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Biochemical and Functional Characterization of RNF213 (Mysterin)
R4810K, a Susceptibility Mutation of Moyamoya Disease, in

Angiogenesis In Vitro and In Vivo

Hatasu Kobayashi, MD, PhD;* Yoshiko Matsuda, MD;* Toshiaki Hitomi, PhD;* Hiroko Okuda, PhD; Hirotomo Shioi, BS;
Tetsuya Matsuda, MD, PhD; Hirohiko Imai, PhD; Masakatsu Sone, MD, PhD; Daisuke Taura, MD, PhD; Kouji H. Harada, MPH, PhD;
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Background—P.R4810K of RNF213 (mysterin: rs112735431), which is an AAA™ ATPase, is the susceptibility polymorphism for
moyamoya disease (MMD) in East Asians. However, the role of RNF213 R4810K in the etiology of MMD is unknown.

Methods and Results—To clarify the role of RNF213 in known angiogenic pathways, RNF213 expression was analyzed in
endothelial cells (ECs) treated with several angiogenic and antiangiogenic factors, including interferons (IFNs). RNF213 was
upregulated by IFN-B through signal transducer and activator of transcription x in the promoter and mediated antiangiogenic
activity of IFN-B. RNF213 wild-type (WT) overexpression could not lower angiogenesis without IFN-B, but RNF213 R4810K
overexpression could. To correlate biochemical function as ATPase and the role of RNF213 oligomer formation with antiangiogenic
activity, we investigated the effects of mutations in the AAA* module. A mutation of the Walker B motif (WEQ), which stabilizes
oligomerization, inhibited angiogenesis, but AAA" module deletion, which cannot initiate oligomerization, did not. Intriguingly,
R4810K, similar to WEQ, decreased ATPase activity, suggesting its antiangiogenic activity through stabilizing oligomers. To confirm
the antiangiogenic effect of RNF213 upregulation in vivo, vascular EC- or smooth muscle cell-specific Rnf213 R4757K (R4810K
ortholog) or WT transgenic (Tg) mice were exposed to hypoxia. Cerebral angiogenesis by hypoxia was suppressed in EC-specific
Rnf213 R4757K Tg mice, whereas it was not suppressed in other mice.

Conclusions—This study suggests the importance of inflammatory signals as environmental factors and R4810K carriers for
susceptibility to cerebral hypoxia. A specific inhibitor of ATP binding to the first AAA* could be a promising therapeutic candidate
for MMD. (/ Am Heart Assoc. 2015;4:€¢002146 doi: 10.1161/JAHA.115.002146)

Key Words: ATPase ° interferon = moyamoya disease * RNF213 e transgenic mouse

oyamoya disease (MMD] is a cerebrovascular disease,
which is characterized by progressive occlusive or
stenotic lesions at the terminal portion of internal carotid
arteries.”™ MMD is currently recognized as one of the major
causes of stroke in children worldwide.*™® Annual prevalence
and incidence of MMD in Japan were reported to be 10.5 and
0.94 per 100 000, respectively.”
Recently, RNF213 (mysterin} was identified as the suscep-
tibility gene for MMD,%® and the polymorphism, p.R4810K

(rs112735431: G>A; referred to in the article as RNF213
R4810K) is a founder variant that is commonly found in East
Asian (Japanese, Korean, and Chinese) patients.® In Japan and
Korea, the majority (=80%) of MMD patients have at least 1
allele of RNF213 R4810K.2 A much larger proportion of
carriers with RNF213 R4810K develop MMD than that of wild-
type (WT) subjects, even though the majority of carriers with
RNF213 R4810K remain unaffected with MMD.'® Unknown
factors are considered to overlay the genetic predisposition in
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or (2415-2493 aa) (3997-4093 aa)
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3 x FlagDeletion AAA + domain RING domain
or (2365-2613 aa)  (3997-4093 aa)

Figure 1. Design of tag protein (FLAG or EGFP)}-RNF213 WT,
RNF213 R4810K, RNF213 WEQ, and RNF213 AAAA vector
constructs. EGFP indicates enhanced green fluorescent protein;
WEQ, Walker B motif; WT, wild type.

the RNF213 R4810K carrier to develop MMD. Several case
reports have suggested that MMD occurs after inflamma-
tion,""'? suggesting that inflammatory signals may trigger
MMD as an environmental factor.

RNF213 encodes a 591-kDa (5207 amino acids) protein
that exhibits ATPase and ubiquitin ligase activities.® This
protein was proven to be a novel AAA" ATPase, which
dynamically changes its oligomeric states.'®> RNF213 has 2
AAA" ATPase modules. The first module is essential for
assembling RNF213 oligomers, whereas the second module is
essential to disassemble RNF213 oligomers. Both modules
have Walker A and Walker B motifs and are essential for
expressing ATPase activity. In the first AAAY, the Walker A
motif, which binds ATP, is crucial for hexamer formation,
whereas the Walker B motif, which hydrolyzes and dissociates
ATP, stabilizes hexamers.” The RNF213 R4810K variant is

assembled normally as the WT,' suggesting that this
mutation does not affect ATP binding to the Walker A motif
in the first AAA™.

We recently evaluated the angiogenic activity of induced
pluripotent stem cell-derived vascular endothelial cells (iP-
SECs) from MMD patients and an unaffected carrier with
RNF213 R4810K."™ We found that angiogenic activity was
lower in patients and carriers than in subjects with the WT
genotype. Furthermore, the phenotype of low angiogenic
activity was recaptured by overexpression of RNF213 R4810K
in human umbilical vein endothelial cells (HUVECs), whereas
silencing RNF213 did not alter angiogenic activity.'*'® These
observations are consistent with 2 recent independent
findings in mouse models that ablation of Rnf213 did not
induce any apparent abnormality of the vascular system.'®!”

In the present study, we aimed to obtain biochemical and
functional characterization of RNF213 R4810K in angiogen-
esis in vitro and in vivo. This aim was approached by 3
objectives. The first objective of this study was to examine
whether RNF213 is a mediator in known angiogenic pathways.
Therefore, we investigated angiogenic cytokines, such as
vascular endothelial growth factor (VEGF), transforming
growth factor (TGF)-B, platelet-derived growth factor (PDGF)-
BB, and interleukin (IL)-1B,'® as well as other antiangiogenic
cytokines, including interferon (IFN)-o, IFN-B, and IFN-y. The
second objective was to investigate the effects of mutagen-
esis of the functional ATPase motifs in the first AAA™ module
on angiogenic activity. RNF213 is known to be in dynamic
conformational equilibrium between oligomeric and mono-
meric conformations.'® Those conformational changes of
RNF213 are assumed to be related to its function. Finally, the
third objective was to determine whether lower angiogenesis
caused by upregulation of RNF213 R4810K in endothelial
cells (ECs) can be restored in mouse models. This experiment
was conducted using transgenic {Tg) mice that overexpress
Rnf213 R4757K (the human R4810K allelic ortholog)

CAG PGK+ |1 SV40
promoter Neo polyAx3

CAG
promoter

LoxP _-LoxP

- Tissuespecific Cre expression

Beta globin
polyA

Beta globin

polyA

b Overexpression

Figure 2. Schematic diagram of Rnf213 conditional expression in ECs or SMCs. CAG indicates cysteine-
adenine-guanine; ECs, endothelial cells; SMCs, smooth muscle cells; WT, wild type.
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specifically in ECs or smooth muscle cells (SMCs). Mice were
exposed to hypoxia and angiogenesis was evaluated. Our
results will hopefully provide further insight into RNF213 in
angiogenesis.

