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Summary y 

Thee peroxisome biogenesis disorders (PBDs), which comprise Zellweger syndrome (ZS), 
neonatall  adrenoleukodystrophy and infantile Refsum disease (IRD), represent a spectrum 
off  disease severity with ZS being the most, and IRD the least severe disorder. The PBDs 
aree caused by mutations in one of the at least 12 different PEX genes encoding proteins 
involvedd in the biogenesis of peroxisomes. We report the biochemical characteristics and 
molecularr basis of a subset of atypical PBD patients. These patients were characterized by 
abnormall  peroxisomal plasma metabolites, but otherwise normal to very mildly abnormal 
peroxisomall  parameters in cultured skin fibroblasts, including a mosaic catalase 
immunofluorescencee pattern in fibroblasts. Since this latter feature made standard 
complementationn analysis impossible, we developed a novel complementation technique 
inn which fibroblasts were cultured at 40°C, which exacerbates the defect in peroxisome 
biogenesis.. Using this method, we were able to assign eight patients to complementation 
groupp 3, followed by the identification of a single homozygous S320F mutation in their 
PEX12PEX12 gene. We also investigated various peroxisomal biochemical parameters in 
fibroblastss at 30°C, 37°C and 40°C and found that all parameters showed a temperature-
dependentt behavior. The principle of culturing cells at elevated temperatures to 
exacerbatee the defect in peroxisome biogenesis and thereby preventing certain mutations 
too be missed, may well have a much wider applicability for a range of different inborn 
errorss of metabolism. 

Introductio n n 

Thee peroxisome biogenesis disorders (PBDs; MIM # 601539), which comprise Zellweger 
syndromee (ZS; MIM # 214100]), neonatal adrenoleukodystrophy (NALD; MIM # 202370]) 
andd infantile Refsum disease (IRD; MIM # 266510), represent a spectrum of disease 
severityy with ZS being the most, and IRD the least severe disorder. Common to all three 
PBDss are liver disease, variable neurodevelopmental delay, retinopathy and perceptive 
deafness.11 Patients with ZS are severely hypotonic from birth and die before one year of 
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age.. Patients with NALD experience neonatal onset of hypotonia and seizures and suffer 
fromm progressive white matter disease, dying usually in late infancy.2 Patients with IRD 
mayy survive beyond infancy and some may even reach adulthood.3 Clinical differentiation 
betweenn these disease states is not very well-defined and patients can have overlapping 
symptoms.4 4 

Thee absence of functional peroxisomes in patients with a PBD leads to a number of 
biochemicall  abnormalities. PBD patients have an impaired synthesis of plasmalogens, due 
too a deficiency of the two enzymes dihydroxyacetonephosphate acyltransferase 
(DHAPAT)) and alkyl-dihydroxyacetonephosphate synthase (alkyl-DHAP-synthase).5-6 

Peroxisomall  fatty acid p-oxidation is defective, leading to the accumulation of very-long 
chainn fatty acids (VLCFAs), notably C26:0/ the branched chain fatty acid pristanic acid and 
thee bile acid intermediates di- and trihydroxycholestanoic acid (DHCA and THCA).1-7 

Furthermore,, phytanic acid a-oxidation and L-pipecolic acid oxidation are impaired.1-7 

Somee peroxisomal enzymes show normal activity including catalase, D-amino acid 
oxidase,, L-a-hydroxy acid oxidase A and alanine:glyoxylate aminotransferase, but 
subcellularr fractionation studies have shown that these enzymes are mislocalized in the 
cytoplasm.1-7 7 

Thee PBDs are caused by genetic defects in PEX genes encoding proteins called 
peroxins,, which are required for the biogenesis of peroxisomes and function in the 
assemblyy of the peroxisomal membrane or in the import of enzymes into the peroxisome.8 

