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Summary Summary 
Patientss affected with Refsum Disease (RD, MIM 266500) have elevated levels of phy-
tanicc acid due to a deficiency of the peroxisomal enzyme phytanoyl-CoA hydroxylase 
(PAHX).. In most RD patients disease-causing mutations in the PAHX gene have been 
identified,, but in a subset no mutations could be found, indicating that the condition 
iss genetically heterogeneous. Linkage analysis with few of the patients diagnosed with 
RD,, but without mutations in PAHX, suggested a second locus on chromosome 6q22-
24.. This region includes the PEX7 gene, which codes for the peroxin 7 receptor protein 
requiredd for peroxisomal import of proteins containing a peroxisomal targeting signal 
typee 2. Mutations in PEX7 normally cause rhizomelic chondrodysplasia punctata type 1, 
aa severe peroxisomal disorder. Biochemical analyses of the RD patients revealed defects 
inn not only phytanic acid a-oxidation, but also in plasmalogen synthesis and peroxi-
somall  thiolase . Furthermore, we identified mutations in the PEX7 gene. Our data show 
thatt mutations in the PEX7 gene may result in a broad clinical spectrum ranging from 
severee RCDP to relatively mild RD and that clinical diagnosis of conditions involving 
retinitiss pigmentosa, ataxia and polyneuropathy may require a full screen of peroxiso-
mall  functions. 

Introduction Introduction 
Refsumm Disease (RD [MIM 266500]) is a peroxisomal disorder of branched-chain lipid me-
tabolismm characterized by progressive adult retinitis pigmentosa, peripheral neuropathy, 
anosmiaa and cerebellar ataxia. Additional symptoms include nerve deafness, skeletal 
dysplasia,, ichthyosis, cataracts and cardiac arrhythmias. The adolescent onset of clinical 
symptomss is due to a gradual accumulation of phytanic acid (3,7,11,15-tetramethyl-
hexadecanoicc acid), the only pathognomic biochemical marker of RD (1-3). Because of 
thee presence of a 3-methyl group, phytanic acid can not be degraded directly by p-oxi-
dationn but instead undergoes one round of a-oxidation during which the terminal car-
boxyll  group is removed to yield pristanic acid. The peroxisomal enzyme phytanoyl-CoA 
hydroxylasee (PAHX) catalyzes the first step of a-oxidation, and mutations in the PAHX 
genee have been identified in many RD patients (4-7). Recent observations, however, 
pointedd to genetic heterogeneity among RD patients. Firstly, in some RD patients ge-
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neticc analysis failed to identify mutations in the PAHX gene despite a marked deficiency 
inn phytanic acid a-oxidation (our unpublished data). Secondly, genetic linkage studies 
revealedd that not all RD patients could be linked to the PAHX locus at 10pl3 (8). 

Patients Patients 
Wee conducted biochemical studies in fibroblasts from two probands clinically diagnosed 
withh RD, but in whom no mutations could be identified in the PAHX gene. Proband 1 
comess from a family of 8 with 3 affected sibs. He was born following an uneventful, full 
termm pregnancy, became ataxic at 12 years of age and on neurological examination at 
agee 19 had established retinitis pigmentosa with limited ocular fields, absence of night 
blindness,, and a normal electroretinogram (ERG). Other features included anosmia, a 
shortt 5th metacarpal and palmar ichthyosis, pes cavus, muscle weakness and nerve 
hypertrophy,, which was confirmed by sural nerve biopsy. His sister presented at 20 
yearss of age with post-partum ataxia and numbness in her fingers and toes. She had 
profoundd retinitis pigmentosa, an abnormal ERG, anosmia, sensory and motor dysfunc-
tionn with nerve hypertrophy and mild pes cavus. The third affected sib, a male, had mild 
retinitiss pigmentosa and anosmia, but no other signs, on screening at 24 years of age. 
Initiall  plasma phytanic acid levels were 400 uM, 1950 uM and 372 uM (normal < 30 uM) 
respectively. . 
Probandd 2 originates from a family comprised of 8 sibs with 2 living affected members. 

