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ARTICLE INFO ABSTRACT

X-linked ichthyosis (XLI) is a relatively common, recessive condition caused by mutations in the steroid sulfatase
(STS) gene. Common loss-of-function mutations in the filaggrin gene (FLG) cause ichthyosis vulgaris and pre-
dispose individuals to atopic eczema. We report a case of a 6-year-old boy who presented with unusually severe
XLI, an increased serum immunoglobulin E level (2120 IU/ml) and moyamoya angiopathy. Whole-exome se-
quencing identified a gross deletion encompassing the STS in Xp22.31 and the p.K4022X FLG mutation. The
deletion is at least 1.6 Mb in size in the proband, based on real-time quantitative polymerase chain reaction
results. No other genetic mutations related to ichthyosis, moyamoya or hyper-immunoglobulin E syndrome were
detected. Furthermore, his mother's brothers suffered from mild XLI and only had a deletion encompassing the
STS. Additionally, his father and older sister suffered from mild ichthyosis vulgaris and had the p.K4022X FLG
mutation. We report the first case of XLI with concurrent moyamoya syndrome. Moreover, an IgE-mediated
immune response may have triggered the moyamoya signaling cascade in this patient with ichthyosis.
Furthermore, our study strengthens the hypothesis that filaggrin defects can synergize with an STS deficiency to
exacerbate the ichthyosis phenotype in an ethnically diverse population.
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1. Introduction vulgaris (IV; OMIM #146700) and have been shown to be an important

predisposing factor for atopic dermatitis (Sandilands et al., 2006;

X-linked ichthyosis (XLI, OMIM # 30810) is a skin genetic disease
characterized by widespread dark brown, polygonal scales and gen-
eralized dryness. XLI is caused by a deficiency of the enzyme steroid
sulfatase (STS) due to STS mutations (Fernandes et al., 2010) (Elias
et al., 2004). STS is highly expressed in the developing adult brain, and
it can potentially influence neurodevelopment and ongoing brain
function (Chatterjee et al., 2016).

Mutations in filaggrin (FLG), the gene encoding profilaggrin/filag-
grin, have been demonstrated to be the underlying cause of ichthyosis

Nemoto-Hasebe et al., 2009). IV is inherited as a semi-dominant Men-
delian trait, wherein heterozygotes may have a mild sub-clinical pre-
sentation compared with homozygotes, who present with marked
scaling. Moreover, as genetic modifying factors, FLG mutations that
exacerbate XLI have been reported in 2 families (Liao et al., 2007;
Ramesh et al., 2011).

Moyamoya disease (OMIM # 607151) is an idiopathic cerebral
vasculopathy characterized by progressive stenosis of the terminal
portion of the internal carotid arteries and the development of a

Abbreviation: ACA, anterior cerebral artery; CD, cluster of differentiation; FLG, filaggrin gene; Ig, immunoglobulin; IV, ichthyosis vulgaris; MCA, middle cerebral artery; MR, magnetic
resonance; qPCR, quantitative polymerase chain reaction; RCN, relative copy number; STS, steroid sulfatase; WES, whole exome sequencing; XLI, X-linked ichthyosis
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Fig. 1. Clinical appearance of severe XLI in a boy
A, B: The proband had severe, widespread and hyperpigmented ichthyosis.

network of abnormal collateral vessels (Scott and Smith, 2009).
Moyamoya syndrome may be caused by acquired factors (e.g., cranial
irradiation) or related to clinically well-characterized genetic diseases
(e.g., Alagille syndrome, Noonan syndrome, Neurofibromatosis type 1,
Down syndrome, Turner syndrome, and Costello syndrome) (Guey
et al., 2015). However, moyamoya syndrome has not previously been
described in ichthyosis patients.

