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CHOLESTERO LL  BIOSYNTHESI S IS NOT DEFECTIV E IN PEROXISOME 
BIOGENESI SS DEFECTIV E FIBROBLAST S 

Sietskee Hogenboom, Ronald J. A. Wanders and Hans R. Waterham 

LaboratoryLaboratory Genetic Metabolic Diseases, Department of Pediatrics, Emma Children's 
Hospital,Hospital, Academic Medical Center, Amsterdam 

SUMMARY Y 

Too evaluate the presumed peroxisomal involvement in cholesterol / isoprenoid 
b iosynthesiss we determined the protein levels and activities of five different 
enzymess of the presqualene segment of the cholesterol / isoprenoid 
biosynthet icc pathway in primar y skin fibroblast s of selected patients wit h a 
perox isomall  b iogenesis disorder  (PBD). These five enzymes all have been 
reportedd to be partl y or  exclusively peroxisomal and include HMG-CoA 
reductase,, mevalonate kinase, phosphomevalonate kinase, mevalonate 
pyrophosphatee decarboxylase, and isopentenyl pyrophosphate isomerase. To 
excludee that genetic differences, resulting i n different defects in peroxisomal 
b iogenes is,, have differentia l effects on the activit y of the cholesterol 
b iosynthet icc enzymes and on de novo cholesterol biosynthesis, we chose 
fibroblastsfibroblasts of pat ients wit h defined defects in one of five different PEX genes 
leadingg to Zellweger  syndrome (PEXi, PEX5, PEX16 or  PEX19) or  rhizomelic 
chondriodysplasiaa punctata (PEX7). W e found that all enzymes measured are 
att  least as active in the peroxisome-deficient cells cultured in cholesterol-
depletedd medium as in identically cultured control cells. Thi s indicates that i f 
thesee presumed peroxisomal proteins are mislocal ized to the cytosol they do 
nott  loose their  activity , nor  get degraded unlik e most other  authentic 
peroxisomall  proteins. We also measured de novo cholesterol synthesis fro m 
radio-labeledd acetate in all cell lines and found similar  or  even elevated rates 
forr  the PBD cells when compared to controls. Our  results impl y that 
funct ionall  peroxisomes are not a prerequisite for  the functionin g of enzymes 
involvedd in cholesterol / isoprenoid biosynthesis and as such raise doubts 
aboutt  the tru e involvement of peroxisomes therein. 

INTRODUCTION N 

Forr a long time, cholesterol/isoprenoid biosynthesis had been assumed to take place only 
inn the cytosol and the endoplasmic reticulum. More recently, however, it has been 
postulatedd that peroxisomes also play a central role in the biosynthesis of cholesterol and 
isoprenoidss (for reviews see (1, 2)). Peroxisomes are subcellular organelles with a variety of 
pivotall  functions in cellular metabolism, including fatty acid a- and p-oxidation, ether 
phospholipidd biosynthesis, and glyoxylate detoxification. The importance of peroxisomes 
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inn humans is stressed by the existence of a group of inherited diseases collectively called 
thee peroxisomal biogenesis disorders (PBDs) that are due to an impairment in multiple 
peroxisomall  functions or the complete absence of the organelles. These PBDs, including 
thee cerebro-hepato-renal syndrome of Zellweger (ZS), may be caused by genetic defects in 
onee of at least 12 different PEX genes encoding proteins called peroxins that are required 
forr the biogenesis and/or functioning of the organelles (3, 4). 

Thee studies on the role of peroxisomes in cholesterol/isoprenoid biosynthesis were 
initiatedd after the remarkable finding of HMG-CoA reductase (HMGR), an integral 
membranee protein of the endoplasmic reticulum, in the matrix of peroxisomes by 
immuno-electronn microscopy (5). Subsequent biochemical localization studies suggested 
thatt also other enzymes of the presqualene segment of the cholesterol/isoprenoid 
biosynthesiss pathway are located partly or even exclusively in peroxisomes. These include 
mevalonatee kinase (MK) (6), phosphomevalonate kinase (PMK) (7), mevalonate 
pyrophosphatee decarboxylase (MPD) (8), isopentenyl pyrophosphate isomerase (IPPI) (9) 
andd farnesyl pyrophosphate synthase (FPPS) (10, 11). Furthermore, the identification of 
thee genes encoding these enzymes revealed amino acid sequence motives that may present 
peroxisomall  targeting signals (PTSs). MK, MPD, and FPPS have been claimed to contain 
putativee amino-terminal PTS2 sequences and PMK and IPPI potential carboxy-terminal 
PTSii  sequences (1). The amino acid sequence of HMGR, however, does not contain either 
off  these two PTS sequences. 

