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Moyamoya disease (MMD) is a cerebrovascular disease characterized by occlusive lesions in the Circle of
Willis. The RNF213 R4810K polymorphism increases susceptibility to MMD. In the present study, we
characterized phenotypes caused by overexpression of RNF213 wild type and R4810K variant in the cell
cycle to investigate the mechanism of proliferation inhibition. Overexpression of RNF213 R4810K in HeLa

Keywords: ) cells inhibited cell proliferation and extended the time of mitosis 4-fold. Ablation of spindle checkpoint
ﬁ/)lgyar:oya disease by depletion of mitotic arrest deficiency 2 (MAD2) did not shorten the time of mitosis. Mitotic morphol-
1 cells

ogy in Hela cells revealed that MAD2 colocalized with RNF213 R4810K. Immunoprecipitation revealed an
Genomic instability RNF213/MAD2 complex: R4810K formed a complex with MAD2 more readily than RNF213 wild-type.
Rs112735431 Desynchronized localization of MAD2 was observed more frequently during mitosis in fibroblasts from
MAD2 patients (n =3, 61.0 £ 8.2%) compared with wild-type subjects (n=6, 13.1+7.7%; p <0.01). Aneuploidy
was observed more frequently in fibroblasts (p <0.01) and induced pluripotent stem cells (iPSCs)
(p < 0.03) from patients than from wild-type subjects. Vascular endothelial cells differentiated from iPSCs
(iPSECs) of patients and an unaffected carrier had a longer time from prometaphase to metaphase than
those from controls (p < 0.05). iPSECs from the patients and unaffected carrier had significantly increased
mitotic failure rates compared with controls (p < 0.05). Thus, RNF213 R4810K induced mitotic abnormal-
ities and increased risk of genomic instability.
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1. Introduction monly found in East Asian (Japanese, Korean and Chinese) MMD

patients [7].

Moyamoya disease (MMD: MIM 607151) is characterized by
occlusive lesions at the terminal portion of internal carotid arteries
in the Circle of Willis [1,2]. It is now recognized as one of the major
causes of stroke in adults and children worldwide [3-6]. RNF213
has been recognized as the susceptibility gene for MMD, and the
p. R4810K polymorphism (rs112735431 or ss179362673: G > A;
herein referred to as RNF213 R4810K) as a founder variant com-
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We recently found that vascular endothelial cells developed
from induced pluripotent stem cells (iPSECs) of patients with
MMD, carrying RNF213 R4810K, had reduced angiogenic activity
[8]. This was partially mediated by the down-regulation of Securin
[8]. In addition to Securin, various mitosis-associated genes were
down regulated in iPSECs from patients [8]. Furthermore, the over-
expression of RNF213 R4810K inhibited the proliferation of human
umbilical vein endothelial cells (HUVECs) [8]. The primary aim of
our study was to characterize the phenotypes associated with
RNF213 R4810K in the cell cycle.
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2. Methods
2.1. Participants

We studied three probands from three unrelated families with
MMD, a carrier of RNF213 R4810K and seven controls. Details of
the patients were described previously [8] and in Table S1. We ob-
tained written informed consent from all participants in this study.
Our study was approved by the Institutional Ethical Review Board
of Kyoto University.

2.2. Cell culture and transfection

Fibroblasts and Hela cells were maintained in Dulbecco’s
Minimal Essential Medium (DMEM; Invitrogen, Tokyo, Japan) con-
taining 10% fetal bovine serum (FBS; Japan Bioserum, Hiroshima,
Japan). Fibroblasts from passages 3-5 were used for all experi-
ments. Induced pluripotent stem cells (iPSCs) were maintained as
previously reported [8,9].

