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Defining Patients at Extremely High Risk for Coronary Artery Disease
in Heterozygous Familial Hypercholesterolemia
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Aim: Heterozygous patients with familial hypercholesterolemia (FH) are known to be associated with
a high risk of coronary artery disease (CAD), which is a major determinant of their clinical outcome.
The prognosis of heterozygous FH patients substantially varies, being dependent on the level of their
CAD risk, and their therapeutic regimen should be individualized. We assessed critical levels of LDL-
cholesterol (LDL-C) and Achilles tendon thickness (ATT) to identify heterozygous FH patients at
“very high” risk for CAD.

Methods: One hundred and nine heterozygous FH patients who had no history of CAD and had had
their plasma lipid profile and ATT assessed before treatment were followed up until their first CAD
event or 31 December 2010. Multivariable logistic regression models were used to analyze the corre-
lation of LDL-C and/or ATT levels with the risk of developing CAD.

Results: During the follow-up period, 21 of the 109 patients had a CAD event, diagnosed by coro-
nary angiogram. Individuals in the highest tertile of LDL-C had a CAD risk 8.29-fold higher than
those in the lowest tertile. Individuals in the highest tertile of the ATT group had a 7.82-fold higher
CAD risk than those in the lowest tertile. Those who had either LDL-C 2260 mg/dL or ATT 214.5
had a 23.94-fold higher CAD risk than those with LDL-C <260 mg/dL and ATT <14.5 mm.
Conclusions: In heterozygous FH patients, LDL-C 260 mg/dL or higher and/or ATT 14.5 mm or

thicker are useful markers for extracting patients at “very high” risk for CAD.

J Atheroscler Thromb, 2012; 19:369-375.

Key words; Familial hypercholesterolemia, LDL cholesterol, Coronary artery disease, Coronary risk,

Achilles tendon thickness

Introduction

Familial hypercholesterolemia (FH) is an autoso-
mal dominant disorder characterized by hypercholes-
terolemia, skin and tendon xanthomas and a high risk
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of coronary artery disease (CAD) due to premature
atherosclerosis’. FH has the highest prevalence in
genetic metabolic diseases, showing one per 300 to 500
heterozygous patients in the general population® ?.
High low-density lipoprotein cholesterol (LDL-C) is
the first symptom, appearing in heterozygous FH even
from birth, and xanthomas in the Achilles tendon
usually appear during or after the late 10s and are
found in half of all patients by the age of 30". Coro-
nary artery disease (CAD), which determines the prog-
nosis of FH patients, appears during or after the third
decade of life in men and the fifth decade in women®?.
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CAD mortality in heterozygous FH is several times
higher than that in the general population® ®; there-
fore, it is very important to prevent CAD in heterozy-
gous FH patients. The prognosis of heterozygous
patients of FH varies substantially, such that some
develop CAD at their 20s while others may not
develop CAD until their seventh decade; therefore,
the therapeutic regimen should be individualized
according to the patients’ risk of CAD.

Various risk factors for CAD have been identified
in heterozygous patients with FH, such as age, sex,
LDL-C, triglyceride (TG), HDL-C, Achilles tendon
thickness (ATT), smoking, a family history of CAD,
hypertension, diabetes mellitus, Lp(a), homocysteine
and so on*?"'?. Among these parameters, LDL-C and
ATT are simple, specific and non-invasive to measure,
and can easily be used by primary care physicians to
evaluate the CAD risk. We therefore estimated the
CAD risks in accordance with LDL-C and ATT in
heterozygous FH patients in order to identify those at
extremely high risk.

Methods

Subjects

Of the patients referred to the lipid clinic at the
National Cerebral and Cardiovascular Center NCVC)
from 1977 to 2007, 329 consecutive patients diag-
nosed as FH heterozygotes using previously described
criteria® were subjected to this study. After diagnosis,
the FH patients had medical checks according to the
standard procedure for treating heterozygous FH in
NCVC. The patients were subjected to a treadmill test
for CAD screening just after their first visit to our
clinic. Those who had a positive result on the tread-
mill test were subjected to a coronary angiogram
(CAG), and diagnosed with CAD with 75% or more
stenosis. Those who had a negative result on the tread-
mill or no significant stenosis by CAG were included
in this study. Among the 329 FH patients, 229 were
excluded: 53 had a past history of CAD, 160 had not
had LDL-C measured before treatment, 76 had not
had ATT thickness measured and 3 had TG more
than 4.5 mmol/L, so 109 were followed up until their
first CAD event or 31 December 2010. After the first
visit to our clinic, dietary and drug treatment, includ-
ing statins, was immediately started and continued.

During the course, those who had chest pain or a
positive result on the treadmill test performed bienni-
ally were subjected to CAG, and diagnosed with CAD
with 75% or more stenosis. Medical records of the
patients were examined according to the analysis pro-
tocol approved by our institutional ethics committee

(ID#M20-25-2).

Clinical and Laboratory Characteristics

Serum lipid and lipoprotein levels were measured
at the time of initial diagnosis, before any lipid-lower-
ing treatment. TC, TG and HDL-C levels were mea-
sured enzymatically with a commercial kit (Daiichi
Pure Chemicals Co., Tokyo, Japan) using an auto-
mated analyzer (Hitachi model 704; Hitachi, Tokyo,
Japan) in the clinical laboratory of the National Cere-
bral and Cardiovascular Center (NCVC). LDL-C was
calculated by the Friedewald formula. ATT was mea-
sured by X-ray according to the method previously
described '?. Body mass index (BMI) was calculated as
weight in kilograms divided by height in meters
squared (kg/m?). Hypertension was defined as the use
of antihypertensive drugs or blood pressure =140
mmHg systolic or 290 mmHg diastolic or both at the
first clinic visit (the criteria for hypertension of the
Japanese Society of Hypertension Guidelines)'¥. Dia-
betes mellitus was defined according to the 2002
Guideline for the Treatment of Diabetes Mellitus of
the Japanese Diabetes Society'. A family history of
CAD was defined as positive by having within 2nd
degree family members with CAD on the standardized
questionnaire. Smoking was defined as positive by
having a smoking habit at the first visit to NCVC on
the patient report.

Statistical Analyses

Continuous variables are presented as the means
+SDs. Categorical data are presented as numbers and
percentages. Unpaired Student’s ztest and one-way
analysis of variance (ANOVA) were used to assess dif-
ferences between groups in continuous variables. Dif-
ferences in categorical variables were assessed by the x*
test.

Multivariable logistic regression analysis after
adjusting for age, sex, hypertension, diabetes mellitus,
smoking, family history of CAD, and low HDL-C
(<40 mg/dL) were used to analyze correlations of
LDL-C levels or ATT levels and the development of
CAD. LDL-C levels were categorized into tertiles: (1)
LDL-C <206 mg/dL, (2) LDL =206 and <260 mg/
dL, (3) LDL-C 2260 mg/dL. ATT levels were also
categorized into tertiles: (1) ATT <9.0 mm, (2) ATT
>9.0 mm and <14.5 mm, (3) ATT 214.5 mm. All
the confidence intervals were estimated at the 95%
level and significance was set at »<0.05. All data were
analyzed with the SPSS version 16.0 (SPSS Inc., Chi-
cago, IL, USA) statistical software package.
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Table 1. Clinical characteristics of 109 patients with heterozygous FH classified with or without CAD

Total CAD(-) CAD(+)

n=109 =88 n=21 pvalue
Age (years) 41.9+16.2 39.7+16.7 50.9%+10.5 <0.01
Sex (male), n (%) 43 (39.4%) 30 (34.1%) 12 (57.1%) 0.052
Achilles tendon thickness (mm) 12.6+5.4 11.5%4.5 17.4+6.3 <0.0001
Skin xanthomas, n (%) 25 (22.9%) 16 (18.2%) 9 (42.9%) 0.052
Arcus cornea, n (%) 45 (41.3%) 27 (30.7%) 16 (76.2%) 0.001
Total cholesterol (mg/dL) 321%68 309+56 368=92 <0.001
Triglyceride (mg/dL) 139+82 134+85 156%65 0.272
HDL-C (mg/dL) 51%15 51+15 50%15 0.747
LDL-C (mg/dL) 242+70 232+59 287%92 0.001
Smoking (past or current), n (%) 42 (38.5%) 28 (31.8%) 14 (66.6%) 0.003
Hypertension, n (%) 19 (17.4%) 10 (11.4%) 9 (42.9%) 0.003
Diabetes mellitus, n (%) 9 (8.2%) 5 (5.7%) 4 (19.0%) 0.186
Family history of CAD, n (%) 47 (43.1%) 37 (42.0%) 10 (47.6%) 0.411

