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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
Hela 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 MAD2 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 103 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-B-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 4h 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 HelLa 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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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 26152 min
(Fig. 1B and C). Overexpression of RNF213 R4810K resulted in sev-
eral daughter cells that failed to complete cell division. For
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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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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. $4).

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 MAD?2 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
MAD2 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=86,
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 MAD2 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
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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
Hela 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
MAD?2, 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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more than 30 chromosomes were investigated. Typical MAD2 signals (green) and nuclei (blue) in MMD fibroblasts are shown in the top panels. The scale bar represents
10 pm. Abnormal MAD2 staining patterns are shown in the lower panel. Abnormal MAD?2 localization type 1 refers to MAD2-positive cells with MAD2-negative lagging
chromosomes (arrowhead). Abnormal MAD2 localization type 2 refers to MAD2-negative cells. Abnormal MAD2 localization type 3 was defined as a distribution pattern of
MAD?2 that was not spotty, yet the protein was present and spread across the entire chromosome. The frequencies of the different MAD2 staining patterns in MMD fibroblasts
were compared with controls using Fisher’s exact test followed by Bonferroni correction. p = 1.00, unaffected carrier vs. controls; p =3.19 x 10~"%, patient 1 vs controls;

p=8.77 x 1077, patient 2 vs controls; p = 5.54 x 107'°, 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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Moyamoya disease (MMD) is a cerebrovascular disease characterized by occlusive lesions in the circle of
Willis. The RNF213 R4810K polymorphism increases susceptibility to MMD. Induced pluripotent stem
cells (iPSCs) were established from unaffected fibroblast donors with wild-type RNF213 alleles, and from
carriers/patients with one or two RNF213 R4810K alleles. Angiogenic activities of iPSC-derived vascular

Keywords: endothelial cells (iPSECs) from patients and carriers were lower (49.0 + 19.4%) than from wild-type sub-
Moyamoya disease jects (p < 0.01). Gene expression profiles in iPSECs showed that Securin was down-regulated (p < 0.01) in
;E[;Sdgig;ium carriers and patients. Overexpression of RNF213 R4810K downregulated Securin, inhibited angiogenic
Angiogenesis activity (36.0 £ 16.9%) and proliferation of humanumbilical vein endothelial cells (HUVECs) while overex-
RNF213 pression of RNF213 wild type did not. Securin expression was downregulated using RNA interference
Securin techniques, which reduced the level of tube formation in iPSECs and HUVECs without inhibition of pro-

liferation. RNF213 R4810K reduced angiogenic activities of iPSECs from patients with MMD, suggesting
that it is a promising in vitro model for MMD.
© 2013 Elsevier Inc. All rights reserved.

1. Introduction East Asian (Japanese, Korean and Chinese) patients [7]. RNF213 en-

codes a 591 kDa protein that exhibits ATPase and ubiquitin ligase

Moyamoya disease (MMD) is an idiopathic cerebrovascular dis-
ease. It is characterized by occlusive lesions at the terminal portion
of internal carotid arteries in the circle of Willis, with compensa-
tory development of a fine vascular network that resembles “puffs
of smoke” [1,2]. It is now recognized as one of the major causes of
stroke in adults and children worldwide [3-6]. We recently identi-
fied RNF213 as the susceptibility gene for MMD, and the p.R4810K
(rs112735431, ss179362673: G>A; herein referred to as RNF213
R4810K) polymorphism as a founder variant commonly found in
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activities. Although knockdown of RNF213 in zebrafish impaired
angiogenesis, the physiological and biochemical functions of
RNF213, and pathological consequences of MMD associated with
RNF213 R4810K remain unknown [7].

The minor allele frequency of the founder RNF213 R4810K poly-
morphism in the general population is estimated to be 0.43-1.36%
for East Asia, equivalent to a prevalence of 0.86-2.72% for carriers.
RNF213 R4810K elevates the risk of MMD by more than 100-fold
in carriers [7], with approximately 15 million individuals thought
to be at extremely high risk [8]. The prevalence of patients with
MMD (0.01%) is much lower than that for RNF213 R4810K carriers
(3%) in Japan and Korea [3,4]. We have sought to determine the trig-
gering factors that induce MMD in RNF213 R4810K carriers. Consid-
ering the social and economic dimensions of a large high-risk
population in East Asia, determination of these MMD triggering
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factors is a high-priority issue. Such triggers are considered to act
through RNF213 R4810K, but elucidation of these triggers has been
hampered, mainly because of the lack of knowledge with respect to
RNF213 R4810K pathology.

The primary aims of our study were to characterize RNF213
R4810K and the physiological functions of RNF213. To determine
the pathological defects attributable to RNF213 R4810K, we tested
whether vascular endothelial cells from patients with MMD have
lowered angiogenic activities. Our hypothesis was based on reports
of defective angiogenic activities for circulating endothelial pro-
genitor cells in MMD patients [9]. We used induced pluripotent
stem cell (iPSC) technology with the hope that it might yield useful
in vitro disease models [10]. This approach is particularly useful for
diseases in which the pathological processes have yet to be eluci-
dated. Once an in vitro model has been established it is possible
to reveal pathological clues about a disease; it can then be em-
ployed as a drug-screening tool, paving the way for translational
research, We characterized ex vivo phenotypes of vascular endo-
thelial cells differentiated from iPSCs (iPSECs) and conducted a ser-
ies of in vitro experiments to understand the underlying
mechanisms of MMD.

