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Complementation analysis in patients with the
clinical phenotype of a generalised peroxisomal
disorder

Steven J Steinberg, Anthony H Fensom

Abstract
The generalised peroxisomal disorders
(GPDs) Zellweger syndrome (ZS), neo-
natal adrenoleucodystrophy (NALD), and
infantile Refsum's disease (IRD) are auto-
somal recessive disorders associated with
a failure to assemble mature peroxisomes.
We confirmed the diagnosis of a GPD in
eight ZS and four IRD patients (GPDl to
GPD12) biochemically by measuring very
long chain fatty acids, plasmalogen bio-
synthesis, and catalase solubility in skin
fibroblasts. One further patient (BOX-i)
had the clinical phenotype of ZS, but bio-
chemical investigations indicated an isol-
ated deficiency ofperoxisomal P oxidation.
To date a total of 10 complementation
groups (CGs) for the GPDs and three fur-
ther CGs for isolated P oxidation de-
ficiencies have been identified. Most GPD
patients have been shown to belong to CG-
1 (Baltimore classification); among the
rarer groups, CG-4 and CG-8 pre-
dominate. We performed somatic cell hy-
bridisation experiments on strains GPD-l
to GPD- 12 using plasmalogen biosynthesis
as a marker for correction and found that
six ZS and three IRD patients, eight of
whom were ofUK origin, belonged to CG-
1. Strain GPD-ll, a patient of UK origin
with an unusual biochemical phenotype,
belonged to CG-8. Strains GPD-l0 and
GPD-12 were derived from ZS patients of
Arabian and Pakistani origin and belonged
to the rarer CGs 2 and 7, respectively.
Furthermore, complementation analysis
using P oxidation as a marker showed that
BOX-i had an isolated deficiency of the
bifunctional protein.
( Med Genet 1996;33:295-299)
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The term generalised peroxisomal disorder
(GPD) is used to refer to disorders in which
there is an abnormnality in peroxisome assembly.
The autosomal recessive disorders Zellweger
syndrome (ZS), neonatal adrenoleuco-
dystrophy (NALD), and infantile Refsum's dis-
ease (IRD) are three well characterised GPDs
that are biochemically and clinically related.
ZS is the most severe disorder and is a poly-
malformative condition which affects the de-
velopment of the brain, liver, kidneys, and
skeleton. Affected neonates have severe neuro-

logical and hepatic dysfunction from birth and
often die before 1 year of age. NALD and
IRD have a milder and more variable clinical
phenotype. 1

Tissues from GPD patients exhibit a multi-
plicity of biochemical abnormalities owing to
the primary aberration in peroxisome assembly.
These include deficiencies in very long chain
fatty acid (VLCFA) 1 oxidation, plasmalogen
biosynthesis, phytanic acid ct oxidation, pi-
pecolic acid oxidation, and bile acid synthesis.'
However, some patients with the clinical
phenotype of a GPD have been found to have
an isolated deficiency of one of three proteins
required for peroxisomal 1 oxidation.2"
Patients having isolated deficiencies of acyl
CoA oxidase (ACoAOx) or the bifunctional
protein (BP) can be characterised by com-
plementation analysis.5

Somatic cell hybridisation studies using
human GPD skin fibroblasts have been per-
formed by several laboratories in order to as-
certain how many genes are involved in
peroxisome biogenesis. To date 10 GPD com-
plementation groups (CGs) have been
documented.67 In this paper we use the CG
nomenclature introduced by investigators in
Baltimore.6
The results of hybridisation studies reported

by Moser et al' indicate that essentially three
tiers of GPD CGs exist: CG-1 comprised the
most patients and all three clinical phenotypes
are represented; CG-4 and CG-8 have an inter-
mediate representation and clinical hetero-
geneity is observed within both groups; the
remaining CGs are rare and generally contain
patients with more severe clinical phenotypes.7
The clinical heterogeneity observed among
GPD patients is not resolved by a direct cor-
relation between different clinical phenotypes
and specific CGs. Similarly, heterogeneity is
observed within individual CGs with respect
to biochemical function and defects in per-
oxisomal matrix protein import.89 Fur-
thermore, it is possible that CG-1 involves
more than one gene product and is an example
of non-allelic non-complementation.'0" To
date, only two genes have been unequivocally
associated with two of the rarer groups, CG-2
and CG-1 0.1213

