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hearts and attenuated the oxidative stress—resistant pheno-
type. These findings indicate that Atf4-dependent activation
of amino acid metabolism and GSH biosynthesis are causally
involved in the oxidative stress—resistant phenotype observed
in mitochondrial Aldh—deficient hearts. Enhanced supply of
NADPH via the pentose phosphate pathway concomitantly
helps in the recycling of oxidized GSH (GSH disulfide
[GSSG)).

Here, we showed that the forced expression of Aldh2#2 in
the heart impairs Aldh activity against aliphatic aldehydes,
- including 4-HNE. Several lines of evidence suggest that
ALDH2*2 inactivates not only ALDH2 but also other ALDH
subfamilies by forming heterotetramers.**2* For example,
alignment of ALDH2 and ALDHIBI amino acid sequences
reveals a high degree of conservation between the regions
required for dimer formation (ie, the a-helix G residues 247
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Figure 6. Metabolome analysis of Aldh2 2 Tg
hearts. A, Intracellular reduced GSH levels were
measured using BIOXYTECH GSH/GSSG-412
Wt Tg based on Tietze methods. B through G,

6-Phosphogluconate, ribose-5-phosphate,
NADPH/NADP ' ratio, glycine, homocysteine, and
cystathionine levels measured by CE-MS. Data are
the means=SEM (n=6 to 8). *P<0.05 (unpaired
Student’s t test).

to 259, B-sheet 18 residues 450 to 453, B-sheet 19 residues
486 to 493, and the “oligomerization domain™ residues 140 to
158 and 486 to 495). Notably, there is 100% conservation of
residues involved in tetramer formation (ie, 3-sheet 3 resi-
dues 141 to 144). These findings suggest that ALDHIBI is
one of the targets of ALDH2%2. We are currently investigat-
ing other enzymes that are inactivated by Aldh2%2.
However, Kinetic assays may not address overall metabolic
function or changes in other metabolic pathways, and in-
creases in Gstal/2 levels seen in the Aldh2*2 Tg hearts may
compensate for defects in mitochondrial Aldh activity. A cell
fractionation study revealed Aldh2#2 protein in the mito-
chondria. Consistent with this, we found that some 4-HNE
adduct proteins were also increased in the mitochondrial
fraction of Aldh2*2 Tg hearts. Furthermore, 4-HNE immu-
noreactivity was increased tollowing adenovirus-mediated
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Figure 7. Fluxome analysis of Aldh2*2 Tg
hearts. Isolated hearts from Wt and Aldh2 2 Tg
mice were perfused with modified Krebs-H-
enseleit buffer containing 10 mmol/L '3C-
glucose, 10 pU/mL insulin, 0.4 mmol/L oleate,
and 1% BSA. '3C-Labeled metabolites were
quantified by CE-MS after 5 and 20 minutes.
Note that '*C-serine biosynthesis was
increased in Aldh2'2 Tg hearts. Data are the
means=SEM (n=6). ‘P<0.05 vs Wt control
(unpaired Student's t test). G6P indicates glu-
cose 6-phosphate; F6P, fructose 6-phosphate;
F1,6DP, fructose 1,6-bisphosphate; GAP3P,
glyceraldehyde 3-phosphate; DHAP, dihydroxy-
acetone phosphate; 1,3DPG, 1,3-
bisphosphoglycerate; 3PG, 3-phosphoglycerate;
2PG, 2-phosphoglycerate; PEP, phosphoenolpyru-
vate; 6PG, 6-phosphogluconate.
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overexpression of Aldh2#2 in cultured cardiomyocytes. To-
gether, these results strongly suggested that aldehyde metab-
olism in mitochondria is indeed affected in the Tg hearts.
Myocardial GSH content influences susceptibility to /R
injury.* The rate of GSH synthesis is determined primarily
by y-glutamyl-cysteine ligase activity and the availability of
precursor amino acids. especially cysteine. In the present
study, there was only marginal induction of the GSH biosyn-
thetic enzyme y-glutamyl-cysteine ligase in Aldh2*2 Tg
hearts. In contrast, significant upregulation was observed in
Aldh2%2 Tg hearts of genes encoding enzymes involved in
serine biosynthesis (Phgdh, Psatl. and Psph), the conversion
of serine to glycine (Shmtl/2), the trans-sulfuration pathway
(Cth). and the transportation of cysteine and cystine (Slc/A4,
SIc3A2).%" Because y-glutamyl-cysteine ligase activity is
subject to feedback inhibition by increased levels of GSH,3?
we speculate that activation of the biosynthesis and transport
of precursor amino acids plays a key role in the maintenance
of higher levels of GSH biosynthesis for cardioprotection.
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Using fluxome analysis, we confirmed the increased flux
toward the glycolytic and pentose phosphate pathways in
Aldh2%2 Tg hearts. Enhanced flux toward the pentose phos-
phate pathway should be linked with the amount of NADP*
provided by GSH reductase, which converts GSSG to GSH.
Because the NADPH/NADP  ratio is increased in Aldh2+2
Tg hearts, there may be an active mechanism to shift glucose
biotransformation from glycolysis toward the pentose phos-
phate pathway. The precise mechanism underlying the redi-
rection of metabolic flux from the glycolytic to the pentose
phosphate pathway under conditions of oxidative stress re-
mains unknown, 334

