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ABSTRACT

WDR45-related neurodevelopmental disorder (NDD) is a clinically-heterogenous congenital disorder
of macroautophagy/autophagy. The natural history of this ultra-orphan disease remains incompletely
understood, leading to delays in diagnosis and lack of quantifiable outcome measures. In this cross-
sectional study, we model quantitative natural history data for WDR45-related NDD using a standar-
dized analysis of 160 published cases, representing the largest cohort to date. The primary outcome
of this study was survival. Age at disease onset, diagnostic delay and geographic distribution were
quantified as secondary endpoints. Our tertiary aim was to explore and quantify the spectrum of
WDR45-related phenotypes. Survival estimations showed low mortality until 39 years of age. Median
age at onset was 10 months, with a median diagnostic delay of 6.2 years. Geographic distribution
appeared worldwide with clusters in North America, East Asia, Western Europe and the Middle East.
The clinical spectrum was highly variable with a bi-phasic evolution characterized by early-onset
developmental and epileptic encephalopathy during childhood followed by a progressive dystonia-
parkinsonism syndrome along with cognitive decline during early adulthood. Female individuals
showed milder disease severity. The majority of pathogenic WDR45 variants were predicted to result
in a loss of WDR45 expression, without clear genotype-phenotype associations. Our results provide
clinical and epidemiological data that may facilitate an earlier diagnosis, enable anticipatory gui-
dance and counseling of affected families and provide the foundation for endpoints for future
interventional trials.

Abbreviations: BPAN: beta-propeller protein-associated neurodegeneration; CNS: central nervous
system; DEE: developmental and epileptic encephalopathy; MRI: magnetic resonance imaging; NBIA:
neurodegeneration with brain iron accumulation; NDD: neurodevelopmental disorder; NGS: next-
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Introduction

Developmental and epileptic encephalopathy (DEE) and neu-
rodegeneration with brain iron accumulation (NBIA) both
comprise a heterogeneous group of monogenic disorders.
NBIA type 5, also termed beta-propeller protein-associated
neurodegeneration (BPAN), is a distinct, X-linked subtype
within the NBIA spectrum and a congenital disorder of auto-
phagy. Only 68 published cases and families are on record in
the latest Orphanet Report Series on the Prevalence and
incidence of rare diseases [1]. Underlying pathogenic variants
in the WDR45/WIPI4 (WD repeat domain 45) gene, located
on chromosome Xpl11.23, were first described in 2012 in
individuals with NBIA type 5 [2]. WDR45 holds a core func-
tion in the autophagy pathway, notably expansion and closure
of the phagophore and autophagosome maturation [3-5]. The
majority of published individuals with heterozygous de novo

variants in WDR45 are female. Phenotypic variability has been
observed for both sexes without supporting evidence for gen-
otype-phenotype correlations [6]. Due to the nonspecific
initial clinical presentation in childhood before the occurrence
of typical neuroimaging findings, genetic testing for WDR45
variants is often delayed [7]. With regard to the growing
availability of targeted therapies in pediatric neurology, early
diagnosis and rapid initiation of specific treatments are crucial
for therapeutic success. Quantitative natural history data for
ultra-orphan diseases are necessary for raising disease aware-
ness, facilitating early diagnosis, counseling of afflicted
families and the design of future clinical trials.

Using quantitative retrospective natural history modeling
[8], we here provide quantifiable natural history data for
WDR45-related  neurodevelopmental disorder (NDD).
Survival was assessed as primary endpoint of this study. Age
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at disease onset, diagnostic delay and geographic distribution
of reported cases were quantified as secondary endpoints. The
tertiary aim of this study was to explore and quantify the
spectrum of WDR45-related phenotypes using Human
Phenotype Ontology-based phenotyping, with a focus on sub-
group analyses for sex, age-groups and genetic background.

Results
Demographic data and definition of endpoints

A total of 160 individuals harboring 109 different WDR45
variants with a median age at last follow-up of 13 years
(IQR 25.2) were identified from 87 published case reports
and cohort studies (Table S4 and Figure S4). Demographic
data are summarized in Table 1. Most WDR45 variants
occurred de mnovo (n = 110/160). Reported variants

Table 1. Demographic data of the WDR45 cohort.

included frameshift variants (n = 45/160), premature stop
codons (n = 44/160), splicing variants (n = 33/160), mis-
sense variants (n = 18/160), small (n = 9/160) and larger
(n = 4/160) deletions, a start loss variant (n = 1/160) and
variants of unknown consequence (n = 2/160). Testing for
mosaicism was reported in nine individuals confirming a
mosaic state in three male and two female cases. Due to
the small number of cases, subgroup analysis for these
individuals was not possible in a meaningful way. Skewed
X-inactivation in affected females accounted for 6/8 tested
cases, with X-inactivation ratios toward the mutated allele
ranging from 84 to 98%. Diagnosis of WDR45-related
NDD was made by next-generation sequencing (NGS) in
most cases (62.2% whole-exome sequencing, 2% whole-
genome sequencing and 18.2% multigene panel), followed
by Sanger sequencing (16.9%) and, in one case, array-CGH
(0.7%).