2. Methods
2.1. Participants

We studied three probands from three unrelated families with
MMD. Diagnosis was made based on criteria from the Japanese Re-
search Committee on MMD (Ministry of Health, Labour and Wel-
fare, Japan) [11]. Participants consisted of six affected, or
unaffected and unrelated subjects (Table 1 and Supplementary
data). Genotyping revealed a AA genotype (homozygous for
RNF213 R4810K) for two affected subjects, a GA genotype (hetero-
zygous for RNF213 R4810K) in one affected and one unaffected
subject, and a GG genotype (wild-type for RNF213 R4810K) for
two unaffected subjects. We obtained written informed consent
from all participants in this study. Our study was approved by
the Institutional Ethical Review Board of Kyoto University.

2.2. Establishment of iPSECs

Dermal fibroblasts were isolated from arms and cultured. Induc-
tion of iPSCs was performed as described previously
(Supplementary data) from primary fibroblasts for three MMD pa-
tients, an unaffected carrier and two controls (Table 1). We then in-
duced the differentiation of iPSCs into vascular endothelial cells

Table 1
Summary of donor fibroblast information.
ID Diagnosis Gender Age at Age at R4810K
onset biopsy (G>A)
of RNF213
Control 1 Healthy F NA 81 GG
control
Control 2 Healthy F NA 6 GG
control
Unaffected Healthy M NA 36 GA
carrier control
Patient 1 Familial F 10 43 GA
MMD
Patient 2 Familial F 55 63 AA
MMD
Patient 3 Familial F 50 64 AA
MMD

MMD, moyamoya disease.

(Supplementary data). Angiogenic activity of iPSECs was assayed
by tube formation. Gene expression profiles were determined using
a GeneChip microarray (Human Gene 1.0 ST; Supplementary data).

2.3. Cell culture and transfection

Fibroblasts were maintained in Dulbecco’s Minimal Essential
Medium (DMEM; Invitrogen, Tokyo, Japan) containing 10% fetal bo-
vine serum (FBS; Japan Bioserum, Hiroshima, Japan). The iPSCs were
maintained in Primate ES medium (ReproCELL, Tokyo, Japan) and
supplemented with 500 U/ml penicillin/streptomycin (Invitrogen)
and 4 ng/ml recombinant human basic fibroblast growth factor
(bFGF; WAKO, Tokyo, Japan) as previously reported [10,12]. Human
umbilical vein endothelial cells (HUVECs; Lonza, Walkersville, MD,
USA) were maintained in EGM-2 (Lonza). An mCherry-tagged
wild-type RNF213 or an mCherry-tagged RNF213 R4810K was
cloned into pcDNA3.1 (Invitrogen) (Supplementary data). The plas-
mids were introduced with an Amaxa Nucleofector Device (Lonza).

2.4. Assessment of angiogenic activity

Endothelial tube formation was assessed as described previ-
ously [13]. The iPSECs (5000 cells/well) or HUVECs (5000 cells/well
or 20,000 cells/well) were seeded onto matrigel-coated (BD Biosci-
ences, Bedford, MA, USA) 96-well plates. Cells were incubated for
12 h at 37 °C and digital images of tubes that formed were cap-
tured. For quantitation, tube area, total tube length and the num-
ber of tube branches were calculated using Image ] software
(National Institute of Health, USA). Parameters for assessing tube
formation function were obtained from three or four independent
tube formation assays.

2.5. RNA interference (RNAi)

Transfection of small interfering RNAs (siRNAs) was conducted
using Dharmafect (#1 or #3; Dharmacon, Lafayette, CO, USA) fol-
lowing the manufacturer’s recommendations. We also used Nucle-
ofector instruments to transfect HUVECs and iPSECs according to
the manufacturer’s protocols. We purchased and used Securin siR-
NA (s¢-37491; Santa Cruz Biotechnology, Santa Cruz, CA, USA),
RNF213 siRNA 1 (sc-94184; Santa Cruz Biotechnology) and
RNF213 siRNA 2 (s33568; Ambion, Austin, TX, USA), with control
siRNA-A (sc-37007, Santa Cruz Biotechnology) and silencer select
negative control #1 siRNA (Ambion) used as controls. To monitor
knockdown of gene expression, real-time quantitative polymerase
chain reaction (qPCR), immunostaining and/or western blotting as-
says were conducted.

2.6. Growth curves

Cell proliferation was assessed using colorimetric 3,4,5-dimeth-
ylthiazol-2-yl-2,5-diphenyl tetrazolium bromide (MTT) assays,
which were carried out as described previously [14] unless other-
wise specified. For growth curves for HUVECs in the overexpres-
sion experiment of RNF213 wild type and R4810K, at 2 days
post-transfection, HUVECs were re-seeded at a density of 8 x 10% -
cells/3.5-mm dish. Viable cells were assessed and counted each
day using trypan blue (Nacalai Tesque) exclusion.

