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including nursing science, nursing care, study of social welfare, social science, psychol-
ogy, economics, religion and ethics, as well as medical sciences;
2 Promotion of gerontology, reform and enhancement of geriatrics in undergraduate,

postgraduate and lifelong education;

3 Building geriatric medical centers in each area, and accumulating large-scale evidence of

geriatric diseases and geriatrics; and

4 Structural development and promotion of home-based care and multidisciplinary care.
Through implementation of the above measures, Japan is expected to function as a
successful example for the rest of the world. Geriatr Gerontol Int 2012; 12: 16-22.
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1. Preface

Over the past 50 years, the percentage of elderly people
in the population of Japan has increased fourfold from
5.7% in 1960 to 23.1% in 2010. Japanese society is
aging at an unprecedented rate. According to the
National Institute of Population and Social Security
Research, the percentage the elderly population is esti-
mated to continue increasing, reaching 26.0% in 2015
and further increasing rapidly. After 2020, the percent-
age of elderly people in the population is expected to
stabilize; however, as a result of a decrease in the total
population, the percentage will further increase to
40.5%, peaking in 2055. Japan will face a super-aged
society, in which 40% of the population will be over
65 years-of-age. Unless appropriate countermeasures
are taken, such as a rapid improvement in clinical skills
and knowledge among physicians involved in geriatrics,
marked advances in the prevention of lifestyle-related
diseases, prevention of geriatric syndromes including
dementia, and marked expansion of home-based care or
local-care, we cannot avoid a situation where many frail
elderly people have to live with no support. However,
many issues remain; that is, a marked reduction of long-
term care facilities, a reduction in length of hospital stay
in acute hospitals and a delay in expanding home-based
care system, and whether thanatology reflects a social
change. We should also consider social issues, such as
ageism, caregiver burnout, dignified death and the
appropriateness of placing gastrostomy tubes in elderly
patients with dementia. To provide dignified care, par-
ticularly for older people, appropriate care should be
carried out in not only the terminal phase, but also
during the last few years before death.

However, despite the challenge, little is known about
gerontology and geriatrics in Japan, and they are not
fully used in clinical settings or education. To solve this
problem, a macroscopic integration and cooperation are
needed, using an interdisciplinary approach involving
medical science, nursing science, nursing care, study of
social welfare, social science, engineering, jurispru-
dence, economics, psychology and ethics. Furthermore,
along with the reform and enhancement of geriatrics in
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undergraduate and postgraduate education, fostering
specialists who can practice geriatrics is needed. Also,
for non-geriatricians or general practitioners who cur-
rently and prospectively provide care in clinical settings,
an educational system should be prepared to deepen
their understanding of geriatric medicine.

2. Current situation and measures

(1) Social contribution of the elderly and the
medical economy

As a result of the low birth rate, the percentage of
the total labor force (aged 20-64 years) is expected to
decrease in Japan. Elderly people are usually divided
into two groups based on age: 65-84 years (young-old)
and 7§ years and older (old-old). Although many elderly
people, particularly the young-old, have sufficient
physical strength to fulfil their job duties and a make
social contribution though productive activity, they are
not fully utilized. The promotion of social participation
and the contribution of the elderly is expected to con-
tribute to creating purpose in their lives, as well as an
increase of a substantive productive population, finan-
cial stability and self-sustainability for the elderly, and
an upturn of national economic activity through an
increase of total consumption. Therefore, for elderly
people to be engaged in various social activities, strate-
gies for developing a social structure for re-education,
volunteer activity, various employment statuses and
employment opportunities should be prepared using an
interdisciplinary approach involving study of social
welfare, social science and economics. However, as the
total number of jobs is fixed, consideration should also
be given to young workers.

Life expectancy in Japan is the highest in the world.
Japan also has the highest healthy life expectancy. In
2008, USA health expenditures accounted for 16% of
the nation’s gross domestic product (GDP), twice the
Japanese rate. Compared with other countries, Japanese
health expenditures as a percentage of GDP accounted
for two-thirds of that of France and Germany, suggest-
ing that we have the most cost-effective health-care
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systems. In addition, the annual cost of health care has
been approximately 670 000 yen per elderly person for
the past 10 years. However, the aging of the population
is expected to impact on future spending growth. Sasaki
compared life-long medical costs between the longevity
and non-longevity groups, and found that longevity
decreases medical costs and has positive economic
impacts.! Thus, it is important to enhance preventive
medicine to achieve longevity, make continuous efforts
for cost-effective medicine and improve satisfaction
with the health-care systems. Discussion of geriatric
medicine should be made after disclosing the aforemen-
tioned facts to the public.

Problems in geriatric medicine are closely linked to
social structures, including care, welfare and dwelling
surrounding the health-care system. To reveal and solve
problems regarding the elderly and an aged society, the
promotion of gerontology using an interdisciplinary
approach is increasingly needed.

Regarding employment opportunities for older
workers and future directions of medicine, care and
welfare, discussion should be made among specialists
from various health-care specialties. The Japan Geriat-
rics Society and the Japan Gerontological Society, as
a core organization, should expand their activities to
achieve a “society where elderly people can enjoy their
lives” with the cooperation of the National Center for
Geriatrics and Gerontology, Tokyo Metropolitan Geri-
atric Hospital and Institute of Gerontology, the Institute
of Gerontology the University of Tokyo, and J. F.
Oberlin University.

(2) The current state of geriatric medicine and
its direction

Geriatric disorders have several features.

