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Absence of Hikeshi, a nuclear transporter for
heat-shock protein HSP70, causes infantile
hypomyelinating leukoencephalopathy

Catalina Vasilescul, Pirjo Isohanni'*2, Maarit Palomiki>, Helena Pihko2, Anu Suomalainen*%°
and Christopher J Carroll*!

Genetic leukoencephalopathies are a heterogeneous group of central nervous system disorders with white matter involvement.
In a Finnish patient, we identified a novel homozygous disease-causing variant in HIKESHI, c.11G > C, p.(Cys4Ser), leading to
hypomyelinating leukoencephalopathy with periventricular cysts and vermian atrophy. A founder Ashkenazi-Jewish disease-
causing variant recently linked Hikeshi and its heat-shock protective function to leukoencephalopathy. In our patient, clinical
features of lower limb spasticity, optic atrophy, nystagmus, and severe developmental delay were similar to reported patients.
Additional features included vermian atrophy, epileptic seizures, and an ovarian tumor. Structural modeling and protein
analyses revealed that modified interactions inside Hikeshi’s hydrophobic pockets induce protein instability. The patient’s cells

showed impaired nuclear translocation of HSP70 during heat shock, and decreased ERO1-La, an endoplasmic reticulum
(ER) oxidoreductase. Overall, we show that: (1) the clinical spectrum associated with Hikeshi deficiency extends to
leukoencephalopathy with vermian atrophy and epilepsy; (2) the cellular disease process involves both nuclear chaperone

and ER functions.
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INTRODUCTION

Leukoencephalopathies are central nervous system disorders with
significant white matter involvement' and heterogeneous genetic
background.? Hikeshi emerged recently as a novel genetic cause for
leukoencephalopathy with acquired microcephaly in the Ashkenazi-
Jewish (AJ) population.> Hikeshi transports heat-shock protein 70
(HSP70) into the nucleus upon its activation, and thereby contributes
to cellular stress responses.® Here, we report the genetic and
functional characteristics of a new recessive Hikeshi disease-causing
variant, found in a Finnish patient with leukoencephalopathy, spastic
paraparesis, cerebellar ataxia, and epilepsy.

MATERIALS AND METHODS

Whole-exome sequencing (WES) was carried out using the NimbleGen SeqCap
EZ Exome v2.0 kit (Roche, Pleasanton, CA, USA) and the data processed with
the pipeline of the Finnish Institute for Molecular Medicine.® The HIKESHI
variant was submitted to LOVD database (individual ID 00081825; http://
databases.lovd.nl/shared/variants/0000134729). We modeled the effects of the
identified variant and of the reported AJ variant using the software Discovery
Studio 4.5 (Biovia, San Diego, CA, USA) and the crystal structure of human
Hikeshi” as template (PDB id 3WVZ). Supplementary Methods contain details
on Sanger sequencing, protein analyses, heat shock, and tunicamycin treatment.

RESULTS

Our patient, a female, was the first child of a consanguineous healthy
Finnish couple with two healthy sons (Figure 1a). Table 1 summarizes
her clinical features and of reported AJ patients. She was born at term,
but was small for gestational age with birth weight of 2330g
(-1.8 SD), height of 47cm (-2.2 SD), head circumference of
32.5cm (-2 SD), and Apgar scores of 9/9. She was irritable and had
increased muscle tone from birth, and her motor development was
delayed. Spasticity of the lower limbs, ataxia, athetosis, and nystagmus
were diagnosed by 1 year of age. At the age of 2 years, she was able to
say a few words and take some steps supported, but never learned to
walk independently.

At 2 years and 3 months, during a febrile infection, she had an
encephalitis-like episode with prolonged seizures, unconscious-
ness, and nuchal rigidity. EEG revealed bilateral decreased activity
with spikes in the right temporal lobe, CT scan showed right-sided
temporoparietal diffuse hyperdensity, and CSF analysis showed
mild leukocytosis, but no bacterial, viral, or antibody findings. She
was treated in an intensive care unit for 4 days, and received
antiepileptic, antibiotic, and antiviral treatment. Her condition
deteriorated: she was no longer able to sit or crawl. She developed
epilepsy with psychomotor, tonic-clonic, and absence seizures, and
was on continuous antiepileptic medication, but did not became
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totally seizure-free. At 6 years of age, she was diagnosed with a
malignant ovarian endodermal sinus tumor, which was treated

with chemotherapy.
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Her disease progressed and her skills regressed. She was no longer
able to propel her wheelchair or move independently, but she
communicated with figures. She developed severe spasticity, ataxia,

