Please cite this article in press as: Wel et al., CdkSrap1-Mediated 2-Methylthio Modification of Mitochondrial tRNAs Governs Protein Translation and
Contributes to Myopathy in Mice and Humans, Gall Metabolism (20185), hitp://dx.dol.org/10.1016/.cmet.2015.01.019

SUPPLEMENTAL INFORMATION

Supplemental Information includes seven figures and Supplemental Experi-
mental Procedures and can be found with this article at hitp://dx.dol.org/10,
1018/Lemet.2015.01.014,

AUTHOR CONTRIBUTIONS

F.-Y.W. and K.T. designed the experiments and wrote the manuscript, F.-Y.W.
and B.Z. performed the experiments, Takeo Suzuki and Tsutomu Suzuki per-
formed the mass spectrometry experiments. H.H., K.M., and Y.O. performed
cardiac examinations. Y.U. and S.M. performed TAC surgery and cardiac ex-
aminations. H. Michiue, AF., and H. Matsui performed electron microscopy.
Y.K. provided the blood samples. N.T., P.X., and T.K. performed the gPCR-
based examination of tRNA modifications,

ACKNOWLEDGMENTS

We thank Nobuko Maeda for the technical assistance. This work was sup-
ported by a Grant-in-Aid for Scientific Research from the Ministry of Education,
Culture, Sports, Science, and Technology of Japan, by the Japan Society for
the Promotion of Science (JSPS) through its “Funding Program for Next Gen-
eration World-Leading Researchers,” and by the Takeda Science Foundation.

Received: September 5, 2014
Revised: November 24, 2014
Accepted: January 26, 2015
Published: March 3, 2018

BEFERENCES

Agris, P.F. (2004), Decoding the genome: a modified view. Nucleic Acids Res.
32, 223-238.

Arragain, 8., Handelman, S.K., Forouhar, F., Wei, F.Y., Tomizawa, K., Hunt,
J.F., Douki, T., Fontecave, M., Mulliez, E., and Atta, M. (2010). Identification
of eukaryotic and prokaryotic methylthiotransferase for biosynthesis of 2-
methylthio-N°-threonylcarbamoyladenosine in tRNA. J. Biol. Chem. 285,
28425-28433.

Cheadle, C., Vawter, M.P., Freed, W.J., and Becker, K.G. (2008). Analysis of
microarray data using Z score transformation. J. Mol. Diagn. 5, 73-81.

Chen, Y., and Dorn, G.W., 2nd. (2013). PINK1-phosphorylated mitofusin 2 is a
Parkin receptor for culling damaged mitochondria. Science 340, 471~-475.
Crimi, M., Bordoni, A., Menozzi, G., Riva, L., Fortunato, F., Galbiati, S., Del Bo,
R., Pozzoli, U., Bresolin, N., and Comi, G.P. (2005). Skeletal muscle gene
expression profiling in mitochondrial disorders. FASEB J. 719, 866-868.

Dai, D.F., Hsieh, E.J., Liu, Y., Chen, T., Beyer, R.P., Chin, M.T., MacCoss, M.J.,
and Rabinovitch, P.S. (2012). Mitochondrial proteome remodelling in pressure
overload-induced heart failure: the role of mitochondrial oxidative stress.
Cardiovasc. Res. 93, 79-88.

DiMauro, S., and Schon, E.A. (2003). Mitochondrial respiratory-chain dis-
eases. N. Engl. J. Med. 348, 2656-2668.

Durieux, J., Wolff, S., and Dillin, A. (2011). The cell-non-autonomous nature of
electron transport chain-mediated longevity. Cell 144, 79-91.

Forouhar, F., Arragain, S., Atta, M., Gambarelli, S., Mouesca, J.M., Hussain,
M., Xiao, R., Kieffer-Jaquinod, S., Seetharaman, J., Acton, T.B., et al. (2013).
Two Fe-S clusters catalyze sulfur insertion by radical-SAM methylthiotrans-
ferases. Nat. Chem. Biol. 9, 333-338.

Grimsrud, P.A., Carson, J.J., Hebert, A.S., Hubler, S.L., Niemi, N.M., Bailey,
D.J., Jochem, A., Stapleton, D.S., Keller, M.P., Westphall, M.S., et al. (2012).
A quantitative map of the liver mitochondrial phosphoproteome reveals post-
translational control of ketogenesis. Cell Metab. 76, 672-683.