First, diseases occur as a result of a decline in organ
systems associated with aging. Therefore, even if a
disease is not so severe, a patient might have been devel-
oping an unexpectedly marked decline in organ systems.
In addition, homeostatic function with aging, biophy-
laxis capacity and nutritional absorption capacity often
decrease, and symptoms become chronic and refractory.

In terms of clinical symptomatology, older people
often complicate many diseases together with a geriatric
syndrome with multiple etiologies. Signs and symptoms
vary according to each individual, and are often atypical.
Response to drugs is different in elderly compared with
non-elderly people.

Older people are more likely to develop multiple dis-
eases, and visit different hospitals and receive many
screening tests and prescriptions at the same time;?
thus, total expenditures on the elderly become inevita-
bly high, which has been said to cause financial collapse
of the Japanese health insurance system. However,
regarding this issue, we should focus on the medical
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cost required for a single disease between elderly
and non-elderly people, and we should be aware that
restricting the increasing financial burden on patients to
receive screenings or prescriptions for each disease
would be ageism for elderly people and uncontroversial.
However, unnecessary duplication of the screening
given at each hospital should be avoided. To achieve
this, an effective screening system carried out by
primary-care  physicians, and privacy-preserving
medical data sharing of test results and medication
among hospitals and clinics are needed. Regarding
medications, the Japan Geriatrics Society has prepared
the “Guidelines for medical treatment and its safety in
the elderly” as an outcome of the sponsored research in
Japan Foundation on Aging and Health.* The guideline
explained standard medical treatments mainly for the
elderly by giving examples of low priority, such as
making an easy prescription or non-evidence-based
prescription to prevent deterioration of chronic disease.
In either retrospective fee-for-service or a prospective
payment system (fixed amount), physicians should
provide the same level of prescription to each patient.
To carry out effective screening for the elderly -
or evidence-based medical treatment, a constructive
research system should be developed separately from
health-care reform in terms of medical economy. The
Japanese government has decided to abolish the existing
medical insurance system for those aged 75 years and
older; however, the following principles stated in the
existing medical insurance system should be included in
the next system for the elderly: (i) elderly disease pre-~
vention; (ii) comprehensive geriatric assessment; and
(iii) incentives to promote discharge planning.

Older people often develop functional disorders asso-
ciated with chronic disease or aging. Functional disor-
ders not only jeopardize the independence of people
and pose social disadvantage, but also lead to secondary
disease. This often makes elderly people fully depen-
dent, resulting in lower quality of life. Therefore, in the
treatment of geriatric disorders, priority should be given
to functional outcomes, as well as life expectancy and
the prognosis of organ systems. In addition, because a
psychological change associated with an environmental
change often leads to a deterioration of symptoms in
elderly people, treatment policy and discharge planning
should be prepared with a holistic consideration of the
patient using the comprehensive geriatric assessment
(CGA). In geriatric medicine, it is important not only to
protect organ systems, but also to maintain physical
function to prevent assisted living.

To maintain independent living, a person needs to
have sustained function, including daily life functions,
cognitive function, emotion and sociality (family, friends,
job). CGA is used to determine the aforementioned
functional status both comprehensively and systemati-
cally. The results of CGA give us a clue of what kind of
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support can help maintain independent living or assisted
living with minimum care for elderly people. However,
CGA is nota popular tool. Therefore, we should examine
ways of increasing the awareness of CGA to promote its
use for the improvement of geriatric medicine.
End-of-life care for elderly patients is an extremely
important issue in geriatric medicine; however, very few
elderly people in Japan have made advance directives
to show their wishes about their health care during
the end-of-life period. In geriatrics, there are so many
issues to discuss, including confirmation of patient’s
wishes, the need of a health-care representative, and the
relationship between the patient and their physician.
Therefore, we should investigate the awareness of end-
of-life care for elderly patients among health-care pro-
fessionals, including physicians and nurses, people
involved in care, patients, and their families, to discuss
future direction of care. Regarding end-of-life care in
elderly people, “Attitudes toward end-of-life care in
elderly patients”,* which was announced in 2000 by the
ethics committee of the Japan Geriatrics Society and is
currently under revision, and a proposal prepared by the
end-of-life care research group,® should be referred.

(3) Fostering health-care professionals involved in
geriatric medicine

Despite the growth of the elderly population, physicians
with special geriatric training are not expected to
increase under the present system of medical education.
In order to solve the problem of care for the growing
elderly population, the educational system should be
restructured to provide an understanding of geriatric
medicine for non-geriatricians, general practitioners
and physicians working at care facilities that provide
care for elderly patients. This might be an effective and
practical approach for fostering physicians taking care
of the elderly. To provide sufficient geriatric knowledge
to general practitioners and non-geriatricians, the edu-
cation program should include basic geriatrics contents
to retain quality of geriatric care, which would be
required even for non-geriatricians. The Japan Geriat-
rics Society has published Clinical Handbook for Active
Aging and Geriatric Care for physicians, which aims to
provide basic knowledge of elderly-specific symptoms,
assessment, treatment and care. It is expected that using
this handbook for students, residents, practitioners and
non-geriatricians might contribute to the expansion of
geriatric medicine. In the USA, in order to deal with a
shortage of geriatric specialists, medical students are
required to receive a minimum geriatrics education.®

(4) Promotion of geriatric disease clinical research

In Japan, a system for making diagnosis and providing
treatment and care for patients with elderly diseases,
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including dementia, has not been fully developed. In
elderly care, it is important to make an accurate diag-
nosis and collect clinical evidence to reflect diagnosis
and evidence in clinical settings. To accumulate evi-
dence of geriatric medicine and nursing, the promotion
of clinical research and a marked expansion of geriatric
medical centers with high-level medical services are
eagerly awaited.