Inn the PBDs, peroxisomal enzymes become mislocalized to the cytosol due to a defect in 
thee peroxisomal protein import machinery or to the complete absence of the organelles. In 
manyy cases this leads to the degradation and/or inactivation of these enzymes, with a 
markedd deficient activity as a result. Few enzymes, such as catalase, however, are stable 
andd active in both peroxisomes and cytosol (12). Degradation and inactivation in cells of 
patientss with PBDs have also been reported for some of the enzymes involved in 
cholesterol/isoprenoidd biosynthesis. However, the findings in the literature are rather 
conflicting.. For example, in liver homogenates of ZS patients, the enzyme activities for 
HMGR,, MK, PMK, MPD, IPPI and FPPS were reported to be decreased by Krisans and 
coworkerss (10), while our group found decreased activities in livers of a few ZS patients, 
butt normal activities in livers of other ZS patients and of a PEX5 knock-out mouse (13, 14, 
15).. Moreover, we have shown recently that the observed deficient activities found in livers 
off  diseased patients with ZS are the result of the bad condition of the post-mortem tissues 
ratherr than of mislocalization of the enzymes to the cytosol. Indeed, the absence of 
functionall  peroxisomes in liver did not lead to a deficiency of enzymes involved in 
cholesteroll  biosynthesis and based on these findings we concluded that functional 
peroxisomess may not be required for cholesterol/isoprenoid biosynthesis in liver (14). 
Conflictingg results in fibroblasts have also been published. Two groups of investigators 
reportedd decreased cholesterol biosynthesis (2-84 % of control values) in fibroblasts of ZS 
patientss (16, 17) while three other groups reported normal or even increased cholesterol 
biosynthesiss in fibroblasts of patients with three different types of peroxisomal defects (18) 
(lg)andd in peroxisome-defective CHO cells (20). In addition, it has been reported recently 
thatt there is no significant difference in rates of de novo cholesterol biosynthesis between 
fibroblastsfibroblasts of day 18.5 embryos of PEX5 knock-out and control mice (21). At the enzyme 
level,, normal activities of MK, MPD and IPPI were found in ZS fibroblasts (13) in one 
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study,, but in another study a marked decreased MK activity was reported in ZS fibroblasts 
(6). . 

Itt has been suggested that these discrepancies are related to the existence of genetic 
heterogeneityy underlying the peroxisomal defects in the patients implying that different 
mutationss in different PEX genes might lead to a different extent of peroxisomal 
disfunctionn and severity of illness. This prompted us to examine the protein levels and 
activitiess of selected key enzymes in isoprenoid/cholesterol biosynthesis and the de novo 
cholesteroll  synthesis in skin fibroblast cell lines of eight different patients with defined 
defectss in one of five different PEX genes and to compare these with control cell lines. To 
avoidd inconclusive data due to mild defects we specifically selected cell lines from patients 
whoo had a severe state of disease. In all cases we found enzyme activities and levels of the 
variouss proteins that were similar as in controls indicating that functional peroxisomes are 
nott required for proper functioning of the enzymes. This was confirmed by the observation 
thatt the rate of de novo cholesterol synthesis in all PBD lines was similar or even increased 
whenn compared to control cells. 

MATERIAL SS AND METHODS 

FibroblastFibroblast cell lines 
Experimentss were performed with primary skin fibroblasts obtained from two or three 
controll  subjects and 8 patients affected with a PBD. Patients 1-6 were diagnosed with ZS 
andd all had severe mutations in one of five different PEX genes. Patient 1 was compound 
heterozygotee for an insertion and a deletion mutation and patient 2 for an insertion and a 
splicee site mutation in the PEXi gene. Patient 3 was a homozygote for a large intragenic 
deletionn and patient 4 a homozygote for a nonsense mutation in the PEX5 gene. Patient 5 
wass a homozygote for a nonsense mutation in the PEX16 gene (22) and patient 6 a 
homozygotee for an insertion mutation in the PEX19 gene (23). Finally, patient 7 and 8 
sufferedd from RCDP typei and both were homozygotes for nonsense mutations in the 
PEXyPEXy gene. The skin fibroblasts were cultured first in Dulbecco's Modified Eagles medium 
(DMEM)) containing 10% fetal calf serum in a temperature and humidity controlled 
incubatorr (95% air, 5% C02 as the gas phase) at 37 °C. Cells were grown until 50-70 % 
confluencyy after which the medium was substituted for DMEM containing 10% lipoprotein 
(cholesterol)-depletedd fetal calf serum. After culturing for 3 days, cells were harvested, 
washedd 3 times with PBS and 2 times with 0.9% NaCl solution, and stored as pellets at -80 
°C.. Five pellets of each fibroblast cell line were pooled, resuspended in 2 ml of cold 0.9 % 
NaCl,, and snap frozen in liquid nitrogen in 0.2 ml aliquots. Before enzyme measurements, 
aliquotss were thawed on ice and sonicated to obtain lysates as described previously (14). 