Methods

Cell Culture and Reagents

Hela cells and human embryonic kidney (HEK) 293 cells were
maintained in DMEM (Invitrogen, Carlsbad, CA) containing 10%
FBS (Japan Bioserum, Hiroshima, Japan). HUVECs (Lonza, Basel,
Switzerland) were maintained in endothelial growth medium-2
(Lonza). iPSECs were established and maintained in primate ES

medium (ReproCELL, Kanagawa, Japan), supplemented with
500 U/mL of penicillin/streptomycin (Invitrogen) and 4 ng/mL
of recombinant human basic fibroblast growth factor (WAKO,
Osaka, Japan), as previously reported.''®?° For use and
establishment of iPS cells, the institutional ethics committees
of Kyoto University reviewed and approved the present study
protocols. All participants gave written informed consent; for
those considered too young to consent, informed consent was
given by the parent or guardian.

Recombinant human IL-1B, TGF-B, VEGF, PDGF-BB, IFN-
B, and IFN-y were obtained from PeproTech (Rocky Hill,
NJ). IFN-o was obtained from BioVision (Milpitas, CA).
Reagents were dissolved in 0.1% BSA (GIBCO, Carlsbad, CA)
at 0 ng/mL.
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Figure 3. Screening the effects of angiogenic factors and antiangiogenic factors on RNF213 protein and mRNA expression in Hela cells. A
and B, Hela cells were treated with various concentrations of angiogenic factors and antiangiogenic factors for 24 hours (A), or in the presence
of 10 ng/mL of IFN-y for the indicated times (B), and levels of RNF2 13 protein expression were examined by western blotting analysis using -
tubulin as a loading control. C and D, Hel.a cells were treated with various concentrations of IFN-y for 24 hours (C) or in the presence of 10 ng/
mL of IFN-y for the indicated times (D). RNA samples were analyzed by qPCR using PP/A as an internal control. Fold induction by IFN-y was
compared with activities of 0 ng/mL of IFN-y. A column represents a mean of 3 independent experiments. Bars indicate SD. *P<0.05, by
Student ¢ test compared with IFN-y 0 ng/mL. IFN-y indicates interferon v; IL, interleukin; PDGF-BB, platelet-derived growth factor; qPCR,
quantitative polymerase chain reaction; TGF-B, transforming growth factor §; VEGF, vascular endothelial growth factor.
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For evaluation of cellular proliferation, HUVECs were
seeded at 7.5x10* cells/well in 6-well plates. At 24 hours
after seeding, the culture medium including the test reagent
was exchanged. The numbers of viable cells were assessed
and counted using trypan blue (Nacalai Tesque, Kyoto, Japan)
exclusion.

Evaluation of Angiogenic Activity by Tube

Formation and Migration Assays

Tube formation was assessed as described previously.'*?’

HUVECs (30 000 cells/well; 0 or 1 ng/mL of IFN-B) were
seeded onto 96-well plates coated with Matrigel (BD
Biosciences, San Jose, CA). After incubation for 20 hours

at 37°C, digital images of the tubes that formed were
captured. For quantification, the area of the tube, total
length of the tube, and number of tube branches were
calculated using Image) software (National Institutes of
Health, Bethesda, MD).

Migration assays were performed as described previously.??
HUVECs were grown to overconfluence in 24-well plates and
then incubated overnight for serum starvation (0 or 1 ng/mL of
IFN-B). After creation of a wound with a p200 pipette tip, the
medium was replaced with endothelial growth medium-2 (0 or
1 ng/mL of IFN-B). The wound was allowed to narrow for
healing (re-endothelialization) for 8 hours. Digital images were
obtained before and after the incubation period, and the area of
re-endothelialization was calculated using Image) software.
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Figure 4. Screening effects of angiogenic factors and antiangiogenic factors on RNF213 protein and mRNA expression in HUVECs. A through
C, HUVECs were treated with various concentrations of angiogenic factors for 24 hours (A), or in the presence of 10 ng/mL of IFN-§ (B) or IFN-y
(C) for the indicated times, and levels of RNF213 protein expression were examined by western blotting analysis using B-tubulin as a loading
control. D through G, HUVECs were treated with various concentrations of IFN-§ (D) or IFN-y (F) for 24 hours or in the presence of 10 ng/mL of
IFN-B (E) or IFN-y (G) for the indicated times. RNA samples were analyzed by qPCR using PPIA as an internal control. Fold induction by IFN- or
IFN-y was compared with activities of 0 ng/mL of IFN-B or IFN-y. A column represents a mean of 3 independent experiments. Bars indicate SD.
*P<0.05, by Student f test compared with 0 ng/mL IFN-§ or IFN-y. HUVECs indicates human umbilical vein endothelial cells; IFN, interferon; IL,
interleukin; PDGF-BB, platelet-derived growth factor; qPCR, quantitative polymerase chain reaction; TGF-B, transforming growth factor B; VEGF,

vascular endothelial growth factor.
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RNA Interference

Transfection of siRNAs was conducted using the Amaxa
Nucleofector Device (Lonza), by following the manufacturer’s
recommendations, as previously reported.' We purchased
and used RNF213 siRNA (sc-94184; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), signal transducer and activator of
transcription (STAT)1 siRNA (sc-44123; Santa Cruz Biotech-
nology), and control siRNA-A (sc-37007; Santa Cruz Biotech-
nology). Western blotting assays were conducted to monitor
knockdown of gene expression.