Table 2. Clinical characteristics at first visit in heterozygous patients of FH classified by LDL-C Levels (Mean = SD)

LDL-C (mg/dL) categories LDI;;S 3<6206 206= LnD=L3-§ <260 LD];—S;./ZGO p value
Age (years) 43.7%£15.6 42.0%17.5 40.0+15.8 0.645
Sex (male), n (%) 14 (38.9%) 13 (36.1%) 15 (40.5%) 0.928
Body mass index (kg/m?) 222%33 22.5+32 22.8%+6.8 0.880
Total cholesterol (mg/dL) 258+28 308 =20 394 %55 <0.001
Triglyceride (mg/dL) 149+102 134 £67 134%74 0.672
HDL-C (mg/dL) 54%16 5115 47+ 14 0.100
Smoking (past or current), n (%) 15 (41.7%) 10 (27.8%) 15 (40.5%) 0.385
Hypertension, n (%) 5 (13.9%) 6 (16.7%) 3 (8.1%) 0.660
Diabetes mellitus, n (%) 2 (5.6%) 3 (8.3%) 2 (5.4%) 0.831
Family history of CAD, n (%) 17 (47.2%) 14 (38.9%) 16 (43.2%) 0.775
Achilles tendon thickness (mm) 10.7£4.2 12.5%£5.5 14.6%5.8 0.282
CAD, n (%) 5 (13.9%) 3 (8.3%) 13 (35.1%) 0.02

Results

Characteristics of the Patients Subjected to Analysis
of the Correlations of LDL-C and CAD

Among 109 patients, 21 (19.3%) developed CAD
during the subsequent period. There was a signifi-
cantly higher prevalence of hypertension, skin xantho-
mas, arcus cornea and smoking in the CAD (+) group.
Mean age, ATT, TC and LDL-C were significantly
higher in the CAD (+) group than in the CAD (-)
group (Table 1).

LDL-C Levels and Development of CAD

The clinical characteristics of patients categorized
into tertiles according to their LDL-C levels are shown
in Table 2. They clearly show that parameters other
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than TC levels were not significantly different in each
tertile. Higher LDL-C was associated with higher TC
and the incidence of CAD.

To examine the influence of conventional coro-
nary risk factors, logistic regression analyses for CAD
were performed. The multivariable adjusted odds
ratios (ORs) for CAD are shown in Table 3. Individu-
als in the highest tertile (LDL-C 2260 mg/dL) had a
8.29-fold increased risk of CAD incidence compared
with those in the lowest tertile (LDL-C <206 mg/dL)
(adjusted odds ratio (OR) 8.29, 95 % CI 1.33-51.47,
2=0.023). No significant increase in the odds of
future CAD in the second tertile (206<LDL-C<260
mg/dL) (adjusted OR 0.42, 95%CI 0.05-3.26,
2=0.409).
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Table 3. Multivariate-adjusted odds ratio for CAD by logistic regression analyses according to LDL-C

LCL-C categories n Odds Ratio 95% CI 2 value
LDL-C <206 mg/dL 36 1.0 (referent) - -

206=LDL-C<260 mg/dL 36 0.42 0.05-3.26 0.409
LDL-C 2260 mg/dL 37 8.29 1.33-51.47 0.023

Multivariable logistic regression models for CAD are adjusted for age, sex, hypertension, diabetes mellitus, smoking, family history

of CAD, and low HDL-C (<40 mg/dL).

Table 4. Clinical characteristics at first visit in heterozygous patients of FH classified by ATT levels (mean = SD)

ATT (mm) categories ATT <9 9=ATT<14.5 ATT =145 »value
n=36 n=37 n=36
Age (years) 39.7+18.3 39.4+16.4 45.2+13.5 0.177
Sex (male), n (%) 11 (30.6%) 13 (35.1%) 18 (50.0%) 0.207
BMI (kg/m?) 22.3+2.8 21.7+£2.8 23.1%2.7 0.883
Total cholesterol (mg/dL) 293 +42 319+66 35079 0.002
Triglycerides (mg/dL) 140+ 106 13469 14267 0.505
HDL-C (mg/dL) 57%14 47+ 14 4815 0.916
LDL-C (mg/dL) 208 £ 44 24567 27478 0.003
Smoking habit, n (%) 9 (25.0%) 13 (35.1%) 14 (38.9%) 0.001
Hypertension, n (%) 4 (11.1%) 2 (5.4%) 8 (22.2%) 0.094
Diabetes mellitus, n (%) 1(2.8%) 1(2.7%) 5(13.9%) 0.125
Family history of CAD, n (%) 16 (44.4%) 17 (46.0%) 14 (38.9%) 0.815
CAD, n (%) 2 (5.6%) 4(10.8%) 15 (41.7%) <0.001

ATT Levels and Development of CAD

The clinical characteristics of patients categorized
into tertiles according to their ATT levels are shown
in Table 4. Higher ATT levels were associated with
higher TC and LDL-C levels, smoking and the inci-
dence of CAD.

The multivariable adjusted OR for CAD is
shown in Table 5. Individuals in the highest tertile
group of ATT 214.5 mm had a 7.82-fold increased
risk of CAD compared with those in the ATT <9.0
mm group (95%CI 1.28-47.7, p=0.001). No signifi-
cant increase in the odds of future CAD in the group
with 9= ATT <14.5 mm (adjusted OR 1.42, 95%CI
0.18-11.14, p=0.740).

LDL-C and/or ATT Levels and Development of
CAD

To estimate the future risk for CAD using the
combination of LDL-C and ATT thickness, the
patients were divided into 3 groups, (1) LDL-C <260
mg/dL and ATT <14.5 mm, (2) LDL-C <260 and
ATT =214.5, or LDL-C 2260 and ATT <14.5, (3)
LDL-C 2260 and ATT 214.5. OR for CAD was cal-
culated for these groups and shown in Table 6. Those
who had both LDL-C 2260 and ATT >14.5 had a

20.62-fold increased risk of CAD compared with
those with LDL-C <260 and ATT <14.5 (95%CI
2.91-145.89). Those with either LDL-C =260 or
ATT >14.5 had a 23.62-fold increased risk of CAD
compared with those with LDL-C <260 and ATT <
14.5 (95%CI 3.11-184.16).

Discussion

As the prognosis of heterozygous FH patients
varies substantially, the therapeutic regimen should be
determined according to the CAD risk of individual
patients. High levels of LDL-C and ATT are clinical
signs already found at a young age and can be mea-
sured easily and non-invasively by family physicians in
primary care, so they can be good markers for estimat-
ing the future CAD risk of FH. In the present study,
we demonstrated the critical levels of LDL-C and
ATT for estimation of the CAD risk in Japanese het-
erozygous patients with FH.

Several studies on the Japanese population have
indicated that the serum cholesterol level is correlated
significantly with the risk of CAD'®'”. The increased
CAD incidence seems exponential with the serum cho-
lesterol level in the general population, and it can be
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Table 5. Multivariate-adjusted odds ratio for CAD by logistic regression analyses according to ATT levels

ATT (mm) categories n Odds Ratio 95% CI p value
ATT <9 mm 36 1.0 (referent) - -

9=ATT<14.5 mm 37 1.42 0.18-11.14 0.740
ATT >14.5 mm 36 7.82 1.28-47.7 0.001

Multivariable logistic regression models for CAD are adjusted for age, sex, hypertension, diabetes mellitus, smoking, family history of CAD

and low HDL-C (<40 mg/dL).