Total Male Female
Cases: n 160* 21 126
Sex: M:F 1:6
Median age at data collection: Years 13 (IQR = 26.5) 7 (IQR = 23.4) 14.2 (IQR = 27)
Median age at disease onset: Years 0.8 (IR =1) 0.3 (IQR =0.3) 1(QR=1.1)
Median age at diagnosis: Years 13 (IQR = 27.7) 7 (IQR = 23.5) 14 (IQR = 27)
Median diagnostic delay: Years 6.2 (IQR = 19.5) 2.7 (IQR = 4) 7.5 (IQR = 20.9)
Median age at last follow-up: Year 13.0 (IQR = 25.2) 6.0 (IQR = 20.6) 14.0 (IQR = 27.0)
Outcome:
Alive: n 155 (96.9%) 20 (100%) 120 (96%)
Deceased: n 5 (3.1%) 0 5 (4%)
Genetic testing method (n = 148)
Whole-exome-sequencing: n 92 (62.2%)
Panel diagnostics: n 27 (18.2%)
Sanger sequencing: n 25 (16.9%)
Whole-genome sequencing: n 3 (2%)
array-CGH: n 1 (0.7%)
Segregation
de novo: n 110 (68.8%) 12 (57.1%) 87 (69%)
putative parental germline mosaic: n 5 (3.1%) 3 (14.3%) 2 (1.6%)
NA: n 46 (28.8%) 7 (33.3%) 37 (29.4%)
Variant type
Frameshift variant: n 45 (28.1%) 6 (28.6%) 38 (30.2%)
Premature stop codon: n 44 (27.5%) 3 (14.3%) 34 (27.0%)
Splicing variant: n 33 (20.6%) 6 (28.6%) 26 (20.6%)
Missense variant: n 18 (11.2%) 2 (9.5%) 14 (11.1%)
Small deletion: n 9 (5.6%) 3 (14.3%) 6 (4.8%)
Gross deletion: n 4 (2.5%) 1 (4.8%) 1 (0.8%)
Start loss: n 1 (0.6%) 0 1 (0.8%)
other: n 2 (1.2%) 0 2 (1.6%)
NA: n 4 (2.5%) 0 4 (3.2%)

*no information on sex was available in 13 cases. CGH, comparative genomic hybridization; F, female; IQR, interquartile range; M, male; n, number; NA, not available.

Table 2. Definition of clinical endpoints, associated research questions and research strategies employed in this study.

Endpoint Research strategy

Primary Survival is affected in the WDR45 population Kaplan-Meier method

Secondary Time between onset of disease and diagnosis is delayed Quantification of age at onset and diagnostic delay

Secondary WDR45-related NDD is a disorder with worldwide distribution Assessment of geographic distribution of individuals’ countries of origin

Tertiary Diagnosis by clinical pattern recognition in infancy and Exploration of the phenotypic spectrum stratified by age groups using HPO-based
childhood is challenging phenotyping

Tertiary WDR45-related NDD takes a characteristic bi-phasic disease  Exploration of the phenotypic spectrum stratified by age groups using HPO-based
course phenotyping

Tertiary Male sex is associated with more severe disease Quantification of sex-specific symptom load

Exploration of the phenotypic spectrum stratified by sex using HPO-based

phenotyping

Search for genetic clusters and hotspot mutational regions

Exploration of the phenotypic spectrum stratified by predicted mutational effects

using HPO-based phenotyping

Research Question/Hypothesis

Tertiary Exploration of genotype-phenotype associations

HPO, Human Phenotype Ontology.
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Figure 1. Estimated survival for WDR45-related NDD using the Kaplan-Meier method. 140/160 individuals (Nmae = 20, Nfemale = 120) were assessed for survival
estimations. 20/160 individuals were excluded due to missing data for age at last follow-up (n = 7), sex (n = 3) or both (n = 10). Data were censored at the time of
last follow-up if the individual was not reported as deceased. 95% confidence intervals are illustrated as shaded background. No significant differences were

detected. Statistic testing was done using the log-rank test comparing sex.

The clinical endpoints assessed in this study, as well as the
associated research questions and research strategies
employed are summarized in Table 2.

Individuals with WDR45 variants show low mortality
within the reported follow-up period

Survival in the overall population was 96.9% (155/160) on last
follow-up. All male individuals were alive at the time of
publication with the oldest individual reported being
44 years old. In the female population, 95.8% were alive,
while 4.2% were deceased. Probability of survival for females
was estimated with 97.6% at the age of 27 years and 91.9% at
39 years (Figure 1). Probability estimations for survival above
39 years of age could not be assessed due to the low number
of reported older cases.

Diagnosis of WDR45-related disease is significantly
delayed

The median reported age at disease onset was within the first
year of life, with a significantly earlier onset of first symptoms
in males (4 months) compared to females (12 months)
(Mann-Whitney U test, P < 0.01). The median delay from
onset of clinical signs to diagnosis was 6.2 years (IQR = 19.5)
in the overall cohort, with males showing a significantly

shorter diagnostic delay (2.7 years) than females (7.5 years)
(Mann-Whitney U test, P < 0.01) (Figure 2).

