manipulated 

by varying the culturing conditions, as reported previously (13,14). Our results show 

that both simvastatin, an inhibitor of HMG-CoA reductase, and zaragozic acid A (ZAA), 

an inhibitor of squalene synthase, give rise to increased MK activities, which is 
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attributable to enhanced transcription of the gene MVK. This increase in MK activity 

renders the flux through the pathway less dependent on the conversion of mevalonate 

to phosphomevalonate. Our in vitro results suggest that treatment of patients with 

inhibitors of isoprenoid biosynthesis may provide a therapeutic option that could lead to 

less frequent and/or shorter episodes of fever.  

PATIENTS AND METHODS 

Cell culture  

Primary fibroblast cell lines obtained from 2 MK-deficient patients with the HIDS 

presentation, i.e., HIDS1 (MVK alleles H2OP/V377I) and HIDS2 (MVK alleles I268T/ 

V377I), 1 patient with the mevalonic aciduria presentation, i.e., MA (MVK alleles 

I268T/I268T), and a healthy control subject were cultured in a nutrient mixture of Ham’s 

F-10 medium with L-glutamine and 25 mM HEPES (Invitrogen, Breda, The 

Netherlands) supplemented with 10% fetal calf serum (FCS) (Invitrogen) or 10% 

lipoprotein-depleted FCS (Biowest, Nuaille´, France), as indicated. Cells were grown in 

T-162 culture flasks (Costar, Corning, NY) until confluency, after which the cells 

received fresh culture medium supplemented with either simvastatin (a gift from Merck, 

Sharpe, and Dohme BV, Haarlem, The Netherlands) or ZAA (a gift from Merck, 

Rahway, NJ) at the indicated concentrations or with only the solvents used to solubilize 

these drugs, followed by further incubation for 7 days. Incubation with only the solvents 

did not result in a noticeable effect on MK activity when compared with cells cultured in 

the absence of solvents (data not shown). Cells were then harvested by trypsinization, 

washed once with phosphate buffered saline and twice with 0.9% NaCl, divided into 2 

pellets, snap-frozen in liquid nitrogen, and stored at -80°C until analyzed further. 

Simvastatin was prepared as a 10-mM stock solution as described previously (13). 

ZAA was prepared as a 50-mM stock solution by dissolving the drug in DMSO (Merck, 

Darmstadt, Germany). 

MK activity  

MK activity was measured as described previously (15), using 14C-labeled mevalonate 

(PerkinElmer Life Sciences, Boston, MA) as a substrate.  

Immunoblot analysis  

Equal amounts of protein were separated by sodium dodecyl (lauryl) sulfate–

polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto nitrocellulose by 

semidry blotting. Affinity-purified antibodies directed against human MK (16) were used 

at a 1:500 dilution. Antigen-antibody complexes were visualized with swine anti-rabbit 

horseradish peroxidase conjugate (Dako, Glostrup, Denmark), using the enhanced 

chemiluminescence system (Amersham Biosciences, Little Chalfont, UK). To verify 

equal transfer of proteins, each blot was reversibly stained with ponceau S prior to 
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incubation with antibodies. Densitometric analysis of immunoblots was performed using 

Advanced Image Data Analyzer (AIDA) software (Raytest, Strauenhardt, Germany).  

Quantitative real-time reverse transcription–polymerase chain reaction (RT-PCR) 

analysis 

The expression levels of MVK mRNA were related to the expression levels of GAPDH 

mRNA, using the LightCycler System (Roche, Mannheim, Germany). To this end, total 

RNA was isolated from primary skin fibroblasts using TRIzol (Invitrogen, Carlsbad, CA) 

extraction, after which complementary DNA (cDNA) was prepared using a first-strand 

cDNA synthesis kit for RT-PCR (Roche). The MVK fragment was amplified using the 

following primer set: 5’-CTCCGATACCATCAAGGG-3’ (forward) and 5’-GCTCACACT 

CCAGGGAGA-3’ (reverse). The GAPDH fragment was amplified using the following 

primer set: 5’-ACCACCATGGAGAAGGCTGC-3’ (forward) and 5’-CTCAGTGCCCAGG 

ATGC-3’ (reverse). Three independent experiments were performed, and in every 

sample the expression of MVK and GAPDH was determined in duplicate. Data were 

analyzed using LightCycler software, version 3.5 (Roche) and the program LinRegPCR, 

version 7.5 (17) for analysis of real-time PCR data.  

Membrane and cytosol separation  

Primary fibroblast cells from the patient with mevalonic aciduria were cultured in 

triplicate in a nutrient mixture containing Ham’s F-10 with L-glutamine and 25 mM 

HEPES (Invitrogen, Breda, The Netherlands) supplemented with 10% FCS (Invitrogen, 

Breda, The Netherlands) in T-75 culture flasks (Costar) until confluency. One day prior 

to treatment, all cells received fresh medium. On day zero, simvastatin was added to 

the culture medium (2 sets of flasks) at a final concentration of 0.2 µM. After 1 day, one 

set of flasks received ZAA at a final concentration of 50 µM. One day later, all cells 

were harvested by trypsinization and used directly for membrane and cytosol 

separation, as described previously (13). Membrane fractions were separated by SDS-

PAGE and immunoblotted with RhoA monoclonal antibody (sc-418) diluted 1:1,000 

(Santa Cruz Biotechnology, Santa Cruz, CA) or Rac1 monoclonal antibody (1:10,000 

dilution) (Upstate Biotechnology, Lake Placid, NY).  

Statistical analysis  

Statistical analysis was performed using one-way analysis of variance followed by 

Dunnett’s 2-sided t-test or a 2-tailed paired t-test where appropriate. P values less than 

0.05 were considered significant. 

RESULTS 

Up-regulation of MK activity by simvastatin  

Primary fibroblast cells from the patients with HIDS, the patient with mevalonic aciduria, 

and healthy subjects were incubated for 7 days with simvastatin, an inhibitor of HMG-
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CoA reductase. The concentrations of simvastatin used for this study were based on 

our previously published results, which showed that cells from patients with mevalonic 

aciduria are more sensitive to simvastatin than are cells from patients with HIDS, due to 

the difference in residual MK activity (13).  

Pilot experiments showed that effects were clearly visible after 4–7 days of 

incubation (data not shown). The incubations were performed in standard medium 

supplemented with FCS (FCS+) and in medium supplemented with lipoprotein-depleted 

FCS (FCS-), in order to remove an excess of sterols. Measurement of MK activity in 

cells cultured in FCS+ medium without simvastatin revealed low activity in the HIDS 

cells (1–2% of the activity observed in control cells) and activity in the mevalonic 

aciduria cells that was below the level of detection (Fig. 2A). Incubation of the cells in 

FCS+ medium supplemented with simvastatin resulted in increased MK activities in 

both the HIDS cells (6–10-fold) and the control cells (2-fold). Incubation of the cells in 

FCS- medium also resulted in elevated MK activity in the HIDS cells (5–9-fold) and 
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Figure 2.  

A, Specific enzyme activities (pmol/mg*minute) and immunoblot analysis (15 µg of protein/lane) 

of mevalonate kinase (MK) in fibroblast lysates from 1 control, 2 hyper-immunoglobulin D and 

periodic fever syndrome (HIDS), and 1 mevalonic aciduria (MA) cell line. The control and HIDS 

cell lines were incubated in the presence or absence of 1 µM simvastatin (sim) for 7 days. The 

mevalonic aciduria cell line was incubated in the presence or absence of 200 nM simvastatin for 

7 days. Cells were cultured in medium containing lipoprotein-rich fetal calf serum (FCS+) or 

medium containing lipoprotein-depleted FCS (FCS-), as indicated. B, MK activity in the HIDS 

and mevalonic aciduria cell lines expressed as the percentage of the activity measured in the 

control cell line cultured under the same conditions. C, Relative mRNA expression of MVK in 

control, HIDS, and mevalonic aciduria cell lines, presented as 1,000 × the MVK-to-GAPDH ratio. 

D, MK activity as the ratio of the relative MVK mRNA levels in control, HIDS, and mevalonic 

aciduria cell lines. Numbers above the bars indicate the increase in these ratios when compared 

with the same cells cultured in standard FCS+ medium. Results are the mean and SD of 3 

independent experiments. Statistical analysis was performed using one-way analysis of 

variance followed by Dunnett’s t-test. NA = not applicable. * = P < 0.05; ** = P < 0.005 versus 

standard medium. 
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the control cells (2-fold) when compared with cells incubated in FCS+ medium. The 

highest MK activity was observed in the cells incubated in FCS- medium supplemented 

with simvastatin. Compared with the standard (FCS+) medium, incubation in FCS- 

medium supplemented with simvastatin resulted in 28–42-fold increased MK activity in 

cells from patients with HIDS, 4.5-fold increased activity in control cells, and even a 

marked increase in cells from the patient with mevalonic aciduria, although activity in 

the latter cells remained very low (Fig. 2A).  

