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ABSTRACT

The BCAP31 gene is located between SLC6A8, associated with X-linked creatine 

transporter deficiency, and ABCD1, associated with X-linked adrenoleukodystrophy. 

Deletions involving both ABCD1 and BCAP31 cause neonatal lethal “contiguous ABCD1 

DXS1357E deletion syndrome” (CADDS). Deletions of SLC6A8 are associated with an 

atypical severe phenotype which might be explained by involvement of BCAP31. However, 

the deletion size in most reported patients is unknown. Recently, isolated defects of 

BCAP31 were found to cause severe developmental delay with deafness and dystonia. 

We characterized the breakpoints in eight patients with deletions of SLC6A8, BCAP31, 

and/or ABCD1 and studied the genotype-phenotype correlations in these patients and 

two previously reported patients with known deletion size. Contiguous gene deletions 

involving BCAP31 caused profound developmental delay, failure to thrive, hearing loss, and 

childhood death, probably mainly due to loss of BCAP31. Only deletions involving both 

BCAP31 and ABCD1 were associated with hepatic cholestasis and death before one year 

which might be explained by synergistic effects of loss of ABCD1 and BCAP31. Remarkably, 

a patient with isolated deletion of the 3’end of SLC6A8 had a similar phenotype as seen in 

SLC6A8-BCAP31 deletions but without deafness. This might be caused by disturbance of a 

regulatory element between SLC6A8 and BCAP31.
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INTRODUCTION

Two disease genes, SLC6A8 and ABCD1, lie close together on chromosome Xq28. 

Loss-of-function mutations in SLC6A8 cause X-linked creatine transporter deficiency 

(CRTR-D), which is characterized by severely reduced creatine on 1H-magnetic resonance 

spectroscopy (1H-MRS) of the brain. Male patients present with intellectual disability with 

severe speech delay, behavioral problems, and seizures. The diagnosis is further based on 

increased creatine/creatinine ratio in urine and/or deficient creatine uptake in cultured 

fibroblasts.1 Loss-of-function mutations in ABCD1 cause X-linked adrenoleukodystrophy 

(X-ALD), which is characterized by reduced β-oxidation of very long chain fatty acid 

(VLCFA), demyelination of white matter, and adrenal cortex atrophy with a wide range 

of phenotypic expression. The most severe, childhood cerebral, form has an onset 

after three years of age and is characterized by neurological deterioration starting with 

behavioral problems and learning deficits and progressing to total disability and death. The 

characteristic elevations of VLCFA in plasma are already present in the first weeks of life.2

BCAP31 is located, in reverse orientation, between SLC6A8 and ABCD1. In 2002 three 

patients with deletions of ABCD1 extending into the neighboring BCAP31 (DXS1357E) 

were described.2 They had increased VLCFA as in X-ALD but otherwise a severe neonatal 

presentation with profound hypotonia and development delay, hepatic cholestasis, and 

death in the first year of live. The syndrome was named “contiguous ABCD1 DXS1357E 

deletion syndrome” (CADDS). The exact extent of the deletions was not determined. 

In 2012 a fourth CADDS patient with a similar phenotype was described with a large 

deletion containing (part of) BCAP31, ABCD1, PLXNB3, SRPK3, IDH3G, SSR4, and PDZD4.3 

Centromeric to BCAP31, large deletions involving SLC6A8 were reported in three 

patients with a more severe presentation than in classic CRTR-D with pronounced 

hypotonia and development delay, severe failure to thrive, and dystonia or choreathethoid 

movements.4, 5 In one of these patients the deletion extended into BCAP31.5 However, the 

exact deletion size was unknown in the other two.4 

A role was suggested for BCAP31 in the atypical and severe presentation of deletions 

of ABCD1 or SLC6A8 extending into BCAP31. Just recently, loss-of-function mutations 

in BCAP31 were found to cause severe motor and intellectual disability, dystonia, 

sensorineural deafness, failure to thrive, and early death.6 

Conclusions regarding the contribution of the separate genes in contiguous gene 

deletions involving SLC6A8, BCAP31, and/or ABCD1 were hampered by the fact that 

the deletion size was unclarified in five2, 4 of the seven reported deletion patients. We 
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characterized the breakpoints in these five patients and provide an update of the patients 

who were alive at the time of the previous report.4, 5 In addition, we describe two new 

patients with a BCAP31- ABCD1 deletion (CADDS) and one patient with an isolated partial 