Plasmid Construction for RNF213 WT, RNF213
R4810K, RNF213 WEQ, and RNF213 Deletion of
AAA" and Transfection

To obtain RNF213 cDNA, reverse-transcriptase polymerase
chain reaction (RT-PCR) was performed using 3 sets of
primers (Primer N1 to N2, M1 to M2, and C1 to C2), as shown
in Table S1. We used RevTra Ace reverse transcriptase and
KOD FX DNA polymerase (TOYOBO, Osaka, Japan). The 3
amplified fragments were digested with restriction enzymes
(Ncol and Sall, Sall and Hindlll, and Hindlll and Notl,
respectively). Fragments were cloned between Ncol and Notl
sites of pENTR4 (Thermo Scientific, Waltham, MA) to
construct full-length cDNA of RNF213. The R4810K mutation
and Walker B mutation (E2488Q:WEQ) were introduced by
PCR-based, site-directed mutagenesis using mutated primers
using Pfu Turbo DNA polymerase (Agilent Technologies, Santa
Clara, CA). These mutated primers (Primers 1 to 4) were

shown in Table S1. The deleted mutation (delta AAA) was
introduced by the Sall site at the 8310-nucleotide position
from the start codon (primer delatSall: AAT GTC GAC GTG ATC
ACA GAA GTC CTC TGC and primer M2) by PCR using KOD FX
DNA polymerase and combined with RNF213 cDNA. These
entry clones were used for the LR reaction (Thermo Scientific)
using a destination vector with an amino-terminal 3xFLAG
tagged or enhanced green fluorescent protein (EGFP)
sequence under a tetracycline-regulated cytomegalovirus
promoter. The design of the tagged-RNF213 WT and mutant
vectors that were used in the present study are shown in
Figure 1. The generated constructs were confirmed by
sequencing. The plasmids were transfected into cells using
an Amaxa Nucleofector Device (Lonza), following the manu-
facturer’s recommendations, as previously reported. '

Construction of the Promoter, Transfection, and
the Luciferase Assay

A DNA fragment of the human RNF2713 gene promoter,
including —3000 to +200 base pairs (bp) from the transcription
start site (chr17: 75 846 262 to 75 849 462 from NCBI 36/
hg18), was synthesized by Takara Bio Inc (Shiga, Japan). This
fragment was inserted between the Kpn | and Nhe | sites in front
of the luciferase reporter gene in the pGL 4.14 Luc/Hygro
vector (Promega, Madison, WI) and used as the RNF213 WT
promoter pGL4.14. The generated construct was confirmed by
sequencing. A reporter plasmid with a mutation in the STATx-
binding site (potential STAT1-binding) at —514/-505
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Figure 5. Effects of IFNs on RNF213 protein expression in HUVECs. HUVECs were treated with various

concentrations of IFNs for 24 hours, and RNF213 protein expression was examined by western blotting
analysis using B-tubulin as a loading control. Representative western blotting findings are shown in upper
panel. A column represents a mean of 3 independent experiments (lower panel). Bars indicate SD. *P<0.05,
by Student t test compared with 0 ng/mL IFNs. HUVECs indicates human umbilical vein endothelial cells;

IFNs, interferons.
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Figure 6. Activation of RNF213 promoter activity in HUVECs after [FN-B treatment. A, Constructs for the
RNF213 gene promoter-luciferase fusion plasmids and the sequences of the STATx-binding site (potential
STATx1-binding site; WT or mutant). Mutated nucleotides are underlined. B, Dose-response effects of IFN-
on RNF213 gene promoter activity. Each column with a bar represents mean+SD of 3 independent
experiments. Blue columns represent pGL4.14 vector. Red columns represent RNF213 WT promoter
pGL4.14 vector. Fold represents relative mean luciferase activity of RNF213 WT promoter pGL4.14 to
PGL4.14. *P<0.05, luciferase activity at 0.1, 1, or 10 ng/mL of IFN-B were compared with 0 ng/mL of IFN-
B in cells transfected with RNF213 WT promoter pGL4.14 (red) by Student ¢ test. *P<0.05 luciferase activity
in cells transfected with RNF213 WT promoter pGL4.14 (red) was compared with cells transfected with
pGL4.14 (blue) at the same IFN-B dose by Student ¢ test. C, Mutation analysis of RNF273 gene promoter
activity in HUVECs. HUVECs were transiently transfected with the RNF213 WT promoter pGL4.14 plasmid
or RNF213 STATx mutation promoter pGL4.14 plasmid, and luciferase activities were measured after
24 hours of IFN-B treatment. Fold inductions by 10 ng/mL of IFN-B (red) were compared with the activities
of IFN-B 0 ng/mL (blue). Each column with a bar represents mean+SD of 3 independent experiments.
*P<0.05, by Student t test compared with 0 ng/mL of IFN-B with the same promoter. #P<0.05 by Student
t test compared between RNF273 WT promoter and mutation promoter at 10 ng/mL of IFN-B. HUVECs
indicates human umbilical vein endothelial cells; IFN, interferon; WT, wild type.

(5-TGCCGGGGG-3', mutated positions are underlined), includ-
ing the Not | and Sph | sites in the RNF213 promoter, was
generated by GenScript Corp (Piscataway, NJ). The fragment
was inserted between the Not1and Sph | sites inthe RNF213WT
promoter pGL4. 14 plasmid construct and used as the RNF2713
STATx mutation promoter pGL4.14.

The reporter and internal control vector pGL4.74 (Pro-
mega) plasmids were transfected into cells using the Amaxa

Nucleofector Device (Lonza), by following the manufacturer’s
recommendations, as previously reported.'* IFN-B was added
after 24 hours, and cells were harvested at 48 hours post-
transfection. Luciferase activity of cell lysates was measured
using the Dual-luciferase Reporter Assay System (Promega).
Results were normalized by pGL4.74 luciferase activity, and
the obtained values were divided by the mean value for 0 ng/
mL of IFN-.
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Figure 7. Effects of IFN-B on HUVEC proliferation
as evaluated by trypan blue dye exclusion tests. At
1 day after HUVEC seeding, 0 or 10 ng/mL of IFN-
B was added. Data with bars represent mean+SD
(n=3). No significant difference (P<0.05) between
0 ng/mL of IFN-B (blue line) and 10 ng/mL of IFN-
B (red line) was observed at each time point
according to Student t test. HUVEC indicates
human umbilical vein endothelial cell; IFN, inter-
feron.

Biochemical Assays

Real-time quantitative PCR (qPCR) and western blotting were
used as biochemical assays to assess mRNA and protein
expression, respectively. gPCR was performed as described
previously.® Target cDNA expression levels were normalized
to corresponding expression levels of PP/A. The primer pairs
that were used were as described previously.®'*

Western blotting was performed as described previously. '
Lysates were subjected to immunoblotting using an anti-
RNF213 antibody that we previously generated'* or anti-
STAT1 (sc-346; Santa Cruz Biotechnology), anti-FLAG
(NUO1102; Nacalai Tesque), anti-phospho-STAT1 (Ser727;
#8826; Cell Signaling Technology, Beverly, MA), and anti-B-
tubulin (sc-9104; Santa Cruz Biotechnology) antibodies.
Quantification was conducted using Scion Image software
(Scion Corp, Frederick, MD).