Afterr synthesis on free polyribosomes, peroxisomal matrix proteins carrying either a 
carboxy-terminall  peroxisomal targeting sequence 1 (PTS1) or a cleavable amino-terminal 
PTS22 signal are translocated across the peroxisomal membrane.8 A defect in one of the 
peroxinss of the peroxisomal import machinery leads to failure of protein import via the 
PTS1-- and/or PTS2-dependent import pathway and, consequently, to functional 
peroxisomee deficiency. Cell fusion complementation studies using patient fibroblasts 
revealedd the existence of at least 12 distinct genetic groups of which currently all of the 
correspondingg PEX genes have been identified. Most complementation groups (CGs) are 
associatedd with more than one clinical phenotype.8 

Recentt studies have shown that in fibroblasts of patients with milder forms of PBDs 
(IRDD and some NALD patients) temperature sensitivity of biochemical parameters is 
observed.99 In these cells, peroxisomes were formed when cells were cultured at 30°C and 
peroxisomall  parameters and the import of peroxisomal enzymes were restored. This 
phenomenonn has been reported for patients belonging to CGI (PEX1),10 CG4 (PEX6),11 CG8 
(PEX26),122 CG10 (PEX2),9 and CG13 (PEX13).13 

Inn the present study, we have determined the biochemical characteristics and 
molecularr basis of a subset of patients within our large collection of > 600 PBD patients. 
Thesee patients were characterized by abnormal peroxisomal plasma metabolites (VLCFA, 
phytanicc acid and DHCA and THCA levels), but normal to very mildly abnormal 
parameterss in cultured skin fibroblasts, including a mosaic catalase immunofluorescence 
patternn which obstructed complementation analysis and therefore made it impossible to 
unravell  the molecular basis of these patients. In order to circumvent this problem, we 
developedd a new technique in which fibroblasts are grown at 40°C rather than 37°C. It 
turnedd out that at 40°C the defect in peroxisome biogenesis is exacerbated, allowing 
complementationn studies to be done. We have applied this new method to classify a group 
off  patients to CG3 (PEX12; MIM # 601758) followed by resolution of the molecular defect. 
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Furthermore,, we studied the temperature sensitivity of several other peroxisomal 
biochemicall  parameters in fibroblasts of these patients at 30°C, 37°C and 40°C. 

Subjectss and Methods 

Subjects Subjects 
Ourr study included eight unrelated patients, suspected of a peroxisomal disorder, five of 
whomm were from Turkish (1, 4, 5, 7, 8), two of whom were from Arab Moslem (3,6), and 
onee from unknown origin (2). In 7 (1, 3-8) of the patients consanguinity of the parents was 
present,, of patient (2) this was unknown. After informed consent was obtained, blood and 
fibroblastt samples were collected from the patients and sent to our laboratory for 
biochemicall  and molecular diagnosis. Patient 1 has been described before.14 

CellCell lines and culture conditions 
Humann skin fibroblasts were cultured in HAM F-10 medium (Gibco, Invitrogen), 
supplementedd with 10% fetal calf serum (FCS, Bio-Whittaker), 100 U/ml penicillin, 100 
ug/mll  streptomycin and 25 mM Hepes buffer with L-glutamine in a humidified 
atmospheree of 5% C02. Unless otherwise stated, cells were cultured at 37°C. 

BiochemicalBiochemical assays 
Peroxisomall  metabolites in body fluids, including VLCFA, branched chain fatty acids and 
bilee acid intermediates, were done according to standard procedures developed in our 
laboratory.15177 DHAPAT activity,18 concentrations of VLCFAs,19 C26:0 and pristanic acid |3-
oxidation200 and phytanic acid a-oxidation21 were assayed in primary skin fibroblasts as 
previouslyy described. For DHAPAT activity, C26:0 and pristanic acid (3-oxidation and 
phytanicc acid a-oxidation, incubations were performed at 37°C. 