2.7. Western blotting

We used the CelLytic M (Sigma-Aldrich, St Louis, MO, USA) cell
lysis buffer containing a protease inhibitor cocktail (Nacalai
Tesque). In certain cases we also used a lysis buffered comprising
50 mM Tris-HCI (pH 8.0), 1% Nonidet P-40 and 150 mM NacCl. Sam-
ples were subjected to immunoblotting using the anti-RNF213
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Fig. 1. Reduced angiogenic activities and differential gene expression in iPSECs. (A) Representative photomicrographs show the formation of tube-like structures in HUVECs
and iPSECs from controls (GG genotype), the unaffected carrier, and patients (GA or AA genotypes). The scale bar indicates 100 um. (B) Tube area, length and branch per low
power field (Ipf) were determined by matrigel assays and imaging analysis (n = 3-4, *p < 0.05 using Student’s t-test). Quantitative analysis of tube formation for iPSECs was
performed between the GG genotype, and the GA and AA genotypes of p.R4810K on RNF213. HUVECs were used as a positive control. (C) Cluster analysis of fibroblasts from
the control, unaffected carrier and MMD patients (single experiment) using microarrays (left panel). Cluster analysis of iPSECs from the unaffected carrier (three independent

experiments), control and MMD patients (four independent experiments) using microarrays (right panel). Differentially regulated genes that were identified have been
presented in Table S1.

antibody, which we generated (Supplementary data), or using 2.8. Statistical analysis
anti-Securin (PTTG; Zymed, San Francisco, CA, USA), anti-f-

tubulin (Sigma-Aldrich) or anti-B-actin (Abcam, Cambridge, Results are presented as the mean # standard deviation (SD).
UK) antibodies. Quantitation was conducted using Image ] Differences between groups were analyzed using analysis of vari-
software. ance (ANOVA), followed by Tukey’s honestly significant difference
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was used as a loading control for all Western blots. (B) Subcellular localization of exogenous wild-type RNF213-mCherry (WT), RNF213 R4810K-mCherry (R4810K) and
endogenous RNF213 in HUVECs. Left panel: HUVECs were stained for RNF213 (green) and DNA (blue). Middle and right panels: HUVECs transfected with RNF213-mCherry
(red) were stained for tubulin (green) and DNA (blue). (C) Tube formation assays for HUVECs transfected with the RNF213 expression vector or RNF213 siRNA after 12 h of
culture on matrigel. Non-transfected HUVECs (—) were used as a positive control. The scale bar indicates 100 pm. The tube areas for RNF213 overexpression (n =4, *p < 0.05
using Student’s t-test) and siRNAs (n = 3) were quantified (right panel). Similar results were obtained for length and branch (data not shown). (D) Western blot analysis of
Securin in HUVECs overexpressing wild-type RNF213 and RNF213 R4810K, with B-actin used as a loading control (*p < 0.01 using Student’s t-test). Data represents the mean
of at least three independent experiments. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

test for comparisons involving more than two means (SAS Institute
Inc., Cary, NC, USA). A p-value less than 0.05 was considered statis-
tically significant.

3. Results
3.1. iPS cell clones

We established iPSCs from three unaffected subjects and three
patients with MMD (Table 1). We used gPCR to select iPSC clones
where exogenously introduced genes were repressed (Fig. S1A).
Genetic identity was confirmed by genotypes of short tandem re-
peat (STR) markers between donor fibroblasts and iPSCs derived
from these cells (Fig. S1B). All six iPSC clones showed characteris-
tics of human embryonic stem cell morphology. They also ex-

pressed pluripotency markers, including NANOG, OCT4, SOX2,
SSEA4, TRA-1-60, TRA-1-81 and alkaline phosphatase (ALP) enzy-
matic activity (Fig. S1C). We confirmed that there was no expres-
sion of SSEA1. The pluripotent properties of the iPSCs were
confirmed by examining methylation of the OCT4 and NANOG pro-
moter regions (Fig. S1D), and by embryoid body (EB) formation
(Fig. S1E).

3.2. Reduced angiogenic activities of iPSECs in subjects with RNF213
R4810K

The iPSECs derived from iPSCs showed typical morphological
features. They exhibited a cobblestone-like appearance on culture
dishes, and expressed eNOS, CD31, VE-Cadherin, vVWF and CD34,
while iPSCs did not (Fig. S2C and D). All these features correspond
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from a control subject. (A) RNA levels of Securin in HUVECs treated with control and

Securin siRNA (n = 3, *p < 0.05 using Student’s t-test). (B) Representative photomicrographs (upper) and tube areas per low power field (Ipf) (lower) of HUVECs treated with
control and Securin siRNA (n = 3, **p < 0.01 using Student’s t-test). Similar results were obtained for length and branch (data not shown). The scale bar indicates 100 pm. (C)
Time course of cell proliferation for HUVECs treated with control and Securin siRNA. (D) RNA levels of Securin in control iPSECs treated with control and Securin siRNA (n = 3,
*p < 0.05 using Student’s t-test). (E) Representative photomicrographs (upper) and tube areas per Ipf (lower) of control iPSECs treated with control and Securin siRNA (1 =3,
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control iPSCs treated with control and Securin siRNA.

to characteristics of vascular endothelial cells. We investigated iP-
SEC angiogenic activity by tube formation. The iPSECs from MMD
patients and an unaffected carrier revealed significantly reduced
tube areas compared with those from controls (wild-type

169

RNF213; Fig. 1A and B and Fig. S3). Lower angiogenic activity
was also confirmed by total tube length and numbers of branches
(Fig. 1A and B, Fig. S3), but could not be attributed to the suppres-
sion of growth (Fig. S4).
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3.3. Downregulation of mitotic phase-associated genes in iPSECs with
RNF213 R4810K

To better understand whether RNF213 R4810K affects expres-
sion levels of specific genes related to reduced angiogenic activity,
we used microarrays to identify differentially expressed genes in
iPSECs and their parental fibroblasts. Cluster analysis of expression
profiles demonstrated a clear difference for iPSECs with the
RNF213 R4810K genotype (Fig. 1C).