Hoshino, A., Mita, Y., Okawa, Y., Ariyoshi, M., lwai-Kanai, E., Ueyama, T.,
lkeda, K., Ogata, T., and Matoba, S. (2013). Cytosolic p53 inhibits Parkin-
mediated mitophagy and promotes mitochondrial dysfunction in the mouse
heart. Nat. Commun. 4, 2308.

14 Cell Metabolism 27, 1-15, March 3, 2015 ©2015 Elsevier Inc.
CMET 1726

Houtkooper, R.H., Mouchiroud, L., Ryu, D., Moullan, N., Katsyuba, E., Knott,
G., Williams, R.W., and Auwerx, J. (2013). Mitonuclear protein imbalance as
a conserved longevily mechanism. Nature 497, 451-457.

Ishikawa, K., Kimura, 8., Kobayashi, A., Sato, T., Matsumoto, H., Ujiie, Y.,
Nakazato, K., Mitsugi, M., and Maruyama, Y. (2005), Increased reactive oxy-
gen species and anti-oxidative response in mitochondrial cardiomyopathy.
Cire. J. 69, 617-620.

Jenner, L.B., Demeshkina, N., Yusupova, G., and Yusupov, M. (2010).
Structural aspects of messenger RNA reading frame maintenance by the ribo-
some. Nat. Struct. Mol. Biol, 17, 555-560.

Karamanlidis, G., Lee, C.F., Garcia-Menendez, L., Kolwicz, S.C., Jr,,
Suthammarak, W., Gong, G., Sedensky, M.M,, Morgan, P.G., Wang, W., and
Tian, R. (2018). Mitochondrial complex | deficiency increases protein acetyla-
tion and accelerates heart failure. Cell Matab, 18, 239-250.

Kirino, Y., Yasukawa, T., Ohta, 8., Akira, 8., Ishihara, K., Watanabe, K., and
Suzuki, T. (2004). Codon-specific translational defect caused by a wobble
modification deficiency in mutant tRNA from a human mitochondrial disease.
Proc. Natl. Acad. Sci. USA 107, 15070-15075.

Kirino, Y., Goto, Y., Campos, Y., Arenas, J., and Suzuki, T. (2005). Specific cor-
relation between the wobble modification deficiency in mutant tRNAs and the
clinical features of a human mitochondrial disease. Proc. Natl. Acad. Sci. USA
102, 7127-7132.

Kubli, D.A., and Gustafsson, A.B. (2012). Mitochondria and mitophagy: the yin
and yang of cell death control. Circ. Res. 1717, 1208-1221,

Laffel, L. (1999). Ketone bodies: a review of physiclogy, pathophysiology and
application of monitoring to diabetes. Diabetes Metab. Res. Rev. 15,
412-426.

Machnicka, M.A., Milanowska, K., Osman Oglou, O., Purta, E., Kurkowska,
M., Olchowik, A., Januszewski, W., Kalinowski, S., Dunin-Horkawicz, S.,
Rother, K.M., et al. (2013). MODOMICS: a database of RNA modification
pathways—2013 update. Nucleic Acids Res. 41 (Database issue), D262~
D267.

Murphy, M.P. (2009). How mitochondria produce reactive oxygen species.
Biochem. J. 477, 1-13.

Reiter, V., Matschkal, D.M., Wagner, M., Globisch, D., Kneuttinger, A.C.,
Mdller, M., and Carell, T. (2012). The CDK5 repressor CDK5RAP1 is a methyl-
thiotransferase acting on nuclear and mitochondrial RNA. Nucleic Acids Res.
40, 6235-6240.

Runkel, E.D., Liu, S., Baumeister, R., and Schulze, E. (2013). Surveillance-acti-
vated defenses block the ROS-induced mitochondrial unfolded protein
response. PLoS Genet. 9, e1003346.

Schieber, M., and Chandel, N.S. {2014). ROS function in redox signaling and
oxidative stress. Curr. Biol. 24, R453-R462.

Steinthorsdottir, V., Thorleifsson, G., Reynisdottir, I., Benediktsson, R.,
Jonsdottir, T., Walters, G.B., Styrkarsdottir, U., Gretarsdottir, S., Emilsson,
V., Ghosh, S, et al. (2007). A variant in CDKAL1 influences insulin response
and risk of type 2 diabetes. Nat. Genet. 39, 770-775.

