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Neurodegenerative disorders with high iron in the basal ganglia encompass an expanding collection of single gene disorders

collectively known as neurodegeneration with brain iron accumulation. These disorders can largely be distinguished from one

another by their associated clinical and neuroimaging features. The aim of this study was to define the phenotype that is

associated with mutations in WDR45, a new causative gene for neurodegeneration with brain iron accumulation located on the

X chromosome. The study subjects consisted of WDR45 mutation-positive individuals identified after screening a large inter-

national cohort of patients with idiopathic neurodegeneration with brain iron accumulation. Their records were reviewed,

including longitudinal clinical, laboratory and imaging data. Twenty-three mutation-positive subjects were identified (20 fe-

males). The natural history of their disease was remarkably uniform: global developmental delay in childhood and further

regression in early adulthood with progressive dystonia, parkinsonism and dementia. Common early comorbidities included

seizures, spasticity and disordered sleep. The symptoms of parkinsonism improved with L-DOPA; however, nearly all patients

experienced early motor fluctuations that quickly progressed to disabling dyskinesias, warranting discontinuation of L-DOPA.

Brain magnetic resonance imaging showed iron in the substantia nigra and globus pallidus, with a ‘halo’ of T1 hyperintense

signal in the substantia nigra. All patients harboured de novo mutations in WDR45, encoding a beta-propeller protein postulated

to play a role in autophagy. Beta-propeller protein-associated neurodegeneration, the only X-linked disorder of neurodegenera-

tion with brain iron accumulation, is associated with de novo mutations in WDR45 and is recognizable by a unique combination

of clinical, natural history and neuroimaging features.

Keywords: iron; NBIA; autophagy; basal ganglia; Rett syndrome

Abbreviation: BPAN = beta-propeller protein-associated neurodegeneration; NBIA = neurodegeneration with brain iron
accumulation

Introduction
Neurodegeneration with brain iron accumulation (NBIA) encom-

passes a group of single gene disorders that share the feature of

high brain iron. Causative genes have been identified for most pa-

tients with NBIA; however, the genetic basis remains to be found

for �35% of them (Hogarth et al., 2013). Recently, a new NBIA

gene was identified on the X chromosome (Haack et al., 2012). As

with other new disease gene discoveries, we sought to delineate the

phenotype associated with mutations in this gene, WDR45, in an

attempt to assist clinicians with the diagnostic evaluation.

WDR45 encodes a protein that serves a putative role in autop-

hagy, a lysosomal process to degrade cellular components that is

thought to be defective in many neurodegenerative disorders

(Behrends et al., 2010). The protein encoded by WDR45 belongs

to a family that includes LIS1 (now known as PAFAH1B1), which

is defective in lissencephaly, along with other proteins important

for neuronal survival. This protein is characterized as a beta-pro-

peller scaffold that serves as a platform to enable specific protein–

protein interactions that are important in autophagy. Although the

precise mechanism by which defective WDR45 causes disease is

unknown, a clear pattern of clinical, imaging and natural history

data enables the recognition of this distinctive phenotype and the

ascertainment of patients. This NBIA disorder was called ‘beta-

propeller protein-associated neurodegeneration’ (BPAN) (Haack

et al., 2012). Studies of patients with BPAN will help to advance

understanding of disease pathogenesis and may yield new insights

into more common neurodegenerative disorders such as Rett syn-

drome, the epileptic encephalopathies and Parkinson’s disease.

Materials and methods

Subjects
We recruited subjects into an NBIA research repository that includes

clinical data and associated DNA samples. Subjects were recruited

through a research listing on GeneTests, the Oregon Health and

Science University website, and at NBIA Disorders Association interna-

tional family conferences. Samples from 14 individuals with idiopathic

NBIA who shared a distinctive phenotype of early developmental delay

with regression and parkinsonism in adulthood were investigated using

whole exome sequencing techniques and have been included in an

earlier report (Haack et al., 2012). Patients found to harbour a muta-

tion in WDR45 were included in further analyses. The cohort of sub-

jects sent for whole exome sequencing were all determined to have

NBIA based on MRI evidence of high iron in the basal ganglia, as well

as accompanying neurological signs and symptoms. All had previously

been screened for mutations in known NBIA genes (PANK2, PLA2G6,

C19orf12, FA2H). The subjects, although ethnically diverse, were clin-

ically and radiographically homogeneous.
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We subsequently screened for mutations in selected samples from