Currently, there are just two geriatric medical centers
in Tokyo and Nagoya. Therefore, the number of centers
should be increased and should be placed in each dis-
trict (Hokkaido, Tohoku, Hokuriku, Kanto, Koshi-
netsu, Tokai, Kinki, Chugoku, Shikoku and Kyushu).
The National Center for Geriatrics and Gerontology, as
a core facility, is required to examine the efficacy of
geriatrics-related activities and consistency with coun-
termeasures, supervise multicenter studies and clinical
research projects, and strive to enhance geriatric medi-
cine through the standardization of geriatric medicine
and care, and preparation of medical guidelines. In this
process, each center, as a platform of geriatric medicine,
should accumulate clinical data, and is also required to
function as a facility to educate non-geriatricians.

The Japan Geriatrics Society has been carrying out
clinical research on the treatment of hyperlipemia
involving the elderly aged 75 years and over. An estab-
lishment of a support system for such clinical research
and an accumulation of evidence on the efficacy of
nutrition and exercise are also considered important.

(5) Promotion of home-~based care and
multidisciplinary care

Based on the demand of older people who prefer to
remain at home, and a government policy that aims to
shorten the length of hospital stay and the number of
beds to decrease the growing burden of health-care
expenditure, the promotion of home-based care has
been provided. However, the medical structure of
home-based care has not been fully devised, requiring
further development of a medical and nursing structure
where older people can receive continuing treatment
and care, including rehabilitation, within the local com-
munity, while not being too dependent on the hospital
stay, or not being forced to choose home-based care.
Enhancement of home-based care might contribute to
reducing the burden on physicians and nurses at acute
hospitals, and might also compensate for other care
services, such as emergency care and obstetrics.

One of the concerns of home-based care among phy-
sicians, patients and their families is the difficulty with
hospital admissions in the event of sudden illness or
deterioration. To solve this problem, the National
Center for Geriatrics and Gerontology has established a
“Home-based care unit”. Preregistration from both a
general practitioner and the patient is necessary for
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admission to this unit, with the intention to continue
home-based care. The patient can be admitted any time
by referral of a general practitioner. The outcome of this
program is eagerly awaited.

In home-based care settings, a group of professionals
from diverse disciplines mutually cooperate to pro-
vide care for a patient. For such a multidisciplinary
approach, it is important to choose appropriate profes-
sionals according to the condition and disease stage
of the elderly patient. However, this multidisciplinary
approach involves some problems. One is the legislative
“gap” between health-care providers registered under
the Medical and Dental Practitioners Acts and the Act
on Public Health Nurses, Midwives and Nurses, and
nursing care providers registered under the Long-Term
Care Insurance. The other is the discrepancy in the
principle between health-care and nursing-care provid-
ers. To solve these problems, it is essential to examine
them along with the legislative issues, and promote
home-based care, particularly at universities offering
courses in geriatrics and local community hospitals
where there are accumulating results of a multidisci-
plinary approach to caring for elderly patients, to further
promote the cooperation between medical-care and
social-welfare services.

3. Proposals

We make the following proposals as countermeasures

against various issues in geriatrics:

(1) Development and promotion of a system that
enables elderly people to participate socially and
make a contribution using an interdisciplinary
approach among the various areas, including
nursing science, nursing care, study of social
welfare, social science, engineering, psychology,
economics, religion and ethics, as well as medical
sciences.

Promotion of social participation and contribution of
the elderly, while considering the total number of jobs
and young workers, is expected to contribute to creating
purpose in their lives, and reduce the growing number
of older people who become frail or in need of care. It is
also expected to bring about an increase in a substantial
productive population, financial stability and self-
sustainability for the elderly, and an upturn of the
national economic activity through an increase of total
consumption.

(2) Promotion of gerontology, reform, and enhance-
ment of gerontology and geriatrics in undergradu-
ate, postgraduate and lifelong education.

To solve problems associated with elderly people or an

aged society, gerontological and geriatric research and

education should be enhanced. By fostering medical
professionals who understand the physical and mental

traits of older adults, and those who can provide a
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holistic approach with consideration to organic

integration with nursing care, provision of reliable care

and nursing services is expected.

(3) Build geriatric medical centers in each area, and
accumulate large-scale evidence of geriatric diseases
and geriatrics.

For system reform of diagnosis, treatment and nursing

care, evidence should be accumulated through large-

scale clinical studies.

(4) Structural development and promotion of home-
based care and multidisciplinary medicine and care.

Promotion of home-based care and multidisciplinary

medicine and care, particularly at universities offering

courses in gerontology and local community hospitals
where there are accumulating results of a multidisci~
plinary approach to care for elderly patients, can be
expected to help reduce the burden of physicians and
nurses, and meet the demand of older people.

Through implementation of the aforementioned
measures, Japan is expected to function as a successful
model for the rest of the world.

4. Summary

The phenomenon of an aging population is often con-
sidered within a negative spectrum; however, elderly
people in need of care only account for 13% of the total
elderly population, and this is not being expected to
further increase. We should rather focus on the fact of
an increasing number of “healthy elderly individuals
with rich experience and knowledge”, which would not
become a negative factor in the future. The restructur-
ing of these healthy elderly resources for social devel-
opment is believed to bring a permanent bright future,
and it is expected that medical-care and social-welfare
services will make a significant contribution within
this framework. The realization of healthy longevity in
society is possible; however, we should be aware that it
is only possible by the integration of geriatric medicine
and social welfare.