EnzymeEnzyme assays 
MKMK  (15, 24), PMK (14), MPD (14), IPPI (14), and dihydroxyacetonphosphate 
acyltransferasee (DHAPAT) (25) were measured radiochemically as described previously. 
Phosphoo gluco isomerase (PGI) (26), glutamate dehydrogenase (GDH) (27) and catalase 
(CAT)) (10) were measured spectrophotometrically as described. Activities of the various 
enzymess were determined in triplicate for each fibroblast cell line. 
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ImmunoblotImmunoblot analysis 
Equall  amounts of total protein of fibroblasts lysates (20 fig/sample) were separated by 
SDS-PAGEE and transferred onto nitrocellulose by semidry blotting (28). Affinity-purified 
antibodiess directed against human MK, PMK, and MPD (14) were used at a 1:250 dilution. 
Antigen-antibodyy complexes were visualized with goat anti-rabbit IgG-alkaline 
phosphatasee conjugate (Bio Rad laboratories (Hercules, CA)) and CDP-star (Roche 
Chemicalss (Grenzach-Wyhlen, Germany)). As a control for equal transfer of protein, each 
blott was reversibly stained with Ponceau S prior to the incubation with antibodies. 

CholesterolCholesterol biosynthesis 
DeDe novo cholesterol synthesis from [^C]-acetate (Amersham Pharmacia Biotech (Uppsala, 
Sweden))) was determined essentially as described by Malle et al. (18). The skin fibroblasts 
off  three control subjects and the 8 patients were cultured first in Nutrient mixture Ham 
Floo containing 10% fetal calf serum in a temperature and humidity controlled incubator 
(95%% air, 5% C02 as the gas phase) at 37 °C. Cells were grown until 80-90% confluency 
afterr which the medium was substituted for DMEM containing 10% lipoprotein 
(cholesterol)-depletedd fetal calf serum. After 3 days of culturing, 1 uCi [^Cj-labeled acetate 
wass added to the medium followed by 48 hours of incubation. After washing cells the twice 
withh ice-cold buffer A (50 mM Tris.HCl, 137 mM NaCl, 2 g/L BSA, pH=74) and twice with 
bufferr B (50 mM Tris.HCl, 137 mM NaCl, pH=74), cells were lysed overnight with 850 ul 
0.33 M NaOH. Aliquots were taken for protein estimation. Saponification of lipids was 
performedd in 10% NaOH at 85-90 °C for 1 hour. After extraction with hexane, lipids were 
driedd under N2, dissolved in 70 ul CHCl3/MeOH (2:1 v/v) and separated by thin layer 
chromatographyy using petrol ether/diethylether/acetic acid (50:50:1, v/v/v) as the mobile 
phasee and analyzed by phosphor-imaging. Identification was performed by co-
chromatographyy with [^d-cholesterol. Analysis of the culture medium after the 
incubationn with [^Cj-labeled acetate indicated that at maximum, only 10% of total [^C]-
labeledd acetate was taken up by the cells. 

RESULTS S 

ActivitiesActivities and levels of selected enzymes in peroxisome biogenesis defective 
fibroblasts fibroblasts 
Wee examined the consequences of peroxisome deficiency on the activity and levels of 
selectedd enzymes involved in cholesterol/isoprenoid biosynthesis in primary skin 
fibroblastss of 8 different patients with a PBD due to severe mutations in one of five 
differentt PEX genes. These include fibroblasts from patients with mutations in the PEXi, 
thee PEX5, the PEX16, and the PEXig gene, respectively. 
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Figur ee l . Activities of selected enzymes in fibroblasts of PBD patients and control subjects. 

Enzymee activity of DHAPAT (A), PGI (B), CAT (C), HMGR (D), MK (E), PMK (F), MPD (G), and 

IPPII  (H) were measured in skin fibroblasts of four PBD patients (pati-8) with defects in one of 

fivee different PEX genes (see materials and methods for details) and two control subjects (Ctrl). 