Table 6. Multivariate-adjusted odds ratio for CAD by logistic regression analyses according to both ATT and LDL-C levels

LDL-C and ATT categories n Odds Ratio 95% CI p value
LDL-C <260, ATT <14.5 mm 54 1.0 (referent) - -
LDL-C <260, ATT 214.5 mm or

LDL-C 2260, ATT < 14.5 mm 37 23.94 3.11-184.16 0.002
LDL-C 260, ATT >14.5 mm 18 20.62 2.91-145.89 0.002

Multivariable logistic regression models for CAD are adjusted for age, sex, hypertension, diabetes mellitus, smoking, family history of CAD

and low HDL-C (<40 mg/dL).

considered low undil it hits a certain “threshold”. The
findings of the relationship with LDL-C levels and the
onset of CAD in FH patients seem to show a “right
shift” of this profile as LDL-C 2-fold higher and CAD
incidence more than 10-fold. Previous studies have
reported that higher LDL-C is related with the higher
risk factors for the development of CAD even in het-
erozygous FH patients'®'?, whereas other factors, such
as age, gender, hypertension, smoking, or other lipid
abnormalities, such as low HDL-C and high TG
reportedly contribute to the increased risk® % 122,
Bujo ¢t al. reported that male gender, age over 50,
smoking, hypertension, diabetes mellitus, TG >150
mg/dL and HDL-C <40 mg/dL were risk factors for
CAD in FH by multicenter, cross-sectional analysis?.
As we reported in a previous paper, drug treat-
ment including statins may influence the outcome of
CAD?. The name and dose of drugs prescribed to the
patients during the course are listed in Table 7.
Because all FH patients had had intensive drug ther-
apy to prevent the development of atherosclerosis, no
comparison could be made with those without drug
therapy. It was also impossible to analyze the differ-
ence in drugs statistically because there were so many
patterns of prescription and most patients changed the
type and dose of drugs several times during the course.
LDL-C levels under drug treatment may also
affect the outcome. The mean LDL-C under drug
treatment did not increase the odds ratio for CAD
(odds ratio: 0.983, 95%CI: 0.97-1.00); however the
relationship between mean LDL-C in the pre-treat-
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Table 7. Lipid-lowering drugs in heterozygous FH patients
during the course

Dose/day
cholestyramine 4-12 ¢
colestimide 053¢
probucol 250-1,000 mg
pravastatin 10-30 mg
simvastatin 5-20 mg
fluvastatin 20-60 mg
atorvastatin 5-40 mg
pitavastatin 1-4 mg
rosuvastatin 2.5-20 mg
fenofibrate 100-200 mg
bezafibrate 100-400 mg
ezetimibe 5-10 mg

ment period and CAD risk remained due to pre-expo-
sure to high LDL-C before treatment, although the
absolute risk of CAD might be decreased at any
LDL-C level by intensive drug treatment during the
course.

Civerira et al. reported that heterozygous FH
with tendon xanthomas has a 3.1-fold increased risk
of premature CAD compared with those without it??.
The Achilles tendon was reported to be thicker in FH
patients with CAD than in those without CAD in
both sexes'?. Persistent high LDL-C causes cholesterol
depositions in the tendons and results in tendon xan-
thomas". Achilles tendon xanthomas have been used
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as one of the criteria for clinical diagnosis of FH
because of their high sensitivity and specificity > ?¥. A
strongly positive correlation was observed between
ATT and cholesterol-year scores in FH patients 29,
suggesting that ATT reflects both the severity and
duration of hypercholesterolemia. ATT is an impor-
tant factor that can be measured quantitatively as the
deposition of cholesterol in the tissue. The present
study showed that ATT is a good marker for evaluat-
ing the risk for CAD, indicating that there is a strong
correlation between the deposition of cholesterol in
extravascular tissue and the stenosis of coronary arter-
ies. ATT should be used not only as a diagnostic
parameter for FH but also, and more importantly, as a
prognostic factor that indicates the need for a more
aggressive approach for patients at high risk.

In conclusion, LDL-C 2260 mg/dL and ATT
= 14.5 mm or thicker are useful criteria for identify-
ing patients at “very high” risk of CAD in Japanese
heterozygous FH. Patients with either of these risk
factors require more intensive cholesterol-lowering
therapy and a more careful medical check-up for

CAD.
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Abstract

Aims/hypothesis The aim of this study was to generate in-
duced pluripotent stem (iPS) cells from patients with mito-
chondrial DNA (mtDNA) mutation.

Methods Skin biopsies were obtained from two diabetic
patients with mtDNA A3243G mutation. The fibroblasts thus
obtained were infected with retroviruses encoding OCT4 (also
known as POUS5F1), SOX2, c-MYC (also known as MYC) and
KILF4. The stem cell characteristics were investigated and the
mtDNA mutation frequencies evaluated by Invader assay.
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Results From the two diabetic patients we isolated four and
ten putative mitochondrial disease-specific iPS (Mt-iPS)
clones, respectively. Mt-iPS cells were cytogenetically nor-
mal and positive for alkaline phosphatase activity, with the
pluripotent stem cell markers being detectable by immuno-
cytochemistry. The cytosine guanine dinucleotide islands in
the promoter regions of OCT4 and NANOG were highly
unmethylated, indicating epigenetic reprogramming to plu-
ripotency. Mt-iPS clones were able to differentiate into
derivatives of all three germ layers in vitro and in vivo.
The Mt-iPS cells exhibited a bimodal degree of mutation
heteroplasmy. The mutation frequencies decreased to an
undetectable level in six of 14 clones, while the others showed
several-fold increases in mutation frequencies (51-87%) com-
pared with those in the original fibroblasts (18—24%). During
serial cell culture passage and after differentiation, no recur-
rence of the mutation or no significant changes in the levels of
heteroplasmy were seen.

Conclusions/interpretation iPS cells were successfully gen-
erated from patients with the mtDNA A3243G mutation.
Mutation-rich, stable Mt-iPS cells may be a suitable source
of cells for human mitochondrial disease modelling in vitro.
Mutation-free iPS cells could provide an unlimited, disease-
free supply of cells for autologous transplantation therapy.

Keywords Gene therapy- Monogenic forms of diabetes -
Stem cells

Abbreviations

EB Embryoid body

ES Embryonic stem

FOXA2  Forkhead box A2

iPS Induced pluripotent stem

MELAS  Mitochondrial encephalopathy lactic acidosis

and stroke-like episodes
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MERRF  Myoclonic epilepsy and ragged-red fibres
Mtl Mt-iPS patient 1

M2 Mt-iPS patient 2

mtDNA  Mitochondrial DNA

Mt-iPS Mitochondrial disease-specific iPS
NANOG Nanog homeobox

SCID Severe combined immunodeficient
a-SMA  «-Smooth muscle actin

SOX SRY (sex determining region Y)-box
SSEA Stage-specific embryonic antigen
TRA Tumour rejection antigen
Introduction

Mitochondrial DNA (mtDNA) is present inside mitochon-
dria and codes for components essential for cellular energy
production [1]. mtDNA mutations cause degenerative human
diseases. The tRNA (Leu) A3243G mutation is one of the
most frequently observed mutations of mtDNA and is associ-
ated with a wide range of clinical phenotypes, including
diabetes mellitus, hearing loss, cardiomyopathy, and mito-
chondrial encephalopathy, lactic acidosis and stroke-like epi-
sodes (MELAS) [2].

The mode of inheritance of mitochondrial diseases is
maternal, but the penetrance of the disease is variable [3].
It is not possible to predict the phenotypes of children on the
basis of the mother’s genotypes and phenotypes, because the
segregation of mtDNA tends to follow a pattern of random
genetic drift [3]. This is the case for somatic cells and germ
cells: it is not possible to predict to which cell types mutant
mtDNA will dominantly migrate during development. To
date, there is no specific therapy or cure for mitochondrial
diseases, only supportive treatment. Efforts to understand
the underlying genetics and pathophysiology of mitochon-
drial diseases have been hampered by the lack of a disease
model.