ComplementationComplementation analysis 
Skinn fibroblasts of two patients were co-cultured to 100% confluency on glass cover slips 
inn 6-well plates. Whole cell fusions were initiated by adding consecutively with 2 minute 
intervals:: 1 ml 42% (w/v) polyethylene glycol 1000 (PEG, Merck, Darmstadt, Germany) 
solutionn in DMEM without FCS (DMEM-), 1 ml 25% (w/v) PEG solution in DMEM-, 3.5 ml 
DMEM-,, and 3.5 ml DMEM-. After 2 more minutes the total solution was removed, and 
cellss were washed twice with DMEM-, after which the cells were cultured at DMEM with 
10%% FCS for 6 hours. Then the medium was changed to DMEM- and the fused cells were 
culturedd for three days, after which the occurrence of complementation was tested by 
meanss of catalase immunofluorescence. As a negative control, unfused co-cultivations 
weree used. 

ImmunofluorescenceImmunofluorescence and immunoblot analysis 
Immunofluorescencee was performed in cultured skin fibroblasts as previously described.22 

Anti-catalase,, anti-D-bifunctional protein (anti-DBP) or anti-peroxisomal thiolase were 
usedd as primary antibodies. Immunoblot analysis of acyl-CoA oxidase and peroxisomal 
thiolasee in fibroblasts homogenates was done as described.23 
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MutationMutation analysis 
PEX12PEX12 mutation analysis in the patients was performed as described before.24 

Results s 

BiochemicalBiochemical phenotype 
Wee studied a selected subset of six patients from our large collection of PBD patients, who 
alll  presented with an atypical biochemical phenotype in skin fibroblasts. Although 
peroxisomall  metabolite levels in plasma (VLCFAs, pristank acid, phytanic acid, and the bile 
acidd intermediates DHCA and THCA) were abnormal (table 1), the peroxisomal parameters 
inn cultured skin fibroblasts (DHAPAT activity, de novo plasmalogen synthesis, 
concentrationss of VLCFAs, C26:0 and pristank acid p-oxidation and phytanic acid a-
oxidation)) were mostly normal to slightly abnormal (table 2), which is in marked contrast 
too the results commonly found in PBD patients. 

Tablee 1 Biochemical parameters in plasma 
Patientt  VLCFA s (JAM) Branched chain fatty acids (|iM) 

C26:00 C26/C22 Phytanic acid Pristank acid 
Bil ee acid intermediates (nM) 