the Oregon Health and Science University NBIA cohort and from four

large international idiopathic NBIA cohorts (�60 individual samples)

collected through the Neurosciences Unit at the Institute of Child

Health (University College London), the National Hospital for

Neurology and Neurosurgery (UK), the Institute of Human Genetics,

Technische Universität München (Germany), and the Unit of

Molecular Neurogenetics, IRCCS, Foundation Neurological Institute

‘Carlo Besta’ (Italy).

Direct examinations were completed on 11 subjects, three males

and eight females, and medical records were reviewed on all 23 pa-

tients included in this report. Only partial clinical data were available

on some patients.

Analysis of mutations
We used primer sets to amplify all WDR45 exons and adjacent intronic

sequences, including splice signals, and sequenced DNA from the af-

fected individual in each family as well as their parents and siblings,

when available. We analysed sequence variants that did not cause a

frameshift or stop codon using SIFT, PolyPhen2, PMut, and PhD-SNP

algorithms to predict pathogenicity (Ng, 2003; Ferrer-Costa, 2005;

Capriotti, 2006; Adzhubei et al., 2010).

Standard protocol approvals,
registrations and patient consents
DNA and clinical information were collected and used after partici-

pants had given written informed consent according to the protocol

approved by the institutional review boards.

Results
Twenty-three subjects were found to be WDR45 mutation-posi-

tive. No mutations were detected in parents or siblings who were

tested. In 13 patients, pathogenic mutations were first identified in

WDR45 by whole exome sequencing and then confirmed by direct

sequencing of the gene. Subsequent screening of patients with

idiopathic NBIA led to the identification of 10 additional subjects

with deleterious mutations in WDR45. Loss-of-function mutations

accounted for the variants found in 20 subjects. Three missense

mutations were identified in highly conserved residues and were

predicted to be deleterious (Haack et al., 2012).

All subjects had been diagnosed with global developmental

delay in infancy or early childhood and carried a diagnosis of in-

tellectual disability into adulthood. Most children made slow de-

velopmental gains over time. Developmental quotients ranged

from 30–50, with severely limited expressive language in child-

hood. As children, most subjects were described as clumsy with

a broad-based or ataxic gait but were generally healthy. Six were

noted to have spasticity. Thirteen subjects had epilepsy in child-

hood requiring treatment with anti-epileptic medication. Various

seizure types were reported in these patients, including focal seiz-

ures with altered levels of consciousness, absence seizures, atonic

seizures with head nodding, generalized seizures with fever, epi-

leptic spasms, generalized tonic-clonic seizures, and myoclonic

seizures. Multiple seizure types were prevalent in some individuals.

EEG changes that were reported included spike and slow wave

activity; focal/generalized epileptiform discharges; and diffuse

background slowing with superimposed bursts of fast rhythms.

Table 1 provides a detailed summary of each subject’s clinical,

radiographic and genetic features.

All subjects exhibited neurological deterioration in adolescence

or early adulthood with the onset of dystonia, parkinsonism, and

new cognitive decline. The mean age at deterioration was 25.3

years (range 15–37 years). The parkinsonism was characterized by

prominent bradykinesia, rigidity and freezing of gait; however,

tremor was noted in only two subjects. Dystonia was a common

feature beginning in adolescence or early adulthood, typically

starting in the upper extremities. One subject was described

with a dystonic ‘bent trunk’ gait suggestive of camptocormia.

Subjects treated with L-DOPA had striking benefit from the

drug, with improved motor function, affect, appetite and interest

in activities. Equally consistently, the duration of L-DOPA benefit

was relatively short, with early appearance of motor fluctuations

quickly advancing to disabling dyskinesias and requiring discon-

tinuation of drug within a few years. Dopaminergic agonists

were tried in at least two patients but dyskinesias limited their

use. Patients were documented to have deterioration of cognition

concomitant with onset of the movement disorder, with progres-

sive loss of limited expressive language skills advancing to severe

dementia in end stages. Eighteen subjects are living, and their

current ages range from 16 to 44 years. Five female subjects

died during their third to fifth decades of life; one died with

severe parkinsonism and dysphagia at 48 years of age, which

was 11 years after her neurological deterioration reportedly

began. Two died from aspiration pneumonia, and two died from

unknown causes.