Recently, human induced pluripotent stem (iPS) cells
were successfully induced from adult skin fibroblasts [4].
iPS cells are biologically indistinguishable from embryonic
stem (ES) cells. Human iPS cells, like ES cells, can differ-
entiate into a variety of cell types and may therefore be
another cell source for regenerative medicine. We have
previously reported on angiogenic and adipogenic differen-
tiation of human iPS and ES cells [5, 6]. More recently,
disease-specific iPS cells have been generated from fibro-
blasts obtained from patients with various diseases [7-14],
although not with mitochondrial diseases. The purpose of
the present study was to derive iPS cells from patients with
mitochondrial diseases and to evaluate the mtDNA of these
cells.
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Methods

Generation of mitochondrial disease-specific iPS cells Skin
biopsies were undertaken after informed consent under pro-
tocols approved by the Ethics Committee of Kyoto Univer-
sity. Skin samples (4 mm) were minced with scalpels into
smaller pieces and tissue fragments were placed into a tissue
culture dish under a sterile coverslip. Medium (DMEM
supplemented with 10% FBS (wt/vol.) and penicillin/strep-
tomycin; Invitrogen, Carlsbad, CA, USA) was added to
completely immerse the coverslip, and dishes were incubat-
ed at 37°C in a humidified incubator (5% CO,). Fibroblasts
grew out of the tissue fragments and when sufficiently
numerous, cells were trypsinised and expanded. Cell clon-
ing by limiting dilution in 96-well microtitre plates was
employed at passage five.

The generation of iPS cells was performed according to
the protocol of Ohnuki et al. [15]. In brief, the mouse’
ecotropic retrovirus receptor Slc7al gene (Addgene, www.
addgene.org/) was imtroduced to patient-derived fibroblasts
at around passage number four by infection with lentivirus
for 24 h. Retrovirus production was carried out for 24 h in
Plat-E packaging cells via transfection with pMXs-hOCT4,
pMXs-hSOX2, pMXs-hKLF4, pMXs-hc-MYC (Addgene)
[16]. Fibroblasts expressing the mouse Sle7al gene were
then infected with retroviral cocktail. Next day, the medium .
was replaced with DMEM supplemented with 10% FBS
(wt/vol.). After 6 days of transduction, infected fibroblasts
were re-seeded on mouse fibroblast STO cell line feeder
cells [17]. The medium was replaced the following day with
human ES cell medium (ReproCELL; ReproCELL, Yoko-
hama, Japan) supplemented with 4 ng/ml basic fibroblast
growth factor (Wako, Osaka, Japan) and changed every
2 days. Starting 4 weeks after infection, colonies were
picked on the basis of their morphological resemblance to
human ES cell colonies and transferred on to mouse fibro-
blast STO cell line feeder cells in six-well plates; we defined
this stage as passage one. Cultures were maintained on
mouse fibroblast STO cell line feeders and passaged every
5 to 7 days enzymatically using 0.25% (wt/vol.) trypsin with
0.1 mg/ml collagenase type IV. Two human ES cell lines
(H9 and KhES-1) and two human iPS cell lines (B7 and G1)
were cultured and collected for genomic DNA analysis
[4, 18-20].

Quantitative assessment of mtDNA mutation frequencies by
Invader assay The primary probes and the invader oligo
used to detect A3243G heteroplasmy were as follows: pri-
mary probe for 3243A: 5'-CGCGCCGAGGAGCCCGG
TAATCGC<amino>—3'; primary probe for 3243G: 5-ACG
GACGCGGAGGGCCCGGTAATCG<amino>—3'; common
Invader oligo: 5'-CCCACCCAAGAACAGGGTTTGTTAA
GATGGCAGT-3'. The first 10 and 12 positions in the primary
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probes represent the 5' flap of Invader reaction. The cleavage
enzyme, fluorescence resonance energy transfer probe, signal
probe and Invader oligo were added to the microplates, in-
cluding diluted plasmids that included the primary probe/
Invader oligo binding region, after which the Invader assay
was carried out as previously described [21]. The plates were
incubated at 63°C in the fluorescence microplate reader
(FluoDia-T70; Otsuka Electronics, Osaka, Japan). Fluores-
cence values for carboxyfluorescein (3243A; wavelength/
bandwidth: excitation 485/20 nm; emission 530/25 nm) and
Redmond red (3243G; excitation 560/20 nm; emission 620/
40 nm) were measured every 2 min for a period of 4 h. To
detect A3243G heteroplasmy, we calculated the copy number
0f 3243 A and 3243G with a standard curve using quantitative
Invader assay as described [21, 22]. The A3243G ratio was
based on the ratio of the all-copy (3243A and 3243G) to the
3243A copy. In this assay, the lowest detection limit of the
mutation frequency is 2%. The mtDNA A3243G mutation
was also analysed by PCR-RFLP or fluorescent correlation
spectroscopy [23-25].

Immunocytochemistry and alkaline phosphatase staining Im-
munocytochemistry was carried out as previously described
[26]. The anti-human primary antibodies included: stage-
specific embryonic antigen (SSEA)-1, SSEA-3, SSEA-4,
tumour rejection antigen (TRA)-1-60, TRA-1-81 (all from
Stemgent, San Diego, CA, USA), Nanog homeobox
(NANOG) (R&D Systems, Minneapolis, MN, USA), (33
tubulin (Millipore, Temecula, CA, USA), a-smooth muscle
" actin (c-SMA) (Sigma-Aldrich, Saint Louis, MO, USA),
forkhead box A2 (FOXA2) (Cell Signaling Technology,
Danvers, MA, USA) and SRY (sex determining region Y)-
box (SOX)17 (R&D Systems).

For immunofluorescence, Alexa Fluor 488 goat anti-
mouse IgM, Alexa Fluor 488 goat anti-rat IgM, Alexa Fluor
488 goat anti-mouse IgG, Alexa Fluor 546 rabbit anti-goat
IgG and Alexa Fluor 546 goat anti-mouse IgG (all from
Molecular Probes, Eugene, OR, USA) served as the secondary
antibody. Alkaline phosphatase activity was detected using a
kit (Alkaline Phosphatase Staining Kit; Stemgent). Images
were captured using a microscope (Olympus IX81; Olympus,
Tokyo, Japan).

Karyotype analysis Standard G-banding chromosome analy-
sis was performed in the Nihon Gene Research Laboratories
(Sendai, Japan) or Chromosome Science Lab (Sapporo,
Japan). Selected iPS clones (mitochondrial disease-specific
[Mt-iPS] patient 1 [Mtl] clone 1 [Mtl-1], Mtl-4, Mt-iPS
patient 2 [Mt2] clone 3 [Mt2-3] and Mt2-6) were analysed at
passages 18 to 27.

Bisulphite genomic sequencing Genomic DNA (1 pg) from
Mt-iPS cells was processed for bisulphite modification

using a kit (EZ DNA Methylation Gold; Zymoresearch,
Irvine, CA, USA). The cytosine guanine dinucieotide-rich
promoter regions of OCT4 (also known as POU5SFI) and
NANOG were selected to be amplified by PCR with ExTaq
Hot start (Takara, Kyoto, Japan). The PCR products were
subcloned into pCR4 vector (Life Technologies, Carlsbad,
CA, USA). Ten clones of each sample were verified by
sequencing with Sp6 universal primer.

Short tandem repeat analysis The genomic DNA was used
for PCR with Cell ID System (Promega, Madison, WI,
USA) and analysed by genetic analyser (ABI PRISM
3100) and GeneMapper version 3.5 (both from Applied
Biosystems, Foster City, CA, USA).

In vitro differentiation by embryoid body formation and
MI15 co-culture Spontancous differentiation through embry-
oid body (EB) formation was initiated by dissociation of
Mt-iPS cells using collagenase/trypsin treatment, with sub-
sequent transfer to low-attachment multi-well plates in
ReproCELL medium. The medium was changed every sec-
ond day. After 8 days of floating culture, tentative iPS (Mt-
iPS) clones formed EBs and were transferred to 0.1% (wt/
vol.) gelatin-coated plates to induce further differentiation
for 8 days. Differentiated markers such as (3-tubulin, -
SMA and FOXA?2 were analysed by immunocytochemistry.

Endodermal differentiation was performed according to
Shiraki et al. [27]. In brief, dissociated Mt-iPS cells were
inoculated on to multi-well plates containing a feeder layer
of mitomycin C-treated M15 cells [28] in medium (DMEM
supplemented with 10% FBS (wt/vol.) and penicillin/strepto-
myecin; Invitrogen). The medium was changed every second
day. After 2 weeks of culture, genomic DNA was extracted for
the Invader assay. Endodermal differentiation was confirmed
by immunocytochemistry with antibodies against FOXA2 and
SOX17.

