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SHORT COMMUNICATION

De novo WDR45 mutation in a patient showing
clinically Rett syndrome with childhood iron

deposition in brain

Chihiro Ohbal?3, Shin Nabatame®3, Yoshitaka Iijima%, Kiyomi Nishiyama!, Yoshinori Tsurusakil,
Mitsuko Nakashima!, Noriko Miyake', Fumiaki Tanaka?, Keiichi Ozono?, Hirotomo Saitsu'

and Naomichi Matsumoto!

Rett syndrome (RTT) is a neurodevelopmental disorder mostly caused by MECP2 mutations. We identified a de novo WDR45
mutation, which caused a subtype of neurodegeneration with brain iron accumulation, in a patient showing clinically typical
RTT. The mutation (c.830 + 1G> A) led to aberrant splicing in lymphoblastoid cells. Sequential brain magnetic resonance
imaging demonstrated that iron deposition in the globus pallidus and the substantia nigra was observed as early as at 11 years
of age. Because the patient showed four of the main RTT diagnostic criteria, WDR45 should be investigated in patients with

RTT without MECPZ2 mutations.
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INTRODUCTION

Rett syndrome (RTT) is a neurodevelopmental disorder characterized
by regression, loss of acquired purposeful hand skill and language,
gait abnormalities and stereotypic hand movements.! In typical
RTT, MECP2 mutations can be found in 95-97% of cases, and
CDKL5 and FOXGI mulations have been found in atypical RTT.!
Recently, mutations in WDR45, which plays an important role in
autophagy, have been identified in a novel subtype of neuro-
degeneration with brain iron accumulation, called B-propeller
protein-associated neurodegeneration (BPAN), which is formerly
designated as static encephalopathy of childhood with neuro-
degeneration in adulthood.”* BPAN shows an unprogressive course
during childhood, sudden-onset severe dystonia-parkinsonism and
progressive dementia in adulthood. Characteristic brain magnetic
resonance imaging findings include iron deposition in the globus
pallidus and substantia nigra, and hyperintensity of the substantia
nigra with a central band of hypointensity in Tl-weighted images.’
Interestingly, 7 of 23 patients with a WDR45 mutation showed Rett-
like features, suggesting a possible involvement of WDR45 mutations
in RTT> Here we report a patient with typical RTT possessing a de
nove WDR45 mutation.

MATERIALS AND METHODS

A 14-year-old Japanese girl was born to non-consanguineous parents as a first
child after an uneventful pregnancy. There was no familial history of
neurological diseases. Although her initial development was normal as she
controlled her head at 4 months of age, developmental milestones were
gradually delayed and she learned to walk at I year and 7 months. During
infancy, she played with toys and started to talk at ~ 12 months of age. Her
walking developed repetitive atonic episodes and an electroencephalogram
showed focal irregular polyspikes and waves, and hence she was diagnosed with
epilepsy. She was administered antiepileptic agents and carbamazepine was
found to be effective. She gradually lost hand function and verbal commu-
nications by 4 years of age, and developed stereotypic hand movements such as
continuous rubbing and licking, and dystonia. Although she now walks alone
with an ataxic gait, her hand skills have regressed and she cannot talk, She
shows hyperventilation, abnormally deep breathing, bruxism during waking
periods, hypotonia, peripheral vasomotor disturbance, kyphosis, small cold
hands and feet, sudden inappropriate laughing, diminished response to pain
and intense eye communication. Sleep disturbance and microcephaly were
unobserved. Brain magnetic resonance imaging at 3 and 4 years of age showed
no remarkable findings (Figures la—d). However, T2-weighted images (WI)
revealed mild hypointensity in the globus pallidus and the substantia nigra at
11 years of age (Pigures le and ). At 14 years, this T2 shortening progressed
(Figures 1g and h), and this hypointensity was obvious in T2*WTI (Figures 2¢
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Figure 1 T2-weighted axial images of the patient with a WDR45 mutation.
(a-h) T2-weighted axial images of the patient. ((a, b) at 3 years and 6
months; (¢, d) at 4 years and 4 months; (e, f) at 11 years and 8 months;
(g, h) at 14 years and 6 months) Brain magnetic resonance imaging (MRI) at
3 and 4 years revealed no remarkable findings in the brain structure, volume
and signal intensity (a-d). Mild T2 hypointensity in the globus pallidus
(e, arrow) and the substantia nigra (f, arrowhead) was noticed at 11 years of
age. At 14 years, T2W! showed strong hypointensity in the globus pallidus
(g, arrow) and the substantia nigra (h, arowhead). mo, months; yr, years.

and d). TIWI showed hyperintensity of the substantia nigra with a weak
central band of TIWI hypointensity (Figure 2b). Experimental protocols for
genetic analysis were approved by the Institutional Review Board of Yokohama
City University School of Medicine. Clinical information and peripheral blood
samples were acquired from family members after obtaining written informed
consent.