In the iPSECs, the expression levels of 159 genes were differen-
tially regulated by more than three-fold (p < 0.01). Our analysis re-
vealed that 38 genes were up-regulated, and 121 were down-
regulated (Table S1). Gene ontology analysis identified 161 signif-
icant terms (p < 0.01; Tables S2). Gene and ontology classifications
revealed that many mitotic phase-associated genes were down-
regulated (Tables S1 and S2) in iPSECs from donors with the
RNF213 R4810K polymorphism. We confirmed the microarray re-
sults through qPCR assays for five genes (Securin, BUB1, NDC80,
PLK1 and CDC20) (Fig. S5).

3.4. Effects of RNF213 R4810K overexpression

Wild-type RNF213 and/or RNF213 R4810K proteins fused to the
mCherry reporter (Fig. S6) were overexpressed in HUVECs (Fig. 2A
and B). Plasmids were transfected into HUVECs by electroporation
with gene transfer efficiencies around 72%. Overexpression of
RNF213 R4810K reduced angiogenic activity in HUVECs (Fig. 2C)
and significantly inhibited proliferation of HUVECs (Fig. S8). In con-
trast, neither overexpression nor depletion of wild-type RNF213
reduced angiogenic activity (Fig. 2C) or proliferation (Fig. S8).
Localization of exogenous RNF213 R4810K was similar to that for
the exogenous and endogenous wild-type RNF213, with these pro-
teins observed in the cytoplasm around the nucleus (Fig. 2B). Over-
expression of RNF213 R4810K significantly down-regulated the
expression of Securin (p < 0.01; Fig. 2D), while overexpression of
wild-type RNF213 had little effect on Securin.

3.5. Depletion of Securin affects angiogenic activities of HUVECs and
iPSECs

Securin induces angiogenesis, and is an inhibitor of premature
sister chromatid separation [15]. Depletion of Securin induces se-
vere defects in cell migration by lowered microtubule nucleation
[16], which results in lowered angiogenic activity. We then exam-
ined the effects of RNAi-mediated depletion of Securin on tube for-
mation and proliferation using HUVECs and iPSECs carrying wild
alleles. RNAi knockdown of Securin was shown to impair tube for-
mation without inhibiting proliferation in both HUVECs (Fig. 3A-C)
and iPSECs (Fig. 3D-F).

4. Discussion

In this study, we successfully differentiated iPSECs from the iPS-
Cs of MMD patients and carriers harboring GA or AA genotypes of
RNF213 R4810K. The iPSECs with GA or AA genotypes replicated
lowered angiogenic activity for circulating endothelial progenitor
cells in MMD patients [9]. To the best of our knowledge, we are
the first to report the generation of MMD-specific iPSCs that are
able to differentiate into iPSECs, which can then be used as an
in vitro MMD model.

Reduced angiogenic activity was consistently observed in iP-
SECs from subjects that had RNF213 R4810K, and in HUVECs over-
expressing RNF213 R4810K. Because gene expression of Securin,
which is known to require for angiogenesis [15], was suppressed
in iPSECs carrying RNF213 R4810K, we investigated the effects of

RNAi-mediated knockdown of Securin on tube formation in HU-
VECs and iPSECs. Depletion of Securin inhibited tube formation
consistently without inhibition of proliferation as we observed
lowered tube formation of iPSECs from patients and the carrier.
This indicated to us that reduced expression of Securin per se is
responsible for lowered angiogenic activity. Because cell migration
is known to be impaired when Securin is depleted [16], we postu-
late that the defect in migration might occur in iPSECs, thereby
reducing angiogenic activity.

We did not investigate abnormalities of vascular smooth mus-
cle cells (VSMCs), which could be considered a limitation of our
work. A major pathological finding in MMD is the excessive prolif-
eration of VSMCs. The interactions between ECs and VSMCs are
known to play key roles in vascular structure and function of ves-
sels. VSMC migration, proliferation, and differentiation are critical
processes involved in intimal hyperplasia and are under regulation
by endothelial cells [17]. We postulate that there is a defect in the
crosstalk between ECs and VSMCs in patients.

Many mitosis-related genes were downregulated by RNF213
R4810K. We focused on Securin and determined that its downreg-
ulation may play a substantial role in lowered angiogenic activity
of iPSECs from patients with MMD. However, in the present study,
we did not investigate the effects of other downregulated genes.
Furthermore, we did not investigate the mechanisms of Securin
downregulation in iPSECs from MMD patients. Further studies
are needed to substantiate the roles of RNF213 R4810K in down-
regulation of mitotic associated genes.

In conclusion, we observed that iPSECs from MMD patients had
impaired angiogenic functions. RNF213 R4810K manifests as de-
fects in angiogenesis by the downregulation of Securin expression.
The resulting defects in angiogenesis are considered risk factors for
MMD patients. Furthermore, our study demonstrated that iPSECs
can serve as an in vitro MMD model, as they express a useful
benchmark phenotype for high throughput screening, which can
be applied to drug development and discovering MMD triggers.
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INTRODUCTION

which aldosterone production is inappropriately

high with suppression of plasma renin. Such
inappropriate aldosterone production causes sodium
retention and potassium excretion that, if prolonged and
severe, may lead to hypertension and hypokalemia. The
incidence of primary aldosteronism in patients with hyper-
tension has been considered to be less than 1%, but recent
studies have reported a much higher primary aldosteronism
prevalence nearing 10% [1-6]. Primary aldosteronism is
important not only because of its prevalence, but also
because patients with primary aldosteronism have higher
cardiovascular morbidity and mortality than age-matched
and sex-matched patients with essential hypertension
and the same degree of blood pressure elevation [7,8].
Primary aldosteronism is caused by unilateral primary
aldosteronism, including unilateral aldosterone-producing
adenoma (APA), unilateral adrenal hyperplasia (UAH),
unilateral multiple micronodules (UMN), and aldoster-
one-producing carcinoma (APC), or by bilateral primary
aldosteronism, including idiopathic hyperaldosteronism
(IHA), bilateral APA, and glucocorticoid suppressive
hyperaldosteronism (GSH) [1-6]. Among them, APA and
THA account for more than 95% of all primary aldostero-
nism cases. Unilateral adrenalectomy (uADX) is generally