To cope with the problems that come with a rapidly
aging society as the world-leading model, the develop-
ment of elderly-friendly medical devices and nursing-
care equipment to avoid a labor shortage is considered
essential. Taking the lead in the development of medical
equipment for elderly people enables us to provide other
countries with aging populations with a model for
success, and is also expected to contribute to the cre-
ation of new employment and an increase in export as
one of the main industrial products in Japan.

The task given to the country with the longest healthy
life expectancy is to try to achieve the highest level of
elderly satisfaction. As a result of a community change,
“roles” and “presence with respect” of the elderly have
become weakened, and a medical- and nursing-care
“burden” for the younger population has been casting
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a dark shadow over the society. As the baby boomer
generation ages into elderly status, new roles, including
a future health-care workforce and volunteer activities,
and community satisfaction should be rebuilt. Geron-
tology and geriatrics ought to take the lead in showing a
practical approach to the industry and the administra-
tion to create new images of the elderly.

Acknowledgment

This article is a translation of the proposal by The Sub-
committee for Aging in The Science Council of Japan.

Disclosure statement

The authors declare no conflict of interest.

2 |

223

References

1 Sasaki H. Medical Economy, Geriatrics Textbook (Japa-
nese), 2008; 248-249.

2 Akishita M, Teramoto S, Arai H et al. Incidence of adverse
drug reactions in geriatric wards of university hospitals. Jpn
J Geriatr (Jpn) 2004; 41: 303-306.

3 Guidelines for medical treatment and its safety in the elderly,
edited by the Japan Geriatrics Society, 2005.

4 Iguchi A. Terminal care of the elderly. Jpn J Geriair (Jpn)
2005; 42: 285-287.

S Proposal by the end-of-life care research group. The Scien-
tific Council of Japan (Japanese), 2008.

6 Ito H. Perspective of geriatric medicine. Kagaku (Jpn) 2010;
80: 68-72.

© 2011 Japan Geriatrics Society



Cardiovascular Research (2012) 93, 666673
EURGPEAN doi:10.1093/cvr/cvr329
SQCIETY OF
CARDIOLOGY®

A novel gain-of-function KCNJ2 mutation associated
with short-QT syndrome impairs inward
rectification of Kir2.1 currents

Tetsuhisa Hattori!, Takeru Makiyama'*, Masaharu Akao?, Eiji Ehara3, Seiko Ohno',
Moritake Iguchi?, Yukiko Nishio', Kenichi Sasaki', Hideki Itoh?, Masayuki Yokode®,
Toru Kitaé, Minoru Horie?, and Takeshi Kimura'

"Department of Cardiovascular Medicine, Kyoto University Graduate School of Medicine, 54 Shogoin Kawahara-cho, Sakyo-ku, Kyoto 606-8507, Japan; 2National Hospital Organization
Kyoto Medical Center, Kyoto, Japan; 3Depamment of Pediatric Cardiology, Osaka City General Hospital, Osaka, Japan; “Department of Cardiovascular and Respiratory Medicine,

Shiga University of Medical Science, Otsu, Japan; *Clinical Innovative Medicine Translational Research Center, Kyoto University Hospital, Kyoto, Japan; and “Kobe City Medical Center
General Hospital, Kobe, Japan

Received 21 june 2011; revised 28 November 2011; accepted 5 December 2011; online publish-ahead-of-print 8 December 2011

Time for primary review: 22 days

: Short—QT syndrome (SQTS) isa recently recognlzed dlsorder assoc13ted wnth atria ﬁbrlllatnon (AF) and sudden death .
dueto ventrlcular arrhythmtas Mutations in severalion channel genes have been mked to SQTS however, the mech-ﬁ
~ anism remams unclear. Thrs study descmbes a novel heterozygous gam of functlon muta.tlon in the mward re‘ tlfler

:O suffe ed:

’,paroxysma AF Mutat[onal analys‘
o played no K|r21 currents when M301

o reveaied no functlonal currents in t
- gndet the heterozygous condmon

esulted in 1arge outward urrents Wthh is a nove mechamsm pred:sposmg

\ “Kéywads‘ '  “:'(mecﬁéﬁ;s'ms‘)”.’ 'Skh:o_ QT syndrome . K-channe Atr[al flbrlllation . [nward rectlﬁcatuon:‘ - ,

described by Gussak et al." in 2000 within the context of a familial
AF case associated with short-QT interval. SQTS is a genetically het-

1. Introduction

Short-QT syndrome (SQTS) is a recently recognized disorder, char-
acterized by a shortened QT interval in the electrocardiogram
(ECG), and associated with a high incidence of atrial fibrillation
(AF), syncope, and sudden death due to ventricular tachyarrhythmias
without structural cardiac abnormalities. The syndrome was first

erogeneous disease, and five ion channel genes (SQT1-6) have been
identified as causative genes thus far: KCNH2 encoding the
a-subunit of the rapidly activating delayed rectifier potassium chan-
nels, g (SQT1)% KCNQT encoding the a-subunit of the slowly activat-
ing delayed rectifier potassium channels, I (SQT2)3; KCNJ2 encoding
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the Kir2.1 channels that underlie the inward rectifier potassium cur-
rents, g1 (SQT3)% CACNATC, CACNB2b, and CACNA2D1, which
encode the a1C, B2b, and a28-1-subunits of cardiac L-type calcium
channels (SQTH4, SQT5,° and SQT66), respectively. SQT4 and SQT5
are considered clinical entities with the combined phenotypic charac-
teristics of SQTS and Brugada syndrome, manifesting in a | point and
ST-segment elevation in the right precordial ECG leads.