When the MK activity in MK-deficient cell lines was compared with the activity 

measured in control cells cultured under the same conditions, it appeared that the 

relative increase in MK activity due to simvastatin and/or lipoprotein-depleted medium 

in the MK-deficient cells was higher than that in control cells (Fig. 2B).  

Immunoblot analysis of lysates prepared from the cells, using specific antibodies 

against human MK, showed that the increased MK activity was paralleled by increased 

levels of MK protein in the cells (Fig. 2A). This increased MK activity can be explained 

only in part by enhanced transcription of the MVK gene (Fig. 2C), because, when 

compared with the increase in MVK mRNA levels, the increase in MK activity in the 

HIDS cells was markedly higher than that in control cells (Fig. 2D).  

Up-regulation of MK activity by ZAA  

The fact that simvastatin is an inhibitor of HMG-CoA reductase, which catalyzes an 

early step in isoprenoid synthesis, suggests that treatment with simvastatin would (in 

principle) inhibit the synthesis of both sterol and non-sterol isoprenoids. Because 

results of our previous studies (12,13) indicated that the shortage underlying the 

symptoms of MK deficiency is at the level of non-sterol isoprenoids, we also studied the 

effect of ZAA on MK activity in cells. ZAA is a specific inhibitor of squalene synthase, 

the first enzyme committed exclusively to sterol isoprenoid biosynthesis, and thus will 

inhibit only the synthesis of sterol isoprenoids and redirect the flux toward synthesis of 

non-sterol isoprenoids. The concentration of ZAA used in this study was based on 

dose-response studies in which we tested ZAA concentrations ranging from 5 µM to 

100 µM and determined MK activity after 7 days of incubation (data not shown).  

Similar to simvastatin treatment, treatment with ZAA resulted in increased MK 

enzyme activity in cells incubated in standard (FCS+) medium (1.5–4-fold) (Fig. 3A). In 

lipoprotein-depleted medium (FCS-), supplementation with ZAA resulted in 35–48-fold 

increased MK activity in cells from patients with HIDS, 5-fold increased activity in 

control cells, as well as a marked increase in activity in cells from the patient with 

mevalonic aciduria. In addition, the relative increase in MK activity in MK-deficient cell 

lines incubated in FCS- medium supplemented with ZAA was markedly higher than that 

in control cells cultured under the same conditions (Fig. 3B).  

Immunoblot analysis of lysates prepared from the cells confirmed that the increased 

activities were again correlated with the MK protein levels (Fig. 3A). Quantification of 

the MVK mRNA levels showed that the increased MK activities were partly correlated 

with enhanced MVK gene transcription, under lipoprotein-depleted culture conditions 
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and particularly in the presence of ZAA (Fig. 3C). As with simvastatin, however, when 

compared with the increase of MVK mRNA levels, the increase in MK activity in the 

HIDS cells was markedly higher than that in control cells (Fig. 3D).  
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Figure 3.  

A, Specific enzyme activities (pmol/mg*minute) and immunoblot analysis (15 µg of protein/ lane) 

of MK in fibroblast lysates from 1 control, 2 HIDS, and 1 mevalonic aciduria cell line after 7 days 

of incubation in the presence or absence of 50 µM zaragozic acid A (ZAA). Cells were cultured 

in FCS+ medium or FCS- medium, as indicated. B, MK activity in the HIDS and mevalonic 

aciduria cell lines expressed as the percentage of the activity measured in the control cell line 

cultured under the same conditions. C, Relative mRNA expression of MVK in control, HIDS, and 

mevalonic aciduria cell lines, presented as 1,000 × the MVK-to-GAPDH ratio. D, MK activity as 

the ratio of the relative MVK mRNA level in control, HIDS, and mevalonic aciduria cell lines. 

Numbers above the bars indicate the increase in these ratios when compared with the same 

cells cultured in standard FCS+ medium. Results are the mean and SD of 3 independent 

experiments. Statistical analysis was performed using one-way analysis of variance followed by 

Dunnett’s t-test. * = P < 0.05; ** = P < 0.005 versus standard medium. See Figure 2 for other 

definitions.  

 

Flux studies in cells treated with simvastatin and ZAA  

Because residual MK activity in MK-deficient cells becomes increased upon treatment 

with simvastatin as well as ZAA, we also examined whether the flux through the 

isoprenoid biosynthesis pathway is increased under these conditions. We used the 

geranylgeranylation status of 2 small GTPases, RhoA and Rac1, as a marker for the 

flux toward non-sterol isoprenoid biosynthesis. These small GTPases require covalent 

binding of the non-sterol isoprenoid geranylgeranyl to tether them to the membrane. 

Our previous studies indicated that despite the MK deficiency, fibroblasts from MK-

deficient patients have normal levels of geranylgeranylated RhoA in their membranes 

(13), from which we concluded that under normal growth conditions the cells have 

sufficient flux through the pathway to support normal synthesis of geranylgeranylated 

proteins. Those studies also indicated, however, that cells from patients with HIDS and 

those from patients with mevalonic aciduria display higher sensitivity to treatment with 
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simvastatin, with decreased levels of membrane-bound RhoA observed with relatively 

low concentrations of simvastatin (13).  

Consistent with our previous findings, we again observed decreased levels of 

membrane-bound RhoA and Rac1 when we treated cells from the patient with 

mevalonic aciduria with simvastatin, indicating a decreased pathway flux (Fig. 4). 

Subsequent treatment of the simvastatin-treated cells with ZAA re-established the flux 

toward non-sterol isoprenoid biosynthesis, as shown by the reappearance of RhoA and 

Rac1 protein in the membranes to levels nearly similar to those in untreated cells (Fig. 

4).  

DISCUSSION 

In this study, we sought to determine whether it is possible to up-regulate residual MK 

activity in cells from MK-deficient patients by manipulating the isoprenoid biosynthesis 

pathway. The rationale for this study is based on our earlier observations, which 

indicated that in MK-deficient patients, MK has become the rate-limiting enzyme in 

isoprenoid biosynthesis that determines the flux through the pathway (14,18). Thus, in 

principle, up-regulation of residual MK activity in patients would shift the rate-limiting 

step back to HMG-CoA reductase and make the pathway flux less dependent on MK 

activity. As a consequence, patients would be less susceptible to external precipitating 

events that negatively influence MK activity, which affects the flux through the pathway 

and the production of certain end products.  

We studied the effect of 2 specific inhibitors of the isoprenoid biosynthesis pathway, 

simvastatin and ZAA. Simvastatin is a widely used competitive inhibitor of HMG-CoA 

reductase, the enzyme preceding MK in the pathway. ZAA is a competitive inhibitor of 

squalene synthase (19), the first enzyme dedicated exclusively to the production of 

sterol isoprenoids. Treatment of fibroblasts from MK-deficient patients with either of the 

inhibitors led to a marked increase in residual MK enzyme activity, mainly due to 

increased MVK gene transcription. This effect was already evident in cells cultured in 

standard (lipoprotein-rich) medium but was further enhanced when the cells were 

cultured in lipoprotein-depleted medium.  

These findings are consistent with the known feedback regulation of isoprenoid 

biosynthesis genes by SREBPs, which become activated under these conditions, 

because the production of sterol end products will further decrease due to the 

inhibitors. Remarkably, however, after incubation with simvastatin and ZAA in 

lipoprotein-depleted medium, the relative increase in MK activity in cells from patients 

with HIDS and those from the patient with mevalonic aciduria was much higher than 

that in control cells cultured under the same conditions. This cannot be explained by 

increased MVK transcription alone, as was evident from the increase in MK activity 

over MVK mRNA produced in these cells. This suggests that inhibition of isoprenoid 

biosynthesis somehow promotes the formation of stable mutant MK protein.  



           Up-regulation of MK by manipulation of isoprenoid biosynthesis 

 

 87 

0%

20%

40%

60%

80%

100%

120%

M
e

m
b

ra
n

e
-b

o
u

n
d

 R
a

c
1

 (
%

)

simvastatin - + +

Zaragozic Acid A - - +

Rac1

(membrane)

B

M
e

m
b

ra
n

e
-b

o
u

n
d

 R
h

o
A

 (
%

)

0%

20%

40%

60%

80%

100%

120%

simvastatin - + +

Zaragozic Acid A - - +

RhoA

(membrane)

A

*

 
 

 

Figure 4. Effect of simvastatin and zaragozic acid A (ZAA) on membrane-associated RhoA and 

Rac1 expression.  

Bars show the mean and SD percentages (n = 3) of RhoA (A) and Rac1 (B) protein associated 

with the membrane fraction when mevalonic aciduria cells were incubated with 0.2 µM 

simvastatin or a combination of 0.2 µM simvastatin and 50 µM ZAA. Immunoblots show the 

results of 1 representative experiment. Statistical analysis was performed using a 2-tailed paired 

t-test. * = P < 0.05. 