Suzuki, T. (2005). Biosynthesis and function of tRNA wobble modifications.
Topics Curr. Genet. 12, 24-69.
Suzuki, T., and Suzuki, T. (2014). A complete landscape of post-transcriptional

modifications in mammalian mitochondrial tRNAs. Nucleic Acids Res. 42,
7346-7357.

Suzuki, T., Suzuki, T., Wada, T., Saigo, K., and Watanabe, K. (2002). Taurine as
a constituent of mitochondrial tRNAs: new insights into the functions of taurine
and human mitochondrial diseases. EMBO J. 27, 6581-6589.

Suzuki, T., Nagao, A., and Suzuki, T. (2011). Human mitochondrial tRNAs:
biogenesis, function, structural aspects, and diseases. Annu. Rev. Genet.
45, 299-329.

Torres, A.G., Batlle, E., and Ribas de Pouplana, L. (2014). Role of tRNA mod-
ifications in human diseases. Trends Mol. Med. 20, 306-314.

Urbonavicius, J., Qian, Q., Durand, J.M., Hagervall, T.G., and Bjork, G.R.
(2001). Improvement of reading frame maintenance is a common function
for several tRNA modifications. EMBO J. 20, 4863-4873.

— 116 —



Please cite this article in press as: Wei et al., Cdk5rap1-Mediated 2-Methylthio Modification of Mitochondrial tRNAs Governs Protein Translation and
Contributes to Myopathy in Mice and Humans, Cell Metabolism (2015), http://dx.doi.org/10.1016/j.cmet.2015.01.019

Wei, F.Y., Suzuki, T., Watanabe, S., Kimura, S., Kaitsuka, T., Fujimura, A.,
Matsui, H., Atta, M., Michiue, H., Fontecave, M., et al. (2011). Deficit of
tRNA(Lys) modification by Cdkal1 causes the development of type 2 diabetes
in mice. J. Clin. Invest. 7127, 3598-3608.

Wenz, T., Luca, C., Torraco, A., and Moraes, C.T. (2009). mTERF2 regulates
oxidative phosphorylation by modulating mtDNA transcription. Cell Metab.
9, 499-511.

Xie, P., Wei, F.Y., Hirata, S., Kaitsuka, T., Suzuki, T., Suzuki, T., and
Tomizawa, K. {2013). Quantitative PCR measurement of tRNA 2-methyithio
modification for assessing type 2 diabetes risk. Clin. Chem. 59, 1604—
1612.

Yasukawa, T., Suzuki, T., Ishii, N., Ohta, S., and Watanabe, K. (2001). Wobble
modification defect in tRNA disturbs codon-anticodon interaction in a mito-
chondrial disease. EMBO J. 20, 4794-4802.

Cell Metabolism 27, 1-15, March 3, 2015 ©2015 Elsevier Inc. 15

CMET 1726
— 117 —



Seivoys 27

journal homepage: www.glsevigr.com/iscatel

alirect

Contents lists available at Scies

Seizure

yaeiz

Immediate suppression of seizure clusters by corticosteroids in

PCDH19 female epilepsy

CrossMark

Norimichi Higurashi*®, Yukitoshi Takahashi®, Ayako Kashimada®, Yuji Sugawara®,
Hiroshi Sakuma*, Yuko Tomonoh', Takahito Inoue, Megumi Hoshina¥, Ruri Satomi ",
Masaharu Ohfu’, Kazuya Itomi’, Kyoko Takano ¥, Tomoko Kirino', Shinichi Hirose ™

3 Department of Pediatrics, Jikei University School of Medicine, 3-25-8, Nishi-Shimbashi, Minato-ku, Tokyo 105-8461, japan

b Central Research institute for the Pathomechanisms of Epilepsy, Fukuoka University, 7-45-1, Nanakuma, fonan-ku, Fukuecka 814-0180, japan

€ National Epilepsy Center, Shizuoka Institute of Epilepsy and Neurological Disorders, Urushiyama 886, Aoi-ku, Shizuoka 420-8688, japan

9 Department of Pediatrics, Tokyo Medical and Dental University, 1-5-45, Yushima, Bunkye-ku, Tokyo 113-8510, Japan

¢ Department of Brain Development and Neural Regeneration, Tokyo Metropolitan Institute of Medical Science, 2-1-6, Kamikitazawa, Setagaya-ku, Tokyo

156-8506, Japan

Department of Pediatrics, Fukuoka University School of Medicine, 7-45-1, Nanakuma, Jonan-ku, Fukuoka 814-0180, japan

¥ Department of Pediatrics, Ghara General Hospital, 6-11, Omachi, Fukushima 960-8611, Jupan