Presentedd is the mean of triplicate measurements. 
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Inn all cases, the patients were clinically severely affected leading to ZS (PEXi, PEX5, 
PEX16,PEX16, PEXig) or RCDP type 1 (PEXf). This was confirmed by the finding of markedly 
decreasedd levels of the peroxisomal enzyme DHAPAT in the cells of these ZS patients (Fig. 
lA) .. We recently showed that DHAPAT activity is one of the best parameters to reflect the 
degreee of peroxisome deficiency and clinical severity in patients with a generalized PBD 
(29).. In cells of the RCDP type 1 patients, the activity of DHAPAT was only moderately 
decreased. . 

Too study the effect of peroxisome deficiency on the activity of cholesterol/isoprenoid 
biosyntheticc enzymes we cultured the fibroblasts for 3 days in medium with lipoprotein 
(cholesterol)-depletedd serum to assure optimal induction of the cholesterol/isoprenoid 
pathway.. When we subsequently measured the activities of HMGR, MK, PMK, MPD and 
IPPII  in lysates of these cells, we found similar or even slightly increased activities when 
comparedd to the activities in identically cultured fibroblasts of 2 different control subjects 
(Fig.. lD-H). This was also the case for most enzyme activities in the cell lines documented 
too have no peroxisomal remnants (PEX16 and PEX19), although HMGR and MK activities 
weree somewhat decreased in the PEX16 cells. 

Forr comparison, we also measured a cytosolic enzyme, PGI (Fig. lB), and an authentic 
peroxisomall  enzyme, CAT (Fig. lC), in the cell lysates. PGI activities in the different PBD 
cellss were similar as in the control cells. As previously reported by others, the CAT 
activitiess in the different PBD cells are increased when compared to control cells. 

Wee confirmed that the measured enzyme activities are a reflection of the actual protein 
levelss by immunoblot analysis of MK, PMK, and MPD in the same samples using affinity-
purifiedd antibodies raised against these proteins. This revealed similar levels in all cells 
(Fig.. 2). 

Figur ee 2. Protein levels of selected enzymes in fibroblasts of human PBD patients (pati-8) 
andd control cell lines (ctrli-2). 20 ug of protein was separated by SDS-PAGE and 
immunoblotted.. Protein levels were detected using affinity purified antibodies (1:250) raised 
againstt MK, PMK or MPD. 

CholesterolCholesterol biosynthesis in peroxisome biogenesis defective fibroblasts 
Thee finding of similar or even increased activities for all five analyzed enzymes involved in 
cholesterol/isoprenoidd biosynthesis would not support a defect in de novo cholesterol 
biosynthesiss in peroxisome-deficient cells. However, since the eventual synthesis of 
cholesteroll  requires additional enzymatic steps that were not assessed by direct enzyme 
measurementss in our study, we also determined the incorporation of radio-labeled acetate 
intoo cholesterol. All fibroblasts with peroxisomal defects were able to form cholesterol with 
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similarr or even higher rates as the control fibroblasts (Fig. 3), indicating that there is no 
apparentt block in the de novo synthesis of cholesterol in PBD cells. This was also the case 
forr cell lines defective for PEXy, which would result in a differential localization of the 
variouss enzymes; i.e. a peroxisomal localization of enzymes containing a potential PTSi 
(PMK,, IPPI) and a cytosolic localization of the PTS2-containing enzymes (MK, MPD). 

dede novo cholesterol biosynthesis 
aa 400 ] 

o o 

la* » » 
1*1 1 
" 'SS 200 ££ s aa a 
~w ioo o 
ca a 

o o , , 

O O 

CN N 

i_ _ 

Ü Ü 

~ ~ 

u u 

— — 
X X 

c^ ^ 

_ _ 
M M 

OH H 

_ _ X X 
OJ J 

C--

r i i 
co o 

QH H 

'J- I I 
X X 
CJ J 

c c 

0 0 

eS S 
0_ _ 

>/-> > 
X X 
0 0 

c c 

Tt t 
ca a 

On n 

vo o 

(U U 

^̂  ^ 
CD D 

0 0 

' ' 
0 0 

-̂̂  ^ 
CO O 

r --
X X 
u u 

c --

r --
ca a 

c_ _ 

r~ ~ 
y y 
u u 

(X X 

oc c 
CO O 

0. . 

complementationn group 

Figur ee 3. De novo cholesterol biosynthesis in fibroblasts of PBD patients and control subjects. 
Incorporationn of ['-tCJ-labeled acetate in skin fibroblasts of eight PBD patients (pati-8) with 
defectss in one of five different PEX genes (see materials and methods for details) and three 
controll  subjects (ctrh-3). Presented is the mean of triplicate measurements. 