 

 

Because our previous studies indicated that the shortage in MK-deficient patients 

involves primarily, if not exclusively, non-sterol isoprenoids including geranylgeranyl 

groups (12,13), we also studied the effect of the 2 inhibitors on the flux toward non-

sterol isoprenoid biosynthesis. This was done by determining the presence of the small 

GTPases RhoA and Rac1 in cell membranes. Both proteins are synthesized as soluble 

proteins and require a covalently bound geranylgeranyl moiety to become localized in 

the cellular membrane, where they exert their effect. Our results showed that although 

treatment with simvastatin led to up-regulation of MK, it apparently had a negative 

effect on the overall flux toward geranylgeranyl synthesis at this particular 

concentration, because both RhoA and Rac1 became less abundant in the cellular 

membrane.  

Thus, whereas treatment with simvastatin seemed promising with regard to 

increasing MK activity, the consequence of inhibiting the preceding enzyme HMG-CoA 

reductase appears to be negative for the flux. This finding indicates 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 MK-deficient patients in whom the pathway flux is very sensitive to 

external influences. This was also suggested by the negative outcome of treatment of 2 
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patients with mevalonic aciduria using lovastatin, a drug that is similar to simvastatin 

(2). This treatment provoked severe clinical crises in those patients. However, it was 

recently reported that treatment of 6 HIDS patients with simvastatin (20) did not 

provoke clinical crises in those patients, in contrast to the patients with mevalonic 

aciduria, which is a more severe disease. Although no statistical difference was 

observed with respect to the severity, frequency, and occurrence of febrile attacks, a 

clear decrease in the total number of febrile days was observed. These findings in 

patients with mevalonic aciduria and in patients with HIDS are consistent with our 

previous observations that, in vitro, cells from patients with mevalonic aciduria appear 

more sensitive to simvastatin compared with cells from patients with HIDS or those 

from control subjects (13).  

When compared with treatment with simvastatin, treatment with ZAA or other 

squalene synthase inhibitors seems more promising. Not only does ZAA treatment 

result in up-regulation of MK activity, it also leads to an increased flux toward synthesis 

of geranylgeranyl groups. This was particularly evident when cells were incubated with 

both simvastatin and ZAA, which shows that the negative effect on the flux by 

simvastatin is counterbalanced by ZAA, leading to a reappearance of RhoA and Rac1 

in the cellular membrane. Treatment of cells with ZAA in the absence of simvastatin led 

to minimally increased levels of RhoA and Rac1 protein in the membranes (data not 

shown).  

Being a specific squalene synthase inhibitor, ZAA was previously reported to be a 

potential drug for the treatment of hypercholesterolemia (19). However, ZAA has not 

been developed further for this indication, nor are there any reports of this drug being 

tested in humans; the only reported treatments with ZAA were performed in animals 

(19,21-25). In fact, of all reported squalene synthase inhibitors, only BMS-188494 (the 

prodrug of BMS-187745) was tested in healthy human volunteers, which led to changes 

in urinary farnesyl pyrophosphate metabolite (dioic acid) excretion when doses of >100 

mg were given for 4 weeks, without apparent negative effects (26,27). This drug is no 

longer available, however.  

Although in recent years the insights into the pathogenesis underlying the symptoms 

of mevalonic aciduria and HIDS have increased (18), no efficacious treatment for MK-

deficient patients is currently available. In individual HIDS cases, clinical improvement 

through treatment with corticosteroids (28), etanercept (29,30), or leukotriene inhibitors 

(28) has been reported, but in the majority of patients these treatments did not have 

beneficial effects, and they have not led to a general treatment of MK deficiency. Our in 

vitro results suggest that treatment of patients with inhibitors of isoprenoid biosynthesis 

may provide a possible therapeutic option to alleviate or even prevent the episodes of 

inflammation. It should be noted here that besides using inhibitors of isoprenoid 

biosynthesis, culturing cells in lipoprotein-depleted medium also led to the up-regulation 

of MK activity in cells from patients with HIDS. This finding suggests that patients may 

also benefit from a cholesterol-depleted diet. 
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Summary 

Mevalonate kinase (MK) deficiency is caused by mutations in the MVK gene, 

resulting in depressed activity of the encoded enzyme MK. MK is an enzyme in 

the isoprenoid biosynthesis pathway and, although the reduced MK activity in 

MKD in principle affects the biosynthesis of all isoprenoids, it seems to have in 

particular an effect on non-sterol isoprenoid biosynthesis. Because small 

GTPases highly depend on isoprenylation (i.e. geranylgeranylation) for their 

proper signalling function, we studied the effect of MK deficiency on the 

isoprenylation and activation of the two small GTPases RhoA and Rac1. 

Incubation with simvastatin and GGTI-298 inhibited the geranylgeranylation of 

RhoA and Rac1 in MKD cells due to a shortage of geranylgeranyl pyrophosphate 

(GGPP). Moreover, the shortage of GGPP resulted in increased activation of 

RhoA and Rac1. Due to the temperature-sensitivity of MK mutations, isoprenoid 

biosynthesis in MKD cells became more impaired after incubation of the cells at 

high temperatures resulting in a reduction of the level of membrane-bound RhoA. 

Remarkably, incubation of MKD cells for 24 hours at 40°C led to a marked 

increase in the activation of cytosolic RhoA, while the level of RhoA protein in 

the cytosol remained more or less similar, suggesting deregulation of RhoA 

activation in response to high temperatures. The effect of this disturbed 

(over)activation of RhoA, and possibly other GTPases, on their down-stream 

targets may provide important insights into the pathophysiology underlying the 

inflammatory episodes in patients with MKD. 

Introduction 

The isoprenoid biosynthesis pathway provides cells with a variety of sterol and non-

sterol isoprenoids that are vital for diverse cellular processes. Important products 

composed of isoprenoids are heme-A, dolichol, ubiquinone-10, sterols, and 

isoprenylated proteins. 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 important for the 

function of many regulatory proteins such as small G proteins, because it enables their 
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membrane localization, which allows the interaction with downstream signalling 

effectors. The small G proteins are monomeric GTPases of 20-40 kDa (2). The best-

known family of these small GTPases is the Ras superfamily, which comprises of five 

major subfamilies; Ras, Rho/Rac, Rab, Sar1/ARF, and Ran (3). 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 also act as molecular 

switches. They cycle 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 the hydrolysis of GTP by the small GTPases (5,6).  

Among the different enzyme defects of isoprenoid biosynthesis currently known (7), 

only mevalonate kinase deficiency (MKD; MIM# 251170, 260920) affects the synthesis 

of all isoprenoids. Mutations in the MVK gene cause a deficiency of mevalonate kinase 

(MK), the first enzyme following the highly regulated HMG-CoA reductase. Mevalonic 

aciduria (MA; MIM# 251170) and hyper-IgD and periodic fever syndrome (HIDS; MIM# 

260920) represent the severe and mild clinical and biochemical ends of the MKD 

spectrum (8-12). Patients with MKD typically have recurrent episodes of high fever 

associated with headache, skin rash, abdominal pain, arthritis, nausea and diarrhea 

(13,14). MA patients show, in addition to these episodes, developmental delay, 

dysmorphic features, ataxia, cerebellar atrophy, and psychomotor retardation; and may 

die during early childhood (13).  

Although the MK enzyme activity is hardly detectable in fibroblasts from MA 

patients, the de novo biosynthesis of cholesterol and protein isoprenylation can be 

rather normal when these fibroblasts are cultured under normal conditions (15-18). This 

is due to an increased activity of HMG-CoA reductase, which leads to elevated levels of 

mevalonate and a rather normal flux through the isoprenoid biosynthesis pathway 

(15,17,18). However, this flux can easily be disturbed, which follows from the 

observation that MA fibroblasts are more sensitive to inhibition of HMG-CoA reductase 

by simvastatin than control fibroblasts (18).  

Although the deficient MK enzyme activity in principle affects the biosynthesis of all 

isoprenoids, there are indications that in particular a temporary shortage (or 

dysfunction) of one or more geranylgeranylated proteins allows the onset of the fever 

episodes these patients suffer from (18-21). Indeed, under normal conditions, the flux 

through the pathway in MKD patients appears sufficiently high for most cellular 

processes requiring isoprenoids (18,19). However, as we postulated previously, this 

flux may easily be disrupted by fairly harmless events such as physical stress or 

vaccinations that lead to a small increase in body temperature (19). Because most 

mutations in the MVK gene give rise to a temperature-sensitive effect on MK protein 
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maturation and stability (19,21), this small increase will result in a rapid decrease in MK 

enzyme activity and, consequently, a block in the isoprenoid biosynthesis pathway 

leading to a shortage of end products. 