P rimary aldosteronism is a group of disorders in
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recommended for patients with unilateral APA, whereas
pharmacotherapy with mineralocorticoid receptor antago-
nists is another therapeutic option. uADX in patients
with unilateral APA normalizes hypokalemia, improves
hypertension in almost all patients, and fully controls
hypertension in approximately 30—72% of patients [2,9].

It is generally considered that even after uADX,
the remaining contralateral adrenal gland can sufficiently
support life because the adrenal gland is critical for
survival and may have a large amount of reserve function
for maintenance of homeostasis. A few studies have
examined adrenal function or cortisol secretion after uADX
[10,11]. For example, Gordon ef al. [10] reported reduced
plasma levels of cortisol, aldosterone, and catecholamines
following uADX for unilateral primary aldosteronism.
However, in these earlier reports, only the basal cortisol
levels were compared before and after uADX. Meanwhile,
some patients can develop relative adrenal insufficiency
in extreme illness even if they have two healthy adrenal
glands and their baseline cortisol and adrenocorticotropin
hormone (ACTH) levels are within the normal range
[12,13]. Therefore, patients with one adrenal gland
after uADX may be more susceptible to relative adrenal
insufficiency compared with patients with two healthy
adrenal glands in such a situation, although no clinical
studies have proven this. Before irrevocable surgical
intervention, it is preferable for both doctors and patients
to have precise data about changes in adrenal reserve
function by the intervention. Although we cannot predict
the risk of relative adrenal insufficiency, evaluation of the
basal cortisol level alone is not enough to properly predict
the adrenocortical reserve function. The ACTH stimulation
‘test is widely used as a simple method to identify adreno-
cortical hyporesponsiveness. The ACTH stimulation test
assesses the stress response of the adrenal gland by
measuring the adrenal cortisol response to synthetic ACTH.
Thus, in this study, we compared the cortisol response to
ACTH by performing an ACTH stimulation test before and
after uADX.

In addition, because APA is sometimes accompanied by
subclinical Cushing’s syndrome (SCS) or Cushing’s syn-
drome, their exclusion is important for accurate evaluation.

Therefore, in this study, we investigated adrenocortisol
function by comparing basal serum cortisol, plasma ACTH
levels, and the cortisol response to ACTH on the ACTH
stimulation test under 1-mg dexamethasone suppression
(dex-ACTH test) before and after uADX in patients with
APA without SCS or Cushing’s syndrome. The objective of
this study was to evaluate residual adrenal cortisol secretory
function after uADX in these patients.

METHODS

We retrospectively analyzed the patients with APA who
were admitted to the Department of Endocrinology and
Metabolism of Kyoto University Hospital, Kyoto, Japan,
and underwent uADX over the past 6 years. The study
was approved by the Kyoto University Graduate School and
Faculty of Medicine Ethics Committee and was conducted
in accordance with the principles of the Declaration of
Helsinki.

Journal of Hypertension
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Diagnosis of primary aldosteronism

Hypertensive patients who were referred to our hospital
were initially screened by determining their aldosterone-to-
renin ratio [ARR; the ratio of plasma aldosterone con-
centration (PAC) to plasma renin activity (PRA)]. A positive
screening was defined as an ARR over 555 pmol/l per ng/ml
per h (>20ng/dl per ng/ml per h). PRA and PAC were
measured in blood samples obtained after 30 min of rest in
a supine position in the morning. All antihypertensive
drugs with the exception of calcium channel blockers
and a blockers were stopped at least 4 weeks before the
measurement of PRA and PAC [14]. Patients with hypo-
kalemia (i.e. serum potassium level less than 3.5 mmol/D
were allowed to take oral potassium supplementation.

Confirmatory tests for primary aldosteronism
We performed the captopril challenge test and the saline
infusion test to confirm the diagnosis of primary aldostero-
nism in this study. In the captopril challenge test, an ARR of
at least 555 pmol/l per ng/ml per h (20 ng/dl per ng/ml per
h) 60min after administration of 50mg of captopril was
considered positive for primary aldosteronism. For the
saline infusion test, a PAC of at least166 pmol/l (6.0 ng/dD
after infusion of 2 1 of 0.9% saline was considered positive
for primary aldosteronism. Patients who showed positive
captopril challenge test results and/or positive saline
infusion test results were diagnosed with primary aldo-
steronism in this study [15].

Diagnosis of aldosterone-producing adenoma
Patients with confirmed primary aldosteronism underwent
subtype diagnosis prior to surgery. Adrenal CT scanning
was performed for initial localization. The definitive test for
subtype diagnosis was adrenal venous sampling (AVS) [16].
AVS was performed by expert radiologists with ACTH
stimulation as previously described [17]. Adrenal vein
cannulation was considered successful if the adrenal
vein/inferior vena cava cortisol gradient (selectivity index)
was more than 3.0. We considered lateralization to be
present when the aldosterone-to-cortisol ratio (A/C) from
one adrenal gland was more than three times the ratio from
the other adrenal gland (lateralization ratio) and the A/C in
the contralateral adrenal vein was lower than the A/C in the
vena cava (contralateral ratio).