-

T p.(Cys4S¢-e-rj -

GO oo+

1 p-(Val54Leu)
NH2 - NTD . [ E-loop|
17 TTtoe--...85-106 124-134

Homo sapiens 1 ---MFGCLVAGRL 10 48 EGMGGSVYFSYPD
Bos taurus 1 ---MFGCLVAGRL 10 48 EGMGGSVYFSYPD
Mus musculus 1 ---MFGCLVAGRL 10 48 EGMGGSVYFSYPD
Gallus gallus 1 ---MFGCLVAGRL 10 48 EGMGGSVYFCYPD
Xenopus tropicalis 1 ---MFGCLVAGRL 10 48 ERMGGSVYFSYPD
Danio rerio 1 ---MFGCLVAGRL 10 48 EGLGGAVYLCVPG
Caenorhabditis elegans 1 MSGIFGVIVSGRT 13 50 DGIGGSVYIRWPT
Drosophila melanogaster 1 -MSLFGLIVSGRL 12 50 VGTSAAIYFSWPD
Anopheles gambiae 1 MLNALGVIVSGRL 13 51 DGMAGGVYFSWPD
Saccharomyces pombe 1 ---MFGAICAGRL 10 48 VGMGAKVYFQWPG
Arabidopsis thaliana 1 ---MFGVVFPNRS 10 56 PDKALAVYVQSPG

Monomer A

Monomer B

60
60
60
60
60
60
62
62
63
60
68

197

Monomer A

Monomer A

Monomer B

N-terminal
domain

Monomer B

Figure 1 Pedigree, patient’s brain MRI at 10 years of age, and consequences of disease-causing variants at protein level. (a) Pedigree of the family: the
patient is indicated by filled symbol. (b) Axial view of T2-weighted MR image shows diffuse hypomyelination and (c) axial view of T1-weighted MR image
shows cystic changes in periventricular white matter. (d) Sagittal view of T1-weighted MR image shows vermian atrophy. (e) The variant p.(Cys4Ser) found in
our patient and p.(Valb4Leu) reported in AJ patients reside within N-terminal domain and are conserved in vertebrates. (f) Overview of the asymmetric
homodimer arrangement of Hikeshi showing the affected amino acids within NTDs, based on human Hikeshi crystal structure (PDB id 3WVZ). (g) Interactions
established by the side chains of wild-type amino acids Cys4 and Val54 within the hydrophobic pocket of monomer A and B. (h) Bonding pattern for
p.(Val54Leu) variant: increased number of hydrophobic interactions and loss of wild-type asymmetry of bonding. (i) Interactions induced by p.(Cys4Ser)
variant: hydrophobic interactions are lost; Ser4 in monomer A forms a hydrogen bond. Functional domains of Hikeshi: NTD, N-terminal domain; E-loop,
extended loop; CTD, C-terminal domain; FLR, flexible linker region. Violet dash lines, hydrophobic bonds. Green dash line, hydrogen bond.
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nystagmus, mild optic atrophy, and myopia. Brain CT and MRI
showed leukoencephalopathy with periventricular cysts and vermian
atrophy (Figures 1b—d). Blood lactate was slightly elevated
(1.5-3.4 mmol/l, reference range 0.5-2.2 mmol/l), muscle histology
was normal, but respiratory chain enzyme analysis showed partial
complex I+II deficiency in the muscle (at 10 years of age)
(Supplementary Table 1). Other laboratory evaluations, including
pyruvate, thyroid hormones, liver transaminases, alpha fetoprotein,
urine organic acids, and karyotyping were unremarkable. She died of
pneumonia at 15 years of age.

Variant prioritization of the patient’s WES data led to identification of
a homozygous missense change (Supplementary Figures la and b):
HIKESHI (NM_016401.3; NP_057485.2), hgl9 chr11:2.86013501G>C,
¢.11G>C, p.(Cys4Ser). The variant was confirmed by Sanger sequenc-
ing (Supplementary Figure Ic); parental samples were unavailable.
The variant was absent in EXAC (http://exac.broadinstitute.org/), whereas
SISu database (http://www.sisuproject.fi/) contained one heterozygous
carrier among 7142 Finnish exomes (MAF=0.00014). SIFT® rated the
variant as deleterious (0.04) and the CADD? C-score was 24.3. The
amino acid site altered in our patient, Cys4, is conserved across
vertebrates (Figure le).

The functional Hikeshi is an asymmetric homodimer, and both our
patient’s and AJ variants are located within the N-terminal domain
(Figure 1f) that folds into a hydrophobic pocket involved in nuclear
pore recognition.

Modeling of the p.(Cys4Ser) variant predicted the loss of hydro-
phobic interactions established by wild-type Cys4 in both monomers
(Figures 1g and i). Immunoblotting showed undetectable levels of
Hikeshi“**S¢" in patient fibroblasts (Figure 2a). The model of AJ
mutation p.(Val54Leu) showed enhanced hydrophobic interactions

Hikeshi in infantile leukoencephalopathy
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and loss of bonding asymmetry between the two monomers char-
acteristic for wild-type Val54 (Figures 1g and h).