Because for their proper signalling function, small GTPases highly depend on 

isoprenylation and in MKD cells the MK deficiency in particular seems to affect non-

sterol isoprenoid biosynthesis (18-21), we studied the effect of MK deficiency on the 

isoprenylation (i.e. geranylgeranylation) and activation of two small GTPases, RhoA 

and Rac1. For these studies, we used cultured primary skin fibroblasts from a healthy 

control and an MA patient, in which the isoprenoid biosynthesis pathway can be readily 

manipulated by varying the culturing conditions. We studied the effects when these 

cells were cultured in the presence of simvastatin or GGTI, an inhibitor of 

geranylgeranyl transferase, or at a higher temperature of 40°C.  

Materials and Methods 

Cell culture 

Primary skin fibroblast cell lines obtained from an MK-deficient patient with the MA 

presentation and a healthy control individual with a similar passage number were 

cultured in standard medium, which is 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) 

and grown until confluency. Subsequently, the medium was replaced with fresh culture 

medium (2 sets of flasks) supplemented with either 20 µM geranylgeranyltransferase 

inhibitor (GGTI-298; Calbiochem, La Jolle, CA), 200 ng/ml lipopolysaccharide (LPS; 

Escherichia coli O55: B5 LPS, Sigma, St. Louis, MO), or different concentrations of 

simvastatin (a gift from Merck, Sharpe and Dohme BV, Haarlem, The Netherlands) as 

indicated. The cells were then cultured for two days at 37°C. Cells that were used for 

the temperature experiment, received medium supplemented with LPS 24 hours prior 

to the switch to 40°C and were then cultured for the indicated time periods. After 

incubation, cells of one flask were harvested by trypsinization, washed once with 

phosphate-buffered saline (PBS), and once with 0.9% NaCl, snap-frozen as pellets in 

liquid nitrogen, and stored at -80°C to be used later for membrane and cytosol 

separation (see below). The other flask was used directly for the RhoA and Rac1 

activation assays (see below). 

Simvastatin was prepared as a 10 mM stock solution as described previously (18). 

GGTI was prepared as a 20 mM stock solution by dissolving the drug in DMSO (Merck, 

Darmstadt, Germany) and LPS was prepared as a 10 mg/ml stock solution dissolved in 

PBS. 
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RhoA and Rac1 activation assay 

RhoA and Rac1 activation assays were performed as described previously (22,23). 

Briefly, fibroblasts were washed three times with ice-cold PBS, lysed in the 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 

benzamidin, 1 mM DTT,1 mM vanadate), and scraped. The lysed cell homogenates 

were then centrifuged (10 min, 12,000 x g) and the supernatants transferred to 1.5 ml 

tubes. Equal amounts of protein (400-500 µg in 500 ml) were incubated for 60 min at 

4°C with bacterially produced GST-RBD [Rhotekin] (24) (for RhoA pull-downs) or GST-

PAK (23) (for Rac1 pull-downs) bound to glutathione-agarose beads (Sigma, ST. Louis, 

MO). The beads were washed three times with lysis buffer followed by centrifugation 

(10 sec, 12,000 x g). The bound proteins were eluted by boiling in SDS-sample buffer 

and analyzed by sodium dodecyl (lauryl) sulfate-polyacrylamine gel electrophoresis 

(SDS-PAGE).  

Membrane and cytosol separation 

Membrane and cytosol separation was performed as described previously (18). The 

amount of protein was measured in the sonicated lysates and adjusted with hypotonic 

buffer. Equal amounts of protein (1-1.5 mg/ml) were used for ultracentrifugation. The 

cytosolic and membrane fractions were analyzed by SDS-PAGE. 

Membrane and cytosol separation and RhoA activation combination assay 

For the combination experiments, fibroblasts were incubated with 0, 0.2, or 0.02 µM 

simvastatin for 48 hours or at 37°C or 40°C for 24 hours. The fibroblasts were washed 

three times with ice-cold PBS, lysed in the flask using lysis buffer without 1% NP-40, 

and scraped. The amount of protein was measured in the sonicated lysates and 

adjusted with lysis buffer without 1% NP-40. Equal amounts of protein (800-900 µg in 

900 µL) were 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. Prior to incubation of the supernatant 

(cytosolic) and pellet (membrane) fractions with GST-RBD [Rhotekin] bound to 

glutathione-agarose beads for 60 min at 4°C, a sample was taken to determine the 

distribution of RhoA. The beads were washed three times with lysis buffer followed by 

centrifugation (10 sec, 12,000 x g). The bound proteins were eluted by boiling in SDS-

sample buffer and analyzed by sodium dodecyl (lauryl) sulfate-polyacrylamine gel 

electrophoresis (SDS-PAGE). 

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 RhoA monoclonal antibody (sc-418) diluted 1:1,000 (Santa Cruz Biotechnology, 
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Santa Cruz, CA) or Rac1 antibody (dilution 1:10,000) (Upstate Biotechnology, Lake 

Placid, NY). 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 immunoblots 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 2-sided t-test or a 2-tailed paired t-test where appropriate. P 

values less than 0.05 were considered significant. 

Results 

Effect of simvastatin on RhoA and Rac1 isoprenylation and activation 

Previously, we showed that despite the MK deficiency, fibroblasts from MA patients 

have normal levels of geranylgeranylated RhoA in their membranes under standard 

culturing conditions, but that interference at the level of HMG-CoA reductase results in 

a reduction of membrane-bound RhoA (18). Using the same approach, i.e. blocking the 

pathway by incubating cells from a healthy control individual and an MA patient with 

simvastatin, an inhibitor of HMG-CoA reductase, we now studied both the effect on 

isoprenylation and activation of RhoA and Rac1. Because MKD is an autoinflammatory 

disorder and previous work indicated that geranylgeranyl groups have an important role 

in the regulation of the inflammatory response (21), we also incubated the cells with 

LPS. 
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Figure 1. Effect of simvastatin and LPS on localization and activation of RhoA and Rac1 

protein. A control and MA cell line were incubated with 0 (white bar), 0.2 (grey bar), or 0.02 µM 

(black bar) simvastatin for two days in the presence or absence of 200 ng/ml LPS. Relative 

expression of RhoA (a) and Rac1 (d) protein associated with the membranes. Relative 

expression of RhoA (b) and Rac1 (e) protein in the cytosol. Relative expression of active RhoA 

(c) and Rac1 (f). Bars show the mean and SEM of 3 independent experiments. Immunoblots 

show the results of 1 representative experiment. Statistical analysis was performed using one-

way analysis of variance followed by Dunnett’s t-test. * = P < 0.05. 

 

 

When the control and MA cell lines were cultured in the absence of simvastatin, 

similar levels of RhoA and Rac1 in the membranes were observed (fig.1a and 1d), 

confirming our previous observations that in MA fibroblasts, proteins are isoprenylated 

normally (18). Incubation with simvastatin decreased the amount of RhoA associated 

with the membrane fraction in control and MA fibroblasts in a concentration-dependent 

manner. As reported previously (18), MA fibroblasts display a higher sensitivity to 
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treatment with simvastatin, with decreased levels of membrane-bound RhoA observed 

after incubation with low concentrations of simvastatin, whereas, the amount of RhoA 

protein in the cytosolic fraction increased in both control and MA cell lines (fig.1b). The 

relative increase in the level of cytosolic RhoA is similar for control and MA fibroblasts, 

although the amount of RhoA present in the cytosol is higher in MA cells as shown by 

the immunoblot. The presence of LPS did not significantly affect the localization of 

RhoA. 

The levels of membrane-bound Rac1 also decreased upon incubation with 

increasing simvastatin concentrations, whereas the amount of Rac1 in the cytosolic 

fraction increased (fig.1d and 1e). However, with respect to Rac1 localization the MA 

cells do not appear to be more sensitive towards inhibition with simvastatin than control 

cells (fig.1d and 1e). Remarkably, in contrast to what is observed in the MA cells, no 

simvastatin-dependent decrease of membrane-bound Rac1 was observed when control 

cells were incubated with simvastatin in the presence of LPS (fig.1d). Overall, the 

effects of simvastatin treatment were more pronounced for RhoA than for Rac1. 
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Figure 2. Effect of GGTI and LPS on localization and activation of RhoA and Rac1 protein. 

A control and MA cell line were incubated with 0 µM (white bar) or 20 µM (black bar) GGTI for 

two days in the presence or absence of 200 ng/ml LPS. Relative expression of RhoA (a) and 

Rac1 (d) protein associated with the membranes. Relative expression of RhoA (b) and Rac1 (e) 

protein in the cytosol. Relative expression of active RhoA (c) and Rac1 (f). Bars show the mean 

and SEM of 3 independent experiments. Immunoblots show the results of 1 representative 

experiment. Statistical analysis was performed using one-way analysis of variance followed by 

Dunnett’s t-test. * = P < 0.05. 

 

 

Incubation with simvastatin leads to an increase in the amount of active RhoA and 

Rac1 in both normal and MA cells. The relative increase in active RhoA is larger than 

the relative increase in active Rac1 (fig.1c and 1f). There was no effect of LPS on the 

activation of RhoA and Rac1. 