Geographic origins of described cases involved North
America, East Asia, Western Europe and, to a lesser extent,
the Middle East (Figure S1).

WDRA45-related NDD shows a variable and progressive
CNS-specific phenotypic spectrum

Symptom burden, defined as the number of phenotypic fea-
tures, represented by unique Human Phenotype Ontology
terms per individual differed widely from 2 to 28, with a
median number of 11 Human Phenotype Ontology terms
for males (IQR = 6.75) and 10 for females (IQR = 7) in the
infancy/childhood group (Figure 3A). With age, both males
and females showed a progressive accumulation of clinical
manifestations reaching a median symptom burden of 13 for
males (IQR = 1) and 13 for females (IQR = 3.5). This increase
over time was significant in the female group (Mann-Whitney
U test, P < 0.001). Differences in the male cohort did not
reach significance.

The spectrum of clinical manifestations represented by
high-level Human Phenotype Ontology terms in individuals
with WDR45-related NDD is shown in Figure 3B and Table
S1. Both sexes showed a predominantly central nervous sys-
tem (CNS) specific phenotypic spectrum. The most frequent
features among all subgroups were neurodevelopmental
abnormalities (mostly global developmental delay, and later,
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Figure 2. Age at onset and diagnostic delay of WDR45-related NDD. Data were assessed in 78/160 cases (Nmate = 12, Nfemate = 66). 82/160 individuals were excluded
from analysis due to missing age (n = 69), sex (n = 1) or both (N = 12). Connecting lines represent data derived from the same individuals. Statistical testing was

done using the Mann-Whitney U test.

intellectual disability), morphological CNS abnormalities (in
the majority of cases iron accumulation in the basal ganglia),
abnormalities of higher cognitive function (such as expressive
speech disorders) and seizures. Seizures occurred in 80.0% of
cases and were equally distributed among males and females
(Table S1). Slightly higher seizure frequencies were reported
in the infancy/childhood group (91%) than in the adoles-
cence/adulthood group (80%). A variety of seizure types
were observed, including motor seizures (38%), febrile infec-
tion induced seizures (33%), generalized-onset seizures (24%),
epileptic encephalopathy (18%) and focal-onset seizures (9%).
In many cases, multiple seizure types existed. In infancy/
childhood, the predominant seizure types for both genders
were motor seizures (83% in males and 51% in females);
infantile spasms, a subgroup of motor seizures, were present
in 58% of males while only reported in 18% of females.
Similarly, infancy/childhood onset epileptic encephalopathies
as such were more frequent in males (67% vs. 27%). Along
these lines, progressive encephalopathy was reported in 50%
of males in comparison to 11% of females in the infancy/
childhood group. By contrast, febrile infection induced sei-
zures were comparatively more frequent in females both in
infancy/childhood (38% vs. 25%) and in adolescence/adult-
hood (41% vs. 14%). For 49/128 individuals (38%) experien-
cing seizures interictal EEG abnormalities were reported while
no interictal EEG abnormalities were found in two individuals
(2%) with seizures; no information was available for the
remaining cases. Treatments for WDR45-associated epilepsy
included a variety of anti-seizure medications such as

levetiracetam, valproic acid, lamotrigine, carbamazepine, clo-
nazepam, clobazam and phenobarbital with no evidence sup-
porting the use of a specific agent or sex-specific sensitivity to
antiepileptic treatment. Out of 128 individuals with epilepsy,
23 were reported to be seizure free at the time of publication
while 10 continued to experience seizures, no information on
seizure outcome was available for the remaining individuals
and no sex-dependent seizure outcomes were identified.
Treatments for infantile spasms were anecdotally reported
and included prednisolone, adrenocorticotropic hormone
and the ketogenic diet.

While the overall frequency of seizures slightly decreased
in adolescence/adulthood, movement disorders (abnormalities
of movement and abnormal central motor function) became
more prominent, in the female population reaching signifi-
cance. Behavioral abnormalities were present in all subgroups,
most prominent in males above 12 years of age.

WDR45-related NDD evolves from an early-onset
developmental and epileptic encephalopathy to a
later-onset neurodegenerative disorder

Initial symptoms were developmental delay (56.2%, n = 90/
160), seizures (28.1%, n = 45/160), or both (1.2%, n = 2/160).
Onset of developmental delay and seizures, particularly epi-
leptic spasms, was usually within the first two years of life,
with males experiencing a slightly earlier onset than females,
yet without reaching significance (Table 3 and Figure 4A).



