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Chapter 1  

History 
In 1923, Siemerling and Creutzfeldt reported a boy who had developed a bronzed 
skin at the age of four years, became deeply pigmented and subsequently developed 
severe neurological dysfunction and died at the age of seven years.1 Postmortem 
examination revealed atrophy of the adrenal cortex and extensive cerebral 
demyelination with a perivascular inflammatory response. By 1963, nine cases had 
been described in the literature. Since all patients had been male, Fanconi and 
coworkers proposed X-linked recessive inheritance.2 The name 
adrenoleukodystrophy was introduced in 1970, based on the striking association of 
a leukodystrophy with adrenocortical insufficiency.3 In 1976, a more slowly 
progressive adult form of the disease was described.4 A year later, five more cases 
were described by Griffin et al.5 who proposed that this form be named 
adrenomyeloneuropathy (AMN) because mainly adrenal cortex, spinal cord and 
peripheral nerves were involved. X-linked adrenoleukodystrophy (X-ALD) is the 
most common peroxisomal disorder with an incidence of approximately 1 in 
50.000. 

Clinical manifestations 
X-ALD includes at least six different clinical phenotypes, based on the age of onset 
and the organs principally affected.6 Different phenotypes frequently co-occur 
within the same kindred or even within the same nuclear family. The most 
devastating phenotypes are characterized by a sudden onset of cerebral 
demyelination with a relentless and rapid progression (Fig 1 and Fig 2). The onset 
of cerebral demyelination most frequently is in childhood (CCALD: mean age 7 ± 
2 years). Less frequently, the age of onset is in adolescence or adulthood. The first 
neurological symptoms are behavioral changes, poor school performance, impaired 
auditory discrimination and impaired visual acuity. Most patients with cerebral 
demyelination are in a vegetative state or have died within three years of the onset 
of symptoms. In CCALD patients, cerebral magnetic resonance imaging (MRI) 
typically reveals extensive demyelination in the occipital periventricular white 
matter usually starting in the splenium of the corpus callosum (Fig l).7 

Adrenomyeloneuropathy (AMN) is a milder phenotype. The onset most 
frequently is in the third to fifth decade (mean age 28 ± 9 years). AMN is slowly 
progressive with initial symptoms limited to the spinal cord and peripheral nerves 
(Fig 3). Patients gradually develop a spastic paraparesis, often combined with 
impaired vibration sense, sphincter dysfunction and impotence.6'8 Approximately 
70% of AMN patients have adrenocortical insufficiency (Addison's disease).9 An 
equal percentage of affected males have signs of testicular insufficiency, 
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occasionally even in the absence of other symptoms.10 It has been reported that 
about 55% of AMN patients have no subsequent cerebral involvement (pure AMN) 
and that approximately 45% will eventually develop cerebral involvement (AMN-
cerebral phenotype). 

Primary adrenocortical insufficiency without evidence for nervous system 
involvement ('Addison-only' phenotype) occurs in approximately 10% of X-ALD 
patients.6 

Some patients have the genetic and biochemical defect (see below), mostly 
identified by family screening, but are free of adrenocortical insufficiency and have 
no neurological abnormalities. These patients are still at high risk for developing 
neurologic symptoms. However, some patients remain asymptomatic into their 
sixties.6 

Figure 1. (left) A 7 year old boy with CCALD. First neurological symptoms, impairment of 
auditory discrimination, were noted at the age of 6 years. Shortly thereafter his visual acuity 
deteriorated and he developed seizures and a spastic tetraparesis. He died two years after the 
onset of neurological symptoms, (middle) A cerebral T2-weighted MR image of an 8 year old boy 
with impaired visual acuity and seizures due to CCALD. The destruction of the occipital 
periventricular white matter is evident, (right) For comparison, a cerebral T2-weighted MR 
image of an age related healthy control (photos were adapted, with permission, from reference 

CCALD and AMN are the two most common X-ALD phenotypes. Together 
they account for more than 75% of all X-ALD cases. Initially, CCALD was 
reported to be the most frequent phenotype of X-ALD. However, systematic 
analyses in the Netherlands and France have shown that AMN is the more common 
form (ref. 11; P. Aubourg, personal communication). In the Netherlands, AMN 
accounts for 46% of all cases and CCALD for 31%." 

11 



Chapter 1 

Figure 2. The relentless and rapid metamorphosis of a healthy 
6 year old boy into a demented and spastic 17 year old 
adolescent. Retrospectively, adolescent cerebral was 
diagnosed after X-ALD was diagnosed in a cousin (photos 
were adapted, with permission, from reference 8). 

Figure 3. A 44 year old man with AMN, showing a posture 
resulting from a slowly progressive spastic paraparesis with 
an onset 15 years ago (photo adapted, with permission, from 
reference 8). 

Approximately 50% of women heterozygous for X-ALD have neurological 
abnormalities demonstrable by neurological examination but are without clinical 
symptoms. About 20% of carriers may develop symptoms that are similar to AMN. 
The age of onset is usually in the fourth decade (mean age 37.8 ± 14.6 years), the 
symptoms are milder and the progression is slower compared to affected males.812 

Unlike male patients, heterozygotes only rarely develop adrenocortical 
insufficiency. Frequently, X-ALD carriers are misdiagnosed as having multiple 
sclerosis (MS). Exceptionally, heterozygotes may develop rapidly progressive 
cerebral demyelination.8 At least three cases are known in which extreme non-
random X-inactivation, with the result that all the heterozygous cells express the 
mutant ALD allele, is the suspected cause for cerebral involvement (S. Kemp & K. 
D. Smith, unpublished observations). 
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Biochemistry 
The first insight in the biochemistry of X-ALD came when it was found that the 
adrenal glands and cerebral white matter contained characteristic lipid 
inclusions.13'14 These inclusion bodies contained cholesterol esterified with 
saturated very long-chain fatty acids (VLCFA, > 22 carbon atoms). Cholesterol 
esters in normal brain contain mostly C16 to C20 fatty acids (long-chain fatty 
acids); those in X-ALD brain contain large amounts of VLCFAs. Accumulation of 
VLCFAs increases membrane microviscosity,16 resulting in disruption of 
membrane structure and stability,17 and impaired capacity of cultured adrenal cells 
to respond to ACTH stimulation.18 

Biochemically, X-ALD can be diagnosed by elevated levels of saturated 
VLCFA in all tissues and plasma.19~2j Long-chain fatty acid levels (12-20 Cs) are 
normal. Virtually all male patients have elevated tetracosanoic acid (C24:0) and 
hexacosanoic acid (C26:0) levels in plasma and increased C24:0/C22:0 and 
C26:0/C22:0 ratios. The greatest excess occurs in the cholesterol ester fraction of 
brain white matter and adrenal cortex.6 Some male patients have C26:0 levels that 
are borderline normal or even in the normal range. However, using a conversion 
based on three plasma VLCFA measures all male patients can be identified." In 
contrast to hemizygotes, 15% of obligate X-ALD carriers have VLCFA levels that 
are in the normal range.25 

Fatty acids are metabolized through ß-oxidation (chain shortening by two 
carbon atoms per cycle), but prior to degradation they must be activated to their 
coenzyme-A (CoA) thioesters. The activation of fatty acids is catalyzed by acyl-
CoA synthetases.23'26 32 Acyl-CoA synthetases have peak-specific activities for 
either short-chain (2 - 4 C atoms), medium-chain ( 6 - 1 0 Cs), long-chain (12 - 20 
Cs) or very long-chain (> 22 Cs) fatty acids. However, most acyl-CoA synthetases 
have overlapping chain length specificity. In mammals, the level of expression of 
the acyl-CoA synthetases appears to be tissue specific. ' Long-chain acyl-CoA 
synthetase (LACS) activity is present in all tissues, but LACS expression is highest 
in liver, kidney, adipose tissue and heart. In rat, at least two organ-specific 
isozymes have been identified,33'34 of which one enzyme is brain specific. Very 
long-chain acyl-CoA synthetase (VLCS) activity has been detected in: liver, brain 
and skin fibroblasts.37'38 Recently, a VLCS from rat liver was identified. ' 
Subsequently, the homologous VLCSs from both mouse and human were 
identified.36,40 Mouse VLCS shares 93% amino acid identity with rat VLCS, and 
human VLCS shares 82% identity with both mouse and rat VLCS. According to 
mRNA analysis, the mouse, rat and human VLCS are liver and kidney specific. 
Based on sequence homology, at least three additional VLCS homologous proteins 
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are present in both human and mouse (P. A. Watkins and S. Kemp, unpublished 
observations). 

On the subcellular level, LACS activity is associated with microsomal 
membranes, peroxisomes and mitochondria. Long-chain fatty acids are metabolized 
in both mitochondria, peroxisomes and endoplasmic reticulum (microsomes); there 
does not appear to be an organelle specific LACS. VLCFAs are oxidized 
exclusively in peroxisomes.42 However, VLCS activity is present in both 
peroxisomes and microsomes. Incorporation of fatty acids into complex lipids is 
restricted to the microsomes. Using immunocytochemical analysis it was 
demonstrated that the VLCS is located exclusively in peroxisomes and 
microsomes.j5,4() VLCFA levels in X-ALD patients are the result of impaired 
VLCFA metabolism.2j'26'28 It was demonstrated that peroxisomal VLCFA 
activation is strongly reduced, whereas microsomal VLCFA activity is normal." ' 
Hashmi et al43 showed that cultured X-ALD fibroblasts were impaired in the ß-
oxidation of C24:0 but oxidized C24:0-CoA at normal rate. These latter 
observations made the peroxisomal VLCS the most likely candidate for X-ALD. 

Genetics of X-ALD 
Genetic linkage with glucose-6-phosphate dehydrogenase (G6PD) pointed the X-
ALD locus to the extremity of the long arm of the X-chromosome, Xq28.4 In 1993, 
the ALD gene was identified using positional cloning strategies. The ALD gene is 
21 kb long and contains ten exons.46 It came as a surprise that its product, ALDP, 
does not share homology with any known acyl-CoA synthetase. Based on sequence 
homology ALDP belongs to a different family of proteins, the ATP-binding 
cassette (ABC) superfamily of transmembrane transporter proteins.47 ALDP 
consists of 745 amino acids and contains a membrane domain with six 
transmembrane segments in the amino-half and an ATP-binding domain in the 
carboxy-half of the protein. Immunocytochemical studies demonstrated that ALDP 
is a peroxisomal membrane protein, which is in agreement with the observed 
biochemical abnormality in X-ALD patients. " 

Evidence that the gene identified by positional cloning is indeed the ALD 
gene came initially from identification of mutations in the ALD gene. 3 To date, 
over 250 mutations have been identified in the ALD gene (Reviewed in Chapter 
5)_5i-56 Mutations have been found in all X-ALD patients thoroughly examined. 
Complementation studies in fibroblasts derived from X-ALD patients demonstrated 
that expression of wild type ALD cDNA restores VLCFA ß-oxidation confirming 
that ALD and not VLCS is the gene responsible for X-ALD.57,58*82 Furthermore, 
stable expression of ALD cDNA in X-ALD fibroblasts corrects VLCFA levels to 
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normal levels.58 However, the function of ALDP and its role in relation to either 
VLCFA metabolism and/or VLCS activity remains to be unveiled. 
Immunocytochemical studies have shown that in 70% of all X-ALD patients ALDP 
cannot be detected by immunoassay.50'52,59 All mutations other than missense 
mutations disrupt the stability of ALDP. 

There is no correlation between the phenotypic variability observed in X-
ALD patients and either VLCFA levels in plasma or fibroblasts,6 or the residual 
VLCFA ß-oxidation activity present in X-ALD skin fibroblasts.60 The clinical 
variation in X-ALD can not be explained by the degree of biochemical 
abnormality, at least in plasma and fibroblasts.6'61 However, the relative levels of 
VLCFAs at the time of disease onset in the affected tissues, such as brain and 
adrenal gland, are unknown. Interestingly, there is also no correlation between the 
different phenotypes in X-ALD and the mutations identified in the ALD gene. The 
most severe phenotypes can be found in patients with a missense mutation in which 
ALDP was demonstrable by immunological assays, and mild phenotypes in 
patients with large deletions and no demonstrable protein product (Reviewed in 
Chapter 5). The most common ALD mutation, a two base pair deletion in exon 5 
found in approximately 12% of X-ALD families, has been associated with all X-
ALD phenotypes.54'62 Segregation analysis suggests that the phenotypic variability 
is due to an autosomal modifier gene.63'64 However, unidentified environmental 
factors may also be involved, as indicated by phenotypic variability in a set of 
monozygotic twins. 

Function of ALDP 
ALDP appears not to be required for either anchoring of human VLCS to the 
peroxisomal membrane or for translocation of VLCS into the peroxisome, since 
peroxisomes from X-ALD fibroblasts contain normal levels of VLCS in the 
absence of ALDP.66 In humans, over-expression of VLCS cDNA alone in X-ALD 
fibroblasts does not improve VLCFA ß-oxidation, while over-expression of both 
VLCS ma ALD cDNA in X-ALD fibroblasts increased VLCFA ß-oxidation 
synergistically. 66 This indicates that both proteins interact functionally to regulate 
peroxisomal VLCFA ß-oxidation; however, the nature of this functional interaction 
remains to be solved. 

Functional ABC transporters contain two membrane spanning regions and 
two ATP-binding domains.47 In some cases, the entire transporter is transcribed by 
a single gene, like the multidrug resistance P-glycoprotein (MDR),67 the cystic 
fibrosis transmembrane conductance regulator (CFTR)68,69 or the yeast pheromone 
transporter (STE6).70 In other cases, a functional ABC transporter is formed by 
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heterodimerization of two ABC half-transporters, like TAPI and TAP2, which are 
associated with antigen processing,71 or Pxalp (Pat2p)7 and Pxa2p (Patlp) two 
yeast proteins which form the yeast peroxisomal long-chain fatty acid 
transporter.74'75 ALDP with one membrane spanning region and one ATP-binding 
domain has the structure of a half-transporter. Three additional mammalian 
peroxisomal membrane ABC half-transporters which are closely related by nucleic 
acid and protein sequence have been identified: ALDRP, an ALDP-related 

*1 £\ HI HSi *7Q 

protein; ' PMP70, a 70-kDa peroxisome membrane protein, " and PMP69 (or 
P70R), a 69-kDa peroxisome membrane protein. ' The function(s) of the 
peroxisomal ABC half-transporters and their interaction with VLCS is unknown, 
but their marked sequence similarity suggests that they might have related and/or 
overlapping function(s) in peroxisomal fatty acid metabolism. This notion is 
supported by two observations: 1) X-ATD cells lacking ALDP have approximately 
20% residual activity for VLCFA ß-oxidation,60 which could result, from one or 
more of the other peroxisomal ABC half-transporters. 2) Over-expression of 
PMP70 cDNA has been shown to partially restore VLCFA ß-oxidation in X-ALD 
fibroblasts,82 and over-expression of ALDR cDNA completely restored VLCFA ß-
oxidation,83 indicating that the other peroxisomal ABC half-transporters can 
substitute for the absence of ALDP. In vitro ALDP homodimerization and 
heterodimerization of ALDP with either ALDRP or PMP70 has been demonstrated 
in co-immunoprecipitation assays. Thus, it is likely that ALDP is a peroxisomal 
transmembrane transporter, that functions either as a homodimer or as a 
heterodimer with any of the three additional peroxisomal ABC half-transporters. 

In the yeast Saccharomyces cerevisiae the two orthologs of ALDP, Pxalp 
and Pxa2p have been demonstrated to heterodimerize to form a functional ABC 
transporter.75 This transporter is involved in the transport of activated long-chain 
fatty acids from the cytoplasm, across the peroxisomal membrane, into the interior 
of the peroxisome.74 Recently, it was demonstrated that Pxa2p is responsible for the 
transport of long-chain fatty acyl-CoA esters across the peroxisomal membrane.85 

In the fruit fly Drosophila melanogaster, the uptake of metabolic precursors that 
are necessary for the synthesis of the brown and red eye pigments in pigment cells 
is controlled by the presence of different dimer combinations of ABC half-
transporters in the cell membrane of these cells. Red color pigment precursors are 
imported by the guanine transporter that contains heterodimers of subunits encoded 
by the white and brown genes. Whereas, proteins from the white and scarlet genes 
heterodimerize to form the tryptophan transporter, involved in the import of 
metabolites for the synthesis of brown color pigments. " Thus, in analogy to the 
processes in yeast and fruit fly it is possible that ALDP, either as a homo- or 
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heterodimer, is involved in the transport of activated VLCFAs from the cytoplasm 
into the peroxisome and that different peroxisomal ABC half-transporter dimer 
combinations may be involved in the import of specific fatty acids or other 
substrates, or may result in tissue specificity. 

The X-ALD mouse 
In 1997, three laboratories reported the construction of a knock-out mouse model 
for X-ALD.91"93 The X-ALD mouse exhibits reduced ß-oxidation of VLCFAs in 
cultured fibroblasts and significant increased levels of VLCFAs in all tissues 
measured and in cholesterol esters from adrenal glands. The highest increase in 
VLCFA levels is observed in brain and adrenal glands; however, the increase is not 
as marked as in X-ALD patients. Lipid cleft inclusions were observed in 
adrenocortical cells,93 similar to those observed in X-ALD patients. ' In contrast 
to X-ALD patients, X-ALD mice do not have increased VLCFA levels in plasma. 
Despite the biochemical similarities to human X-ALD patients, X-ALD mice do 
not show any sign of neurological involvement and/or adrenocortical 
insufficiency.93 Even though the X-ALD mouse does not resemble cerebral ALD, it 
provides a good animal model for the future testing of potential therapeutic 
strategies for X-ALD. For example, the in vivo efficacy of treatment can be 
monitored by determination of its effect on VLCFA levels in the brain and adrenal 
gland, tissues that are primarily affected in X-ALD.83 Crossing of X-ALD mice 
with mice strains of different genetic background may result in a more severe X-
ALD phenotype, and may facilitate the discovery of the modifier gene that is 
assumed to cause the wide phenotypic variation. 

Therapy 
Steroid replacement therapy for adrenocortical insufficiency, found in most X-ALD 
patients, is effective and of great importance. Although it does not alter the course 
of the neurologic disease, if left untreated adrenocortical insufficiency may be 
lethal. 

Dietary therapy 
The discovery that VLCFAs in the brain are the result of both dietary origin and 
endogenous synthesis,94 i.e. through elongation of medium and long-chain fatty 
acids, provided the rationale for the development of dietary therapies. Mono-
unsaturated fatty acids compete with saturated fatty acids for the microsomal 
elongation system, hence interfering with the biosynthesis of VLCFAs. Addition of 
mono-unsaturated fatty acids, especially oleic acid (CI8:1), to cultured fibroblasts 
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obtained from X-ALD patients resulted in a decrease of VLCFAs.95 The most 
widely used dietary therapeutic approach utilizes a 4:1 mixture of two unsaturated 
fatty acids, glyceryl trioleate (oleic acid in triglyceride form, or GTO) and glyceryl 
trierucate (erucic acid (C22:l) in triglyceride form, or GTE).96 This mixture of 
GTO and GTE is better known as "Lorenzo's oil", named after Lorenzo Odone, the 
first CCALD patient treated with the oil.96 Treatment of X-ALD patients with 
"Lorenzo's oil" resulted in normalization of VLCFA levels in plasma within four to 
six weeks. The dramatic effect on VLCFA levels resulted in a number of 
therapeutic trials carried out in several different countries around the world, with 
over 300 X-ALD patients involved. Because of the rapid progression of the 
cerebral form of X-ALD, the impressive biochemical effect in plasma, the rareness 
of the disorder, the considerable phenotypic variation and the lack of a predictable 
marker for the different phenotypes, open studies were preferred to randomized, 
placebo controlled, and double blinded studies. This has complicated the evaluation 
of the efficacy of "Lorenzo's oil" tremendously. However, despite the dramatic 
effect on plasma and tissue VLCFA levels, it has no apparent effect on the clinical 
course of the disease. "Lorenzo's oil" could not stop or reverse neurological 
progression, " nor did it improve endocrine function in five patients with 
AMN.104 Postmortem analysis of tissues of four X-ALD patients who had used 
"Lorenzo's oil" for various lengths of time showed that, although substantial 
amounts of erucic were present in liver and adipose tissue, no increase in erucic 
acid levels in the brain could be observed.105'106 Furthermore, although VLCFA 
levels were reduced in liver and adipose tissue, the VLCFA levels in various brain 
lipids were indistinguishable between three of the treated patients and patients who 
had never used "Lorenzo's oil",105 raising the question whether the oils reach the 
brain at all. 

An international collaborative trial of dietary therapy with "Lorenzo's oil" in 
250 neurologically asymptomatic boys with X-ALD is ongoing. The aim of this 
study is to determine whether initiation of the diet in boys without neurological 
involvement can reduce the frequency and/or severity of subsequent neurologic 
disabilities.107 

Immunosuppression 
Cerebral demyelination is associated with a severe inflammatory reaction mediated 
by as yet unknown cytokines or immune mechanisms. Attempts to suppress or 
modify this inflammatory reaction with ß-interferon,10S cyclophosphamide,109"110 

cyclosporin,6 immunoglobulins,99 pentoxifylline,6 or ß-thalidomide have failed.6 
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Bone-marrow transplantation 
Postmortem examination of the brain of cerebral ALD patients demonstrated 
perivascular mononuclear infiltrates compatible with an immune reaction. ' 
This inflammatory reaction has been linked to excess of VLCFAs in myelin lipids 
in the region of the brain where demyelination takes place. " Macrophages of 
patients with X-ALD are unable to degrade VLCFAs. In 1984, it was demonstrated 
that normal bone-marrow derived cells can degrade VLCFAs. This provided the 
rationale for bone-marrow transplantation (BMT). In the same year, the first X-
ALD patient with rapidly progressive CCALD received bone-marrow 
transplantation."5 The transplantation resulted in correction of plasma VLCFA 
levels within two months. The patient died 141 days after the transplantation due to 
an adenovirus infection without showing signs of neurological improvement. No 
additional BMTs were performed during the next four years. In 1990, the first 
reversal of both neurological and neuroradiological (MRI) manifestations were 
reported."6 An eight year old boy with mild neurologic involvement received bone-
marrow from his nonidentical twin. Within two years after the BMT the 
neurological deficits and the white matter lesion had disappeared. At present, the 
boy is alive and well: his cerebral MRI, cognitive function are normal. However, he 
has developed mild peripheral nerve involvement, suggesting the onset of AMN (P. 
Aubourg, personal communication). 

To date, over 100 BMTs have been performed worldwide in X-ALD. More 
cases have been reported in which patients who were transplanted at the first sign 
of MRI abnormalities showed stabilization or even improvement in neurological 
functions."7'"8 All patients that responded well to BMT showed mild neurologic 
involvement at the time of transplantation. No benefit from transplantation could be 
achieved if the patient was already in the rapidly progressive stage of neurological 
deterioration. 

It is not known by which mechanism BMT benefits patients; the most likely 
explanation is scavenging of VLCFAs by microglia cells derived from the new, 
normal bone-marrow.'19 Although the origin of microglia is still debated, 
monocytes derived from peripheral hematopoietic cells probably cross the blood-
brain barrier and transform into microglia.120 Within the central nervous system, 
microglia and astrocytes are the predominant cells expressing the X-ALD 
protein.121 Microglia cells resemble macrophages, ~ and abnormal function of 
microglia cells may affect oligodendrocytes, the cells that produce myelin in the 
central nervous system. 

BMT appears to be the most effective therapy for the variants of X-ALD 
with cerebral involvement. However, BMT cannot be performed in every patient 
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with cerebral demyelination, as a HLA-matched donor may be unavailable. The 
mortality and morbidity of the BMT procedure greatly confines the use of BMT as 
a therapy for X-ALD. Therefore, additional therapeutic approaches for X-ALD are 
warranted. 

Gene therapy 
In vivo gene therapy with retroviral-mediated gene transfer is not likely to be 
successful for cerebral disorders. Retroviral integration depends on active 
proliferating cells and the turnover of oligodendrocytes and microglia cells in the 
mature brain is very slow. 

The parvovirus adeno-associated virus (AAV) does not require cell division 
for successful integration, which makes this virus a potential candidate for in vivo 
gene therapy for cerebral disorders. It is a relative safe virus, AAV infection has 
never been associated with disease.123 Wild-type AAV integrates at a site-specific 
locus, located on chromosome 19ql3.3-qter.124 Its limitations however, are loss of 
site-specific integration on chromosome 19 of recombinant AAV and the size 
restriction (4.5 kb) for the insertion of target DNA.125'126 If these problems can be 
solved, AAV may be a very powerful tool for in vivo gene transfer into tissues with 
a low cell division rate, like the mature brain. 

A more promising approach may be ex vivo gene therapy. Bone-marrow cells 
are isolated from the patient and transduced in vitro with a retroviral vector 
containing a copy of the normal ALD cDNA and returned to the patient by 
autologous transplantation with the genetically corrected hematopoietic cells. In 
vitro retroviral-mediated transfer of ALD cDNA has been demonstrated to result in 
correct targeting of viral-vector encoded ALDP to the peroxisomal membrane.57 

Transduced fibroblasts showed normal VLCFA ß-oxidation and normal ALDP 
expression two months after transduction. Successful retroviral transfer of normal 
ALD cDNA to peripheral blood and bone-marrow derived stem cells (CD34+ cells) 
from X-ALD patients was demonstrated recently.127 However, the transduction 
efficiency in these experiments was only 20%. Ex vivo retroviral gene therapy with 
hematopoietic stem cells is not yet possible for X-ALD, because of the limited 
efficiency of transduction of the hematopoietic stem cells. ALDP is a peroxisomal 
integral membrane protein, and can therefore not be transferred from transduced 
cells to non-transduced cells. For a favorable effect in vivo a much higher 
transduction efficiency of the hematopoietic stem cells with ALD cDNA is needed. 
In brain disorders where the disease gene produces a protein that is not membrane 
bound, i.e. the glucocerebrosidase protein, the transduction efficiency required to 
obtain a favorable in vivo effect can be lower. Studies in normal mice have shown 
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that up to 20% of microglia cells in the brain can be replaced within four months 
after transplantation with autologous bone-marrow cells expressing the human 
glucocerebrosidase gene from a retroviral vector.128 Studies to determine the in vivo 
efficacy of ex vivo gene therapy with transduced CD34+ cells in X-ALD mice are 
underway (P. Aubourg, personal communications). 

Pharmacological approaches 
Alternative pharmacological therapeutic approaches for X-ALD have been initiated 
as well. In 1998, Singh and coworkers demonstrated that treatment of fibroblasts 
derived from X-ALD patients with lovastatin or sodium phenylacetate (NaPA) 
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resulted in reduction of VLCFAs and increased VLCFA ß-oxidation. ' An 
additive effect was obtained when a mixture, at lower concentrations, of both drugs 
was administered to the cells. It was also demonstrated that lovastatin and NaPA 
inhibit the induction of nitric oxide synthase and proinflammatory cytokines such 
as tumor necrosis factor-a and interleukin-lß in astrocytes, microglia and 
macrophages from rat.131 These proinflammatory cytokines may be involved in the 
induction of demyelination as observed in CCALD. Recently, the in vivo efficacy 
of lovastatin was demonstrated, treatment of five X-ALD patients with lovastatin 
resulted in normalization of plasma total VLCFAs.132 At present the mechanism of 
lovastatin action and its effect on VLCFA levels in tissues, the brain in particular, is 
unknown. 

Recently the potential of pharmacological gene therapy for X-ALD with 
another drug, 4-phenylbutyrate (4PBA) was demonstrated (Ref 83 and Chapter 6). 
4PBA and NaPA are related compounds, NaPA is the first breakdown product of 
4PBA. Treatment of cell lines from X-ALD patients and X-ALD knockout mice 
with 4PBA resulted in correction of both C24:0 and C26:0 levels as a result of 
increased VLCFA ß-oxidation. The mechanism of 4PBA action involves increased 
gene expression of ALDR and the induction of peroxisome proliferation. ALDRP 
and ALDP are 66% identical and are functionally redundant; over-expression of 
ALDR cDNA in X-ALD fibroblasts restores VLCFA metabolism.83 The in vivo 
potential of dietary 4PBA treatment was demonstrated in X-ALD mice. Treatment 
resulted in reduction of VLCFA levels in the two principally affected organs in X-
ALD, brain and adrenal gland (see Chapter 6 for details). 

Both pharmacogenetic approaches are currently under intense investigation, 
small-scale pilot studies in X-ALD patients are ongoing. It is unlikely that 
lovastatin and NaPA/4PBA have similar mechanisms of action, since the 
combination of lovastatin and NaPA resulted in an additive effect.12 NaPA is very 
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likely to have a similar mechanism of action as 4PBA, while lovastatin might work 
through increase of the intracellular second messenger cAMP. 