The present work has extended the concept of cardiopro-
tection by preconditioning. According to the present under-
standing of cardioprotection by preconditioning,3S mitochon-
dria are targets for protection from cell death. During
sustained ischemia and reperfusion. the opening of the
mitochondrial permeability transition pore induces mitochon-



1126 Circulation Research November 20, 2009

drial swelling, depolarization, and ultimately cell death.
Cardioprotection by preconditioning induced by brief nonle-
thal episodes of I/R activates a variety of signaling cascades,
all of which culminate in the inhibition of mitochondrial
permeability transition pore opening. Here, we showed that
mitochondrial retrograde signals (signals originating from
mitochondria)* play a Key role in cardioprotection. A shift
toward the oxidative state in mitochondrial matrices signals
to the nucleus to change nuclear gene expression, enabling
cells to adapt and thus compensate for mitochondrial oxida-
tive stress. Moreover, these signals favor tolerance to acute
/R injury. We also demonstrated that the elF2a-Atf4 path-
way provides the key mitochondrial retrograde signals in
response to mitochondrial aldehyde stress. Interestingly.
characteristic transcriptional changes in Aldh2*2 Tg hearts
were observed in human hybrid cells that harbor MELAS
(mitochondrial myopathy, encephalopathy, lactic acidosis.
stroke-like episode) and NARP (neurogenic muscle weak-
ness, ataxia, and retinitis pigmentosa) mitochondrial DNA
mutations®” and in frataxin-deficient murine hearts (Fried-
reich’s ataxia model),™ which are characterized by mitochon-
drial dysfunction and oxidative stress.

This study was limited by the uncertainty as to whether the
cardioprotection observed for the Aldh2*2 Tg hearts actually
exists in individuals carrying the ALDH2*2 allele. More
generally, it would be intriguing to know whether a mito-
chondrial retrograde response transduced via the elF2a-
ATF4 pathway is involved in cardioprotection during human
aging and age-related diseases. Aging is accompanied by
increased reactive oxygen species production and increased
oxidative damage to mitochondrial DNA, proteins, and lip-
ids.» In addition, loss of cardioprotection in aged hearts* is
a likely consequence of the age-associated reduction in
retrograde-response signaling. Notably, a paradoxical decline
in the relative levels of elF2a phosphorylation and ATF4
expression were demonstrated in aged rat tissues including
heart,*! suggesting that the elF2a-ATF4-mediated retrograde
response to mitochondrial dysfunction would also operate
less efficiently in aged heart. How this retrograde regulation
is affected by aging and age-related diseases represents an
important area of future research.