Additional phenotypic features reported in only a subset of pa-

tients included disordered sleep, ocular defects and Rett-like hand

stereotypies (Table 1). Interestingly, sleep abnormalities were spe-

cifically noted in six subjects and included a positive multiple sleep

latency test with shortened mean sleep latency and abnormal REM

sleep (documented at age 5 years), hypersomnolence, hyposom-

nolence, and ‘dance-like’ movements of extremities with onset of

sleep. Seven subjects were reported to have ocular defects, includ-

ing patchy loss of the pupillary ruff (also seen in pantothenate

kinase-associated neurodegeneration) (Egan et al., 2005), bilateral

partial retinal colobomata, high myopia, astigmatism with myopia,

and spontaneous retinal detachment. Seven females were sus-

pected to have atypical Rett syndrome, two of whom had repeti-

tive midline hand-wringing behaviour. By early adulthood, bowel

and bladder incontinence were manifest in most subjects with

BPAN. The basis for this is unclear.

With neurological deterioration in adolescence or adulthood, all

subjects underwent brain MRI, revealing a strikingly consistent

pattern of abnormalities. All MRIs were reported to show evidence

of increased iron in the substantia nigra and globus pallidus.

Thirteen MRIs from 11 subjects were available to us for review.

All MRIs showed T2 hypointense signal in the substantia nigra

and globus pallidus (Fig. 1). Consistently, the substantia nigra ab-

normal signal, which included the cerebral peduncles, was

more hypointense than that of the globus pallidus. There was a

variable degree of globus pallidus hypointensity on T2-weighted

images (6 of 10 subjects) with the strongest signal localizing to a
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more anterior and central focus within the globus pallidus interna

(Fig. 1).

On T1-weighted axial imaging, the substantia nigra and cerebral

peduncles demonstrated a thin, dark central band surrounded by a

halo of hyperintense signal in 8 of 10 subjects using 1.5 T scanners

(Fig. 2). Only sagittal views were available on the two patients,

and both showed T1 hyperintensity in the substantia nigra. In the

three patients studied on a 3.0 T field strength scanner, this fea-

ture was less striking but still visible (Fig. 2). Whether this is due to

a difference in field strength or subject variability is uncertain.

Generalized cerebral atrophy was observed in 19 of 23 subjects,

with primarily supratentorial volume loss and some involvement of

mid-brain. Volume loss was greater in those with more advanced

disease. Cerebellar atrophy was observed in six subjects.

Other MRI changes less consistently seen in adults included

subtle T2 hypointensity in the area lying between the transverse

level of the substantia nigra and the globus pallidus, thinning of

the corpus callosum, and possible increases in signal intensity in

the periaqueductal grey matter. Two patients demonstrated T1

mildly hyperintense signal in the globus pallidus. Scattered T2

white matter hyperintensities were observed in two subjects. A

CT scan was available on only one subject and showed hyperden-

sity in the substantia nigra, which would be consistent with iron.

Interestingly in our youngest patients imaged following neuro-

logical deterioration (MRIs done at ages 15 and 16 years), the T1

hyperintense signal in substantia nigra was much less prominent

than in the older age group, but the T2 hypointense signal in

substantia nigra was still quite prominent (Fig. 3). Similar changes

were seen with T�2 sequence, whereas FLAIR tended to highlight

changes that were less evident on T2 (Fig. 3).

In contrast to the markedly abnormal neuroimaging seen in

adulthood, scans obtained during early childhood were nearly all

reported as normal. A brain MRI done at 14 months of age for

developmental delay was reviewed and was normal. CT scans in

three subjects done during childhood were reported to be normal,

and two were reported to show atrophy.

Neuropathological features of BPAN are shown in Fig. 5, from a

female who died from pneumonia at 27 years of age (Patient

NBIA-18). The gross findings included mild cerebellar atrophy,

thinned cerebral peduncles and dark grey-brown appearance of

substantia nigra and, to a much lesser extent, globus pallidus.