AUTOPHAGY (&) 5

$ Male $ Female

A
ns
30 I ]

(7]
4]
=
=2
S 20 .
o ™
a
2 °
o
c
7]
<
S
“6 °
@ .
Qo
5
> 10 o o0

°

infancy/childhood adolescence/adulthood

Neurodevelopmental abnormality HP:0012759 100

Morphological central nervous system abnormality HP:0002011 92
Abnormality of higher mental function HP:0011446 75

Seizure HP:0001250 92

Abnormality of movement HP:0100022 42
Behavioral abnormality HP:0000708 42

Abnormal central motor function HP:0011442
Interictal epileptiform activity HP:0011182 75
Abnormal muscle tone HP:0003808 58
Abnormality of the eye HP:0000478
Progressive encephalopathy HP:0002448 50
Abnormality of skeletal morphology HP:0011842
Abnormality of the face HP:0000271
Abnormality of the ear HP:0000598
Urinary incontinence HP:0000020
Dysphagia HP:0002015
Precocious puberty HP:0000826
Bowel incontinence HP:0002607
Abnormality of pain sensation HP:0010832
100% 50%

L]
e
LN ]
L]
o
e o poo
» ™
o|e oajo
-—
L]
- om o
wee ® mo
o
owe »
o0 °
®e o'e
o0
infancy/childhood adolescence/adulthood
100 93 97
100 84 95
100 96 98
71 91 81
71 49 *kkk 94
71 58 57
86 *k 84
45 27
29 88 30
25 43 24
43
29
0% 50% 100%100% 50% 0% 50% 100%

Figure 3. Subgroup analysis of the phenotypic spectrum of WDR45-related NDD. A total of 19 males (Ninfancy/childhood = 12, Nadolescence/adulthood = 7) and 118 females
(Ninfancy/childhood = 55, Nadolescence/adulthood = 63) were examined. (A) Number of phenotypic features per individual with respect to 63 non-redundant Human
Phenotype Ontology terms. Statistic testing was done using the Mann-Whitney U test. P values were adjusted for multiple hypothesis testing using the Benjamini-
Hochberg procedure. ns = not significant. (B) Frequencies of Human Phenotype Ontology ancestor terms derived phenotypic features. Frequencies greater than 20%
were printed on the respective bars. Statistical testing was done using Pearson’s Chi-squared test or Fisher’s exact test (in case of less than 5 counts per subgroups). P
values were adjusted for multiple hypothesis testing using the Benjamini-Hochberg procedure.

Brain iron accumulation was detected in 99/160 cases at a
median age of 11 years (IQR = 23), preceding the occurrence
of extrapyramidal movement disorders for many years (Table
3 and Figure 4B). Median age at last normal brain MRI,
available in 21/160 cases was 3 years (IQR = 2). Therapeutic

approaches targeted at reducing brain iron accumulation with
iron chelation therapy were reported in 2 cases (started after
the onset of movement disorders) without clinical response.
Median onset of movement disorders was in the third
decade for both males and females (Table 3 and Figure 4B).
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Table 3. Early and late WDR45-related manifestations stratified by sex.

Male Female

Initial symptom

Developmental delay: n 15 (71.4%) 75 (59.5%)

Seizures: n 5 (23.8%) 38 (30.2%)

Other: n 2 (9.5%) 9 (7.1%)

NA: n 9 (7.1%)
Median age at first report of developmental delay: Years 0.3 (IQR = 0.3) 1 (IQR = 1.8)
Median age at first report of seizures: Years 0.5 (IQR = 1.1) 13(QR=1)
Median age at first report of epileptic spasms: Years 0.4 (IQR =0.2) 0.9 (IQR = 0.9)
Median age at detection of brain iron accumulation: Years 8.2 (IQR = 18.6) 11 (IQR = 22.8)
Median age at first report of movement disorders: Years 24 (IQR = 24) 24 (IQR = 18.9)
Median age at first report of developmental regression: Years 27 (IQR = 1) 255 (IQR = 9.5)
Median age at first report of mental deterioration: Years 26 (IQR = 6) 26 (IQR = 8)

The predominant movement disorders were parkinsonism,
dystonia, and gait disturbances, most of which were more
pronounced in the female cohort. Tremors were more pre-
valent in males. Stereotypies were exclusively reported in
females. Levodopa to alleviate extrapyramidal movement dis-
orders was reported in 31 cases with beneficial effects in
51.6%. Developmental regression or cognitive decline, some-
times described as dementia, typically occurred during the
mid-to-late 20s (Table 3 and Figure 4B).

The distribution of reported pathogenic variants along the
chromosomal region of the WDR45 gene is shown in Figure
5A (for a complete list of reported variants including the
respective frequencies in the cohort see Table S2). No clear
mutational hotspot regions could be identified.

The phenotypic spectrum of WDR45-related NDD strati-
fied by predicted variant consequence (“Protein loss” wvs.
“Residual protein function”) is shown in Table 4 and Figure
6. Neither the frequency of single phenotypic features nor
symptom burden were different between the two groups.
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Variants predicted to lead to a loss of WDR45 expression
were associated with an earlier median onset of developmen-
tal delay and epileptic spasms, whereas movement disorders
seemed to occur later (Table 4). None of these differences
reached significance.