Diagnosis of APA required the following: diagnosis
of primary aldosteronism by the captopril challenge test
and/or saline infusion test, lateralization of aldosterone
secretion at AVS, pathological evidence of adrenal
adenoma in the adrenal gland with aldosterone hyper-
secretion, and normalization of PAC after uADX.

Exclusion criteria

The following patients were excluded from this study:
patients with autonomous cortisol secretion [i.e., plasma
cortisol level of >49.7nmol/l (1.8 ug/dD) after overnight
1-mg dexamethasone suppression] with suspicion of
autonomous cortisol secretion, such as that induced by
SCS or Cushing’s syndrome [18-21] and patients with
incomplete data collection (i.e. patients for whom the
dex-ACTH test was not performed before or after surgery).
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Blood sampling and adrenocorticotropin
hormone stimulation test under 1-mg
dexamethasone suppression {dex-ACTH test)
Before and 2 weeks after uADX, blood samples were
collected between 0800 and 0900 h after the patients had
maintained a supine position for 30min to measure the
basal serum cortisol and plasma ACTH levels. The dex-
ACTH test was also performed before and 2 weeks after
uADX as follows: 1 mg of dexamethasone was orally admin-
istered at 2300 h the night before ACTH injection. At 0900 h
the following morning, 250 g of synthetic ACTH was
intravenously injected, and blood samples were collected
every 30min until 120min after the injection of ACTH.
Serum cortisol levels were measured at each time point.
The area under the curve (AUC) of the dex-ACTH test was
calculated by adding the areas under the cortisol-time curve
for the intervals 0—30, 30—60, 60-90, and 90—120'min. This
test was repeated 1 year after uADX in six patients who
requested reassessment of their adrenocortical reserve
function after uADX for a longer duration.

Blood pressure measurement

Blood pressures were measured in a quiet, warm room with
patients in a seated position with the arm held at heart level.
The blood pressures listed in Table 1 were those obtained
the morning after hospitalization.

Measurements of hormones
PRA was measured using a commercially available
radioimmunoassay (Renin RIAbeads; TFB Factories ILtd,

Tokyo, Japan). PAC was measured by radioimmunoassay
with a commercial kit (Spec-S Aldosterone Kit; TFB
Factories Ltd). Cortisol was measured by an enzyme
immunoassay with the E-test TOSOH 1I (Cortisol) (Tosoh
Corporation, Tokyo, Japan) on an automated immunoassay
analyzer (AIA-1800; Eiken Chemical Co., Ltd., Tokyo,
Japan). ACTH was measured using a commercially avail-
able electrochemiluminescence immunoassay (ECLusys
ACTH; Roche Diagnostics Corporation, Tokyo, Japan).

Statistical analysis

All data were expressed as medians with the interquartile
range (IQR). Data obtained before and after uADX were
compared using the Wilcoxon signed rank test. A P <0.05
was considered to be statistically significant. All statistical
analyses were performed using SAS version 9.2 (SAS Insti-
tute, Cary, North Carolina, USA).

RESULTS

Patients

Twenty-nine consecutive patients underwent operations
for unilateral APA from 2006 to 2012 in our hospital. Among
them, seven patients with serum cortisol levels more than or
equal to 49.7nmol/l (>1.8ug/dD after overnight 1-mg
dexamethasone suppression were excluded from this study
because of a suspicion of autonomous cortisol secretion.
Another eight patients were excluded because of incom-
plete data collection. As a result, 14 patients were included
in this study. The clinical characteristics of the 14 patients
are shown in Table 1. No patients developed clinically

TABLE 1. Clinical characteristics of patients with unilateral aldosterone-producing adenoma before and 2 weeks after unilateral
adrenalectomy

Sex (male : female) 5:9

Number of patients with family history 1
of more than one first-degree relative
i rtension

P before vs: 7

2 weeks afte 2 weeks: aft:

Percentéé;e of eosinophils (%)

85.5 (80.3-94.5)

41.8 (36.7-49.9)

2.8 (2.3-4.1)

76.5 (74.0-86.3) <0.05

3.9 (2.7-6.8)

Tumor diameter (mm)

14.5 (12.0-19.3)

ACTH, adrenocorticotropin hormone; NS, not significant; PAC, plasma aldosterone concentration; PRA, plasma renin activity. Values are medians (interquartile range). Normal values:
urinary aldosterone, <27.7 nmol/24 h; PAC, 82.8—-439.9 pmol/l; PRA, 0.2-2.7 ng/ml per h; ACTH, 1.5-12.3 pmol/l; cortisol: 138.0-579.4 nmol/l. For PAC, 1ng/di converts to 27.7 pmol/|
in the International System of Units (S| units); for urine aldosterone, 1pg/24h converts to 2.77 nmol/24 h in Sl units; for ACTH, 1 pg/ml converts to 0.22 pmol/l in Sl units; and for

cortisol, 1pg/dl converts to 27.59 nmol/t in SI units.
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(a) Basal cortisol
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FIGURE 1 Serum cortisol (a) and plasma ACTH (b) levels before and 2 weeks after
unilateral adrenalectomy in 14 patients. ACTH, adrenacarticotropin hormone; NS,
not significant.

apparent adrenal insufficiency. The serum potassium level
normalized after uADX in all 14 patients. Before uADX,
all 14 patients had hypertension and 12 of them were
prescribed antihypertensive agents. Two weeks after
uADX, the blood pressure normalized without medication

Adrenal function after uni-adrenalectomy

in 12 patients and the antihypertensive drugs were reduced
in the remaining two patients. Six months after uADX, the
blood pressure of 10 of the 12 patients remained normal
without medication, but the blood pressure in the remain-
ing two patients rose again. Medication was restarted in
these two patients, although the dose was lower than that
administered preoperatively. Therefore, we consider
that hypertension was cured in 10 of the 14 patients
and improved in the remaining four patients, 6 months
after uADX.