chromosome e 
300 position (CM) 

Figuree 1. Multipoint linkage analysis of 
markerss on chromosome 6 with approxi-
matee locations of known loci. With ethical 
consent,, 23 individuals including 4 living 
patientss with a clinical RD phenotype from 
thee two families were recruited through a 
specialistt clinic using previously specified 
diagnosticc criteria (8). A panel of 11 fluo-
rescein-labeledd dinucleotide repeat markers 
(Perkinn Elmer Ltd, U.K.) spanning 6ql4-
6qterr (GenLink Home Page) was amplified 
fromm extracted patient lymphocyte DNA 
(Puregene)) by PCR and typed on an ABI 310 
analyzerr with GeneAmp software (Perkin-
Elmer).. The data were analyzed using the 
GENEHUNTERR linkage analysis program (9) 
assumingg complete penetrance for a reces-
sivee disorder and a mutation rate of 10 5. 
Thee allele frequency for the RD trait was 
assumedd as 0.001 based on the prevalence of RD of 10 6 in the U.K. Distances are in centiMorgans 
fromm D6S242, which was taken arbitrarily as zero. Abbreviations : Apolipoprotein (a) (AP0(A)); 
Estrogenn receptor (E2R); peroxin 7/RCDP type 1 (PEX7); Fatty acid binding protein 7 (FABP7); 
Oculodentodigitall  dysplasia (0DDD, MIM 164200). 

Althoughh born with bilateral cataracts she presented to a neurology clinic at 20 years of 
agee with polyneuritis and onset of ataxia at age 19. She had bilateral short 5th metacar-
palss and metatarsals, 'arthritis' since 25 years of age and had mild retinitis pigmentosa. 
Herr brother presented at 34 years of age with mild ataxia and mild retinitis pigmentosa 
butt no night blindness, obvious anosmia and deafness. Neither patient had any episodes 

APO(A) APO(A) 
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off  ichthyosis or signs of deafness. One other male sib died of supposed 'poliomyelitis' 
withh symptoms of weakness and ataxia at 12 years of age. Their initial plasma phytanic 
acidd levels were 198 uM and 142 LIM respectively. 
Patientss were reviewed by specialist neurological units and had full ophthalmological 
(10),, smell test, audiological, balance, and electrophysiological investigations per-
formed.. Skeletal changes were assessed by a radiological survey (11). Dietary phytanic 
acidd intake was assessed by questionnaire (12). Phytanic acid levels were measured in 
plasmaa and adipose tissue biopsies by standard gas chromatographic techniques (13). 
Surall  nerve biopsy was performed for gross nerve hypertrophy. 

Tablee 1: Results of biochemical analyses 
Phytanicc acid PAHX Presence (+) or Pristanic acid 
a-oxidationn activity absence (-) of p-oxidation Plasmalogen 
(pmol/hr.mg)aa (nmol/hr.mg)b peroxisomes0 (pmol/hr.mg)A synthesis* 

Controll  44 -
Classicc RD patient 2 
Zellwegerr patient 11 
RCDPP type 1 patient 5 
Probandd 1 5 
Probandd 2 4 

82 2 0.10--
0 0 
0 0 
0 0 
0.03 3 
0.04 4 

1.00 0 + + 
+ + 

--
+ + 
+ + 
+ + 

6755 -
810 0 
5 5 
634 4 
926 6 
N.D.f f 

1121 1 400 - 330 
62.5 5 
6.0 0 
0.1 1 
12.5 5 
6.3 3 

aa Phytanic acid a-oxidation was performed in intact cultured skin fibroblasts as described (23). b 