® Department of Pediatrics, jA Toride Medical Center, 2-1-1, Hongo, Toride, ibaraki 302-0022, japan

I Division of Child Neurology, Okinawa Prefectural Southern Medical Center & Children’s Medical Center, 118-1, Aza Arakawa, Haebaru-cho, Shimajiri-gun,

Okinawa 901-1193, Japan

I pivision of Neurology, Aichi Children’s Health and Medical Center, 1-2, Osakada Morioka-cho, Obu, Aichi 474-8710, Japan
¥ Department of Medical Genetics, Shinshu University School of Medicine, 3-1-1, Asahi, Matsumoto, Nagano 390-8621, Japan
' Department of Pediatrics, Shikoku Medical Center for Children and Adults, 2-1-1, Senyu-cho, Zentsuji, Kagawa 765-8507, Japan

ARTICLE INFO

Article history:

Received 4 November 2014

Received in revised form 2 February 2015
Accepted 5 February 2015

Keywords:

Blood~brain barrier

Epilepsy and mental retardation limired to
females (EFMR)

nflammation

Neuronal antibody

N-methyl-p-aspartate (NMDA)-type
glutamate receptor

ABSTRACT

Purpose: The pathomechanism and treatment of PCDH19 fernale epilepsy (PCDH19-FE) remain unclear.
Here, we report that corticosteroids are effective for control of the seizure clusters or other acute
symptoms of PCDH19-FE and argue for the possible involvernent of a compromised blood~brain barrier
(BBB) in its pathogenesis.
Methods: The efficacy of corticosteroids was retrospectively reviewed in five Japanese patients with
PCDH19-FE. The results-of antibody assays against the N-methyl-p-aspartate-type glutamate receptor
(abs-NR) in serum/cerebrospinal fluid were also compiled.
Results: Corticosteroid treatments significantly improved the acute symptoms, including seizure
clusters, in all cases, most often immediately after the initial administration. However, the effect was
transient, and some seizures recurred within a few weeks, especially in association with fever. Serum
andjor cerebrospinal fluid abs-NR were detected in all patients. Target sequences of the detected
antibodies were multiple, and the titers tended to decrease over time. In one patient, immunchisto-
chemical analysis using rat hippocampal slices also revealed serum antibodies targeting an unknown
epitope in neuronal cytoplasm.
Conclusion: Our findings imply an involverment of inflammatory processes in the pathogenesis of
PCDH18-FE and therapeutic utility for corticosteroids as an adjunctive option in acute treatment. PCDH19
is well expressed in brain microvascular endothelial cells and thus its impairment may cause BBB
vulnerability, which may be ameliorated by corticosteroids. The abs-NR detected in our patients may not
indicate an autoimmune pathomechanism, but may rather represent non-specific sensitization to
degraded neuronal componernts entering the general circulation, the latter process facilitated by the BBB
vulnerability.

© 2015 British Epilepsy Association. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

A heterozygous defect in the gene encoding protocadherin 19
(PCDH19) causés early-onset intractable epilepsy in females (i.e,
PCDH19-related female epilepsy, PCDHI9-FE, or previously,
epilepsy and mental retardation limited to females, EFMR)
{1}, PCHD19, an adhesion molecule of the d2-protocadherin
subclass of the cadherin superfamily, is highly expressed in the
vertebrate brain, §-Protocadherins are intimately involved in
brain development and neural functions, as well as in many
neurological diseases |2]. However, the homophilic adhesion
capacity of PCDH19 by itself is low, and its exact function remains
unclear.

The hallmark clinical feature of PCDH19-FE is recurrent seizure
clusters consisting of brief focal seizures and/or generalized
convulsions, which can be triggered by febrile or afebrile illnesses
[3]. The seizures do not recur regularly, but once they recur, the
cluster continues for days to weeks despite multiple treatments,
Conventional antiepileptic drugs fail to control or prevent most of
these seizures. Ictal symptoms and EEG findings indicate that the
seizures mainly involve the limbic system and medial frontal
region {4].

The clinical features indicate a possible immune/inflammation
involvement in seizure generation, which could be a non-genetic
modifier of the disease phenotype. In agreement with this, we have
previously reported patients showing excellent efficacy of corti-
costeroids for seizure clusters [ 5]. We have also encountered cases
having antibodies to the N-methyl-p-aspartate (NMDA)-type
glutamate receptor (abs-NR) in the serum or cerebrospinal fluid
(CSF). Abs-NR cause limbic encephalitis, predominantly in young
women (anti-NMDA receptor encephalitis) [}, but may also
appear secondarily and non-specifically in various neurologic
diseases including epilepsy [7]. In the latter case, abs-NR are not
significantly involved in the disease pathogenesis.