2. Subjects and methods
2.1. Case presentation

The proband was a 6-year-old boy who presented to our hospital
with a history of ichthyosis diagnosed at 4 months of age and who had
experienced a recurrent motor weakness in the left upper and lower
extremities at age 4. Dark scales on the head, trunk and limbs were
observed (Fig. 1). He also suffered from rhinitis. No other clinical
findings, such as corneal opacities, anosmia, cerebellar ataxia, cryp-
torchidism, or mental retardation, were observed. The history of a si-
milar skin condition in the patient's male maternal relatives helped
establish the diagnosis of XLI (Fig. 2). X-ray, abdominal ultrasound,
echocardiogram, coagulation and autoantibody studies as well as
thyroid function were normal. Immunoglobulin (Ig) and cytokine stu-
dies identified a high level of serum IgE at 2120 IU/ml (normal

0-200 IU/ml) and interleukin (IL)-6 at 17 pg/ml (normal 0-3.4 pg/ml).
The IL-8, IL-1B and IL-10 levels were normal. Lymphocyte subgroup
detection showed a slight decrease in cluster of differentiation (CD)3 +
and CD4 +-T lymphocyte (23.51%). CD3 + and CD8 +-T lymphocyte,
CD3- and CD19 +-B lymphocyte, CD3-cell, and CD16 + 56 + natural
killer cell levels were normal. Brain magnetic resonance (MR) imaging
and MR angiography confirmed a normal parenchyma with marked
steno-occlusive lesion at the bilateral internal carotid artery terminus.
MR perfusion showed delay in the mean transit time of the bilateral
frontal, right temporal and occipital lobes. Initial carotid angiography
revealed right occlusion of the proximal anterior cerebral artery (ACA)
and middle cerebral artery (MCA), left severe narrowing of the prox-
imal ACA, and the formation of mild moyamoya vessels (Fig. 3). Due to
a lack of an underlying diagnosis in the setting of a complex phenotype,
including XLI, increased serum IgE level, moyamoya and rhinitis,
clinical whole-exome sequencing (WES) was performed.

2.2. Other subjects

The patient's mother and older sister are clinically unaffected, but
his father and oldest sister have dry skin and subtle signs of IV.
Moreover, one of his mother's brothers suffered from mild XLI.
Magnetic resonance angiography and serum Ig tests were performed on
these relatives. Blood samples were collected from the relatives after
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Fig. 2. Family pedigree with classical X-linked recessive inheritance

Disease and mutation statuses are indicated in the figure key. Circles represent women, squares represent men, and arrowheads indicate the proband in the family. The phenotype and

genotype are coded and correlate with the figure key.
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Fig. 3. Preoperative and follow-up angiographic images
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A: Preoperative anteroposterior view of the left carotid angiogram showed complete occlusion of the left ACA and mildly developed moyamoya vessels. B, C: Anteroposterior and lateral
views of the right carotid angiogram demonstrate the occlusion of the right MCA and ACA at their proximal locations as well as moyamoya vessels. D: Six months later, follow-up carotid
angiography revealed left rapid progression and formation of collateral moyamoya vessels in the MCA region. E, F: Angiographic image after surgical treatment of the patient showed

abundant filling of the bilateral MCA region by the external carotid arteries.

written informed consent was obtained. The Ethics Committee of
Beijing Tiantan Hospital, Capital Medical University approved the
study. Written consent was obtained from the parents for the publica-
tion of photographs.

2.3. Genotyping

Genomic DNA from the subjects was extracted from blood leuko-
cytes using a QIAamp blood kit (QIAGEN, Hilden, Germany). WES was
performed on an Illumina HiSeq 2000 platform by BGI (Shenzhen,
China). Coverage of the target region is 99.4% and the fraction of the
target covered at least 20 X is 97.6%. (The detailed experimental pi-
peline and result of WES are available.) A point mutation in FLG was
confirmed by Sanger sequencing, while a gross deletion encompassing
STS was identified by real-time quantitative polymerase chain reaction
(gPCR) in the proband and other available family members.

3. Results
3.1. Clinical findings

An indirect revascularization of the boy's right hemisphere was first
performed. Six months after his first surgery, carotid angiography re-
vealed abundant filling of the right MCA region by the external carotid
artery as well as rapid progression of left hemisphere (Fig. 3). A left-
sided pial-synangiosis was performed with an uncomplicated post-
operative course. In the follow-up period of 6 months after his second

surgery, he had no further ischemic events. The patient's relatives were
free of cerebral vascular disease, stroke and increased serum IgE levels.