Phytanoyl-CoAA hydroxylase activity was measured in skin fibroblast homogenates incubated for 30 
minn at 37°C in a reaction mixture containing 25 mM Tris-HCl, 0.25 mM dithiothreitol, 3 mM ATP, 
1.55 mM magnesium chloride, 0.2 mM Coenzyme A, 0.25 mM ammonium iron (II) sulphate, 1 mM 2-
oxoglutarate,, 2 mM ascorbate, 10 uM phytanoyl-CoA, final pH 7.5. After termination of the reaction 
byy addition of HCl, the product, 2-hydroxyphytanoyl-CoA, was hydrolyzed to form 2-hydroxyphy-
tanicc acid, which was measured by GC-MS essentially as described (24). c Presence of peroxisomes 
wass ascertained by catalase immunofluorescence in cultured skin fibroblasts (25). d Pristanic acid 
p-oxidationn in intact cultured skin fibroblasts was performed as described (26).e De novo plasmalo-
genn synthesis, expressed as the ratio peroxisomal/microsomal, was measured in intact cultured skin 
fibroblastss as described (27).f Not determined. 

ResultsResults and discussion 
AA deficiency of phytanic acid a-oxidation and of PAHX activity was found in cultured 
skinn fibroblasts of both probands (table 1), which is in agreement with the clinical diag-
nosiss of RD. To identify the defective gene in these patients, we performed multi-point 
linkagee analysis in the two families and found linkage to a region on chromosome 6, 
whichh extended from D6S292 to D6S441 with a peak L0D score of 1.92 between D6S314 
andd D6S308, close to the loci for PEX7 and Fatty acid binding protein 7 (fig. 1) (8). 
Previouss studies have shown that mutations in the PEX7 gene cause Rhizomelic Chon-
drodysplasiaa Punctata type 1 (RCDP type 1; MIM 215100) (16-20). The PEX7 gene codes 
forr the peroxin 7 protein, which has a function as a mobile receptor required for import 
intoo the peroxisome of proteins containing a peroxisomal targeting signal type 2 (PTS2). 
Inn RCDP type 1, a number of peroxisomal functions are deficient, including PAHX activ-
ity,, but peroxisomal biogenesis is not affected (21). Hence, we extended our biochemi-
call  analysis in the probands' fibroblasts. A normal pristanic acid p-oxidation (table 1) 
andd a normal punctate pattern of catalase immunofluorescence was found (results not 
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shown),, but plasmalogen synthesis was deficient (table 1). This latter finding has never 
beenn observed in RD, but is characteristic for patients suffering from RCDP type 1 (22) 
andd prompted us to further investigate possible aberrations in PTS2 protein import. 
Alll  of the presently known human PTS2 proteins undergo processing upon import into 
thee peroxisome. Peroxin 7 deficiency, however, leads to mis-localisation and cytosolic 
accumulationn of unprocessed PAHX, alkyl-dihydroxyacetonephosphate synthase (AD-
HAPS)) and peroxisomal 3-oxoacyl-CoA thiolase 1 (thiolase). The difference in molecular 

Figuree 2. Processing of PTS2 proteins into 
<MM peroxisomes in control, classic RD, RCDP 
"oo type 1 and probands one and two. Lysates 
roo of fibroblasts of a control, a classic RD pa-
-§§ tient (RD), an RCDP type 1 patient (RCDP) 
££ and proband one and two were subjected to 

westernn blotting using antibodies for alkyl-
-=g=33 dihydroxyacetonephosphate-synthase (AD-

HAPS)) (a), for peroxisomal 3-oxoacyl-CoA 
thiolasee (thiolase) (b) and for phytanoyl-

MN»» "^"^CoA hydroxylase (PAHX) (c). Solid and open 
arrowheadss indicate the position of the un-
processedd and mature forms, respectively. 

——— Immunoblot analyses were performed as 
describedd for peroxisomal thiolase (14), for 
ADHAPSS (15) and for PAHX with affinity 
purifiedd antibodies (7). 