SLC6A8 deletion. We discuss the genotype-phenotype correlations in these eight patients 

and the two patients of whom the deletion size was already well characterized.3, 5

MATERIALS AND METHODS

Materials and Patients

DNA was isolated from blood or cultured fibroblasts of eight patients with suspected 

deletions of SLC6A8 and/or ABCD1. Three patients were suspected of SLC6A8 deletions 

and five patients of ABCD1 deletions based on clinical and biochemical features and the 

absence of polymerase chain reaction (PCR) products of the involved gene. Case reports 

of two of the patients with SLC6A8 deletions were previously reported.4 Three of the 

patients with ABCD1 deletions were previously reported and involvement of BCAP31 was 

already shown by PCR analysis of a marker in this gene.2 

Breakpoint analysis

Multiplex ligation-dependent probe amplification (MLPA) using the P049 kit with probes 

for several exons of SLC6A8, BCAP31, ABCD1, and neighboring genes, was performed to 

confirm the deletions and to estimate their size. To narrow down the regions of the 

breakpoint, PCRs of about 200 base pairs in intervals of approximately 5-10 kilobase were 

designed flanking the deleted MLPA probes. Finally, long-range PCR over the breakpoint 

was performed followed by DNA sequencing to reveal the exact breakpoints. All primers 

were designed with a high specificity for the X chromosome, as a paralogous gene region 

occurs on chromosome 16.7

RNA analysis of BCAP31 

RNA was isolated from fibroblasts of patient 2-6 and the patient previously reported 

by Osaka et al.5 Subsequently cDNA was synthesized using oligodT. To amplify specific 

regions of the transcripts (i.e. exons 1-8, exons 1-4, and exons 5-8), primers were 

designed in exons 1, 4, 5 and 3’UTR of the BCAP31 gene.
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RESULTS

Breakpoint analysis

The breakpoints were sequenced by long-range PCR in seven of the eight patients 

(Supplementary file). Long-range PCR was unsuccessful in patient 6. However, the region 

of the breakpoint was narrowed down by MLPA analysis showing the presence of exon 

8 but deletion of exon 7 of ABCD1 and exon 5 of BCAP31. A specific PCR in exon 8 of 

BCAP31 indicated its presence and thus the breakpoint was located between exons 7 

and 8 of ABCD1 and between exons 5 and 8 of BCAP31. Two patients had isolated partial 

SLC6A8 deletions and eight a contiguous gene deletion involving BCAP31 and SLC6A8 and/

or ABCD1 (Figure 1, Table 1).

Figure 1.  Location and size of the deletions on Xq28. Deletions are depicted with black bars. The exact 
breakpoint in patient 6 is unknown and the uncertainty regarding the involvement of exon 6 and 7 of 
BCAP31 in the deletion is depicted by a gray bar.

RNA analysis of BCAP31

RT-PCR detected BCAP31 transcripts of exons 1-8 in RNA isolated from fibroblasts of 

patient 2. In RNA from fibroblasts of patient 3 and the patient reported by Osaka et al.5 

only a transcript of exons 1-4 was detected. In patients 4-6 no BCAP31 transcripts were 

detected (Supplementary file).

Genotype-phenotype correlation

The clinical features of the patients are summarized in Table 1. The patients with contiguous 

gene deletions involving BCAP31 shared many features: profound developmental delay, 

severe failure to thrive, sensorineural hearing loss, and childhood death. Seizures occurred 
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Table 1. Clinical features.