An mCherry-tagged wild-type RNF213 or an mCherry-tagged
RNF213 R4810 K was cloned into pcDNA3.1 (Invitrogen) (Fig. S1)
[8]. To monitor the localization of MAD2, Hela cells stably express-
ing EGFP-MAD2 were used. MAD2 cDNA cloned into pEGFP-C1
(Clontech Laboratories, Palo Alto, CA, USA) was introduced into
HelLa cells, and a G418-resistant clone was verified by western
blotting and fluorescent microscopy. The plasmid was introduced
into HeLa cells using Lipofectamine 2000 (Invitrogen) and success-
fully transfected cells selected with 500 pg/ml G418 (Nacalai
Tesque, Kyoto, Japan) for 10 days.

Transfection of small interfering RNAs (siRNAs) was conducted
using Dharmafect (#1 or #3; Dharmacon, Lafayette, CO, USA) as
previously reported [8]. We purchased and used RNF213 siRNA
(Santa Cruz Biotechnology) and MAD2 siRNA (Santa Cruz Biotech-
nology) with control siRNA-A (Santa Cruz Biotechnology) used as
controls.

2.3. Karyotyping

For karyotyping, fibroblasts from six controls (Control 1 to
Control 6), one carrier, and three patients were treated with
nocodazole (100 ng/ml) for 72 h. Well-isolated chromosomes were
chosen and counted three times for each chromosome set. For each
fibroblast culture, duplicate karyotyping experiments were con-
ducted. For MAD?2 staining, fibroblasts were treated with nocodaz-
ole (100 ng/ml) for 72 h, fixed with 4% paraformaldehyde and
permeabilized in phosphate-buffered saline (PBS) containing 0.2%
Triton X-100. An anti-MAD2 antibody (Covance, Berkeley, CA,
USA) was used for immunostaining.

To evaluate chromosomal instability, six iPSC clones from con-
trols (Control 1 to Control 7 except Control 4) and four from a car-
rier and patients were karyotyped (Table S1).

2.4. Colony formation assays

Following transfection, HeLa cells were reseeded at densities of
1 x 10% to 2.7 x 10* cells/100-mm dish and maintained in DMEM
with 10% FBS for 5 days. Medium containing G418 (Nacalai Tesque)
was exchanged twice a week. After 10 days, resistant colonies were
scored using formalin fixation and crystal violet staining.

2.5. Time-lapse imaging using confocal laser scanning microscopy

Transfected HeLa cells and iPSECs were plated on 35-mm glass-
bottom culture dishes. Time-lapse 3D imaging was performed
using an FV10i confocal microscope (Olympus, Tokyo, Japan) at

37 °C/5% CO,. The recording interval was 40 min, and Z-stack
images were generated with Fluoview (Olympus).

2.6. Western blotting

Samples were subjected to immunoblotting using the
anti-RNF213 antibody, which we generated previously [8],
anti-MAD?2, anti-dsRed (BD Biosciences), or anti-p-actin (Abcam,
Cambridge, UK) antibodies. Quantitation was conducted using
Image ] software.

2.7. Co-immunoprecipitation of MAD2 with RNF213

Hela cells transiently expressing the wild-type RNF213 mCher-
ry or RNF213 R4810K mCherry or naive HeLa cells were lysed in
RIPA buffer without sodium dodecyl sulfate (SDS) but with prote-
ase inhibitors (Nacalai Tesque). Cell lysates from 4 x 10° cells were
incubated with protein A agarose (Santa Cruz Biotechnology) for
30 min at 4 °C with normal mouse immunoglobulin G (IgG; MBL,
Nagoya, Japan). After magnetic separation, beads were discarded
and supernatants incubated for 4 h at 4 °C with a monoclonal
anti-dsRed or polyclonal anti-RNF213 antibody [8] followed by
magnetic beads for 4 h. Beads were washed three times with lysis
buffer, and bound proteins dissolved in SDS sample buffer at 95 °C
for 5 min, subjected to SDS polyacrylamide gel electrophoresis
(PAGE) and analyzed by western blotting with anti-MAD2
antibody.