Scope of this thesis 
The initial aim of this thesis was the genetic and molecular analysis of the Dutch X-
ALD patient population. In Chapters 2 and 3 the identification and systematic 
analyses of mutations in 29 Dutch X-ALD kindreds is described. Most of the X-
ALD kindreds have a unique mutation, the only frequent mutation found in the 
ALD gene is described in Chapter 2. In Chapter 4 the effect of X-ALD mutations 
on the stability of the ALDP was investigated and the importance of these findings 
for carrier detection and prenatal diagnosis is discussed. Chapter 5 reviews the X-
ALD mutations identified thus far, the evolutionary relationship among the 
peroxisomal ABC half-transporters, protein-protein interactions of ALDP with 
these proteins, and discusses the evidence for the existence of a second, ALDP-
dependent VLCS. And in Chapter 6 the effect of 4-phenylbutyrate (4PBA) 
treatment on the VLCFA levels in X-ALD cell lines (in vitro) and X-ALD knock 
out mice (in vivo) and the potential mechanisms of 4PBA action are described and 
discussed. 
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Abstract 

The gene for X-linked adrenoleukodystrophy (X-ALD) was recently identified. 
Intragenic deletions of several kilobases were found in about 7% of patients. Point 
mutations, expected to be very heterogeneous, were identified so far in only two 
patients. We report the identification of a two base pair deletion at position 1415-
1416 of the ALD cDNA, located within the fifth exon of the ALD gene, which 
precedes the two consensus motives for ATP-binding. This micro-deletion was 
found in five out of 40 (12.5%) unrelated X-ALD kindreds, indicating that this 
position is a hot spot for mutations. The mutation was observed both in patients 
with childhood cerebral ALD (CCALD) and in patients with 
adrenomyeloneuropathy (AMN). 

Introduction 

X-linked adrenoleukodystrophy (X-ALD) is a peroxisomal disorder, characterized 
by demyelination of the nervous system and adrenocortical insufficiency. X-ALD 
has a highly variable phenotypic expression. The most frequent phenotypes are 
childhood cerebral ALD (CCALD) and adrenomyeloneuropathy (AMN).1 Both 
CCALD and AMN may co-occur within the same kindred as different 
manifestations of the same genetic defect. Biochemically, X-ALD is characterized 
by accumulation of saturated very long-chain fatty acids (VLCFA) in white matter, 
adrenal cortex, fibroblasts and plasma, caused by the inability to ß-oxidize these 
VLCFA in peroxisomes. 

In 1993, a putative ALD gene was identified.2 The deduced amino acid 
sequence of the X-ALD protein (ALDP) showed significant homology to the 
peroxisomal membrane protein PMP70,3'4 belonging to the 'ATP-binding cassette' 
superfamily of transporter proteins. Using immunoelectron microscopy with 
monoclonal antibodies raised against ALDP, Mosser et al. demonstrated that the 
ALDP is associated with the peroxisomal membrane.= The molecular weight of the 
ALDP was determined to be 75 kDa. The localization of ALDP in the peroxisomal 
membrane and the presence of the ATP-binding sites in ALDP may indicate that X-
ALD is caused by an impaired peroxisomal transport process rather than by a 
deficiency of ß-oxidation of VLCFA directly. 

So far, six intragenic deletions ranging from 1.6 to 19 kb were reported, 
accounting for about 7% of X-ALD patients analyzed.2'6 At the cDNA level only 
two point mutations, a missense mutation at position 871 (Glu291Lys), and one 
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nonsense mutation at position 1768 (Gln590Stop) were reported.7 We investigated 
the part of the ALD cDNA containing the consensus motives for ATP-binding, and 
we identified a small deletion of two base pairs within the fifth exon of the ALD 
gene. 

Patients, Materials and Methods 

Patients: ALD#3 is a Vietnamese family in which a boy died of CCALD. ALD#4 is a Dutch 
family with two asymptomatic carriers and one male AMN patient. ALD#16 is a Dutch family 
with one carrier and two AMN patients. ALD#25 (family B, reference 8) is a German family with 
one male CCALD patient and a young symptomatic heterozygote, ALD#31 is a Dutch family 
with two AMN patients. 

Oligonucleotide primers: Primers were selected from the human ALD cDNA sequence (EMBL 
database N° Z21876, where ATG = +1) using the Primer computer program (S.E. Lincoln, M.J. 
Daly and E.S. Lander, MIT Center for Genome Research and Whitehead Institute, Cambridge, 
USA). For nomenclature we used the following abbreviations: ALD, followed by the starting 
nucleotide position, followed by F or R for forward or reverse, respectively. The following 
primers were used: ALD914F 5'-TGC TAC AGC GCT CCT ACC AG-3'; ALD1295F 5'-GTC 
ACT TCA AGA GGC CCA GG-3'; ALD1395F 5'-CCA GGT GGT GGA TGT GGA A-3' ; 
ALD1475R 5'-CTG GCC ACC ACC ACC TCT-3'; ALD1589R 5'-ACA CCA CCG TAC GTG 
GGC-3' and ALD 163 OR 5'-GCG GGA TGT AGA AC A TGC G-3'. Primers were synthesized on 
a Cyclone Plus DNA synthesizer (Millipore). 

RT-PCR and sequence analysis: Fibroblasts were grown (37°C, humidified air, 5% CO2) in 
DMEM with 10% fetal calf serum, 2 mM glutamine, 50 U/ml penicillin and 50 U/ml 
streptomycin. A part of the fibroblasts was stored as a dry pellet at -20°C for total DNA isolation. 
Total mRNA from fibroblast cell lines was extracted with guanidinium isothiocyanate, DNA was 
removed with acidic phenol, RNA was precipitated and dissolved in water, and concentrations 
were measured spectrophotometrically. RNA was converted in cDNA by random primed cDNA 
synthesis using M-MLV reverse transcriptase (Gibco BRL). The cDNA was amplified using 
primers ALD914F and ALD 163 OR. Subsequent PCR reactions contained total cDNA derived 
from approximately 250 ng of total RNA in 50 ul of 2 mM MgCf, 50 mM KCl, 10 mM Tris.Cl 
(pH 8.3), 5% DMSO, 200 uM of each dNTP, 0.8 U of Tag polymerase (Gibco BRL) and 50 ng of 
each primer. PCR was performed in a multiwell thermocycler (MJ Research, Waltham, MA) for 
35 cycles (each cycle was 1 min at 93°C, 1.5 min at 57°C and 2 min at 72°C). Free primers and 
nucleotides were removed using QIAquick-spin PCR purification kit (Qiagen). Sequencing was 
performed with primers ALD1295F and ALD1589R, using the SequiTherm Cycle Sequencing 
Kit (Epicentre technologies, Madison, USA) according to the protocol with [y- 2P]ATP 
(Amersham Life Sciences, UK) labeled primers. Some changes were made, we used 200 ng of 
template DNA, reactions were carried out in a multiwell thermocycler and PCR cycles consisted 
of 25 rounds of 45 s at 92°C, 55°C and 72°C. Sequence reactions were loaded on a 7% and a 5% 
polyacrylamide/8 M urea sequence gel and after electrophoresis at 65 W for 2 h and 3 h, 
respectively, the gels were exposed on a Phospho Imager (Molecular Dynamics, Sunnyvale, 
CA). Sequences were analyzed using the Bioimage packet (Millipore, USA). 
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Deletion verification: Deletion of the nucleotides 1415 and 1416 of the ALDP gene in 5 patients 
was verified using chromosomal DNA of these patients together with DNA obtained from 
additional family members. Primers used for amplification of exon 5 were ALD1395F and 
ALD1475R. The PCR reaction contained: 50 ng of total chromosomal DNA in 10 ul of 2 raM 
MgCl2, 50 mM KCl, 10 mM Tris.Cl, 5% DMSO, 70 uM of dCTP, dTTP and dGTP, 7 îM of 
dATP, 0.4 U of Taq polymerase, 35 ng of each primer and 1 uCi of [cc-32P]dATP. After 25 
rounds of PCR, consisting of 1 min at 93°C, 45 s at 55°C and 45 s at 72°C, PCR product were 
denaturated and separated on a 6% polyacrylamide/8 M urea sequence gel. After electrophoresis 
for 2 h at 65 W gels were exposed to X-ray film for 6-12 h at -70°C with an intensifying screen. 

DNA isolation: DNA isolation from blood samples anticoagulated with EDTA was performed 
according to standard techniques9. Fibroblasts were used to obtain chromosomal DNA from 
deceased X-ALD patients. Fibroblasts were left at room temperature overnight in a lysis solution 
containing: lx SSC/20 mM EDTA/1% SDS and Proteinase K (10 ug/ml), after phenol extraction 
and precipitation the DNA was dissolved in 10 mM Tris/0.5 mM EDTA. 

Haplotype analysis: Probes used for haplotype analysis can be found in the Genome Data Base 
under the following accession numbers: DXS15/Ba, (microsatellite: GDB Id: G00-207-346), 
DXS707/p2-55 (GDB Id: G00-180-336), DXS605/2-19 (GDB Id: G00-178-856), F8C/IVS13 
(GDB Id: G00-185-865), DXS1108 (GDB Id: G00-191-645). 

Figure 1. Partial DNA sequence of the normal and mutant ALD cDNA. Two nucleotides (AG, 
underlined) at cDNA position 1415-1416 were deleted, resulting in a frame shift at amino acid 
residue Glu471 (Fs E471) and a prematurely terminated ALDP at amino acid position 554. 
Figure 2. 6% sequence gel showing radiolabeled PCR amplified genomic DNA fragments, 
internally. DNA samples were derived from two healthy individuals (H), two carriers (C) and one 
X-ALD patient (P). The normal allele is represented by a PCR fragment of 81 bp and the mutant 
allele, carrying a two base pair deletion, by a fragment of 79 bp. 

Results 

Fibroblasts from X-ALD patients were used isolate total mRNA. With RT-PCR and 
internal primers derived from the ALD cDNA sequence published by Mosser et al.' 
we generated PCR fragments for sequencing. Without the addition of dimethyl 
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sulfoxide (DMSO) only fragments up to 150-300 bp could be amplified, which is 
probably due to the high G/C content of the ALD cDNA (65%). Larger PCR 
fragments, up to 1 kb, could be generated by addition of 5% DMSO to the PCR 
reaction. 

We focussed our attention on the region containing and surrounding the 
consensus sequences for ATP-binding, being Walker A at the amino acid residues 
507-520 (nt 1519-1560) and Walker B at the amino acid residues 605-630 (nt 1813-
1891). A small deletion of two base pairs (nt AG) at ALD cDNA position 1415-
1416, which precedes the Walker A motif, was found in four out of 30 unrelated X-
ALD kindreds,10 kindreds ALD#3, ALD#4, ALD#16 and ALD#25 (Figure 1). 

To verify that the microdeletion 1415delAG was not a PCR artifact, a PCR 
on total genomic DNA with primers ALD1395F and ALD1475R was performed in 
the presence of [a-32P]dATP. The full-length PCR fragments were separated on a 
6% sequence gel. In case of a normal allele an 81 bp PCR fragment is found, while 
a two base pair deletion mutant allele is represented by an 79 bp PCR fragment 
(Figure 2). Other family members were investigated for the presence of the 
microdeletion: all investigated carriers were heterozygous for the microdeletion, all 
male patients carried the 79 bp allele, while all non-affected males and females 
only had the wild type allele (data not shown). Ten additional X-ALD kindreds of 
whom no fibroblast material was available were also tested for the presence of this 
mutation on genomic DNA. We identified one additional family (ALD#31) with an 
identical two base pair deletion. 

Table 1: Haplotype analysis in Xq28 
Locus ALD#3 ALD#4 ALD#16 ALD#25 ALD#31 

DXS15 3 1 3 2/3 5 

ALD 1548 G A G G/G G 

ALD2246 C C G C/C C 

DXS707 N n n n/n n 

DXS605 q Q q Q/q q 
F8C/1VS13 3 2 1 2/3 2 

DXS1108 A3 A2 Al A1/A3 A4 
Haplotype analyses of five X-ALD patients carrying an identical mutation in the ALD gene. 

Markers are located in Xq28. 

We identified two silent intragenic nucleotide polymorphisms at ALD cDNA 
positions 1548 and 2246. At position 1548 kindred ALD#4 carried an adenosine 
residue where the other four kindreds contained a guanine as in the ALD cDNA 
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sequence published by Mosser et al? At position 2246, kindred ALD#16 had a 
guanine substituting the cytosine residue (Table 1). The adenosine residue at ALD 
cDNA position 1548 was found in 5 out of 34 X-chromosomes investigated (15%) 
and the cytosine at ALD cDNA position 2246 in 8 out of 33 X-chromosomes 
(24%). To further exclude linkage between the five kindreds we performed 
haplotype analysis in Xq28 at loci listed in Table 1. These results showed that all 
five kindreds are unrelated. 

Discussion 

We identified a two base pair deletion upstream of the ATP-binding domain in 
ALDP in five out of 40 unrelated X-ALD kindreds. This microdeletion is located in 
exon 5 at cDNA nucleotide positions 1415 and 1416." The mutation results in a 
frameshift at amino acid residue Glu471 (Fs E471) and a premature stopcodon at 
amino acid position 554. The predicted ALDP protein derived from the mutant 
allele would not contain the consensus nucleotide-binding domain for ATP and will 
therefore, most likely, be inactive. 

Haplotype analysis was carried out to determine whether the deletion 
originated independently in the five kindreds. Polymorphisms in the region of 
Xq28, containing the ALD gene, showed differences at four or more markers 
between kindreds ALD#3, ALD#4, ALD#16 and ALD#25 (Table 1). In kindred 
ALD#25 only fibroblasts from a carrier were available and therefore the allele 
segregating with the disease could not be determined. The differences between the 
alleles strongly suggested that these five kindreds are unrelated. Even silent 
polymorphisms in the ALD gene were present in kindreds ALD#4 (1548G>A) and 
ALD#16 (22460G). Furthermore, kindred ALD#3 was of different ethnic origin. 

Ketterling and Sommer have proposed a possible mechanism for the 
generation of microdeletions." In their model a quasipalindromic structural 
intermediate is formed, of which the non-matching nucleotides are deleted followed 
by re-ligation. Another possible mechanism for such mutations is slippage of DNA 
polymerase involving a short tandem repeat sequence. We were not able to identify 
neither a quasipalindromic sequence, nor a tandem repeat surrounding position 
1415-1416 and therefore a different mechanism could be involved in the generation 
of the two base pair deletion of the ALD gene. 

The majority of severe X-linked disorders are caused by a wide variety of 
mutations, as can be seen for example in Duchenne muscular dystrophy and Lesch-
Nyhan syndrome.lj'14 An exception is Haemophilia A, where a large inversion in 
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the Factor VIII gene is often found.lD We identified an identical mutation in five out 
of 40 unrelated X-ALD kindreds, which indicates that this position is a hot spot for 
mutations in the ALD gene. This will facilitate carrier detection and prenatal 
diagnosis in the families concerned by a relatively simple and rapid method as 
shown in Figure 2. 

It is remarkable that a deletion of two nucleotides, resulting in a truncated 
and non-functional ALDP protein, results in both CCALD and AMN. In two of the 
investigated kindreds cases of CCALD were found (ALD#3 and ALD#25), while in 
the other three kindreds (ALD#4, ALD#16 and ALD#31) this mutation caused 
AMN. These results strongly support the hypothesis that a modifier gene, and/or 
environmental factors are involved in modulating the clinical expression of X-
ALD. 
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Abstract 

X-linked adrenoleukodystrophy (X-ALD) has been associated with mutations in the 
gene encoding an ATP-binding transporter, which is located in the peroxisomal 
membrane. Deficiency of the gene product leads to impaired peroxisomal ß-
oxidation. Systemic analyses of the open reading frame of the ALD gene, using 
reverse transcriptase-PCR, followed by direct sequencing, revealed mutations in all 
28 unrelated X-ALD kindreds analyzed. No entire gene deletions or promoter 
mutations were detected. In only one kindred, the mutation involve multiple exons. 
The other mutations were small alterations leading to missense (13) or nonsense (4) 
mutations, single amino acid deletions (1), frame shifts (8), or splice acceptor site 
defects (2). Mutations affecting a single amino acid were concentrated in the region 
between the third and fourth putative transmembrane domains and the ATP-binding 
domain. Mutations were detected in all X-ALD kindreds investigated, suggesting 
that the ALD gene is the only gene responsible for X-ALD. This overview of 
mutations is useful in the determination of structurally and functionally important 
regions in ALDP and it provides an efficient screening strategy for the 
identification of mutations in the ALD gene. 

Introduction 

X-linked adrenoleukodystrophy (X-ALD) is a peroxisomal disorder characterized 
by impaired peroxisomal ß-oxidation of saturated very long-chain fatty acids 
(VLCFA), which probably is a consequence of reduced activation of VLCFAs. 
This results in demyelination of the nervous system and adrenocortical 
insufficiency. The phenotypic expression of X-ALD is highly variable. The two 
most frequent phenotypes are childhood cerebral ALD (CCALD) and 
adrenomyeloneuropathy (AMN), less frequently patients only have adrenocortical 
insufficiency (Addison-only). All male X-ALD patients and approximately 85% of 
carriers have an elevated level of VLCFAs in plasma and fibroblasts, making the 
diagnosis of X-ALD relatively straightforward (for review see Moser and Moser).1 

Recently, a gene responsible for X-ALD was identified using positional 
cloning strategies.2 The ALD gene is located on Xq28, closely linked to the color-
vision genes. The ALD gene encodes a protein (ALDP) which belongs to the ATP-
binding cassette (ABC) superfamily of transporter proteins. ALDP contains six 
putative membrane-spanning regions and one ATP-binding domain." It shows 30% 
identity with the 70 kDa peroxisomal membrane protein PMP70,J which also 
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belongs to the ABC transporter superfamily. Monoclonal antibodies raised against 
ALDP showed that the protein is located in the peroxisomal membrane. ' This 
suggests that ALDP has a function in the active transport of enzymes, cofactors 
and/or substrates involved in ß-oxidation of VLCFAs over the peroxisomal 
membrane. Intragenic deletions were initially detected in 6% of the unrelated X-
ALD patients analyzed.2 Two point mutations, one missense and one nonsense, 
have been described more recently.6'7 Moreover, ALDP could not be detected in 
lymphoblast and fibroblast cell lines of several X-ALD patients. ' 

We report the first systematic analysis of X-ALD mutations over the entire 
open reading frame in a large group of Dutch patients. We identified mutations in 
all 28 independent X-ALD kindreds studied. This overview of ALD mutations gives 
more insight into the structurally and functionally important regions of ALDP and 
facilitates the design of a strategy for the identification of mutations in other X-
ALD kindreds. 

Material and Methods 

Oligonucleotide primers: For nomenclature of the primers the positions of the 5' end of the 
oligonucleotides are indicated followed by 'F ' for forward, or 'R' for reverse primers. Positions 
refer to those given by Mosser et al. (EMBL database Z21876, with ATG = +1).2 Primers 
followed by an asterisk are located in introns and the numbers refer to their position in a partial 
genomic DNA sequence encompassing part of intron 7 through exon 10. For a schematic 
presentation of the primer positions see Fig. 1. 

Cell lines, RNA isolation, RT-PCR and sequencing: Fibroblast cell lines were derived from 25 
male patients and three carriers, who were diagnosed on the basis of clinical findings and 
elevated levels of VLCFA in plasma or fibroblasts. The cell lines were cultured in Dulbecco's 
modified Eagle medium supplemented with 10% fetal calf serum and 50 \xg gentamycin/ml or 50 
U penicillin/ml and 50 U streptomycin/ml. Cells were harvested with trypsin and washed twice in 
ice-cold PBS. RNA was isolated using either guanidinium isothiocyanate, as described 
elsewhere,9 or RNAzol (Biotecx) according to the protocol supplied by the manufacturer. Reverse 
transcription was performed with random primers, using Maloney murine leukemia virus reverse 
transcriptase (Gibco BRL). The ALD cDNA was amplified as five overlapping PCR fragments 
(see Fig 1 and Table 1). When two subsequent PCR reactions were used (nested PCR) 5 yd of the 
first reaction was transferred to the second reaction, making an end volume of 100 u l PCR 
reactions of fragment 1 were performed in 10 mM Tris.CI (pH 8.4), 2.25 mM MgCl2, 50 m M 
NaCl, 0.01% gelatin, 0.1% Triton X-100, 10% dimethylsulfoxide (DMSO), 0.2 u.g BSA/|il, 0.65 
mM of each dNTP, 1 ng forward and reverse primer/ ul, and 0.05 U AmpliTaq DNA polymerase/ 
ui (Perkin-Elmer). For PCR fragments 2 and 5, 67 mM Tris.Cl (pH 8.8), 6.7 mM MgCl2, 16.6 
mM (NH4)2S04, 10 mM ß-mercapto-ethanol, 10% DMSO, 0.2 ng BSA/^1, 0.65 mM of each 
dNTP, 1 ng forward and reverse primer/ u,l, and 0.05 U AmpliTaq DNA polymerase/ ul were 
used. PCR was performed for 30 cycles (1 min at 93°C, 1.5 min at 55°C and 2 mm at 72°C for 
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fragment 1; 1 min at 93°C, 1.5 min at 59°C and 2 min at 72°C for fragments 2 and 5). PCR 
reactions of fragments 3 and 4 were performed as described by Kemp et al. Free primers and 
nucleotides were removed either by gelelectrophoresis, DNA extraction and precipitation or with 
the QIAquick-spin PCR purification kit (Qiagen). 

Sequencing of fragments 1, 2 and 5 was performed with the Taq DyeDeoxy terminator 
cycle sequencing kit (Applied Biosystems and Perkin-Elmer) using primers indicated in Fig 1 and 
Table 1, according to the protocol supplied by the manufacturer. The sequence reactions were run 
and analyzed using an automatic sequencer (ABI 373 A). Sequencing and analyses of fragments 3 
and 4 were performed as described by Kemp et al. 
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Figure 1. Schematic representation of primer positions. The box represents the open reading 
frame of the ALD mRNA. The lines before and after the box represent the 5 ' and 3 ' UTR. Lines 7, 
8 and 9 represent introns in which primers were chosen to confirm the mutations on genomic 
DNA (not on scale). Lines I to V represent the five overlapping PCR fragments that cover the 
entire ALD open reading frame. Black triangles represent PCR primers and open triangles 
represent sequence primers. Primers depicted in the intron sequences and below the cDNA box 
were used for the confirmation of mutations on genomic DNA. Triangles pointing right indicate 
forward and those pointing left indicate reverse primers. 

Confirmation of mutations on genomic DNA: Chromosomal DNA was isolated from EDTA 
anticoagulated blood samples or fibroblasts as described or with the salt-extraction method.9,10 
100 ng of genomic DNA was used in a 100 ul PCR reaction with oligonucleotide primers located 
on either side of the mutation (see Table 2). Amplification with primers -83F and 435R was 
performed as described above for cDNA fragment 1. For primer combinations 1093F-1745R and 
1395F-1745R conditions were used as described before. The remaining PCR reactions were 
performed as described for cDNA fragments 2 and 4. Two mutations were confirmed by Hpa II 
digestion (659T>C and 543C>A). A mutation in exon 5 was confirmed by analysis of a 
radiolabeled PCR product on a Polyacrylamide gel (1415delAG). Others were confirmed by 
direct sequencing of the PCR product generated from genomic DNA. Nested PCR was used to 
minimize amplification of DNA fragments that are highly homologous to the ALD gene but are 
located outside Xq28. For the first PCR, 0.1 ng DNA / ul was amplified in a 10 cycle PCR 
reaction. Subsequently, 5 uJ PCR sample was transferred to the second PCR reaction with a final 

40 



Spectrum of Mutations in the X-ALD gene 

volume of 100 jxl. For all sequence reactions covering the exons 
temperature was increased to 60°C. 

to 10 the annealing 

Table 1: Primers used for PCR and sequencing of ALD cDNA 
First PCR nested PCR Forward Reverse 

cDN A fragment " sequencing sequencing 

Fragment I 
Fragment II 
Fragment III 

Fragment IV 
Fragment V 

-83F and 454R 
299Fand 1023R 
914F and 1630R 

1484Fandl980R 
1484F and 2300R 

-83F and 435R 
316Fand998R 
not done 

not done 
1504Fand2283R 

-83F, 190F 
316F,528F 
914F,1093F 
1295F,1395F 
1494F,1675F 
1675F,1926F 
2141F 

207R, 454R 
545R, 759R, 998R 
1156R, 1366R, 1475R 
1589R 
1808R, 1818R 
2092R, 2283R 

a Five overlapping PCR fragments covering the entire open reading frame of the ALD cDNA. 

Results 

Detection of mutations 

Mutations in the ALD gene were analyzed in one affected person from each of the 
28 kindreds by sequencing the entire ALD cDNA. cDNA was derived from 
fibroblasts from male patients, in case material from male patients was not 
available fibroblasts from confirmed carriers were used. Overlapping PCR 
fragments covering the entire open reading frame were sequenced on both strands 
(for primers see Fig 1 and Table 1). Only when a mutation resulting in a truncated 
protein product was detected and confirmed on genomic DNA (see below) 
sequencing of the entire open reading frame not completed. 

Fragments representing ALD mRNA were obtained in all fibroblast cell lines. 
However, PCR reactions were not performed in the linear range of amplification 
and since this method of detection is able to detect even very low amounts of ALD 
mRNA the level of transcription of the ALD gene cannot be judged. Therefore, this 
method enabled us merely to detect qualitative alterations or complete absence of 
the ALD mRNA. 

In all kindreds, a mutation in the ALD gene was detected. We identified 24 
different mutations. No indication for more than one mutation per kindred was 
obtained. An overview of all mutations is given in Table 2 and Fig 2. Mutations are 
ordered 5' to 3' , in five different classes: missense mutations (13), amino acid 
deletion (1), nonsense mutations (4), frame shifts caused be deletion of 1 or more 
nucleotides (8) and splice mutations (2). 
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Table 2: Mutations identified in 28 Dutch X-ALD kindreds 
Genomic Kindred 
Amino acid Mutation Reference 

Mutation3 Alterationb Exon' Detection11 Phenotvpe0 Number 
Missense: 
3 1 0 O T f R104C (R) -83F, 435R AMN ALD#17 
4 4 6 0 A S149N(N) 316F,545R AMN ALD#8 
455G>C R152P(K) 316F,545R CCALD ALD#27 
488G>Af,g R163H(R) 316F, 545R Sympt Carrier ALD#14 
580G>C D194H (D) 528F, 759R CCALD ALD#12 
659T>C L220P(L) HpaU AMN ALD#7 
796G>A' G266R (G) 528F, 1231R AMN ALD#24 
1166G>Af R389H (R) 3 1093F,1366R AMN ALD#20 
1825G>Af(2x) E609K (E) 8 544F*,876R* AMN ALD#13,18 
1826A>G E609G(E) 8 544F*,876R* CCALD ALD#5 
1849C>Tf R617C(R) 8 544F*,876R* CCALD ALD#23 
1978C>Tf R660W (R) 9 1926F,1078R* AMN ALD#21 
Amino acid deletion: 
1969-71 I657del 9 1926F,1078R* CCALD ALD#6 
Nonsense: 
3 9 7 0 T ' Q133X 1 316F,545R CCALD ALD#26 
411G>A W137X 1 316F,545R CCALD ALD#10 
4 6 9 0 T Q157X 1 316F,545R AMN ALD#9 
5 4 3 0 A Y180X 1 HpaU CCALD ALD#15 
Frame shift: 
56delC FsA19 1 -83F, 207R CCALD ALD#2 
277delC FsG92 1 -83F, 435R CCALD ALD#22 
785del7nt Fs261 1 528F, 1231R CCALD ALD#28 
1415delAG(4x) FsE471 5 SDS PAGE CCALD, AMN ALD#3,4, 

16&25 
1603-199 lalt Fs P534 6-9 1504F, 1078R* AMN ALD#11 
Splice defect: 
ivsl635-2a>g Fs R545 SA 7 1494F,2114R CCALD ALD#1 
ivsl866-10g>af Fs R622 SA 9 849F*. 1078R* AMN ALD#19 

(A) Nucleotide numbers refer to Mosser et al.,2 EMBL database Z21876 (ATG = +1). (B) In case 
of a frame shift or splice defect the last wild type amino acid is indicated. The corresponding 
amino acid residue in the human PMP70 protein is indicated in parenthesis. (C) SA = splice 
acceptor site (for details see reference 16). (D) Numbers indicate primers used for sequencing 
(see legend Fig 1 for details). Hpa II, mutation confirmed by restriction enzyme analysis. 
Polyacrylamide gel SDS PAGE), mutation detected by difference in length (see reference 9 for 
details). (E) Phenotype of the index patient in this family: CCALD is childhoodcerebral ALD and 
AMN is adrenomyeloneuropathy. (F) Mutations that might be the result of deaminination of 
methylated CpG. (G) Mutation detected in a heterozygote, no male patient material was 
available. Primers marked with an asterisk are located in introns. 