ATPase Assay

RNF213 proteins fused with EGFP were expressed in HEK293
cells, and cells were extracted with RIPA buffer. The cell extract
was clarified by high-speed centrifugation and used for immu-
noprecipitation with anti-GFP agarose (MBL Japan, Nagoya,
Japan). Immunoprecipitants were washed with RIPA buffer twice
and with RIPA buffer without SDS once, and finally equilibrated
with 0.5x kinase buffer (10 mmol/L of Tris-HCI [pH 7.6],

100 mmol/L of KCI, 5 mmol/L of MgCl,, and 0.025% TritonX-
100). Immunoprecipitants were resuspended into 50 pL of
kinase buffer, and half of this volume was subjected to SDS-
PAGE and stained with GelCode staining (Thermo Scientific). To
perform ATPase reactions, the indicated volume of immuno-
precipitants was combined with prewarmed 1x kinase buffer
with 60 pmol/L of ATP. The 50-uL ATPase reaction proceeded
for 30 minutes at room temperature by adding a final concen-
tration of Phosphate Sensor (0.5 pmol/L; Thermo Scientific).
The plate was mixed and immediately read on a microplate
reader at an excitation of 430 nm and emission of 450 nm.

Vascular EC- or SMC-Specific Rnf213 Tg Mouse
Production

The transgene construct consisted of the following compo-
nents: cysteine-adenine-guanine (CAG) promoter—LoxP—PGK
promoter—Neo—-3 SV40 poly(A) sequences—LoxP-mouse
Rnf213 (WT or R4757K mutant) coding sequence—beta globin
polyA (Figure 2). The construct was generated using Gateway
technology (Invitrogen). An entry vector harboring mouse
Rnf213 WT was produced based on the pENTR4 vector. Five
fragments of the Rnf2 13 coding sequence were amplified by RT-
PCR from C57BL/6 mouse liver RNA using the SuperScript HlI
One-Step RT-PCR System with Platinum Tag DNA Polymerase
(Invitrogen) using primers, which are shown in Table S2.
Fragments 1 and 2 were connected using the Xhol site at 3259
to 3264 bp. Fragments 2 and 3 were connected using the EcoRlI
site at 6080 to 6085 bp. Fragments 3 and 4 were connected
using the Sacll site at 8975 to 8980 bp. Fragments 4 and 5
were connected using the Mlul site at 12 651 to 12 656 bp.
The full-length Rnf2 13 coding sequence was integrated into the
pENTR4 vector using Ncol and Notl sites. An allelic ortholog of
human p.R4810K (p.R4757K) was introduced into Rnf213 WT
using a site-directed mutagenesis kit (Invitrogen). A donation
vector was generated based on the PGKneotpAlox2 vector,
containing the LoxP—PGK promoter—Neo-3 SV40 poly(A)—-LoxP
cassette. The CAG promoter and beta-globin polyA were
amplified using the pCAGGS vector as a template. The Gateway
recombination cassette (attR 1-ccdB-attR2) was amplified using
the pDEST vector as a template. The CAG promoter was cloned
into the PGKneotpAlox2 vector, upstream of the first LoxP using
Sacl and Notl sites. The AttR1-ccdB-attR2 cassette and beta-
globin polyA were introduced into the PGKneotpAlox2 vector,
downstream of the second LoxP using Nhel and Xhol sites and
Xhol and Kpnl sites, respectively. The entry and donation
vectors were converted by an LR plus clonase reaction to
produce the transgene construct.

The transgene constructs were digested with Pvul and Kpnl,
and a DNA fragment of 20 kb was purified and then microin-
jected into fertilized C57BL/6 mouse eggs to generate Tg mice.
Genotypes of Tg offspring were determined by PCR using the
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Figure 8. Antiangiogenic activity of IFN-B in HUVECs. A, Tube formation assays in HUVECs after
20 hours of culture with IFN-B on Matrigel. A concentration of 0 ng/mL of IFN- was used as a
positive control (100%). Scale bars indicate 100 um. Representative images are shown in left
panel. The tubal areas were quantified by imaging analysis (right panel). Data with bars represent
mean+SD (n=3). *P<0.05 according to Student ¢ test compared with 0 ng/mL of IFN-B. B,
Migration assays for HUVECs after treatment with IFN-B (1 ng/mL). A concentration of 0 ng/mL
of IFN-B was used as a control. Scale bars indicate 100 pm. Representative images are shown in
left panel. Re-endothelialized areas were quantified by imaging analysis (right panel). Data with
bars represent mean=SD (n=3). *P<0.05 according to Student ¢ test compared with 0 ng/mL of
IFN-B. HUVECs indicates human umbilical vein endothelial cells; IFN, interferon.

primers shown in Table S3. To obtain mice harboring vascular
ECs or SMCs overexpressing Rnf2 13, Tg founders were bred with
mice expressing a Cre transgene driven by either the Tie2 kinase
promoter/enhancer (Tek; strain name: B6.Cg-Tg(Tek-cre)12Flv/
J) or the smooth muscle protein 22-alpha promoter (strain name:
B6.Cg-Tg(TagIn-cre) 1Her/J; The Jackson Laboratory, Bar Harbor,
ME). Specific expression in ECs or SMCs was confirmed by
western blotting. ECs were purified from lungs by magnetic cell
sorting using anti-CD31/PECAM-1-antibody (Life Technology,
Grand Island, NY). Aorta was used as an SMC source.

Exposure to Hypoxia and Evaluation of Cerebral

Angiogenesis

Hypoxia experiments were performed in 5 groups of 3-week-
old mice: (1) vascular EC-specific Rnf213 R4757K Tg mice