The effect of GGTI on RhoA and Rac1 isoprenylation and activation 

Earlier studies indicated that the effect of simvastatin on the localization of RhoA is due 

to a shortage of GGPP and can be rescued by the addition of GGOH (18). To confirm 

that also the observed effect of simvastatin on the activation of RhoA and Rac1 is due 

to a shortage of GGPP, we studied the effect of GGTI, an inhibitor of geranylgeranyl 

transferase, on the isoprenylation and activation of RhoA and Rac1.  

Our results showed that GGTI had a similar effect as simvastatin on the localization 

and activation of RhoA and Rac1. Incubation with GGTI led to a reduction in 

membrane-bound RhoA and Rac1 that was similar for both control and MA fibroblasts 

(fig.2a and 2d), and increased the level of cytosolic RhoA and Rac1 (fig.2b and 2e). As 

observed with simvastatin, inhibition by GGTI also led to the activation of RhoA and 

Rac1 in both the control and MA cells (fig.2c and 2f).  
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Figure 3. Effect of temperature and LPS on localization and activation of RhoA and Rac1 

protein. A control and MA cell line were incubated at 40°C for 0 (white bar), 4 (light grey bar), 8 

(dark grey bar), or 24 hours (black bar). Cells received 200 ng/ml LPS 24 hours before the 

switch to 40°C. Relative expression of RhoA (a) and Rac1 (d) protein associated with the 
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membranes. Relative expression of RhoA (b) and Rac1 (e) protein in the cytosol. Relative 

expression of active RhoA (c) and Rac1 (f). Bars show the mean and SEM of 3 independent 

experiments. Immunoblots show the results of 1 representative experiment. Statistical analysis 

was performed using one-way analysis of variance followed by Dunnett’s t-test. * = P < 0.05. 
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Effect of temperature on RhoA and Rac1 isoprenylation and activation    

Because most mutations in MKD have a temperature-sensitive effect on MK enzyme 

activity, we previously postulated that fever episodes in MKD will result in a rather 

instant inhibition of the isoprenoid biosynthesis pathway, leading to a shortage of 

geranylgeranyl groups, compromising the function of geranylgeranylated proteins (18-

20). To study the effect of elevated temperature on protein isoprenylation and 

activation, we simulated a fever episode by incubation of the cells at 40°C with or 

without LPS. This incubation had no marked effect in control cells, but clearly 

decreased the level of membrane-bound RhoA in time in MA cells, especially in the 

presence of LPS (fig.3a). Furthermore, incubating at 40°C increased cytosolic RhoA in 

a time-dependent manner (fig.3b).  

We observed a small increase in the level of membrane-bound Rac1 in control cells 

(fig.3d), while cytosolic Rac1 remained similar in time (fig.3e). In MA cells, Rac1 

localization was not affected by elevated temperature or LPS. 

Incubation for 24 hours at 40°C resulted in a marked increase in active RhoA in MA 

cells (fig.3c). After 4 hours of incubation at 40°C, a small decrease in active Rac1 was 

observed in all cells at al conditions (fig.3f).  

Effect of simvastatin and temperature on activation of cytosolic and membrane-bound 

RhoA 

To determine if the observed induction of active RhoA and Rac1 due to the different 

culturing conditions relates to activation of cytosolic or membrane-bound RhoA and 

Rac1 proteins, we studied the effect of simvastatin or high temperatures on the 

activation of cytosolic and membrane-bound RhoA separately.  

When the control and MA cell lines were cultured in the absence of simvastatin, the 

amount of active RhoA protein in the cytosolic fraction was already much higher in MA 

cells (fig.4a), while the level of active membrane-bound RhoA was similar in both 

control and MA cells (fig.4b). Incubation with simvastatin increased active cytosolic 

RhoA and decreased active membrane-bound RhoA in a concentration-dependent 

manner in both control and MA fibroblasts. Again, MA cells displayed a higher 

sensitivity to treatment with simvastatin, with increased levels of active cytosolic RhoA 

and decreased levels of active membrane-bound RhoA observed after incubation with 

low concentrations of simvastatin (fig.4a and 4b). 

When we studied the effect of incubating the cells at 40°C for 24 hours on the 

activation of cytosolic and membrane-bound RhoA, we observed no visible effect in 

control cells. In the MA cells, however, we observed a marked increase in active RhoA 

protein in the cytosolic fraction (fig.4c). As for simvastatin, incubating at 40°C led to a 

decrease in the amount of active membrane-bound RhoA in both control and MA cells 

(fig.4d).    
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Figure 4. Effect of simvastatin and temperature on activation of cytosolic and membrane-bound 

RhoA. Immunoblot analysis of active RhoA in cytosol (a) and membrane fractions (b) of a 

control and MA cell line, incubated with 0, 0.02, or 0.2 µM simvastatin for 2 days. Immunoblot 

analysis of active RhoA in cytosol (c) and membrane fractions (d) of a control and MA cell line, 

incubated at 40°C for 24 hours. Each experiment was repeated four times, and showed the 

same tendency. Shown are data from two representative experiments. 

 

Discussion 

Although the reduced MK activity in MKD in principle affects the biosynthesis of all 

isoprenoids, it seems to have in particular an effect on non-sterol isoprenoid 

biosynthesis. Yet, even though the MK enzyme activity is hardly detectable in all cells 

with the MA presentation, protein isoprenylation can be rather normal when these cells 



Chapter 5                                                                                                       

 

 104 

are cultured under normal conditions (18). This is due to increased activity of HMG-CoA 

reductase, which leads to elevated levels of mevalonate and a rather normal flux 

through the isoprenoid biosynthesis pathway (15,17,18). Because MA 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, the enzyme 

producing mevalonate (18). Because most isoprenylated proteins function in the 

membrane and require farnesyl or geranylgeranyl moieties to become associated with 

the membrane, inhibition of HMG-CoA reductase by simvastatin also leads to an 

increase in non-isoprenylated proteins in the cytosolic fractions and a decrease of 

isoprenylated proteins in the membrane fraction (25,26). In MA fibroblasts, low 

concentrations of simvastatin already inhibit the pathway, as demonstrated by the 

substantial reduction in membrane-bound RhoA. Furthermore, although the relative 

decrease of membrane-bound Rac1 is similar for control and MA fibroblasts, the 

immunoblot showed less Rac1 in the membrane in MA cells after incubation with 

simvastatin, confirming the higher sensitivity of MA cells to simvastatin (18). 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. Although there are a few studies that show that non-isoprenylated 

proteins may also have functional effects (27,28), most small GTPases need the 

isoprenyl moiety to translocate to the membrane to allow binding to their effectors. 

Therefore, inhibition of the isoprenoid biosynthesis pathway is expected to disturb 

proper function of the small GTPases. 

The observed effect of simvastatin on protein isoprenylation is due to a shortage of 

geranylgeranyl pyrophosphate and it was previously shown that this shortage can be 

replenished by the addition of mevalonate or GGOH (18). The experiments with GGTI 

confirm that also the increased activation of RhoA and Rac1 by simvastatin is the result 

of a shortage of geranylgeranyl moieties.  

The increase in active RhoA due to simvastatin is primarily if not solely caused by 

activation of cytosolic RhoA and not membrane-bound RhoA. A possible explanation 

for this could be the difference in the ability of isoprenylated and non-isoprenylated 

proteins to interact with regulatory proteins. Because the isoprenyl moiety plays a 

critical role in the interaction with Rho-GDI (29-31), non-isoprenylated GTPases will no 

longer be inhibited by Rho-GDI and consequently intrinsic nucleotide exchange, i.e. 

release of GDP and binding of GTP, may occur. Moreover, it has been shown that non-

isoprenylated Rac1 and RhoA have no or a much weaker interaction with GEFs (30,32) 

and GAPs (33) than the isoprenylated forms, implying that also the activation and 

inactivation of non-isoprenylated GTPases is compromised. Because intracellular GTP 

levels are higher than GDP levels, binding to GTP will be preferred over GDP (34). 

Therefore, non-isoprenylated GTPases are likely to accumulate in the GTP-bound form, 

provided that the rate of nucleotide exchange exceeds the rate of hydrolysis.  
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The documented effect of inhibitors of protein isoprenylation varies widely in 

different studies. Our results are in line with studies that showed that mevastatin, GGTI-

298, and N-bisphosphonates, inhibitors of FPP synthase, activate Rac in J774 

macrophages after 30 hours of incubation (35). Moreover, culturing THP-1 cells for 18 

hours with simvastatin or lovastatin activated Rac and Rho proteins in a concentration-

dependent manner, whereas incubation with GGTI-286 also led to the activation of Rac 

(36). Finally, atorvastatin and cerivastatin were shown to increase GTP-bound Rac in 

HUVEC cells (37). Conversely, other studies have shown that inhibitors of protein 

isoprenylation negatively regulate the GTP loading of small GTPases. For example, the 

activity of RhoA is inhibited by statins in monocytes (38), GGTI-298 blocked FCS-

stimulated RhoA activation in human mesangial cells (39), and mevastatin significantly 

blocked LPS-induced activation of Rac in THP-1 cells (40). Reduction in active RhoA 

was also shown after 6 hours of incubation with fluvastatin in vascular smooth muscle 

cells (41).  