Teratoma formation Approximately 5x10° iPS cells were
collected by collagenase/trypsin treatment and injected into
the testicles of 7- to 12-week-old severe combined immu-
nodeficient (SCID) mice. Teratomas were collected 9 to
12 weeks after injection and fixed with 10% (wt/vol.) buff-
ered neutral formalin. Paraffin-embedded tissues were sec-
tioned and stained with haematoxylin and eosin. Animal
studies were conducted in accordance with our institutional
guidelines and approved by Kyoto University Animal Care
Committee.

Determination of mtDNA content Genomic DNA was
extracted from blood, fibroblasts and Mt-iPS cells using a
kit (DNeasy Tissue Kit; Qiagen, Valencia, CA, USA) or a
standard established protocol [29]. The extracted DNA sam-
ples were stored at 4°C until assay. The relative mtDNA
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copy numbers were measured by real-time PCR and corrected
by measurement of the nuclear DNA [30]. The primers for
mitochondrial ND5 gene were 5'-AGGCGCTATCAC
CACTCTGTTCG-3' and 5-AACCTGTGAGGAAAGG
TATTCCTG-3'. The primers for nuclear CF (also known as
CFTR) gene were 5'-AGCAGAGTACCTGAAACAGGAA-
3" and 5'-AGCTTACCCATAGAGGAAACATAA-3". The
PCR was performed using StepOnePlus Real-Time PCR
(Applied Biosystems) and a quantitative PCR mix kit
(Thunderbird SYBR gPCR Mix; Toyobo, Osaka, Japan).
DNA (80 ng) was mixed with 10 pl SYBR qPCR containing
6 pmol of forward and reverse primers, and with ROX refer-
ence dye in a final volume of 20 pl. The PCR conditions were
1 min at 95°C, followed by 40 cycles of denaturation at 95°C
for 15 s and of annealing and primer extension at 60°C for
60 s. Standard curves were generated using serial dilutions of
plasmid DNA containing the PCR amplicons cloned into
pGEM-T Easy (Promega). The threshold cycle number values
of ND5 and CF were determined in two DNA duplicate
samples. The amplified products were denatured and re-
annealed at different temperature points to detect their specific
melting temperature.

Sample mtDNA content (mtDNA copies per cell) were
calculated using the formula (ND5 gene copies/CF gene
copies) x2=mtDNA copies per cell.

Results

Generation of iPS cells from diabetic patients with the
miDNA A3243G mutation Skin biopsies were obtained
from two Japanese patients who had diabetes mellitus, came
from different families and carried the mtDNA A3243G
mutation. Patient 1 (Mt1) was a 38-year-old man and patient
2 (Mt2) was a 46-year-old woman. Their clinical data are
given in Table 1. Mtl presented at 31 years of age with
thirst, polydipsia, polyuria, tiredness and loss of body weight.
His blood glucose concentration was 38.4 mmol/l and his
HbA . level was 14.3% (132 mmol/mol). He responded well
to insulin therapy as a way to control his diabetes. Mt2 was
diagnosed with gestational diabetes at 24 years of age. She
had a progressive hearing impairment. She had also suffered
from epilepsy since the age of 27 years and had been treated
with valproic acid. At 31 years of age she developed diabetic
ketoacidosis and began insulin therapy. Both patients had a
positive family history of maternal diabetes mellitus. The
A3243G mtDNA mutation was identified by sequencing of
PCR products amplified from peripheral blood genomic DNA
from both patients (data not shown).

Two fibroblast lines (Mtl-fibro and Mt2-fibro) were
obtained from skin biopsies of the two patients. Each fibro-
blast line was cultured and infected with a combination of
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retroviruses encoding the transcription factors octamer-
binding protein 4 (OCT4), SOX2, proto-oncogene c-Myc
(c-MYC) and Kruppel-like factor 4 (KLF4) [4]. Starting
4 weeks after infection, colonies were selected on the basis
of their morphological resemblance to human ES cell
colonies and expanded. We were able to isolate four (Mt1-1 to
-4) and 10 (Mt2-1 to -10) putative iPS (Mt-iPS) clones from
Mtl-fibro and Mt2-fibro lines, respectively.

mtDNA mutation frequencies in Mi-iPS cells The presence
and levels of heteroplasmy in the patient-derived blood
cells, fibroblasts (Mtl-fibro and Mt2-fibro) and putative
iPS clones (Mtl-1 to -4 and Mt2-1 to -10) were evaluated
(Fig. 1a). The Invader assay was used to quantify the hetero-
plasmy of the mtDNA A3243G mutation in Mt-iPS cells
[31-33]. This method was originally developed to genotype
single nucleotide polymorphisms and has been used to
genotype mtDNA mutations and to quantify heteroplasmy.
It is one of the most accurate ways of determining mtDNA
heteroplasmy [34]. The passage numbers at which Mt-iPS
cells were collected for the Invader assay were: Mtl-1
passage 12; Mtl1-2 passage 16; Mtl-3 passage 17; Mtl-4
passage 14; Mt2-1 passage 9; Mt2-2 passage 8; Mit2-3
passage 10; Mt2-4 passage 9; Mt2-5 passage 10; Mt2-6
passage 10; Mt2-7 passage 7; Mt2-8 passage 7; Mt2-9
passage 9; Mt2-10 passage 11. Mutation frequencies in the
peripheral blood cells from both patients were 24% (Mtl-
blood 24%, Mt2-blood 24%). Skin-derived fibroblasts from
both patients showed similar levels of mutation frequency
compared with those of blood cells from the same patients
(Mtl-fibro 18%, Mt2-fibro 24%). However, two of four
Mt1-iPS clones (Mtl-1 and Mtl1-2) and six of 10 Mt2-1PS
clones (Mt2-1, Mt2-2, Mt2-3, Mt2-4, Mt2-7, Mt2-8)
showed undetectable levels (<2%) of the A3243G mutation.
Furthermore, marked elevations of the mutation frequencies
compared with those of the original fibroblast lines were
detected in other iPS lines (Mt1-3 51%, Mt1-4 87%, Mt2-5
83%, Mt2-6 69%, Mt2-9 79%, Mt2-10 74%). No significant
associations were found between culture passage number of
Mt-iPS cells and the mutation frequency. The absence and
presence of the mutation were confirmed by PCR-RFLP and
by gene analysis by fluorescence correlation spectroscopy
[24, 25].

The mutation frequency of the fibroblasts was further
assessed (Fig. 1b). The fibroblasts from patient 2 (Mt2-
fibro) were cultured until passage 16 (for over 2 months).
Fibroblast cell cloning by limiting dilution was performed
from parental Mt2-fibro at passage five, and five fibroblast
clones were obtained (Mt2-fibro-clone). Genomic DNA was
extracted from Mt2-fibro at various passage points and from
the five Mt2-fibro-clones at about 4 weeks after the cloning
procedure. The mutation frequencies in Mt2-fibro gradually
increased with increasing passage number of the cells
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Table 1 Information on patient donors for generation of Mt1-iPS and Mt2-iPS cell lines

Patient Age Sex Family history mtDNA  Clinical abnormalities BMI Medication HbA, . (%)
(years) mutation (kg/m?) ———
%  mmol/mol
Mtl 38 Male  Mother: diabetes A3243G Diabetes mellitus 18 Insulin 33 U/day 8.2 66.1
mellitus, cardiomyopathy
M2 46  Female Mother: diabetes A3243G Diabetes mellitus, 22 Insulin 30 U/day, 7.0 53.0

mellitus

sensorineural hearing loss,
epilepsy, cardiomyopathy

valproic acid
600 mg/day

(Fig. 1b). All the Mt2-fibro-clones displayed high mutation
frequencies and no mutation-free fibroblast clones were
observed (Fig. 1b).