The present study provides insight into the clinical signif-
icance of the hormesis-like effects of aldehydes. Hormesis is
generally defined as a biphasic dose-response curve (o
treatments that are beneficial at low levels but noxious at
higher levels.** However, for practical reasons, most re-
searchers in the fields of aging and molecular biology use a
limited number of doses in the optimal or hormetic zone to
study adaptive mechanisms. Thus, these researchers report
hormetic eftects without having to confirm a biphasic dose—
response curve. This is certainly true for many examples of
preconditioning.*3#+ We extend the concept to hormetic
mimetics: the fact that exposure occurs throughout life is not
a problem. because the hormetic effects can be induced
within the setting of chronic exposure that persists throughout
the lifetime of mice.

Mitochondrial aldehyde stress produces difterent tissue-
specitic outcomes. It is essential to determine how uldehydes
switch between being a hormetic signal and cytotoxicity and
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any alternative functions of aldehydes. Given the central role
of aldehydes in the stress-induced signaling required to
establish hormetic conditions, mimetic triggers of hormesis
may be a promising approach for the prevention of the onset
of age-associated diseases and senescence itself without the
risk of overwhelming damage associated with the use of
aldehydes themselves.
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cardiomyocytes
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Several applications of pluripotent stem cell (PSC)-derived
cardiomyocytes require elimination of undifferentiated cells.
A major limitation for cardiomyocyte purification is the lack
of easy and specific cell marking techniques. We found that a
fluorescent dye that labels mitochondria, tetramethylrhodamine
methyl ester perchlorate, could be used to selectively mark
embryonic and neonatal rat cardiomyocytes, as well as mouse,
marmoset and human PSC-derived cardiomyocytes, and that

_the cells could subsequently be enriched (>99% purity) by
fluorescence-activated cell sorting. Purified cardiomyocytes
transplanted into testes did not induce teratoma formation.
Moreover, aggregate formation of PSC-derived cardiomyocytes
through homophilic cell-cell adhesion improved their survival
in the immunodeficient mouse heart. Our approaches will aid
in the future success of using PSC-derived cardiomyocytes for
basic and clinical applications.

Human embryonic stem cells (ESCs) and induced pluripotent
stem cells (iPSCs) could prove to be an unlimited source of cardio-
myocytes. Several studies have achieved directed differentiation of
mouse, monkey and human ESCs into cardiomyocytes'~? but with
variable efficiency. Some protocols describe up to 60% differentia-
tion efficiency, but none achieve >99% of cells differentiating into
cardiomyocytes without the use of genetic selection methods*.
Transplantation of undifferentiated ESCs results in the forma-
tion of teratomas®. Thus, it is necessary to purify ESC-derived
cardiomyocytes before transplantation.

ESC lines with various combinations of cardiomyocyte-
specific reporters can be used to obtain highly pure ESC-derived
cardiomyocytes*6-10, but this requires genetic modification of
the cells. Also, discontinuous Percoll density gradient centrifuga-
tion could be used to enrich for mouse and human ESC-derived
cardiomyocytes, but the purity of the cardiomyocytes in these prep-
arations is relatively low!"!2. Here we show that cardiomyocytes
in early mouse embryos or those differentiated from pluripotent

stem cells (PSCs) have high mitochondrial content and can
be purified without the need for genetic modification, using
fluorescent dyes that label mitochondria.

RESULTS

Characterization of mitochondrial dyes

In primary cultures of neonatal rat heart cells stained with
MitoTracker Red (Invitrogen) the fluorescence intensity of
cardiomyocytes was much higher compared to that of non-
myocytes (Fig. 1a). MitoTracker Red and tetramethylrhodamine
methyl ester perchlorate (TMRM) specifically accumulated
in both the subsarcomeric mitochondria, located around the
nucleus and in the intermyofibrillar mitochondria (Fig. 1a and
Supplementary Fig. 1). To confirm specific mitochondrial stain-
ing of MitoTracker dyes, we stained neonatal rat cardiomyocytes
with MitoTracker Red and JC-1 (a mitochondrial voltage-sensitive
dye; Supplementary Fig. 2).