Apart from these mutations, a G/A polymorphism at nucleotide position 
1548 (no amino acid change) and a C/G polymorphism at position 2246 
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(downstream of the stop codon) were observed (see also reference 9). In all ALD 
cDNAs sequenced the C at nucleotide position 368 was replaced by a T which 
results in an alanine to a valine change at amino acid position 123. 

Confirmation of mutations on genomic DNA 
All mutations were confirmed by analysis of PCR products derived from genomic 
DNA derived from the patient's fibroblasts or from an affected family member, 
using the information about the intron-exon organization of the ALD gene. 
Mutations 5 4 3 0 A and 659T>C were confirmed by Hpa II restriction enzyme 
digestion of a genomic PCR product. The mutation 5 4 3 0 A disrupts a Hpa II 
recognition site. Complete digestion was monitored by using a PCR fragment 
containing an additional Hpa II site (primers 316F and 759R). The mutation 
659T>C introduced a novel Hpa II site, which was confirmed using a comparable 
PCR fragment (primers 528F and 759R). The two base pair deletion at position 
1415-1416 was confirmed by analysis of radiolabeled PCR products overlapping 
the deletion site on a Polyacrylamide gel, according to the method described by 
Kemp et al9 The remaining mutations were confirmed by direct sequencing of a 
genomic PCR product, using primer the combinations indicated in Table 2. 

For the kindreds carrying the missense mutations 488G>A and 1849C>T, 
and for one of the kindreds with a dinucleotide deletion 1415delAG, the cDNA 
fragments were derived from fibroblasts derived from female carriers, because no 
DNA or cell lines were available from male patients. It was established that these 
mutations were present in the affected alleles only by comparison of genomic DNA 
from mothers (carriers on the basis of elevated levels of VLCFAs) and unaffected 
sisters. The mutation 4 8 8 0 A could not be confirmed because no material was 
available from additional family members. All other mutations were detected and 
confirmed in male patient material. 

Mutations located in exon 8, intron 8 and exon 9 were difficult to confirm in 
genomic PCR products, because of co-amplification of highly homologous 
sequences derived from unknown regions outside Xq28 (see also reference 8). To 
minimize co-amplification of aspecific DNA fragments ALD gene specific primers 
were designed. A PCR with a forward primer located in intron 7 and a reverse 
primer located in the 3 ' UTR was performed on human control DNA and DNA 
derived from a somatic cell hybrid containing Xq28 as the only source of human 
DNA. Comparison of both sequences revealed nucleotide differences between the 
ALD specific DNA sequence and the homologous sequences outside Xq28. This 
information was used to design ALD gene specific primers. These primers were 
used under stringent conditions, which resulted in enrichment of ALD specific PCR 
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fragments. Although amplification of the other genomic DNA fragments could not 
be avoided completely, the enrichment of ALD gene specific PCR product enabled 
us to confirm the mutations on genomic DNA. 

The most drastic alteration of the gene structure identified resulted in a frame 
shift at amino acid position Pro534. In the cDNA of this patient the region between 
nucleotides 1602 (exon 6) and 1992 (start of exon 10) was absent. Interestingly, 88 
nucleotides of unknown origin were inserted. Analysis of the mutation at the 
genomic level revealed that the region between nucleotides 1602 (cDNA position) 
in exon 6 and 1992 (cDNA position) in exon 9 was replaced by a segment of 
approximately 574 nucleotides. This genomic fragment apparently harbors a cryptic 
splice donor site 89 nucleotides downstream of nucleotide 1602. Further analysis 
revealed that the 574 nucleotide fragment is an internal part of intron 7, which is 
approximately 2 kb in size.8 

Discussion 

We have detected a mutation in the coding region of the ALD gene in all 28 X-ALD 
kindreds investigated. No indications for promoter mutations were obtained, as 
ALD mPvNA could be detected in all patients. A single partial (and complex) 
deletion involving multiple exons was observed, which is in agreement with the 
low frequency (6%) of this type of mutation as reported by Mosser and coworkers.2 

Deletions of the entire ALD gene has not been reported to date. 
Based on sequence homology with other known ABC transporters, ALDP 

shows all characteristics of an ABC transporter, however, with only a single 
domain containing six putative membrane-spanning segments and one ATP-
binding domain. The functional entity of a typical ABC transporter consists of two 
sets of these domains. Some transporters, like MDR1 P-glycoprotein and the cystic 
fibrosis protein (CFTR) are encoded as by a single gene as a full transporter, 
containing two transmembrane segments and two ATP-binding domains. Other 
ABC transporters are formed by dimerization of two half-transporters, like the 
peptide transporter, which is encoded by two closely linked genes located on 
chromosome 6 (for review see reference 11). The structure of ALDP is analogous 
to that of a half-transporter. This suggests that ALDP probably functions either as a 
homodimer or as a heterodimer with a homologous protein, like PMP70. Mutations 
affecting this putative partner would most likely also lead to an X-ALD phenotype. 
We can now practically exclude the presence of such a putative gene on the X-
chromosome, as we have identified mutations in the ALD gene in all kindreds 
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tested. Formally, we can not exclude the possibility that mutations in an autosomal 
gene encoding a presumed partner of ALDP are responsible for X-ALD in some 
rare patients. It has been proposed that PMP70 might be such a partner. 
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Figure 2. Distribution of mutations in the ALD gene. The 10 exons are represented by the boxes, 
the lines between the boxes represent introns (not on scale) and the lines before exon 1 and after 
exon 10 the 5'UTR and 3'UTR. Hatched boxes represent the six putative transmembrane 
segments and crosshatched boxes represent the ATP-binding domain. Each vertical bar 
represents the location of a mutation identified in this study. The arrows represent splice site 
mutations. 

In 14 out of 28 (50%) kindreds the mutation affected a single amino acid 
residue. Since no direct functional assay is available definitive proof is lacking that 
these missense mutations cause X-ALD. However, it is unlikely that these 
alterations are merely polymorphisms since in all cases only one mutation was 
detected, which was different in 13 out of 14 kindreds. None of these alterations 
were detected in kindreds with a mutation resulting in a truncated protein. 
Moreover, although ALDP and PMP70 share only 30% amino acid identity 10 of 
the 13 non-recurrent mutations affect amino acids conserved between both proteins, 
and two mutations affect residues with very conservative changes between ALDP 
and PMP70 (see Table 2). This suggests that the missense mutations indeed affect 
functionally or structurally important amino acid residues of ALDP. In the 
remaining mutation (S149N) the wild type PMP70 residue (Asn) replaces the wild 
type ALDP amino acid residue (Ser). By analogy with mutations detected in the 
cystic fibrosis transmembrane conductance regulator (CFTR) gene one might 
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expect to find a high frequency of mutations in the ATP-binding domain, especially 
in the two ATP-binding site motifs, Walker A and Walker B (for review see 
reference 13). However, we identified only 3 non-recurrent missense mutations 
affecting two different amino acid residues (E609K, E609G and R617C) in the 
ATP-binding site motifs. These amino acid residues are strongly conserved among 
different ABC transporters.2 Although, the missense mutation (R660W) and the 
deletion of an isoleucine at position 657 are located 30 and 27 amino acids 
downstream of Walker B they are situated within a strongly conserved region. 
Possibly, these latter two mutations affect the structure of the ATP-binding domain, 
resulting in diminished ATP binding or hydrolysis. A recent search for mutations in 
exons 6 and 8 that encode Walker A and B, respectively, in 50 French patients 
resulted in the identification of four missense mutations, including the R617C 
mutation also found by us. In our patients, the majority of missense mutations were 
found far upstream from the ATP-binding domain. Most missense mutations are 
located in exon 1 with a high concentration between the third and fourth putative 
transmembrane segments. This enrichment can only be partially attributed to the 
high CpG richness in this region (see Table 2). It is likely that these missense 
mutations affect ALDP function, which suggests that this region is important for 
function and/or structure of ALDP and possibly involved in substrate recognition or 
transport or in homo- or heterodimerization. 

Mutations leading to a truncated and possible unstable protein were detected 
in 50% of the kindreds. These truncations are caused by nonsense mutations, frame 
shifts, a deletion involving multiple exons or splice site mutations. In all cases, the 
predicted translation products are truncated upstream or within the ATP-binding 
domain, suggesting that the mutations result in complete absence of ALDP 
function. 

The majority of mutations were found only once in the kindreds investigated. 
Exceptions are one missense mutation in the ATP-binding domain (E609K), which 
was detected in two kindreds, and a dinucleotide deletion in exon 5 (Fs E471), 
which was observed in 4 of the 28 kindreds. Additional screening for this mutation, 
on genomic DNA only, in 10 unrelated Dutch kindreds resulted in the identification 
of one extra kindred with this mutation.9 The five kindreds with the dinucleotide 
deletion had different haplotypes in the ALD region, suggesting that this mutation 
originated independently in these kindreds. In the two kindreds with the E609K 
mutation the haplotype of the polymorphic markers close to the ALD gene was 
different (data not shown), making it likely that these mutations also resulted from 
two independent events. 

46 



Spectrum of Mutations in the X-ALD gene 

The observed distribution of the mutations may be used to design a strategy 
for the detection of mutations in other X-ALD kindreds. Screening for mutations is 
the most reliable assay to establish the carrier status of females in X-ALD kindreds. 
This is especially important since approximately 10% of obligate carriers have 
normal VLCFA levels.1 We suggest starting with screening exon 5 for the presence 
of the dinucleotide deletion 1415delAG, followed by analysis of the large coding 
region of exon 1 in which mutations were found frequently (see Table 2 and Fig 2). 
This should result in the discovery of the majority of mutations (18 out of 28 in our 
series). The screening for the mutation in exon 5 can be performed on genomic 
DNA by using primers flanking the mutation and scoring for the size difference . 
Mutations in the first exon can be detected easily by analysis of genomic PCR 
products, e.g. by SSCP or direct sequencing. If no mutations are found the 
remaining exons should be tested with emphasis on exons 8 and 9. These exons are 
difficult to examine on genomic level, because of the presence of highly 
homologous sequences elsewhere in the genome and should therefore preferentially 
be investigated on the cDNA level.8 Therefore, collecting fibroblasts of patients is 
advisable especially when the mutation in the kindred has not yet been defined. 

Considerable phenotypic variation can be found within single X-ALD 
kindreds. This indicates that apart from the mutation in the ALD gene other genetic 
or environmental factors may modulate the phenotype. However, a correlation 
between genotype and phenotype may still exist: a certain type of X-ALD mutation 
may for instance be present in kindreds with AMN patients only. The identification 
of X-ALD mutations will allow further investigation of the relationship between 
genotype and phenotype. 

In conclusion, the systematic analysis of X-ALD mutations demonstrates that 
the identified ALD gene is most likely the only gene responsible for X-ALD on the 
X-chromosome, limiting mutation analysis to the analysis of only a single gene. 
Moreover, the distribution of mutations in the ALD gene suggests an efficient 
screening strategy, which is of special relevance for the identification of carriers in 
X-ALD kindreds. 
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Abstract 

The adrenoleukodystrophy gene encodes a peroxisomal integral membrane protein 
(ALDP) consisting of 745 amino acids with a molecular weight of 75 kDa. The 
ALDP probably is involved in the activation of saturated very long-chain fatty 
acids, the import of activated very long-chain fatty acids into the peroxisomes, or 
both. ALDP expression was studied in fibroblasts from 24 male X-ALD patients 
from 17 unrelated X-ALD kindreds. Four kindreds had an identical two base pair 
deletion. We report the absence of ALDP in 12 kindreds carrying nonsense 
mutations, frame shifts or amino acid substitutions in the carboxy terminus of 
ALDP, together accounting for 71% of the X-ALD kindreds. ALDP was present in 
five kindreds (29%) with amino acid substitutions in the amino terminal half of the 
protein; in two of these kindreds ALDP expression was reduced. The absence of 
truncated proteins suggests that the carboxy terminus has a function in the 
stabilization of ALDP. 

Introduction 

X-linked adrenoleukodystrophy (X-ALD; McKusick No. 300100) is an inherited 
disorder of peroxisomal ß-oxidation in which oxidation of saturated very long-chain 
fatty acids (VLCFA), notably tetracosanoic (C24:0) and hexacosanoic (C26:0) acid is 
deficient resulting in the accumulation of VLCFAs. The disease affects at least 1 in 
100,000 males and shows, even in the presence of the same genetic defect,1" a highly 
variable phenotypic expression. This phenotypic variation may be caused either by an 
autosomal modifier gene/'4 or by nongenetic factors." The two most frequent 
phenotypes are the rapidly progressive childhood cerebral ALD form (CCALD) and a 
milder form adrenomyeloneuropathy (AMN).6 Less frequently, patients manifest only 
adrenocortical insufficiency ('Addison-only" phenotype), or have neither neurologic 
symptoms nor endocrine deficiencies (asymptomatic or presymptomatic X-ALD). 

The ALD gene encodes a peroxisomal membrane protein (ALDP) of 745 
amino acid residues with significant homology to the human peroxisomal membrane 
protein PMP70.1'7'8 This latter protein is involved in peroxisome biogenesis and 
belongs to the ATP-binding cassette (ABC) superfamily of transporters. ALDP is a 
peroxisomal integral membrane protein.9 Its function remains to be established but 
may be at the level of uptake of activated VLCFA across the peroxisomal membrane. 
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In this paper we studied the expression of ALDP in 24 male X-ALD patients 
from 17 unrelated genetically characterized X-ALD kindreds, using the monoclonal 
antibody ID6. ' 

Materials and Methods 

Patients: Skin fibroblasts were obtained from 24 male patients with X-ALD from 17 unrelated 
kindreds. In 13 of these 17 kindreds, more than one male was affected. All patients had elevated 
levels of hexacosanoic acid (C26:0) in plasma, and an increased plasma hexacosanoic 
acid/docosanoic acid (C26:0/C22:0) ratio. Fourteen patients had AMN, five had CCALD, three 
patients suffered from the Addison-only variant and two patients had presymptomatic X-ALD 
(Table 1). In nine kindreds AMN was the only manifestation of central nervous system involvement, 
in three kindreds CCALD was the only phenotype, whereas in five kindreds both AMN and CCALD 
were identified. 

Figure I. Schematic representation of the X-ALD kindreds and the position of the mutations found 
in these kindreds (numbers refer to kindreds reference numbers). Upper box represents the linear 
ALDP, with the ATP-binding domain and the six transmembrane domains (cross-hatched boxes). 
The epitope of ID6 (dotted line) is indicated. Arrows represent the positions ofmissense mutations. 
Nonsense mutations and frame shifts are indicated as incomplete bars. Hatched boxes represent 
mutant amino acid stretches, located between the frame shift and the premature stop codon. 

Within this group of 17 unrelated kindreds 14 different mutations were found (see Table 1 
and Figure l).10 In one kindred (ALD#2), a single patient was identified with a de novo mutation, a 
deletion of one nucleotide at position 56 of the cDNA (with ATG = +1), leading to a frameshift and 
a stop codon at amino acid position 67. In three kindreds (ALD#9, 10 and 15), a nonsense mutation 
in exon 1 was found. In one kindred (ALD#1), a mutation in the splice acceptor site of exon 7 
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caused a frame shift, resulting in a stop codon immediately downstream of the mutation. " In four 
genetically unrelated kindreds (ALD#3, 4, 16 and 31), an identical two base pair deletion in exon 5 
of the ALD gene was identified." One kindred (ALD#11), had a deletion extending from exon 6 to 
exon 10.' Seven kindreds had missense mutations, of which four were found in exon 1 (ALD#7, 8, 
12 and 17), one in exon 3 (ALD#20), one in exon 8 (ALD#18), and one in exon 9 (ALD#32). 

Immunoblotting: Fibroblasts were cultured from skin biopsis in a standard medium containing F10 
(HAM), bovine calf serum (15% v/v), plus penicillin, streptomycin and amphotericin B (see 
references 13 and 14). Cells were harvested by trypsinization and stored at -80°C. Fibroblast lines 
were used between the 8th and 15th passage. All patients studied were from Dutch origin. On the day 
of the experiment fibroblasts were thawed in lysis buffer containing 20 rtiM Mops-NaOH (pH 7.4), 
0.25% (w/v) Triton X-100, 25 (xg/ml PMSF and 10 ug/ml leupeptin. Samples were homogenized by 
sonication (three cycles at 40 W with 45 seconds intervals at 4°C) followed by centrifugation 
(10.000 x gav, 5 min, 4°C). Protein contents were determined and fixed amounts of protein (50 u,g) 
were subjected to Polyacrylamide gel electrophoresis in the presence of 10% (w/v) SDS followed by 
blotting onto nitrocellulose. Filters were then placed in blocking buffer containing 0.1% (w/v) 
Tween 20 and 4% (v/v) normal goat-serum, followed by incubation for two hours at room 
temperature with monoclonal antibody 1D6,9 diluted 1:1000 in blocking buffer. Filters were washed 
five times with PBS/ 0.1% Tween and incubated with the secondary antibody (anti-mouse IgG) 
coupled to alkaline phosphatase. The chromogenic substrates nitro-blue-tetrazolium and 5-bromo-4-
chloro-3-indolyl phosphate were used for the detection of bound antibody. 

Immunofluorescence staining: Cells were seeded on glass cover slips and were washed twice in 
1% (w/v) BSA in PBS. Cells were fixed with 2% (w/v) paraformaldehyde in PBS supplemented 
with 0.1% (w/v) Triton X-100 for 20 min at room temperature. Free aldehyde groups were quenched 
by adding PBS containing 0.1 M NH4CI. Cells were then incubated for 45 min with primary 
antibody (either ID6 or anti-catalase)15 diluted 1:2000 in 1% BSA/ PBS. Subsequently, cells were 
incubated for 30 min with biotin-conjugated antiserum (rabbit IgG for catalase and mouse IgG for 
ID6), followed by incubation with streptavidin labelled with fluorescein isothiocyanate (FITC). 
After each incubation step the cells were washed with BSA/ PBS. The cover slips were mounted on 
microscopic slides in carbonate-buffered glycerol containing p-phenylenediamine. The fluorescent 
staining pattern was viewed with a Zeiss Axiovert 135 fluorescence microscope using an excitation 
wavelength of 450-490 nm. 

Results 

Fibroblasts from X-ALD patients and controls stained with antiserum against 
peroxisomal marker catalase showed a punctate staining immunofluorescence pattern, 
indicating the normal presence of peroxisomes in X-ALD patients (data not shown). 
To demonstrate the presence of ALDP we used the monoclonal antibody ID6. A 
similar punctate staining pattern as observed for catalase was seen in normal cells 
(Fig 2A) and in fibroblasts derived from X-ALD patients from kindreds ALD#8, 12 
and 20 (Fig 2B). Much fewer spots were observed in fibroblasts from X-ALD patients 
from kindreds ALD#7 and 17 (Fig 2C). No visible signal was present in the fibroblast 
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cell lines derived from patients belonging to the twelve remaining kindreds (Fig 2D 
and Table 1). 

Figure 2. Immunocytofluorescence staining of control fibroblasts and fibroblasts derived from X-
ALD patients. Immunofluorescence was performed using anti-ALDP monoclonal antibody ID6. (a): 
control fibroblasts, (b): ALDM2, 580G>C, Aspl94His (c): ALD#17, 3 WOT, Argl04Cys and (d): 
ALDM1, 1603-1991alt, FsPro534. 

Figure 3. Immunoblot analysis of ALDP in adrenoleukodystrophy cell lines (50 fig protein/lane). 
Position of the wildtype ALDP (75 kDa) is indicated. Numbers at the top of the figure represent the 
following types offiboblasts: lane 1, control; lane 2, ALD#2; lane 3, ALDM; lane 4, ALD#12; lane 
5, ALD#7; lane 6, control; lane 7, ALDM1; lane 8, ALD#9; lane 9, ALDMO; lane 10, control; lane 
11, ALDU32; lane 12, ALDU20; lane 13, ALDM8; lane 14, ALDM; lane 15, control. 
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The presence or absence of ALDP was also analyzed by Western blotting (Fig 
3). Results of Western blotting were in good agreement with the immunofluorescence 
staining pattern observed in each patient cell line (Table 1): ALDP was present at 
normal levels in kindreds ALD#8, 12 and 20 (lanes 3, 4 and 12), whereas a decreased 
amount was present in fibroblasts from patients belonging to kindreds ALD#7 (lane 
5) and ALD#17 (not included in Fig 3 but see Table 1). No staining was visible in the 
protein fractions derived from the remaining fibroblast lines (lanes 2, 7, 8, 9, 11, 13 
and 14). No mobility shifts were observed for kindreds ALD#1, 3, 4, 16, 31 and 11, 
whose frameshift mutations were found downstream of the ALDP part used to raise 
the monoclonal antibody (Fig 1). 

Discussion 

Recently Mosser and coworkers generated monoclonal antibodies against the ALDP.9 

One of these antibodies (ID6) was used to study the expression of ALDP in a series of 
Dutch X-ALD kindreds. In 12 of the 17 X-ALD kindreds (71%) studied with this 
monoclonal antibody, both the immunofluorescence staining of fibroblasts and 
Western blotting were negative. Immunocytochemical staining of fibroblasts with 
mutations leading to prematurely terminated proteins either caused by nonsense 
mutations or by small deletions leading to frameshifts were negative. The Western 
blots of the patients with nonsense mutations in exon 1 (ALD#9, 10 and 15) and 
patient ALD#2, with an early frameshift leading to a stop codon at amino acid 
position 67 were also negative. Mosser et al. described the absence of ALDP in seven 
X-ALD patients from France.9 However, five of these patients had intragenic 
deletions, ranging from 1.6 kb to 19.2 kb, and in at least three of these five patients no 
ALD mRNA could be detected (O, R and L; see reference 16), whereas all the 
patients included in our study had ALD mRNA. Since the RT-PCR method is not 
quantitative there may be large differences in the mRNA levels among the different 
patient cell lines. 

ALDP was present in five kindreds with mutations resulting in amino acid 
substitution in the amino terminal half of the protein. In case of mutations resulting in 
a reduced amount of ALDP (ALD#7 and 17), the amino acid substitutions may have 
had an effect on the structure of the protein: we found an introduction of proline at 
position 220 in kindred ALD#7, and cysteine at position 104 in kindred ALD#17. The 
cysteine residue at position 104 may form a new disulfide bond with the cysteine 
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residue at position 121, which is located in the putative third extraperoxisomal loop of 
the ALDP. 

Interestingly, no lower molecular weight material reactive with ID6 was 
observed on immunoblots from patients belonging to kindreds ALD#1, (3, 4, 16, 31) 
and 11, who all had mutations leading to a prematurely terminated ALDP, which 
would still be recognized by ID6 when expressed (see Fig 1). This suggests that the 
carboxy terminus of the protein is important for the stability of the ALDP. This 
hypothesis is supported by the observation that both missense mutations in the 
carboxy terminus of ALDP (ALD#18 and 32) lead to complete absence of ALDP. In 
contrast, in patients with missense mutations in exon 1 (ALD#7, 8, 12 and 17) and 
exon 3 (ALD#20) ALDP is present at normal levels or at a reduced level. 

Table 1: Overview of X-ALD kindreds included in this study 
Kindred Phenotype Mutation Amino Acid IMF Western 
ALD# cDNA ALDP Blot 
1 CCALD IVS6-2a>g fs Arg545 no1 no 
2 CCALD 56delC is Ala 19 no no 
3,4,16, 31 CCALD, AMN 1415delAG fsGlu471 no no 
7 AMN, Add.only 659T>C Leu220Pro reduced reduced 
8 AMN 4 4 6 0 A Serl49Asn yes yes 
9 AMN 4 6 9 0 T Glnl57stop no no 
10 Presmpt, CCALD 411G>A Trpl37stop no no 
11 AMN 1603-1991alt fs Pro534 no no 
12 CCALD, Add.only 5 8 0 O C Aspl94His yes yes 
15 AMN 5 4 3 0 A Tyrl80stop no no 
17 AMN 3 1 0 O T Argl04Cys reduced reduced 
18 AMN, Add.only 1825G>A Glu609Lys no no 
20 Presmpt 1 1 6 6 0 A Arg389His yes yes 
32 AMN 1 9 7 8 0 T Arg660Trp no no 
See also Materials & Methods and Figure 1. CCALD: childhood cerebral ALD, AMN: 
adrenomyeloneuropathy, Add.only: "Addison-only" phenotype, Presmpt: presymptomatic ALD. A 
few faint granules may be observed in some cells. Nucleotide numbers refer to EMBL database hf 
Z21876 (ATG at position 387 is nucleotide number +1). 

VLCFA assays in plasma and fibroblasts are inconclusive in approximately 
10% of obligate carriers,6'17 and the ALD gene is not yet routinely sequenced in 
females at risk for heterozygosity. In view of the X-linked expression of the ALD 
gene, and the fact that X-chromosomes are inactivated at random, half the population 
of cells derived from heterozygous females will express an ALDP carrying the 
mutation. When ALDP expression is known to be absent in male patients belonging 
to a certain kindred, immunofluorescence staining of fibroblasts may facilitate the 
identification of female carriers. Furthermore, early identification of male fetuses will 
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be possible as immunofluorescence and Western blotting can be performed in 
chorionic villus biopsy material. These relatively easy and sensitive techniques may 
thus improve prenatal diagnosis of X-ALD. It is important to emphasize that 
immunoblot and/or immunofluorescence analysis may only be used for prenatal 
diagnostic purposes when studies in cells from the index patient have shown ALDP to 
be absent. Furtermore, a mosaic partem should be observed in fibroblasts from the 
patient's mother upon immunofluorescence analysis. 

In 71% of the X-ALD kindreds the ALDP is not detectable, but within these 
kindreds both CCALD and AMN are expressed. Therefore, the hypothesis that the 
putative modifier gene will code for a protein that is functionally dependent or 
associated with ALDP is rather unlikely.18 

After completion of our experimental work a paper appeared by Watkins et al. 
who also studied the expression of ALDP in X-ALD fibroblasts. 'y The authors 
examined fibroblasts from 35 patients from 32 different kindreds from the USA and 
found no punctate immunoreactive material in 24 (69%) patients, which is almost 
identical with our value of 71% as reported in this paper. 
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Abstract 

X-linked adrenoleukodystrophy (X-ALD) is a complex and perplexing 
neurodegenerative disorder. The metabolic abnormality, elevated levels of very 
long-chain fatty acids in tissues and plasma, and the biochemical defect, reduced 
peroxisomal very long-chain acyl-CoA synthetase (VLCS) activity, are ubiquitous 
features of the disease. However, clinical manifestations are highly variable with 
regard to time of onset, site of initial pathology and rate of progression. In addition, 
the abnormal gene in X-ALD is not the gene for VLCS. Rather, it encodes a 
peroxisomal membrane protein with homology to the ATP-binding cassette (ABC) 
transmembrane transporter superfamily of proteins. The ALD protein (ALDP) is 
closely related to three other peroxisomal membrane ABC proteins. In this report 
we summarize all known X-ALD mutations and establish the lack of an X-ALD 
genotype/phenotype correlation. We compare the evolutionary relationships among 
peroxisomal ABC proteins, demonstrate that ALDP forms homodimers with itself 
and heterodimers with other peroxisomal ABC proteins and present cDNA 
complementation studies suggesting that the peroxisomal ABC proteins have 
overlapping functions. We also establish that there are at least two peroxisomal 
VLCS activities, one that is ALDP dependent and one that is ALDP independent. 
Finally, we discuss variable expression of the peroxisomal ABC proteins and 
ALDP independent VLCS in relation to the variable clinical presentations of X-
ALD. 

Introduction 

The most common peroxisomal disorder is X-linked adrenoleukodystrophy (X-
ALD; McKusick No. 300100). It is a post-natal progressive neurodegenerative 
disorder that is characterized biochemically by increased tissue and plasma 
concentrations of very long-chain fatty acids (VLCFA; C > 22:0).J Clinical 
manifestations of X-ALD are highly variable with respect to age of onset, rate of 
progression, and site of initial neurological involvement. The major forms of X-
ALD are childhood cerebral (CCALD), adult adrenomyeloneuropathy (AMN) and 
Addison-only (AD). It is generally agreed that the primary cause of elevated 
VLCFAs is decreased peroxisomal ß-oxidation associated with reduced activity of 
the peroxisomal enzyme, very long-chain acyl-CoA synthetase (VLCS), that 
activates VLCFAs to their CoA thioesters.2"7 Surprisingly, following positional 
cloning of the ALD gene,8 the deduced amino acid sequence of its product, ALDP, 
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is related to a family of ATP-binding cassette (ABC) transmembrane transporter 
proteins and not VLCS.910 The existence of ALDP was unknown and not 
hypothesized prior to its cloning and its function in VLCFA ß-oxidation and its role 
in X-ALD pathogenesis have yet to be determined. 