2.8. Statistical analysis

Results are presented as the mean + standard deviation (SD) un-
less otherwise stated. Differences between groups were analyzed
using analysis of variance (ANOVA), followed by Tukey’s honestly
significant difference test for comparisons involving more than
two means (SAS Institute Inc., Cary, NC, USA). The variance in chro-
mosome numbers as determined by karyotyping was compared
with controls using an F-test. Subcellular localization of MAD2
was categorized into four groups and compared with controls
using Fisher’s exact test with Bonferroni correction. A p-value with
Bonferroni correction less than 0.05 was considered statistically
significant.

3. Results
3.1. Effects of RNF213 R4810K overexpression

mCherry-tagged wild-type RNF213 and/or RNF213 R4810K pro-
teins (Fig. S1) were overexpressed in HeLa cells (Fig. S2A and B).
Localization of exogenous RNF213 R4810K was similar to that of
exogenous and endogenous wild-type RNF213, where proteins
were observed in the cytoplasm around the nucleus (Fig. S2B).
Overexpression of RNF213 R4810K highly repressed colony forma-
tion units of HeLa cells (Fig. S2C). In contrast, RNAi-mediated
depletion of RNF213 in HeLa cells did not repress colony formation
units (Fig. S2D).

To understand better the causes underlying inhibition of cell
proliferation, cell cycle distribution of HeLa cells expressing wild-
type RNF213 and RNF213 R4810K were monitored. Overexpression
of RNF213 R4810K caused a G2/M-plus-higher-DNA-content (4N>)
accumulation in HeLa cells (Fig. S3), but overexpression of wild-
type of RNF213 did not. Live imaging analyses showed that mitotic
stages were severely delayed in HeLa cells overexpressing RNF213
R4810K (Fig. 1A-C). In cells overexpressing the control vector,
wild-type RNF213, control siRNA or RNF213 siRNA, the mean time
from prometaphase to metaphase was 37 + 10 min: The mean time
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Fig. 1. Time-lapse imaging of HeLa cells transfected with wild-type RNF213 and RNF213 R4810K, or control siRNA, RNF213 siRNA and MAD2 siRNA. (A) Representative time-
lapse images showing wild-type RNF213 and RNF213 R4810K. Images were obtained every 40 min. (E) Western blot analysis of HeLa cells overexpressing RNF213 R4810K
with MAD2 siRNA transfection. (B, C, F, G) The period of time from prometaphase to metaphase, and from anaphase to telophase. A total of 20 cells were observed in three
areas for each group. (D, H) Failed cell division in HeLa cells overexpressing RNF213 R4810K transfected with control siRNA and MAD2 siRNA. Cells (n = 40) were counted in

three areas for each group. Values are presented as means + SDs. *p < 0.05.

from anaphase to telophase was 63 + 24 min (Fig. 1B and C). In
contrast, for cells overexpressing RNF213 R4810K, progression
from prometaphase to metaphase was 144 + 25 min, while the
progression from anaphase to telophase was 261 +52 min
(Fig. 1B and C). Overexpression of RNF213 R4810K resulted in sev-
eral daughter cells that failed to complete cell division. For

14.8 £ 2.9% of the total cell population, cytokinesis failed to occur
(Fig. 1D).