DHCAA THCA 

Ctrll  0.5-1.3 0-0.02 
1 1 
2 2 
3 3 
4 4 
5 5 
6 6 

5.4 4 
4.2 2 
1.8 8 
2.7 7 
4.0 0 
1.6 6 

0.26 6 

0.23 3 

0.06 6 
0.19 9 

0.10 0 
0.07 7 

0-9 9 
48 8 
14 4 
41 1 

n.d. . 
19 9 
54 4 

0-4 4 
16 6 
4 4 
7 7 

n.d. . 
4 4 
28 8 

0-0.02 2 

3.0 0 
12.0 0 

4.1 1 
2.8 8 
ND D 
13.3 3 

0-0.08 8 
0.9 9 
39.0 0 

4.7 7 
14.8 8 

ND D 
2.8 8 

ND:: Not Done; n.d.: not detectable 

Tablee 2 Biochemical parameters in fibroblasts 
Patientt  p-oxidation 

pmol/hr*m gg protein 
VLCF A A 

Hmol/gg protein 
a-oxidation n 
pmol/hr*m g g 

protein n 

DHAPA TT act. 
nmol/2hr*m g g 

protein n 

Immuno--
fluorescence e 

a-catalase e 
C26:00 Prist, acid C26:0 C26/C22 Phytanic acid 

:tri i 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 

1200-1500 0 
ND D 
894 4 
711 1 
1730 0 

1458 8 

913 3 

675-1100 0 

ND D 
642 2 
797 7 
640 0 
724 4 
332 2 

0.18-0.38 8 

0.08 8 

0.14 4 
0.12 2 

0.21 1 

1.01 1 
0.26 6 

0.03-0.07 7 

0.02 2 

0.02 2 
0.02 2 

0.05 5 

0.45 5 
0.06 6 

44-82 2 

ND D 
88 8 
84 4 
32 2 
19 9 
48 8 

5.8-12.3 3 
7.5 7.5 
5.8 8 
7.0 0 
7.1 1 
8.1 1 
72 72 

ib¥ ib¥ 
9.0 0 

+/--
+/--
+/--
+/--
+/--
+/--
+/--
+/--

1386 6 
1562 2 

555 5 

905 5 
0.51 1 
0.23 3 

0.12 2 
0.04 4 

15 5 
43 3 

ND:: Not Done; n.d.:: not detectable 

PeroxisomalPeroxisomal mosaicism and temperature sensitivity ofcatalase immunofluorescence 
Whenn catalase immunofluorescence in cultured skin fibroblasts of the patients was 
performed,, we found a mosaic pattern with both positive and negative cells (figure 1). 
Thiss phenomenon has been described in literature before25-26 but never in such an extreme 
form.. In some of our patients more than 70% of the cells were catalase-positive. Because 
studiess in the past have shown that in some mild PBD cell lines the defect in peroxisome 
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Figuree 1 Mosaic pattern of catalase immunofluorescence in 
celll  line 8. Other cell lines showed similar results. 

biogenesiss can be (partly) corrected by growth of the cells at a lower temperature (30°C),9 

wee investigated whether this was also true for our cell lines. Furthermore, we also studied 
whetherr the reverse was true, i.e. if growth of the cells at higher temperatures would 
exacerbatee the defect in peroxisome biogenesis, leading to an increased peroxisome 
deficiency.. To this end, we cultured the fibroblasts for seven days at 30°C, 37°C and 40°C, 
followedd by catalase immunofluorescence microscopy. This revealed a control-like pattern 
att 30°C, with all cells showing punctate catalase fluorescence. At 37°C, a mosaic pattern 
wass observed whereas at 40°C, all cells were negative for punctate catalase fluorescence 
(figuree 2 a-c). When we compared the catalase immunofluorescence results with those in 
fibroblastss from a PBD patient homozygous for the PEX1-G843D allele, which is known 
forr its temperature sensitivity,1027 we observed that our newly identified patients had a 
milderr defect than the PEX1 patient. Whereas a mosaic pattern was found in our patients' 
cellss at 37°C, the cells from the PEX1-G843D patient were negative at this temperature 
(figuree 2 d-f). 

30°CC 37°C 40°C 

Figur ee 2 Immunofluorescence of cell line 4 (a-c) and PEX1-G843D (d-f) cells using antibodies 
againstt catalase. Cells were cultured at 30°C, 37°C or 40°C for 7 days prior to 
immunofluorescence.. Other cell lines showed similar results. 
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ComplementationComplementation analysis at 40°C 
Thee marked degree of mosaicism at 37°C observed in fibroblasts from our new patients 
madee it impossible to identify the defective PEX gene by standard complementation 
analysis.. To solve this, we decided to culture the fibroblasts at 40°C for three days after cell 
fusion.. Al l cell lines showed restoration of peroxisome formation when fused with cells 
fromm all known complementation groups except for CG3, indicating that the peroxisome 
biogenesiss defect found in these patients is caused by mutations in the PEX12 gene (figure 
3). . 

Figuree 3 Complementation 
analysiss of cell line 8 at 40°C 
withh CGI (a) and CG3 (b) cell 
lines.. After fusion, cells were 
culturedd for three days at 40°C, 
afterr which the occurrence of 
complementationn was tested by 
meanss of catalase 
immunofluorescence.. Other cell 
liness showed similar results. 

MutationMutation analysis 
Subsequentt sequence analysis of the PEX12 gene revealed the presence of a single 
homozygouss mutation in all patients. A 959C>T mutation was found, leading to a 
Ser320Phee substitution at the protein level. During this study, two additional patients 
weree found carrying the same mutation on both alleles. Biochemical characteristics in 
fibroblastss were comparable to the original patients and are described in table 2. No 
plasmaa was available from these patients. 