In response to heat shock, HSP70 translocates from cytoplasm into
nucleus to protect nuclear structures from damage. After 1h heat
shock at 42 °C, control fibroblasts exhibited a strong punctate nuclear
accumulation of HSC/HSP70 (constitutive and inducible forms,
respectively), whereas Hikeshi“V**5¢" fibroblasts showed a weak accu-
mulation (Figure 2c). Both control and patient fibroblasts showed
phosphorylation of HSF1-S326 (Figure 2b), indicating the activation of
heat-shock response.

The heat-shock and endoplasmic reticulum (ER) stress responses
have common mediators, prompting us to screen the ER stress
markers. Hikeshi®¥**5" fibroblasts showed normal levels of unfolded
protein response (UPR) markers IREla and BiP, whereas ERO1-La,
an ER oxidoreductase, was clearly reduced (Figures 2d and e).
Fibroblasts were then immortalized for further experiments. A side
effect of the immortalization was increased BiP, but EROI1-La
remained low. When challenged with the ER stressor tunicamycin,
patient cells responded normally by upregulating IREla and BiP
(Figure 2f). The reduction of ERO1-Le in our patient cells is therefore
independent of a generalized activation of ER-UPR or defective
ER-UPR expression.

DISCUSSION

We describe here a Finnish patient with a progressive neurodegen-
erative disorder, prominent leukoencephalopathy, and a new homo-
zygous disease-causing variant in Hikeshi. The clinical features of
severe developmental delay, spasticity, nystagmus, and optic atrophy
were similar to the reported patients of AJ ancestry.® In addition, our
patient presented vermian atrophy, epileptic seizures, and ovarian
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Figure 2 Loss of Hikeshi has consequences in the nucleus and endoplasmic reticulum (ER). (a) Hikeshi is undetectable in patient’s fibroblasts harboring
p.(Cys4Ser) change. HSC/HSP70 levels are normal in patient’s primary fibroblasts. (b) Patient’s immortalized fibroblasts are able to induce the heat-shock
response by phosphorylating HSF1-S326. (c) Indirect immunostaining of HSC/HSP70 in control and patient’s immortalized fibroblasts, in normal conditions
and in heat shock. Strong nuclear punctate accumulations appear in control cells, whereas in patient’s fibroblasts, the staining is weaker. (d) Screening of
ER stress markers indicates a reduction of ERO1-La in patient’s primary fibroblasts. (e) Relative quantification of Western blot ER stress markers. The error
bars show normalized data range between the two controls. (f) Patient’s immortalized fibroblasts respond to tunicamycin-induced ER stress in a similar way

to control fibroblasts.
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cancer, which as a single finding may be coincidental, albeit cellular
stress responses mitigated by heat-shock proteins have been found in
both neurodegenerative disorders and cancer.'®!! At 2 years of age,
our patient had severe deterioration following a febrile illness, with
suspected encephalitis. It is noteworthy that three out of six AJ patients
died suddenly during short febrile illnesses, implying abnormal
responses to heat stress.?

Our structural modeling and immunoblotting showed that altered
interactions inside Hikeshi hydrophobic pockets induce protein
instability. Similar to HikeshiVd%4Leu we observed a decreased heat-
induced nuclear translocation of HSP70 in Hikeshi®¥**5" fibroblasts,
supporting the idea that a defective response to heat stress is a possible
mechanism for Hikeshi disorders.?

ER-UPR has been described in several myelin disorders, including
Pelizaeus—Merzbacher disease and vanishing white matter disease.!?
Our patient’s fibroblasts presented normal levels of the ER-UPR
markers IREla and BiP, which were also normally upregulated upon
tunicamycin treatment. However, we found a clear reduction of
EROI1-La, an ER oxidoreductase involved in disulfide bond formation
and ER redox state, suggesting that ER may contribute to the cellular
pathology of Hikeshi disorders.

Overall, our patient indicates that Hikeshi deficiency results in a
complex neurodegenerative phenotype involving white matter and
cerebellum, sometimes progressing to epilepsy. In diagnostic settings,
HIKESHI screening should be considered in hypomyelinating leu-
koencephalopathies, especially if the disease progresses during febrile
illnesses.

The causative link established between neurodegenerative disorders
and chaperones/co-chaperones argues for a critical role of rigorous
protein quality control in the central nervous system.'> Some examples
include HSPDI causing hypomyelinating leukoencephalopathy'* and
hereditary spastic paraplegia 13,!> DNAJC6 and DNAJC13 involved in
Parkinson’s disease,'®!7 and DNAJCI9 involved in dilated cardiomyo-
pathy with ataxia.!$1°

Hikeshi, a binding partner and nuclear transporter of HSP70, is a
new addition to this group and highlights the essential role of adequate
stress responses, including heat-shock response, for normal develop-
ment and maintenance of the nervous system.
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