Regardless of the extensive genetic screening carried out on SQTS
patients, genetic mutations have been identified in a small number of
cases.>7® |n 2005, Priori et al* first reported that a KCNJ2 mutation
was responsible for SQTS (SQT3); however, no additional SQT3 var-
iants have been reported thus far. This lack of progress has significant-
ly hindered our advances in understanding the mechanisms underlying
this disease. In the present study, we describe a novel KCNJ2 mutation
which impaired the inward rectification of Kir2.1 currents. This is a
novel KCNJ2 gain-of-function mechanism leading to SQTS.

2. Methods

2.1 Genetic analysis

Genetic analysis was performed after written informed consent in accord-
ance with the study protocol approved by the Kyoto University ethical
committee. The investigation conforms to the principles outlined in the
Declaration of Helsinki. Genomic DNA was isolated from blood lympho-
cytes, and screened for the entire open-reading frames of KCNQT,
KCNH2, KCNE1-3, KCNJ2, CACNATC, and SCN5A by denaturing high-
performance liquid chromatography using a WAVE System Model 3500
(Transgenomic, Omaha, NE, USA). Abnormal conformers were amplified
by polymerase chain reaction and sequencing was performed on an ABI
PRISM 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA,
USA), and compared with 400 Japanese control alleles.

2.2 Neonatal rat ventricular myocyte isolation

This investigation was performed in accordance with the Guide for the
Care and Use of Laboratory Animals, published by the National Institutes
of Health (NIH Publication No. 85-23, revised 1996), and was approved
by the Kyoto University Animal Experimentation Committee. A standard
trypsin dissociation method was used to prepare neonatal rat ventricular
myocytes (NRVMs).” The hearts were removed from 1- to 2-day-old
Wistar rats euthanized by decapitation. The ventricles were minced,
and the myocytes were dissociated with trypsin. Dispersed cells were pre-
plated on 100 mm culture dishes for 1 h at 37°C in 5% CO, to remove
fibroblasts. Non-attached, viable myocytes were collected, and placed
on 35 mm culture dishes.

2.3 Mutagenesis and transient transfection
of KCNJ2 plasmids

The entire coding region of the KCN/2 was subcloned into the
pCMS-EGFP vector (Clontech, Palo Alto, CA, USA) using methods previ-
ously described.’® The mutation was introduced by site-directed muta-
genesis using the QuikChange Mutagenesis Kit (Stratagene, La Jolla, CA,
USA). We sequenced the entire plasmid to confirm the presence of the
mutation and the absence of any unwanted variations. To assess the func-
tional modulation of mutant channels, human embryonic kidney (HEK)
293 cells were transiently transfected with KCNJ2 WT and/or mutant plas-
mids using FUGENE 6 (Roche, Indianapolis, IN, USA) as directed in the
manufacturer’s investigate the mutant’s
effects on myocyte action potentials, plasmids were transfected 1 day
after plating NRVMs, using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA, USA).M

instructions. In order to
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2.4 Cell surface expression of KCNJ2

Immunofluorescence microscopy was used to detect the presence of
KCNJ2 channels on the plasma membrane of HEK 293 cells. A haemagglu-
tinin  (HA) epitope (YPYDVPDYA) was introduced into the
pCMS-EGFP-KCNJ2 [wild-type (WT) and mutant] construct between
residues Ala-115 and Ser-116 (extracellular loop between TM1 and
TM2)."%"2 HEK 293 cells were transfected with 1.0 pg of WT or
mutant plasmids, or 0.5 ug of each WT and mutant plasmids to assess
a heterozygous condition in 35 mm glass-bottom dishes. Two days
later, the cells were fixed with 4% paraformaldehyde solution, and
images were taken at x40 magnification on an LSM 510 confocal
microscope (Carl Zeiss, Jena, Germany).

2.5 Electrophysiological analysis

For voltage-clamp experiments, a total of 0.75 pg of WT and/or mutant
KCNJ2 plasmids were transfected in HEK 293 cells; 48—72 h after transfec-
tion, functional assays were conducted on GFP-positive cells by a conven-
tional whole-cell configuration of patch-clamp techniques at 37°C, using
an Axopatch 200A patch clamp amplifier and a Digidata 1322A digitizer
(Axon Instruments, Foster City, CA, USA).' Pipettes were filled with a
solution (in mM): 140 KCl, 2 MgCl,, 1 EGTA, and 10 HEPES (pH 7.3
with KOH). The bath solution was composed of (in mM): 135 NaCl,
5 KCl, 1 MgCl,, 10 glucose, and 10 HEPES (pH 7.4 with NaOH).

In order to record action potentials on NRVMs, 3 ug of WT, or a
mixture of 1.5 pg WT and 1.5 g mutant KCNJ2 plasmids, were trans-
fected; 48—72 h after transfection, functional assays were conducted on
non-transfected or transfected cells that were recognized by their
obvious green fluorescence, using a whole-cell patch-clamp technique at
37°C with the same devices. Action potentials were evoked by 2 ms
supra-threshold current pulses at 10 Hz in a current-clamp mode. The
pipette solution contained (in mM): KCl 140, MgCl, 1, MgATP 4, NaCl
10, and HEPES 10 (pH 7.2 with KOH). Tyrode solution contained (in
mM): NaCl 140, KCt 4, CaCl, 2, MgCl, 1, HEPES 10, and glucose 10
(pH 7.4 with NaOH). Action potential duration (APD) was measured
as the time from the overshoot to 90% repolarization (APDgp).