The ALD protein 
ALDP is a member of the ABC transmembrane transporter superfamily of 
prokaryotic and eukaryotic proteins.11 These proteins transport a variety of ligands 
ranging from ions to proteins. The typical eukaryotic ABC transporter is 
transcribed from a single gene and consists of two hydrophobic transmembrane 
domains and two hydrophilic domains that each contain a nucleotide binding fold. 
In contrast, ALDP has only one hydrophobic and one hydrophilic domain and is 
designated a half-transporter.8 ALDP has been localized to the peroxisomal 
membrane in human fibroblasts, with the hydrophilic carboxyl-terminal domain 
oriented toward the cytoplasm.12'13 Complementation studies have shown that 
expression of ALDP cDNA in fibroblasts from X-ALD patients will restore 
VLCFA ß-oxidation.14'15 To date, three additional mammalian peroxisomal ABC 
half-transporters have been identified: PMP70,16'17 ALDR,18'75 and PMP69 
(P70R).19'76 

ALD gene mutations 
The ALD gene occupies approximately 26 kilobases of genomic DNA and encodes 
a mRNA of 4.3 kb and a protein of 745 amino acids.8'20 In part to verify that the 
gene encoding ALDP is defective in X-ALD, several laboratories have searched for 
ALD gene mutations in X-ALD patients. Mutations have been identified in all X-
ALD patients where the entire gene has been examined. A total of 209 mutations 

o 1 " 3 0 1 /11 7") ~]A "7*7 

have been reported by various groups, • • " • " • they are listed in Table 1. 
Of these 209 mutations, 111 are missense (53.1%), 51 are frame shift 

(24.4%), 18 are nonsense (8.6%), 13 are large deletions of one or more exons 
(6.2%), 11 are in-frame deletions or insertions (5.3%), and 5 are splicing defects 
(2.4%). The majority of X-ALD kindreds have private mutations; 147 (70%) are 
non-recurrent. 



Chapter5  

Table 1: X-ALD Worldwide Mutations (January 1999) 

Exon Allele 
Missense 

Mutation 
mutations 
ATG (387) N ALDP Reference 

S98L 2 9 3 0 T 6 7 9 0 T I + 36 
R104C 3 1 0 O T 6 9 6 0 T I +/- 31,32 
R104H 311G>A 697G>A 1 +/- 29 
T105I 3 1 4 0 T 7 0 0 O T [ 36 
L107P 320T>C 706T>C 1 nd 37 
S108W 3 2 3 0 G 7 0 9 O G 1 +/- 36 
G116R 346G>A 732G>A [ 36 
A141T 421G>A 807G>A L nd 31 
N148S 443A>G 829A>G 3 + 24,36,73 
S149N 446G>A 832G>A I + 32 
R152C 454C>T 8 4 0 O T : I + 31,36 
R152P 455G>C 841G>C L nd 32 
R163H 488G>A 874G>A L nd 32 
Y174D 520T>G 906T>G : I nd 24,37 
Y174S 521A>C 907A>C I nd 72 
Q178E 532C>G 9 1 8 0 G - 29 
Y181C 542A>G 928A>G 1 nd 36 
R182P 545G>C 931G>C I nd 31 
D194H 580G>C 966G>C [ + 32 
D200N 598G>A 984G>A nd 73 
D200V 599A>T 985A>T L n d 36 
L211P 632T>C 1018T>C nd 37 
S213C 6 3 8 0 G 1024OG nd 77 
N214D 640A>G 1026A>G nd 73 
L220P 659T>C 1045T>C 1 +/- 32 
D221G 662A>G 1048A>G ] - 36 
T254M 7 6 1 0 T 1 1 4 7 0 T ] nd 37 
P263L 7 8 8 0 T 1 1 7 4 0 T ] +/- 36 
G266R 796G>A 1182G>A : nd 24,32,73 
E271K 811G>A 1197G>A ] nd 73 
K276E 826A>G 1212A>G ] + 13 
G277R 829G>A 1215G>A ] nd 37 
G277W 829G>T 1215G>T ] nd 31 
R285P 854G>C 1240OC 1 nd 77 
E291K 871G>A 1257G>A ] - 21 
E291D 873 G>C 1259G>C ] - 13 
A294T 880G>A 1266G>A 1 nd 36 
Y296C 887A>G 1273A>G 1 nd 73 

2 E302K 904G>A 1290OA 1 nd 38 
2 L322P 965T>C 1351T>C 1 nd 74 
2 S342P 1024T>C 1410T>C 1 + 13 
3 R389G 1 1 6 5 0 G 1 5 5 1 0 G 1 nd 37 
3 R389H 1166G>A 1552G>A 2 + 31,32 
3 R401W 1201OT 1 5 8 7 0 T 1 nd 73 
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Table 1 continued 

3 R401Q 1202G>A 1588G>A 3 + 13,24,37 

4 R418W 1 2 5 2 0 T 1 6 3 8 0 T 3 - 24,37,* 

5 P484R 1 4 5 2 0 G 1 8 3 8 0 G 1 nd 28 

6 G507V 1520G>T 1906G>T 1 nd 73 

6 G512S 1534G>A 1920OA 3 - 31,35,36 

6 S515F 1 5 4 4 0 T 1930OT 1 nd 24 

6 R518W 1 5 5 2 0 T 1 9 3 8 0 T 3 - 23,36 

6 R518Q 1553G>A 1939G>A 2 - 39,73 

6 G522W 1564G>A 1950G>A 1 - 36 

6 P534L 1601OT 1 9 8 7 0 T 1 - 35 

6 F540S 1619T>C 2005T>C 1 nd 73 

6 P543L 1 6 2 6 0 T 2014OT 1 nd 77 

6 Q544R 1631A>G 2017A>G 2 + 39,73 

7 S552P 1654T>C 2040T>C 1 - * 
7 R554H 1661G>A 2047G>A 1 - * 

7 P560L 1 6 7 9 0 T 2065OT 6 +/- 29,36,73 

7 P560R 1 6 7 9 0 G 2065OG 1 - 36 

7 M566K 1697T>A 2083T>A 1 - 31 

7 R591W 1 7 7 1 0 T 2157C>T 1 nd 73 

7 R591Q 1772G>A 2158G>A 1 + 31 

8 S606P 1816T>C 2202T>C 1 - 36 

8 S606L 1 8 1 7 0 T 2203OT 3 + 23,31,73 

8 E609K 1825G>A 2211G>A 2 - 32,37 

8 E609G 1826A>G 2212A>G 1 - 32 

8 R617C 1 8 4 9 0 T 2 2 3 5 0 T 3 nd 23,32,37 

8 R617G 1 8 4 9 0 G 2 2 3 5 0 G 1 nd 37 

8 R617H 1850G>A 2236G>A 2 - 31,33 

9 A626T 1876G>A 2262G>A 1 - 13 

9 D629H 1885G>C 2271G>C 1 + 13 

9 S636I 1907OT 2293G>T 1 nd 77 

9 R660W 1 9 7 8 0 T 2 3 6 4 0 T 6 - 31,32,35,36,73 

10 W679R 2035T>C 2412T>C 1 nd 40 

Exon Allele 
In frame amino acid insertions & deletions 

Mutation ATG (387) N ALDP Reference 
LRL78ins 233ins9bp 619ins9bp 1 nd * 
FA80-81ins 240insTTTGCG 626insTTTGCG nd 77 

LLIA138del 412-423 del 798-809del ] nd 37 

N277-278Ù1S 828insAAT 1214insAAT nd 37 

E291del 871delGAG 1257delGAG : S 13,37,73 

5 V491-492ins 1462insTGG 1848insTGG - 36 

6 G528del 1582delGGT 1968delGGT L nd 29 

7 HILQ587-590del 1759-1770del 2145-2156del nd 73 

9 I657del 1969delATC 2355delATC I nd 32 
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Table 1 continued 

Exon Allele 
Nonsense 

Mutation 
mutations 
ATG (387) N ALDP Reference 

W10X 30G>A 416G>A - 36 
Q133X 3 9 7 0 T 7 8 3 0 T - 32 
W137X 411G>A 797G>A - 32 
Q157X 4 6 9 0 T 8 5 5 0 T - 32 
Y181X 5 4 3 0 A 9 2 9 0 A - 32 
Y212X 6 3 6 0 G 1022OG nd 29 
W242X 726G>A 1 1 1 2 0 A nd 37 

2 Q311X 9 3 1 0 T 1 3 1 7 0 T nd 22 
2 W326X 977G>A 1363G>A nd 22 
4 R464X 1390OT 1 7 7 6 0 T nd 23 
4 Q466X 1 3 9 6 0 T 1 7 8 2 0 T nd 31 
5 E477X 1429G>T 1815G>T 2 nd 24,37 
7 Q590X 1 7 6 8 0 T 2154C>T nd 27 
8 W595X 1785G>A 2171G>A nd 73 
8 W601X 1802G>A 2188G>A nd 77 
9 Q645X 1 9 3 3 0 T 2319C>T 1 - 13 
10 0672X 2014C>T 2400OT - 41 

Exon Allele 
Splice defects 

Mutation ATG (387) N ALDP Reference 
3 Fs E408 1224A>G 1610A>G I nd 31 
intron 6 Fs R545 IVS6+lg>a IVS6+lg>a I nd 23 
intron 6 Fs R545 IVS6-2a>g IVS6-2a>g - 30 
intron 7 Fs G593 IVS7+lg>a IVS7+lg>a nd 36 
intron 8 Fs R622 IVS8-10g>a IVS8-10e>a L nd 30 

Exon Allele Mutation 
Frame shifts 

ATG (387) N ALDP Reference 
1 FsA19 56delC 442delC - 32 
1 FsP34 102C>AT 4 8 8 0 A T [ nd 73 
1 Fs L46 138insT 524insT I nd 36 
1 FsT91 274del38 660del38 1 nd 29 
1 Fs G92 277delC 663delC [ nd 32 

1 Fs A99 298delG 684delG I nd * 
1 FsQ133 401TGCTGalt 787TGCTGalt I nd 34 
1 FsY180 541delTA 927delTA - 36 
1 FsL197 591insT 977insT I nd 73 
1 Fs S207 618dell3 1004dell3 L nd 37 
1 FsR231 693delGG 1079delGG : > 31,36 
1 FsF261 785del7 1171del7 nd 32 
1 Fs G266 796delG 1182delG nd 37 
1 Fs F295 886dell4 1272dell4 nd 77 
3 Fs V378 1135insC 1521insC - 36 
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Table 1 continued 

4 FsA417 
5 Fs V470 
5 Fs V470 
5 FsE471 

6 Fs H502 
6 FsF517 
6 Fs G528 
6 Fs P534 
7 Fs V582 
8 Fs A597 
8 Fs S606 
9 Fs D649 

1250delC 1636delC 1 - 36 

Hl l insA 1797insA 1 nd 31 

1412delAA 1798delAA 1 nd 31 

1415delAG 1801delAG 24 - 24,25,31,36 
37,72,73 

1508insC 1894insC 1 nd 77 

1551delC 1937delC 1 nd 23 

1585delG 1971delG 1 nd 38 

1603-1991alt 1989-2377alt 1 - 32 

1746delC 2132delC 1 nd 77 

1791delTA 2177delTA 1 nd 23 

1818delG 2204delG 1 nd 23 

1948delGC 2334delGC 1 _ 36 

Start Allele 
Multiple exons 

N ALDP Reference 
1 0.5 kb in exon 1 nd 26 

2 exon2del nd 8 

2 exon2-7del nd 8 

3 exon3-5del nd 8 

3 exon3-10del nd 31 

3 exon3-10del nd 26 

6 exon6-10del [ nd 26 

7 exon7-9del (7 kb deletion) L nd 73 

7 exon7-10del [ nd 8 

7 exon7-10del I 31 

8 exon8-9del I nd 8 

8 exon8-10del I nd 31 
? multiple exons [ nd 35 

Exon Allele 
Polymorphisms 

Nucl. change ATG (387) Freq Reference 
6 L515L 
10 

1548G/A 
2246C/G 

1934G/A 
2632C/G 

15% 
24% 

23-25 
25 

Legend Table 1: Two nucleotide numbering systems have been used for reporting X-ALD 
mutations. The first uses the first nucleotide of the cDNA as number +1. The second uses the A of 
the initiator Methionine codon as +1. Ln this report, all mutation designations are standardized 
to the second, more common, numbering system. All mutation designations conform to the 
nomenclature described in Human Mutation 8:197-202 (1996). For frame shift mutations the last 
unchanged amino acid is indicated. The mutations marked with an * are reported for the first 
time in this report. The column headed ALDP indicates the presence or absence of ALDP in 
fibroblasts as indicated by cellular immunofluorescence and/or immunoblotting: (+) = normal 
levels, (-) = undetectable levels, (+/-) = reduced levels of ALDP and (nd) = not done. 
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As depicted in Fig. 1, mutations are spread through the entire gene but are 
not evenly distributed. There is a clustering of mutations in the putative membrane 
spanning region (38%), the putative nucleotide binding domain (29%) and in exon 
5 (16%). The remaining mutations (17%) occur throughout the rest of the coding 
region. Interestingly only two mutations have been described in exon 10 which 
encodes the carboxyl-terminal 81 amino acids (10.9%) of ATDP. ' 

Two nucleotide polymorphisms have been reported in the ALD gene. A silent 
G/A nucleotide polymorphism at position 1548 (L516L) in the sixth exon has been 
identified with the same frequency in two independent studies;" ' an adenosine 
residue was present in 15% of patients (combined 14 of 95). A C/G nucleotide 
polymorphism has been observed 8 nucleotides downstream of the stop codon. ' A 
guanine residue was present at position 2246 in 8 out of 33 (24%) patients 
investigated. It should be noted that the original report of the ALD cDNA sequence 
contained a sequencing error 368C>T resulting in A123V. 

: : : . , JÄ 
B 111! I l l l l l ! Hi l l I U I «II 1 1 1 | ne IIIIII u r n j Missease 

j II 1 1 1 1 II II i i i Nonsense 

1 1! II 1 1 II 1 II 1 1 1 Frameshift 

| | 1 1 a.a. ins/dei 

*n •"•qp" -«», - ^ Splice def. 

c 

~J Missense mutation 
I Nonsense mutation 

f Fra mesh iff | § | Spike defec t 
3 Amino acid insertion / deletion 

Figure 1. Graphic presentation of X-ALD mutations. (A) Schematic presentation of the ALD 
protein indicating the putative transmembrane spanning and ATP binding domains. (B) 
Depiction of mutation locations grouped by the type of mutation. The vertical lines represent the 
location of each non-recurrent mutation. (C) All known X-ALD mutations are shown except for 
13 large deletions that affect two or more exons. Each box represents one patient. 

Mutational hot spot. A mutational hot spot has been identified in exon 
5.25,31 A recurrent dinucleotide deletion (1415delAG) has been reported in 11.5% 
(24/209) of X-ALD kindreds. Haplotype analysis in 12 of these kindreds 
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established that the "hot spot" kindreds were unrelated.25'31 The AG deletion results 
in a frame shift at amino acid residue E471 and a premature stop codon at position 
554. The predicted protein would lack the nucleotide-binding fold and would most 
likely be inactive. Two adjacent mutations, an adenosine insertion at position 1411 
and a dinucleotide AA deletion at position 1412/1413 have been reported.31 Motifs 
known to be associated with short deletion/insertion mutations have not been 
identified in the region flanking the recurring mutations in exon 5. 

Distribution of missense mutations. Among X-ALD patients, functionally 
important regions in a protein should contain more missense mutations than regions 
that are of less functional importance. In order to identify such functionally 
important regions in ALDP, we calculated the frequency of missense mutations in 
50 amino acid intervals from the amino to the carboxyl termini. If missense 
mutations were distributed randomly throughout the protein, 6.7% of all missense 
mutations would be expected in each 50 amino acid interval. This distribution is 
displayed in Fig. 2A and compared to the 6.7% level expected for a random 
distribution of mutations. When compared to the diagram of the protein shown at 
the bottom of the figure, it is clear that there are three regions of ALDP where there 
are higher than expected numbers of missense mutations. The first two regions are 
located within the putative transmembrane domain. These regions might function in 
the homo- or heterodimerization of ALDP, the binding of ALDP to VLCS or in 
substrate recognition by ALDP. The second region is between the predicted 
transmembrane spans 4 and 5 and contains the EAA-like motif that resembles the 
15 amino acid core of an EAA motif,43 that is characteristic of prokaryotic ABC 
transporters.44'45 The third region contains the putative nucleotide binding fold 
between the signature domains Walker A and B. 

The open reading frame of the ALD gene has a high G/C content (65%). CpG 
sites are known to be mutational hot spots because the cytosine residue of this 
dinucleotide is a target site for DNA methylase, forming 5-methylcytosine which is 
readily converted to thymine by deamination.46 Indeed, 56% of ALDP missense 
mutations are found in CpG sites. Furthermore, in 78% of all missense mutations 
either a C was changed into a T or a G was converted to an A (a C to T transition 
on the antisense strand). To ensure that a higher incidence of missense mutations in 
any interval of ALDP is not caused by a higher occurrence of CpG sites in that 
interval, we corrected the distribution of missense mutations for redundant CpG site 
mutations. When identical missense mutations were found in a given CpG site, only 
one was counted. All identical missense mutations not occurring in CpG sites were 
included in the distribution. When corrected for redundant CpG site mutations the 
same three regions with higher than expected mutations were observed (Fig. 2B). 
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Figure 2. Regional frequency of missense 
mutations in ALDP. Missense mutations should 
occur most frequently in regions of functional 
importance. The frequency of missense 
mutations found per 50 amino acid intervals is 
plotted in the upper panel (A) for all missense 
mutations and in the lower panel (B) after 
correction for redundant CpG mutations. The 
dashed line indicates the frequency of mutations 
expected in each 50 amino acid interval if they 
were random. The ALD protein is represented 
schematically at the bottom of the figure. The 
transmembrane and ATP-binding domains are 
indicated. The hatched box within the 
transmembrane domain indicates the location of 
the EAA motif. 

•iilillSSillt! 

Functional significance of exon 10. If the distribution of mutations over the 
length of the ALD gene would be constant, 10.9% of the mutations would be 
expected in exon 10, which encodes the 81 carboxyl-terminal amino acids. 
However, only two X-ALD mutations and no polymorphisms have been reported in 
exon 10 from sequence analysis of 209 X-ALD patients and more than 300 normal 
X-chromosomes. This discrepancy suggests that this segment of ALDP maybe of 
functional significance. To gain insight into this possibility, we constructed an ALD 
mutant protein in which the 52 carboxyl-terminal amino acids (ALDPd693-745) 
were replaced by a myc epitope (pSK693myc). The two known exon 10 mutations 
occur in the 29 amino acids that are up stream of the deletion in pSK693myc. This 
construct was used to transfect a transformed fibroblast cell line derived from an X-
ALD patient with an A626T mutation in ALDP. Before transfection no ALDP 
could be detected in this cell line13. To investigate if the mutant ALDPd693-745 is 
functionally active, we determined VLCFA ß-oxidation in X-ALD fibroblasts after 
transfection with pSK693myc and compared this result with those obtained after 
transfection with a plasmid containing wild type ALDP (pLB741) or a plasmid 
without an insert (pcDNA3). Fibroblasts from an X-ALD patient (A626T) have a 
marked reduction in C24:0 ß-oxidation when compared to normal cells. As shown 
in Table 2, C24:0 ß-oxidation remained low after transfection with pcDNA3. After 
correction for the fraction of cells transfected, plasmids containing either wildtype 
ALDP (pLB741) or the carboxyl-terminal deletion ALDP (pSK639myc) restored 
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VLCFA ß-oxidation to the same extent. This experiment indicates that the 52 
carboxyl-terminal amino acids of ALDP are not necessary for the stability of ALDP 
or for normal VLCFA ß-oxidation. It remains unclear why mutations are so 
infrequent in this region. 

Promoter mutations. Interestingly, no promoter mutations or complete gene 
deletions have been reported. All large chromosomal deletions of the ALD gene are 
located in the carboxyl-half of the gene. A possible explanation for this 
phenomenon was suggested by Mosser et al. 7 They suggested that exon 1 of the 
ALD gene might contain promoter sequences belonging to the ubiquitously 
expressed gene, CDM, that is located 456 bp 5' to the ALD gene and is transcribed 
in the opposite direction. While there is no direct evidence for this hypothesis and 
the function of the CDM gene remains unknown it is possible that disruption of the 
CDM gene might be lethal. 

Table 2: Correction of C24:0 ß-oxidation by ALDP Exon 10 Deletion Mutant 
Transfection 

Cell line Construct C24:0 ß-oxidation Efficiency Correction 
Normal none 0.87 
A626T pcDNA3 0.10 
A626T pSK693myc 0.17 
A626T pLB741 OJJ 

Fibroblasts from an X-ALD patient (A626T) were transfected with the indicated plasmids by 
electroporation. The frequency of transfection was determined by indirect immunofluorescence 
using either anti-myc or anti-ALDP antibodies and C24.0 ß-oxidation determined as described 
previously. 

Mutant ALDP stability. Analyses of fibroblast cell lines from X-ALD 
patients with a variety of mutations including insertions, deletions, nonsense and 
missense mutations, either by immunofluorescence or by immunoblotting, has 
established that ALDP is not detectable in 67% of all X-ALD patients examined 
(80 total).1336'48 Only 23% of X-ALD kindreds express ALDP at wildtype levels. 
However, all X-ALD patients examined have ALDP mRNA, independent of the 
type or location of the mutation.32 Thus, the absence of ALDP is likely to be caused 
by protein instability rather than RNA instability. All mutations examined (19 total) 
other than missense mutations result in non-detectable levels of ALDP. No mobility 
shifts were observed by Polyacrylamide gelelectrophoresis for frame shift or 
nonsense mutations leading to truncated ALDP that would have retained the 
antibody epitope.36'48 Of 57 non-recurrent mutations examined for ALDP stability, 
38 were missense mutations. Approximately 66% (25 total) of missense mutations 
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resulted in non-detectable levels of ALDP. Nine of the 13 missense mutations that 
did not affect ALDP stability were located within the putative transmembrane 
domain of ALDP. 

Table 3: Genotype Versus Phenotype 
X-ALD Kindred's Phenotypes Reference 
#6, 7 and 9 CCALD, AMN, Addison 31 

#11 CCALD, AMN 31 

#1,4, 10, 12 and 14 CCALD 25,31,36 

# 2 . 3 , 5 , 8 , 13 and 15 AMN 25,31,36 

Listed are 15 independent X-ALD kindreds with the common ALD exon 5 dinucleotide deletion 
(1415delAG) and all the phenotypes observed in these kindreds are listed. This mutation results 
in frame shift (Fs E471), a premature termination signal and a lack of detectable ALDP. 

Table 4: Chromosomal Location of Human Peroxisomal ABC Half- transporters 
cDNA Chromosomal Location Reference 
ALD Xq28 68 
ALDR 12qll 18 
PMP70 lp21 69 
PMP69 (P70R) 14q24 19 

Genotype versus phenotype. X-ALD includes at least six distinct clinical 
phenotypes that are categorized on the basis of age of onset, rate of progression, 
and the site of initial pathology.1 As suggested by the observation that males in the 
same family can have different forms of X-ALD, mutation analysis has confirmed 
that phenotypic expression cannot be predicted on the basis of the genotype of the 
ALD gene. Indeed, all phenotypes are observed in patients that lack ALDP 
including those with identical dinucleotide deletions in exon 5.25'3236 This is 
illustrated in Table 3 where the phenotypes associated with the exon 5 dinucleotide 
deletion, which cause undetectable levels of ALDP, in 15 separate kindreds are 
listed. 

Evolutionary relationship among peroxisomal ABC half-transporters. 
By sequence comparison, the peroxisomal ABC half-transporters are a closely 
related subgroup of the ABC superfamily that presumably arose by recent gene 
duplication. However, they are located on different chromosomes as indicated in 
Table 4. We analyzed sequence relationships of ALDP and other proteins by 
comparison of protein and DNA sequences in GenBank and other databases using 
the BLAST programs. Proteins were aligned using the Pileup program of the GCG 
software package (Madison, WL). Fifteen proteins were identified including: four 
human proteins (ALDP, ALDRP, PMP70, and PMP69), two yeast proteins (PXA1 
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and PXA2), several closely related rodent orthologues and five C. elegans 
orthologs. The assignment of the two ALDP-related yeast proteins is consistent 
with the phylogenetic analysis of the 29-30 known ABC proteins encoded in the S. 
cerevisiae genome.49'50 While there are hundreds of known ABC transporter 
proteins, the 15 identified in this search are defined as a group by their relatively 
high amino acid identity and the failure of any other ABC transporter family 
member to match these proteins in a multiple sequence alignment under default gap 
penalty conditions. While several additional related proteins were identified in 
other species (rodents, nematodes, slime molds, insects and a marine red algae) by 
conceptual translation of expressed sequence tags (ESTs), no additional human 
ALDP-related proteins were identified in existing EST databases. 

To evaluate the evolutionary relationships among the fifteen ALDP-related 
proteins, phylogenetic trees were generated using the Phylogeny Analysis Using 
Parsimony program (PAUP version 4.0.0d64, kindly provided by Dr. David 
Swofford, Smithsonian Institution). The 15 proteins were aligned and phylogenetic 
trees were constructed by parsimony analysis. This technique is designed to 
identify inferred evolutionary protein lineages with the shortest possible branch 
lengths. Similar results were obtained with either heuristic or branch and bound 
search algorithms. The most parsimonious tree yielded a total branch length of 
3488 (Fig. 3). By contrast, when 10,000 trees were randomly generated from the 
same data set, the mean branch length was 4670 ± 166. The phylogenetic tree 
reveals three main clades (groupings of proteins sharing a common inferred 
evolutionary origin). The first clade consists of the ALDP and ALDR proteins. The 
nematode protein in this clade has 52% and 51% amino acid identity with human 
ALDR and ALDP, respectively. A second clade consists of PMP70 and yeast 
PXA2. The third clade contains human PMP69 and two related nematode proteins. 
Among the proteins analyzed, yeast PXA1 is most closely related to the PMP69 
clade, based on analysis of branch lengths. However, pairwise sequence 
comparisons of PXA1 to all other proteins reveals that PXA1 is most homologous 
to the four human and mouse ALDP/ALDR proteins (30% to 34% amino acid 
identity), while it shares only 26% identity with human PMP69. The different 
estimates of PXA1 homology to other proteins derives from the different 
algorithms used in pairwise comparisons and the multiple protein alignments used 
to generate the tree. Thus, it is possible that yeast PXA1 is not orthologous to the 
ALDP/ALDR and thus yeast may lack a true ortholog of ALDP. Functional data on 
PXA1 and these other proteins will be required to resolve the issue of their 
evolutionary relatedness. 
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Figure 3. Phylogenetic tree. Evolutionary relationships among the 15 proteins in this tree were 
inferred from multiple sequences alignments using the Phylogeny Analysis Using Parsimony 
program (PAUP version 4.0.0d64). The most parsimonious path for the evolution of this protein 
family (shortest total branch length) is shown. Hs, Homo sapiens; Rn, Rattus norvegicus; Mm, 
Mus musculus; Ce, Caenorhabditis elegans; Se, Saccharomyces cerevisiae. 

The robustness of the tree was evaluated by bootstrap analysis, a measure of 
statistical significance. Starting with the initial data set comprised of multiple 
sequence alignments for the 15 proteins, 100 bootstrap replicates were generated to 
create a consensus tree. In 100% of cases, the PMP69 group was intact as was the 
ALDP/ALDR clade (exclusive of yeast PXA1). In 78% of the cases, the PMP70 
protein clade included yeast PXA2. Thus, each of the yeast proteins is relatively 
divergent from its putative ortholog but the overall topology of the tree is supported 
by bootstrap analysis. A prediction based on this tree is that additional mammalian 
PMP70 and PMP69 genes may exist that correspond to the multiple nematode 
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sequences identified in these groups. Searches of human and murine EST databases 
have so far failed to identify such homologs. 
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Figure 4. ALD autosomal pseudogenes. (A) ÂLD exon 7 was amplified by PCR from total 
genomic DNA isolated from human, mouse or the mouse/human somatic hybrid cell, AHAlla, and 
analyzed by SSCP as previously described.^1 h = human, m = mouse. (B) Genomic DNA from a 
rodent/human somatic hybrid cell human monochromosomal mapping panel was amplified by 
PCR using PCR primers derived from exons 9 and 10 of the ALD gene. PCR primers and PCR 
conditions were as previously described. (C) Southern blot analysis of mouse and primate 
genomic DNAs digested with Hind III and probed with a partial ALD cDNA clone (exons 2-10). 