On microscopic examination, the globus pallidus and substantia

nigra stained strongly for iron and demonstrated numerous large

axonal spheroids, siderophages, reactive astrocytes and severe

neuronal loss. Axonal spheroids were seen also in pons, medulla

and thalamus but were fewer in number. The putamen and thal-

amus showed gliosis and mild neuronal loss. Significant loss of

Purkinje cells and axonal ‘torpedoes’ was evident in the granular

cell layer. Numerous tau-positive neurofibrillary tangles were seen

in hippocampus, neocortex, putamen, and hypothalamus, with

Figure 1 MRI showing iron in BPAN. The globus pallidus is variably hypointense on axial T2 (A and E) and more so on FLAIR sequence (B)

and T�2 sequence (F). Substantia nigra (T2, C and G; FLAIR, D; T�2, H) shows even greater hypointensity, indicating high levels of iron in

these structures.
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fewer seen in remaining neurons in globus pallidus, substantia

nigra, pons and thalamus. No amyloid-b plaques or Lewy bodies

were observed.

Discussion
BPAN is the first X-linked NBIA disorder to be described.

Mutations in WDR45 lead to a phenotype that is recognizable

by its distinct pattern of clinical and radiographic features.

During early childhood, subjects present with global developmen-

tal delay with slow language and motor gains until adolescence or

early adulthood when dystonia, parkinsonism and cognitive de-

cline become manifest. Comorbid features in childhood include

seizures, spasticity, disordered sleep and stereotypies that further

define the BPAN phenotype. Although, L-DOPA provides substan-

tial initial benefit in BPAN, the benefit is short-lived and its use

limited by dyskinesias. The prominent parkinsonism observed in

BPAN justifies the designation of WDR45 as a PARK family gene.

Consistent with these clinical features, the neuroimaging

abnormalities found in BPAN indicate significant basal ganglia

pathology. Iron accumulates earliest and to the highest levels in

the substantia nigra and probably later and to a lesser extent in

globus pallidus. In MRIs obtained very soon after deterioration (in

adolescence), nigral iron is evident but the globus pallidus may not

appear hypointense on T2-weighted imaging, though pallidal iron

is evident on GRE or T�2 sequences (Fig. 1). Study subjects in the

NBIA research registries were ascertained based on the presence of

high iron in their brain on MRI or post-mortem examination.

Therefore, the uniformity of this feature in the cohort presented

may represent a bias of ascertainment.

A distinguishing and possibly unique feature of BPAN is the

presence of a bright halo on T1-weighted imaging in the substan-

tia nigra and cerebral peduncles (Fig. 2). Hyperintense signal in

this region seems to appear concomitantly with or soon after the

clinical manifestations of dopaminergic loss. A possible explanation

for this feature that is supported by the pathology results from

one patient, is iron binding to neuromelanin, which is being

released from dying pigmented neurons of the substantia nigra

pars compacta (Faucheux et al., 2003; Zhang et al., 2011).

Iron-neuromelanin complexes appear hyperintense on T1 images;

lipid can too (Enochs et al., 1997; Faucheux et al., 2003; Ginat

and Meyers, 2012). Regardless, no other pathology leads to this

specific ‘halo’ pattern in the substantia nigra on T1 sequences.

A second imaging difference between BPAN and other forms of

NBIA is the predominance of substantia nigra iron over that seen

in the globus pallidus, especially early in disease. This pattern is

also evident on gross and microscopic pathology. In two other

forms of NBIA, phospholipase A2-associated neurodegeneration

(PLAN) and mitochondrial membrane protein-associated neurode-

generation (MPAN), iron accumulates more equally in these struc-

tures, and in pantothenate kinase-associated neurodegeneration it

appears earliest and predominately in the globus pallidus (Fig. 4).

The pathology in BPAN distinguishes it from other NBIA dis-

orders (Fig. 5). In BPAN, pathological changes in substantia

nigra dominate those found in globus pallidus, whereas in panto-

thenate kinase-associated neurodegeneration the reverse is true.

While Lewy body pathology is abundant in MPAN and PLAN,

none is seen in BPAN. Thus, BPAN, like pantothenate kinase-asso-

ciated neurodegeneration, is not a synucleinopathy (Kruer et al.,

2011). Finally, BPAN frequently manifests with atrophic changes in

cerebellum, a feature shared with PLAN.