2.6 Statistics

All the data are shown as mean + standard error of the mean. For mean
value and comparisons between two sample groups, an unpaired Stu-
dent’s t-test was used to evaluate statistical significance. For comparisons
between multiple groups, we applied a Steel—Dwass test. For either evalu-
ation, a P-value <<0.05 was considered significant.

3. Results

3.1 Clinical features

An 8-year-old girl with a markedly shortened QT interval (QT =
172 ms, QTc = 194 ms; Figure 1A) had been suffering from multiple
disorders, such as severe mental retardation, abnormal proliferation
of oesophageal blood vessels, epilepsy, and Kawasaki disease. Upon
presentation during a routine check-up, her treating physician
noticed an irregular heart rhythm. Her 12-lead ECG showed AF
(Figure 1B), and she underwent external electrical cardioversion
because intravenous infusion of procainamide (15 mg/kg) failed to
recover sinus rhythm. The echocardiography revealed no significant
abnormality. During further evaluation with right-heart catheteriza-
tion, the Swan—Ganz catheter induced supra-ventricular tachycardia
when it was inserted in the right atrium, and ventricular fibrillation
occurred at the position of the right ventricular outflow tract,
which suggested the presence of increased myocardial irritability.
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She was diagnosed with SQTS from these clinical features (i.e. a mark-
edly shortened QT interval, paroxysmal AF, and VF inducibility).
The proband had a family history of perinatal death in her elder
sister (Figure 1C), but her family did not undergo genetic investigation
or further clinical evaluation with the exception of ECGs taken for her
father, elder brother, and younger sister. Genetic investigations could

not be carried out due to a lack of informed consent. The ECGs for
the family members displayed normal QTc intervals (410, 430, and
390 ms, respectively; Figure 1C).

3.2 Genetic analysis

In this patient, we screened for candidate cardiac ion channel genes
(KCNQ1, KCNH2, KCNE1-3, KCNJ2, CACNATC, and SCN5A). As a
result of the genetic analysis, we identified a novel heterozygous mu-
tation, a single-base substitution at nucleotide 902 (c.902T>A) in the
KCNJ2 gene, resulting in an amino acid change from methionine to
lysine at 301 in the Kir2.1 potassium channel (Figure 2A). Met-301 is
located in the C-terminal cytoplasmic domain of the channel
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(Figure 2B)." The amino acid at codon 307 (methionine) is highly con-
served among different species (Figure 2C). Furthermore, this mutation
was absent in 400 Japanese control alleles. We failed to identify muta-
tions in any other candidate genes.

3.3 Cell surface expression of KCNJ2
mutants

In order to investigate whether the M301K mutations affect intracel-
lular Kir2.1 trafficking, we introduced an HA epitope into the extracel-
lular domain of KCNJ2, and examined the subcellular distribution of
channels in transfected HEK 293 cells using confocal microscopy™®
(Figure 2D). Figure 2D illustrates the typical results of confocal
imaging. HEK 293 cells were successfully transfected with either
HA-KCNJ2 WT, KCNJ2 WT/HA-M301K, or HA-M301K (Figure 2D,
upper panels). All types of HA-tagged Kir2.1 proteins exhibited red
fluorescence at the plasma membrane (Figure 2D, middle and lower
panels), indicating that both homo- and heterozygous mutant chan-
nels were trafficking-competent.

Z10T ‘L KRN uo Kreiqry Aisioarun) 0joA Je /810°sjeuInofpIoyxo-seraseaorpieo/:dpy wol papeojumo(



A novel KCNJ2 mutation associated with SQTS

669

A

3
GO ALGGCATOOT GGAA

AgG Met 3 Lys

C

Mouse-IVVILEG
Dog-WVILEG

Rat-IVVILEGM
Chicken~IVVILEGM
Xenopus—VVILEGM

HA-M301K  WT/ HA-M301K

{homo})

3.4 Cellular electrophysiology

We performed a functional characterization of the mutant channels in
HEK 293 cells. Figure 3A shows representative current traces from cells
expressing KCNJ2 WT, M301K, or WT/M301K, elicited by voltage-
clamp steps (duration 400 ms) from =120 to +100 mV (10 mV
step), applied from a holding potential of —60 mV. The currents
were normalized to cell capacitance and were plotted as a function
of test potentials (Figure 3B). As previously reported, expression of
the KCNJZ WT in HEK 293 cells resulted in normat inward rectifying
potassium currents (Figure 3A left panel and blue symbols in
Figure 3B). When M301K mutant channels were expressed alone,
they were entirely non-functional (Figure 3A middle panel and green
symbols in Figure 3B). In contrast, when cells were co-transfected
with both equimolar WT and M301K, ample potassium currents
showing a very weak inward rectification could be recorded
(Figure 3A right panel and red symbols in Figure 3B). Average current
densities were significantly smaller than those of WT Kir2.1 channels
at potentials between —120 and —90 mV (P < 0.05), and significantly
larger at potentials between —30 and +100 mV (P < 0.05).