Non-processed, non-transcribed autosomal ALD pseudogenes. In addition 
to the functional peroxisomal ABC half-transporters, there are several autosomal 
pseudogenes on different chromosomes. These are comprised of approximately 9.7 
kb of the ALD gene that encompasses exons 7-10.31'51 Sequence comparison shows 
92-96% nucleotide identity among the ALD autosomal pseudogenes. PCR 
amplification of genomic DNA with PCR primers specific for exon 7 yields a 
single DNA fragment when assayed by agarose gel electrophoresis (Fig. 4A). 
Analysis of the same genomic PCR fragment by single strand conformation 
polymorphism analysis (SSCP) reveals several distinct bands indicating that more 
than one sequence is contained in the exon 7 PCR amplicon. SSCP analysis of a 
mouse/human somatic cell hybrid in which the only human chromosome is the X 
allows discrimination of the X-chromosome and autosomal conformers. No 
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prominent PCR fragment is amplified from mouse genomic DNA. PCR analysis of 
a human monochromosomal mapping panel with exon 9/10 PCR primers identifies 
chromosomes 1, 2, 20, 22, and possibly 16 as containing ALD pseudogenes (Fig. 
4B). 

Table 5: FISH Localization of ALD Autosomal Pseudogenes 
Chromosomal Location Number of signals in 45 metaphase spreads 
2pl l 84 
lOpll 21 
16pl1 40 
20ptel 4 
22qll 26 

DNA isolated from six autosomal genomic clones (12-15-kb) was prepared for FISH analysis and 
hybridized as described in the legend to figure 5, except that human Cot-1 DNA was used for 
prehybridization. Metaphase spreads were prepared from peripheral blood lymphocytes.70 

Hybridization signals were scored from 45 metaphase spreads and the data were pooled. 

Fluorescence In Situ Hybridization (FISH) analysis using cloned genomic 
fragments of the autosomal pseudogenes identified homologous sequences at 2pll , 
lOpll, 16pll, 20ptel, and 22qll (Table 5). Previous studies by Eichler et al. 
localized ALD pseudogenes to 2pl l , lOpll, 16pll and 22qll.51 Even though 
strong PCR reactions were supported by chromosomes 1 and 20, FISH analysis 
detected ALD homologs rarely on chromosome 20 and never on chromosome 1. 
Thus, these locations may have more divergent homologs representing an earlier 
duplication. Southern blot analysis of mouse and primate genomic DNA with a 
partial cDNA probe (exons 2-10) indicated that there may have been two 
expansions of this ALD gene segment in higher primates (Fig. 4C). The single 
restriction fragment detected in mouse genomic DNA has been confirmed to be on 
the X-chromosome by segregation analysis and by FISH analysis (Fig. 5).52 The 
ALD signal indicated by the arrow localizes to band B of the mouse X-chromosome 
which is homologous to human Xq28. The single restriction fragment observed in 
old-world monkeys (Rhesus) is presumably also on the X-chromosome. An initial 
expansion appears to have occurred on the evolutionary line leading to Orangutans 
and a subsequent or independent expansion in the great apes (Gorilla, Chimpanzee 
and Human). As pointed out earlier this rare example of non-processed 
pseudogenes on several different chromosomes complicates mutation analysis,31'32 

and illustrates pericentromeric plasticity of non-homologous interchromosomal 
exchange.51 
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Figure 5. Localization of ALD gene to the mouse X-
chromosome. Fluorescence in situ hybridization 
(FISH) to metaphase spreads from a male mouse 
embryonic stem cell line, ES-J1, was performed as 
described.' Chromosome spreads containing 40 
chromosomes were examined after hybridization with a 
biotin labeled 6.2 kb Hind III fragment of genomic 
DNA from the cloned mouse ALD gene. Clear 
hybridization was seen on the X-chromosome and no 
consistent signals were seen on any other chromosome 
in 20 spreads analyzed. The arrow points to the 
localization of signal at band b of the mouse X-
chromosome that is homologous to human Xq28, the 
human site of the ALD gene. 

Interactions among peroxisomal ABC half-transporters. By comparison 
to known ABC half-transporter proteins, it has been suggested that ALDP may 
function as a homodimer and/or as a heterodimer with one or more of the three 
other peroxisomal ABC transporters.53'54 Other ABC half-transporters, including 
the histocompatibility complex proteins, TAPI and TAP 2, and the yeast 
peroxisomal ABC half-transporters, PXA1 and PXA2 (PAT1 and PAT2), form 
heterodimers to generate a functional transporter.55'56 In order to test this notion, an 
in vitro co-immunoprecipitation assay was developed. In this assay, radiolabeled 
ALDP was generated from its cDNA by in vitro transcription and translation. 
Unlabeled peroxisomal ABC half-transporter proteins, ALDP, ALDRP and 
PMP70, with a c-myc epitope at their C-termini were produced by in vitro 
transcription and translation in separate reactions. Equal amounts of radiolabeled 
ALDP without a c-myc epitope and unlabeled protein containing a c-myc epitope 
were mixed in the presence of ATP and then immunoprecipitated with anti-c-myc 
antibody agarose conjugate. Co-immunoprecipitation was deduced from the 
presence of radiolabeled ALDP with the unlabeled c-myc tagged protein 
immunoprecipitate. As seen in Fig. 6, ALDP homodimers and heterodimers of 
ALDP with both ALDRP and PMP70 are demonstrated by this assay. Although it is 
clear that ALDP has some role in the VLCFA ß-oxidation pathway, the function of 
ALDP and the other peroxisomal ABC half-transporters is as yet unknown. That 
these proteins may have related functions is indicated by the observation that 
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overexpression of ALDP, PMP70 and ALDRP can restore VLCFA ß-oxidation in 
fibroblasts from X-ALD patients (Table 6). 
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Figure 6. Co-immunoprecipitation of peroxisomal ABC half-transporters. Unlabeled 
peroxisomal ABC half-transporter proteins with a c-myc epitope at their C-termini were 
generated by coupled in vitro transcription/translation (TNT, Promega) from their respective 
cDNAs. Radiolabeled ALDP (f5 S]-methionine) without a c-myc epitope was generated 
independently by in vitro transcription/translation of its cDNA. Equal volumes of labeled ALDP 
and unlabeled c-myc tagged proteins were incubated together with protease inhibitors and ATP. 
The mixture was added to a c-myc agarose conjugate (Santa Cruz) to immunoprecipitate the 
unlabeled, epitope tagged ABC half-transporter protein. The agarose conjugate was washed and 
the immunoprecipitatedproteins were fractionated by SDS-PAGE, transferred to nitrocellulose 
membranes and protein-protein interactions judged by the presence of radiolabeled ABC half-
transporter bands following phosphorimagery. Non-specific aggregation of the radiolabeled 
protein with the agarose conjugate was determined by substitution of a non-c-myc tagged 
unlabeled protein for the c-myc tagged protein. Phosphorimager analysis was performed with a 
Fuji BAS2500 Phosphorimager using a high resolution screen. 

We know that ALDP is required for normal peroxisomal VLCFA activation 
and ß-oxidation and that expression of ALDP cDNA restores VLCFA ß-oxidation 
in cells lacking the protein. Although ALDP is a peroxisomal membrane protein, it 
is not required for peroxisome assembly. ALDP is differentially expressed at the 
cellular level, so that not all normal peroxisomes have ALDP and peroxisomes 
from X-ALD cells are normal except for VLCFA ß-oxidation. While the precise 
role of ALDP in peroxisome metabolism is unknown, its identification as a member 
of the ABC transporter superfamily suggests that it might transport VLCFAs (the 
substrate for ß-oxidation), VLCFA-CoA, CoA, ATP or other required metabolites 
into the peroxisome; Mosser and coworkers speculated that ALDP might 
translocate VLCS itself into the peroxisome.8 However, by analogy to other ABC 
transporter proteins,58"63 the relationship between ALDP and VLCFA metabolism 
may be indirect. ALDP could function as an anchor or platform for VLCS in the 
peroxisomal membrane or interact with other proteins or transporters in a 
regulatory role. Thus, it is possible that association and dissociation of ALDP as a 
homodimer or heterodimer in a cell type specific manner might reflect different or 
changing metabolic states. 

76 



X-ALD: Genes, Mutations and Phenotvpes 

Table 6: Peroxisomal ABC Half-transporter Complementation of X-ALD fibroblasts. 
cDNA C24:0 ß-oxidation number of assays 
Vector alone 0.052 ± 0.004 6 
PMP70 0.18 1 
ALDP 0.22 ± 0.04 5 
ALDRP 0.23 ± 0.06 4 
Transformed normal fibroblasts 0.26 ±0.02 5 

SV40 T antigen-transformed fibroblasts from an X-ALD patient were transfected with vector 
alone (pcDNA3) or with vector containing cDNA for PMP70, ALDP or ALDRP. Transfection 
was performed as previously described. The rates of C24:0 ß-oxidation observed in the 
transfected cells were corrected for the fraction of the cells expressing the transgene, as 
determined by LMF staining. The adjusted rates are compared to the rate determined in SV40 T 
antigen transformed normal fibroblasts. The indicated values are the mean and standard 
deviation. 

Very long-chain acyl-CoA synthetase. As noted above, all X-ALD patients 
examined in detail have mutations in the ALD gene, which encodes a peroxisomal 
membrane protein. Paradoxically, the biochemical defect in X-ALD is the failure of 
peroxisomes to activate VLCFAs to their CoA derivatives, a reaction catalyzed by 
VLCS and not ALDP. Experimental evidence suggests that ALDP and VLCS 
interact functionally and perhaps physically. Recently, VLCS protein was purified 
from rat liver peroxisomes9 and VLCS cDNA cloned.1' Subsequently, we cloned 
yeast VLCS,64 as well as human78 and mouse (S. Kemp et ai, genebank AF033031) 
VLCS. Both mouse and human VLCS are expressed primarily in liver and kidney 
with low levels of expression detected in brain, heart and adrenal gland (S. 
Steinberg, S. Kemp, J-F. Lu, A. Heinzer and P. A. Watkins, unpublished 
observations). The observation that expression of this VLCS is not detected in all 
cells that degrade VLCFAs by ß-oxidation suggests that there must be additional 
VLCS genes. For example, mouse fibroblasts have no detectable VLCS protein or 
mPvNA, however yet actively degrade VLCFAs, a reaction that requires VLCS 
activity. Fibroblasts from the X-ALD mouse, recently generated in our laboratory,52 

have a marked reduction in the level of VLCFA ß-oxidation accompanied by an 
increase in VLCFA abundance (Table 7). Thus, there appears to be an ALDP 
dependent VLCS activity in mouse fibroblasts that is not due to the protein 
identified as mouse VLCS. In order to initiate examination of the relationship of 
mouse VLCS and ALDP, mouse VLCS cDNA was expressed in fibroblasts from 
the X-ALD mouse which lack ALDP. Surprisingly, mouse VLCS restored VLCFA 
ß-oxidation in these cells to the same extent as did expression of human ALDP 
cDNA (Table 8). Thus, the activity of this cloned mouse VLCS appears to be 
independent of ALDP and it may contribute to tissue variability of VLCFA ß-
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oxidation activity and VLCFA levels in different cell types depending on its 
differential expression in specific cell types. 

Table 7: VLCFA Metabolism in Mouse Fibroblasts. 
A. ß-oxidation C24:0 C24:0/C16:0 

nmol/hr/mg protein Ratio 
Normal (n=3) 0.99 ±0.15 0.26 ± 0.04 
X-ALD (n=4) 0.37 ±0.03 0.09 ±0.02 

B. VLCFA concentration C26:0 C26:0/C22:0 
mg/ma protein Ratio 

Normal (n=3) 0.06 ±0.01 0.06 ±0.03 
X-ALD (n=5) 0.27 ±0.11 0.35 ±0.18 

(A) C24:0 ß-oxidation. Normal and X-ALD mouse fibroblasts were grown, harvested and 
assayed as described previously. ' (B) VLCFA concentrations. Total lipids were extracted from 
cultured fibroblasts and fatty acids were separated according to chain length and quantitated by 
Capillary Gas Chromatography as described previously. 

Table 8: Complementation of C24:0 ß-Oxidation in Fibroblasts from X-ALD Mice. 
cDNA construct n C24:0 ß-oxidation (nmol/hr/mg protein) 
none 5 0.13 ±0.01 
pcDNA3 3 0.13 ±0.06 
human ALDP 5 0.89 ±0.18 
mouse VLCS 5 0.81 ±0.16 
Normal mouse fibroblasts 3 0.99 ± 0.15  

Fibroblasts from an X-ALD mouse were transfected with the indicated cDNA constructs as 
previously described. C24:0 ß-oxidation specific activity (SA) was determined, and corrected 
for the fraction of cells expressing the transgene, as determined by LMF staining. The indicated 
values are mean and standard deviation. 

Genetic modification of X-ALD clinical presentation. As cited above, 
several studies have established that there is no correlation of X-ALD mutations 
and the marked variability of X-ALD clinical presentation. Indeed, null mutations 
are associated with all forms of X-ALD from the most severe to the mildest 
phenotype (Table 2). The source of variable X-ALD phenotypes could be 
environmental, genetic or both. Genetic segregation analyses provide support for 
the hypothesis that at least one autosomal gene plays a role in the manifestation of 
characteristics that derive in the first instance from mutations in the ALD gene. 
The genes for the proteins described in this report are candidates for such modifier 
effects. In addition to ALDP, at least two of the peroxisomal half-transporters, 
ALDRP and PMP70, as well as VLCS, are able to correct the metabolic defect in 
cells that lack ALDP. Most surprising is the demonstration of at least two VLCS 
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activities, one of which appears to be independent of the presence of ALDP. While 
it has been clearly demonstrated that there is no correlation between the plasma 
level of VLCFAs and the clinical phenotype of X-ALD,1 relevant measurements in 
X-ALD target tissues, the cerebral cortex and the adrenal gland, are not available. It 
is clear from studies of VLCFA levels in various tissues of the X-ALD mouse 
model that there are marked differences in the accumulation of VLCFAs.52 Data 
discussed in this report demonstrate that the peroxisomal half-transporters and 
VLCS are expressed in a tissue specific manner. Higher expression of one or more 
of these genes could lead to variable levels of VLCFAs in the affected cell types in 
X-ALD leading to variable phenotypic outcomes. Studies to examine such a 
correlation are currently in progress. 
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Abstract 

As more functional redundancy in mammalian cells is discovered, enhanced 
expression of genes involved in alternative pathways may become an effective 
form of gene therapy. X-linked adrenoleukodystrophy (X-ALD) is a peroxisomal 
disorder with impaired very-long-chain fatty acid metabolism. The ALD gene 
encodes a peroxisomal membrane protein (ALDP) that is part of a small family of 
related peroxisomal membrane proteins. We show that 4-phenylbutyrate treatment 
of cells from both X-ALD patients and X-ALD knockout mice results in decreased 
VLCFA levels and increased VLCFA ß-oxidation; increased expression of the 
peroxisomal protein ALDRP; and induction of peroxisome proliferation. We also 
demonstrate that ALDP and ALDRP are functionally related, by ALDRP cDNA 
complementation of X-ALD fibroblasts. Finally, we demonstrate the in vivo 
efficacy of dietary 4-phenylbutyrate treatment through its production of a 
substantial reduction of very-long-chain fatty acid levels in the brain and adrenal 
glands of X-ALD mice. 

Introduction 

Functional gene redundancy and/or redundant metabolic pathways may be a 
fundamental aspect of vertebrate evolution. The observation that null mutations in 
mouse models of human disease created by targeted gene disruption often have no 
relevant clinical phenotype or a more subtle one than predicted has been explained 
in part by genetic redundancy.2 Redundant genes that can completely or partially 
substitute for each other are candidates for an approach to gene therapy for genetic 
disease that is based on increased expression of an endogenous gene rather than the 
introduction of a normal copy of the defective gene by transgenesis. This approach 
avoids the complications inherent in transgene gene therapy, such as targeting 
expression to the appropriate tissue and the immunosurveillance of tissues 
expressing the new transgene. In principle, enhanced gene expression could be 
accomplished in utero, allowing for early intervention. Initial exploration of 
pharmacologic induction of redundant genes in a clinical setting involved the 
stimulation of fetal hemoglobin by 5-azacytidine, hydroxyurea, sodium butyrate 
and sodium 4-phenylbutyrate (4PBA) to ameliorate the effects of adult 
hemoglobinopathies.3 6 Also, it has recently been suggested that such an approach 
might be useful in Duchenne muscular dystrophy by increasing the expression of 
utrophin, a protein that is structurally similar to dystrophin, the abnormal protein in 
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this genetic disorder.7 As more functional gene redundancy is recognized, 
increased expression of a related gene could become a general approach to the 
treatment of genetic disease. X-linked adrenoleukodystrophy (X-ALD: McKusick 
No. 300100) is a candidate for such pharmacological gene therapy. 

X-ALD is associated with defective peroxisomal ß-oxidation of saturated 
very-long-chain fatty acids (VLCFA) and reduced activity of peroxisomal VLCF-
acyl CoA synthetase. " It affects mainly central and peripheral myelin, the adrenal 
cortex and the testis. X-ALD shows a highly variable clinical phenotype including 
a rapidly progressive childhood cerebral form (CCALD), with inflammatory 
cerebral demyelination; a milder adult form, adrenomyeloneuropathy (AMN) that is 
slowly progressive and with initial symptoms limited to the spinal cord and 
peripheral nerves of the limbs; and a form (Addison-only) in which there is adrenal 
insufficiency without neurologic involvement. All forms of X-ALD segregate in 
the same families and arise from identical mutations including null mutations.13"15 

The gene for X-ALD, identified by positional cloning,13 encodes a 
peroxisomal membrane protein (ALDP) with a predicted molecular mass of 83 
kDa.16 Based on sequence homology, it belongs to the ATP-binding cassette (ABC) 
superfamily of transmembrane transporters, with the structure of a half-transporter. 
Although peroxisomal VLCF-acyl CoA synthetase activity is impaired in X-ALD, 

I S 1 "7-IQ 90 "? 1 

mutational analysis, ' " and complementation studies," ' have shown that ALDP 
and not that for VLCF-acyl CoA synthetase is responsible for X-ALD. 

There are three additional mammalian peroxisomal membrane ABC half-
transporters that are closely related by nucleic acid and protein sequence: ALDRP 
(ALDPL1), an ALDP related protein;22'23 PMP70, a 70-kDa protein;24'25 and 
PMP69 (P70R), a 69-kDa protein.26'27 The function(s) of the peroxisomal ABC 
half-transporters and their interaction with VLCF-acyl CoA synthetase is unknown, 
but their considerable sequence similarity indicates that they might have related 
and/or overlapping function(s) in peroxisomal fatty acid metabolism. This is 
supported by the observations that X-ALD cells lacking ALDP have a residual 
activity for VLCFA ß-oxidation, which could result from one or more of the other 
peroxisomal ABC half-transporters; and that PMP70 overexpression partially 
restores VLCFA ß-oxidation in X-ALD fibroblasts,21 indicating that other 
peroxisomal ABC half-transporters can, at least in part, substitute for the absence of 
ALDP. In addition, the high level of identity between ALDP and ALDRP has led to 
speculation that these proteins might be functionally related.22'23 

We have generated a mouse model for X-ALD by targeted gene disruption.29 

The X-ALD mouse has elevated levels of VLCFA in tissues that resemble the 
characteristic biochemical defect in X-ALD patients. Thus, the in vivo efficacy of 
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treatment can be monitored by determination of its effect on VLCFA levels in the 
tissues, brain and adrenal gland, the organs most affected in X-ALD. 

At present, no completely satisfactory therapy for X-ALD is available. Some 
success has been achieved with bone marrow transplantation.30'31 'Lorenzo's oil', a 
dietary therapy, depresses plasma and liver levels of VLCFA within a month; 
however, it has no effect on the clinical course of the disease, perhaps because 
erucic acid, the active ingredient of 'Lorenzo's oil', does not get into the brain.32'33 

Thus, new approaches to therapy of X-ALD are warranted. 
We explored the possibility of pharmacological gene therapy for X-ALD by 

treating cell lines derived from X-ALD patients and from our X-ALD mouse model 
with 4-phenylbutyrate (4PBA). 4PBA has been used for many years in the 
treatment of patients with urea cycle disorders with few, if any, side effects.34 

Although details of their mode(s) of action are unclear, 4PBA and other butyrate 
derivatives seem to increase expression of certain target genes.35 !8 Fenofibrate, a 
compound structurally related to 4PBA, also increases expression of ALDRP and 
PMP70, but not ALDP in rats.39 Treatment of nasal epithelia cells from cystic 
fibrosis patients who are homozygous or heterozygous for the del-F508-CFTR 
mutation with 4PBA results in rescue of del-F508-CFTR from premature 
degradation in the endoplasmatic reticulum. It is now believed that del-F508-CFTR 
protein biosynthesis is enhanced by 4PB A because of altered regulation of protein 
folding by a chaperone in the endoplasmatic reticulum.40'41 In X-ALD, 70% of 
mutations result in unstable ALDP.18'42'43 Thus, 4PBA could similarly rescue 
unstable ALDP from premature degradation. In rodents, exposure to compounds 
related to 4PBA, like Clofibrate and fenofibrate, induces peroxisome proliferation.44 

Although classic mammalian peroxisome proliferators are generally only effective 
in rodents, indirect evidence indicates that 4PBA might cause peroxisome 
proliferation in human cells.45 Because X-ALD patients have residual VLCFA ß-
oxidation activity, an increase in the number of peroxisomes could increase 
VLCFA ß-oxidation. In addition, in vivo efficacy has been explored by 
determination of VLCFA levels in X-ALD mice after exposure to dietary 4PBA. 

Materials and Methods 

Cell culture and 4PBA treatment. Cell lines derived from X-ALD patients and X-ALD mice 
were grown in MEM (fibroblasts) or RPMI (lymphoblastoid) supplemented with 10% fetal calf 
serum, penicillin (100 U/ml), streptomycin (100 U/ml) and glutamine (2 mM). On day 0, cells 
were divided into two separate tissue culture flasks, and 4PBA (5 mM final concentration, diluted 
from a 0.5 M stock solution in PBS, pH 7.6: Mediatech, Grand Island, New York) was added to 
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one flask. Cells in the second flask were grown without drug for the same length of time and 
served as controls. The media were changed every 3-4 days. X-ALD patient cell lines with the 
following mutations were included in this study: missense (R591Q, S606L, A626T, R660W), 
nonsense (Q645X), an in-frame amino acid deletion (E291del), an identical frame shift (fs E471) 
in two independent cell lines, one from a patient with CCALD and one from a patient with the 
Addison-only phenotype, and a large deletion in the COOH-terminal half of ALDP (exon 7-
lOdel). The phenotypes included: CCALD, AMN and Addison-only. Two of the X-ALD cell 
lines have detectable ALDP (R591Q, S606L), whereas all of the other cell lines have no 
detectable ALDP. 

In vivo delivery of 4PBA to X-ALD mice. 4PBA was delivered to X-ALD mice in their regular 
chow and water. 4PBA chow was prepared by Bio-Serv (Holton Industries, Frenchtown, New 
Jersey). 7.5 gram of 4PBA (Buphenyl: provided by Ucyclyd Pharma, Glen Burnie, Maryland) 
was mixed into each kilogram of Purina Rodent Diet 5001 (Bio-Serv; Holton Industries, 
Frenchtown, New Jersey) before they were shaped into half-inch pellets. 4PBA chow in the form 
of half-inch pellets that had not been autoclaved was used to feed X-ALD mice. In addition, the 
water for the X-ALD mice on the 4PBA diet contained 10 grams of 4PBA per liter. The daily 
4PBA uptake was estimated to be 70 mg of 4PBA, based on 4 grams of food and 4 ml of water 
intake per day. Mice were killed after four or six weeks on the 4PBA diet. Brains and adrenal 
glands from normal, X-ALD and X-ALD/4PBA mice were collected for VLCFA analysis as 
described.29 

Biochemical measurements. Tissue culture cells were grown in the presence or absence of 5 
mM 4PBA, collected from tissue culture flasks with trypsin, washed twice with PBS and 
subjected to biochemical analysis. For VLCFA measurements, total lipids were extracted, 
converted to methyl esters, purified by TLC, and subjected to capillary GC analysis as 
described.54 Duplicate assays were set up independently and were assayed on different days. 
C24:0 ß-oxidation activity of human and mouse fibroblasts and human lymphoblastoid cells was 
determined by measuring their capacity to degrade [1-14C]-C24:0 fatty acid (American 
Radiolabeled Chemicals, St Louis, Missouri) to water-soluble products as described.3 Phytanic 
acid oxidation was measured as described.56 Cells were incubated with [2,3- H]-phytanic acid for 
24 hours, and the release of [3H]-H20 to the aqueous medium was determined (activity in 
pmol/hr/mg protein). The statistical significance of measured biochemical differences between 
untreated and 4PBA treated X-ALD cell lines was determined by the two-tailed Student's Mest. 
For transfection studies with recombinant expression vector (pcDNA3) alone or with vector 
containing cDNA for PMP70, ALDP or ALDRP, human X-ALD fibroblasts were transformed 
with SV40 T antigen as described.21 

Semi-quantitative RT-PCR analysis. Total RNA from tissue culture cells (106-107 cells/sample) 
was isolated using TRIzol Reagent™ (Life Technologies), treated with DNase I (100-200 units in 
40 mM HCl, 10 mM NaCl, 6 mM MgCl2, pH 7.3), incubated at 37°C for 30 minutes, extracted 
with phenol/chloroform, and precipitated with isopropanol. cDNA was generated using MMLV 
reverse transcriptase (RT) (Life Technologies). PCR was done in the linear range of amplification 
(determined for each primer pair-cDNA combination). For each cDNA sample, a 'cocktail' was 
prepared, containing PCR buffer (Promega), 200 pJVI of each dNTP, 1.5 mM MgCl2, 250 ng 
cDNA, 0.25 U of Taq polymerase (Promega) and 5% DMSO. The 'cocktail' was divided into 
separate tubes containing cDNA specific primers. 
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Primers. The PCR primers used are listed below. In parentheses, h indicates human and m, 
mouse; this is followed by the gene name, product size and annealing temperature. For primer 
sequences, F is forward and R is reverse. (hALD, 249, 64°C) F: 5'-GGA GCT GGT GGC AGA OCA
S', R: 5'-ACA GCC ACC ATG AGC AGG-3'; (mALD, 526, 59°C) F: 5'-CCT ATC ATC ACA CCC 
ACT GGA GAG-3', R: 5'-GCA GTG CGA TAC CAG CAT CTT TG-3'; (hPMP70, 405, 60°C) F: 5'-
TTT GAA GTT CGA TCT GGG-3', R: 5'-ATC CAA AAT GGC AAA CTG GG-3'; (mPMP70, 405, 
60°C) F: 5'-TTT GAA GTT CGA TCT GGG-3', R: 5'-ATC CAA AAT GGC AAA CTG GG-3'; 
(hALDR, 312, 59°C) F: 5'-GCT GTC AGC ATT GAT GTC GAA GGA-3', R: 5'-TTA AGA TGT CTC 
ATC-3'; (mALDR, 711, 57°C) F: 5'-TGG TGG CTT CCA GGC TAA ACT TC-3', R: 5'-CCG AGT CTT 
CCC CCAGAA TTT TG-3'; (hPMP69, 319, 60°C) F: 5'-CTC ACT GAG CAC CTT CAC CG-3', R: 5'-
CTC CCT CCA GCT TCT CCT GA-3'; (hAOX, 405, 60°C) F: 5'-CAG CCA CGT ATG ACC CTG AA-
3', R: 5'-CTC CCA CAA GGA AGG ACC TG-3'; (mAOX, 247, 60°C) F: 5'-TCA CGC ACG TCT TGG 
ATG GTA GTC-3', R: 5'-CCA ACA GGT TCC ACA AAA TTG ACC-3'; (hPPARa, 347, 60°C) F: 5'-
AGA GCC CGT TAT CTG AAG AGT TCC-3', R: 5'-CAC CAG CTT GAG TCG AAT CGT TC-3'; 
(mPPARa, 268, 60"C) F: 5'-GAT TTC TCA GTC CAT CGG TGA GG-3', R: 5'-GAA GCC CTT ACA 
GCC TTC ACA TG-3'; (hPexlla, 658, 55°C) F: 5'-CCC GTC GAC GGA CGC CTT CAC CCG CTT 
CAC C-3', R: 5'-CCA CGC GGC CGC TCA CAG CTG GTC CAA AGG GGT TCA GG-3'; (mPexl la, 
720, 55°C) F: 5'-CCC GGT ACC ATG GAC GCC TTC ATC CGA GTC GCC-3', R: 5'-CCC GGA TCC 
GCG GGC CTT CAG TTT CAG CTG AGG-3'; (ß-Actin, 460, 62°C) F: 5'-TTT GAG ACC TTC AAC 
ACC CCA G-3', R: 5'-TTT CGT GGA TGC CAC AGG A-3'; (GAPDH, 528, 62°C) F: 5'-ACC ACC 
ATG GAG AAG GCT GG-3', R: 5'-CTC AGT GTA GCC CAA GAT GC. ß-Actin and GAPDH 
primers were used for both human and mouse analyses. 