Splicing and missense variants appeared to be enriched at
the C terminus of WDR45, a region that generally yielded
higher variant effect prediction scores in our prediction model
than the N-terminal sections of the protein (Figures 5 and S2).
Accordingly, the variants c.436G>C; p.(Glyl46Arg) and
€.623C>A; p.(Ala208Asp) yielded the highest scores among
all reported missense variants and were rated as the most
damaging by 6/10 and 2/10 variant effect prediction scores,
respectively, whereas the least damaging effects were predicted
for the wvariants ¢.38G>C; p.(Argl3Pro), ¢.398G>C; p.
(Argl33Pro), and c.838G>A; p.(Val280Met) (Figure S2). No
phenotypic differences between individuals harboring these
predicted “most damaging” and “least damaging” missense
variants were detected (data not shown).
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Figure 4. Ages at first report of early and late WDR45-related manifestations stratified by sex. (A) Age at first report of developmental delay (Nmaje = 8, Nfemale = 35),
epileptic seizures (Nmate = 13, Nfemale = 71) and epileptic spasms (Nmale = 6, Nfemate = 11) shown as time-dependent proportions. Age is depicted in years. The median
age at onset is highlighted with dashed lines. (B) Age at first report of brain iron deposition (Nmaje = 8, Nfemale = 59), movement disorders (Nmaje = 9, Nfemale = 67),
developmental regression (Nmaje = 3, Nfemate = 24) and mental deterioration (Nmae = 3, Nfemate = 33) shown as time-dependent proportion. Age is depicted in years.
The median age at onset is highlighted with dashed lines. No significant differences were detected between the two groups. Statistical testing was done using the

Mann-Whitney U test.
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Discussion

Using a systematic cross-sectional analysis of 160 published
cases, we provide quantitative data delineating the natural
history of WDR45-related neurodevelopmental disor-
der (NDD).

As primary endpoint of this study we quantified survival,
allowing predictions on life-expectancy in the WDR45 cohort.
Overall mortality was low with 96.9% of individuals being
alive at last follow-up. All deaths occurred in the female
population with a low estimated mortality rate of 8.1% up to
the age of 39 years.

As secondary endpoints, we assessed age at disease onset,
diagnostic delay and geographic distribution. We showed that
WDR45-related NDD typically starts in infancy or early child-
hood as a developmental and epileptic encephalopathy (DEE)
with significantly earlier presentation and shorter time to diag-
nosis in male individuals, likely reflecting a more severe course
at onset and more rapid progression. These findings support
previous observations and may be explained by the X-linked
inheritance pattern of the disease [2,7]. Median diagnostic delay
in the overall population was 6.2 years. This significant

diagnostic delay is likely due to the nonspecific clinical mani-
festations in infancy and childhood. Our study, together with
previous reports, argues for the inclusion of WDR45-related
NDD into the phenotypic group of DEE, which reflects the
typical presentation in nearly all affected infants [9-11].
WDR45 is increasingly important in the differential diagnosis
of early-onset epilepsy. Due to the broad range of differential
diagnoses in this age group, we recommend the use of genome-
wide screening assays, which is justified and appropriate to
identify WDR45-related DEE before the occurrence of specific
MRI changes. Early identification of WDR45 variants in indivi-
duals with DEE provides opportunities for anticipatory gui-
dance and inclusion in interventional trials at an early stage
before significant neurodegeneration has occurred.

With increasing and cost-effective access to genome/
exome-wide sequencing expected to lead to the identification
of more individuals with WDR45 variants, the standardized
collection of phenotypic information becomes even more
important. This can facilitate the interpretation of novel var-
iants and builds a platform for prospective natural history
studies. Unfortunately, phenotypic data on this ultra-rare dis-
ease are thus far scattered among a small number of case
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Table 4. Demographic data of the WDR45 cohort stratified by predicted muta-
tional effect.

Residual protein

Protein loss function
Cases: n 129 18
Sex: M:F 1:9 1:7
Initial symptom
Developmental delay: n 74 (57.4%) 7 (38.9%)
Seizures: n 36 (27.9%) 7 (38.9%)
Other: n 10 (7.8%) 3 (16.7%)
NA: n 13 (10.1%) 2 (11.1%)
Median age at disease onset: Years 0.8 1(IQR =1.2)
(IQR =1.1)
Median age at first report of developmental 0.8 2.5 (IQR = 1.5)
delay: Years (IQR = 1.6)
Median age at first report of seizures: Years 1.2 1.5 (QR =1.2)
(IQR = 1.0)
Median age at first report of epileptic 0.6 1.2 (IQR = 0.3)
spasms: Years (IQR = 0.5)
Median age at detection of brain iron 1 12.6 (IQR = 11.5)
accumulation: Years (IQR = 23.1)
Median age at first report of movement 24 15 (IQR = 23)
disorders: Years (IQR = 18.9)
Median age at first report of developmental 26 21 (IQR = 13.8)
regression: Years (IQR = 6.0)
Median age at first report of mental 26 21.5 (IQR = 16)
deterioration: Years (IQR = 6.5)
Median symptom load (phenotypic features 12 (IQR = 5) 12 (IQR = 5)

per individual): n

F, female; IQR, interquartile range; M, male; n, number; NA, not available.

reports and case series using mostly non-standardized terms
for disease-specific clinical features. To address this issue, we
translated available clinical information into standardized
Human Phenotype Ontology terminology providing a unique
and novel data set on WDR45-related phenotypic features
(Figure 3 and Table S1), which will facilitate further research
and serve as powerful phenotype-driven genomic-diagnostic
tool to prioritize genes in exome-sequencing approaches
[12,13].