Sanger sequencing
MECP2 mutation was sequenced by Sanger method. Parental samples were also
sequenced with respect to identified variants.

A typical Rett syndrome patient with a de nove WDR45 mutation
C Ohba ef al :

Figure 2 Brain magnetic resonance imaging (MRI) of the patient at 14
years of age. Tl-weighted (a, b), and T2*-weighted (c, d) axial images of
the patient at 14 years and 6 months of age. Tl-weighted images show
normal findings in the globus pallidus (a), but hyperintensity of the
substantia nigra with a weak central band of TIWI hypointensity
(b, arrowhead). T2*-weighted images show strong hypointensity in the
substantia nigra (¢, arrowhead) and the globus pallidus (d, arrow).

Whole exome sequencing

Genomic DNA was isolated from peripheral blood leukocytes using QuickGene
6101, (Wako, Qsaka, Japan), captured using the SureSelect Human All Exon v4
Kit (51 Mb; Agilent Technologies, Santa Clara, CA, USA) and sequenced on an
Nlumina HiSeq2000 (Mllumina. San Diego, CA, USA) with 101 bp paired-end
reads. Four samples were run in one lane of the flow cell Exome
data processing, variant calling and variant annotation were performed as
previously described.? The WDR45 mutation was confirmed by Sanger
sequencing,

Reverse transcriptase-PCR

Lymphoblastoid cell lines were established from the patient. Reverse tran-
scriptase-PCR using total RNA extracted from lymphoblastoid cell lines was
performed as previously described.® Briefly, total RNA was extracted using the
RNeasy Plus Mini kit (Qiagen, Tokyo, Japan), and 4 pg subjected to reverse
transcription. For PCR, 2ul of complementary DNA was used with primer
ex8-9-F spanning exons 8 and 9 (5'-GTGGACCTGGCGAGCACAAAG-3)
and primer ex11-12-R spanning exons 11 and 12 (5-AACTCTGTCATT
GCCATCTGCGTAG-3"). The PCR reaction consisted of five cycles of 98°C
for 10s, 72°C for 30s, five cycles of 98°C for 10s, 70 °C for 30s, five cycles
of 98 °C for 10s, 68 C for 30s and 30 cycles of 98°C for 10s, 66°C for 30s.
PCR products were electrophoresed on a 109 polyacrylamide gel and
sequenced. PCR products were purified using the QIAEXII Gel extraction
kit (Qiagen).

RESULTS AND DISCUSSION

We detected ¢.602C>T (p.Sla201Val) mutation of MECP2 in
the patient by Sanger sequencing. IHowever, we consider this
mutation was not pathogenic because the mutation was
inherited from her healthy mother. The mutation was also found in
3 males and 8 females of our 574 in-house control exomes
(281 males and 293 females). By whole exome sequencing, we
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Figure 3 Mutation leading to aberrant splicing in the patient’s lymphoblastoid cell lines. (a) Location of the WDR45 mutation. A splice donor site mutation

(c.830+ 1G>A) in the patient, which was absent from her parents, was confirmed by Sanger sequencing. (b) Reverse transcriptase (RT)-PCR analysis using .

lymphoblastoid cell lines derived from the patient and a control. A single band (472 bp), corresponding to the wild-type allele, was amplified using a control

complementary DNA (cDNA) template. A longer aberrant band was detected

from the patient's cDNA. (¢) Schematic representation of the wild-type and

mutant transcripts determined by sequencing PCR products, and primers used for the analysis. The upper band (551 bp) has a 82-bp insertion of the entire
intron 10 sequence, leading to a frameshift. A full color version of this figure is available at the Jourmnal of Human Genetics journal online.

identified a splice donor site mutation (c.830+41G>A) in the
WDR45 gene, which is absent from the proband’s parents, indicating
that the mutation occurred de nove (Figure 3a). The mutation
was absent in the 6500 exomes sequenced by the National
Heart, Lung, and Blood Institute exome project and our 574
in-house control exomes. Reverse transcriptase-PCR and sequencing
revealed aberrant splicing in which 82bp intronic sequences
were retained by the use of a cryptic splice donor site within
mntron 10, generating a premature stop codon (p.Leu278%)
(Figures 3b and c).