TemperatureTemperature sensitivity of other biochemical parameters 
Inn addition to catalase immunofluorescence, immunofluorescence with antibodies against 
otherr proteins was performed and other biochemical parameters in fibroblasts were 
determinedd at the three temperatures to further characterize the PEX12-S320F patients. 
Becausee it is known that catalase has a divergent PTS1 (KANL instead of SKL or one of its 
conservedd variants),28 which results in a less efficient import of catalase into peroxisomes 
ass compared to other PTS1 or PTS2 proteins,29-30 we also studied the subcellular 
localizationn of D-bifuncional protein (DBP) (PTS1, AKL) and peroxisomal thiolase (PTS2) 
usingg immunofluorescence at the three temperatures (figure 4 a-c, g-i). The results show 
thatt in the PEX12-S320F cell lines, DBP is normally imported into the peroxisomes at 37°C, 
andd that even at 40°C, DBP is mainly present inside the peroxisomes. This is in contrast to 
cellss from the PEX1-G843D patient which show a more severe temperature-sensitive 
phenotypee than the PEX12-S320F cells (figure 4 d-f). Peroxisomal thiolase 
immunofluorescencee shows a normal puncate pattern at 37°C, as observed for DBP, 
whereass the cells show a more mosaic pattern at 40°C (figure 4 g-i). Al l 
immunofluorescencee experiments were also carried out for control fibroblasts and 
fibroblastss from a PBD patient with a severe defect in PEX12 leading to the severe ZS 
phenotype,, which show normal peroxisomal staining for all antibodies at all temperatures 
inn the control fibroblasts and absence of staining at all temperatures in these PEX12-
deficientt fibroblasts (data not shown). 
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Figur ee 4 Immunofluorescence of cell line 4 (a-c, g-i) and PEX1-G843D (d-f) cells using 
antibodiess against DBP (a-f) and peroxisomal thiolase (g-i). Cells were cultured at 30°C, 37°C or 
40°CC for 7 days prior to immunofluorescence. Other PEX12-S320F cell lines showed similar 
results. . 

Too investigate if the temperature-sensitive phenomenon observed with immuno-
fluorescencee is also reflected in the peroxisomal p-oxidation, we studied the rate of (3-
oxidationn of the very-long chain fatty acid C26:0 and its accumulation in fibroblasts, and 
thee rate of p-oxidation of the branched-chain fatty acid pristanic acid after culturing the 
cellss for seven days at 30°C, 37°C and 40°C. Figure 5a shows that the C26:0 p-oxidation 
ratee in PEX12-S320F cells decreases with temperature. At 40°C, C26:0 p-oxidation is still 
onlyy slightly abnormal. The C26:0 p-oxidation activities found in the patients' fibroblasts 
aree reflected in the accumulation of VLCFAs after 14 days of culturing at 30°C, 37°C and 
40°CC (figure 5c). Whereas C26:0 levels in fibroblasts from the PEX12-S320F patients were 
foundd to be rather normal at 37°C, slightly abnormal levels were found at 40°C. Pristanic 
acidd p-oxidation shows a similar pattern as C26:0 p-oxidation (figure 5b). For all three p-
oxidationn parameters, the PEX12-S320F cells show a milder temperature sensitivity than 
thee PEX1-G843D cells. 
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PEX1 1 
G843D D 

C 

C C 

C C 

dT ll  J^ I I 
Ctrl l PEX12 2 

S320F F 
PEX1 1 

G843D D 
zs s 

 30°C 
n37°C C 
D 4 0 °C C 

Figuree 5 Peroxisomal (3-oxidation of very-long 
andd branched chain fatty acids. C26:0 p-
oxidationn activity in living fibroblasts (a), 
C26:00 levels in fibroblasts (b) and pristanic 
acidd p-oxidation in living fibroblasts (c) from 
control,, patient 8, PEX1-G843D, and ZS patient 
defectivee in PEX12. Other PEX12-S320F cell 
liness showed similar results 