This study aims to explore whether corticosteroids have an
ability to improve the seizures in PCOH19-FE and if any immune
mechanism is involved. We retrospectively reviewed and summa-
rized the clinical results of corticosteroid treatments as well as the
results of an assay for abs-NR in Japanese patients. The potential
significance of these findings with regard to the pathomechanisms
of this disorder is also discussed.

2. Methods
2.1. Patients

Japanese patients with PCDH19-FE who received corticosteroid
treatments and/or underwent the ab-NR assay were retrospec-
tively studied. They were genetically diagnosed at Fukuoka
University® and clinical details were collected from their doctors
in charge. Since the patients were children, the doctors obtained
written informed consent from the parents before the blood andfor
CSF samples were drawn for genetic analysis of PCDH19 and/or for
assay for ab-NR. Genetic analysis of PCDH19 was approved by the
ethics committee of Fukuoka University. The ab-NR assay was
approved by the National Epilepsy Center, Shizuoka Institute of
Epilepsy and Neurological Disorders.

2.2. ab-NR assay

The ab-NR assay was performed at National Epilepsy Center,
Shizuoka Institute of Epilepsy and Neurological Disorders.
Experimental details have been described elsewhere {3}, Briefly,
serum and CSF samples were examined by enzyme-linked
immunosorbent assay (ELISA) or, in one patient, by immunoblot

analysis targeting GIUN2B, The ELISA target peptides were the
extracellular N-terminal (NT) and/or intracellular C-terminal (CT)
regions of the GIuN2B, GIuNT, and GluD2 subunits (Supplementary
Table 1). Titers were determined by comparing the optical
densities of our patients with those of 35 patients with non-
inflammatory focal epilepsy, who served as controls, The results
were expressed as number of standard deviations of the controls
(SD) from the mean of the controls and were considered positive
when >2 SD,

2.3. Immunohistochemical analysis for anti-neuronal autoantibodies

In two patients, the presence of anti-neuronal autoantibodies
was further examined immunohistochemically using rat hippo-
campal slices exposed to serum or CSF from the patients,
Experimental details are described in Supplementary information.

3. Results

Five patients (Patients 1-5) received corticosteroid treatments
mainly during the acute phase before and/or after the diagnosis of
PCDH19-FE. Abs-NR were examined in these patients mostly before
corticosteroid administration and in four other patients (Patients
6-9). These tests were performed because autoimmune or
inflammatory processes were clinically suspected in the patho-
genesis of the epilepsy, although none of these patients except
Patient 4 showed pleocytosis or an elevation of CSF protein level.
Outlines of Patients 1, 2, and 5-9 have been described previously
[3.5]

3.1. Efficacy of corticosteroid treatments

Treatment details and results are summarized in Table 1. The
details of the clinical courses are described in Supplementary
information. Overall, corticosteroids dramatically improved acute
neurological symptoms: ongoing seizure clusters in Patients 1-3
and 5, and an acute encephalopathic episode that developed after a
seizure cluster in Patient 4, were controlled. In most cases, the
improvement was achieved after the first administration. In the
cases of seizure cluster, the initial administration was conducted
well in advance of the expected time of spontaneous remission of
the cluster. Furthermore, in Patient 3, corticosteroids were
initiated on the second day of each cluster to confirm that the
cluster continued for more than 1 day despite midazolam
administration. Regarding drugs and dosages, four young patients
{Patients 1-4) received an intravenous drip infusion of 10-30 mg/
kg methylprednisolone once daily, for up to 3 days. Patient
5 received an intravenous infusion of 0.35 mg/kg prednisolone
once or twice, depending on the cluster, followed by oral
administration of predunisolone at 1 mg/f(kg-day) at age 11. Howev-
er, as observed in Patients 1, 3, and 5, the effect was fundamentally
transient; seizure clusters often recurred within a few weeks,
especially when fever appeared. ,

For Patient 4, methylprednisolone was used at age 1 for an
encephalopathic episode with decline of consciousness and
systemic weakness, which abruptly developed 3 days after the
termination of a one-day seizure cluster. EEG showed an increase
of 8-waves, but no ictal activity. Mild CSF pleocytosis (85 cells/p.L)
was identified a week before the episode. These symptoms
completely disappeared immediately after the initial administra-
tion of methylprednisolone. :