weightt between the unprocessed precursor and mature proteins can be readily visual-
izedd by a mobility shift on immunoblot (14, 28). 
Ass expected, ADHAPS was found in its mature 67-kDa form in fibroblast homogenates 
fromm both a normal control and a patient with classic RD with mutations in the PAHX 
genee (Fig. 2a). In fibroblast homogenates from an RCDP type 1 patient, the unproc-
essedd 73-kDa form was found, which is in agreement with the defective import of this 
proteinn in RCDP type 1 patients (21). In the two probands both forms of the protein 
weree detected, suggesting a (partial) defect in PTS2 protein import. Similar results were 
obtainedd when we performed immunoblot analysis for peroxisomal thiolase (Fig. 2b). 
PAHXX protein levels appeared to be much lower or absent in the probands (Fig. 2c), 
althoughh in fibroblast homogenates of proband 2 some protein could be detected on 
longerr exposures (not shown). The precursor of PAHX could not be detected in either 
probandss or in RCDP patient material, which might indicate that it is degraded more 
rapidlyy than precursors of ADHAPS and peroxisomal thiolase. 
Whenn the results of figure 2 are examined closely, it is clear that levels of processed 
thiolasee and PAHX are somewhat higher in proband one than in proband two, whereas 
forr ADHAPS the opposite is found. The underlying basis of this finding is not clear at 
present,, but may well have to do with the nature of the two distinct (or different) 
mutationss found in the probands, each affecting PTS2-protein import differently (see 
below). . 
Sincee the data described above suggested a deficiency of peroxin 7, we performed muta-
tionn analysis of the PEX7 gene as previously described (19) and found that both patients 
weree compound heterozygotes for mutations in PEX7 (table 2). The Y40X nonsense mu-

Q Q 

c c 
o o 
U U 

ui i 
en n 

U U 

a; ; 
a a 

a. a. 
Q Q 
U U 

c c 
ro o 
-Q Q 
o o 
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tation,, found in both probands, introduces a premature stop codon in the N-terminal 
regionn of the protein. This mutation has also been found in classic RCDP type 1 patients 
withh a severe clinical presentation (19), which makes it unlikely to be responsible for 
thee mild clinical presentation observed in the probands. In proband 1, a 7 nucleotide du-
plicationn (12-18dupGTGCGGT; table 2) was found on the second allele, predicted to cause 
aa frameshift leading to a premature stop codon at amino acid position 57. However, the 
duplicationn occurs between two in-frame initiation codons, which would suggest that 
usagee of the second ATG may produce a protein that lacks the first 10 amino acids, but 
retainss partial peroxin 7 transport function. The second mutation in proband two was a 
T14PP amino acid substitution. Recent data from Braverman et al (2002) would suggest 
thatt the T14P mutation lies in a stretch of amino acids just before the first (3 strand. An 
aminoo acid substitution in a p strand of peroxin 7 is thought either to interfere with 
foldingg of the protein or to reduce the affinity for its binding partners (29). It remains 
too be established how the T14P mutation interferes with the function of peroxin 7. 

Tablee 2: Mutations in PEX7 in the probands 
Subject t 
Probandd 1 

Probandd 2 

Nucleotidee change 
1200 C>G 
12-18dupGTGCGGT T 
1200 C>G 
400 A>C 

Aminoo acid change 
Y40X X 
Frameshift t 
Y40X X 
T14P P 

Too investigate the effect of the mutations on the function of peroxin 7, we expressed 
thee three patient PEX7 alleles together with a PTS2-tagged GFP construct in cultured 
skinn fibroblast derived from an RCDP type 1 patient (fig. 3a). Expression of control PEX7 