(EC-Mut Tg); (2) vascular EC-specific WT Rnf213 Tg mice (EC-
WT Tg); (3) vascular SMC-specific Rnf213 R4757K Tg mice
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Figure 9. Tube formation by HUVECs after 20 hours of
culture on Matrigel with [FN-B. [FN-B (0 ng/ml) served as
the positive control (100%). Total tube length and number of
branches were quantified by imaging analysis. Data with bars
represent mean+SD (n=3). *P<0.05 according to Student ¢
test compared with 0 ng/mL of IFN-B. HUVECs indicates
human umbilical vein endothelial cells; [FN, interferon.
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Figure 10. Effects of STAT1 depletion on RNF213 expression and antiangiogenic activities of IFN-B
in HUVECs. A, Western blot analyses of RNF213 and STAT1 protein expressions and STAT1 protein
phosphorylation (at Ser727; p-STAT1) in HUVECs treated with IFN-B for 24 hours after control or
STAT1 siRNA transfection. B-tubulin served as the loading control. Representative western blot
experiments are shown in the upper panel. A column with a bar (lower panel) represents mean+SD
(n=3). *P<0.05 according to Student ¢ test compared with 0 ng/mL of IFN-B with the same siRNA
treatment. #P<0.05, cells treated with 10 ng/mL of IFN-B were compared between STAT1 siRNA
treatment and no siRNA treatment using Student ¢ test. TP<0.05, STAT1 siRNA treatment was
compared with control siRNA at 10 ng/mL of IFN-§ using Student ¢ test. B, Tube formation assays for
HUVECs cultured with IFN-B on Matrigel after control or STAT1 siRNA transfection. Treatment with
0 ng/mL of [FN- after control siRNA transfection was evaluated as a positive control (100%). Scale
bars indicate 100 um. Representative images are shown in upper panel. The tube area, total tube
length, and number of branches were quantified by imaging analysis (lower panel). A column with a bar
represents mean+SD (n=3). *P<0.05, according to Student ¢ test comparing 0 ng/mL of IFN-B within
the same siRNA treatment paradigm. HUVECs indicates human umbilical vein endothelial cells; IFN,
interferon; p-STAT1, phosphorylated signal transducer and activator of transduction 1.
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Figure 11. Effects of RNF213 depletion on antiangiogenic activity of IFN-B in HUVECs. A, Western blot
analysis of RNF213 protein expression in HUVECs treated with IFN-B for 24 hours after control or RNF213
SiRNA transfection. B-tubulin served as the loading control. Representative western blotting results are
shown in left panel. A column with a bar (right panel) represents mean=SD (n=3). *P<0.05, according to
Student t test comparing 0 ng/mL of IFN-B within the same siRNA treatment paradigm. #p<0.05, cells
exposed to 10 ng/mL of IFN-B were compared between RNF213 siRNA treatment and no treatment using
Student ¢ test. fP<0,05, using-Student ¢ test -comparing control siRNA at 10 ng/mL of IFN-B. B, Tube
formation assays for HUVECs-cultured with IFN-B-on Matrigel after control or RNF213 siRNA transfection.
Treatment with 0 ng/mL of IFN-B after control siRNA transfection was used as a positive control (100%).
Scale bars indicate 100 pm. Representative images are shown in left panel. Tube area was quantified by
imaging analysis (right panel). A column with a bar represents mean4SD (n=3). *P<0.05, according to
Student ¢ test comparing 0 ng/mL of IFN- within the same siRNA treatment paradigm. C, Migration assays
for HUVECs treated with IFN-B (1 ng/mL) after control or RNF213 siRNA transfection. Treatment with
0 ng/mL of IFN-B after control siRNA transfection served as the control. Scale bars indicate 100 pum.
Representative images are shown in left panel. Re-endothelialized areas were quantified by imaging analysis
(right panel). A column with a bar represents mean+SD (n=3). *P<0.05, according to Student ¢ test
comparing 0 ng/mL of IFN-B within the same siRNA treatment paradigm. HUVECs indicates human
umbilical vein endothelial cells; IFN, interferon.
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(SMC-Mut Tg); (4) Rnf213 knockout (KO) mice'’; and (5) WT
mice. Each group was composed of mice with hypoxia (n=6)
and with normoxia (n=6). Care of animals and all experimental
procedures were in accord with the Animal Welfare Guidelines
of Kyoto University (Kyoto, Japan), and animal protocols were
reviewed and approved by the animal care, use and ethics
committee at Kyoto University. Mice that were exposed to
hypoxia were placed in an 8% oxygen chamber with nitrogen-
balanced gas under normal-pressure atmosphere (Kyodo
International, Kanagawa, Japan) for 2 weeks.

Hypoxia-induced cerebral angiogenesis was evaluated by
staining for the blood—brain barrier using glucose transporter
(GLUT)-1 immunohistochemistry.?® After hypoxic exposure,
mice were anesthetized and perfused with PBS with 1 U/mL
of heparin. Brains were removed, fixed in 10% formaldehyde,
embedded in paraffin, and sectioned. Sections were immu-
nostained with mouse anti-Glut1 antibody (Abcam, Cam-
bridge, MA). We captured images at x200 magnification in
the cerebral cortex from each of the 2 sections in 6 mice per
genotype in hypoxia or normoxia and counted Glut1-positive
capillaries using Image] software.

Magnetic Resonance Imaging

Magnetic resonance angiography (MRA) was performed using
a 7-T Bruker MRI (Bruker Biospin, Rheinstetten, Germany).
Mice were anesthetized by inhalation of 3% isoflurane in room
air, and the respiratory rate was continuously monitored. Core
temperature was maintained at 30+2°C by a flow of warm air.
A 3-dimensional (3D) gradient-echo sequence was used to
acquire MRA images with the following parameters: field of
view (FOV)=19.2x 12.8x9.6 mm; matrix=192x 128x 96; rep-
etition time/echo time (TR/TE)=120/4.3 ms; flip angle=60
degrees, and scan time=1 hour, 39 minutes.

To detect infarction, T2-weighted images were also
acquired using a rapid acquisition with relaxation enhance-
ment sequence with the following parameters: TE/TR=5000/
15 ms; effective TE=60 ms; echo train length=8;
FOV=19.2x19.2 mmz; slice thickness=0.6 mm; matrix=256
x 256; and the number of excitations=4.

Statistical Analysis

Results are presented as mean£SD. Number of samples are
provided in the figure legends. Statistical tests on in vitro
experiments were performed using the Student ¢ test to
detect the effect of treatments by comparing controls
according to study designs shown below.

We first screened several angiogenic and antiangiogenic
cytokines to determine whether treatment with different
doses of these cytokines induced RNF213 in cultured cells.
IFN-B and IFN-y were found to induce RNF213. We then

statistically compared RNF213 levels in IFN-B- or IFN-y-
treated cells with untreated cells. The mechanism of RNF213
induction with IFN-B was examined in cells transfected with
RNF213 WT or mutated promoter luciferase plasmid. To test
the effect of a STATx mutation, luciferase activity in cells
transfected with STATx mutation promoter was compared
with cells transfected with RNF213 WT promoter. Effects of
treatment of IFN-B on angiogenesis were statistically evalu-
ated by tube formation and migration assay using HUVECs
and iPSECs. In experiments of target protein depletion
(p-STAT1, STAT1, or RNF213) using corresponding siRNAs,
we compared target protein levels in cells treated with target
siRNA with cells treated with control siRNA. We also tested
the effect of STAT1 and RNF213 siRNA on angiogenesis.

To evaluate the in vitro effect of various RNF2 13 mutations
on angiogenesis, the angiogenic function of HUVEGCs trans-
fected with RNF213 mutants were compared with HUVECs
transfected with a control vector. In addition, ATPase
activities of RNF213 mutants were compared to RNF213 WT.

For in vivo animal studies, both nonparametric methods
(Kruskal-Wallis 1-way ANOVA followed by Mann-Whitney U
test) and a parametric method (2-way ANOVA method) were
conducted to detect effects of treatment (hypoxia), genotype,
and interaction on cerebral angiogenesis. Cerebral angiogen-
esis was evaluated by the increase in the numbers of cerebral
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Figure 12. Tube formation assays for HUVECs after 20 hours
of culture on Matrigel with IFN-B after control or RNF213 siRNA
transfection. Treatment with O ng/mlL of IFN-B after control
siRNA transfection served as the positive control (100%). Total
tube length and number of branches were quantified by imaging
analysis. A column with a bar represents meansSD (n=3).
*P<0.05, by Student t test compared with 0 ng/mL of IFN-B
within the same siRNA treatment. HUVECs indicates human
umbilical vein endothelial cells; IFN, interferon; iPSECs, induced
pluripotent stem cell-derived vascular endothelial cells.