Patient 1 2 Osaka et al. 
2012

3 4 5 6 7 8 Iwasa et al. 
2012

CRTR-D BCAP31 XL-ALD

Deletion size 2.1 kb 4.9 kb 19 kb 40 kb 110 kb 64 kb 34-42 kb 50 kb 31 kb 90 kb mutation mutation mutation

Involved genes SLC6A8 SLC6A8 SLC6A8, 
BCAP31

PNCK, SLC6A8, 
BCAP31

PNCK, SLC6A8, 
BCAP31, ABCD1, 
PLXNB3, SRPK3

SLC6A8, 
BCAP31, ABCD1

BCAP31, ABCD1 BCAP31, ABCD1 BCAP31, ABCD1 BCAP31, ABCD1, 
PLXNB3, SRPK3, 
IDH3G, SSR4, 
PDZD4

SLC6A8 BCAP31 ABCD1

Age 40 years Died 8 years 
septic shock

9 years Died 8 years 
unknown cause

Died < 5 
months

Died 4 months 
LF, RF

Died 8 months Died 11 
months  
LF, GI bleeding

Died 4 months 
RF, GI bleeding

Died 8 months 
pneumonia, 
sepsis

Normal live 
expectancy

Death 7 
months-24 
yearsa

Average death 
at 9.4 years

Development Walking at 2 
years, speaks 
single words

Smiles, eye 
contact, no 
milestones 
attained

Profound delay, 
no head control

Some eye 
contact, no 
milestones 
attained

? Profound delay Delayed, smiles, 
alert and active 
at 4 months, 
sedated at 7 
months.

Profound delay Profound delay No milestones 
attained

Mild-severe 
delay, walking at 
mean age of 2 
years

No milestones 
attained or only 
head controla

Early 
development 
normal, onset 
neurological 
deterioration > 
3 years

Motor 
symptoms

- Profound axial 
hypotonia, 
hypertonic 
limbs, 
quadriplegia

Hypertonic Profound 
neonatal 
hypotonia

Hypertonic Profound 
neonatal 
hypotonia

Hypotonia Profound 
neonatal 
hypotonia

Profound 
neonatal 
hypotonia

Hypotonia Mild hypotonia Pyramidal signs, 
quadriplegia

Neurological 
deterioration > 
3 years

Extrapyramidal - Dystonia from 3 
months; severe 
choreoathetosis 
from 4-5 years

Severe dystonia 
and athetosis 
from 4 months

Severe 
choreoathetosis 
from 3 years

? - - Frequent 
episodes of 
opisthotonus, 
bruxism

- - Some patients, 
mild

Severe dystonia -

Seizures (onset) 2 years - 4 years status 4 years ? 2 months - - 2 months - +/- +/- -

FTT - ++b ++b ++b ? ++
(with IUGR)

++b ++ ++ ++
(with IUGR)c

+/- ++ -

Microcephaly - -d ? -d ? ? -d ? ? +++e - +f -

Hepatic - - Mildly 
elevated liver 
transaminases

Transient 
elevated liver 
transaminases

Cholestasis Cholestasis Cholestasis Cholestasis Cholestasis Cholestasis - Transient 
elevated liver 
transaminases

-

Congenital 
SNHL

- g - + + + ? ? + + + - + -

Opthalmological - Strabismus Does not 
persuit objects

Pigmentary 
retinopathy at 3 
years

? ? - Cataract ? Does not see Strabismus Strabismus, 
optic atrophy

-

Dysmorphic Mild - - +h ? - Mildi - - +j Mild atypical +/- -

Brain MRI nd T2 
hyperintensities 
periatrial WM, 
thin  CC

T2 
hyperintensities 
GP, decreased 
volume WM, 
myelination 
delay, very thin 
CC; cerebellar 
vermian 
atrophy

T2 
hyperintensities  
in BG, 
myelination 
delay, thin CC

Mild focal 
dilatation left 
Sylvian fissure, 
immature 
myelination

Myelination 
delay

No 
abnormalities

nd Diffuse 
increased T1 
hyperintensities 
WM

Enlarged 
ventricles, thin 
CC, thin WM, 
myelination 
delayk

Mild 
myelination 
delay, T2 
hyperintensities, 
thin CC, 
enlarged 
ventricles, 
cerebral/ 
cerebellar 
atrophy