3.2. Genetic results

WES suggested a gross deletion encompassing the STS in Xp22.31.
The deletion was at least 1.6 Mb in length in the proband according to
real-time qPCR results. The left and right breakpoints were harbored in
11 kb and 38 kb regions, respectively (Fig. 4). A gross deletion was also
detected in three family members, including the proband's mother,
oldest sister and uncle. Meanwhile, WES detected a nonsense mutation
in FLG (c.1206A > T, p. K4022X). In addition to the proband, a non-
sense mutation was also identified in his father and oldest sister, but the
mutation was not detected in other relatives (Fig. 5). The mutation was
documented as pathogenic for psoriasis and atopic dermatitis in the
human gene mutation database. It was also observed in 167/8652 al-
leles in the Exome Aggregation Consortium database, and all mutation
carriers were of East Asian origin. No other gene mutation related to
ichthyosis (TGM1, ALOX12B, ALOXE3, ABCA12, CYP4F22, NIPAL4,
LIPN, CERS3, PNPLA1, ST14, FATP4 or ABHD5), moyamoya (RNF213,
ACTA2, GUCY1A3 or BRCC3) or hyper-immunoglobulin E syndrome
(STAT3, DOCK8, PGM3, SPINK5 or TYK2) were detected (Nomura et al.,
2009; Ben Khelifa et al., 2013; Maruthappu et al., 2014; Guey et al.,
2015; AlKhater, 2016; Zhang et al., 2017).
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Fig. 4. Schematic diagram of the gross deletion identified by quantitative polymerase chain reaction (QPCR)
Positions of the RefSeq genes and qPCR amplicons (q1-q19) are shown. qPCR amplicons in red represent the deletion regions in the proband, while the blue amplicons represent the
normal regions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4. Discussion

Our case highlights the occurrence of STS and FLG mutations in a
boy with severe ichthyosis, an increased serum IgE level and moyamoya
angiopathy. Functionally, STS deficiency impacts the biogenesis of
stratum corneum lipids (Elias et al., 2008), whereas filaggrin hap-
loinsufficiency or complete deficiency impacts the protein components
of the stratum corneum (Sandilands et al., 2009). Therefore, one would
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Fig. 5. Genetic findings in the family with ichthyosis and moyamoya

predict that FLG and STS mutations would be additive and lead to a
more severe phenotype due to deficiencies in both the protein and lipid
components of the skin barrier, as previously suggested (Liao et al.,
2007; Ramesh et al., 2011). The boy in our study was a heterozygous
carrier of the p.K4022X FLG mutation and an STS deletion. Moreover,
his father and oldest sister had a p.K4022X heterozygous mutation and
suffered from mild IV; the mutation was absent in his uncle, who pre-
sented with milder, more typical XLI. Of note, immunohistochemical
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A: Relative copy number (RCN) changes tested with primers in STS using a qPCR assay. RCN was determined based on the comparative AACT method with the male family member (111)
as the calibrator. A normal male (RCN = 1), normal female (RCN = 2), affected male (RCN = 0) and affected female (RCN = 1) are shown.

B: WES results of the proband via IGV viewer. The FLG mutation ¢.1206A > T (p. K4022X) was detected as demarcated by dotted lines.

C, D: FLG sequencing results in carriers (left) and non-carriers (right) in the family. The red arrow indicates the FLG mutation (c.1206A > T, p. K4022X). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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staining for filaggrin revealed that the p.K4022X mutation contributes
to a remarkable reduction in filaggrin protein expression in patients'
epidermis (Nemoto-Hasebe et al., 2009). The FLG mutations R501X and
3672del4, which exacerbate XLI, were reported to be genetic modifying
factors in a Scottish boy and an Indian girl (Liao et al., 2007; Ramesh
et al., 2011). The presence of population-specific FLG mutations in
European, Japanese, Korean and Chinese populations has been reported
(Palmer et al., 2006; Hsu et al., 2009; Nemoto-Hasebe et al., 2009;
Nomura et al.,, 2009; Hu et al.,, 2012; On et al.,, 2017). Moreover,
R501X, 3672del4 and p.K4022X mutations all occurred in exon 3 of
FLG, which codes for the majority of the polyprotein profilaggrin,
consisting of 10-12 tandem repeats of the 37-kDa filaggrin peptide (Hsu
et al., 2009; Nemoto-Hasebe et al., 2009; On et al., 2017). Our results
and previous reports support the hypothesis that filaggrin defects can
synergize with an STS deficiency to exacerbate the ichthyosis pheno-
type in ethnically diverse populations.