Since biochemical characterisation and com-
plementation analysis are prerequisites for the
more precise molecular characterisation of
patients having a GPD clinical phenotype, we
have undertaken this in 13 patients referred to
our laboratory in whom preliminary plasma
metabolites indicated such a disorder. We
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measured VLCFA content, plasmalogen bio-
synthesis, and catalase solubility in cultured
fibroblasts from these patients and then carried
out somatic cell hybridisation to assign them
to a CG. Using plasmalogen biosynthesis as a
marker for correction, we found that 12 patients
with a GPD could be assigned to a known CG.
In addition, using peroxisomal P oxidation as
a marker for correction we characterised the
enzyme defect in one further patient who ex-
hibited an isolated deficiency of VLCFA cata-
bolism.

Methods
MATERIALS
The following materials were obtained from
the listed sources: ICN Flow: Eagle's minimum
essential medium with Earle's salts (EMEM),
fetal bovine serum (FBS); Sigma: Ficoll 400,
[1-'4C]-hexadecanol (7 7 mCi/mmol); Merck:
polyethyleneglycol (PEG) 4000, digitonin;
BDH: Giemsa stain; Rathbum: HPLC grade
solvents; Professor F Paltauf (Graz, Austria):
1-O-[9, 1 0-3H2]-hexadecylglycerol (2-3 1 Ci/
mmol); Amersham International: [1-'4C]-pal-
mitic acid (60mCi/mmol); American Radio-
labelled Chemicals: [1-_4C]-lignoceric acid
(55 mCi/mmol).

SOURCE AND MAINTENANCE OF CULTURED
CELLS
Skin fibroblast strains from 13 unrelated
patients with the clinical phenotype of a GPD
were available in the Division's cell bank. Ten
patients had been diagnosed in our laboratory,
one (GPD-10) was diagnosed in Dr Wanders'
laboratory (Amsterdam, The Netherlands),
and two strains (GPD-5 and GPD-8) were
donated for research purposed by Dr P Clayton
(ICH, London). Three strains (GPD-3, -7,
and -12) were fetal lines obtained after ter-
mination of pregnancy in at risk families from
which cells from the index case were not avail-
able. We received the generous gift of cell
strains for GPD CGs 2, 3, 4, 6, 7, and 8 and
strains with isolated deficiencies ofperoxisomal
J oxidation enzymes ACoAOx and BP from A
Moser (Kennedy Krieger Institute, USA). We
used two cell lines (GM6256 (GPD CG-1)

Table 1 Skin fibroblast biochemical parameters

Cell strains Very long chain fatty acids Plasmalogen Catalase
Biosynthesis solubility

C26:0(pg/mg) C26:0/C22:0 [JH]1['4C] (%)

Controls 0-116(SD 0-036) 0-110(SD 0-037) 0-5(SD 0-05) 18(SD 6-8)
(n = 12) (n = 12) (n = 14) (n =12)

GPD-1 0-267 0-578 7-9 83
GPD-2 0-346 0-783 3-2 78
GPD-3 1-631 2-513 6-1 89
GPD-4 0-681 0-496 4-5 81
GPD-5 0-633 0-467 6-9 74
GPD-6 0-444 0-795 9-4 85
GPD-7 1-162 1-440 9-7 77
GPD-8 0-631 0-292 2-1 71
GPD-9 0-645 1-150 4-7 92
GPD-10 0-842 0-852 1-2 76
GPD-11 0-320 0-876 4-9 77
GPD-12 1-145 1-776 27-7 78
BOX-1 0-649 1-049 0-7 8

Results for VLCFA content, plasmalogen synthesis, and catalase solubility are shown for the
control and 13 mutant fibroblast strains investigated.

and GM6231 (GPD CG-9)) from the Human
Genetic Mutant Cell Repository (Camden, NJ)
based upon information provided by A Moser.
Cells were maintained up to the 25th passage
in 10% FBS-EMEM as previously described.'4

SOMATIC CELL HYBRIDISATION
Strains paired for hybridisation were co-cul-
tivated, fused with PEG (42%, w/v), and sep-
arated into two fractions on a Ficoll gradient
as previously described. 14 Fraction II contained
predominantly multinuclear cells; fraction I
contained mononuclear cells and represented
a co-cultivation analysis of the two mutant cell
strains. The median fusion index (% nuclei in
multinuclear cells) was 97% for fraction II and
5-5% for fraction I.