Using Human Phenotype Ontology terminology, we deli-
neated the phenotypic spectrum of WDR45-related DEE as
tertiary endpoint. Both sexes showed a broad range of phe-
notypic features, almost exclusively involving the central ner-
vous system. An increase in the number of clinical
manifestations was observed with increasing age as a surro-
gate of disease progression. This increase in symptom burden
over time was less pronounced in males, suggesting a possibly
more continuous disease course, in contrast to the rather bi-
phasic evolution in females (Figure 3A).

Based on our findings, we defined a core set of clinical
manifestations in WDR45-related DEE. In particular, we
report early-onset global developmental delay and a spectrum
of early-onset epilepsy as first clinical signs, presenting
around the first birthday in females and during the first
6 months of life in males (Figure 4). In the majority of cases
intellectual disability was in the severe to profound range,
usually accompanied by a prominent expressive speech dis-
order or entirely absent speech (Figure 3).

Seizure disorders are not a prominent feature of most
forms of NBIA. Our study, in line with previous reports,
confirms that WDR45-related DEE is phenotypically dis-
tinct as 80% of reported cases experienced seizures, in
28.1% as an initial clinical manifestation (Figure 3B).

Males seem to be more susceptible to epileptic encephalo-
pathy underscored by the reported frequency of infantile
spasms and other epileptic encephalopathies. These find-
ings support the observation that seizure disorders are a
core clinical feature of WDR45-related DEE. Cortical neu-
rons and particularly highly metabolic active synaptic net-
works likely have an age-dependent selective vulnerability
to disruptions in neuronal autophagy and mitochondrial
dysfunction secondary to a loss of WDR45 [14,15].

Brain iron accumulation is the hallmark feature of
NBIA. Iron deposits in the globus pallidus and substantia
nigra in WDR45-related DEE were first detected on cere-
bral MRI in late childhood, usually preceding extrapyra-
midal motor dysfunction and cognitive decline. Based on
the available data, no correlations between age at disease
onset/duration of disease and age at first detection of
brain iron MRI could be identified. However, data might
be biased by the limited use of iron-sensitive MRI
sequences which can accelerate diagnosis [16]. The exact
molecular mechanisms leading to brain iron accumulation
in NBIA are not entirely understood and diverse cellular
pathways are associated with distinct NBIA syndromes.
Emerging evidence suggests that primary or secondary
metabolic defects converge in common downstream lyso-
somal and mitochondrial dysfunction, resulting in exces-
sive reactive oxygen species production and upregulation
of cellular iron uptake (reviewed in detail by Wildeman et
al. [17]). Furthermore, excessive free iron in the basal
ganglia has been shown to drive the formation of highly
reactive oxygen species, causing localized toxicity, likely
explaining the extrapyramidal movement disorders in the
NBIA [18,19].

Iron chelation has been proposed as a treatment approach
to decrease brain iron concentration. Indeed, results form a
large, randomized trial using iron chelation therapy with
deferiprone in individuals with pantothenate kinase-
associated neurodegeneration (PKAN), the most common
form of NBIA, showed a reduction of excess iron in the
brain, however, without general clinical improvement
[20,21]. In WDR45-related DEE, iron chelation therapy has
been reported in two cases only and without clinical benefit.
In both cases treatment was initiated in late stages of the
disease (with 29 and 36 years of age) after the onset of an
extrapyramidal movement disorder, limiting conclusions
from these reports [22,23]. The estimated natural history
data provided here can serve as valuable control group for
future interventional trials in WDR45-related NDD, especially
after early identification of WDR45 variants in individuals
with DEE.

Movement disorders usually occurred in the second decade
of life, characterized by a disabling dystonia-parkinsonism
syndrome and progressive gait disturbances. While the pro-
gression of extrapyramidal symptoms was significant in
females, no statistically significant increase in secondary
motor decline was obvious in male individuals (Figure 3B).
In some individuals therapy with levodopa led to improve-
ment of movement disorders.

Thus, our findings confirm the bi-phasic evolution of
WDR45-associated NDD, previously also referred to by the
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term static encephalopathy of childhood with neurodegenera-
tion in adulthood/SENDA, reflecting the typical age-
dependent disease progression. In females many of these age-
dependent differences reached significance while in males no
significant differences supporting a clear bi-phasic evolution
of the disease could be detected (Figures 3, S3 and Table S3).
These results have to be interpreted with caution as

comparisons of the two sexes are statistically difficult due to
the low frequency of reported males.