Periventricular 
hypomyelination, 
cerebral/
cerebellar 
atrophy

Predominantly 
parieto-
occipital WM 
abnormalities

Adrenal nd nd nd nd ? Small adrenal 
glands

nd nd nd Adrenal 
hypoplasy

nd nd Addison’s 
disease
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Patient 1 2 Osaka et al. 
2012

3 4 5 6 7 8 Iwasa et al. 
2012

CRTR-D BCAP31 XL-ALD

Other 
symptoms

Episodes of 
high fever, 
hydronephrosis

Hydronephrosis Thymus 
hypoplasia

Unexplained 
episodic fever

Urinary cr/rn 1.84 3.8 6.24 1.7 nd nd nd nd nd nd 1.5-6.3 (<10 
yrs); 0.74-4.8 
(>10yrs)

nd nd

VLCFA  
C26:0 (ug/ml) 
C26:1 (ug/ml) 
C26/22 
C24/22

nd Normal Normal Normal Iincreased: 
4.082 
2.583 
0.193 
1.798

Increased: 
2.98 
2.34 
0.18 
1.85

Increased  
(fibroblasts)

Increased: 
2.09 
2.02 
0.16 
1.56

Increased: 
2.48 
1.86 
0.21 
1.65

Increased: 
 
 
0.496 
3.29

nd nd Increased: 
1.18+/-0.53 
0.19+/-0.05 
0.07+/-0.04 
1.49+/-0.45

Other 
biochemical 
abnormalities

Possible 
mitochondrial 
dysfunctionl, 
elevated NH3 
during febrile 
episodes

Possible 
mitochondrial 
dysfunctionm, 
elevated NH3 
during febrile 
episodes

Mildly elevated 
NH3, normal 
lactate and 
organic acids

Possible 
mitochondrial 
dysfunction 
(rare)n

Reference 1 1, 4 (pat 1), 22 5 4 (pat 2) Unpublished 2 (pat 3) Unpublished 2 (pat 1) 2 (pat 2) 3 1 6 2

a one exceptional patient is alive at 13 yrs and attained sitting, autonomous wheelchair and simple sign 
language; b height and weight about -3 to -4 SD; c height and weight -6 SD; d head circumference about -1.5 
to -2.5 SD; e head circumference -10 SD; f head circumference between -2 and -5 SD; g normal audiogram 
at 4 yrs, mild low frequency hearing loss at 36 years; h thin cupped ears, deep set eyes, prominent 
nasal bridge, high-arched palate with submucous cleft, 5th finger clinodactyly; i frontal bossing, midface 
hyoplasia, pointed chin; j flat orbital edge, hypoplastic nose, micrognathia, light brown hair, a salmon 
patch on forehead, inguinal hernia, micropenis, cryptorchidism, arachnodactyly, club feet, hirsute back; k 
brain autopsy showed hypomyelination, secondary hypoxic-ischemic changes, heterotopia and dysplasia 
of inferior olivary nuclei; l transient elevated lactate, increased excretion tricarboxylic acid (TCA) 
intermediates, ethyl-malonic acid and 3-methylglutaconic acid but normal respiratory chain complex 
activities and elctron microscopy of mitochondria in muscle biopsy; m transient elevated plasma and CSF 
lactate, increased excretion TCA intermediates, decreased activity respiratory chain complex I, III and IV 
in muscle biopsy; n reported in one patient with SLC6A8 mutation.
Abbreviations: BG = basal ganglia, CC = corpus callosum, Cr/Crn = creatine to creatinine ratio, FFT = 
failure to thrive,  GI= gastro intestinal, GP = globus pallidus, LF= liver failure, MRI = magnetic resonance 
spectroscopy, nd = not detected, RF=respiratory failure, SNHL= sensorineural hearing loss, VLCFA = 
very long chain fatty acids, WM = white matter, ? = unknown, - = absent, + = present