In our study, LPS did not activate RhoA and Rac1, in contrast to other studies where 

LPS was able to activate Rac1 and RhoA (40,42). The reason for this may be the use 

of different cell types although in one study activation of Rac1 after LPS incubation was 

shown in rat-2 fibroblasts (43). In the other studies, LPS-induced activation of Rac1 and 

RhoA was observed already after an incubation of several minutes, so maybe our 

incubation of two days is not suitable to see an effect on activation of RhoA and Rac1. 

Remarkably, however, LPS seemed to have an effect on Rac1 localization in control 

cells, because the simvastatin-dependent decrease of membrane-bound Rac1 was not 

seen after co-incubation with LPS. This could indicate that Rac1 has a function in LPS 

signalling and is specifically recruited to the membrane. There are studies that support 

this hypothesis. For example, stimulation of Toll-like receptor 2, involved in the 

recognition and response to Gram-negative and Gram-positive bacterial cell wall 

components activates and recruits Rac1 to the membrane-bound receptor, leading to 

the activation of NF-κB (44). In addition, it has been reported that Rac1 plays a role in 

LPS-induced stimulation of ERK and p38 MAP kinase in fibroblasts (43). Moreover, 

Rac1 is a member of the NADPH oxidase complex, which is activated after LPS 

stimulation and recruited to the membrane (45). In MA cells the effect of LPS on 

localization was not seen, which may be caused by the fact that MA cells do not have 

enough geranylgeranyl moieties available. It is possible that this decreased ability of 

Rac1 to localize to membranes contributes to the pathophysiology in MKD. 

Previously, we postulated that in MA cells a small raise in temperature will lead to a 

decrease in MK enzyme activity, due to the temperature-sensitive effect of most 

mutations on MK protein maturation and stability. When MK has become rate-limiting in 

these cells, this will lead to an instant disturbance of the pathway flux and consequently 

affect the isoprenylation of proteins. Here, we confirmed this postulation because 

elevated temperatures resulted in a reduction of the level of membrane-bound RhoA in 

MA cells, indicating that isoprenoid biosynthesis is inhibited at high temperatures. The 
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level of active RhoA bound to the membrane is also decreased, which will most likely 

disturb proper functioning of RhoA, because most small GTPases need to bind to their 

effectors and perform their functions in the membrane. Incubating MA cells for 24 hours 

at 40°C led to a marked increase in the activation of cytosolic RhoA, while the level of 

RhoA protein in the cytosol remained more or less similar, suggesting deregulation of 

RhoA activation in response to high temperatures. Hypothetically, this may be due to 

the fact that the cell tries to compensate for not having sufficient active membrane-

bound RhoA to perform its essential function, because of the lack of geranylgeranyl 

moieties. As it has been reported that non-isoprenylated RhoA also has some 

functional activity, it is possible that this abnormal (over)activation of RhoA leads to an 

inflammatory response or prevent down-regulation of the inflammatory response.  

In summary, we showed that simvastatin, GGTI-298, and high temperatures inhibit 

protein isoprenylation in MA cells. Moreover, inhibition of isoprenoid biosynthesis by 

simvastatin or GGTI-298 results in activation of RhoA and Rac1, whereas incubation 

with simvastatin or at high temperatures both induced the activity of cytosolic RhoA and 

decreased the level of active membrane-bound RhoA. In future studies the effect of this 

disturbed, ectopic activation of these GTPases on their down-stream targets will be 

studied, which may provide important insights into the pathophysiology underlying the 

inflammatory episodes in patients with MKD. 
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Summary 

Mevalonate kinase deficiency (MKD) is an autosomal-recessive inborn error of 

metabolism. Mevalonic aciduria (MA) and hyper-IgD and periodic fever syndrome 

(HIDS) represent the severe and mild clinical and biochemical ends of the MKD 

spectrum. Patients with the HIDS phenotype typically have recurrent episodes of high 

fever associated with headache, skin rash, abdominal pain, arthritis, nausea and 

diarrhoea. Patients with the MA phenotype show, in addition to these episodes, 

developmental delay, dysmorphic features, ataxia, cerebellar atrophy, and psychomotor 

retardation; and may die during early childhood. Furthermore, cells from patients with 

the HIDS phenotype still contain residual MK enzyme activities from 1 to 8% of the 

activities of control cells, while in cells from patients with the MA phenotype the MK 

enzyme activity is below the detection level (approximately 0.1% of normal).  

The isoprenoid biosynthesis pathway provides cells with a variety of essential 

bioactive molecules, including sterols and nonsterol isoprenoids, that have pivotal 

functions in multiple cellular processes, ranging from cell growth and differentiation to 

numerous signal transduction pathways. MK catalyzes the phosphorylation of 

mevalonate to produce 5-phosphomevalonate and is the next enzyme in the isoprenoid 

biosynthesis pathway after 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) 

reductase, which is the rate-limiting enzyme in this pathway.  

Chapter 1 provides a review of the current knowledge on the isoprenoid 

biosynthesis pathway, as well as the defects herein. Furthermore, the molecular, 

immunologic, and pathogenic aspects of MKD are reviewed and the regulation and 

functioning of one group of isoprenoids, the small GTPases, are described in more 

detail.  

MKD is caused by mutations in the MVK gene. Up till now, 63 disease-causing 

mutations have been identified at the cDNA and genomic level. To get more insight into 

the genotype–phenotype correlation in MKD, we studied the effect of selected 

missense mutations on MK protein stability and activity in chapter 2. All MKD cell lines 

showed markedly decreased MK activities that correlated well with the clinical severity 

and, for most of the cell lines, with the amount of MK protein. When fibroblasts of MKD 

patients were cultured under conditions known to promote a more controlled protein 

folding, all cell lines of patients with the HIDS phenotype and few cell lines of patients 

with the MA phenotype showed an increase in the residual MK activity. These results 

indicate that most mutations do not directly affect MK activity but primarily affect protein 

folding/stability. 

Although the MK enzyme activity in MK-deficient fibroblasts is very low, the 

biosynthesis of cholesterol can be rather normal in these cells. This is due to the 

elevation of the activity of HMG-CoA reductase. In chapter 3 is described that this 

elevated HMG-CoA reductase activity can be downregulated by the addition of 

isoprenoid precursors. Promoting the synthesis of non-sterol isoprenoids by inhibiting 



                                                                                                                                   Summary                                                                                                       

 

 113 

enzymes of the isoprenoid biosynthesis pathway also reduced the elevated levels of 

HMGR enzyme activity in MK-deficient cells. MK-deficient cells are capable of normal 

protein isoprenylation, but this process is more sensitive to depletion of mevalonate by 

statins. These results suggest that MK-deficient cells are able to compensate for their 

deficiency by elevating HMG-CoA reductase enzyme activity and that under normal 

conditions shortage of one of the non-sterol end products causes the increased activity 

of HMG-CoA reductase. 

Because MK has become the rate-limiting enzyme in MKD, we manipulated the 

isoprenoid biosynthesis pathway to increase the residual MK enzyme activity in chapter 

4. Incubation with both simvastatin, an inhibitor of HMG-CoA reductase, and zaragozic 

acid a (ZAA), an inhibitor of squalene synthase, led to an up-regulation of the residual 

MK enzyme activity in cells from MK-deficient patients. Although the deficient MK 

enzyme activity in principle affects the biosynthesis of all isoprenoids, there are 

indications that in particular a temporary shortage of one or more geranylgeranylated 

proteins is responsible for the fever episodes in these patients. Therefore, we also 

studied the effect of the 2 inhibitors on the flux toward nonsterol isoprenoid 

biosynthesis. Although simvastatin increased MK activity, it had a negative effect on the 

flux, while ZAA not only induced MK enzyme activity, but also led to an increased flux 

towards non-sterol isoprenoids.  

In chapter 5 we looked in more detail to the effect of small disturbances in the flux 

on prenylation and activation of two geranylgeranylated proteins, RhoA and Rac1, in 

MK-deficient cells. Both simvastatin and GGTI (inhibitor of geranylgeranyl transferase) 

inhibited the prenylation of RhoA and Rac1, due to a shortage of geranylgeranyl 

pyrophosphate. Moreover, inhibition of isoprenoid biosynthesis by simvastatin or GGTI 

resulted in activation of RhoA and Rac1. We confirmed the hypothesis that an increase 

in temperature inhibits the flux through the isoprenoid biosynthesis pathway, because 

of the temperature-sensitivity of most MK mutations, and consequently affects the 

prenylation of small GTPases. Incubation of MK-deficient cells at 40°C, i.e. simulating a 

fever episode, led to a reduction in the level of membrane-bound RhoA. Moreover, the 

activation of RhoA appears to be disregulated in MK-deficient cells in response to high 

temperatures, resulting in an marked induction of active  RhoA in the cytosol after 24 

hours at 40°C. This increased activation of cytosollically localized RhoA (and possibly 

other isoprenylated proteins) may result in an inflammatory response or prevents down-

regulation of this response. 