For Patient 1, corticosteroids were administered prophylacti-
cally after age 3, with 3 days of oral betamethasone or prednisolone
administration at times of fever appearance, After starting this
treatment, no or only mild recurrences (not requiring hospitaliza-
tion) were observed, even during fever.
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Table 1
Details and efficacy of corticosteroid therapy.
Pt no PCDH19 Age at Ageat (S Route & dose Target Simultaneous Usual duration  Result Present
mutation onset {m) CSTX symptom ™ of Sz cluster intellect
1 p.L719* 13 2y4m  mPSL IV, 30 mg/kg, 3d Sz cluster MDL CBZ CZP Days ~2 wk Disappeared after ~ Normal
VPA LTG LEV 1st IV S5y1m
2y10m mPSL IV, 30 mgkg, 3d Sz cluster Disappeared after
st IV
Recurred in
2 wk wifever®
2ytim  mPSL IV, 30 mgfkg, 3d Sz cluster Disappeared after
st IV
Recurred in
1wk wfever
3y0m  mPSL IV, 10mg/ke, 3d Sz cluster Disappeared after
ist v
3y4m  BET Oral, 0.01 mg/kg, 3d Sz prevention No or mild
When fever appeared recurrence
4ytm  PSL Oral, 1-1.5mg/kg, 3d Sz prevention No or mild
When fever appeared recurrence
2 p.K120Rfs*3 10 10m mPSL IV, 30 mg/kg, 3d Sz cluster MDL PB ACV - Disappeared after  Moderate
VIG EDV 1st v delay 3y
Recurred in 1wk
3 p.D417H 5 tytim mPSL 1V, 20 mg/kg, 2d Sz cluster MDL fPHT CLB  Days ~2wk Disappeared after  Normal
p-D586Y LEV KBr DZP st IV 2y8m
2ytm  mPSL IV, 20 mgfkg, 3d Sz cluster Disappeared after
st IV
2y2m  mPSL IV, 20mg/fke, 2d Sz cluster Disappeared after
1st IV
2y5m  mPSL IV, 10 mgfke, 1d Sz cluster Disappeared after
fol. by 20 mgjkg, 1d Ind IV
2y7m  mPSL IV, 20 mg/kg, 1d Sz cluster Disappeared after
1st IV
Recurred in
od wiflu
2y7m  mPSL IV, 20 mgfkg, 2d " Sz cluster Disappeared after
1st v
4 p.D596G 6 1yOm  mPSL [V, 30 mg/kg, 3d Encephalopatic  CBZ fPHT LDC 1d Disappeared after  Hyperactive
symptoms PB st v 1y6m
5 p.D45Gfs*43 8 11ySm PSL IV, 0.35 mg/fkg x1 Sz cluster KBr CzZP Half a day Disappeared after  Moderate
fol by Oral, 1 mgfkg” 1st IV delay
11yém PSL IV, 0.35 mgfkg x1 Sz cluster Disappeared after 11y8m
fol. by Oral, 1mgfke 1st IV
Recurred in
1wk w/fever
11yém PSL IV, 0.35 mg/kg x1 Sz cluster Disappeared after
fol. by Oral, 1mg/kg 1st IV
11y8m PSL IV, 0.35mg/kg x2 Sz cluster Disappeared after
fol. by Oral, 1 mg/kg 2nd IV

# Noted when seizures recurred within 3 weeks after corticosteroid administration.

® In Patient 5, oral prednisolone was gradually tapered qff.’ Pt no, Patient number; m, month(s); CS, corticosteroid; TX, treatment; Sz, seizure; y, year(s); mPSL,
methylprednisolone; BET, betamethasone; PSL. prednisolone; IV, intravenous route; d, day(s); MDL, midazolam; CBZ, carbamazepine; CZP, clonazepam; VPA, valproic acid;
LTG, lamotrigine; LEV, levetiracetam; wk, week(s); PB, phenobarbital; ACV, acyclovir; IVIG, intravenous immunoglobulin; EDV, edaravone; fol by, followed by; fPHT,

fosphenytoin; CLB, clobazam; KBr, potassium bromide; DZP, diazepam; LDC, lidocaine,