Characterisation of the Mi-iPS cells generated All the Mt-
iPS clones showed typical human ES cell-like morphology
(Fig. 2a, ESM Fig. 1). Mt-iPS cells were positive for
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Fig. 1 mtDNA mutation frequencies in Mt-iPS cells. a mtDNA
A3243G mutation frequencies in patient-derived blood cells (Mtl-
blood, Mt2-blood), original fibroblasts (Mtl-fibro, Mt2-fibro) and
Mt-iPS clones (Mtl-1 to Mtl-4, Mt2-1 to Mt2-10). Mt-iPS cells were
collected at the following passage (p) numbers: Mtl-1 p12, Mtl1-2 p16,
Mtl1-3 pl7, Mtl-4 pl4, Mt2-1 p9, Mt2-2 p8, Mt2-3 p10, Mt2-4 p9,
Mt2-5 p10, Mt2-6 pl0, Mt2-7 p7, Mt2-8 p7, Mt2-9 p9, Mt2-10 p11.
b mtDNA A3243G mutation frequencies in Mt2-derived fibroblasts at
various culture passage numbers and in isolated fibroblast clones.
Limiting dilution was performed from the original fibroblasts (Mt2-fibro)
at passage five and five fibroblast clones were obtained

alkaline phosphatase activity, and the pluripotent stem cell
markers SSEA-3, SSEA-4, TRA-1-60, TRA-1-81 and
NANOG were detected by immunocytochemical analyses
in all 14 clones (Fig. 2a, ESM Fig. 1) [35]. Mt-iPS cells did
not produce SSEA-1 except for a few cells at the edge of the
colonies (Fig. 2a, ESM Fig. 1). The morphological and
immunocytochemical characteristics of mutation-free and
mutation-rich Mt-iPS cells were indistinguishable.

To examine whether Mt-iPS clones are cytogenetically
normal, karyotyping analyses were performed on selected
Mt-iPS cells at passages 18 to 27. Both mutation-free (Mt1-1
and Mt2-3) and mutation-rich (Mt1-4 and Mt2-6) Mt-iPS
clones from both patients maintained a normal karyotype
(Fig. 2b, ESM Fig. 2).

Bisulphite genomic sequencing analyses evaluating the
methylation statuses of cytosine guanine dinucleotides in
the promoter regions of OCT4 and NANOG revealed that
they were highly unmethylated (Fig. 2c), indicating epigenetic
reprogramming to pluripotency.

To confirm that the Mt-iPS clones were indeed derived
from the patients, we performed DNA fingerprinting analy-
ses with short tandem repeat markers. The short tandem
repeat profiles of the Mt-iPS clones matched perfectly to
those of their parental fibroblasts and of blood cells obtained
from the patients (ESM Table 1). Thus, the Mt-iPS clones
were indeed derived from the patients and were not a result
of contamination.

Pluripotency of Mi-iPS cells by in vitro and in vivo
differentiation Pluripotent cells are by definition capable
of differentiating into cell types derived from each of the
three embryonic germ layers [18]. To determine the differ-
entiation ability of Mt-iPS cells in vitro, suspension culture
for the formation of EBs was used [36]. After 8 days in
suspension culture, iPS cells formed ball-shaped structures.
These EBs were transferred to gelatin-coated plates and
further cultured for another 8 days. Attached cells showed
various types of morphologies, including those resembling
neuronal cells, cobblestone-like cells and epithelial cells. Im-
munocytochemistry detected cells positive for 33-tubulin (a
marker of ectoderm), a-SMA (a marker of mesoderm) or
FOXA2 (a marker of endoderm) (Fig. 3a, ESM Fig. 3a). We
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Fig. 2 Characterisation of generated Mt-iPS cells. a, b Colonies of
Mt-iPS cells (Mt2-3 and Mt2-6) grown on mouse fibroblast STO cell
line feeder cells showing human-ES-cell-like morphology. The detec-
tion of (a) alkaline phosphatase activity (AIP) and immunofluores-
cence analyses for the presence of the pluripotency markers SSEA-3,
SSEA-4, and (b) TRA-1-60, TRA-1-81, NANOG and SSEA-1 are
indicated. Scale bars 200 pm. ¢ Karyotyping of Mt-iPS cells Mt2-3
and (d) Mt2-6 at passage 22. e Bisulphite genomic sequencing of the
promoter regions of OCT4 and (fy NANOG. White circles, unmethy-
lated cytosine guanine dinucleotides; black circles, methylated cytosine
guanine dinucleotides

found that all Mt-iPS clones were able to differentiate into
three germ layers in vitro.

To determine pluripotency in vivo, we transplanted Mt-
iPS cells into the testicles of SCID mice. At 9 weeks after
injection, tumour formation was observed. Histological ex-
amination showed that the tumours contained various tis-
sues, including pigmented epithelium (ectoderm), cartilage
(mesoderm) and gut-like epithelial tissues (endoderm)
(Fig. 3b, ESM Fig. 3b). Thus, Mt-iPS clones were able to
spontaneously differentiate into derivatives of all three germ
layers in vivo.
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Fig. 3 Pluripotency of Mt-iPS cells by in vitro and in vivo differen-
tiation. a In vitro differentiation of Mt-iPS cells (Mit2-3, Mt2-6)
revealed their potential to generate cell derivatives of all three primary
germ cell layers. Immunofluorescence analyses showed markers of
neurectoderm ({3-tubulin), mesoderm (x-SMA) and endoderm
(FOXA2). Images are overlays with a nuclear stain (DAPI). b Terato-
ma formation occurred after injection of Mt-iPS cells (Mt1-2, Mt1-3)
into the testes of SCID mice (Japan Clea, Tokyo, Japan). Haematoxylin
and eosin stainings of teratoma sections show derivatives of ectoderm
(pigmented epithelial cells), mesoderm (cartilage) and endoderm (gut-like
glandular structures). Scale bars, 100 pm

Influence of culture passage number and differentiation on
mtDNA mutation frequencies in Mt-iPS cells We examined
whether or not the mutation frequencies of Mt-iPS clones
were fixed over the course of cell culturing and passage
(Fig. 4a). Analysis of the same clones at various passage
numbers revealed that no induction of mutation was ob-
served in mutation-free Mt-iPS clones (Mtli-1, Mtl-2,
Mt2-1, Mt2-3 and Mt2-8). Mutation frequencies of the
mutation-rich Mt-iPS clones were relatively constant across
passages (Mt1-3, Mtl-4, Mt2-6 and Mt2-10).

The influence of differentiation on mutation frequency
was also examined in all the Mt-iPS clones (Fig. 4b). Anal-
ysis of the same clones in an undifferentiated state and after
16 days of differentiation as a result of spontaneous differ-
entiation (EB formation) or directed differentiation into
endodermal lineage (M15 co-culture) (ESM Fig. 4) showed
no induction of mutation in mutation-free Mt-iPS clones
(Mt1-1, Mt1-2, Mt2-1, Mt2-2, Mt2-3, Mi2-4, Mt2-7 and
Mt2-8). The mutation frequencies of the mutation-rich Mt-
iPS clones were relatively constant after differentiation
(Mt1-3, Mtl-4, Mt2-5, Mt2-6, Mt2-9 and Mt2-10).
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Fig. 4 Influence of culture a
passage number and

differentiation on mtDNA

mutation frequencies in

Mt-iPS cells. a mtDNA 80 4
A3243G mutation frequencies
in undifferentiated Mt-iPS

100 4

clones at various culture 801
passage (p) numbers as
indicated. b mtDNA A3243G 40

mutation frequencies in undif-
ferentiated (UD), differentiated
EB (EB) and endodermal 20 <
(Endo) states of Mt-iPS clones

mtDNA mutation
frequency (%)

mitDNA mutation
frequency (%)

mtDNA content in Mt-iPS cells The mtDNA content (mito-
chondrial genome copies per cell) in the blood cells, fibro-

blasts (Mtl-fibro and Mt2-fibro) and iPS clones was -

determined by quantitative genomic PCR (Fig. 5).