Fluorescence-activated cell sorter (FACS) analysis of cells dis-
sociated from neonatal heart revealed three main populations
(Fig. 1b). We sorted the populations with the highest (designated
as fraction 1), the middle (fraction 2) and the lowest (fraction 3)
fluorescence intensity and cultured them separately. All the cells
in fraction 1 showed rhythmic beating and were immunostained
with an antibody to at-actinin (Fig. I¢), indicating they were car-
diomyocytes. We identified very few cardiomyocytes in fraction 2
(Fig. 1c). Fraction 3 consisted of red blood cells and dead
cells. We confirmed the neonatal rat cardiomyocyte content in
fraction 1 by immunofluorescence staining for a-actinin to be
99.4 + 0.6% (Fig. 1d), and the yield was approximately 5 x 10°
cells from a single heart.

Next, we compared the efficacy of various mitochondrial dyes
for separating the neonatal rat cardiomyocyte population from
the nonmyocytes and found that TMRM was the most effective
(Fig. 1e,f). We then evaluated the washout efficiencies of the dyes
and found that TMRM disappeared completely within 24 h, whereas
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Figure 1 | Mitochondrial dyes for cardiomyocyte purification. (a) Fluorescence images of neonatal rat cardiomyocytes prestained with MitoTracker Red
and immunostained for o-actinin (top) or prestained with MitoTracker Red and immunostained for mitochondrial electron transfer chain complex II
(complex II) and a-actinin (bottom). DAPI, nuclear stain. Scale bars, 100 um (top); 20 um (bottom); and 10 um (bottom inset). (b) FACS analysis
of neonatal rat heart-derived cells stained with MitoTracker Red. The sorted cells were divided into fractions 1-3 (boxed). FSC, forward scatter.

(¢) Immunofluorescence staining for oi-actinin of cells from fractions 1 and 2. Blue, DAPI staining. Scale bars, 100 pm. (d) Cardiomyocyte content in
fractions 1 and 2. Data are shown as mean + s.d. (n = 3). (e) Representative FACS plots of dissociated cells from neonatal rat heart stained

with mitochondrial dyes. (f) Relative fluorescence intensity of the indicated mitochondrial dyes in fractions 1 versus 2. Data are shown as

mean # s.d. (n = 3). (g) Washout of the indicated mitochondrial dyes from neonatal rat cardiomyocytes. Data are shown as mean & s.d. (n = 3).

other dyes remained for at least 5 d (Fig. 1g and Supplementary
Fig. 3a). TMRM and JC-1 at 100 nM did not affect cell viability
using 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay, whereas other dyes affected viability differ-
ently (Supplementary Fig. 3b). Based on these results, we selected
TMRM for subsequent experiments.

Purification of cardiomyocytes from heart and whole embryos
To investigate the mitochondrial content of cardiomyocytes at
different developmental stages, we performed FACS analysis
of rat hearts at embryonic day 11.5 (E11.5) to postnatal day 8
(P8); the hearts had been dissociated and labeled with TMRM
(Fig. 2a). The mean ratio of TMRM fluorescence in fraction 1
to fraction 2 gradually increased with increasing embryonic
stage and rapidly after birth (Fig. 2b). FACS analysis followed
by immunofluorescence staining confirmed over 99% cardio-
myocyte purity at all stages (Fig. 2¢,d).

We then stained live embryos (E11.5 and E12.5) with TMRM. The
heart showed markedly stronger fluorescence compared with other
tissues (Fig. 2e and Supplementary Video 1). Intraplacental injection
of MitoTracker Red also resulted in the strongest accumulation of
fluorescence in the heart via embryonic circulation. However, other
tissues had much weaker fluorescence (Supplementary Fig. 4).

To assess why there was strong TMRM fluorescence in the
embryonic heart, we compared expression levels of complex
[-V of the 36 kDa mitochondrial outer membrane protein porin
(also known as the voltage-dependent anion channel) and of heat
shock protein 70 between cardiac and various noncardiac tissues
in rat E12.5 embryos; we detected markedly stronger expression in
the myocardium (Supplementary Fig. 5). Furthermore, immuno-
staining of the fetal heart area for a-actinin, manganese superoxide
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dismutase (MnSOD) and platelet endothelial cell adhesion mol-
ecule (PECAM) (markers of cardiomyocytes, mitochondria and
the endothelium, respectively), revealed that MnSOD immuno-
staining overlapped that for ct-actinin but not for PECAM (Fig. 2f).
Taken together, the accumulation of fluorescent dyes that label
mitochondria may reflect high mitochondria abundance in
the heart.