Figuree 3. Functional comple-
mentationn of PTS2-mediated 
peroxisomall  protein import by 
PEX7PEX7 alleles. The three mutant 
PEX7PEX7 alleles identified in the 
twoo probands were coexpressed 
withh PTS2-tagged GFP in cul-
turedd fibroblast of a RCDP type 
11 patient as described (17, 19) 
too test their ability to restore 
PTS2-mediatedd peroxisomal 
proteinn import. Expression of 
controll  PEX7 resulted in punc-
tatee peroxisomal fluorescence 
(a),(a), while the Y40X allele 
resultedd in cytosolic fluores-
cencee (b). Expression of the 7-
nucleotidee duplication (c) and 
thee T14P allele (d) resulted in 
peroxisomall  and cytosolic fluo-
rescencee respectively. 
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resultedd in a punctate fluorescence, indicating that PTS2-protein import into the per-
oxisomess was restored. As previously shown by Motley et al. (2002), expression of the 
Y40XX allele does not restore PTS2-protein import as concluded from the diffuse, cytosol-
icc fluorescence of PTS2-GFP (fig. 3b). Expression of the 7-nt-duplication allele resulted 
inn a punctate fluorescence, suggesting that this allele, when overexpressed, can restore 
PTS2-proteinn import (fig. 3c). Similar results with a relatively mild PEX7 mutation have 
beenn shown before (19). Restoration of import, however, could not be observed upon 
expressionn of the T14P allele, with all cells showing cytosolic fluorescence (fig. 3d). 
Too study the function of peroxin 7 endogenously, we used immunofluorescence with 
peroxisomall  thiolase antibodies to investigate the subcellular localization of peroxiso-
mall  thiolase in cultured fibroblasts. Control fibroblasts showed a peroxisomal fluores-
cence,, which was absent in fibroblasts derived from an RCDP type 1 patient, in which 
aa cytosolic labelling was observed (fig. 4). Likewise, in fibroblasts from proband one, 
fluorescencee could be observed only in the cytosol, indicative of defective PTS2-protein 
importt into the peroxisomes in these cells. The normal presence of peroxisomes and 
importt of PTSl-proteins was established in all cell lines using immunofluorescence with 
catalasee antibodies (fig.4). Unfortunately, no cultured fibroblasts of proband two were 
availablee for study. 

Controll Proband 1 RCDP type 1 

Figuree 4. Localization of peroxisomal thiolase in fibroblasts by immunofluorescence. Cultured fi-
broblastss derived from a control, an RCDP typel patient and proband 1 were stained as described 
forr catalase and peroxisomal thiolase (25, 34). No peroxisomal thiolase could be detected in the 
peroxisomess of proband 1, giving a cytosolic staining similar to that observed in the RCDP type 
11 patient. 

Fromm these results it appears that the 7-nt duplication allele can restore PTS2-protein 
importt when overexpressed, although in an endogenous setting peroxisomal thiolase 
andd other PTS2-proteins are predominantly present in the cytosol in fibroblasts from 
probandd 1 as observed by immunofluorescence and Western blotting. In this context it 
iss surprising that the T14P allele does not restore PTS2-protein import when overex-
pressedd even though immunoblot results showed a mild import-defect. Further studies 
aree needed to explain this apparent inconsistency. 
Ass mentioned above, PEX7 is the gene involved in RCDP type 1. Interestingly, the usual 
clinicall  presentation of patients affected by RCDP type 1 is severe and quite different 
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fromm RD with patients showing growth retardation, profound developmental delay, cata-
racts,, rhizomelia, dysostoses and ichthyosis with death occurring within the first years 
off  life. In addition, a number of patients with a milder phenotypic variant of RCDP type 
11 have been described, but all followed a classical presentation, with differences in de-
greee of cognitive impairment, longer lif e expectancy and lack of rhizomelia or chondro-
dysplasiaa (30-32). These patients all have been diagnosed with RCDP type 1 early in life, 
whereass the patients we describe here were diagnosed in adulthood with classical RD. 
Inn conclusion, we have identified mutations in the PEX7 gene in a subgroup of patients 
clinicallyy diagnosed with RD. In each patient we found one mutation predicted to have 
aa mild effect, which correlates with some residual functional activity of peroxin 7 and 
consequentlyy also of the PTS2 proteins imported by peroxin 7, leading to a clinical 
phenotypee normally associated with RCDP instead of RD. This finding suggests that mu-
tationss in the PEX7 can give rise to an overlapping clinical presentation ranging from 
RDD to RCDP similar to that of classical peroxisomal biogenesis disorders whose presen-
tationn ranges from severe Zellweger syndrome to infantile Refsum disease (33). Thus, 
investigationn of patients with retinitis pigmentosa, ataxia and neuropathy may require 
aa full screen of peroxisomal functions to identify the underlying genetic cause of the 
disorder. . 
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