Although the brain magnetic resonance imaging at 11 years of
age showed iron deposition in the globus pallidus and the
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substantia nigra, clinical features showed no aggravation at this time.
Thus, there is no correlation between iron deposition and clinical
phenotype. The fact that iron deposition preceded neurological
decline is important information for elucidating BPAN pathogenesis
that is caused by autophagy inipairment.

The patient showed regression and stabilization, and fulfilled
four of the main revised RTT diagnostic criteria,! indicating
that she clinically showed typical RTT. In autopsied RTT brains,
tyrosine hydroxylase activity is reduced in the substantia nigra, and
may cause hypofunction of the nigrostriatal dopamine neurons
involved in modulating posture and locomotion.” Dystonia and
parkinsonism are also seen in older RTT patients as well as BPAN.®
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Therefore, substantia nigra dysfunction might be involved in
both RTT and BPAN, facilitating our understanding of the
pathomechanism of RTT «caused by MECP2 mutations. We
recommend that WDR45 should be checked in RTT patients
without MECP2 mutation.
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What is an induced pluripotent stem cell?
What to expect and what not to, yet
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Abstract 2B hepatic diseases 1) - MIR206 (microRNA 206) -

. ' . . MIR133B (microRNA 133b) - IL17A - IL17F
Interleukin-17A (IL17A), a characteristic cytokine (interleukin 17F) - SLC25A20P1 (solute carrier
produced by the T helper 17 cells (Th17 cells), can family 25, member 20 pseudogene 1) - MCMS3
form either a homodimer or a heterodimer with (minichromosome maintenance complex
ILI7F. component 3) - centromere.

It is produced not only by Th17 cells, but also by

cytotoxic CD8* T cells (Tcl7 cells), yd T cells, DNA/RNA
invariant natural killer T cells (INKT cells), o

lymphoid tissue inducer cells (LTi cells), and other Note

hematopoietic and non-hematopoietic cells. During ILI7A was initially identified in a subtractive
development, these cells exhibit flexible or plastic hybridization screen of a rodent T cell library as
features distinct from those of Thl and Th2 cells. mouse cytotoxic T lymphocyte-associated antigen 8
IL17A plays important roles in the pathogenesis of (mCTLAS8) (Rouvier et al., 1993), but is now
autoimmune diseases and in the host defenses recognized as a characteristic cytokine of the Th17
against bacterial and fungal infections. cell subset, which has effector functions distinct
Expression of IL17A and its related factors, as well from those of Thl and Th2 cells (Ko et al., 2009;
as the infiltration of IL17A-producing cells into the Kurebayashi et al., 2013).

tumor microenvironment, has been implicated in Des CI‘ipﬁO n

anti-tumor or pro-tumor effects in various cancers.

Keywords: Th17 cells, RORyt, STAT3, IL23,
TGEFB, inflammation

The IL17A gene spans a region of 4252 bp,
consisting of three exons.

Identity PR Transcription

N y gk : The transcript is 1859 bp and has a 45 bp 5' UTR, a
Other names: CTLAS,IL-17,1L-17A,1L17 468 bp coding sequence, and a 1346 bp 3' UTR.
Location: 6p12.2 No pseudogenes homologous to this gene exist
Local order: pter - PKHD1 (polycystic kidney and elsewhere in the genome.
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IGFBP6 (insulin-like growth factor binding protein 6) Bach LA

Exan 3

IL17A gene. The IL17A gene spans a region of 4252 bp, consisting of three exons (untranslated region (UTR), light blue; coding
region, blug) and two introns (brown). Exons 1, 2, and 3 are 72 bp (45 bp 5' UTR plus 27 bp coding region), 203 bp (all coding
regions), and 1584 bp (238 bp coding region plus 1346 bp 3' UTR) in length, respectively. The two introns are 1144 bp and 1249

bp in length.