DISCUSSION N 

Inn this study we have shown that all five enzymes functioning in the presqualene segment 
off  the cholesterol/isoprenoid biosynthesis pathway that have been reported to be partly or 
exclusivelyy peroxisomal, are normally present and active in fibroblasts of ZS patients. To 
excludee that genetic differences result in different defects in peroxisomal biogenesis and 
consequentlyy might influence the activity of the enzymes, we examined skin fibroblasts of 
patientss with inactivating mutations in one of five different PEX genes. Mutations in the 
PEX7PEX7 gene cause RCDP type 1 and lead to a selective deficiency of the import of PTS2-
containingg proteins, among which would be the enzymes MK and MPD that have been 
postulatedd to contain a PTS2 sequence (1). The mutations in the other four PEX genes all 
resultt in ZS. Mutations in the PEX5 gene lead to a deficiency of the import of PTSi-
containingg proteins among which would be at least the enzymes PMK and IPPI (1). 
However,, dependent on the mutation and in fact the case for the PEX5 cell line used in our 
study,, also a deficiency of import of both PTSi- and PTS2-containing proteins may occur, 
amongg which would also be the enzymes (3o)MK and MPD that have been postulated to 
containn a PTS2 sequence (1). Patients with mutations in the PEXi gene, the most common 
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groupp of PBDs, have a general defect in peroxisome biogenesis resulting in the complete 
absencee of functional peroxisomes (31), while in patients with mutations in PEX16 (32) or 
PEX19PEX19 (23), there is even a complete absence of peroxisomal remnants. 

Thee results of our study clearly show that deficient import of the presumed peroxisomal 
enzymess involved in cholesterol/isoprenoid biosynthesis and the resulting mislocalization 
too the cytosol do not lead to protein degradation, decreased enzyme activities and defective 
cholesteroll  biosynthesis, irrespective of the genetic lesion of the patients. This contradicts 
withh previous data reporting that MK is deficient in a ZS cell line (6) and is in 
disagreementt with the reduced rates of cholesterol biosynthesis reported in two different 
studiess (16, 17). However, our findings are fully in agreement with the normal or higher 
ratess of de novo cholesterol biosynthesis reported in three other studies (18, 19, 20). 
Recently,, we showed that the decreased enzyme activities reported previously in liver 
homogenatess of diseased ZS patients are the result of the bad condition of the liver rather 
thann of mislocalization of these enzymes to the cytosol (14). This was concluded from 
enzymee activity measurements and immunoblot experiments. The present findings in 
fibroblastss support this conclusion. 

Somewhatt unexpectedly, we did not observe a good correlation between the activity of 
HMGR,, generally regarded as rate limiting, and the rate of de novo cholesterol synthesis in 
thee various cell lines. Although in the PEX16 cells the HMGR activity is somewhat reduced 
whenn compared to controls and other cell lines, the de novo cholesterol synthesis appears 
somewhatt increased. In contrast, the HMGR activity in control 1 is rather high although 
thee de novo synthesis is low. We do not have a real explanation for these observations. 
However,, in general one may conclude that at least the de novo cholesterol biosynthesis is 
nott significantly decreased due to the absence of peroxisomes. 

Ourr observation that intact functional peroxisomes are not needed for the functioning 
off  the enzymes of the presqualene segment and, as a consequence, are not a prerequisite 
forr isoprenoid/cholesterol biosynthesis in humans, suggests that the reduced plasma 
cholesteroll  levels occasionally found in ZS patients (33) must be an epiphenomenon. One 
explanationn may be that the lowered cholesterol levels are caused by a reduced uptake of 
thee abnormal LDL present in tissues of patients with peroxisomal disorders (17). In 
addition,, gastrointestinal malabsorption associated with liver disease and abnormal bile 
acidd metabolites, as they commonly occur in ZS patients, may contribute to lower levels of 
cholesterol.. Finally, cholesterol may be sequestered by esterification with very long chain 
fattyy acids, which typically accumulate to high levels in Zellweger patients (34). 

Inn summary, we conclude that intact functional peroxisomes are not a prerequisite for 
isoprenoid/cholesteroll  biosynthesis in humans and that the reduced cholesterol levels 
reportedd in a few ZS patients can not be explained by a deficiency of one of the presumed 
peroxisomall  enzymes functioning in the presqualene segment of the biosynthetic pathway. 
Ourr findings do not necessarily exclude a peroxisomal localization of these enzymes. They 
onlyy stress that, in contrast to many other authentic peroxisomal enzymes, conclusions 
concerningg their peroxisomal localization can not be drawn on their activity and protein 
levelss in cells of patients with PBDs. 
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