Western blot analysis. Tissue culture cells were scraped from tissue culture dishes using a 
'policeman', into cold PBS solution and protease inhibitor cocktail (Boehringer). Samples were 
mixed (1:1) with 2x sample buffer. Total protein samples were fractionated by SDS-PAGE using 
a 7.5% gel using the method of Laemmli.57 Proteins were transferred to a polyvinylidene fluoride 
membrane (Immobilon-P; Millipore, Bedford, Massachusetts) for 2 hours at 24 V. Immunoblot 
analysis used antibodies against ß-actin (Sigma), mouse ALDP and mouse ALDRP (anti-ALDP 
and anti-ALDRP were a kind gift from Dr. P. Aubourg) and human SCP2 (SCP2 antibody was a 
kind gift from Dr. J. Strauss). Enhanced chemiluminescence (SuperSignal Substrate; Pierce, 
Rockford, Illinois) was used to detect bound antibody. 

Immunofluorescence and peroxisome counting. Human skin fibroblasts were grown on cover 
slips in the presence or absence of 5 mM 4PBA, and indirect immunofluorescence was done as 
described.4"' The anti-SKL (PTS1) antibody was a kind gift from Dr. S. Gould and the anti-
Pexl4p antibody was a kind gift from Dr. S. Mihalik. To count peroxisomes, we photographed 
immunofluorescence-stained cells after focusing on the cell nucleus, and determined the 
peroxisome number per cell with the aid of a colony counter after projecting the slides to enlarge 
the image. 

Results 

4PBA corrects VLCFA levels in cultured X-ALD cells 
We treated human primary fibroblasts and lymphoblastoid cells (EBV-transformed 
lymphocytes) derived from X-ALD patients with 1 mM to 7.5 mM 4PBA and 
compared the results to those obtained with untreated X-ALD cells and cells from 
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normal individuals. The genotypes of the X-ALD patients included missense, 
nonsense, frame shift and deletion mutations and all of the main clinical 
phenotypes. We found that between the concentrations of 1 mM and 5 mM 4PBA, 
there was a dose dependent decrease in VLCFA levels, whereas concentrations 
exceeding 7.5 mM were toxic for both human and mouse primary fibroblasts (data 
not shown). We also analyzed VLCFA levels in primary fibroblasts from normal 
mice and X-ALD mice that have no detectable ALDP. We determined the effect of 
5 mM 4PBA on C24:0 and C26:0 levels in human fibroblasts, human 
lymphoblastoid cells and mouse fibroblasts (Table 1). After two days of treatment, 
a time-dependent reduction in VLCFA levels in human and mouse X-ALD cell 
lines was observed. In human lymphoblastoid cells and mouse fibroblasts, C24:0 
and C26:0 levels were normalized within 10 days of treatment. In human X-ALD 
fibroblasts, C24:0 levels were normalized within 10 days, whereas C26:0 levels 
were reduced by 47% after 22 days. The results obtained were independent of 
genotype or phenotype. The difference in C26:0 response between human and 
mouse fibroblasts may reflect the greater initial elevation in human (0.46% of total 
fatty acids) compared with mouse (0.30% of total fatty acids) fibroblasts, rather 
than a difference in response to 4PBA (these percentages are the average of those 
listed for untreated cell lines in Table 1). 

4PBA increases VLCFA (C24:0) ß-oxidation 
To determine if the reduction in VLCFA is caused by an increase in their 
degradation, we measured C24:0 ß-oxidation in mouse and human X-ALD primary 
fibroblasts and human X-ALD lymphoblastoid cells after treatment with 4PBA 
(Table 2). Exposure to 5 mM 4PBA for 6 days resulted in a twofold to threefold 
increase in C24:0 ß-oxidation in all X-ALD cell lines tested. Human fibroblasts 
C24:0 ß-oxidation increased from 25% to 48% of normal; human lymphoblastoid 
cells, from 18% to 53% of normal; and mouse fibroblasts, from 15% to 29% of 
normal. Although exposure to 4PBA did not increase ß-oxidation of C24:0 to wild-
type levels, the twofold to threefold increase seems to be sufficient to normalize 
C24:0 levels in all cell types tested, indicating a direct correlation between the 
decrease in VLCFA levels and the increase in VLCFA degradation. Furthermore, 
the increase in C24:0 ß-oxidation was identical in mouse and human X-ALD 
primary fibroblasts, indicating an equivalent response to 4PBA. There are several 
possible mechanisms that could account for the action of 4PBA in X-ALD. 
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Table 1: Effect of 4PBA on VLCFA (C24:0 and 
Phenotype n Exposure Untreated 

(days) (percent of total 

C26:0) levels in 
Treated 

fatty acids) 

cultured cell lines 
P value Percent 

Correction2 

Human Primary Fibroblasts C24:0 
X-ALD 6 1 2.62 ±0.40 2.65 ±0.36 0.988 -1 
X-ALD 4 6 2.48 ±0.67 1.82 ±0.28 0.122 81 
X-ALD 10 12 2.11 ±0.33 1.43 ±0.34 O.001 155 
X-ALD 7 16 2.22 ±0.12 1.69 ±0.27 0.001 96 
X-ALD 4 22 2.20 ±0.23 1.52 ±0.14 0.006 128 
Normal 8 1.67 ±0.45 

C26:0 
X-ALD 6 1 0.52 ±0.15 0.51 ±0.14 0.906 2 
X-ALD 4 6 0.53 ±0.13 0.41 ±0.04 0.147 26 
X-ALD 10 12 0.43 ± 0.08 0.31 ±0.06 0.003 33 
X-ALD 7 16 0.41 ±0.06 0.28 ±0.03 O.001 38 
X-ALD 4 22 0.45 ± 0.05 0.27 ± 0.04 0.005 47 
Normal 8 0.07 ± 0.02 
Human Lymphoblastoid Cells C24:0 
X-ALD 21 6 1.03 ±0.19 0.65 ±0.17 O.001 126 
X-ALD 5 10 1.04 ±0.20 0.54±0.16 0.004 161 
Normal 8 0.73 ±0.22 

C26:0 
X-ALD 21 6 0.21 ±0.07 0.11 ±0.05 O.001 71 
X-ALD 5 10 0.26 ±0.13 0.09 ±0.05 0.029 90 
Normal 8 0.07 ± 0.03 
Mouse Primary Fibroblasts C24:0 
X-ALD 4 5 1.88 ±0.08 1.10± 0.15 0.002 115 
X-ALD 4 9 1.84 ±0.10 0.87 ±0.04 0.001 152 
Normal 7 1.20 ±0.40 

C26:0 
X-ALD 4 5 0.30 ±0.08 0.07 ±0.03 0.005 92 
X-ALD 4 9 0.30 ±0.06 0.05 ±0.01 0.002 100 
Normal 7 0.05 ± 0.02 
To assess the effect of 4PBA on VLCFA levels, we compared results obtained from treated cells 
with those obtained from untreated cells grown in parallel. The time of 4PBA treatment varied 
(Exposure). VLCFA levels were calculated as a weight percentage of the total fatty acids in the 
cells. Percentages are the average of multiple assays (n) in mixed cell lines from X-ALD patients 
with different mutations and different phenotypes. Two of the X-ALD cell lines have detectable 
ALDP; all of the other cell lines have no detectable ALDP. There were no detectable differences 
in response to 4PBA among the various cell lines. Mouse values are for individual cell lines from 
different X-ALD mice with no detectable ALDP. (a) The percent correction was calculated 
relative to the difference in the values observed in untreated X-ALD cells (0%) and the values 
observed in normal cells (100%). Correction exceeding 100% indicate VLCFA levels that are 
lower than those observed in corresponding normal cells. P values were calculated using the 
two-tailed Student's t-test. 
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0.20 ±0.07 0.39 ±0.07 < 2e-07 1.95 
0.06 ±0.01 0.18 ±0.03 < 3e-06 2.92 

0.15 ±0.02 0.28 ±0.03 < 9e-05 1.87 

0.81 ±0.14 nd na na 
0.36 ±0.06 nd na na 
0.97 ±0.15 nd na na 

Table 2: The effect of 4PBA on C24:0 ß-oxidation. 
Cell type n Untreated Treated P value Increase 
X-ALD human primary fibroblasts 15 
X-ALD human lymphoblastoid cells 8 

X-ALD mouse primary fibroblasts 6 

Normal human primary fibroblasts 13 
Normal human lymphoblastoid cells 7 
Normal mouse primary fibroblasts 3 
Cells were grown in the presence or absence of 5 mM 4PBA for 6 days. C24:0 ß-oxidation 
activities in treated cells were compared with those in untreated control cells. Values reported 
are mean specific activity in nmol/hr/mg protein. Equal amounts of protein (200-300 ug) from 
treated and untreated X-ALD cells were assayed. A 6-day exposure to 5 mM 4PBA resulted in 
about a twofold increase in human and mouse X-ALD fibroblasts, and about a threefold increase 
in the C24:0 ß-oxidation in human lymphoblastoid cells, nd, not done; na, not applicable. 

Effect of 4PBA on ALDP stability 
The response to 4PBA (Table 1) was independent of the X-ALD genotype; cell 
lines assayed included a deletion of the four C-terminal exons and cell lines derived 
from patients with different X-ALD phenotypes. In addition, human X-ALD 
primary fibroblasts with de-stabilizing missense mutations (A626T, R660W) 
treated with 5 mM 4PBA for up to 10 days did not result in detectable levels of 
ALDP, as determined by cytological immunofluorescence using anti-ALDP 
antibody (data not shown). Thus, the mechanism by which 4PBA effects VLCFA 
metabolism in X-ALD cannot be through stabilization of unstable ALDP, as has 
been suggested for cystic fibrosis. ' 

Effect of 4PBA on functional homologs of ALDP 
To monitor the effect of 4PBA on the expression levels of the family of 
peroxisomal ABC half-transporter proteins (ALDRP, PMP70 and PMP69), we 
grew normal and X-ALD primary fibroblasts from human and mouse in the 
presence or absence of 5 mM 4PBA for 2 days. Semi-quantitative RT-PCR was 
done on the mRNA isolated from these cells (Fig. 1). Treatment with 4PBA 
resulted in a substantial increase in ALDR mRNA level in normal and X-ALD 
primary fibroblasts from both human and mouse. However, exposure to 4PBA had 
little, if any, effect on the expression levels of either PMP70 or PMP69 in X-ALD 
or normal primary fibroblasts, or on the expression of ALDP in normal primary 
fibroblasts from human or mouse. In addition, the expression of acyl-CoA oxidase 
(AOX), the rate-limiting enzyme in VLCFA ß-oxidation,46 was not affected. 
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Although previous studies have reported that ALDR mRNA was not detectable in 
fibroblasts by either northern or RT-PCR analyses, those RT-PCR studies used 
about 66 ng of cDNA; we used about 250 ng of cDNA. 
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Figure 1. RT-PCR analysis of RNA 
levels in mouse (A) and human (B) 
primary fibroblasts before (-) and after 
(+) treatment with 5 mM 4PBA for 2 
days. The relative abundance of mRNA 
for the genes indicated was estimated 
by semi-quantitative PCR analysis 
using gene-specific PCR primers. After 
exposure of both human and mouse 
fibroblasts to 5 mM 4PBA, the relative 
abundance of ALDR was substantially 
increased compared with the RNA 
levels for the housekeeping genes 
GAPDH (mouse) or ß-actin (human). 
The mRNA levels of all other genes 
monitored were unchanged. AOX, acyl-
CoA oxidase; nd, not done; bp, size of 
PCR product. 

Because of the inherent variability in quantitation of RT-PCR, we analyzed 
protein levels in normal and X-ALD mouse primary fibroblasts, both untreated and 
treated with 4PBA, to measure the increase in ALDRP expression. The relative 
ALDRP levels in both normal and X-ALD fibroblasts and ALDP in normal 
fibroblasts were determined by comparing their abundance with that of the protein 
of the housekeeping gene ß-actin in the same samples after densitometric analysis 
of western blots (Fig. 2). In agreement with the RT-PCR results, treatment with 
4PBA did not alter the relative level of ALDP in normal mouse fibroblasts. 
However, ALDRP levels were increased in X-ALD fibroblasts (by 3.4-fold) but not 
in normal fibroblasts, even though mRNA levels were increased in both. These 
findings indicate that ALDP and ALDRP may occupy equivalent domains within 
the peroxisomal membrane. This would agree with the observation that ALDP and 
ALDRP are generally expressed in different cell types.47 Although ALDRP was not 
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increased in normal fibroblasts after 10 days of exposure to 4PBA (data not 
shown), it is possible that even longer exposures would result in increased levels of 
ALDRP in normal fibroblasts due to turnover of ALDP. 
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Figure 2. (A) Western blot analysis of 
mouse primary fibroblasts before (-) and 
after (+) treatment with 5 mM4PBAfor 5 
days, nd, not detectable. (B) The relative 
abundance of ALDRP or ALDP was 
compared with the levels for the 
housekeeping protein ß-actin present in 
the same preparations, by laser scanning 
densitometric analysis of blots in a. Open 
bars, untreated cells; Hatched bars, 
treated cells. 

Figure 3. Peroxisomal ABC half-transporter 
complementation of C24:0 ß-oxidation. SV40 T 
antigen transformed human X-ALD fibroblasts 
were transfected with recombinant expression 
vector (pcDNA3) alone or with vector 
containing cDNA for PMP70, ALDP or ALDRP 
(hatched bars). The rates of C24:0 ß-oxidation 
observed in the transfected cells were corrected 
for the fraction of cells expressing the transgene, 
as determined by IMF staining of the transgene. 
The adjusted rates were compared to rates of 
C24:0 ß-oxidation determined in transformed 
fibroblasts from normal individuals (filled bar). 
The increase in C24:0 ß-oxidation after 
expression of ALDRP cDNA provides an 
explanation for the normalization of C24:0 
levels in X-ALD cells after treatment with 4PBA. 
Duplicate measurements were done for each 
transfection. The indicated values are the mean 
and standard deviation for pcDNA3, n = 6; 
ALDP, n = 5; ALDRP, n = 4; and normal, n = 
5. PMP70, n = 1. 
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ALDR cDNA complementation restores C24:0 ß-oxidation 
We previously demonstrated that expression of either ALDP or PMP70 cDNA in 
X-ALD fibroblasts increased C24:0 ß-oxidation.21 To determine if increased ALDR 
expression could account for increased C24:0 ß-oxidation and the restoration of 
C24:0 levels following 4PBA treatment, we overexpressed ALDRP cDNA in 
cultured transformed fibroblasts from X-ALD patients. We analyzed the resulting 
C24:0 ß-oxidation activity in X-ALD fibroblasts complemented with vector 
(pcDNA3), PMP70, ALDP or ALDRP cDNA (Fig. 3). Over-expression of each of 
the peroxisomal ABC half-transporters tested increased C24:0 ß-oxidation, and 
both ALDRP and ALDP resulted in activity near that observed in transformed 
normal fibroblasts. Thus, increased expression of ALDR after exposure of X-ALD 
cells to 4PBA provides an explanation for the reduction of VLCFA levels. 

Effect of 4PBA on peroxisome proliferation 
Although human cells generally do not respond to agents known to function as 
peroxisome proliferators in other species,44 it has been suggested that 4PBA may 
function as a peroxisome proliferator in humans.45 To determine if 4PBA induces 
peroxisome proliferation, we initially examined untreated and treated human X-
ALD primary fibroblasts. Peroxisomes were made visible with 
immunofluorescence using a polyclonal antibody to the C-terminal tripeptide 
(SKL) peroxisomal targeting signal 1 (PTS1), which is present in most peroxisomal 
matrix proteins.48 Cells were assayed after 5, 8 and 10 days of exposure to 5 mM 
4PBA. As seen by immunofluorescence, there was an approximately twofold 
increase in peroxisome number after 8 days of treatment (Fig. 4). We counted the 
peroxisomes after 10 days of treatment (Table 3). Slides were scanned visually and 
cells categorized as having low, medium or high numbers of peroxisomes. For each 
cell line, the number of peroxisomes is the mean of three Tow', four 'medium' and 
three 'high' cells (Table 3). There was no difference between control cells and X-
ALD cells in either the number of peroxisomes per cell or in the response to 4PBA. 
The combined results from five X-ALD cell lines and four control cell lines were 
416 ± 27 peroxisomes per cell before exposure to 4PBA and 1014 ± 108 after 
exposure. The 2.4-fold increase in the number of peroxisomes per cell was 
statistical significant (P < 0.0000001, two-tailed Student's /-test). Peroxisome 
numbers obtained with an antibody against a peroxisomal membrane protein 
(Pexl4p) gave similar results (data not shown). 
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Figure 4. Peroxisomal staining in human X-ALD 
primary fibroblasts. Punctate staining peroxisomes 
in human X-ALD primary fibroblasts were 
visualized using immunofluorescence analysis with 
a polyclonal antibody against the C-terminal 
tripeptide (SKL) peroxisomal targeting signal 1 
(present in most peroxisomal matrix proteins) before 
(A) and after (B) 10-day treatment with 5 mM 
4PBA. Counting the number of peroxisomes per cell 
indicated a 2.4-fold increase (P < 0.0000001) after 
treatment. 

Table 3: Effect of 4PBA on peroxisome number in human primary skin fibroblasts 
Cell line Untreated Treated P- value Increase 
normal GM5565 10 425± 144 961 ±383 < 0.0008 2.3 
normal GM5659C 10 398 ±158 907 ± 270 < 0.0001 2.3 
normal GM5757A 10 423±138 1035 ±338 < 0.00009 2.4 
normal GM5756 10 373±156 852 ±271 < 0.0004 2.3 
Mean 405 ± 24 939 ±78 < 0.001 2.3 

X-ALD (A626T) 10 400 ±130 968 ± 349 < 0.0002 2.4 
X-ALD (R591Q) 10 419 ±198 1159 ±363 < 0.00005 2.8 
X-ALD (fsE471) 10 459 ±108 992 ± 344 < 0.0003 2.2 
X-ALD (fsE471) 10 398 ±122 1089 ±365 < 0.00005 2.7 
X-ALD (exon7-10del) 10 449 ±138 1164 ±378 < 0.00005 2.6 
Mean 425 ±28 1074 ±92 < 0.0002 2.5 
Peroxisome numbers in human control and X-ALD primary skin fibroblasts before and after 10 
day exposure to 5 mM 4PBA resulted in an increase of approximately 2.4-fold in peroxisomes per 
cell. The X-ALD mutations are indicated in parentheses for each cell line. The Fs E471 mutation 
was present in two independent cell lines. 

To determine if the increase in peroxisome number resulted in an increase in 
peroxisome function, we examined peroxisomal components that are not affected in 
X-ALD: phytanic acid oxidation, and levels of the peroxisomal matrix protein, 
sterol carrier protein 2 (SCP2). Phytanic acid oxidation occurs exclusively in the 
peroxisomal matrix,49 and can therefore serve as a marker for peroxisomal function. 
Treatment of either X-ALD or normal human primary fibroblasts resulted in a 
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twofold increase in phytanic acid oxidation, in agreement with the increased 
number of peroxisomes estimated by immunofluorescence (Fig. 5a). SCP2 is a 15-
kDa protein located exclusively in the peroxisomal matrix.50 We determined its 
abundance in human X-ALD fibroblasts by western blot analysis before and after 5 
and 10 days of exposure to 5 mM 4PBA. There was a significant increase in the 
amount of SCP2, again consistent with an approximately twofold induction of 
peroxisomes (Fig. 5b). Because peroxisomes in X-ALD cells have a residual 
VLCFA ß-oxidation activity that is independent of ALDP, 4PBA stimulation of 
peroxisome proliferation increases an alternative metabolic pathway in addition to a 
functionally redundant gene. 

Figure 5. Peroxisome function after treatment 
with 4PBA. (A) a-Oxidation of phytanic acid in 
normal and X-ALD human primary fibroblasts 
before (filled bars) and after (hatched bars) 
treatment with 5 mM 4 PB A for 10 days. The 
increase in phytanic acid oxidation activity was 
significant (P < 0.0015 (n = 4) for X-ALD 
primary fibroblasts and P < 0.013 (n = 3) for 
normal primary fibroblasts). (B) Protein levels 
ofSCP2 (the peroxisomal matrix- specific sterol 
carrier protein 2) were determined in human X-
ALD primary fibroblasts after exposure to 
4PBA for 0, 5 or 10 days, using western blot 
and densitometry analysis. The relative amount 
of SCP2 protein was compared with the amount 
of protein for the housekeeping gene ß-actin. 
Exposure to 4PBA resulted in a substantial 
(approximately threefold) increase in SCP2, 
consistent with the increase in peroxisome 
numbers. 
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To analyze the mechanism of 4PBA-induced peroxisome proliferation in 
human cells, we examined the expression of Pexl la , the inducible regulator of 
peroxisome abundance; peroxisome proliferator-activated receptor a (PPARa), the 
receptor for peroxisome proliferators; and AOX, a gene whose expression in 
rodents is considerably increased during peroxisome proliferation (Fig. 6). 
Pexll has been shown to be upregulated during peroxisome proliferation in 
yeast,51'52 and in rodents, Pexl la is variably expressed in different tissues and 
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shows increased expression in rat liver after treatment with peroxisome 
proliferators (S. Gould, unpublished observations). By RT-PCR analysis, Pexl la 
transcripts were undetectable in normal or X-ALD mouse fibroblasts either before 
or after 10 day exposure to 5 mM 4PBA (data not shown). In contrast, treatment of 
human fibroblasts resulted in a substantial increase in Pexl la expression after 2 
days. 

Figure 6. RT-PCR analysis of RNA levels in 
mouse primary fibroblasts after 2 days of 
treatment with 5 mM 4 PB A (A) and in 
human primary fibroblasts after 2 days (B) 
or 10 days (C) of treatment with 5 mM 
4PBA. The relative abundance of RNA for 
the genes indicated was estimated by semi
quantitative PCR analysis using gene-
specific PCR primers. Compared with the 
RNA levels for the housekeeping gene 
GAPDH (mouse) or ß-actin (human), AOX 
was unchanged in both mouse and human 
primary fibroblasts treated with 4PBA, 
whereas PPARa RNA was increased in 
mouse fibroblasts but not in human 
fibroblasts. Pexlla expression was 
substantially increased in human fibroblasts 
after two days. 

A Mouse Primary Fibroblasts 

Normal X-ALD 
Gene - + - + fee 
AOX HBBBi 247 

PPARa 1 268 

GAPDH e a ^ ^ 528 

2 days 

B Human Primary Fibroblasts 

X-ALD X-ALD 

. + - + 
PEXllu Huhn-4 

658 

ß-Actin w — 460 

2 days 

C X-ALD X-ALD 

- + - + 
AOX a—i 405 

PPARa WÊÊÊ8Ë 347 

fl-Aetin tMËÊKIi 460 

10 days 

In rodents PPARa expression is increased by peroxisomal proliferators. 4 

Semi-quantative RT-PCR analysis of PPARa expression showed that its expression 
is increased in mouse X-ALD fibroblasts as early as 2 days after treatment, but its 
expression in human X-ALD fibroblasts is unchanged, even after 10 days of 
treatment, when peroxisome proliferation is already observed. Thus, although the 
peroxisome proliferation response in mice may be, at least in part, through the 
documented PPARa pathway, the response in human cells seems to be through a 
newly discovered pathway that may involve Pex l la . We also examined the 
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expression of AOX which in rodents is also increased by most peroxisome 
proliferators.44 AOX expression in both mouse and human fibroblasts was 
unchanged after 2 days of exposure to 5 mM 4PBA and remained unchanged in 
human fibroblasts after 10 days exposure. This again indicates a newly discovered 
pathway for 4PBA-induced peroxisome proliferation in humans and perhaps in 
rodents. AOX has been identified as the rate-limiting step in VLCFA ß-oxidation. 
Treatment with 4PBA increases VLCFA ß-oxidation in X-ALD cells, but not to the 
levels observed in normal cells. Thus, the lack of increased AOX expression after 
4PBA treatment will not limit the restoration of VLCFA ß-oxidation to at least 
normal levels. 

Brain Adrenai 

CÎ4:0 C2*,-fl 

Fattv AcM 

C24:0 C2*:0 

Fatty Acid 

Figure 7. In vivo efficacy of 4PBA. VLCFA analyses of mouse brains and adrenal glands from 
control mice (black bars; n = 4 for brain and n = 6 for adrenal gland), untreated X-ALD mice 
(grey bars; n = 4 for brain and n = 7 for adrenal gland), and X-ALD mice treated with 4PBAfor 
4 weeks (right hatched bars; n = 2) or 6 weeks (left hatched bars; n = 2). Dietary 4PBA 
treatment for 4 weeks resulted in a substantial reduction in both brain and adrenal gland VLCFA 
levels. Treatment with 4 PB A for 6 weeks resulted in complete correction of C24;0 and a 78% 
correction ofC26:0 in X-ALD mice brain, and 90% and 85%, corrections ofC24:0 and C26.0, 
respectively, in X-ALD mice adrenal glands. 

In vivo efficacy of 4PBA 
To measure the in vivo efficacy of 4PBA, we supplemented mouse chow and water 
with 4PBA. X-ALD mice were on the 4PBA diet for 4 and 6 weeks. We 
determined the effect of 4PBA on VLCFA levels in mouse brain and adrenal glands 
was determined (Fig. 7). Four weeks of dietary 4PBA treatment resulted in 
substantial reduction of C24:0 and C26:0 levels in both brain and adrenal glands. 
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Six weeks of dietary 4PBA treatment resulted in complete normalization of brain 
C24:0 and 80% normalization of brain C26:0 levels, and approximately 90% 
correction of both C24:0 and C26:0 in the adrenal glands. 

Discussion 

We have demonstrated that 4PBA decreases VLCFA levels by increasing VLCFA 
ß-oxidation in cultured cells from both X-ALD patients and knockout mice. 
Although wild-type levels of C24:0 ß-oxidation were not achieved, the resultant 
twofold to threefold increase was sufficient to restore normal C24:0 levels in all 
cell types tested. A decrease in VLCFA levels in brain, the primary tissue affected 
in X-ALD, is likely because it has been shown that phenylacetate, the initial 
product of 4PBA breakdown, can cross the blood-brain barrier in rats.53 Although 
we have not yet directly demonstrated that 4PBA can cross the blood-brain barrier 
in X-ALD mice, the results in Fig. 7 show that 4PBA is effective in lowering 
VLCFA levels in the brain. 

Given the suggestions for 4PBA effects discussed above, these results could 
be due to increased expression or stabilization of ALDP itself, increased expression 
of a related peroxisomal ABC half-transporter or increased peroxisome 
proliferation. The first possibility is ruled out, as the effect is seen in cells from 
individuals with a variety of mutations, including those with no protein due to 
partial gene deletions. The other two possibilities, however, could contribute to 
improved VLCFA metabolism in X-ALD patients. 

Our results and previous studies have established that three of the 
peroxisomal ABC half-transporters are at least partially functionally redundant and 
thus can correct VLCFA metabolism after overexpression in X-ALD cells. The 
activities of ALDP and ALDRP are not yet known but the equivalence of their 
ability to complement the VLCFA metabolic defect in X-ALD cells and their 
expression in different cell types indicate that they may indeed be functionally 
redundant. The possible functional equivalence of ALDP and ALDRP was 
suggested on the basis of their high degree of sequence identity.22,23 ALDR has also 
been proposed as a candidate for the putative X-ALD modifier gene,39 that at least 
in part determines the clinical phenotype of X-ALD patients." 

Our demonstration of the functional equivalence of ALDP and ALDRP 
allows for the possibility that high expression of ALDRP in the brains of some X-
ALD patients could result in VLCFA levels that are insufficient for induction of 
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inflammatory demyelination. Whatever the role of ALDR in the manifestation of 
X-ALD clinical phenotypes, the demonstration of improved VLCFA metabolism in 
X-ALD cells after 4PBA-induced increased expression of ALDRP makes X-ALD 
an attractive candidate for pharmacological gene therapy. 