PLASMALOGEN BIOSYNTHESIS
Cell monolayers incubated for 18 hours in
medium containing 0-8 ,uCi 1-0-[9,10-3H2]-
hexadecylglycerol and 0-2 ,uCi [1-'4C]-hexa-
decanol were processed as described by
Roscher et al.'5 Final results were expressed as
a ratio of the percentage incorporation of each
radiolabelled substrate into plasmalogens:
% [3H]/% [4C]. A ratio . 1 was indicative of
an impairment in the peroxisomal enzymes
required for plasmalogen synthesis.

VERY LONG CHAIN FATTY ACIDS
The concentration of C26:0 and the C26:0/
C22:0 ratio of cultured fibroblasts were de-
termined by gas liquid chromatography as de-
scribed by Moser and Moser.'6

CATALASE SOLUBILITY
A supernatant and pellet fraction were isolated
from fibroblasts suspended in digitonin-buffer
and catalase activity was determined spec-
trophotometrically. Final results were ex-
pressed as the % solubility (that is, catalase
activity in the supernatant fraction/total cata-
lase activity).'7

PEROXISOMAL 1 OXIDATION
Suspensions of cultured fibroblasts were in-
cubated for one hour in the presence of 5 nmol
(0 05,Ci) of [1-'4C]-palmitic acid or [1-4C]-
lignoceric acid to compare mitochondrial and
peroxisomal fatty acid catabolism.18

Results
BIOCHEMICAL DATA
Preliminary diagnosis ofa peroxisomal disorder
was made by measuring VLCFA in plasma or
dihyrodroxyacetone phosphate:acyltransferase
activity in leucocytes or both. The more de-
finitive diagnosis of a disorder affecting per-
oxisome assembly was confirmed by measuring
three parameters in cultured skin fibroblasts:
VLCFA levels, plasmalogen biosynthesis, and
catalase solubility. The results from these in-
vestigations are shown in table 1. Twelve
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8 the three non-CG-1 strains (table 2). Strains

*-* GPD-10, -1 1, and -12 belonged to CG-2, CG-
8, and CG-7, respectively.

Fibroblasts from the patient BOX-1 were
hybridised with cells from patients with defined

S Non-complementing cross defects in the peroxisomal P oxidation enzymes
A Complementing cross ACoAOx and BP. The C24:0/C6:0 oxidation

ratios in table 3 indicate that BOX-I had an
isolated deficiency of the BP.

12 Table 4 summarises the complementation
A results and lists the clinical phenotypes ob-
3 4 5 6 7 served in the patients in our study. GPD CG-
)nonuclear fraction 1 contained five classic ZS, one long survivingZS with Leber's congenital amaurosis pre-
I to GPD-12. All GPD strains sentation, and three IRD patients. Two ZS and
illy against a known CG-1 strain. one IRD patients belong to the rarer GPD
thesis results obtained for each CGs. Furthermore one patient with a severe
with the mononuclear co-
on the x axis and the multinuclear clinical phenotype had an isolated deficiency
tis. Strains which did not of the BP. In addition, table 4 shows that nine
own CG-1 strain have a rH]I of the patients studied were of UK origin and
strains which did complement

train have a [3HI[4C] < 1 in that eight of these patients belonged to GPD
*rain number is indicated above CG-1. Only one patient of UK origin, GPD-

11, belonged to one of the rarer GPD CGs.

patients (GPD-1 to GPD-1 2) exhibited mul-
tiple deficiencies characteristic of a GPD, but
one patient (BOX-1) exhibited an isolated ab-
erration of VLCFA catabolism.