The skin fibroblast mtDNA content (Mt1-fibro 553 cop-
ies/cell; Mt2-fibro 4296 copies/cell) was higher than that in
the peripheral blood (Mtl-blood 196 copies/cell; Mt2-blood
60 copies/cell). The mtDNA content of Mt-iPS cells at early
passage was slightly lower than that in the original fibroblast
cultures (Mtl-1 passage 12 454 copies/cell; Mtl-4 passage
14 151 copies/cell; Mt2-3 passage 10 2,100 copies/cell;
Mt2-6 passage 10 1,709 copies/cell) (Fig. 5 and data not
shown). The mtDNA content of Mt-iPS cells markedly
decreased to levels close to those of human ES (H9 passage
87 79 copies/ceil; KhES-1 passage 78 78 copies/cell) and
iPS (B7 passsage 54 150 copies/cell; G1 passage 40 94
copies/cell) cells by passage number 20 (Mt1-4 passage 26
42 copies/cell; Mt2-3 passage 20 49 copies/cell; Mt2-6
passage 20 45 copies/cell) and was maintained thereafter
(Mt2-3 passage 30 68 copies/cell; Mt2-6 passage 30 50
copies/cell). The mtDNA content of fibroblasts and iPS cells

Mi1-1 ] Mt1-2 § Mt1-3 | Mt1-4§ Mt2-1
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from Mtl (Mtl-fibro, Mtl-1 passage 12 and Mtl-4passage
14) were lower than those from Mt2 (Mt2-fibro, Mt2-3
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Fig. 5 mtDNA content in Mt-iPS cells. mtDNA content (copies/cell)
in blood cells, fibroblasts, mutation-free iPS clones (Mtl1-1, Mt2-3
white bars) and mutation-rich iPS clones (black bars). mtDNA from
two human ES cell lines (H9 and KhES1) and two human iPS cell lines
(B7 and G1) are also shown. p, passage. Mt-iPS cells at around p30
were used for EB formation and assayed for mtDNA contents (Mt2-3 EB,
Mt2-6 EB)
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passage 10 and Mt2-6 passage 10), although the content of
each Mt-iPS clone was variable (data not shown).

The mtDNA copy number increased seven- to tenfold
after EB differentiation (Mt2-3 passage 24-derived EB 384
copies/cell; Mi2-6 passage 24-derived EB 484 copies/cell).
Major differences in mtDNA. content were not found be-
tween mutation-free and mutation-rich iPS cells (Fig. 5 and
data not shown).

Discussion

In the present study, we established human iPS cell lines -

from male and female diabetic patients with the mtDNA
A3243G mutation. These cells have the features of pluripotent
human ES cells, including the ability to differentiate into cell
types of all embryonic lineages.

A striking feature of Mt-iPS shown in the present study is
their bimodal levels of heteroplasmy. The mtDNA mutation
frequencies decreased to undetectable levels in about half of
the clones, while the other half showed a large increase in
the levels of mutation heteroplasmy compared with those in
the patients’ original fibroblasts. The mechanisms underly-
ing this phenomenon remain unclear; however, several pos-
sibilities exist in terms of the timing of heteroplasmy
segregation. One is that the heteroplasmy levels in Mt-iPS
clones simply reflect those in the original single fibroblast
from which the iPS clones were derived. This is based on
the assumption that the population of fibroblasts is bimodal
(mutation-rich and mutation-free) with regard to levels of
heteroplasmy, but we were not able to isolate any mutation-
free fibroblast clone and hence could find no evidence of
extreme mosaicism in the original fibroblasts. The second
possibility is that changes in the levels of heteroplasmy
occur during serial in vitro culture of Mt-iPS cells. Previous
reports have shown age-related directional selection for
different mtDNA genotypes in mouse tissues [37]; however,
this is unlikely in our study because passage number did not
significantly affect the mutation frequencies of Mt-iPS cells.
The third and most likely possibility is that changes in the
levels of heteroplasmy occur during reprogramming of
patients” fibroblasts to iPS cells. Substantial shifts in the
levels of mitochondrial heteroplasmy have been demonstrat-
ed to occur between single mammalian generations, and
neutral mitochondrial genotypes have also been demonstrat-
ed to segregate in different directions in offspring from the
same female (rapid segregation of mitochondrial genotype)
[38—40]. Random partitioning of organelles with few
mtDNA molecules into germ cells could account for the
small number of segregating units and lead to the rapid
segregation of polymorphic mtDNA species in the progeny.

The A3243G transition in the tRNA Leu gene is one of the
most frequent mitochondrial mutations [2]. The phenotypic
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expression of the mutation is variable and may be associated -
with maternally inherited diabetes mellitus and deafness syn-
drome, myoclonic epilepsy and ragged-red fibres (MERRF)
syndrome, MELAS/MERRF overlap syndrome, maternally
inherited Leigh syndrome, and chronic external ophthalmo-
plegia or Keams—Sayre syndrome. This heterogeneity is con-
sidered to result from the variable levels of heteroplasmy and
the variability of tissue-specific thresholds for mitochondrial
functions required for normal development and physiology
[41]. There is currently no specific therapy or cure. The
precise mechanisms for the generation of heteroplasmy and
of mitochondrial dysfunction in these diseases remain to be
elucidated. Mt-iPS cells offer several significant advantages
for this research. The analysis of the process of iPS cell
generation might help to clarify the mechanisms of mtDNA
germ line segregation. This might further clarify the
mode of inheritance of mitochondrial diseases, enabling pre-
fertilisation diagnosis to be performed. We might also be able
to study the process of mtDNA somatic segregation toward
the target tissues involved in mitochondrial diseases after the
induction of differentiation. Mutation-rich Mt-iPS cells should
be useful as new types of disease models, in which the
initiation and progression of the diseases can be studied. In
this context, mutation-free Mt-iPS cells sharing the same
nuclear genetic background could serve as ideal negative
controls. These approaches could improve understanding of
the cause of the disease and lead to the development of
efficient preventive and therapeutic strategies. Ultimately,
patient-specific and mutation-free Mt-iPS cells might be use-
ful as a supplement or an alternative to disease-affected tissues
in future. In this study, we generated Mt-iPS cells by retroviral
transduction of OCT4, SOX2, ¢-MYC (also known as MYC)
and KLF4; however, genomic integration of these transgenes
increases the risk of tumorigenicity. By generating integration-
free human iPS cells, we could safely transplant mtDNA-
mutation-corrected cells without the use of potentially harmful
DNA recombination technology [42]. mtDNA content is
known to be a major determinant of mitochondrial gene
expression [43]. Undifferentiated mouse and human ES cells
have very low levels of mtDNA content (<100 copies/cell),
but this rapidly increases up to several thousand-fold during
differentiation [44—47]. However, it remains to be determined
whether human iPS cells are able, like ES cells, to regulate
their mtDNA copy number in their undifferentiated state. We
have revealed here that the mtDNA content in Mt-iPS cells at
early passage (around passage 10) is similar to that of the
original fibroblasts, and that the mtDNA content at later
passages (after passage 20) is similar to that of human ES
cells. This indicates that the number of mitochondria gradual-
ly adapts to the new stem cell environment in iPS cells.
Although compensatory amplification of the mitochondrial
genome has been reported in patients with mtDNA mutations,
the mtDNA content is relatively constant among Mt-iPS
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clones, despite a wide variation in heteroplasmy levels
[48-50]. These results also indicate that the cell viability and
stemness are unaffected at the low metabolic demand of
undifferentiated iPS cells, irrespective of the presence or ab-
sence of the A3243G mutation.

In conclusion, we have generated mitochondrial Mt-iPS

cells. About half of the clones had undetectable levels of the
mutation. By overcoming the immunological and ethical
problems associated with ES cells, these Mt-iPS cells could
provide a powerful new tool with which to investigate organ
involvement and pathogenic mechanisms, and also to screen
for new drugs in specific diseases, as well as opening new
avenues for autologous cell transplantation therapy.
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One Dose of Ghrelin Prevents the Acute and
Sustained Increase in Cardiac Sympathetic Tone after
Myocardial Infarction
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Cardiovascular Center Research Institute, Osaka 565-8565, Japan