Although the first measured response to 4PBA is increased ALDRP 
expression coincident with increased C24:0 ß-oxidation, there is a subsequent 
increase in peroxisome number as judged by counting immunofluorescence-stained 
peroxisomes and the increase in abundance of peroxisomal proteins and activity of 
metabolic pathways. This is the first direct demonstration of a peroxisome 
proliferator that is effective in human cells. In mouse, but not human cells, there is 
an increase in the expression of PPARa coincident with the increase in 
peroxisomes. Known peroxisomal proliferators in rodents stimulate expression of 
both PPARa and AOX. The lack of increased AOX expression in both mouse and 
human cells after 4PBA treatment indicates that the response of AOX may be 
independent of the PPARa response. Thus, in mouse cells 4PBA may induce 
peroxisomal proliferation through a mechanism that is common to other 
peroxisomal proliferators. In human cells, however, neither PPARa nor AOX 
expression are increased during peroxisome proliferation. Thus, it may be that the 
4PBA effect on peroxisome proliferation in humans involves an as-yet undescribed 
mechanism. Because peroxisomes in cells from X-ALD patients retain between 10 
and 35% of wild-type VLCFA ß-oxidation activity, that is not dependent on ALDP, 
increased numbers of peroxisomes could also contribute to improved VLCFA 
metabolism after treatment with 4PBA. Because 4PBA has been shown to affect 
gene expression in vivo, the molecular in vitro response documented here probably 
will be obtained in vivo and accounts for the effect of 4PBA on VLCFA levels in 
X-ALD mice. Thus, this therapy has the potential to ameliorate or prevent the 
severe cerebral inflammatory demyelinating X-ALD phenotype. Overexpression of 
peroxisomal membrane ABC half-transporters is capable of suppressing 
peroxisomal membrane defects due to mutations in unrelated genes. Thus, 4PBA 
treatment may have a favorable effect on several peroxisome biogenesis disorders. 
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X-linked adrenoleukodystrophy (X-ALD) is the most common peroxisomal 
disorder. Biochemically it is characterized by increased plasma and tissue levels of 
saturated very long-chain fatty acids (VLCFA: C > 22). The clinical manifestations 
of X-ALD are highly variable with respect to age of onset, the organs principally 
affected and rate of progression. The X-ALD phenotypes range from the rapidly 
progressive childhood cerebral (CCALD) form, which often leads to severe 
disability and death before the age of 10, to the milder and slowly progressive 
adrenomyeloneuropathy (AMN). Most frequently AMN manifests between 20 and 
40 years of age and may be compatible with survival into the eighth decade. Some 
patients have adrenocortical insufficiency without demonstrable nervous system 
involvement ("Addison-only" phenotype). In many X-ALD kindreds these different 
phenotypes are represented and often they co-occur in the same nuclear family. 

VLCFAs are degraded exclusively in peroxisomes through ß-oxidation. Prior 
to their degradation they must be activated to their CoA thioesters, a process that is 
performed by the peroxisomal enzyme very long-chain fatty acyl-CoA synthetase 
(VLCS). As VLCS activity is strongly reduced in X-ALD this gene was the most 
likely candidate for X-ALD. The ALD gene was identified in 1993 using positional 
cloning strategies. Surprisingly, the gene product referred to as 
adrenoleukodystrophy protein (ALDP), appeared to be is a peroxisomal membrane 
protein and a member of the ATP-binding cassette (ABC) superfamily of 
transporter proteins. ALDP has the topology of a half-transporter protein and it is 
hypothesized that it has to form a dimer with itself or with another peroxisomal 
ABC half-transporter in order to form a functional ABC transporter. ALDP has no 
homology to VLCS. 

The identification of the ALD gene opened the possibility for molecular 
biology to attempt to unravel the many questions surrounding X-ALD. The ALD 
gene is located on Xq28; it consists of 10 exons and encodes a protein of 745 amino 
acids with a molecular mass of 70 kDa. 

In Chapter 1 the history, clinical manifestations and pathogenesis of X-ALD is 
described. Additionally, the X-ALD mouse model and past, present and future 
therapies are addressed. 

In Chapter 2 a mutation (1415delAG) that is present in the fifth exon of the ALD 
gene is described. This mutation was found in five out of 40 (12%) Dutch X-ALD 
kindreds. Haplotype analysis excluded a founder effect; the kindreds were 
genetically unrelated. This mutation results in a frame shift and a premature stop 
codon upstream of the ATP-binding domain. The mutant ALD protein can not be 
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functional because the ATP-binding domain is absent. Interestingly, this mutation 
was found both in patients with CCALD and AMN. This was the first 
demonstration at the molecular level that identical mutations in the ALD gene result 
in different phenotypes. 

In Chapter 3 the first systematic analysis of mutations in the ALD gene is reported. 
Mutations were detected in all 28 unrelated Dutch X-ALD kindreds investigated. 
These data confirmed that the gene identified as the ALD gene is the only gene 
responsible for X-ALD. ALD mRNA was detected in all patients, indicating that 
none of the patients had complete gene deletions. The systematic approach 
provided the opportunity to study the association between genotype and phenotype. 
A correlation between genotype and phenotype does not exist. In addition to the 
findings described in Chapter 2, CCALD appeared to be associated with 'mild' 
mutations involving a single amino acid change (missense mutation) as well as 
more severe mutations, like nonsense mutations and frame shifts. 

The observations of Chapters 2 and 3 strongly support the hypothesis that a 
modifier gene is involved in modulating the clinical expression of X-ALD. 
Furthermore, the systematic approach used provided a strategy for efficient 
screening of mutations in the ALD gene. In particular regions of the ALD gene 
mutations were found more frequent than in other regions. For example, the region 
in exon 1 that encodes the putative transmembrane domains 2 to 4, exon 5, and the 
exons encoding the ATP-binding cassette. 

The consequence of different mutations on the stability of ALDP was investigated 
in Chapter 4. ALDP expression in fibroblasts from 24 male X-ALD patients 
representing 17 unrelated Dutch X-ALD kindreds was studied. Two methods for 
detection of ALDP were used: immunofluorescence (IMF) and immunoblotting 
(Western blotting). IMF revealed a punctate peroxisomal staining pattern in only 
five (29%) kindreds. The majority (71%) had no detectable ALDP both by IMF and 
Western blot analysis. All mutations other than missense mutations resulted in the 
absence of detectable protein. This study showed that besides the absence of a 
genotype-phenotype correlation there is also no correlation between ALDP 
expression and the different phenotypes. The discovery that 70% of X-ALD 
kindreds have no detectable level of ALDP is also an important aid to diagnosis. 
VLCFA analysis provides a reliable diagnostic tool for prenatal and postnatal 
diagnosis of affected males. In contrast, approximately 15% of obligate carriers 
have normal VLCFA levels. If it is demonstrated that a mutation in a particular X-
ALD kindred results in non-detectable ALDP, IMF analysis of fibroblasts may 
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facilitate the identification of female carriers in that kindred. Furthermore, early 
identification of male fetuses will be possible as IMF and protein blotting can be 
performed in chorionic villus biopsy material. Fhese relatively easy and sensitive 
techniques can be used to diagnose X-ALD. 

In Chapter 5 all known X-ALD mutations (over 200) are categorized and 
analyzed. In the X-ALD literature two different nucleotide numbering systems are 
used by different groups. One method uses the variant introduced by Mosser et al. 
(Nature 361:726-730, 1993) where nucleotide numbering starts at the first 
nucleotide of the ALD cDNA; the adenosine of the ATG (methionine) initiator 
codon is nucleotide number 387. The second, more common variant, starts counting 
at the start of the open-reading frame and designates the adenosine of the ATG as 
nucleotide number +1. In this chapter a table is included in which all mutations are 
categorized according to both numbering systems. Extensive analyses of these 211 
X-ALD mutations revealed the absolute absence of genotype-phenotype 
correlation. Of all mutations, missense mutations are most frequent (52.6%), 
followed by frame shifts (24.2%), nonsense (8.5%), large deletions involving one 
or more exons (6.2%), in-frame amino acid insertion or deletions (5.7%) and 
mutations involving splice sites (2.8%). Most X-ALD kindreds (70%) have unique 
or 'private' mutations. 

Missense mutations, which affect only a single amino acid, are most 
informative for the identification of functional domains within the protein. Ninety 
percent of the missense mutations are found in only three regions: 1) a region that 
might function in the homo- or heterodimerization of ALDP, the binding of ALDP 
to VLCS, or in substrate recognition by ALDP, 2) a region of unknown function 
that is evolutionary conserved among ABC transporters, even in prokaryotes, and 
3) the ATP-binding domain. 

Mutation analysis in X-ALD is hampered by the existence of autosomal 
pseudogenes (Chapter 3). Each of these pseudogenes contains approximately 10 kb 
of DNA that has a 92-96% nucleotide identity with the exons 7-10 of the ALD 
gene. Data presented in Chapter 5 showed that a genomic PCR with exon 7 
specific primers yielded a single DNA fragment. Further analysis, however, 
revealed that this PCR amplicon was not pure, it contained DNA derived from 
several of the pseudogenes. If mutation analysis is to be performed on genomic 
DNA, ALD gene specific PCR primers for this region must be designed (Chapter 
3). The autosomal pseudogenes have originated fairly recent in evolution; they do 
not exist in mouse and rhesus monkey; the first presence of pseudogenes is 
observed in Orangutan. 
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Siimmaty and conclusions 

Besides ALDP three additional peroxisomal ABC half-transporters have 
been identified: ALDRP, PMP70 and PMP69 (P70R). By comparison to known 
ABC half-transporter proteins, it has been suggested that ALDP may function as a 
homodimer and/or as a heterodimer with one or more of these peroxisomal ABC 
half-transporters. In Chapter 5 it was demonstrated that, at least in vitro, ALDP 
forms homodimers and heterodimers with both PMP70 and ALDRP. PMP69 was 
not tested. It was also demonstrated that ALDP, PMP70 and ALDRP have related 
and/or overlapping functions. It had already been demonstrated that overexpression 
of ALD cDNA in fibroblasts derived from X-ALD patients corrected the 
biochemical defect. The functional redundancy of the peroxisomal half-transporters 
was demonstrated by restoration of the biochemical defect in X-ALD cell lines 
upon overexpression of either ALDR or PMP70 cDNA. While the precise role of 
ALDP in peroxisome metabolism is unknown, its identification as a member of the 
ABC transporter superfamily suggests that it might transport VLCFAs, activated 
VLCFAs, CoA, ATP or other required metabolites into the peroxisome. It may also 
be possible that ALDP functions as an anchor for VLCS in the peroxisomal 
membrane and that association and dissociation of ALDP as a homodimer or 
heterodimer in a cell type specific manner might reflect different or changing 
metabolic states. 

Genetic segregation analyses support the hypothesis that at least one 
autosomal gene plays a role in the phenotypic variation observed in X-ALD. The 
peroxisomal half-transporters PMP70 and ALDRP are candidates for such modifier 
effects. A third potential modifier candidate was introduced in Chapter 5. Mouse 
fibroblasts have no detectable VLCS protein or VLCS mRNA, however, they 
actively degrade VLCFAs, a reaction that requires VLCS. Fibroblasts generated 
from the X-ALD knock out mouse have reduced VLCFA ß-oxidation and increased 
VLCFA levels. These latter data indicate that a yet unidentified ALDP dependent 
VLCS exists. Surprisingly, overexpression of VLCS cDNA in mouse X-ALD 
fibroblasts corrected VLCFA ß-oxidation to the same extend as overexpression of 
either ALD, ALDR, or PMP70 cDNA did. The VLCS activity appears to be ALDP 
independent and may contribute to the tissue variability of VLCFA ß-oxidation and 
VLCFA levels. 

In Chapter 6 a potential pharmacological gene therapy approach for X-ALD is 
described. Cell lines from X-ALD patients and X-ALD knockout mice were treated 
with 4-phenylbutyrate (4PBA). This resulted in decreased VLCFA levels and 
increased VLCFA ß-oxidation. The mechanism of action does not involve ALDP 
but increased expression of the functionally related peroxisomal protein ALDRP. It 
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was also demonstrated, for the first time in human cells, that 4PBA induced 
peroxisome proliferation. X-ALD cells lacking ALDP have residual activity for ß-
oxidation; therefore, an increase in peroxisome numbers could also contribute to 
increased VLCFA metabolism. A significant decrease of VLCFAs in the brain and 
adrenal glands of X-ALD mice demonstrated the in vivo efficacy of dietary 4PBA. 
The demonstration that 4PBA lowers brain VLCFA levels suggests that this 
therapy may ameliorate or prevent the onset of cerebral inflammatory 
demyelination found in several of the X-ALD phenotypes. 

Hopefully, this thesis will contribute to the unveiling of the function of 
ALDP, the identification of the modifier gene, and easier and more efficient 
screening of potentially affected persons. After all, X-ALD is a devastating disease, 
and new cases can be prevented. 

A co-operation between the Kennedy Krieger Institute in Baltimore and the 
Academic Medical Center in Amsterdam has resulted in the initiation of an 
international database for X-ALD mutations. This database will be accessible on 
the internet. 

Treatment with 4PBA has shown its potential in the X-ALD mouse and 
fibroblasts obtained from X-ALD patients. Already, a pilot study in a small group 
of affected male patients has been initiated, and the first results will become 
available soon. Nevertheless, further studies are warranted to determine whether 
4PBA will be a future therapeutic option for X-ALD. 
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The love of wilderness is 
more than a hunger for what 
is always beyond our reach; 

it is also an expression of 
loyalty to the earth, the only 

home we shall ever know, 
the only paradise we ever need-

ifwe only had the eyes to see. 

Edward Abbey (1927-89), 
American writer 
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Inleiding in de X-gebonden 
adrenoleukodystrofîe 
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Dit hoofdstuk is bedoeld voor diegenen die zich niet dagelijks met X-chromosoom 
gebonden adrenoleukodystrofie (X-ALD) of medisch biologisch onderzoek bezig 
houden. Het hoofdstuk geeft een overzicht van de klinische verschijnselen, het 
biochemisch defect, de genetica en mogelijke therapieën voor deze ernstige, 
invaliderende en vaak letale ziekte. De resultaten van het in dit proefschrift 
beschreven onderzoek zijn met bovenstaande aspecten verweven. 

Verschillende vormen van X-ALD 
X-ALD is een relatief zeldzame stofwisselingsziekte die vooral het zenuwstelsel en 
de steroïd-hormoon producerende cellen van de bijnierschors en de testes aantast. 
De ziekte kan zich uiten in een aantal zeer verschillende vormen, fenotypen 
genoemd. De twee meest voorkomende fenotypen zijn de "childhood" cerebrale 
ALD (CCALD) en adrenomyeloneuropathie (AMN). CCALD ontstaat plotseling 
bij tevoren gezonde jongens tussen de vijf en tien jaar oud (zie foto's 1 en 2, 
pagina's 11 en 12). De eerste verschijnselen bestaan uit gedragsveranderingen, 
leerproblemen, verslechtering van het gezichtsvermogen en het gehoor. In een later 
stadium ontstaan vaak epilepsie en dementie. De meeste CCALD patiënten 
verkeren binnen twee tot vier jaar na het begin van de eerste verschijnselen in een 
vegetatieve toestand, of zijn reeds overleden. Deze vorm van X-ALD wordt 
gekenmerkt door een zeer snel verlopende afbraak van het myéline (demyelinisatie) 
in de hersenen (zie foto 1, pag 11). Sporadisch kan deze cerebrale vorm ook 
optreden tussen het 10e en 20e levensjaar (adolescente cerebrale ALD) of op 
volwassen leeftijd (adulte cerebrale ALD). 

AMN ontstaat meestal tussen het 20e en 40e levensjaar. Bij deze vorm van X-
ALD zijn vooral het ruggenmerg en de zenuwen in armen en benen aangedaan. Dit 
uit zich in problemen met het lopen, vaak in combinatie met incontinentie en 
gevoelsstoornissen in de benen (zie foto 3, pag 12). Bij de meeste AMN patiënten 
blijven de hersenen gespaard. De progressie is langzaam. Echter, veel AMN 
patiënten raken geïnvalideerd en hebben hulpmiddelen nodig bij het lopen. In een 
later stadium van de ziekte worden zij vaak rolstoel-afhankelijk. 

Er zijn ook X-ALD patiënten die geen neurologische uitvalsverschijnselen 
hebben en waarbij alleen de bijnierschors is aangedaan ('Addison-only" fenotype). 

Soms worden er tijdens familie onderzoek ook nog patiënten geïdentificeerd 
die wel het biochemisch defect hebben, maar geen afwijkingen hebben aan het 
zenuwstelsel of de steroïd-hormoon producerende weefsels; deze patiënten worden 
asymptomatisch genoemd. 

Omdat het defect in het erfelijk materiaal gelokaliseerd is op het X-
chromosoom (vrouwen hebben er hiervan twee en mannen één) zijn de patiënten 
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met de ernstigste verschijnselen mannen. Echter, 20-30% van de draagsters kan 
AMN-achtige symptomen ontwikkelen. 

De biochemie van X-ALD 
Biochemisch wordt X-ALD gekenmerkt door een ophoping van verzadigde zeer 
lang-keten vetzuren (ZLKV). Dit zijn vetzuren die bestaan uit 22, 24, 26 of meer 
koolstofatomen (C22:0, C24:0 en C26:0). ZLKV maken deel uit van plantaardige 
en dierlijke vetten en komen voor in ons dagelijks dieet, maar het grootste deel 
wordt door het lichaam zelf aangemaakt. Normaal gesproken worden deze ZLKV 
afgebroken in kleine, met een membraan afgesloten, structuren in de cel; we 
noemen deze structuren peroxisomen (zie figuur 1, pag 118). Iedere cel, met 
uitzondering van de rode bloedcellen, bevat tussen de 100 en 500 peroxisomen. In 
X-ALD is het afbraakproces van de ZLKV ernstig gestoord, waardoor met name 
C24:0 en C26:0 uiteindelijk in allerlei vetten (lipiden), die overal in het lichaam 
voorkomen, worden ingebouwd. In het zenuwstelsel leidt dit tot ernstige 
beschadiging van de witte stof, het myéline; dit proces wordt demyelinisatie 
genoemd. Myéline is als het ware de isolerende laag die om de zenuw heen ligt; 
zonder myéline kunnen zenuwcellen geen signalen doorgeven en kan het 
zenuwstelsel niet functioneren. 

Bij mannen kan de diagnose X-ALD gesteld worden door verhoogde ZLKV 
concentraties in het bloed of gekweekte huidcellen (fibroblasten) aan te tonen. Met 
deze bepaling kunnen alle mannelijke patiënten geïdentificeerd worden. 
Daarentegen heeft ongeveer 15 tot 20% van de draagsters normale ZLKV 
concentraties in het bloed. Als een vrouw in een X-ALD familie een normale 
concentratie ZLKV in haar bloed heeft, is met maar 80% zekerheid te stellen dat zij 
geen draagster is. Bij deze vrouwen moet DNA analyse (of A LD eiwit onderzoek, 
zie verder) uitsluitsel bieden. 

Vetzuren worden afgebroken in twee structuren (organellen) in de cel, de 
mitochondrieën en de peroxisomen. Vetzuren met een ketenlengte korter dan 22 
koolstofatomen worden in beiden organellen afgebroken. De ZLKV worden echter 
alleen in de peroxisomen afgebroken. Voordat de ZLKV het peroxisoom in kunnen 
moeten ze eerst geactiveerd worden; er wordt dan een "label" aangehangen 
(ZLKV-CoA). Omdat deze reactie bij X-ALD niet goed verloopt, was het gen dat 
het eiwit produceert dat deze reactie uitvoert (het VLCS) de belangrijkste kandidaat 
voor X-ALD. 
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Het X-ALD gen en X-ALD mutaties 
In 1993 is het gen ontdekt waarin bij X-ALD afwijkingen voorkomen. Het ALD 
gen ligt op het X-chromosoom, en produceert een eiwit dat is opgebouwd uit 745 
"bouwstenen" (aminozuren). Dit eiwit wordt het ALD proteïne (ALDP) genoemd. 
X-ALD patiënten krijgen verschijnselen omdat hun ALDP niet goed functioneert. 
De functie van ALDP blijkt echter niet het activeren van de ZLKV te zijn, maar 
waarschijnlijk het transport van de geactiveerde ZLKV vanuit de cel, door het 
membraan, het peroxisoom in. De enzymen die nodig zijn om de ZLKV te 
activeren en de enzymen die de ZLKV afbreken zijn normaal aanwezig. Het 
probleem bij X-ALD is het transport van de ZLKV vanuit de cel in het peroxisoom. 

ALDP (koppel) 

ZLKV-CoA 

Figuur 1. Schematische voorstelling van het afbraakproces van ZLKV. In de cel worden ZLKV 
geactiveerd door het VLCS eiwit; er wordt een -CoA groep aan gekoppeld. Vervolgens worden 
de geactiveerde ZLKV door een poort, gevormd door een koppel van twee ALDP eiwitten, het 
peroxisoom in getransporteerd. In het peroxisoom worden de ZLKV afgebroken. In X-ALD 
functioneert het ALDP eiwit niet. Hierdoor hopen de ZLKV zich op in de cel (en daardoor in de 
weefsels). 
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De ontdekking van het ALD gen maakte het mogelijk gericht te zoeken naar 
de fout (de mutatie) in het erfelijk materiaal (het DNA) die verantwoordelijk is 
voor de ziekte. In 1994 werd een begin gemaakt met het in kaart brengen van 
mutaties in de Nederlandse X-ALD families. In juli 1999 waren 45 Nederlandse X-
ALD families bekend en in een groot deel van deze families is de mutatie reeds 
gevonden. Al in 1994 bleek dat er bij X-ALD een enorme variatie bestaat wat 
betreft de mutaties. In andere ziekten, zoals bijvoorbeeld Hemofilie A 
(bloederziekte), heeft het merendeel van de patiënten dezelfde mutatie, maar bij X-
ALD heeft bijna iedere familie (70%) een eigen mutatie (Hoofdstukken 3 en 5). 
Binnen één familie hebben alle patiënten en draagsters natuurlijk dezelfde mutatie. 
De grote variatie maakt het opsporen van mutaties bij nieuw geïdentificeerde X-
ALD patiënten dikwijls tot een moeizame en tijdrovende zaak. 

Er is echter één mutatie die vaker voorkomt (1415delAG), deze is 
beschreven in hoofdstuk 2. In 1994 werd deze mutatie ontdekt bij vijf van de 40 
(12%) Nederlandse X-ALD families. Inmiddels staat vast dat deze mutatie 
wereldwijd ook bij 12% van de X-ALD families voorkomt (Hoofdstuk 5). Deze 
mutatie is daarmee niet specifiek voor een bepaalde etnische groep en moet dus 
meerdere malen onafhankelijk ontstaan zijn. Het is niet duidelijk hoe en waarom de 
mutatie 1415delAG onstaat. 

Mutatie onderzoek heeft ertoe geleid dat er wereldwijd al meer dan 250 
mutaties in het ALD gen gevonden zijn. In hoofdstuk 5 (pag. 62-65) wordt een 
overzicht gegeven van de vóór januari 1999 geïdentificeerde X-ALD mutaties. Er 
bestaan verschillende soorten mutaties. Bij een "nonsense" mutatie ontstaat een 
voortijdig stop signaal bij de produktie van het ALD eiwit, waardoor het resterende 
deel van het eiwit niet gemaakt wordt. Bij een "frameshift" mutatie bestaat het 
eiwit voor een deel uit verkeerde aminozuren, doordat het gen door de mutatie 
verkeerd vertaald wordt. Bij een "deletie" mist het eiwit een groot aantal 
aminozuren. Het is ook mogelijk dat er slechts één of enkele aminozuren 
ontbreken, of toegevoegd zijn, we spreken dan van een "in frame aminozuur 
deletie, of insertie". En bij een "missense" mutatie is er één bouwsteen vervangen 
door een ander, verkeerd aminozuur. De meeste X-ALD mutaties (55%) zijn 
missense mutaties, waarbij dus slechts één van de 745 aminozuren van het ALD 
eiwit is veranderd. 

Het effect van mutaties op het ALD eiwit 
Waarom resulteren kleine veranderingen in het DNA in een ziekte als X-

ALD? De mutatie kan twee gevolgen hebben voor het eiwit. In de eerste plaats kan 
de verandering ervoor zorgen dat het eiwit zijn functie niet normaal kan doen, 
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omdat de vervangen of de ontbrekende aminozuren van belang zijn voor de 
normale functie van het eiwit. In dit geval is het eiwit vaak wel aanwezig maar 
functioneert het niet, of remt het de werking van andere eiwitten. In de tweede 
plaats kan de mutatie leiden tot een "instabiel" eiwit. Eiwitten hebben een drie 
dimensionale structuur, waarbij veel van de aminozuren een belangrijke rol spelen. 
Een verandering in de samenstelling van de aminozuren kan de ruimtelijke 
structuur van het eiwit negatief beïnvloeden, waardoor het niet meer functioneert. 
Het afwijkende eiwit wordt door de cel herkend, en vervolgens afgebroken. 

In hoofdstuk 4 is het effect van verschillende Nederlandse X-ALD mutaties 
op de stabiliteit van het ALDP onderzocht. Met een antilichaam dat specifiek het 
ALDP herkent kan het eiwit aangekleurd worden. Huidcellen (fibroblasten) van 24 
patiënten uit 17 verschillende families werden gekleurd met het ALDP antilichaam. 
Bij 12 van de 17 X-ALD patiënten (70%) kan het ALDP niet worden aangetoond 
en had de mutatie dus een negatief effect op de ruimtelijke structuur van het eiwit 
(zie figuur 2). Vergelijkbaar onderzoek uitgevoerd in Frankrijk en Amerika heeft 
dit bevestigd. Dit betekent dat bij zeven op de tien X-ALD patiënten het ALDP niet 
aantoonbaar aanwezig is. Deze bevinding is van groot belang voor de prenatale 
diagnostiek en het vaststellen van X-ALD draagsterschap bij vrouwen. 

Figuur 2. ALDP kleuring in huidcellen (fibroblasten). (links boven) gezonde controle cellen, de 
peroxisomen zijn zichtbaar als witte stippen in de cel; (rechts boven) interne controle met een 
antilichaam tegen het peroxisomale enzym catalase; (links onder) fibroblasten van een X-ALD 
patiënt met een mutatie die het ALDP destabiliseert, de peroxisomen zijn onzichtbaar; (rechts 
onder) fibroblasten van een draagster uit een familie waarin een mutatie voorkomt die het ALDP 
instabiel maakt, er zijn zowel positieve als negatieve cellen zichtbaar. 
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Vaststellen van X-ALD draagsterschap 
Bij mannen kan de diagnose X-ALD gesteld worden aan de hand van de ZLKV 
bepaling in het bloed. Daarentegen heeft 15 tot 20% van de bewezen draagsters 
normale ZLKV. Alleen wanneer de ZLKV verhoogd zijn én wanneer de vrouw 
afkomstig is uit een familie waarin X-ALD voorkomt, kan er met zekerheid gesteld 
worden dat zij draagster voor X-ALD is. Bij een normale ZLKV concentratie is er 
maar 80% zekerheid op niet-draagsterschap. Tegenwoordig wordt de ZLKV 
bepaling gecombineerd met het ALDP en mutatie onderzoek. Wanneer bekend is 
dat een mutatie in een bepaalde X-ALD familie leidt tot de afwezigheid van het 
ALDP kan de eiwitkleuring in huidcellen gebruikt worden voor de identificatie van 
de draagsters in deze familie. De enige methode die 100% zekerheid geeft met 
betrekking tot het draagsterschap is DNA onderzoek. 