DOI: 10.1161/JAHA.115,002146

Journal of the American Heart Association 11

— 212 —



RNF213 R4810K Suppresses Angiogenesis

Kobayashi et al

#
* 4
=% 1
A < O T% | E
aQ 25 ¥ } - B Control iPSECs |
o 20 3 T T
S 15— B PatientiPSECs
L2 10
x e 5
0 |

I
-
o

IFN-B (ng/mL) 0 0.1 1 10
Fold (control iPSECs) 1.0 2.8 13.3 15.1
Fold (patientiPSECs) 1.0 6.6 104 11.1

IFN-B 0 ng/mL  IFN-B 1 ng/mL

HUVEC
B
N 150 %
5 E £
T ?é> 100 - —
205 Control
= iPSECs
@. *
52 z 50 1 S
RES
o | s
IFNB (1ng/mL) - + - + - +
Patient
Controls Patients iPSECs
HUVECs iPSECs

Figure 13. Effects of IFN-B on RNF213 protein expression and antiangiogenic activity in iPSECs from
control subjects (GG genotype) and MMD patients (AA genotype). A, RNF2 13 mRNA levels in iPSECs treated
with IFN-B for 24 hours. Fold induction attributed to IFN-B was compared with activity at 0 ng/mL of [FN-B.
A column with a bar represents mean+SD of 2 controls (blue) or 2 patients (red) in 3 independent
experiments. *P<0.05, according to Student ¢ test comparing 0 ng/mL of IFN-B in control (blue) iPSECs at
0.1, 1, or 10 ng/mL. #P<0.05, according to Student f test comparing 0 ng/mL of IFN-B in patient (red)
iPSECs at 0.1, 1, or 10 ng/mL. B, Representative photomicrographs (right panel) and quantified tubal area
(left panel) of HUVECs and iPSECs treated with IFN-B. Scale bars indicate 100 um. HUVECs without IFN-3
treatment served as the positive control (100%). A column with a bar represents mean-=SD of 2 controls or
2 patients in 3 independent experiments. *P<0.05 according to Student ¢ test comparing 0 ng/mL of IFN-B
within HUVECs, control iPSECs, or patient iPSECs. HUVECs indicates human umbilical vein endothelial cells;
IFN, interferon; iPSECs, induced pluripotent stem cell-derived vascular endothelial cells; MMD, moyamoya
disease.

Values of P<0.05 were considered statistically significant.
Statistical analyses were performed -using SAS software
(version 9.4; SAS Institute Inc., Cary, NC).

Results

Induction of RNF213 in HelLa Cells and HUVECs

We investigated the induction of RNF213 in Hela cells and
HUVECs after treatment of various angiogenic factors (TGF-B,
IL-1B, VEGF, and PDGF-BB) and antiangiogenic factors (IFN-a,
IFN-B, and IFN-y). After 24 hours of treatment, none of the

factors, except for IFN-y, changed RNF213 protein levels in
Hela cells (Figure 3). However, IFN-y increased RNF213
protein levels in a dose- and time-dependent manner (Fig-
ure 3A and 3B) with corresponding increases in mRNA levels
(Figure 3C and 3D). We then investigated the effects of
treatment with the same factors on HUVECs at the 24-hour
time point. Whereas TGF-B, IL-1B, VEGF, and PDGF-BB did not
change RNF213 protein levels (Figure 4A), IFN-B and IFN-y, but
not IFN-a,, increased protein levels in a dose-dependent manner
(Figure 5). IFN-B and IFN-y also induced RNF213 in a time-
dependent manner (Figure 4B and 4C). We further examined
mRNA levels of RNF213 after treatment with IFN-B and [FN-y.
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Figure 14. Tube formation assays for iPSECs after 20 hours of culture on Matrigel with [FN-B. HUVECs
without IFN-B treatment served as the control (100%). Total tube length and number of branches were
quantified by imaging analysis. A column with a bar represents mean=4SD of 2 controis (blue) or 2 patients
(red) in 3 independent experiments. *P<0.05, according to Student ¢ test comparing 0 ng/mL of IFN-f
within HUVECs, control iPSECs, or patient iPSECs. HUVECs indicates human umbilical vein endothelial cells;
IFN, interferon; iPSECs, induced pluripotent stem cell-derived vascular endothelial cells.

Both factors increased mRNA levels, but IFN- increased mRNA
levels at a lower dose (0.1 ng/mL) and an earlier time point
(8 hours) than [FN-y (Figure 4D through 4G).

These findings indicated that IFN-f increased RNF213
expression levels in HUVECs in a vascular EC-specific manner,
whereas IFN-y did not. The other factors had no effect on
expression levels of RNF213. Upregulation of RNF213 protein
was preceded by an increase in RNF213 mRNA [evels, which
suggested that IFN-B increased RNF213 expression at the
transcriptional level. Because IFN-B induced RNF213 in
HUVECs, we chose IFN- for further characterization because
of its tissue specificity.

Induction of RNF213 by IFN-§ Is Mediated by
STATx

We examined the putative binding sites for transcriptional
factors in the promoter region up to 3 kb from the transcrip-
tional start site of the RNF273 gene. We performed a
computer search for potential regulatory elements in this
region using Matinspector V2.2 at the TRANSFAC website
(http:/ /www.gene-regulation.com/pub/databases.html).?*

We found a single STATx-binding site at the —514 position
(Figure 6A). STAT1 is a signaling molecule in the IFN-B-
signaling pathway.?>?¢ Therefore, we conducted promoter
assays using a fusion plasmid containing the 3-kb RNF2713

promoter region and a luciferase reporter gene. The promoter

significantly increased luciferase activity after treatment with
IFN-B (Figure 6B), whereas disruption of the STATx-binding

site by missense mutagenesis®’ abrogated promoter activity
(Figure 6C). Therefore, we conclude that IFN-B upregulates
RNF2 13 through the STATx-binding site in its promoter region.

Role of RNF213 in Antiangiogenic Activity of IFN-§

First, we evaluated effects of treatment with IFN-B on HUVEC
proliferation, and found that [FN- did not increase proliferation
(Figure 7). Angiogenic activity was then evaluated by tube
formation and migration assays. We confirmed that IFN-B
lowered tube formation and inhibited migration (Figures 8 and
9) without affecting proliferation rates (Figure 7). Because IFN-3
induced RNF213, we hypothesized that antiangiogenic activity
of IFN-B is mediated by RNF213. To test this hypothesis, we first
depleted STAT1 by siRNA. Antiangiogenic activity of IFN-,
except for branching, was normalized by depletion of STAT1 and
phosphorylated STAT1 by siRNA transfection (Figure 10A and
10B). Notably, siRNA also downregulated RNF2 13 (Figure 10A).
This downregulation was likely mediated by activation of the
promoter. We then depleted RNF213 protein levels by siRNA
transfection. Depletion of RNF213 restored tube formation and
migration (Figures 11 and 12). These rescue experiments by
SIRNA transfection demonstrated that RNF2 13 was involved in
antiangiogenic activity of IFN- in ECs.