Most pathogenic WDR45 variants occurred de novo,
although parental somatic mosaicism has been reported
to account for familial recurrence [24,25]. Overall, 109
distinct disease-causing variants have been reported thus
far. Most variants were predicted to lead to a loss of
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WDR45. We were unable to identify genotype-phenotype
associations for different genetic variants, in line with
previous studies [6]. Only mild trends were observed.
Carriers of protein-truncating variants had a slightly ear-
lier onset of symptoms (developmental delay and epileptic
spasms) while individuals carrying missense variants with
possible residual protein function showed a slightly earlier
onset of movement disorders, yet without reaching signif-
icance. Genotype-phenotype analyses could, however, be
biased by the assumption that missense variants might
retain residual protein function. In the future, missense
variants might be reclassified to result in a complete pro-
tein loss depending on the availability of functional geno-
mic data.

Although, the distribution of benign variants in the healthy
population compared to putative disrupting variants suggests
specific regions of importance in WDR45 (notably the
C-terminal region), no mutational hotspots were identified
(Figure 5).

Pathogenic WDR45 variants in females are assumed to
lead to haploinsufficiency [3]. While males with patho-
genic germline WDR45 variants were thought to be non-
viable, single male individuals have been reported and
were included into our analyses [24-26]. A gene-dosage
effect for males has been suggested from families with
affected siblings of both sexes, where females showed
milder phenotypes, suggesting at least some residual func-
tion of the seemingly silenced wild-type allele in females
with damaging WDR45 variants [24,25]. In line with these
observations, our results provide evidence for the hypoth-
esis that males with WDR45-related DEE have more severe
clinical manifestations underlined by an earlier onset of
clinical signs, higher frequencies of epileptic encephalopa-
thy, and likely more rapid disease progression. These
findings are corroborated by wdr45 knockout mice that
show increased susceptibility to induced seizures [4].

Future therapeutic interventions for WDR45-related DEE
might aim to modulate the autophagy pathway. Autophagy is
a key cellular quality control mechanism that removes mis-
folded proteins and damaged organelles, holding a crucial
function in maintaining neural and axonal health. A role in
different neurodegenerative diseases such as Alzheimer dis-
ease [27], Parkinson disease [28], amyotrophic lateral sclerosis
[29] and Huntington disease [30], as well as in WDR45-
related DEE [5] has been delineated. Activation of autophagy
with the mTOR inhibitor rapamycin in WDR45-deficient cells
was reported to reduce cell death, suggesting MTOR inhibi-
tion as an interesting mechanism for the treatment of
WDR45-related DEE [5]. Rapamycin and its derivatives have
been used in infants and children and can alleviate epilepsy
and other manifestations in tuberous sclerosis, another mono-
genic disorder with impaired autophagy [31,32]. Further ther-
apeutic approaches including suppression of endoplasmic
reticulum stress using tauroursodeoxycholic acid/TUDCA or
enhancing lysosomal pathways by inhibition of SNAP29
O-GlcNAcylation via small interfering RNA have been
reported [5]. Standardized clinical data on the natural history
of WDR45-related NDD will help in rating effects of future
therapeutic concepts.

Study limitations

This study, due to its design, has several limitations. Analysis
of geographic distribution was likely biased by the availability
of molecular testing, thus underestimating the prevalence of
WDR45-related NDD in less developed regions. Phenotyping
of affected individuals was subject to ascertainment bias and
missing data. Individuals harboring WDR45 variants were
often identified in the context of large cohort studies that
focused on a specific phenotype, i.e. cohorts of individuals
with intellectual disability or epileptic encephalopathy. In
addition, respective reports only captured manifestations
that were present at time of last follow-up. For instance, in
infants and children, late manifestations might have been
missing. Conversely, in older individuals, a history of early
manifestations, such as developmental delay and seizures was
often not assessed, leading to underestimated frequencies of
both early and late manifestations. Along these lines, extra-
neurologic manifestations were rarely reported, highlighting
the need for unbiased comprehensive phenotyping of indivi-
duals harboring variants in WDR45, including peripheral and
non-neurologic phenotypes.

The lack of standardized data collection and phenotyping
among publications biases assessment of descriptive variables.
Accordingly, we mainly focused on quantifiable clinical end-
points such as survival, disease onset and diagnostic delay.
Survival estimations are based upon small sample sizes with-
out consideration of possible confounders such as access to
supportive care. As WDR45-related NDD is rare, prospective
natural history studies will require a multicenter design.
Quantitative natural history modeling, as presented here,
may serve as a substitute until prospective studies can be
completed.

Conclusions and directions for future research

In this study, we quantitatively assessed clinically relevant
endpoints including survival, disease onset, diagnostic delay
and geographic distribution of WDR45-related DEE. We
explored the phenotypic disease spectrum based on a systema-
tic analysis of published cases. Our results provide clinical and
epidemiological data that are of interest to future interven-
tional trials. We define a set of core clinical features that holds
the potential to facilitate a diagnosis and interpretation of
variants of unknown significance. Our results raise awareness
for this ultra-rare disease, broaden the understanding of the
clinical course and phenotypic spectrum of WDR45-related
NDD, and allow better counseling of affected families.

Materials and methods

This study was designed, executed and reported in accordance
with STrengthening the Reporting of OBservational studies in
Epidemiology (STROBE) criteria [33].