3.2. ab-NR and further anti-neuronal autoantibody assays

Eight of the nine patients who underwent the assay showed
positivity to multiple epitopes in the serum or CSF (Patients 1-7
and 9, 88.9%, Table Z). The epitopes included GluN1-NT, which has
been reported to be critical for the emergence of neuropsychiatric
symptoms in anti-NMDA-receptor encephalitis {6}, Patients 1 and
2 had high CSF titers of antibodies during the acute phase (>10
SD). Patient 6 showed positivity in the CSF at onset and in serum
half a year later. Patients 3, 5, and 9 underwent follow-up assays,
and their titers were found to decrease over time. In Patient 5,
immunohistochemical analysis during seizure recurrence at
age 11, using serurn drawn before prednisolone administration,
revealed autoantibodies to the cytoplasm of hippocampal
neurons, as demonstrated in hippocampal slices taken from rats

(Supplementary Fig. b). The assay failed to identify the epitope.
These results suggest that following seizure clusters, an immune
reaction occurs non-specifically to degraded neuronal proteins,
including NMDA-type glutamate receptor, inside and subsequent-
ly outside the brain. Such reactions appear to be strong at early
ages, but do not show a uniform pattern.

4. Discussion

This study revealed the therapeutic potency of corticosteroids
for acute symptoms in PCDH19-FE. The rapid and efficient response
was remarkable and might be a useful indicator for this disease.
The cases of Patients 1 and 9 suggested that oral corticosteroids
taken during interictal periods might exert some prophylactic
effects, but further assessments are necessary to establish this,
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Results of assay for antibodies to N-methyl-p-aspartate-type glutamate receptor.

Pt no PCDH19 Age at Age at Serum Cerebrospinal fluid
mutation onset {m) assay
GluN2B GlunN1 GluD2 GluN2B GluN1 GluD2
NT T NT NT cT NT T NT NT cr
1 p.l719* 13 2y5m 1.61 312 1,93 045 14.10 15.10 10.80 8.10
2 pK120R5°3 10 1im 1542
4y2m 2.21 1.53 3.58 3.63
3 p.DA17H 5 tim 217 2.94 3.62 2.85
p.DS9GY 1yOm 3.39 3.28 2.81 2.35
Heterozygous 1y7m 2.65 2,21 217 1.95
1y10m 1.23 0.37 0.72 0.89
4 p.D5S96C ] 1yOm 2.67 2.39 1.51 1.68
5 p.D45Gfs743 8 9m * ~ +
3ysm - -
6 Whole del 10 11im 0.57 1.70 0.46 {0.34) 1.61 2.73 1.34 0.75
1y5m 2.33 2.73 248 092 0.46 1.18 1.13 0.70
7 p.Asn340Ser 9 8ylm 3.49 2.07 9,55 1.87
8 p.R198L 7 By5m 1.70 0.90 L78 1.68
9 P.Y366Lfs" 10 5 EyOm 9.52 12.50 9.20 ~0.88 -1.37 ~1.08
8ys5m 0.60 {0.35) 0.25 0.37

Results are expressed as standard deviation (SD, enzyme-linked immunosorbent assay) or plus/minus sign (immunoblot, Patient 5 only). Bold values denote positivity (2 SD
or +). Blanks are unexamined. *Patients who received corticasteroid treatments. Pt no, Patient number; m, month(s); NT, N-terminal; CT, C-terminal; y, year(s); Whole del,

Whole PCDH19 deletion.

Despite such efficacy, short-term administration of corticosteroids
provided only transient effects and had no potential for preventing
further seizure clusters. Therefore, the clinical benefit will be
limited for cases with frequent recurrences such as Patients 3 and
5. Moreover, excessive amounts of corticosteroids may have
adverse effects, actually increasing seizure-proneness as described
below. These findings suggest that the attending physician should
consider discontinuing corticosteroid administration for acute
treatment soon after seizure disappearance. Indication for
treatment should be based on various patient conditions such as
age, seizure severity, and comorbid infections.

Corticosteroids may exert primarily excitatory/pro-convulsive
actions on brain neurons both in vitro and in vivo, especially under
chronic stress conditions such as epilepsy |9]. Despite this, the
therapeutic efficacy of corticosteroids is well established in many
intractable epilepsies such as West syndrome, Landau-Kleffner
syndrome, and autoimmune epilepsy/encephalitis [10]. In these
diseases, clinical improvements after corticosteroid administra-
tion are usually delayed and are probably mediated by mecha-
nisms such as immunosuppression and feedback inhibition of
corticotropin-releasing hormone secretion. In our patients, how-
ever, the clinical effects appeared quickly, usually immediately
after the initial administration. Moreover, significant brain
inflammation was not found, suggesting a particular pathogenesis
and mechanism of action of corticosteroids in PCDH19-FE.