Table 1. Continued

in some. The patients with deletions involving both BCAP31 and ABCD1 (n=6) all developed 

cholestatic liver disease and died in the first year of life. It is not documented whether 

the cause of death was related to liver failure in all cases. In contrast, the patients with 

deletions of SLC6A8 and BCAP31 but not ABCD1 (n=2) did not develop cholestatic liver 

disease, survived until at least 6 years and developed severe dystonia and choreoathethosis 

after 3 years. The patient with an isolated deletion of exons 8-13 of SLC6A8 had the 
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failure to thrive,  GI= gastro intestinal, GP = globus pallidus, LF= liver failure, MRI = magnetic resonance 
spectroscopy, nd = not detected, RF=respiratory failure, SNHL= sensorineural hearing loss, VLCFA = 
very long chain fatty acids, WM = white matter, ? = unknown, - = absent, + = present

same severe presentation with death at 8 years as the two patients with SLC6A8-BCAP31 

deletions but without sensorineural hearing loss. In contrast, the patient with an isolated 

deletion of exons 5-12 of SLC6A8 had a phenotype consistent with classic CRTR-D.

DISCUSSION

The phenotype of patients with contiguous gene deletions involving BCAP31 differed 

substantially from the phenotype of respectively isolated loss of SLC6A8 (causing CRTR-D) 

and ABCD1 (causing XL-ALD), suggesting an important role for BCAP31. 

BCAP31 encodes B-cell-receptor associated protein 31 (BAP31), a 28-kDa (246 amino 

acid) integral membrane protein that is localized in the endoplasmatic reticulum (ER) 

membrane.8, 9 It is a protein-sorting factor that associates with newly synthesized integral 

membrane proteins and controls their very different fates (egress, retention, survival, 

and degradation).10 However, BAP31 is also involved in apoptosis, participating in ER-

mitochondrial apoptosis signaling. The mitochondrial fission protein Fission 1 (Fis1) interacts 

with BAP31 at the ER, forming a platform for recruitment and activation of procaspase-8 

during Fas-mediated apoptosis.11, 12 BCAP31 is cleaved by caspase-8, generating a p20 

BAP31 that remains integrated in the membrane.9, 13 p20 induces apoptosis9 by causing 

a rapid transmission of ER calcium into the mitochondria leading to mitochondrial 
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recruitment of dynamin-like protein 1 (Dlp1), which results in mitochondrial fission.13 

In contrast, full-length BAP31 inhibits Fas-mediated apoptosis.14, 15 BAP31 also associates 

with components of the cytoskeleton actomyosin complex, suggesting that BAP31 may 

play a role in the structural organization of the cytoplasm.16

Recently, loss-of-function mutations in BCAP31 were found in seven individuals from 

three families presenting with severe motor and intellectual disability, early dystonia, 

sensorineural deafness, hypomyelination, failure to thrive, and early death. Fibroblasts 

of the affected individuals showed altered ER morphology and disorganized Golgi but 

contrary to expectation no massive accumulation of unfolded proteins or exacerbated cell 

death.6 The profound developmental delay, sensorineural hearing loss, failure to thrive, 

and childhood death in the patients with contiguous gene deletions involving BCAP31 are 

very similar to the consequences of isolated BCAP31 defects and confirm the association 

of loss between BCAP31 and this phenotype.

Neonatal hepatic cholestasis leading to liver failure and death in the first year was 

restricted to the patients with deletions involving both ABCD1 and BCAP31 and is not 

described in isolated ABCD1 defects2 nor in isolated BCAP31 defects.6 Only transient 

increases of liver transaminases, mainly during febrile episodes, were found in patients 

with deletions of BCAP31-SLC6A8 and were also described in patients with isolated BCAP31 

defects.6 Therefore the hepatic cholestasis appears to result from the combined loss of 

BCAP31 and ABCD1. Loss of BCAP31 might aggravate the peroxisomal disturbance caused 

by loss of ABCD1. BAP31 interacts with Fis111 which is, together with dynamin-like protein 

1 (Dlp1), implicated in both mitochondrial and peroxisomal fission.17 A heterozygous 

dominant negative mutation in Dlp1 caused a defect of fission of both mitochondria and 

peroxisomes manifesting with abnormally formed mitochondria and peroxisomes in a 

neonate who died at one month of age with abnormal brain development, optic atrophy, 

lactic academia and mildly elevated plasma VLCFA.17 However, peroxisomes of normal 

size and number were reported in patients with BCAP31-ABCD1 deletions.2, 11 Otherwise, 

VLCFAs are (potentially) toxic in CNS and adrenal glands18 and BAP31 deficient cells 

might be more sensitive to these effects due to deregulated apoptosis. 