Acute myocardial infarction (M) increases sympathetic nerve activity (SNA) to the heart, which exac-
erbates chronic cardiac deterioration. The hormone ghrelin, if administered soon after an M, prevents
theincrease in cardiac SNA and improvesearly survival prognosis. Whether these early beneficial effects
of Qhrelin also impact on cardiac function in chronic heart failure has not yet been addressed and thus
was the aim of this study. Ml was induced in Sprague Dawley rats by ligating the left coronary artery.
One bolus of saline (n = 7) or ghrelin (150 ug/kg, sc, n = 9) was administered within 30 min of MI. Two
weeks after the infarct (or sham; n = 7), rats were anesthetized and cardiac function was evaluated
using a Millar pressure-volume conductance catheter. Cardiac SNA was measured using whole-nerve
electrophysiological techniques. Untreated-Mirats had a high mortality rate (50%), evidence of severe
cardiac dysfunction (ejection fraction 28%; P < 0.001), and SNA was significantly elevated (102%
increase; P = 0.03). In comparison, rats that received a single dose of ghrelin after the Mitended to have
a lower mortality rate (25%; P = NS) and no increase in SNA, and cardiac dysfunction was attenuated
(ejection fraction of 43%; P = 0.014). This study implicates ghrelin as a potential clinical treatment for
acute Ml but also highlights the importance of therapeutic intervention in the early stages after acute
MI. Moreover, theseresultsuncover anintricate causal relationship between early and chronic changes
in the neural control of cardiac function in heart failure. (Endocrinology 153: 2436-2443, 2012)

yocardial infarction (MI) is the most common cause
of death in industrialized societies. This high mor-
bidity has been strongly associated with an adverse and
sustained increase in cardiac sympathetic nerve activity
(SNA), which begins within the first hour of the initial
infarction (1). Even for those who survive the immediate
infarct, the sustained increase in cardiac SNA exacerbates
the ischemic damage to cardiac tissue, stimulates ventric-
ular modeling (2), reduces B-adrenergic receptor density
(3) and signaling (4), and thus critically impairs the func-
tional capacity of the heart.
Ever since its discovery in 1999 (5), the peptide hor-
mone ghrelin (28 amino acids), which is released from the
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stomach wall, has been implicated in a diverse range of
physiological functions. Originally identified as an endog-
enous ligand for the GH secretagogue receptor {GHS-R),
ghrelin produces anabolic effects through the release of
GH but also has pivotal roles in orexigenic regulation,
glucose and lipid metabolism, neurohormonalcontrol, en-
ergy and metabolic homeostasis, and cardiovascular func-
tion (see recent review in Ref. 6).

Importantly, ghrelin has been shown to improve car-
diac function in patients suffering from end-stage chronic
heart failure (7). Although the therapeutic effects of ghre-
lin have largely been attributed to the release of GH (7, 8),
evidence is accumulating that supports a direct cardiopro-

Abbreviations: ABP, Arterial blood pressure; ANP, atrial natriuretic peptide; BNP, B-type
natriuretic peptide; CO, cardiac output, CSNA, cardiac SNA; dp/dt .y, maximum rate of
ventricular contraction; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GHS-R, GH
secretagogue receptor; HR, heart rate; LAD, feft anterior descending; LVEDV, left ventric-
ular end-diastolic volume; LVP, left ventricular pressure; LVV, left ventricular volume; MI,
myocardial infarction; P-V, pressureivolume; SNA, sympathetic nerve activity; SV, stroke
volume,
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tective effect of ghrelin through the central modulation of
sympathetic nerve activity (9-11).

To date, there is a paucity of studies describing the
treatment of myocardial ischemia within the first few
hours of onset. Yet it is this time period when autonomic
modulation of cardiac function becomes enhanced, in
which the opportunity to improve outcome by therapeutic
intervention is so great (1). We recently demonstrated us-
ing an anesthetized rat preparation that ghrelin, when
given immediately following an acute MI, was able to pre-
vent the increase in cardiac SNA and improve survival
rate, at least for the length of the short-term protocol (~6
h) (12). Moreover, ghrelin was able to completely reverse
the increase in cardiac SNA if administered within 2 h of
the MI. Yet the clinical and scientific impact of these ob-
servations are negated if we do not further establish
whether these early beneficial effects of ghrelin extend to
long-term benefits, such as sustaining the reduced sympa-
thetic tone and thus improving long-term outcome.

Therefore, in this study we aimed to determine whether
the chronic adverse changes in cardiac SNA and function
would be influenced by the early treatment of ghrelin after
an acute MI.

Materials and Methods

Animals

All experiments were approved and conducted in accordance
with the guidelines stipulated by the Animal Ethics Committee of
the University of Otago, New Zealand (Permit 04/07). The
guidelines conform to the Guide for the Care and Use of Labo-
ratory Animals published by the United States National Insti-
tutes of Health. Experiments were conducted on 33 male
Sprague Dawley rats (8 wk old; body weight ~ 280-340 g). All
rats were on a 12-h light, 12-h dark cycle at 25 = 1 C and
provided with food and water ad libitum.

Surgical induction of myocardial infarction

Surgical procedures were performed using standard aseptic

techniques. Rats were anesthetized with ketamine/dormitor (75/
0.5 mg/kg, ip). Adequate anesthesia was confirmed by elimina-
tion of the limb withdrawal reflex. All animals received an in-
jection of Caprofen analgesia (5 mg/kg, sc} and Strepcin
antibiotics (0.1 ml/kg, sc) before surgery. Throughout the sur-
gery body temperature was maintained at 37 C using a rectal
thermistor coupled with a thermostatically controlled heating
pad. The trachea was intubated and the lungs ventilated with a
rodent ventilator (SN-480-7; Shinano, Tokyo, Japan). A left tho-
racotomy was performed between the second and third ribs, and
a 7.0 Prolene suture was placed around the left anterior descend-
ing (LAD) coronary artery, which was located between the ap-
pendage of the left atrium and the base of the pulmonary artery
and then subsequently removed (sham) or tightened (MI). Those
rats that received an acute MI were treated with either saline (0.3
ml = MI+Saline) or one bolus dose of ghrelin (150 pg/kg, sc =
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MI+Ghr) within 30 min of the infarct procedure. The dose of
ghrelin used in this study was based on its therapeutic efficiency
in our prior study (12). Subsequently the thoracotomy and skin
incisions were closed with sutures. Ghrelin was obtained from
the Peptide Institute Inc.

Immediately after surgery, all animals received supplemen-
tary fluids (10 ml of warm saline, sc) and remained on the heating
blanket during recovery from anesthesia. Rats were returned to
their standard housing conditions in which they remained for
14 d before experimental data were collected. During this period
the welfare of the rat was monitored by recording body weight,
food and water consumption, observing general appearance and
behavior, and cleaning and dressing wounds if required.

Arterial blood pressure and cardiac function
measurements

Fourteen days after the initial MI, rats were anesthetized (ure-
thane, 1.5 g/kg, ip), intubated and mechanically ventilated. The
femoral artery and vein were cannulated for measurement of
systemic arterial blood pressure {ABP) and fluid administration
(saline at 3 ml/h), respectively. The right carotid artery was also
cannulated with a 1.5 F Millar pressure/volume (P-V) catheter
(model SPR-869), which was thenadvanced into the left ventricle
for the continuous measurement of left ventricular pressure
(LVP) and left ventricular volume {(LVV). From these measure-
ments, we were able to determine the left ventricular end-dia-
stolic pressure and left ventricular end-diastolic volume
(LVEDV), end-systolic pressure and volume, and calculate
stroke volume (SV) and thus the cardiac output (CO). The Millar
P-V catheter was calibrated using a sphygmomanometer (pres-
sure), and volumetric cuvertes (volume) and hypertonic saline

injections (for volumetric corrections), as previously described in
detail (13).

Recording cardiac SNA

The stellate ganglion was exposed through a left thoracotomy
between the first and second rib. The cardiac sympatheric nerve
was identified as a branch from the stellate ganglion, dissected
free of surrounding connective tissue and sectioned, and the
proximalsection (containing efferent fibers) was placed on a pair
of platinum recording electrodes. The signal was filtered (low
cutoff 0.1 kHz; high cutoff 1 kHz) and amplified and subse-
quently passed through an amplitude discriminator (model
WD-2; Dagan Corp., Minneapolis, MN) for counting nerve dis-
charge frequency (impulse frequency).

Data analysis

Raw SNA, impulse frequency, LVP,LVV, and ABP were con-
tinuously sampled at 4 KHz, 200 Hz, 400 Hz, 400 Hz, and 400
Hz, respectively, using a PowerLab data-acquisition system
{model 8/S; AD Instruments Ltd., Dunedin, New Zealand).
Heart rate (HR) was derived from the arterial systolic peaks. The
maximum rate of ventricular contraction {dp/dt,,,,) and relax-
ation were derived from the LVP signal using the inherent ana-
lytical tools of the Powerlab system. The raw nerve signal was
rectified and integrated (1 sec resetting interval) online, and the
integrated nerve signal was displayed in real time.