Basal adrenocorticotropin hormone and cortisol
levels

The basal cortisol levels before and after uADX were
303.5 (272.5-364.2) and 296.6 (270.4-357.3) nmol/l,
respectively. The basal ACTH levels before and after uADX
were 4.4 (2.9-5.8) and 7.0 (4.8-10.5) pmol/], respectively.
The basal cortisol levels were within the normal range in
all patients and were not significantly different before and
after uADX (P=0.706) (Fig. 1a). Although the plasma
ACTH levels were also within the normal range, they were
significantly higher after uADX than before (P<0.01)
(Fig. 1b).

Adrenocorticotropin hormone stimulation

test under 1-mg dexamethasone suppression
(dex-ACTH test)

On the dex-ACTH test, the peak cortisol level in response
to 250 pg of ACTH was lower after uADX than before uADX
in all patients. The peak cortisol level was mildly but
significantly decreased after uADX to 86.6 (81.4-92.9)%
of the level before uADX [535.2 (497.3-575.9) vs. 649.7
(604.2-700.8) nmol/l; P<0.01] (Table 2, Fig. 2a).
The cortisol AUC was also significantly decreased
after uADX to 82.6 (79.0-91.9% of that before uADX
(46703.0 [43888.8—51017.4] vs. 58021.8 [55052.4—60867.0]
nmol/1/120 min; P < 0.01) (Table 2, Fig. 2b).

DISCUSSION

In patients with SCS or Cushing’s syndrome, autonomous
cortisol hypersecretion from the cortisol-producing
adenoma suppresses the hypothalamic-pituitary-adrenal
(HPA) axis and cortisol secretion from the healthy con-
tralateral adrenal cortex. Therefore, adrenal insufficiency

TABLE 2. Serum cortisol levels (nmol/l) and cortisol area under the curve (nmol/l per 120 min) during an adrenocorticotropin hormone
stimulation test under 1-mg dexamethasone suppression before and 2 weeks after unilateral adrenalectomy in the 14 patients

with unilateral aldosterone-producing adenoma

> Before

AUC 58021.8 (55052.4-60867.0)

46703.0 (43888.8-51017.4)

. Ratio
(2 weeks after)/
Abefore) (%)

~ Decreasein
 parameters
by uADX (%

_Pbeforevs.
- 2 weeks after

<0.01 82.6 (79.0-91.9) 17.4 (8.1-21.0)

UADX, unilateral adrenalectomy; AUC, area under the curve. Values are medians (interquartile range).
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(a) Peak cortisol
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FIGURE 2 (a) Peak cortisol levels on the ACTH stimulation test under 1-mg
dexamethasone suppression performed before and 2 weeks after unilateral
adrenalectomy in 14 patients. (b) Cortisol levels at 0, 30, 60, 90, and 120 min
after intravenous administration of 250 ug ACTH. Results are expressed as
individual values (a) or medians with the interquartile range (IQR) (b). ACTH,
adrenocorticotropin hormone.

often occurs after uADX. However, in patients with primary
aldosteronism without SCS or Cushing’s syndrome, the HPA
axis is not suppressed, and cortisol secretion from the
healthy contralateral normal adrenal cortex is maintained.
Therefore, it is generally considered that adrenal insuffi-
ciency does not occur after uADX in patients with primary
aldosteronism without SCS or Cushing’s syndrome.
Generally, basal cortisol levels are measured to assess
adrenal function. However, the basal cortisol level is
markedly variable according to blood sampling conditions,
and it is difficult to evaluate small differences in data
obtained with single blood samplings. In addition, evalu-
ation of the basal cortisol levels alone is not enough
to properly predict the adrenocortical reserve function.
To overcome these limitations, we performed the dex-
ACTH test to precisely evaluate adrenal reserve function
after uADX. The ACTH stimulation test is generally used
to evaluate adrenal reserve function [22—24], although it is
sometimes used to confirm primary aldosteronism by
measuring the plasma aldosterone concentration [25,20].

2014
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The ACTH stimulation test following 1-mg dexamethasone
suppression (i.e., dex-ACTH test) is also useful to evaluate
adrenal reserve function [27]. Administration of 1mg
dexamethasone at 2300 h suppresses the HPA axis on the
following morning and can eliminate the effect of endo-
genous ACTH. Subsequent administration of a fixed and
large amount of ACTH permits evaluation of adrenal
responsiveness to the stimulation (i.e. the adrenal reserve
function).

In the present study, we found that basal plasma ACTH
levels after uADX were significantly higher than those
before uADX. The basal serum cortisol levels were within
the normal range in all patients and were not significantly
different before and after uADX. In addition, on the dex-
ACTH test, the peak cortisol level and the cortisol AUC in
response to 250 pg of ACTH were mildly but significantly
decreased after uADX, which indicates that adrenal respon-
siveness to ACTH stimulation decreased after uUADX. These
results suggest that the adrenal reserve function is mildly
reduced after uADX but that the basal cortisol secretion is
preserved by the increased basal plasma ACTH levels [28].