The findings described in this thesis extend our knowledge on MKD. Previously, it 

was postulated that in MA cells, a small raise in temperature leads to a decrease in MK 

enzyme activity, due to the temperature-sensitivity of most MK mutations. As a 

consequence, MK will become (more) rate-limiting in these cells, leading to an instant 

disturbance of the pathway flux, which was predicted to affect the prenylation and 

localization of small GTPases, modifications assumed to be essential for their proper 

functioning. The results described in this thesis confirm this postulation by showing that 
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incubation of cells at elevated temperatures reduces the amount of active RhoA bound 

to the membrane. In addition to the previous postulation that the temporary shortage of 

geranylgeranylated proteins may be responsible for the fever episodes in MKD, it could 

also be that the extensive activation of unprenylated proteins contributes to this, as we 

found for RhoA.  

A possible treatment that may prevent the temporary shortage of geranyl-

geranylated proteins, is to increase the residual MK activity in MKD patients with 

squalene synthase inhibitors. These compounds have now reached phase III in clinical 

trials with patients suffering from hypercholesterolemia and thus may become available 

as registered drugs in the near future allowing tests for their efficacy in MKD patients.  
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Samenvatting voor iedereen 

Hyperimmunoglobuline D en periodiek koorts syndroom (HIDS) is een erfelijke ziekte, 

die voor het eerst in 1984 werd beschreven. HIDS ontleent zijn naam aan de 

abnormaal hoge concentratie immuunglobuline D (IgD) die deze patiënten in hun bloed 

hebben. Het belangrijkste symptoom waar patiënten met HIDS last van hebben, is 

periodieke koortsaanvallen, waarbij de koorts kan oplopen tot 40°C. Deze aanvallen 

gaan gepaard met hoofdpijn, buikpijn, diarree, duizeligheid, gewrichtsklachten en 

koude rillingen. Ook zijn er rode vlekken zichtbaar op de huid en kunnen de lever, milt 

en lymfeklieren opgezet zijn. Meestal komen de koortsaanvallen elke 3 tot 6 weken 

terug.  

Mevalonacidurie (MA) is ook een erfelijke ziekte, maar veel ernstiger dan HIDS. In 

1985 werd een groep patiënten beschreven die een opvallend hoge concentratie 

mevalonzuur in hun urine hadden, vandaar de naam mevalonacidurie. Patiënten met 

MA hebben soms misvormingen in het gelaat, staar en bloedarmoede. Zij blijven 

meestal achter in groei en mentale ontwikkeling. Daarbij hebben alle patiënten net als 

HIDS patiënten periodieke koortsaanvallen die gepaard gaan met opgezette 

lymfeknopen, darmproblemen, gewrichtsklachten en huiduitslag. De meeste patiënten 

met MA sterven in hun eerste levensjaar tijdens zo’n koortsaanval.  

Omdat al bekend was in welke biochemische route mevalonzuur voorkwam, werd, 

een jaar na de beschrijving, de oorzaak van MA gevonden, namelijk een verlaging van 

de activiteit van het enzym mevalonaat kinase (MK). Pas veel later, in 1999, werd 

ontdekt dat ook HIDS veroorzaakt wordt door deficiëntie van het enzym MK. Sindsdien 

worden MA en HIDS beschouwd als respectievelijk de ernstige en milde uitingen van 

de ziekte mevalonaat kinase deficiëntie (MKD). Het verschil in ziektebeeld tussen MA 

en HIDS heeft te maken met de restactiviteit van MK. In HIDS patiënten ligt de 

restactiviteit van MK tussen de 1% en 10%, terwijl het bij MA patiënten minder dan 

0,1% is.  

De verlaging van activiteit van MK wordt veroorzaakt door mutaties (veranderingen) 

in het gen dat codeert voor MK. Er zijn tot nu toe 63 verschillende mutaties gevonden. 

Een groot deel van deze mutaties zorgt ervoor dat de MK enzymen niet goed in hun 

3D-vorm gevouwen kunnen worden, waardoor deze ‘misvormde’ eiwitten versneld 

afgebroken worden en er dus veel minder MK enzymen aanwezig zijn in de cellen. Een 

paar mutaties hebben tot gevolg dat er wel genoeg MK enzym gemaakt wordt, maar 

dat deze niet goed meer werkt. Ook is ontdekt dat veel van de gemuteerde MK 

enzymen extra temperatuurgevoelig zijn, dus hoe hoger de temperatuur hoe lager de 

activiteit en omgekeerd. 

Naast opname uit voedsel kan het lichaam ook veel bouwstoffen zelf maken. MK 

werkt in de aanmaak (biosynthese) van isoprenoïden, waar onder andere cholesterol 

toe behoort. Cholesterol wordt in ongeveer 20 stappen gevormd, waarbij bij elke stap 

een stof wordt omgezet in de andere stof. Bij deze omzettingen zijn enzymen nodig die 
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de reacties versnellen (katalyseren). Naast cholesterol worden er nog meer belangrijke 

producten gemaakt in de isoprenoïd biosynthese route, zoals farnesyl pyrophosphaat 

(FPP) en geranylgeranyl pyrophosphaat (GGPP). Deze stoffen worden via een zijtak in 

de isoprenoïd biosynthese route gevormd, zodat de laatste paar stappen verschillen 

van cholesterol. FPP en GGPP worden aan bepaalde eiwitten gezet en functioneren 

als ankers waarmee die eiwitten aan de celmembraan kunnen binden. MK katalyseert 

de omzetting van mevalonaat naar phosphomevalonaat, één van de eerste stappen in 

de isoprenoïd biosynthese. Deficiëntie van MK heeft daardoor invloed op alle 

eindproducten die gemaakt worden in het isoprenoïd biosynthese pad. 

Ondanks dat de restactiviteit van MK in MKD patiënten heel laag 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 het isoprenoïd biosynthese pad is veel gevoeliger voor verstoringen in MKD 

patiënten dan in gezonde personen. Een kleine temperatuursverhoging verlaagt de 

restactiviteit van MK, waardoor het pad geremd wordt en er een (tijdelijk) tekort aan 

eindproducten ontstaat. Dit tekort leidt tot ontsteking en koorts (symptomen in MKD 

patiënten), wat de temperatuur weer verhoogt en de activiteit van MK nog meer 

verlaagt. Deze vicieuze cirkel kan doorbroken worden doordat cellen een compensatie-

mechanisme 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 het isoprenoïd biosynthese pad (langzaam) 

weer te herstellen. 

Er zijn verschillende aanwijzingen dat met name een tekort aan GGPP de koorts en 

ontsteking in MKD patiënten veroorzaakt. Verhoging van de restactiviteit van MK met 

behulp van het feedback mechanisme van cholesterol, waardoor er minder snel een 

tekort aan GGPP ontstaat, zou een mogelijke therapie kunnen zijn voor MKD. 

Cholesterol is een onmisbare bouwstof in cellen, maar een overmaat aan cholesterol is 

toxisch, daarom wordt de concentratie van cholesterol in cellen erg nauwkeurig 

geregeld. Op het moment dat er teveel cholesterol aanwezig is in een cel, wordt de 

activiteit van alle enzymen van het isoprenoid biosynthese pad verlaagd. Andersom, als 

er te weinig cholesterol aanwezig is in de cel, wordt de activiteit van alle enzymen van 

het pad verhoogd. Dit wordt een feedback mechanisme genoemd. Incubatie van MKD 

cellen met verschillende remmers van het isoprenoïd biosynthese pad, die de 

concentratie van cholesterol verlagen, zorgt voor een duidelijke toename in de 

restactiviteit van MK. Vooral de remmer zaragozzazuur, dat het enzym net onder de 

zijtak remt, is veelbelovend, omdat het de productie van cholesterol remt en de 

productie van GGPP dubbel stimuleert. Ten eerste, de activiteit van MK wordt 

verhoogd en ten tweede, de kleine stroom die nog door het isoprenoïd biosynthese pad 

gaat, wordt in de richting van GGPP gestuwd omdat de tak naar cholesterol geremd 

wordt. Helaas is zarragozzazuur nog geen geregistreerde medicijn en mag het nog niet 

in MKD patiënten getest worden. 
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Ondanks dat er veel bekend is over de oorzaak van MKD en wordt gezocht naar 

een mogelijke therapie, is het nog onduidelijk wat de ontsteking en koorts in MKD 

patiënten veroorzaakt. Er zijn een heleboel eiwitten die GGPP nodig hebben om goed 

te functioneren, zogenaamde signaaleiwitten. Bij een bepaald signaal binden deze 

eiwitten aan de celmembraan met behulp van GGPP waar ze een interactie aangaan 

met een effector-eiwit. Zo’n effector-eiwit geeft dan het signaal door aan de rest van 

cel, waardoor de juiste respons ontstaat. Helaas hebben de eiwitten die GGPP nodig 

hebben veel verschillende functies. Daardoor is het erg moeilijk om erachter te komen 

welk van die eiwitten verantwoordelijk is voor de symptomen in MKD. Het identificeren 

van deze eiwitten is dan ook een belangrijke onderzoeksrichting in de toekomst. 
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Eindelijk, eindelijk is het dan zo ver. Het is af! Het heeft iets langer geduurd dan ik 

dacht, maar ik ben nu dan toch bij het allerlaatste hoofdstuk aangekomen. Ik heb een 

geweldige tijd gehad bij lab GMZ en ik zal de sfeer, gezelligheid, hulpvaardigheid en 

voornamelijk alle mensen die daar werken (en werkten) missen! 