3.5 Contribution of amino acid charge
at residue 301 to Kir2.1 currents

Methionine at 301 is located within the G-loop that forms the nar-
rowest segment of the cytoplasmic pathway,”>" and negatively
charged amino acids on the inner wall of the cytoplasmic pore,
where the G-loop is located, are known to be important for the
strength of the inward rectification.”®~'® We therefore speculated
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that the amino acid charge at this position may be crucial for the
inward rectification of Kir2.1 channels, and that its change from me-
thionine (neutrally charged) to lysine (positively charged) may result
in functional changes in Kir2.1 currents. In order to analyse the con-
tribution of the amino acid charge at 301 to inward rectification, we
changed the amino acid at M301 to another positively charged amino
acid, arginine, and to another neutral amino acid, alanine, for compari-
son. Figure 4A illustrates the whole-cell Kir2.1 currents in homo- and
heterozygous mutant conditions for M301R (left panel) and M301A
(right panel). Homozygous M301R mutant channels displayed no
functional currents, whereas WT/M301R attenuated the inward recti-
fication (Figure 4A left panel). These observations suggest that the cur-
rents through the M301R channels are similar to those of the M301K
channels (Figure 3) under both homo- and heterozygous conditions.
On the other hand, in the M301A channels—in which the residual
charge remained neutral—the currents showed normal inward recti-
fication in both homo- and heterozygous conditions similar to those
produced by WT Kir2.1 channels (Figure 4A right panel). In order to
evaluate the intensity of inward rectifying properties, we assessed the
rectification index, along with the ratio of the current amplitudes at 0
and —100 mV." Figure 4B shows the rectification indexes obtained
from WT, M301A (0.10 +0.02, n=10), WT/M301A (0.073 +
0.015, n=11), WT/M301K (1.12 + 0.16, n=11), and WT/M301R
(0.99 + 0.14, n=11). Although the rectification indexes for WT/
301A and M301A showed no significant difference, the indexes for
both WT/M301K and WT/M301R were significantly increased in
comparison with WT (0.061 + 0.01, n=15, P<0.001, left-most
bar in Figure 4B).
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3.6 Action potentials recording in
KCNJ2-M301K-transfected NRVMs

We investigated the impacts of M301K mutant Kir2.1 channels on
NRVMs’ action potentials using a transient transfection method.
Figure 5A shows typical action potentials recorded for non-transfected
(control) NRVMs (Figure 5A, left panel), and NRVMs transfected with
KCNJ2 WT or WT/M301K (Figure 5A middle and right panels, respective-
ly). Phase 3 repolarization was accelerated in the KCNJ2 WT- and WT/
M301K-overexpressed groups (Figure 5A middle and right panels,
respectively) and we could further note that the dome is nearly lost in
the WT/M301K group. APDgy was significantly abbreviated in the
KCNJ2 WT-overexpressed group (282 + 3.4 ms, n= 10, P <0.001,
Figure 5A, middle panel) in comparison with the control group
(123.3 &+ 12.2 ms, n = 11, Figure 5A, left panel; bar graphs in Figure 5B).
Additionally, APD90 was significantly shorter in the WT/M301K
(94+21ms, n=16, P<0.001,
bar graph in Figure 5B) than in the

mutant-overexpressed  group
Figure 5A, right panel;
WT-overexpressed group.

4. Discussion

4.1 Major findings

In the present study, we identified a novel heterozygous KCNJ2 muta-
tion, M301K, in a patient with a markedly shortened QT interval. The
QT interval, 172 ms, of this patient is the shortest among previous

SQTS reports, >~ """ to our knowledge. The methionine at position

M301K (homo)

i WT (n=15)
—e— M301K (n=14)
e WT/M301K (n=11)
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-860 my
-120 mV
400 ms

120 to -90 m\/ (P < 005)

301 is located in the C-terminus of Kir2.1 channel, and is considered
to form a pore-facing loop region.” Functional assays using a heterol-
ogous expression system revealed that homozygous M301K Kir2.1
channels carried no currents with preserved plasma membrane ex-
pression; however, heterozygous WT/M301K Kir2.1 channels attenu-
ated inward rectifying properties, which resulted in increased outward
currents for positive voltages and negative voltages down to —30 mV.
Significant increases in outward currents within the voltage range of
the action potentials shortened APD by accelerating membrane repo-
larization as shown in Figure 5, which is implicated in increased cardiac
vulnerability.

4.2 Impaired inward rectification

of Kir2.1 currents: a novel mechanism
predisposing SQTS

In 2005, Priori et al* first reported a heterozygous gain-of-function
KCNJ2 mutation, D172N, in a patient with SQTS. In the report, homo-
zygous D172N Kir2.1 channels displayed larger outward currents
compared with WT Kir2.1 alone, and heterozygous channels
yielded intermediate results. In both homozygous and heterozygous
D172N mutant channels, the inward rectification properties of
Kir2.1 currents were preserved. In heterozygous M301K mutant chan-
nels identified in our patient, however, the inward rectification was
significantly reduced, allowing ample outward potassium currents at
positive potentials. In addition, it should be emphasized that the
homozygous M301K mutant channels were non-functional. These
functional changes, such as the impaired inward rectification of the
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Kir 2.1 currents resulting in increased outward currents, are a novel
KCNJ2 gain-of-function mechanism predisposing SQTS.

The phenotypic characteristics of our index patient somewhat
differ from those of the KCNJj2-D172N mutation carriers.* No appar-
ent arrhythmias were recorded with D172N mutation carriers. On
the other hand, our M301K patient showed paroxysmal AF and mul-
tiple disorders. Additionally, mechanical stimulation by a Swan—Ganz
catheter induced paroxysmal supraventricular tachycardia and VF.
Moreover, the QTc interval in our patient was much shorter
(QTc = 194 ms, Figure 1) than that of the D172N carriers (QTc =
315 and 320 ms).* Another gain-of-function KCNJ2 mutation, V93l,
was reported in a familial AF case'”” Their functional analysis
showed a similar result with D172N, but the affected members had
normal QT intervals. These diverse clinical manifestations may be
related to the extent and the different gain-of-function mechanisms
of the Kir2.1 currents.