COMPLEMENTATION ANALYSIS
Each GPD strain was crossed against a known
CG-1 strain. The figure shows that nine of the
strains (GPD-1 to GPD-9) crossed against a
known CG-1 stain did not show a correction
of plasmalogen biosynthesis, indicating that
they belong to CG-1. In contrast, multinuclear
cells derived from strains GPD-1 0, -11 and -12
exhibited a [3H]/['4C] ratio within the normal

Table 2 Complementation analysis in fibroblast strains that did not belong to CG-1

Classified GPD complementation groups

CG-2 CG-7 CG-8

['H]/['4C] 18 5 1 3 5.9
GPD-10 1-2 1-3/1-1 0-4/1-0 0-7/1-4
GPD-11 4 9 nm nm 3-4/2 7
GPD-12 27-7 04/6 3 24/20 0-4/1-8

Non-CG-1 GPD strains were initially hybridised with strains representative of CG-4 and CG-
8. Only strains GPD-10 and GPD-12 needed to be crossed with strains from the eight CGs
available to us. Plasmalogen biosynthesis results are shown only for crosses with the three non-
CG-1 strains associated with our patients. The ['H]/['4C] ratio is shown for each parental strain
and results for each cross are expressed as a ratio of fraction II/fraction I (nm =not measured).

Table 3 Complementation analysis by /B oxidation measurement
Cell strains C24:0/C16:0
Strain I Strain 2 Fx II Fx I Fx IIIFx I

BOX-1 (0-12) GPD-3 (0-06) 0-532 0-042 12 7
BOX-1 (0-12) BP-1 (0-05) 0-052 0 053 1.0
BOX-1 (0-12) ACoAOx-I (0 08) 0-444 0-117 3-8
Control-1 (0 69)
Control-2 (0 90)

Results for three crosses using 1 oxidation as a marker for correction are shown. Baseline C24:
0/C16:0 oxidation ratios are shown in parentheses beside each parental mutant strain and two
control strains. Final results for each cross are expressed as a ratio of fraction II/fraction I. A
ratio significantly greater than 1 indicated that correction of the baseline defect had occurred.
BOX-1 complemented a CG-1 GPD strain and a mutant strain with ACoAOx deficiency, but
not a mutant strain with BP deficiency (fx = fraction; BP =bifunctional protein; ACoAOx = acyl
CoA oxidase).

Discussion
Our finding that the majority (nine of 12) of
the GPD patients we investigated belong to
CG-1 was not unexpected in the light of results
reported by other investigators. Clinical hetero-
geneity was observed within CG-1 patients,
but no NALD patients were among those
studied. The absence ofNALD patients in our
study may be the result of a referral bias, since
one of our major referral sources includes a
paediatric liver unit providing a national ser-
vice, while our paediatric neurological referrals
are from a more local population. Furthermore,
these clinical labels are not universally agreed
upon and assigning patients to specific pheno-
types is therefore subject to interpretation. The
important point is that the majority of patients
-investigated had a severe, early onset disorder.

Nine of the GPD patients investigated were
ofUK origin: eight belonged to CG-1 and one
belonged to CG-8. Consequently, all of the
patients of UK origin belonged to one of the
three principal groups (CG-1, -4, and -8). This
may be a reflection of the homogeneity of
the population living in Britain. GPD-10 and
GPD-1 2 belonged to rare CGs and come from
Arabian and Pakistani backgrounds; larger
studies may in time show an association be-
tween GPD CGs and particular ethnic groups,
which would be of benefit for more rapid char-
acterisation of the underlying defect.
None of the patients in this study had a

variant clinical phenotype, although CG-1
patient GPD-2 was a case of long surviving
ZS. The CG-8 IRD patient GPD-l1 had an
atypical biochemical phenotype, which has
been described previously.'9 In the CG-2
patient GPD-10, there was early, severe onset of
hepatic and neurological dysfunction together
with classic dysmorphic facial features and we
have therefore classified her as ZS although we