Severe dystonia and choreoathethosis only occurred in patients with SLC6A8-BCAP31 

deletions. However, dystonia is probably related to loss of BCAP31 because it was also 

described in isolated BCAP31 defects and the patients with BCAP31-ABCD1 deletions died 

before these symptoms usually appear.
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Remarkably, the patient with an isolated deletion of SLC6A8 exons 8-13 had the same 

severe phenotype as patients with deletions or mutations of BCAP31 but without the 

hearing loss or increases of liver transaminases. We detected BCAP31 mRNA in fibroblasts 

of this patient, which argues against an effect on BCAP31 transcription. Alternatively, the 

severe phenotype might be due to the complete loss of SLC6A8. However, deletion of 

exons 5-12 of SLC6A8 was not associated with this severe presentation. Therefore, only 

deletions extending beyond the 3’end of SLC6A8 seem associated with a severe phenotype 

which suggests a disturbance of regulatory elements in the non-coding region between 

SLC6A8 and BCAP31 leading to a comparable phenotype as in BCAP31 defects but without 

hearing loss. Interestingly, one of the three described isolated defects of BCAP31 in fact 

concerned a deletion of exon 8 including BCAP31 and part of the 3’UTR of SLC6A8. 

Normal cerebral creatine levels were found in this patient suggesting that SLC6A8 was not 

involved in the phenotype although SLC6A8 mRNA in patient fibroblasts was reduced.6 

In three patients additional genes were involved in the deletion and might have 

contributed to their phenotype. The patient reported by Iwasa,3 with the largest deletion, 

had very profound microcephaly which was not found in any of the other patients and 

might be due to genes deleted only in this patient and possibly also in patient 4 of whom 

limited clinical information is known. PLXNB3 might contribute to the cerebral features 

as it is most abundantly expressed in the brain and is a potent stimulator of neurite 

outgrowth.19 In support of this, a patient with a deletion of exon 3-10 of ABCD1 and 

exons 1-2 of PLXNB3 presented with convulsions from 2 years, predominantly occipital 

white mater abnormalities at 3 years, and possible developmental delay.20 PNCK which was 

involved in patient 3 and 4 is also mainly expressed in the brain.21 No isolated defects of 

this gene have been reported so far. 

In conclusion we confirm that BCAP31 deficiency is associated with profound 

developmental delay, sensorineural hearing loss, failure to thrive, severe dystonia, 

increases of liver transaminases, and childhood death. However, only deletions involving 

both BCAP31 and ABCD1 are associated with hepatic cholestasis and death in the first 

year, probably due to synergic effects of loss of these two genes. Isolated deletions of 

SLC6A8 extending beyond the 3’end are associated with a severe phenotype comparable 

to the phenotype in loss of BCAP31 but without the hearing loss. This might be caused by 

disturbance of a regulatory element between SLC6A8 and BCAP31. 
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SUPPLEMENTARY FILE

Direct sequencing of the breakpoints 

The deletion notation is according to GRCh37 Build (hg19).

Patient 1: 

chrX: g.152,958,196_152,960,341 del

Patient 2: 

chrX: g.152,959,229_152,964,178 del

Patient 3:

chrX: g.152,932,965_152,972,594 del
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Patient 4:

chrX:  g.152,937,967_153,048,182del

Patient 5:

chrX:  g.152,954,889_153,018,957del

Patient 7:

chrX:  g.152,968,596_153,018,873del 
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Patient 8:

chrX: g.152,973,240_153,004,372del

RT-PCR of BCAP31

RT-PCR of transcripts of BCAP31 of exon 1-4 and exon 1-8 in RNA isolated from 

fibroblasts of patient 2-6 (2-6), patient reported by Osaka et al 2012 (O), normal control 

(C) and normal control without reverse transcriptase (-RT), showing the presence of 

exon 1-4 in patient 2 and 3 and the patient reported by Osaka et al 2012 and exon 1-8 

in patient 2.
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