Het ALD gen ligt op het X-chromosoom. Naast 44 chromosomen hebben 
vrouwen twee X-chromosomen, mannen hebben 44 chromosomen plus één X- en 
één Y-chromosoom. Omdat er per cel maar één actief X-chromosoom aanwezig 
mag zijn, wordt er bij vrouwen één X-chromosoom geïnactiveerd (X-inactivatie). 
Dit proces treedt al in een heel vroeg stadium op, vlak na de conceptie. Alle cellen 
in het lichaam hebben maar één actief X-chromosoom, ook de huidcellen. Omdat 
dit inactivatie proces "at random" gebeurt, zal in de helft van de huidcellen het X-
chromosoom met het normale ALD gen actief zijn, terwijl het X-chromosoom met 
het 'zieke' ALD gen actief is in de andere helft van de cellen. Dit kan worden 
gebruikt om draagsterschap vast te stellen bij vrouwen uit families waarvan bekend 
is dat de mutatie in het ALD gen het ALDP instabiel maakt (zie figuur 2). De test 
kan niet worden uitgevoerd wanneer de mutatie geen effect heeft op de stabiliteit 
van het eiwit, omdat in dit geval de twee verschillende X-chromosomen niet van 
elkaar onderscheiden kunnen worden. Van de mogelijke draagster worden 
huidcellen afgenomen, deze worden in het laboratorium opgekweekt, waarna er 
gekeken wordt naar het ALDP in de cellen. Er zijn dan twee mogelijkheden: 
Ongeveer 50% van de cellen heeft ALDP en 50% niet (zie figuur 2) of alle cellen 
hebben ALDP. In het eerste geval is de vrouw met 100% zekerheid draagster voor 
X-ALD. In het tweede geval is er een statisch zeer kleine kans dat alle huidcellen 
het X-chromosoom met het 'zieke' ALD gen uitgeschakeld hebben; het X-
inactivatie proces is niet willekeurig verlopen, want in alle huidcellen zien we een 
normaal ALDP. Echter, de mutatie is wel aanwezig, maar de mutatie is 
"onzichtbaar" geworden. Daarom moet in het tweede geval een DNA test gedaan 
worden om de aanwezigheid van de X-ALD mutatie uit te sluiten. Met de ZLKV 
bepaling in combinatie met de ALDP kleuring kunnen 94% van alle draagsters 
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opgespoord worden. Volledige zekerheid kan alleen met behulp van DNA analyse 
verkregen worden. 

De functie van het ALD eiwit 
De afgelopen jaren zijn nog drie peroxisomale membraan eiwitten ontdekt, 

die erg veel op ALDP lijken (ALDRP, PMP70 en PMP69). Zij lijken qua structuur 
en mogelijk ook qua functie sterk op ALDP. Omdat ze tot eenzelfde groep van 
transporteiwitten behoren is het aannemelijk dat deze vier eiwitten eenzelfde soort 
functie hebben als de andere eiwitten uit de familie. Waarschijnlijk binden twee 
eiwitten aan elkaar (twee eiwitten als een koppel, "dimeer") zodat er een poort 
gevormd wordt in het peroxisomale membraan, waardoor bijvoorbeeld de ZLKV 
getransporteerd kunnen worden. Het is inmiddels aangetoond dat ALDP inderdaad 
een koppel kan vormen met óf een ander ALDP, een ALDRP en/of een PMP70 
(Hoofdstuk 5). Ook is bevestigd dat ALDP, ALDRP en PMP70 eikaars functie 
over kunnen nemen, waarmee bevestigd wordt dat deze eiwitten niet alleen sterk op 
elkaar lijken, maar ook een overlappende functie hebben (Hoofdstukken 5 en 6). 
De wetenschap dat deze eiwitten eikaars functie over kunnen nemen, heeft de 
mogelijkheid gebracht voor de ontwikkeling van nieuwe therapieën voor X-ALD. 
In hoofdstuk 6 wordt de overlappende functie tussen ALDP en ALDRP gebruikt 
om een mogelijke therapie voor X-ALD te ontwikkelen (zie pagina 126). 

Modificerende factor 
Hoe komt het dat de ziekte X-ALD meerdere verschijningsvormen (fenotypen) 
heeft? Toen het ALD gen gevonden werd was er enige hoop dat er snel een 
antwoord op deze vraag zou komen. Maar al vroeg bleek dat de mutaties in het 
ALD gen geen enkele voorspellende waarde hebben m.b.t. de verschillende 
fenotypen van X-ALD. In andere ziekten zien we vaak dat patiënten met de meest 
ernstige verschijnselen de ernstigste mutaties hebben (vaak is het eiwit afwezig), 
terwijl kleinere veranderingen in het eiwit (missense mutaties) leiden tot een 
minder ernstige vorm. In X-ALD bestaat deze correlatie tussen de mutatie en de 
verschillende fenotypen niet: de in hoofdstuk 2 beschreven 1415delAG mutatie, 
die bij 12% van de X-ALD patiënten voorkomt, is gevonden bij patiënten met 
CCALD, AMN en bij asymptomatische patiënten (zie ook hoofdstukken 3 en 5, en 
Tabel 3 op pag. 70). Er is zelfs een eeneiige tweeling bekend waarvan de ene 
patiënt CCALD heeft en de andere AMN. 

Daarom is er mogelijk nog iets anders aan de hand dat ervoor zorgt dat de 
ene X-ALD patiënt CCALD krijgt, terwijl een andere patiënt met dezelfde mutatie 
in het ALD gen, een andere vorm krijgt. Een mutatie in het ALD gen leidt tot de 
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ziekte, maar welk fenotype de patiënt zal krijgen wordt bepaald door een andere 
factor. Waarschijnlijk speelt een tweede gen hierin een rol. Dit modificerende gen 
is tot op heden nog niet gevonden. In hoofdstuk 5 worden enkele genen besproken 
die vanwege de functie die zij uitvoeren goede kandidaten voor het modificerende 
gen zijn. Er wordt momenteel veel onderzoek gedaan om vast te kunnen stellen of 
één van deze genen inderdaad betrokken is bij het ontstaan van de verschillende 
vormen van X-ALD. De ontdekking van dit modificerende gen zal grote gevolgen 
hebben voor X-ALD, omdat het vanaf dat moment mogelijk moet zijn om, voordat 
de eerste symptomen van de ziekte zich openbaren, te voorspellen of een nieuw 
geboren X-ALD patiënt CCALD (voor het 10de levensjaar) of AMN (tussen het 
20ste en 40ste levensjaar) zal krijgen. Nu is dit nog onmogelijk en moet er gewacht 
worden op de eerste afwijkingen in de hersenen alvorens de diagnose CCALD met 
zekerheid gesteld kan worden. Dit laatste is belangrijk voor behandeling van X-
ALD (zie verder) en voor de evaluatie van eventuele nieuwe therapieën. 

Overigens is het zeer waarschijnlijk dat milieufactoren ook een rol kunnen 
spelen bij het ontstaan van de verschillende fenotypen. Het meest overtuigende 
bewijs hiervoor is de eeneiige tweeling met de verschillende fenotypen; eeneiige 
tweelingen zijn immers genetisch identiek. 

De X-ALD muis 
Er bestaat een dierenmodel voor X-ALD. De eerste X-ALD muis werd in 1996 
geboren. Vier laboratoria hebben onafhankelijk van elkaar een X-ALD muis 
ontwikkeld. De X-ALD muizen hebben net als X-ALD patiënten een mutatie in het 
ALD gen, geen ALDP en verhoogde ZLKV. Net als bij X-ALD patiënten zijn de 
ZLKV het meest verhoogd in de hersenen en de bijnierschors. Het grootste verschil 
is dat de X-ALD muizen niet ziek worden. De oudste muizen zijn nu drie jaar oud 
en ze zijn nog steeds niet ziek. Er wordt op dit moment wel geprobeerd om door 
middel van het kruisen van de X-ALD muis met andere muizenstammen een AMN-
muis of een X-ALD muis met cerebrale ALD te ontwikkelen. De kans bestaat dat 
de muizenstam, waar de X-ALD muis uit ontwikkeld is, een kopie van het 
modificerende gen heeft dat deze muizenstam beschermt tegen het krijgen van 
AMN of cerebrale ALD. Ondanks het feit dat de muizen niet ziek zijn, zijn ze van 
grote waarde voor het onderzoek. Ze worden intensief gebruikt in het onderzoek 
naar een mogelijke therapie voor X-ALD. Hoofdstuk 6 is hier een goed voorbeeld 
van. 
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Therapieën 
Tot op heden bestaat er behalve beenmergtransplantatie bij patiënten met een vroeg 
stadium van CCALD geen effectieve therapie voor X-ALD. Wel zijn er 
verschillende behandelingen aan patiënten gegeven en daarnaast zijn mogelijke 
nieuwe therapieën in ontwikkeling. 

"Lorenzo's olie" 
In 1989 werd een dieet therapie voor X-ALD ontwikkeld. De achterliggende 
gedachte was de observatie dat ZLKV niet alleen via ons voedsel binnenkomen, 
maar ook door het lichaam zelf geproduceerd worden d.m.v. ketenverlenging van 
lang-keten vetzuren. Wanneer fibroblasten van X-ALD patiënten onverzadigde 
vetzuren in hun groeimedium toegediend kregen, resulteerde dit in verlaging van de 
ZLKV. Blijkbaar gingen onverzadigde vetzuren een competitie aan met de 
verzadigde vetzuren voor de ketenverlenging. De meest bekende dieettherapie 
bestaat uit een vetbeperkt dieet waaraan een mengsel van de onverzadigde vetzuren 
glyceroltrioleaat (GTO) en glyceroltrierucaat (GTE) ("Lorenzo's olie") toegevoegd 
wordt. De olie is mede ontwikkeld door de ouders van een patiënt met X-ALD, 
Lorenzo Odone. Behandeling van X-ALD patiënten met "Lorenzo's olie" 
resulteerde in een snelle normalisering van de plasma ZLKV concentraties. Deze 
spectaculaire en hoopgevende resultaten hebben ertoe geleid dat er wereldwijd 
honderden X-ALD patiënten behandeld werden met "Lorenzo's olie". Al snel bleek 
echter dat de olie geen effect had op het ziektebeloop. "Lorenzo's olie" kan X-ALD 
patiënten niet beschermen tegen het krijgen van AMN of cerebrale ALD. Patiënten 
die al neurologische symptomen hadden verslechterden, ondanks de normalisatie 
van de ZLKV in het plasma. Er zijn vele gevallen bekend van patiënten die bij 
aanvang van de therapie nog geen symptomen hadden, maar ondanks de olie toch 
symptomen hebben gekregen. Onderzoek in de hersenen van overleden patiënten 
die de olie gebruikt hadden wees uit dat de olie geen effect heeft op de ZLKV in de 
hersenen, de ZLKV waarden waren niet verlaagd. Men concludeerde dat 
"Lorenzo's olie" de hersenen niet bereikt, hetgeen wordt veroorzaakt door de 
bloed-hersen barrière. De bloed-hersen barrière scheidt het zenuwstelsel van de rest 
van het lichaam en het beschermt de hersenen tegen het binnendringen van allerlei 
mogelijk schadelijke stoffen die in het bloed kunnen voorkomen. 

Momenteel wordt onderzocht of "Lorenzo's olie" een beschermende functie 
heeft bij jonge kinderen die nog geen neurologische symptomen hebben. De hoop 
bestaat dat "Lorenzo's olie" kinderen kan beschermen tegen het krijgen van 
CCALD wanneer al op zeer jonge leeftijd begonnen wordt met de therapie. De 

124 



Inleiding in de X-ALD 

resultaten van dit onderzoek worden in 2001 verwacht. Voorlopige resultaten 
lijken uit te wijzen dat de behandeling niet voorkomt dat patiënten de cerebrale 
vorm ontwikkelen. 

Beenmergtransplantatie 
De enige therapie die tot op heden de snelle progressie van de cerebrale vorm heeft 
kunnen remmen of stoppen is beenmergtransplantatie (BMT). De eerste BMT werd 
uitgevoerd in 1984 bij een patiënt met cerebrale ALD in een terminaal stadium. De 
transplantatie resulteerde in een normalisering van ZLKV in het plasma binnen 
twee maanden, maar niet in een neurologische verbetering. De patiënt overleed 141 
dagen na de transplantatie aan de gevolgen van een adenovirus infectie. In de 
hierop volgende jaren werden geen BMTs uitgevoerd. In 1990 werden de resultaten 
van BMT bij een Franse X-ALD patiënt bekend gemaakt. Een acht jarige CCALD 
patiënt met geringe cerebrale symptomen ontving het beenmerg van zijn genetisch 
niet-identieke gezonde tweeling broer. Binnen twee jaar na de BMT waren de witte 
stof afwijkingen verdwenen. Nu, in 1999, gaat het nog steeds goed met hem; hij zit 
op de middelbare school. 

Hoewel niet wetenschappelijk onderbouwd geeft de volgende observatie een 
goede indicatie van het belang van BMT. Begin jaren '90 zijn 26 Franse X-ALD 
patiënten geselecteerd voor een BMT. Voor slechts zes patiënten was een geschikte 
donor aanwezig, de andere 20 patiënten kregen geen BMT. Van de 20 met-
getransplanteerde patiënten zijn er 19 overleden, van de zes patiënten die wel een 
BMT ondergingen zijn er nog vijf in leven. (Aubourg, nog niet gepubliceerde 
gegevens). 

Inmiddels zijn er wereldwijd meer dan 150 X-ALD patiënten getransplan
teerd. Alle patiënten die goed reageerden op de BMT hadden op het moment van 
transplantatie geringe witte stof veranderingen en lichte neurologische afwijkingen. 
BMT heeft geen effect bij patiënten waarbij de hersenen al te ernstig aangedaan 
zijn. 

Op dit moment is BMT de enige effectieve therapie voor cerebrale ALD. 
Alleen het niet altijd aanwezig zijn van geschikte donoren en het hoge risico op 
ziekte en zelfs overlijden tijdens de procedure beperken het gebruik van BMT als 
algemene therapie voor X-ALD. De kans op complicaties is vele malen groter 
wanneer er geen goede donor is en bij oudere patiënten. BMT is daarom geen optie 
voor volwassenen. 
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Gentherapie 
In Frankrijk wordt momenteel gewerkt aan gentherapie voor X-ALD. De procedure 
die hoogst waarschijnlijk gevolgd zal worden is een ex vivo benadering. Bij ex vivo 
gentherapie worden beenmergcellen van de patiënt geïsoleerd, vervolgens worden 
de beenmergcellen in het laboratorium behandeld met een virus waarin een normale 
kopie van het ALD gen aangebracht is. Het virus moet wel onschadelijk zijn. Na 
behandeling worden de beenmergcellen van de patiënt, die nu een normaal ALDP 
produceren, weer teruggegeven aan de patiënt. Het voordeel van deze methode is 
dat er geen donor nodig is en de procedure veel minder gevaarlijk is dan de BMT. 
Toch zal het nog minimaal vijf jaar duren voordat de eerste X-ALD patiënt 
behandeld zal kunnen worden met een ex vivo gentherapie. Eerst zal de procedure 
nog geoptimaliseerd moeten worden, waarna deze uitvoerig getest moet worden in 
bijvoorbeeld de X-ALD muis. 

Lovastatine 
In 1998 werd door Singh en medewerkers aangetoond dat behandeling van 
fïbroblasten van X-ALD patiënten met lovastatine resulteert in een verlaging van 
de ZLKV in deze cellen. Lovastatine is een cholesterol verlagend middel dat door 
vele mensen buiten Nederland, met te hoge cholesterolwaarden in het bloed, 
gebruikt wordt. In Nederland is het middel niet geregistreerd en niet verkrijgbaar. 
Het middel heeft vrijwel geen bijwerkingen. Dezelfde groep behandelde ook een 
kleine groep X-ALD patiënten. Binnen enkele maanden waren de ZLKV in het 
bloed genormaliseerd. Het mechanisme waarmee lovastatine de ZLKV verlaagt, is 
nog niet opgehelderd. Daarnaast zijn er enkele zaken bij deze studie onduidelijk. Er 
wordt momenteel wereldwijd nauw samengewerkt om tot een grote internationale 
studie te komen om het effect van lovastatine bij X-ALD te onderzoeken. 

Farmacologische gentherapie 
In hoofdstuk 6 wordt een alternatieve methode voor een mogelijke gentherapie 
voor X-ALD onderzocht. De strategie is gebaseerd op de wetenschap dat sommige 
genen overlappende functies hebben. In dit hoofdstuk wordt aangetoond dat het 
werk van een "ziek" gen (het ALD gen) overgenomen kan worden door een 
aanverwant "gezond" gen (het ALDR gen). 

Het gaat om een farmacologische aanpak waarbij gebruik gemaakt wordt van 
een specifieke eigenschap van een klein molecuul, in dit geval 4-fenylboterzuur 
(4PBA). Behandeling van fïbroblasten van patiënten of van de X-ALD muis met 
4PBA resulteerde in een correctie van de ZLKV concentraties in de cellen. Nader 
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onderzoek wees uit dat er een direct verband bestond tussen verlaging van vetzuren 
en een verhoging van de afbraak van de ZLKV in de peroxisomen. Ook bleek dat 
niet het ALDP hiervoor verantwoordelijk is, maar het eiwit dat het meest op ALDP 
lijkt, namelijk het ALDRP. Behandeling van X-ALD cellen met 4PBA resulteerde 
in een verhoogde hoeveelheid ALDRP in het peroxisomale membraan, het ALDR 
gen werd door de 4PBA aangezet tot de productie van bijna driemaal zoveel 
ALDRP. Uit dit onderzoek bleek dat ALDP en ALDRP een overlappende functie 
hebben en dat het "gezonde" ALDRP de functie van het "zieke" ALDP over kan 
nemen, mits ALDRP in verhoogde hoeveelheid aanwezig is. 

Ook werd gevonden dat wanneer normale en X-ALD cellen voor een periode 
van tien dagen met 4PBA behandeld werden het aantal peroxisomen per cel toenam 
van 400 per cel voor behandeling naar 1000 peroxisomen na tien dagen (zie fig 4, 
pag 95). Peroxisomen van X-ALD patiënten hebben een Testactiviteit voor ZLKV-
afbraak van ongeveer 20%. Tweeëneenhalf maal zoveel peroxisomen per cel levert 
netto een 2.5 maal verhoging van deze Testactiviteit op, wat mogelijk voldoende is 
om een normale afbraak van ZLKV te bewerkstelligen. Dus, behandeling van X-
ALD cellen met 4PBA resulteerde in meer ALDRP en meer peroxisomen. Beide 
processen kunnen bijdragen aan de verhoogde afbraak van het teveel aan ZLKV. 

Het mogelijke belang van een behandeling met 4PBA voor X-ALD patiënten 
werd aangetoond door experimenten met de X-ALD muizen. 4PBA werd 
toegevoegd aan het muizenvoer en het water. Na enkele weken op 4PBA dieet 
werden de X-ALD muizen geofferd en de ZLKV concentraties bepaald in de 
hersenen en de bijnieren en de waarden werden vergeleken met die in normale, 
controle muizen. Zes weken 4PBA dieet resulteerde in normalisatie van C24:0 en 
een 80% verlaging van C26:0 in de bijnieren én de hersenen. 

Het potentieel van 4PBA als mogelijke therapie voor X-ALD is aangetoond 
in huidcellen van X-ALD patiënten en in de hersenen en bijnieren van de X-ALD 
muis. Momenteel wordt het effect van 4PBA in X-ALD patiënten onderzocht en 
binnenkort zullen de eerste resultaten van dit onderzoek bekend worden. 

Het grootste en belangrijkste verschil tussen "Lorenzo's olie" en 4PBA is het 
effect op de ZLKV concentraties in de hersenen. Waar "Lorenzo's olie" geen enkel 
effect heeft op de ZLKV in de hersenen, hebben de proeven in de X-ALD muizen 
duidelijk aangetoond dat 4PBA de hersenen bereikt en de ZLKV verlaagd. De X-
ALD muizenproeven suggereren dat 4PBA mogelijk het myéline verlies in de 
hersenen kan afremmen. 

De strategie die in hoofdstuk 6 is beschreven kan in theorie voor iedere 
ziekte gebruikt worden waarvan bekend is dat er een extra gen bestaat met een 
overlappende functie dat gestimuleerd kan worden. 
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Dit proefschrift draagt hopelijk bij aan het verbeteren van het mutatieonderzoek, 
wat vooral belangrijk is voor identificatie van potentiële draagsters. Het vroegtijdig 
opsporen van draagsters kan namelijk onnodige, nieuwe gevallen van X-ALD 
voorkomen. 

De beschreven richtlijnen voor mutatie onderzoek hebben geresulteerd in een 
samenwerkingsverband tussen het Kennedy Krieger Instituut in Baltimore en het 
Academisch Medisch Centrum in Amsterdam voor het opzetten van een 
internationale databank voor X-ALD mutaties. Deze databank, die bereikbaar zal 
zijn via het internet, zal het opsporen van draagsters, nieuwe mutaties, het leggen 
van verbanden tassen families, en het contact tussen de verschillende diagnostische 
centra voor X-ALD wereldwijd zeker bevorderen. 

Het onderzoek naar het effect van 4PBA heeft laten zien dat dit middel in de 
toekomst zal kunnen uitgroeien tot een nieuw soort therapie. De resultaten van het 
4PBA onderzoek hebben ertoe geleid dat al enkele patiënten met X-ALD een 
experimentele behandeling ondergaan. 
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Dan ben ik nu waarschijnlijk, al hoop ik dat natuurlijk niet, op de meest gelezen 
bladzijden van dit proefschrift aangekomen. Dit werk is het resultaat van een 
samenwerking, niet alleen met veel collega's, maar ook tussen twee onderzoeks
instituten. Het zal duidelijk zijn dat het beschreven werk geproduceerd is met de 
hulp van veel mensen. Bedanken wil ik graag allen die, in wat voor vorm dan ook 
(wetenschappelijk en sociaal), hun steentje hebben bijgedragen aan het hier 
beschreven werk, in het bijzonder: 

Piet Bolhuis en Peter Barth, dankzij jullie ben ik in het X-ALD onderzoek 
terechtgekomen. Peter, jij hebt ervoor gezorgd dat er geld beschikbaar kwam voor 
het genetisch onderzoek aan deze ziekte. Piet, na mijn stage vroeg je me of ik 
geïnteresseerd was in een onderzoeksbaan aan deze ziekte waarvan het gen net 
gevonden was. De twee jaar die we aan het genetisch X-ALD onderzoek besteed 
hebben, hebben hun vruchten overduidelijk afgeworpen. In samenwerking met 
Bernard van Oost en Marjolijn Ligtenberg hebben we in twee jaar tijd een aantal 
mooie artikelen gepubliceerd. 

Ronald Wanders, waar moet ik beginnen en eindigen met jou te bedanken? 
Dan maar chronologisch. De eerste twee jaar herinner ik me je vooral als de 
"wandelende peroxisoom-encyclopedie". Ik kon altijd bij je terecht met vragen 
over peroxisomen. Jij bent er ook verantwoordelijk voor, door je vriendschap met 
"de club" in Baltimore, dat ik in Baltimore mijn onderzoek voort kon zetten. Toen 
het er, na drieëneenhalf jaar Amerika, naar uit begon te zien dat ik weer terug zou 
komen naar Nederland was er voor mij ook eigenlijk maar één logische keuze. Dat 
was jouw research-groep in het laboratorium voor Genetische Metabole Ziekten in 
het AMC. Ik weet zeker dat de mensen in jouw groep de know-how bezitten om 
een aantal van de fundamentele vraagstukken binnen de X-ALD op te kunnen 
lossen. Ik hoop dat wij nog velen jaren aan X-ALD kunnen samenwerken. 

Hugo Moser, not only did you give me the opportunity to continue my work 
on X-ALD, but also the honor to work with you and the entire X-ALD group at the 
Kennedy Krieger Institute. Your knowledge and expertise on this disease are 
unique and your enthusiasm contagious. The X-ALD mutation database is a 
beautiful example of the ongoing collaboration between the Kennedy Krieger 
Institute and the laboratory of Genetic Metabolic Diseases. I thank you very much 
for all you have done for me and I hope to spend many more nights in the "Moser 
Inn". 

Kirby Smith, for some unknown reason working in the KDS lab never really 
felt like working to me. It has been absolutely wonderful to work in a lab that is 
solely focussed on X-ALD. I already miss the hours we spent discussing the many 
hypotheses about all aspects of this disease, the quality of local hot dogs, and many 
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other things that make life fun. Your involvement with others is amazing, and not 
only on weekdays! There are too many things for which I would like to thank you, I 
will try to keep it short: rafting trips, camping gear (and the leaky air-mattress), 
bbq's and lunches, whisky at "birds on a feather", tips on places "where to go", .... 
and the opportunities you gave Barbra and me to see so much of the US, and of 
course waiting for me at the BWI airport (8 PM until 2 AM) during the January 
blizzard of 1996.1 hope we will stay friends forever. 

And of course I want to thank Linda Smith, for all the Orioles baseball 
games, many movies, delicious diners, trips around Baltimore, the Hyundai and just 
a fun time. 

Björn van Geel, de afgelopen jaren zijn we goede vrienden geworden. Bij jou 
kon ik ook altijd terecht met van alles en nog wat, vooral als het allemaal weer even 
niet zo ging als het zou moeten gaan. Ik ben blij dat ik na mijn terugkeer uit de VS 
weer samen met jou aan X-ALD verder kon. In april 1997 schreef jij: "Mocht je 
ooit nog uit Baltimore terugkeren, dan hoop ik dat we weer samen aan de slag 
kunnen". Lekkere planning Björn! Ik weet zeker dat jij, Helma, Emma en Lise een 
waanzinnige tijd zullen hebben in Baltimore en dat jij goed werk zult verrichten in 
het Kennedy Krieger Instituut. 

Paul Watkins and Ann Moser, for assisting me with the numerous 
biochemical assays and analyses that I performed in the Watkins lab and the Moser 
lab. 

Frank Baas, jouw steun en goede ideëen hebben mij in de eerste twee jaar als 
onderzoeker erg geholpen. 

Mijn oud-collega's van K2 en G2: Emiel, Carin, Gerard, Joost, Mike, Linda, 
Ruud, Rob, Cock, Lourens, Marjon, Norbert, Mia, Peter, Ina, Arthur, Evert, 
Marcel, Regien, Coby, Nico en alle anderen voor de productieve maar ook vooral 
gezellige tijd. 

The KDS lab, my dear friends and colleagues: Shane (for being Shane), Jyh-
Feng (for the many tennis games), He-Ming (your dumplings are THE best!), Ann 
(get married and go travel, but not just to Oil City), Marcia (my favorite Carioca, 
thank you for Rio, even though the Brazilian soccer team made orange juice out of 
the Dutch team), Martina (for reading and correcting the manuscripts), Anita (for 
helping with the, always too many, VLCFA analyses), Chris, Lily, Lelita, and all 
the others from the KKI fourth floor. 

Petra Mooyer, ik heb nu toch al aardig wat immunofluorescentie plaatjes 
gezien, maar die van jou blijven de mooiste. 
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Shane Bergin and Larry Freiin, thanks for being such great friends during my 
stay in Baltimore. And Shane never forget: "Two "onzen" of Shaslicks and a packet 
of crisps please!", 

Susan, Jamie, Linda, Henry, Sandra and Jando we really enjoyed all the 
weekends in Manassas. Every time we came to your house it felt like going home. 
Keep working on your Sega soccer Jamie, one day I'll be back. 

Fabian en Hermanda, bedankt voor het scannen van de foto's en het 
"branden" van alweer een definitieve versie of een back up van het proefschrift. 

Marcel en Marit (ik wil nog wel graag een revanche spelletje "Zeeslag per e-
mail"), Inger en Marcel (Koninginnedag in Baltimore, oudejaarsnacht in New 
York, weekendje "bieren" in Cleveland. Het was heel bijzonder om tegelijkertijd in 
Amerika te wonen), Hans en Herma (blijf niet voor altijd in Finland!), Paul en 
Carelle (met jullie is het altijd en overal lachen), Maura en Eric (bijna wonen we 
weer vlak bij elkaar. En vergeet niet "als de kip uit de oven is mag het raam open") 
en Jaap (even op Lola passen werd voor altijd). 

Mijn ouders, schoonouders en familie voor jullie onvoorwaardelijke steun. 
Jullie hebben het ons mogelijk gemaakt om naar het buitenland te gaan, daar te 
kunnen genieten en na terugkomst hier iets op te bouwen. Gezien de reacties vorig 
jaar op de mededeling dat er een baan voor mij was in Australië, beloof ik om 
voorlopig niet meer voor langere tijd naar het buitenland te gaan. 

Barbra, mijn liefste. Had ik van te voren geweten dat het bijna een jaar zou 
duren voordat jij ook naar Amerika kon komen dan had ik het niet gedaan. 
Gelukkig heb je me dat niet van tevoren verteld. Het avontuur begon dan ook pas 
toen we er samen waren. Jij hebt er vooral voor gezorgd dat ons sociale leven in 
Baltimore begon te bruisen. Gelukkig hebben we ons vaak genoeg gerealiseerd dat 
ruim drie jaar buitenland een bijzondere ervaring is. We weten nu zeker dat we 
samen alles aankunnen. Slechts weinigen weten dat jouw interesse voor het X-ALD 
onderzoek zó groot is, datje zelfs een aantal weken gedragsonderzoek hebt gedaan 
aan de X-ALD muizen. Jouw betrokkenheid bij mijn onderzoek en je 
onuitputtelijke energie voor het stellen van kritische vragen zijn misschien wel de 
belangrijkste drijfveer voor mij geweest om goed onderzoek te doen. We hebben 
echt een waanzinnige tijd gehad in Baltimore, waar we nog dagelijks aan 
terugdenken. Ik hou van jou! ! 
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