Although we recognized the BPAN phenotype more than a

decade ago (Gregory and Hayflick, 2002; Gregory et al., 2009),

naming it in a manner consistent with terms used to designate

other forms of NBIA had to await discovery of the causative

gene. BPAN is the form of NBIA that is associated with mutations

in WDR45. Though referenced in the literature, the term SENDA

(static encephalopathy with neurodegeneration in adulthood) is no

longer favoured (Gregory and Hayflick, 2011; Kruer et al., 2012).

Figure 2 The halo in the substantia nigra is unique to BPAN. On T1-weighted axial imaging, substantia nigra shows a halo of hyperintense

signal surrounding a thin linear region of hypointense signal on 1.5 T (A and sagittal view in B and C) and 3.0 T (D) field strength scanners.
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Consistent with the fact that WDR45 is located on the X

chromosome, there is a gender bias in our cohort. Most patients

are female, supporting an X-linked dominant pattern of disease.

Interestingly, three males demonstrate a phenotype that is indis-

tinguishable from that of affected females. To date, all mutations

are known or suspected to arise de novo, and males are predicted

or known to harbour post-zygotic mutations to explain their via-

bility (Haack et al., 2012). Females may harbour either germline or

somatic mutations to explain their disease. Similar patterns of dis-

ease have been documented in Rett syndrome, another X-linked

Figure 3 Early MRI features of BPAN. (A–C) Axial diffusion-weighted images acquired with an echo planar sequence through the

midbrain, cerebral peduncles and basal ganglia shows marked hypointensity resulting from the iron deposition in (A and B) substantia nigra

and (C) globus pallidi (arrows). (D–F) Corresponding T2-weighted slices reveals hypointense signal in the corresponding regions as well as

vermian atrophy (arrow). (G) Coronal T2-weighted demonstrates more global cerebellar atrophy. (H and I) Sagittal images (right and left)

show hyperintensity of the substantia nigra on T1-weighted imaging within the midbrain and cerebral peduncles (arrows).
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dominant disorder. Moreover, we have implicated skewing of X

chromosome inactivation as a factor influencing phenotypic mani-

festations in BPAN (Haack et al., 2012).

In keeping with this interpretation of the genetic mechanism is

the prediction that a much broader range of phenotypes will be

found to be associated with mutations in WDR45. The timing

during embryogenesis of somatic mutations will determine pheno-

typic severity. In males, this range is likely to span from severe

neonatal encephalopathy to mild intellectual disability. It is likely

that females would be ‘protected’ against a neonatal presentation

of severe encephalopathy unless they lack a second X chromosome.

Females harbouring relatively late somatic mutations or with a pat-

tern of ‘favourable’ skewing of X chromosome inactivation are pre-

dicted to manifest a milder phenotype than that reported here. If

their mutation is present in germ cells, then 50% of the female

offspring of such females will have BPAN, and 50% of the male

offspring probably will be non-viable. Although our study popula-

tions have been ascertained by the presence of high brain iron, we

predict that patients without this feature but with neurodevelop-

mental abnormalities will be found with mutations in WDR45.

The de novo status of mutations in all families investigated ex-

plains why the reported patients are simplex cases. Moreover, it

provides a basis for genetic counselling for recurrence risk, which is

very low, although gonadal mosaicism remains a theoretical pos-

sibility. Parental testing for mutations in WDR45 should be per-

formed because very mildly affected individuals with a low level of

somatic mosaicism or ‘favourable’ skewing of X chromosome in-

activation may be at high risk for having a severely affected child.

We found no evidence that increased maternal or paternal age is a

risk factor, and have not yet established if there is a bias for mu-

tations occurring on the maternally- versus paternally-derived X

chromosome. Genetic testing of WDR45 is now available in the

clinical setting (www.genetests.org). Diagnostic testing of multiple

tissues may be necessary in order to identify mutations in WDR45

in those with somatic mosaicism.