Literature review and definition of variables

To conduct a specific mutation-based and phenotypically
unbiased literature search, we applied a conservative search




strategy using the keyword “WDR45” to screen for PubMed-
listed publications and entries of the Human Gene Mutation
Database (HGMD). A detailed summary of the search strategy
is provided in Table S4 and Figure S4. Data acquisition was
completed on 12/08/2020. Epidemiological information
assessed for primary and secondary endpoints included: out-
come (alive or deceased), age at last follow-up, age at disease
onset, age at diagnosis, sex and individuals’ country of origin.
In case “country of origin” was not explicitly stated in the
report, the country of the patient’s origin was attributed to the
country of the first author’s institutional affiliation in the
respective case description. If “age at diagnosis” or “age at
last follow-up” were not explicitly stated, they were attributed
to the patient’s age at data collection in the original report.
Semi-quantitative age descriptions, such as “postnatal”, “post-
partal” and “congenital” were defined as age 0 vyears.
Individuals were considered alive at the time of the report if
not explicitly stated otherwise.

Annotation of Human Phenotype Ontology terms

Phenotypic information was manually extracted from original
reports and translated into standardized Human Phenotype
Ontology vocabulary (HPO version 1.7.3; release 2020/10/12).
A total of 90 unique Human Phenotype Ontology terms were
generated (for a complete list of the generated Human
Phenotype Ontology terms and frequencies of phenotypic
features see Table S1). Disease severity was assessed by quan-
tifying the number of 63 unique and specific Human
Phenotype Ontology terms assigned per individual (symptom
load). The spectrum of phenotypic features associated to
WDR45-related NDD was quantified using high-level
Human Phenotype Ontology terms. For a detailed description
of the generation of Human Phenotype Ontology terms for
the respective analyses see Supplemental Materials and
Methods.

Visualization of pathogenic WDR45 variants

To visualize differences in the distribution of reported var-
iants between affected individuals and the healthy population,
all pathogenic WDR45 variants listed in the databases
PubMed and the HGMD as well as all benign variants listed
in the genome aggregation database (gnomAD) were col-
lected [34].

Statistical analysis

Techniques of descriptive statistics were applied as pre-
viously reported [8]. Baseline patient demographics were
summarized descriptively using patient counts and per-
centages of the total study population or respective sub-
groups, where necessary. Survival was assessed and
defined as the time interval between patient birth and
death. Patient data were censored at the time of last
follow-up if the patient was not reported as deceased.
Survival was estimated using the Kaplan-Meier method.
Diagnostic delay was calculated as the time interval
between age at disease onset and age at diagnosis. All
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analyses were performed using R version 4.0.4 (2021-02-
15) and RStudio (version 1.4.1103; RStudio, Inc.). The
world map was plotted using the R package “rworldmap”
[35]. Missing data were not imputed. Sensitivity analyses
were not conducted. Distribution of data was tested for
normality by visualization with histograms and normality
testing using the Shapiro-Wilk test. Since data did not
follow a normal distribution, the statistic tests employed
included the Mann-Whitney U test for nonparametric
distributions, the Pearson’s Chi-squared test or Fisher’s
exact test (in case of less than 5 counts per subgroups)
for testing frequency distributions and the log-rank test
for survival rates. All P values are explorative. P values
reported are two-sided and adjusted for multiple hypoth-
esis testing using the Benjamini-Hochberg procedure.

Given the X-linked inheritance and reports on males with
more severe disease [2,7], subgroup analyses were done for
female and male individuals separately. Moreover, considering
the bi-phasic disease course, the cohort was stratified into an
“infancy/childhood” group (0-12 years) and an “adolescence/
adulthood” group (> 12 years), in accordance with the proposed
classification of age groups by the 2017 policy statement of the
American Academy of Pediatrics [36]. For genotype-phenotype
association analysis, the cohort was stratified based on predicted
variant consequences into a “Protein loss” and a “Residual
protein function” group. All frameshift, premature stop codon
and splicing variants as well as small and gross deletions were
assumed to lead to a protein loss, resulting in haploinsufficiency
in females and a complete loss of WDR45 in males. For missense
variants without available functional data, a putative residual
protein function was assumed, and pathogenicity rated using
in silico prediction. In case functional data were available, var-
iants were reclassified; for instance, the synonymous variant
c.516G>C was reclassified to the “Protein loss” group after
personal correspondence with the authors of the original pub-
lication confirming that this variant was demonstrated by RT-
PCR to result in a 22 base pair retention of intronic sequences
leading to a frameshift (p.Aspl74Valfs*29). Individuals with
missing information (n = 4) were excluded. Similarly, variants
for which, in the absence of functional data, predictions about
functional consequences were not possible, were excluded from
genotype-phenotype analysis. These included in-frame deletions
(n =4), an in-frame insertion and a start loss variant, that might,
with equal possibility, exert little to no effect on protein function
or lead to nonsense-mediated decay resulting in loss of protein
function. Furthermore, for specific subgroup analyses, indivi-
duals without quantifiable information were excluded. Sample
sizes are indicated (n) for each corresponding analysis.
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