Protein
Note

The IL17A protein is a glycoprotein that can form
either a disulfide-linked homodimer or a
heterodimer with the ILI7F protein. Members of
the IL17 protein family (IL17A-F) contain four
highly conserved cysteine residues on each
monomer (Kolls and Lindén, 2004; Iwakura et al.,
2011). Structural analysis of the IL17F protein has
revealed that these four cysteines participate in the
characteristic cystine-knot formation observed in
other growth factors such as nerve growth factor
(NGF), transforming growth factor 2 (TGFB2) and
platelet-derived  growth  factor (PDGF)-BB
(McDonald and Hendrickson, 1993), although one
of the canonical disulfides of the cystine-knot is
absent from the IL17 protein family (Hymowitz et
al., 2001). Two additional cysteine residues
participate in homodimer formation via inter-chain
disulfide bonds. Crystal structures are now
available for IL17A in complex with an antibody
(Gerhardt et al., 2009), an IL17F/IL17 receptor A
complex (Ely et al., 2009) and an IL17A/IL17
receptor A complex (Liu et al., 2013).

Signat J
peptide Disulfide bonds

IL17A protein. The IL17A protein (155 amino acids)
consists of a signal peptide (light green, 23 amino acids)
and a mature peptide (green, 132 amino acids). Four
conserved cysteines (Cys) form the intra-chain disulfide
bonds indicated by black lines (Cys94/Cys144 and
Cys99/Cys146) (Hymowitz et al., 2001). The two cysteines
indicated by asterisks (Cys33 and Cys129) participate in
homodimer formation via inter-chain disulfide bonds.
Asparagine 68 (AsnB8, black circle) is predicted to be
glycosylated. ’

Description

The IL17A monomer is a peptide consisting of 155
amino acids. The IL17A peptide comprises a 23
amino acid signal peptide and a 132 amino acid
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mature peptide. The ILI7A homodimer has a
molecular weight of 35 kD (Kolls and Lindén,
2004).

Expression

IL17A is secreted not only by CD4* T cells (Th17
cells), which also produce IL17F, IL21, and IL22
(Korn et al., 2009; Kurebayashi et al., 2013), but

_also by CDS'T cells (Tcl7 cells), y6 T cells,

invariant natural killer T cells (iNKT cells), innate
lymphoid cells (ILCs) including lymphoid tissue
inducer cells (LTi cells), B cells, neutrophils, and
other non-hematopoietic cells (Cua and Tato,
2010). These lymphocytes all express the retinoic
acid receptor-related orphan nuclear receptor C
(RORC, the human analogue of mouse RORyt, a
splice variant of the Rorc gene). RORyt is essential
for ILI7A production and the development of
IL17A-producing cells, at least in lymphocytes, and
is thus considered a master regunlator of IL17A-
producing cells.

Th17 cells

Th17 cells are a subset of helper T cells that have
effector functions distinct from those of Thl and
Th2 cells. Early reports showed that stimulation
with transforming growth factor §1 (TGFB1) and
IL6 is required to induce differentiation of IL17-
producing CD4" T cells (Thl7 cells) from naive
CD4" T cells (Korn et al., 2009). More recent
reports have shown that Thl7 cells can be
categorized into two distinct subsets: conventional
Thi7 cells (Th17(B) cells, also called non-
pathogenic Th17 cells), which differentiate in the
presence of IL6 and TGFBI, and Th17(23) cells
(also called pathogenic Thl7 cells), which
differentiate in the presence of IL6, IL23 and ILIfB
without exogenous TGFB1 (Ghoreschi et al., 2010;
Basu et al., 2013; Kurebayashi et al., 2013). IL6
and ILIB can induce the expression- of IL23
receptor in natve CD4™ T cells in the absence of
TGFBL. Th17(B) cells express IL9, IL10, CCL20,
and CXCR6 as well as IL17A and IL17F, whereas
Th17(23) cells express 1122, CCL9 and CXCR3;
relative to Th17(B) cells, Th17(23) cells make a
greater contribution to pathogenesis in autoimmune
diseases (Ghoreschi et al., 2010). Thl7 cells
stimulated with IL23, which is secreted by dendritic