With genetic testing, diagnosis of BPAN during childhood is now

possible. BPAN should be suspected in a child with global devel-

opmental disabilities, especially if accompanied by seizures, dis-

ordered sleep or stereotypies. On brain MRI, we predict that T1

hyperintense signal and T2 hypointense signal in substantia nigra

will be detectable by early in the second decade of life and pos-

sibly sooner, and this feature would justify clinical molecular test-

ing for mutations in WDR45. Earlier detection will not only provide

families with a diagnosis and accurate assessment of recurrence

risk but may also enable appropriate therapeutic intervention for

patients with subtle early symptoms of parkinsonism.

The clinical similarities between BPAN and atypical Rett

syndrome are striking, and we propose that WDR45 be added

to the growing list of genes associated with a Rett-like phenotype.

Both BPAN and atypical Rett syndrome cause neurodevelopmental

regression with specific loss of limited expressive language skills.

Two females with BPAN were described as having ‘Rett-like

Figure 4 MRI of the globus pallidus and substantia nigra in four main forms of NBIA. Axial T2-weighted imaging of globus pallidus (top

series) and substantia nigra (bottom series) in (A) BPAN; (B) phospholipase A2-associated neurodegeneration; (C) mitochondrial mem-

brane protein-associated neurodegeneration; and (D) pantothenate kinase-associated neurodegeneration.
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hand-wringing’ and four more carried a suspected diagnosis of

atypical Rett syndrome. In BPAN, intellectual disability followed

by dementia in adulthood is reflected on the MRI as progressive

cerebral volume loss, though unlike individuals with Rett syn-

drome, those with BPAN do not seem to acquire microcephaly.

Seizures are common in both disorders, as are abnormal sleep

patterns. The rare males with MECP2 mutations can manifest

parkinsonism, which is a key feature of BPAN. Both conditions

are X-linked dominant, which is a conspicuously rare pattern of

inheritance for a human disease. Testing for WDR45 mutations

should be considered in individuals with features of Rett syndrome

who lack mutations in known Rett genes even without MRI evi-

dence of high brain iron, especially in the paediatric age group.

WDR45 should be added to multi-gene panels for clinical molecu-

lar testing of Rett syndrome, variant Rett syndrome and X-linked

intellectual disability. Testing of WDR45 may also be indicated for

individuals with an Angelman syndrome-like phenotype who lack

a molecular abnormality involving 15q11.2-13. The prominence of

seizures and of multiple seizure types in individuals with BPAN

may justify the inclusion of WDR45 in multigenic assays seeking

a genetic basis for epileptic encephalopathies in childhood. Results

of such testing will lead to new insights into the clinical spectrum

of the BPAN phenotype in females as well as males.

A growing body of literature implicates dysregulation of auto-

phagy as an important mechanism in the pathophysiology of neu-

rodegeneration (Nassif and Hetz, 2012). In normal neurons, basal

autophagy is important for protein quality control and organellar

homeostasis. When cells are stressed or injured, the autophagic

process is induced to clear damaged cellular components and

by-products of the stress response. Defective autophagy would

leave damaged cells compromised and at risk of perpetuating fur-

ther damage to neighbouring cells. This cascade, when occurring

in post-mitotic tissue such as brain, would present clinically with

neurological deterioration after a threshold of cellular functional

impairment is exceeded. Precisely how the beta-propeller protein

that is encoded by WDR45 serves the autophagic process remains

to be elucidated. What is clear is that defects in this protein

lead to a neurodevelopmental and neurodegenerative phenotype

that is recognizable and able to be confirmed by molecular

testing. As our clinical experience grows, understanding of the

Figure 5 Pathological features of BPAN. The gross unstained substantia nigra demonstrating a homogenous grey/brown band (arrow) in

(A); substantia nigra showing numerous large dystrophic axonal spheroids (arrow) and macrophages (arrowhead) full of haemosiderin (B,

�100, haematoxylin and eosin stain); same region with iron demonstrated by Prussian blue reaction (C, �100); neurofibrillary tangles

(arrows) in hypothalamus (D) the subiculum of the hippocampus (E, �100, tau immunohistochemistry).
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pathophysiology of BPAN and ideas for rational therapeutics

will follow. With autophagic dysregulation increasingly being

implicated in Alzheimer disease, Huntington disease, and

Parkinson disease (Nassif and Hetz, 2012), insights from this rare

disorder are likely to advance understanding of more common

disorders.
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