Becausee in PBD fibroblasts peroxisomal proteins are not imported into the peroxisomes, 
butt remain in the cytosol, some of these proteins are not converted to their mature forms.31 

Acyl-CoAA oxidase is synthesized as a 75 kDa precursor, and is proteolytically cleaved into 
53kDaa and 22 kDa polypeptides, while peroxisomal thiolase is synthesized as a 44 kDa 
precursorr and is processed to a 41 kDa mature form inside the peroxisome. Because it has 
beenn shown that the processing of the peroxisomal enzymes acyl-CoA oxidase and 
thiolasee was restored at 30°C in temperature-sensitive cell lines,10-29-32 we also investigated 
thiss in the PEX12-S320F cell lines. Acyl-CoA oxidase is present in all three forms in both 
controll  cells and the PEX12-S320F patients' fibroblasts at all temperatures, whereas in the 
PEX1-G843DD cell line it is processed at 30°C, is partly processed at 37°C and is only 
presentt in its precursor form at 40°C (figure 6). 

a a 

755 kDa I 

533 kDa

222 kDa 

b b 
444 kDa 

Ctrl l 

37 7 

PEX122 PEX1 
S320FF ZS G843D 

400 30 37 40 30 37 40 30 37 40 

.—— .. ._-

__ — — 

--

.. -

Figuree 6 Peroxisomal processing. 
Immunoblott analysis of acyl-CoA 
oxidasee (a) and peroxisomal thiolase (b) 
inn fibroblasts homogenates from control, 
patientt 8, PEX1-G843D, and ZS patient 
defectivee in PEX12. Other PEX12-S320F 
celll  lines showed similar results. 
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Thee same was found for peroxisomal thiolase, which was normally present in fibroblasts 
fromm the PEX12-S320F patient group, whereas a temperature-sensitive behaviour was 
foundd for PEX1-G843D fibroblasts. Thus, the PEX12-S320F fibroblasts show a normal 
processingg of acyl-CoA oxidase and peroxisomal thiolase, whereas the PEX1-G843D 
fibroblastss show a temperature-sensitive processing. 

ClinicalClinical phenotype 
Clinically,, the PEX12-S320F patients displayed a relatively mild phenotype when 
comparedd to the whole PBD spectrum (table 3). When compared to mild PEX1-G843D 
patientss as described by Preuss et al.,33 they displayed less dysmorphic features and ocular 
abnormalities,, although their cerebral and liver abnormalities are similar. To judge the 
patients'' achievements in terms of neurological and neurosensory development, the 
compoundd developmental score described by Poll-The et al.34 was used. This scoring 
systemm is designed to distinguish mild PBD patients surviving for more than 4 years. 
Pointss can be attained for different aspects of statural motor control, hand control, verbal 
developmentt and visual development (table 3). In total a maximum score of 10 points can 
bee obtained. Because the ability to read is included, the maximum score for patients of 4 
yearss is 9 instead of 10. Using this score, our patients showed a significant lower 
compoundd developmental score than the mean of 7.1 (range: 4-9) found in 9 Dutch PEX1-
G843DD patients (Poll-The et al. in press)34 (table 3). 

Discussion n 

Inn the present study, we investigated the biochemical and clinical characteristics of a 
selectedd subset of patients within our large collection of > 600 PBD patients, and 
determinedd the underlying molecular basis, using a novel method for complementation 
analysis.. The patients presented as a separate group because they were characterized by 
abnormall  peroxisomal plasma metabolites, but normal to slightly abnormal peroxisomal 
parameterss in cultured skin fibroblasts, in marked contrast to the vast majority of PBD 
patientss in whom clear abnormalities are found both in plasma and fibroblasts. With 
respectt to their biochemical phenotype in fibroblasts, these patients are among the mildest 
PBDD patients in literature. In some of the patients the only abnormal parameter suggesting 
aa PBD was the absence of a punctate catalase immunofluorescence only in some of their 
fibroblasts.. Only few comparable patients have been described. 