 

Ronald, ik ben blij dat ik toevallig Fredoen ontmoette op plein J, waardoor ik ineens bij 

je in je (chaotische) kamer zat voor een scriptieonderwerp. Door jouw enthousiasme 

was het niet moeilijk om te besluiten om ook bij GMZ te gaan promoveren. Bedankt 

voor je interesse, kennis en ideeën.  

 

Hans, bedankt dat je me door de promotiejaren heen hebt geloodst. Er zijn wel wat 

momenten geweest waarop ik het niet meer zag zitten en jij me toch elke keer weer 

zover kreeg om door te gaan. Bedankt voor alle vrijheid die ik kreeg, maar ook dat je 

me af en toe dwong om de minder leuke proeven af te ronden.   

 

Paranimf Saskia, ik ben blij dat ik met jou, als mede-cholesterol-AIO, alle hoogte- en 

dieptepunten van het AIO-schap heb doorgemaakt. We hebben samen heel wat leuke, 

gezellige en grappige momenten meegemaakt (zwemmen in de ijskoude zee voor de 

mooie foto’s), maar je was ook altijd bereid om te luisteren, te helpen en mee te denken 

over problemen. Ik vind het dan ook heel leuk dat we elkaars paranimfen zijn. Bedankt 

voor alles en ik hoop dat we na onze promoties nog lang contact houden! 

Paranimf Bianca, we zijn nu al 16 jaar dikke vriendinnen en ik kan me geen betere 

vriendin wensen. Van alle mensen ben jij denk ik de persoon die het meest mijn gezeur 

en geklaag over promotiestress heb moeten aanhoren (vooral het laatste jaar). Bedankt 

voor al je geduld, hulp en steun en natuurlijk voor alle ontspanning en afleiding wat net 

zo belangrijk is. Op jou kan ik altijd rekenen, bedankt dat je mijn paranimf wilt zijn. 

 

Natuurlijk wil ik het cholesterolgroepje bedanken. Het leukste en gezelligste groepje 

binnen GMZ! Wat begon met Sander, Sietske en Janet, veranderde in de tweede helft 

van mijn promotietijd in een ‘all girls’ groepje met Saskia, Janet, Marjolein en Linda. Ik 

wil jullie bedanken voor de vrolijke, gezellige sfeer op het lab, maar ook voor alle hulp, 

een luisterend oor bij frustraties en alle gezamenlijke proeven die we hebben gedaan.  

Janet, de enige constante factor binnen het cholesterolgroepje, bedankt voor al je 

kennis en hulp bij met name de vele lightcyclerproeven. Marjolein, jou heb ik toch wel 

het meest ‘mishandeld’ met alle lightcylcer- en vreselijke pull-down-proeven. Jouw inzet 

en doorzettingsvermogen hebben tot een paar mooie hoofdstukken geleid. Bedankt 

voor alles! Linda, het klikte meteen toen jij als derde cholesterol-AIO bij ons groepje 

kwam. Al was het in het begin een beetje wennen aan hoeveel jij op een dag praat, je 

hebt een hoop gezelligheid meegebracht. Succes met de laatste loodjes van jouw 

promotietraject. Linda en Marjolein, de paardenmeisjes, het is ongelofelijk dat jullie de 
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hele cholesterolgroep op een paard hebben gekregen tijdens het cholesteroluitje, een 

absoluut hoogtepunt! 

 

AIO-kamer F0-116, beter bekend als de ‘leukste AIO-kamer’, was voor mij de beste 

plek binnen GMZ. Hier kon ik altijd mijn frustraties kwijt, maar vond ik ook altijd steun, 

hulp en gezelligheid. Ondanks de steeds wisselende samenstelling waren wij vrouwen 

altijd in de minderheid. Sietske en Jeannette bedankt voor alle gezellige middagpauzes 

buiten in het zonnetje. Linda en Annemieke, ook al werden de mannen af en toe gek 

van ons, ik mis onze leuke gesprekken en thee-met-een-smaakje-/koffiepauzes op de 

kamer heel erg! Dan heb je natuurlijk ook nog de mannelijke bevolking van F0-116. 

Rob (als enige niet-AIO houd je goed stand in F0-116, bedankt voor alle hulp), Jasper 

(op maandagochtend kon ik nog nagenieten van jouw ‘derde helft’), Daan, Fredoen, 

Pedro, Robert Jan (de koffieman), Riekelt (de enige man die af en toe ook thee-met-

een-smaakje dronk) en Marc (jouw komst was niet goed onze lijn!) wil ik bedanken voor 

de goede sfeer in de AIO-kamer.  

 

Alle (ex-) AIO’s van de iets minder leuke AIO-kamer: Naomi (dé kokkin van GMZ), 

Malika, Merel, Roos, Jolein, Ference, Paula, Catia, Hidde en Annemieke de R. en 

natuurlijk de ex-AIO’s die nog steeds op GMZ rondlopen, Sander (ook al werk je niet 

meer aan cholesterol, je hoort er nog altijd wel bij hoor), Wouter, Sacha en Fred 

bedankt voor de gezelligheid op het lab en vooral tijdens de AIO-etentjes.     

 

Iet en Wendy, mijn busmaatjes en plaatsgenoten, bedankt voor alle gesprekken en 

gezelligheid tijdens onze lange busritten. Hopelijk kom ik jullie in Hoorn nog eens 

tegen. 

 

Natuurlijk wil ik alle (ex-) GMZers bedanken voor de gezellige koffiepauzes, borrels en 

labuitjes. Door jullie is de sfeer op het lab zo goed en heb ik het enorm naar mijn zin 

gehad tijdens mijn promotie-onderzoek. Een aantal mensen horen bij het meubilair van 

GMZ en dragen veel bij aan de kennis op het lab. Jos, Carlo, Conny, Simone, Petra, 

Patricia, Lodewijk, Rob, Janet H. bedankt voor alle hulp en nuttige opmerkingen bij 

werkbesprekingen. 

Ook de mensen die het lab draaiende houden wil ik bedanken: Rally, Maddy, Susan, 

Gerrit-Jan, Sjouke, Jan en Desi. Annie, ondanks onze haat-liefdeverhouding hebben 

we het gezellig gehad. Jij levert een speciale bijdrage aan de sfeer op het lab.  

 

Alle collega’s van Sanquin wil ik bedanken voor hun medeleven, interesse, steun en 

belangstelling in mijn proefschrift-leed. 
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Ook de mensen buiten het lab zijn heel belangrijk om het promotietraject door te 

komen. Ik wil graag al mijn vrienden en familie bedanken voor de belangstelling in mijn 

onderzoek, steun, gezelligheid en ontspanning. 

Laura, Bianca, Linda, Wendy, Marieke en Danielle ook al hebben jullie vaak geen idee 

wat ik nou precies de hele dag doe (potjes met kwakjes dichtdraaien) jullie hebben wel 

altijd belangstelling getoond en zelfs een (korte) poging gedaan om mijn artikelen te 

lezen. Bedankt daarvoor, maar natuurlijk ook alle feestjes, toernooitjes, etentjes en 

goede gesprekken, de noodzakelijke ontspanning en afleiding naast het werk. Na mijn 

promotie heb ik weer tijd voor ‘eentje toe’! 

 

Hein en Joppe, vroeger konden we niet altijd even goed met elkaar opschieten, maar 

onze band is de laatste jaren alleen maar beter geworden. Ik heb het getroffen met 

jullie als broers. Joppe, veel succes als opvolger! 

Paps en Mams, jullie hebben me gesteund bij alles wat ik doe. Jullie staan altijd klaar 

om te helpen en zijn er altijd voor mij. Bedankt voor alles. 

Lieve Hans, jij hebt het meest geleden onder mijn promotiestress. Door al mijn buien, 

gezeur en gechagerijn (zeker de laatste maanden) was het voor jou ook een hele 

opgave. Bedankt voor al je geduld, steun en vertrouwen in mij. Ik laat het niet altijd 

merken, maar je betekent heel veel voor mij. 
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