We investigated whether activation of spindle checkpoint was
responsible for the delayed mitotic progression phenotype in HeLa
cells overexpressing RNF213 R4810K. We inhibited spindle check-
point by depletion of MAD2, which senses mitotic progression, and
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Fig. 2. Colocalization of RNF213 R4810K with MAD2 at prometaphase. (A) MAD2 localization in HeLa cells overexpressing wild-type RNF213 and RNF213 R4810K. Wild-type
RNF213-mCherry (left panels; WT) or RNF213 R4810K-mCherry (right panels; R4810K) plasmids were introduced into HeLa cells stably expressing EGFP-MAD?2. Red, green
and blue staining corresponded to signals for RNF213-mCherry, EGFP-MAD2 and DNA, respectively. MAD2-positive lagging chromosomes in cells overexpressing wild-type
RNF213 are indicated by arrows. Lagging chromosomes without MAD2 signals in cells overexpressing RNF213 R4810K are indicated by arrowheads. The scale bar indicates
20 pm. (B) Upper panel: HeLa cells were lysed and subjected to immunoprecipitation (IP) using rabbit normal IgG or an anti-RNF213 antibody. Ten-fold diluted cell lysate and
the immunoprecipitated samples were immunoblotted using anti-RNF213 and anti-MAD2 antibodies. Lower panel: HeLa cells transiently expressing wild-type RNF213-
mCherry (WT) or RNF213 R4810K-mCherry (R4810K) were lysed and subjected to IP using an anti-dsRed antibody. Total cell lysate and the IP samples were immunoblotted
using anti-dsRed and anti-MAD2 antibodies. B-Actin was used as a loading control. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

conducted live image analysis (Fig. 1E-G). Depletion of MAD2 did
not shorten the time in mitosis. In contrast, the mitotic failure rate
was further increased by depletion of MAD2 in HeLa cells over-
expressing RNF213 R4810K (Fig. 1H).

The localization of RNF213 was also analyzed during the mi-
totic phase by tracking MAD2 localization. In cells transfected
with wild-type RNF213, MAD2 was localized onto the kineto-
chore during prometaphase, and translocated to centrosomes
with RNF213 during the metaphase to anaphase transition
(Figs. 2A and S4) as reported [10,11]. Signals corresponding to
mCherry-tagged wild-type RNF213 were colocalized with MAD2
on mitotic microtubules around centrosomes during metaphase
(Fig. S4). In contrast, we observed abnormal localization of
MAD?2 in cells overexpressing RNF213 R4810K. During prometa-
phase, MAD2 signals were not observed onto kinetochores but
colocalized with RNF213 R4810K on mitotic microtubules

around centrosomes (Fig. 2A). Localization of signals correspond-
ing to mCherry-tagged RNF213 R4810K was, however, similar to
that in cells overexpressing wild-type RNF213 during metaphase
(Fig. S4).

The colocalization of MAD2 and RNF213 R4810K led us to inves-
tigate whether RNF213 R4810K or wild-type RNF213 could form a
complex with MAD2. Both endogenous and exogenous wild-type
RNF213 were co-immunoprecipitated by an anti-RNF213 antibody
with endogenous MAD2 from HeLa cell extracts (Fig. 2B). A greater
quantity of MAD2 was co-immunoprecipitated with the complex
containing RNF213 R4810K compared with that containing wild-
type RNF213. These data collectively suggest that the effects of
MAD?2 depletion on mitotic failure phenotype can override the
mislocalization of MAD2 induced by overexpression of RNF213
R4810K in an additive manner while the effect on delayed mitotic
progression phenotype is saturated.
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3.2. iPSC karyotypes and mitotic abnormality in human fibroblasts

iPSCs from six fibroblast clones had normal karyotypes, but
those from three MMD patients had abnormal karyotypes
(Table S1, Fig. S5). The incidence of abnormal karyotypes in iPSC
clones from subjects with RNF213 R4810K was 75% (3/4), while
none of the six iPSC clones with wild-type RNF213 (0/6) had abnor-
mal karyotypes (Fisher’s exact test, p < 0.03). We then examined
mitotic defects in primary fibroblasts from controls, the unaffected
carrier and MMD patients (Table S1). All fibroblasts had normal
karyotypes. We also searched for potential mitotic defects that
may have been inherent in primary fibroblasts in patients with
MMD by activating the spindle checkpoint with nocodazole.
MAD?2 signals and mitotic morphology were observed 72 h after
treatment with nocodazole. Treatment with nocodazole depoly-
merizes microtubules and attached microtubules are detracted
from kinetochores. Therefore, MAD2 should have been mobilized
onto unattached kinetochores. In fact, in control cells, the majority
of MAD2 was observed at the kinetochores. However, large quan-
tities of MAD2 did not bind to the kinetochores of lagging chromo-
somes (Fig. 3) in fibroblasts from patients with RNF213 R4810K
(n=3, 61.0+8.2%) compared with those from controls (n=6,
13.1£7.7%; p < 0.01). Furthermore, aneuploidy was observed more
frequently in fibroblasts from MMD patients than in controls
(Fig. 4A). Even under the condition of activated spindle checkpoint
by nocodazole, distances of sister chromatids were widened in pa-
tient 1 and patient 2 and sister chromatids were separated com-
pletely in patient 3 (Fig. 4B). Premature sister chromatid
separation can induce karyotype abnormality. Taken together
these observations, the mislocalization of MAD2, aneuploidy and
premature sister chromatid separation, consistently suggest mito-
tic abnormalities.