In our study, the boy and his oldest sister, who carried a hetero-
zygous p.K4022X mutation, suffered from rhinitis. This finding was in
line with previous results indicating that p.K4022X in the C-terminal
imperfect filaggrin repeat is a predisposing factor for atopic dermatitis
(Palmer et al., 2006; Nemoto-Hasebe et al., 2009). Epicutaneous sen-
sitization with a protein allergen has been shown to induce a Th2-type
immune response with concomitant high IgE production in mice
(Palmer et al., 2006). These findings in mice imply that the presence of
a heritable defect in the skin barrier may lead to increased susceptibility
to transepidermal allergen transfer, therefore amplifying the epidermal-
driven Th2 response and provoking the onset of atopic disease (Palmer
et al., 2006).

The unique moyamoya phenotype identified in the boy with severe
ichthyosis raises the question of whether a common pathophysiologic
mechanism exists between these two diseases. Identification of the
genes involved in moyamoya disease and several monogenic moya-
moya syndromes revealed different pathways that are involved in the
development of moyamoya angiopathy, such as the NO-Sgc pathway
(with GUCY1A3 mutations), RAS pathway (with Neurofibromatosis
type 1, Noonan, and Costello syndromes) or NOTCH pathway (with
Alagille syndrome), as well as pathways involved in genomic stability
(with RNF213, Pericentrin and other genes involved in dwarfism, or
BRCC3) (Guey et al., 2015). However, WES did not identify mutations
in the genes involved in moyamoya in the proband presented in this
study. Interestingly, recent reports of central nervous system vasculitis
in hyper-immunoglobulin E syndrome indicate a potential link between
these two diseases (AlKhater, 2016). Various vascular anomalies have
been reported in both forms of hyper-immunoglobulin E syndrome,
including aneurysms, vascular ectasia, moyamoya and vascular
thrombotic events (Freeman et al., 2007). The boy in our study with a
p-K4022X mutation in FLG suffered from severe XLI, rhinitis and an
increased IgE level. Moreover, in mice sensitized with ovalbumin, cu-
taneous exposure of this allergen autoimmunity was caused by partial T
cell deficiency, resulting in dysregulation and leading to elevated risks
of developing both systemic and central nervous system vasculitis
(Palmer et al., 2006). Additionally, cerebral arteriostenosis associated
with elevated serum IgE levels was observed in young adults without
risk factors for ischemic stroke (Guo et al., 2014). Therefore, we
speculated that the IgE-mediated immune response triggered moya-
moya signaling cascade in this boy with ichthyosis.

Approximately 80-90% of XLI cases are caused by complete or
partial deletion of the STS. The typical deletion encompasses STS and a
small number of adjacent genes (including members of the VCX family,
HDHDI1A, and PLPNA4), while larger deletions can encompass the KAL
and NLGN4X (Kent et al., 2008). Larger gene deletions can be asso-
ciated with symptoms of contiguous gene syndromes, including epi-
lepsy, mental retardation, skeletal and craniofacial abnormalities, hy-
pogonadotropic hypogonadism and anosmia (Ben Khelifa et al., 2013;
Nagai et al., 2017). The deletion size of XLI in the patient presented
here was at least 1.6 Mb, including the entire STS and nearby VCX,
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VCX2, PUDP and PNPLA4. Ischemic symptoms and rapid progression of
moyamoya were observed. This case highlights the need to recognize
moyamoya syndrome in patients with ichthyosis, and early surgical
revascularization should be pursued to prevent symptom progression.

5. Conclusion

Here, we report the first XLI case with concurrent moyamoya syn-
drome. Moreover, the IgE-mediated immune response may have trig-
gered the moyamoya signaling cascade in this patient with ichthyosis.
Early surgical intervention should be considered to prevent symptom
progression later in life. Furthermore, our study strengthens the hy-
pothesis that filaggrin defects can synergize with STS deficiency to
exacerbate the ichthyosis phenotype in an ethnically diverse popula-
tion.
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