Effects of IFN- on Angiogenic Activity of iPSECs

We then investigated effects of IFN-B treatment on tube
formation by iPSECs derived from 2 control subjects with the
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Figure 15. Angiogenic activity of RNF213 WT, and-R4810K, WEQ, and AAAA mutants. A, RNF213 protein expression in
HUVECs:transiently-expressing.the RNF213:mutant.-HUVECs transfected with the FLAG-RNF213 expression vector (RNF213
WT, RNF213 R4810K, RNF213 WEQ, and RNF213 AAAA) were immunoblotted using anti-FLAG antibodies. Empty vector
(“vector” in the figure)-transfected HUVECs served as the control. Representative western blotting findings are shown.
Similar results were obtained in 3 independent experiments. B, Tube formation assays for HUVECs transiently expressing
RNF213 WT, RNF213 R4810K, RNF213 WEQ, and RNF213 AAAA. The vector served as the positive control (100%). Scale
bars indicate 100 um. Representative images are shown in left panel. Tube area was quantified by imaging analysis (right
panel). A column with a bar represents mean+SD (n=3). *P<0.05, according to Student ¢ test compared with the vector. C,
Migration assays for HUVECs transiently expressing RNF213 WT, RNF213 R4810K, RNF213 WEQ, and RNF213 AAAA. The
vector served as the control. Scale bars indicate 100 pm. Representative images are shown in left panel. Re-endothelialized
areas were quantified by imaging analysis (right panel). A column with a bar represents mean+SD (n=3). *P<0.05 according
to Student ¢ test compared with the vector. HUVECs indicates human umbilical vein endothelial cells; LPF, low-pass filter;
WEQ, Walker B motif; WT, wild-type.
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WT RNF213 genotype and 2 MMD patients (homozygous for
RNF213 R4810K). Treatment with IFN-f was accompanied by
upregulation of RNF213 mRNA expression (Figure 13A).
Notably, IFN-B treatment lowered tube formation in iPSECs
in both of the control subjects and the MMD patients
(Figures 13B and 14). These data support the notion that
IFN-B treatment suppresses angiogenic activity in ECs with
induction of RNF213 in humans. In the next step, we
investigated the molecular mechanisms of antiangiogenic
effects of RNF213.

Loss of Function of the Walker B Motif in the First
AAA" of RNF213 Lowers Angiogenic Activity
Whereas a Deletion Mutation of the First AAA™
Does Not Lower Angiogenic Activity

Mutation of glutamic acid of the Walker B motif (DExxbox)
(WEQ) causes loss of function of ATPase hydrolysis.?® The
Walker B motif in the first AAA™ of RNF213 is shown to
stabilize hexamer formation, whereas deletion of the first
AAA*, which results in loss of ATPase activity, does not
initiate oligomerization.'® Therefore, we hypothesized that
RNF213 WEQ mutation stabilizes oligomers and can cause
deleterious effects in ECs by capture in the oligomeric state.
We also hypothesized that RNF213 deletion of AAA®, which
does not allow formation of oligomers, does not result in any
deleterious effects as silencing RNF213 in vitro'* and in

Rnf213 null mice.'™"” Based on these hypotheses, we
investigated the effects of expression of the vectors RNF213
WT, RNF213 R4810K, RNF213 WEQ, and RNF213 deletion of
AAAT on tube formation and migration of HUVECs
(Figure 15A). RNF213 WEQ. decreased tube formation and
migration, similar to RNF213 R4810K (Figure 15). In
contrast, expression of RNF213 deletion of AAA™ did not
lower tube formation or migration, which is in accord with a
finding that silencing RNF213 did not impair angiogenesis.'*
Expression of RNF213 WT did not decrease angiogenic
activity. Therefore, we consider that RNF213 trapped in the
oligomeric state may lead to low angiogenic activity.

We then investigated the effects of RNF213 R4810K on
ATPase activity (Figure 16). Although we detected ATPase
activity in Walker motif in a recombinant fragment containing
amino acids from 2319 to 2613,% we had never determined
ATPase activity with an entire 5207 amino acids. In the current
study, we determined ATPase activity with the entire RNF213
proteins of WT, R4810K, and deletion AAA*. Surprisingly,
RNF213 R48 10K resulted in a loss of ATPase activity. Under the
present experimental conditions using excessive detergent
washing, RNF213 protein may not be able to maintain an
oligomeric form. Therefore, we postulate that the results may

~ represent monomeric ATPase activity. RNF213 R4810K can

form oligomers, similar to RNF213 WT,'® suggesting that
R48 10K may stabilize oligomeric states of RNF2 13 by inhibiting
ATP hydrolysis, thereby inhibiting ATPase activity.
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Figure 16. ATPase activity of RNF213 WT, R4810K, and AAAA mutants. A, Lysates from EGFP-RNF213—
transfected HEK293 cells were IP with anti-GFP agarose. A total volume of 15 plL was subjected to SDS-
PAGE followed by GelCode staining. RNF213 proteins fused with EGFP were detected in EGFP-RNF2 13—
transfected cells (arrow heads, “EGFP-RNF213”). Representative SDS-PAGE images are shown. Similar
results were obtained in 3 independent experiments. B, ATPase activity of immunoprecipitated extracts was
assayed for ATPase activity. Indicated volumes (uL) of IP products were combined with buffer to yield a total
volume of 50 uL for ATPase reaction for 30 minutes at room temperature (see details in the text).
Phosphate release was measured using the Phosphate Sensor as ATPase activity. Relative activity was
calculated based on average activity of EGFP at O plL, which was equal to 1. Data with bars represent
mean=+S8D (n=3). *P<0.05 according to Student ¢ test compared with WT at 2 volumes. EGFP indicates
enhanced green fluorescent proteins detected in EGFP-transfected cells (arrow head); 1gG HC, IgG heavy
chain; 1gG LC, IgG light chain; IP, immunoprecipitated; Well, sample wells of the gel; WT, wild type.
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Effects of Expression of the RNF213 R4810K
Ortholog Rnf213 R4757K on Cerebral
Angiogenesis In Vivo

Our in vitro data strongly suggest that RNF213 R48 10K lowers
angiogenic activity in ECs when it is induced by environmental
stimuli, such as IFNs. Therefore, we investigated the effects of
ablation or upregulation of RNF213 R4810K in vivo using
various genetically modified mice. These mouse strains
involved ablation of Rnf213 (KO)'7 and Tg mice, which
overexpresses Rnf213 (R4757K or WT) in ECs (EC: EC-Mut-Tg
and EC-WT-Tg) or SMCs (SMC: SMC-Mu-Tg) (Figure 2). Tissue-
specific upregulation of RNF213 was confirmed in Tg mice in
ECs and SMCs {Figure 17). To-induce cerebral-angiogenesis,
mice at 3 weeks of age were-exposed to hypoxia (8% O, for
2 weeks). At the end of exposure, MRA was conducted in 3
mice for each strain. Exposure to hypoxia failed to induce
angiogenesis in EC-Mut-Tg mice, whereas upregulation of
Rnf213 WT in ECs, upregulation of Rnf213 R4757K in SMCs,
and null Rnf213 or WT significantly induced angiogenesis
(Figure 18). However, we could not find any stenotic lesions,
moyamoya vessels, or lesions indicative of cerebral infarction in
any mice with different genotypes (Figure 19).