Analogouss to previous studies showing that in some mild PBD cell lines the defect in 
peroxisomee biogenesis can be corrected by growth of the cells at a lower temperature,9 we 
alsoo investigated this for our cell lines, and in addition studied the reverse: growth of the 
cellss at higher temperatures, which showed an exacerbation of the defect in peroxisome 
biogenesiss and related biochemical parameters. This finding has important consequences 
forr the diagnosis of other atypical PBD patients. Our results indicate that when there is 
anyy uncertainty about the diagnosis of PBD patients due to (nearly) normal peroxisomal 
parameterss in fibroblasts, catalase immunofluorescence microscopy analysis at 40°C may 
bee required to reach a definite conclusion, followed by measurement of additional 
peroxisomall  parameters. The results in this paper may well have important implications 
forr a much wider range of inborn errors of metabolism. In our laboratory we currently use 
thiss principle for the diagnosis of mild peroxisomal and mitochondrial fatty acid P-oxida-
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Tablee 3 Clinical features 

l l 3 3 4 4 
PEX12-S320F F 

55 6 7 8 8 freq q 
PEX1-G843D D 

freq* * * 
Survivall  (months) (*: alive) 52 30*  52 106* 43*  7V 
Dysmorphicc features 
Largee fontanel + 
Highh forehead - - + + + 
Broadd nasal bridge + + + -
Hyperr telorism + + + + 
Shalloww orbital ridge - - -
Epicanthuss - + 
Externall  ear deformity + - -

Cerebral l 
Poorr sucking + . . + + + + 
Gavagee feeding + + - + + 
Hypotoniaa + + + + + + + 
Psychomotorr retardation + + + + + + + 
Neonatall  seizures . . . . . . 

Ocular r 
Cataractt . . . . . . . 
Retinitiss pigmentosa - + + + - -
Opticc atrophy - - - + - + 
Nystagmuss + - - + + 

Hearingg deficit + + + + + + + 
Hepatorenal l 
Hepatomegalyy + - + + + -
Liverr fibrosis + - + 
Elevatedd liver enzymes + + + + + - -
Splenomegalyy . . . . . . 
Renall  cysts . . . . . . 

Skeletall  system 
Calcificc stippling -

Failuree to thrive + + - + + + + 
Achievementss (>4 years) n - - - -
Unsupportedd sit + n - - - -
Unsupportedd walk - n - - + 
Intentionall  hand use + n - -
Activee hearing/vocalizing - n - - - -
Talkingg 3 or more words - n - - - -
Talkingg telegram sentences - n - - -
Grammaticall  language - n - - - -
Readingg - n - - -
Visuall  acuity 1-10% + n - - + + 
Visuall  acuity >10% - n - - - -

Totall  achievement score 3 n 0 0 2 1 7.1*** 

n,, score not applicable for patients < 4 years, **  B, *** 7A, range 4-9 

Honn defects, including short-chain acyl CoA dehydrogenase deficiency. Furthermore, this 
principlee of elevation of the cell culturing temperature enabled us to perform 
complementationn analysis in the patients with peroxisomal mosaicism and classify them to 
CG3.. This novel technique of complementation analysis at 40°C, which prevents certain 
mutationss to be missed, can also be used for many other atypical PBD patients, as well as 
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forr patients suspected of other inborn errors of metabolism, like inborn errors of 
cobalaminn metabolism.35 

Thee finding that the extent of peroxisomal dysfunction increases from 37° to 40°C, at 
leastt in the fibroblasts from the patients described in this paper, may also have clinical 
consequences.. Indeed, if these data are extrapolated to the in vivo situation, infections 
causingg fever may exacerbate the patients' clinical condition indicating that fever should 
bee treated rigorously. 