Next live image analyses for iPSECs from patients, Patient
1(GA), 2 (AA) and 3 (AA), an unaffected carrier (GA) and controls,
Control 1 and 2 (GG) were conducted (Fig. 4C). The mean time
(min) from prometaphase to metaphase was significantly longer
(GA; 79.2£72.1 or AA; 94.4 + 86.3) for iPSECs from patients and
unaffected carrier than from controls (42.0 + 30.3; p < 0.05). How-
ever, the mean time from metaphase to anaphase for iPSECs from
patients and unaffected carrier was not different from that for iP-
SECs from controls (p > 0.05). It is interesting that the mitotic fail-
ure rate (%) was also significantly higher for iPSECs from the
patients and unaffected carrier (GA; 13.0£3.2 or AA; 21.2 £4.0)
than from the controls (1.9 £3.2; p <0.05). The phenomena ob-
served in HeLa cells overexpressing RNF213 R4810K were recap-
tured in iPSECs heterozygous and homozygous for RNF213
R4810K, suggesting that mitotic abnormality is genuinely associ-
ated with RNF213 R4810K.

4. Discussion

In this study, we demonstrated that RNF213 R4810K adversely
affected the localization of MAD?2 to the kinetochore during mito-
sis. Furthermore, RNF213 colocalized with MAD2 by confocal
microscopy and immunoprecipitation confirmed both endogenous
and exogenous wild-type RNF213 and RNF213 R4810K formed
complexes with MAD2. The MAD2 complex with RNF213 R4810K
captured a greater quantity of MAD2 than the complex with
wild-type RNF213, suggesting a larger capturing capacity. The
abnormal localization of MAD2 and mitotic abnormality were con-
firmed in primary fibroblasts from MMD patients. Furthermore, we
observed more frequent karyotype abnormality in iPSCs from
MMD patients compared with wild-type controls.

These findings indicate that RNF213 R4810K induces pheno-
types associated with mitotic abnormalities. It is well known that

genetic defects in cell cycle-related proteins are associated with
steno-occlusive lesions around the Circle of Willis. These include
Ras-MAPK pathway-related diseases (neurofibromatosis 1, Noonan
syndrome, Castelo syndrome, Cranio-facio-cutaneous syndrome,
and Alagille syndrome [12-14]) and cell cycle-related diseases
(microcephalic osteodysplastic primordial dwarfism type II, Seckel
syndrome and X-related moyamoya syndrome) [15]. The majority
of cell cycle-related diseases are often accompanied by somatic
undergrowth. It is likely that cell cycle defects elevate the risk of
cell death or mitotic failure due to defective mitosis and chromo-
somal missegregation, which may be a common inherent risk fac-
tor among diseases associated with moyamoya syndrome and
MMD. This would adversely affect multiple organs, including the
vascular system. In contrast, MMD is not complicated by somatic
undergrowth. We speculate that mitotic defects in RNF213
R4810K carriers specifically emerge in vascular endothelial cells.