The peak cortisol level in response to ACTH was sig-
nificantly lower after uADX than before uADX (P < 0.01)
(Table 2). However, the cortisol responsiveness to ACTH
stimulation after uADX was maintained at 86.6 (81.4—
92.4)% of that before uADX. Among all 14 patients after
uADX, four had peak cortisol levels of 415—-500 nmol/l, six
had peak cortisol levels of 500-550 nmol/l, and four had
peak cortisol levels of more than 550 nmol/l. None of the
14 patients had a peak cortisol level of less than 415 nmol/1
on the dex-ACTH test, and we supposed that no apparent
adrenal insufficiency was diagnosed in these patients
[22—24]. This may explain why clinically apparent adrenal
insufficiency did not occur in our patients after uADX. Our
results provide important evidence that reassures and
supports the current clinical opinion of uADX as a well
tolerated procedure in primary aldosteronism with minimal
risk of significant adrenal insufficiency. On the other hand,
our results indicate that adrenal reserve function after uADX
is not the same as that before uADX. The change in adrenal
reserve function by uADX may result in changes to the
patient’s physical potentials that are difficult to detect
during general medical examinations; such changes may
include physical stress endurance, or maximum physical
ability in sports.

Two weeks after uADX, the blood pressure normalized
without medication in 12 of the 14 patients; however, no
patients developed hypotension. Furthermore, hypo-
natremia and hyperkalemia were not observed after uADX.
However, the percentage of eosinophils increased signifi-
cantly after uADX (P<0.01) (Table 1, Supplementary
Table 1, Supplemental Digital Content 1, http://links.Iww.
com/HJH/A270). The amount of circulating eosinophils
is often used as a marker for the biological effect of
glucocorticoids and adrenocortical function [29,30]. There-
fore, the increase in eosinophils might represent a slight
reduction in adrenocortical reserve function, although
clinically significant adrenal insufficiency did not occur
in these patients.

Although the number of cases included in this study was
not large, the sample size was sufficient to detect elevated
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Adrenal function after uni-adrenalectomy

TABLE 3. Adrenal function before, 2 weeks after, and 1 year after unilateral adrenalectomy in six patients with unilateral aldosterone-

producing adenoma

Before

Sex (male : female) 3:3

2 weeks after’

P before vs.
1 year after

P before vs.

2 weeks after 1 year after

Percentage of eosinophils (%) 2.8 (2.6-3.0)

7.0(5.3-7.9)

<0.05 3.2(2.3-37) NS

ACTH, adrenocorticotropin hormone; AUC, area under the curve; NS, not significant. Values are medians (interquartile range). Peak cortisol and cortisol AUC are the results on an ACTH

stimulation test under 1-mg dexamethasone suppression.

basal ACTH levels, decreased peak cortisol levels, and
the cortisol AUC on the dex-ACTH test after uADX with
80% power at the 5% level of significance (Supplementary
Table 2, Supplemental Digital Content 2, http://links lww.
com/HJH/A270). In addition, the results of the dex-ACTH
tests showed the same tendency in all cases. Therefore, the
result that adrenal reserve function mildly decreased after
uADX is convincing. Meanwhile, no patients developed
clinically apparent adrenal insufficiency, and the basal
cortisol levels were within the normal range in all patients
and were not significantly different before and after uADX
(P=0.706). In fact, if the basal cortisol level decreased to a
lower normal range (138.0 nmol/D, we could detect the
change with 99% power (Supplementary Table 2, Supple-
mental Digital Content 2, http://links lww.com/HJH/A270).

We evaluated adrenocortical function 2 weeks after
uADX to evaluate the risk for adrenal insufficiency as early
as possible once the patient had reached a stable condition
after uADX. We can consider that there was little influence
of surgical intervention at 2 weeks after laparoscopic
adrenalectomy [31-33]. Furthermore, in this study, six of
14 patients were observed for a longer duration to verify the
long-term outcomes. In the six patients, the results 1 year
after uADX showed almost the same tendency as those
2 weeks after uADX. Basal plasma ACTH levels after uADX
also remained significantly higher than those before uADX.
Basal serum cortisol levels remained within the normal
range and were not significantly different before and 1 year
after uADX (Table 3). Moreover, the cortisol response to
ACTH on the dex-ACTH test 1 year after uADX did not
return to the preoperative level and remained significantly
decreased compared with that before uADX (P<0.05)
(Table 3, Fig. 3). Meanwhile, the percentage of eosinophils
1 year after uADX decreased to almost the same level as that
before uADX, which had increased 2 weeks after uADX
(Table 3).

In conclusion, our results suggest that although the
basal serum cortisol level is maintained within the normal
range, the adrenal reserve cortisol secretory capacity mildly
decreases after uADX in patients with APA without SCS
or Cushing’s syndrome. Nevertheless, more than 80% of
the reserve capacity was preserved after uADX, which is
compatible with the fact that patients generally exhibit
no problems in daily life after uADX. Because we
compared the adrenal cortisol secretory capacity before
and after uADX, our data are important to understand how
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FIGURE 3 Peak cortisol levels (a) and cortisol AUC (b) on the ACTH stimulation
test under 1-mg dexamethasone suppression performed before, 2 weeks after,
and 1 year after unilateral adrenalectomy in six patients. ACTH, adrenocortico-
tropin hormone; AUC, area under the curve.
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