Whenn the temperature-sensitive behavior of the PEX12-S320F cells was compared to a 
celll  line from a PBD patient homozygous for the G843D mutation in PEX1, which is 
knownn to be correlated with a mild phenotype36 and causes temperature sensitivity in 
fibroblasts,100 the PEX12-S320F cell lines displayed a milder biochemical temperature-
sensitivee phenotype for all parameters tested. In contrast, some aspects of the clinical 
phenotypee of the PEX12-S320F were more severe than of the PEX1-G843D patients. 
Althoughh dysmorphic features and ocular abnormalities were less frequent and liver and 
cerebrall  abnormalities were similar, the compound developmental score of the PEX12-
S320FF patients was significantly lower when compared to PEX1-G843D patients. An 
explanationn for this discrepancy between biochemical phenotype in fibroblasts and the 
clinicall  phenotype might be that the defect is more pronounced in other cells/tissues than 
inn fibroblasts. The presence of marked peroxisomal abnormalities in plasma, which reflects 
thee overall situation in the body, supports this. 

a a 
11 155 172 238 254 300 345 359 

Figur ee 7 PEX12 protein, (a) Schematic representation of PEX12.The zinc binding domain is 
indicatedd by a horizontally striped box and each of the transmembrane domains is indicated by 
aa vertically striped box. The mutation is indicated by a dot. (b) Amino acid alignment of human 
(Hs),(Hs), rat (Rn), mouse (Mm), Chinese hamster (CI), Saccharomyces cerevisiae (Sc), Pichia pastoris 
(Pp)(Pp) and Schizosaccharomyces pombe (Sp) PEX12 zinc binding domain. Circles indicate 
conservedd cysteine residues. The box indicates the position of the mutation. 

Althoughh not related, all our patients were found to be homozygous for a 9590T 
mutationn in PEX12, which encodes an integral peroxisomal membrane protein with a zinc-
bindingg motif at its COOH terminus.3738 The protein interacts with PEX5 and PEX10 via its 
COOH-terminall  zinc-binding domain and is most likely involved in the actual process of 
translocationn of peroxisomal matrix proteins across the peroxisomal membrane.39 The 

70 0 



PBDD patients with peroxisomal mosaicism resolved 

mutationn found in our patients leads to a missense mutation S320F at the protein level, 
locatedd in the PEX12 zinc-binding domain (figure 7a). Although HsPEX12 has a very high 
homologyy (88-89%) with various mammalian orthologs, its homology with some yeast 
orthologss is much lower (18-25%). However, the zinc-binding domain is more conserved 
betweenn all species (figure 7b). Although Ser320 is conserved among the different PEX12s 
fromm the various mammalian species, it is absent in PEX12 from the different yeast species. 
Thiss suggests that Ser320 may not be essential for PEX12 function, which might explain 
thee mild effect the S320F mutation has on the human PEX12 function and consequently on 
peroxisomall  parameters. The mutation has been described before in one patient by Chang 
ett al. (1999). No clinical data of this patient were presented. These authors showed that 
thiss mutation reduces the binding of PEX12 to PEX5 and PEX10. Overexpression of either 
PEX55 or PEX10 was able to suppress the PEXT.2 mutation. The mutation was shown to 
causee import of PEX5 into the peroxisome lumen, whereas in control cells PEX5 is 
cytosolicc and normal PEX12-deficient cell lines show a peroxisomally associated PEX5 at 
thee cytosolic side. 

Inn conclusion, this study presents eight PBD patients with very mild but temperature-
sensitivee biochemical peroxisomal parameters in fibroblasts, although their clinical 
phenotypee was not that mild, suggesting the defect may be more pronounced in other 
tissues.. Their molecular defect was resolved using a novel method for complementation 
analysiss in which the cells were grown at 40°C rather than 37°C. This principle of growing 
thee cells at elevated temperatures to exacerbate the defect in peroxisome biogenesis, 
therebyy preventing certain mutations to be missed, can be applied to the diagnosis of other 
atypicall  PBD patients, as well as patients suffering from other inborn errors of 
metabolism. . 
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