The current study demonstrated an elevated mitotic failure
rate in iPSECs from MMD patients. When ECs are damaged, they
may be peeled off from the vascular bed and then denudated vas-
cular areas emerge. Such vascular denudation should be recov-
ered by migration and proliferation of circulating endothelial
progenitor cells. Unless otherwise, migration and proliferation of
vascular smooth muscle cells (VSMCs) occur subsequently, result-
ing in intimal hyperplasia. It may be considered a limitation of
our work that we did not investigate VSMCs. However, given
the pathological model of the vascular injury induced by radiation
[16], which is known to cause steno-occlusive lesion in intracra-
nial artery [3], an initial pathological process in MMD may be rea-
sonably assumed to be mediated by mitotic failure of endothelial
cells (ECs) followed by the excessive proliferation of VSMCs. The
interactions between ECs and VSMCs play key roles in maintain-
ing vascular structure and the function of vessels [16]. VSMC
migration, proliferation, and differentiation are critical processes
involved in intimal hyperplasia and are regulated by ECs [16].
Thus, mitotic failure may impair the crosstalk between ECs and
VSMCs in patients with MMD. Further studies focusing on cell cy-
cle defects in VSMCs and the crosstalk between VSMCs and endo-
thelial cells are necessary.

In the current study, delayed mitotic progression phenotypes of
HelLa cells overexpressing RNF213 R4810K or of iPSECs from pa-
tients was consistently observed. To investigate whether spindle
checkpoint activation is responsible for the delayed mitotic pro-
gression phenotype, the MAD2 signaling pathway was inhibited.
Depletion of MAD2 did not shorten time in mitosis or induce mito-
tic exit in cells overexpressing RNF213 R4810K, indicating that
spindle checkpoint may be inactivated in those cells. Depletion of
MAD2, however, could override the mitotic failure phenotype of
Hela cells overexpressing RNF213 R4810K in an additive manner.
These observations suggest overexpression of RNF213 R4810K
causes MAD2 mislocalization and leads to inactivation of MAD2
function, which is further impaired by depletion of MAD2 in the
phenotype of the mitotic failure. Previously, we reported that
RNF213 R4810K suppressed gene expression of Securin, SKA3,
SGO1, CDC20 and BUBI1[8]. It should be noted that depletion of
SKA3 and SGO1 cause mitotic delays and premature sister chroma-
tid separation [17]. Taken together, for mechanisms of mitotic
abnormalities, a simple and straightforward explanation would
be to assume that because Securin has dual mechanisms of separ-
ase regulation [18] and depletion of Securin slowed mitotic pro-
gression [19], RNF213 R4810K slowed mitotic progression by
down-regulation of Securin and caused mitotic abnormalities by
MAD?2 mislocalization [20]. However, we cannot ignore other pos-
sibilities because other down regulated genes may cause mitotic
abnormalities in a synergistic manner or an antagonistic manner.
The most substantial event in mitotic abnormalities, however, is
likely associated with the down regulation of a group of mitosis
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p=8.77 x 1077, patient 2 vs controls; p = 5.54 x 10~'°, patient 3 vs controls. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

associated genes by RNF213 R4810K. Further studies are needed to We observed an inhibition of cellular proliferation in vitro, but
understand the mechanisms of RNF213 R4810K-induced down not in ex vivo studies [8]. We attributed these differences to acute
regulation of mitosis-associated genes and subsequent signaling and chronic effects. Acutely, there is very little adaptation to
deviations that induce mitotic abnormalities. RNF213 R4810K overexpression; however, in chronic cases the cells
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may adapt for the gain of function effects of this protein and mask
the proliferative defects. Such discrepancies are often observed be-
tween acute and chronic effects [21-23].

In conclusion, this study demonstrated the sequestration of
MAD2 by RNF213 R4810K during mitosis. The resultant defects
including mitotic abnormalities were considered to increase geno-
mic instability and thus be risk factors for MMD.
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