4.3 Relationship between impaired
inward rectification and charged amino
acid residues at 301

Kir currents exhibit strong inward rectification, which is thought to be
due to pore blocking induced by multivalent ions from intracellular
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Mg*."®2% Channel blockade by physiological concentrations of
Mg>* is influenced by the electrostatic negativity within the cytoplas-
mic pore.” Negative charges on the inner wall of the cytoplasmic
pore are therefore key determinants of the strength of the inward
rectification. Many amino acid residues inside the pore demonstrate
interactions with the ion over long distances, suggesting that muta-
tions potentially affect ion or blocker energetics over the entire
pore profile."**' The M301K mutation causes the change of the
amino acid residue at 301 from a non-charged amino acid residue, me-
thionine, to a positively charged residue, lysine. In order to evaluate
the importance of the charge at 301, additional whole-cell patch-
clamp recordings were carried out on M301A (remained neutral)
and M301R (neutral to positive) (Figure 4). Inward rectification of
Kir2.1 currents was well preserved in both homozygous and hetero-
zygous M301A channels. Heterozygous M301R channels, however,
attenuated inward rectification, and homozygous M301R channels
were non-functional similar to that of the M301K channels. These
electrophysiological results indicate that the neutral amino acid
residue at 301 plays an important role in generating Kir2.1 inward rec-
tification. The decrease in the net negative charge within the cytoplas-
mic pore may facilitate the reduction in both the susceptibility of the
channel to Mg** block and the voltage dependence of the blockade. It
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remains unknown why only tentative hetero-multimers of WT and
M301K are active and lose their inward rectification properties. In
homozygous M301K channels, all of the tetrameric subunits must
have a positively charged lysine at 301, which may impair potassium
jon permeation due to a conformational change in the near-pore

region.

4.4 Heterozygous KCNJ2-WT/M301K
overexpression shortened APD in NRVMs

In cardiomyocytes, Kir2.1, Kir2.2, and Kir2.3 channels are supposed to
be able to co-assemble in order to modulate their channel proper-
ties.*? Thus, there can be a multitude of Kir2x heteromultimers,
and to date a wide range of single-channel conductances of inward
rectifier channels have been reported in studies conducted on
various mammalian myocytes, including human.?*=%* This variety at
the individual channel level may contribute to the different stoichiom-
etry of the tetrameric channels.”® Because Kir2.1 is a major compo-
nent of IK1 in the myocardium, we overexpressed the KCNJ2
M301K mutant channels in NRVMs to examine the effects of the mu-
tation on APD. Overexpression with WT alone resulted in shorter
APD in comparison with non-transfected myocytes (Figure 5B).
These results are consistent with a previously published report.?’

Notably, heterozygous overexpression with WT and M301K further
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amplified the shortened APD (Figure 5C). These results were compat-
ible with the electrophysiological changes assessed in HEK 293 cells,
because the heterozygous WT/M301K channels showed a larger
outward current than WT Kir2.1 channels under the physiological
range of membrane potentials (Figure 3). Weak inward rectification
observed in the heterozygous WT/M301K channels suggests that po-
tassium ion can get through Kir2.1 channel at depolarized potential,
probably resulting in loss of the action potential dome recorded in
the KCNJ2 WT/M301K-overexpressed group. The experiments
were performed using a transient overexpression system that was dif-
ferent from the patient’s heart, and the amount of overexpressed
channels was difficult to be estimated accurately. But, these results
are beneficial in understanding that the heterozygous KCNJ2 M301K
mutation could abbreviate APD and cause an extremely short-QT
interval in the patient’s ECG.

4.5 Clinical features of the index patient
with KCNJ2-M301K

Regarding the clinical criteria for the diagnosis of SQTS, they have yet
to be defined. However, we should consider SQTS in a patient pre-
senting with a QTc <340 ms and other factors suggestive of arrhyth-
mia (such as syncope or family history of sudden death)?® A
prominent clinical manifestation of SQTS is arrhythmias, such as AF
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and VE."">7 In this patient, however, additional medical histories not
limited to arrhythmias, such as severe mental retardation, abnormal
proliferation of the oesophageal blood vessels, epilepsy, and Kawasaki’
disease, were also documented. Because KCNJ2 is known to be
expressed in a variety of tissues, such as cardiac and skeletal
muscle, the brain, arterial smooth muscle cells and developing bony
structures of the craniofacial region, extremities, and vertebrae,?~
3 some of her compound disorders may be attributed to the
KCNJ2 mutation. In fact, loss-of-function mutations in KCNJ2 cause
Andersen—Tawil syndrome, which is characterized by prolonged
repolarization, dysmorphic features, and periodic paralysis.'®*? |n
the family of our female patient, we could not perform extensive
genetic testing. We cannot exclude the possibility of the presence
of other affected genes. Further analyses using knock-in mice or
induced pluripotent stem cells would culminate monumental insight
into the relationship between the KCNJ2 M301K mutation and the
patient’s extra-cardiac phenotypes.

4.6 Conclusions

We described a novel KCNJ2 gain-of-function mutation, M301K, in a
patient with SQTS. Functional assays revealed no functional currents
in the homozygous channels, whereas impaired inward rectification in
the heterozygous channels manifested in larger outward currents,
which is a novel mechanism predisposing SQTS.
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