Discussion

RNF213 is highly associated with MMD®?° and is a causative
gene for MMD.® Although low angiogenesis has been reported
with RNF213," functional deviations caused by R4810K have
not been investigated. Given that upregulation of R48 10K may
be important in development of MMD, the environmental
stimuli that induce RNF213 remain unknown. Additionally,
there are no animal models enabling to recapture the low-
angiogenesis phenotype.

In the present study, we systemically investigated the
effects of RNF213 R4810K on angiogenesis to address these
issues discussed above. We found that upregulation could be
produced by inflammatory signals of IFNs in HUVECs and ECs
established from iPS cells from unaffected subjects and MMD
patients. Upregulation of RNF213 by IFNs was consistently
accompanied by lower angiogenesis, and silencing RNF213
partially ameliorated -inhibition of -angiegenesis by IFN-B. We
also showed that upregulation of RNF213 was mediated by
STATx in the promoter of the RNF2713 gene. These data
collectively indicate that upregulation of RNF213 WT is
causally associated with lower angiogenic activity after IFN-
B exposure. Therefore, RNF213 is likely to be a mediator
downstream of the IFN-B-signaling pathway in ECs that are
primed by IFN-B in vivo. However, upregulation of RNF213 WT
was not sufficient to elicit antiangiogenic signals indepen-
dently, whereas upregulation of RNF213 R4810K was suffi-
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Figure 17. Tissue-specific upregulation of RNF213 in EC-Tg and
SMC-Tg mice. Protein extraction from purified ECs from lungs of
EC-Mut Tg and WT mice (left panel) and protein extraction from
aorta of SMC-Mut Tg and WT mice (right panel) were immunob-
lotted. B-tubulin served as the loading control. Similar results
were obtained from 3 independent experiments. ECs indicates
endothelial cells; SMC, smooth muscle cells; Tg, transgenic; WT,
wild type.

cient. This in vitro finding was further confirmed by the Tg
animal model in hypoxia. RNF213 R4757K (R4810K ortholog)
inhibited angiogenesis in mice that overexpressed RNF213 in
ECs. However, none of the mice with upregulation of the WT in
ECs, upregulation of R4757K in SMCs, or null Rnf213
inhibited angiogenesis. Taken together, these data indicate
that RNF213 R4810K can inhibit angiogenesis under condi-
tions of exposure to IFNs or hypoxia, whereas RNF213 WT can
only inhibit angiogenesis in the IFN-signaling pathway. It
should be addressed that the current study clearly demon-
strated the primary role of ECs in angiogenesis. This finding
demonstrated a sharp contrast, with an anticipation that
SMCs plays a critical role in the development of vascular
remodeling. Collectively, we successfully demonstrated
substantial roles of RNF213 R4810K in the low-angiogenesis
phenotype in response to environmental stimuli. However, the
issue of whether known functional impairment (ie, inhibition of
cellular proliferation' or mitotic abnormalities'®) associated
with RNF213 R4810K is involved in reduced angiogenesis
after hypoxia in EC-specific RNF213 R4757K Tg mice needs to
be examined in the future.

The current results suggest that carriers of RNF213 R4810K
may be susceptible to cerebral hypoxia because of insufficient
angiogenesis if inflammation and hypoxia simultaneously occur.
These IFNs are induced by viral and bacterial infections and are
upregulated in autoimmune patients, who are often complicated
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Figure 18. Suppressive effect of Rnf213 mutant upregulation in ECs on angiogenesis in vivo. A, Representative images of GLUT-1-stained
sections of cerebral cortex of EC-Mut Tg, EC-WT Tg, SMC-Mut Tg, KO, and WT mice under conditions of normoxia (N) and hypoxia (H). B,
Quantified result of cerebral microvessels (left panel). A column with a bar represents mean=SD of the number of cerebral microvessels/mm?
from 6 mice per group. In the hypoxia condition, there was a significant difference in the number of cerebral microvessels among 5 genotypes
using the nonparametric method, Kruskal-Wallis 1-way ANOVA (P=0.036), but not in the normoxia condition (P=0.41). *P<0.05 according to
Mann-Whitney U test compared with normoxia condition. Two-way ANOVA method was conducted for microvessel formation between
genotypes and treatment with interaction term. Results and parameter estimates are described in table (right panel). Regression models are
described as (microvessels)=(intercept)+ax[Genotype: EC-Mut-Tgl+Px[Genotype: EC-WT-Tg]+yx[Genotype: SMC-Mut-Tg}+dx[Genotype:
KOJ+ex [Treatment]+{ x[interaction: EC-Mut-Tg]+n x [interaction: EC-WT-Tg]+0x [interaction: SMC-Mut-Tgl+ix [interaction: KO]. Treatment
(hypoxia) significantly induced the number of microvessels/mm? (P<0.001), whereas genotype did not (P=0.09). Interaction between genotype
and treatment was significant (P=0.02). The coefficient on EC-Mut-Tg ({) was negative, suggesting that this genotype did not increase
microvessels (P=0.002). #p<0.05 according to 2-way ANOVA. ECs indicates endothelial cells; GLUT-1, glucose transporter; KO, knockout; SMC,
smooth muscle cells; Tg, transgenic; WT, wild type.

by encephalitis.>° Our study may imply that IFNs initially play a
major role and are causally associated with insufficient
angiogenesis in infectious or autoimmune diseases with MMD,
as observed in accumulated clinical cases of MMD.*'

In the present study, we found that a mutation in the
AAA™ module toward stabilization of oligomers is responsible
for a low-angiogenesis phenotype. We showed that the
Walker B motif in the first AAA" module of RNF213 had an
inhibitory effect on angiogenesis. In contrast, deletion of the
first AAA™ module did not have any discernible effects on
angiogenesis. Intriguingly, both mutations resulted in loss of

ATPase activity, but the WEQ mutation resulted in stabiliza-
tion of oligomers, whereas deletion of AAA™ did not result in
oligomerization. If this is the case, RNF213 R4810K, which
decreased angiogenic activity and resulted in loss of ATPase
activity in our study, may stabilize oligomers once they are
formed and thus impair angiogenesis, suggesting a dominant
negative mechanism. Furthermore, absence of a discernible
effect of upregulation of deletion of the first AAA* RNF213
on angiogenesis is in agreement with an observation in
RNF213 null mice in which angiogenesis was not inhibited in
the brain after exposure to hypoxia. Collectively, the current
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