Unclassified GPD patients
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Table 4 Summary of complementation results for the patients studied

CG identification Total no of Sex Clinical phenotype
patients

M F Zellweger syndrome Infantile Refsum's disease

UK origin Other origin UK origin Other origin

GPD CG-1 9 2 7 5* 1 3 0
GPD CG-2 1 0 1 0 1 0 0
GPD CG-7 1 1 0 0 1 0 0
GPD CG-8 1 1 0 0 0 it 0
BP deficiency 1 1 0 0 1 0 0

The number of patients belonging to the GPD CGs according to the Baltimore nomenclature are shown. Patients are classified
according to the clinical phenotypes ZS and IRD. "UK origin" indicates a person born in the UK who is not a member of a
specific ethnic group. * One long surviving ZS patient in this group. t Patient A in Steinberg et al."

do not know if there was calcific stippling of
the patellae.
The cell strain GPD-12, which belongs to

CG-7, was a fetal strain obtained after a positive
prenatal diagnosis. Necropsy of this fetus of
22-23 weeks' gestation showed hypoplastic ad-
renal glands, dysmorphic facies, and anal atre-
sia. In the cortex of the kidneys there were a
few cystically dilated tubules, and occasional
dilating collecting ducts in the medulla. There
was cardiomegaly and the right ventricle was
much larger than the left, the ratio being 0 75:
0-25. Both ventricles had very thick muscular
walls. The pulmonary trunk was dilated and
was wider than the ascending aorta. Both great
vessels issued from the right ventricle and there
was a ventricular septal defect. The right lung
had only two lobes and the left lung a single
lobe. A previously affected sib, who was not
studied biochemically, died at the age of 4
months with a history of liver problems, meta-
physeal skeletal changes, a large anterior fon-
tanelle, and, on necropsy, was found to have
renal cysts. A further sib died within the first
day of life in Pakistan for reasons which are
unclear.
The incentive to characterise the molecular

defects in these patients is increased by our
inability to detect carriers for GPDs bio-
chemically.' This classification strategy has al-
ready proven itself useful for GPD-10, who
belonged to CG-2. Dodt et al"3 recently de-
scribed mutations in PXR1, a gene which en-
codes a peroxisomal targeting signal (PTS) type
1 receptor, in two CG-2 patients.'3 Immuno-
cytochemical studies have indicated that GPD-
10 (PBDO93 in Slawecki et al9) exhibits a PTS
type 1 import defect. This patient is ho-
mozygous for a T--G transversion at bp 1467
of the PXR1 allele, producing an Asn489Lys
substitution (S Gould, personal com-
munication). This mutation is identical to the
one described by Dodt et al'3 for patient
PBDO 18. The biochemical phenotypes ex-
pressed in skin fibroblasts from each patient
were similar: a marked accumulation of
VLCFA, a profound deficiency ofphytanic acid
oxidation, but only a marginal deficiency in
plasmalogen biosynthesis (A Moser, personal
communication). It is of interest that both
PBDO18 and GPD-10 are of Arabian origin;
currently we have no evidence that these
patients are related.

Patient BOX-1 had a severe clinical pheno-
type, but complementation analysis indicated
that this patient had an isolated deficiency of

the BP. The gene for the BP has been cloned20
and we have requested that this patient be
investigated for disease causing mutations.

In summary, the 13 patients investigated
belonged to previously described CGs. Char-
acterisation of the molecular defect has been
achieved in only one patient (GPD-10), but
should be attained in the near future in one
further patient (BOX-1). Characterisation of
the remaining patients at a molecular level will
depend upon the speed at which further genes
required for peroxisome assembly in the human
are cloned.

We are indebted to Ann and Hugo Moser for their generosity
in supplying cell lines; Stephen Gould and his colleagues for
their studies on strain GPD-10; Tina Slade and Ronayne Grant
for assistance in cell culture and preliminary diagnosis of some
GPD patients; Mary Seller for the fetal postmortem study; and
Adrienne Knight for preparation of the manuscript. We extend
our appreciation to Peter Clayton and all of the other physicians
who referred patients for study. This work has been funded by
LORS.
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