Such a mechanism may be restoration of blood-brain barrier
(BBB) integrity {1:}. This is known to be a crucial action of
corticosteroids, the underlying molecular basis of which has been
partially elucidated |12}, Seizures are easily triggered by a mild
breakdown of brain homeostasis due to a compromised BBB, which
can be prevented or alleviated by corticosteroid administration
{131, Although PCDH19 is abundantly expressed in brain neurons,
it is unclear how the heterozygous mutation in PCDH19 leads to
epilepsy in females. "Cellular interference,” that is, the presence of
somatic mosaicism in PCDH19 expression between normal and
abnormal neurons, is the currently proposed explanation for such
sex-specific pathogenesis, but the concept is very theoretical and

hasyet to be established. However, PCDH 19 is also expressed in the
BBB. In mouse, the BBB-specific transcriptome included PCDH19,
and PCDH19 expression in microvascular endothelial cells was
significantly higher in the brain than in the liver or lung
[14]. Although currently no human evidence exists, this study
suggests that PCDH19 plays a role in the BBB, and speculatively,
that PCDH19 mutation leads to a functional BBB vulnerability, that
underlies the pathogenesis of PCDH19-FE.

Interestingly, PCDH19 expression may be significantly altered in
the BBB during systemic inflammation, which is the predisposing
factor for seizure recurrence in PCDH19-FE. In cultured mouse brain
microvascular endothelial cells, treatment with lupus serum or an
activated complement, C5a, significantly down-regulated miR-320a
expression | 15]. PCDH19 is one potential target of this microRNA.
Although systemic inflamemation will impair BBB function to some
extent |16}, the impairment may be exacerbated in patients with
PCDH19-FE, probably due to PCDH19 insufficiency. The resulting
seizure clusters will further exacerbate the BBB dysfunction by
inducing brain inflammation. Corticosteroids may ameliorate such
dysfunction and thus the acute neurological symptoms.

Other aspects of PCDH19-FE and the findings of this study are
also consistent with the BBB hypothesis: The seizures mainly
involve the limbic system, which is anatomically close to some of
the periventricular regions that lack a BBB due to their endocrine
roles; seizure occurrence and remission are strongly age-related,
and BBB integrity also develops age-dependently; abs-NR in our
patients covered multiple epitopes of various subunits, and Patient
8 had antibodies to some neuronal cytoplasmic component(s) as
well. These results indicate that anti-neuronal antibodies may be
produced in PCDH19-FE non-specifically and commonly. Various
neuronal proteins will be degraded by recurrent seizures and the
compromised BBB may then facilitate leakage of such degraded
proteins into the bloodstream. This may induce non-specific
sensitization to them outside the brain, resulting in the high rate of
anti-neuronal autoantibody positivity seen in our patients, Thus,
the abs-NR found in our patients does not represent an
autoimmune pathogenesis.
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However, a possible modifying effect of the abs-NR on the
neurological phenotype in our patients with PCDH19-FE can also be
considered. The seroprevalence of abs-NR has been found to be
identical between patients with psychiatric diseases, including
schizophrenia, and healthy individuals, but the disease phenotypes
were more severe in patients with compromised BBBs than in
those without [i7). Serum abs-NR could have passed the
compromised BBB and worsened the psychiatric symptoms of
these patients. In anti-NMDA-receptor encephalitis, a primary
involvement of antibodies to GluN1-NT in camsincy its neuropsy-
chiatric symptoms has been suggested [Gi. Therefore if BBB
compromise exists in PCDH19-FE, the ann~GIuN1~NT could be
partially responsible for the neuropsychiatric symptoms also seen
in this disease.

This study proposes corticosteroid treatment as an efficacious
adjunctive treatment for the acute symptoms of PCDH19-FE and
suggests BBB involvement in this disease, Although PCDH19-FE is
rare, future multicenter clinical trials should be conducted to verify
the acute and long-term efficacy of corticosteroid treatment and to
define the therapeutic indications of such treatment, since the
present study is only a retrospective review of 5 patients. In
addition, reliable animal models should be devised to elucidate the
entire molecular pathogenesis of PCDH19-FE. Importantly, not only
must neurons be studied, but also other actors such as the BBB and
the inflammatory system as well,
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