Next, we treated dissociated cells obtained from E11.5 to E13.5
whole rat embryos with TMRM and analyzed them on a FACS
(Fig. 2g). Some cells in this preparation were autofluorescent,
which was due to the presence of lipopigments and flavins'3. To
obtain only TMRM-fluorescent cells and eliminate contamina-
tion by autofluorescent cells, we adopted pseudo-two-dimensional
separation (Fig.2g and Online Methods). We isolated populations
with the highest TMRM -fluorescence from dispersed cells of E11.5,
E12.5 and E13.5 whole rat embryos. The sorted cells from E11.5
embryos were immunostained for a-actinin (purity 99%, n = 3
embryos; yield, ~5 X 10° cells per embryo). We obtained similar
results with E12.5 and E13.5 embryos. At these embryonic stages
(E11.5-E13.5), the embryos contain skeletal myoblasts only and not
mature myotubes. We found that mature skeletal myotubes, which
could not pass through the FACS, could be marked with TMRM,
whereas skeletal myoblasts, which do pass through the FACS, were
not marked by TMRM (Supplementary Fig. 6).

Purification of PSC-derived cardiomyocytes

We first observed cardiomyocytes differentiated from mouse
ESCs on day 7 of differentiation; the cells had marked TMRM
accumulation. After TMRM staining, we fixed the cells and immuno-
stained them for Nkx2.5 and oi-actinin (Fig. 3a). The Nkx2.5-and
o-actinin—positive areas and TMRM-positive area in the mouse
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Figure 2 | Purification of cardiomyocytes from embryonic heart and whole embryo. (a) Representative FACS analysis of TMRM-stained rat embryonic
heart cells at the indicated ages. Fractions 1 and 2 were typical gates for cardiomyocytes and noncardiomyocytes, respectively. (b) Relative fluorescence
intensity of fraction 1 versus fraction 2 in the developing rat heart. Data are shown as mean + s.d. (n = 3). (c) Immunofluorescence staining for
a-actinin in the fraction 1 gated cells from E11.5 rat heart. (d) Cardiomyocyte content of the fraction 1-gated cells obtained from E11.5-P8 rat

hearts. Data are shown as mean + s.d. (n = 3). (e) Bright field (left) and fluorescence (right) images of whole rat embryos of indicated ages.

(f) Immunofluorescence staining of rat E11.5 embryo for the indicated markers, PECAM, a-actinin and MnSOD. Images show pericardiac area (left four)
and magnification of the boxed areas is shown on the right. (g) FACS analysis (left) of dissociated cells from whole embryos in the absence (not stained)
or presence of TMRM at the indicated stages. Boxes indicate fractions 1 and 2; percentages of fraction 1 cells are shown. Immunofluorescence staining
(middle) for a-actinin in the cells obtained from fraction 1 of E11.5 embryos. Cardiomyocyte content of fractions 1 and 2 at E11.5 is shown (right).

Data are shown as mean + s.d. (n = 3). Scale bars, 100 um (c,g,e); 200 um (f left); and 20 um (c inset, f right, g inset).

ESC—-derived cardiomyocytes were colocalized completely,
although the intracellular localization of TMRM, Nkx2.5 and
o-actinin was clearly different. Notably, TMRM dissociated
rapidly into the bulk solution compared with other dyes upon fixa-
tion (Supplementary Fig. 7), indicating that there is likely to be no
effect of TMRM on subsequent immunohistochemical analysis.

We applied pseudo—two-dimensional FACS analysis to the embry-
oid body—derived cells (Fig. 3b). We first observed fraction 1 cells 7 d
after embryoid body formation. Both the ratio of the mean TMRM
fluorescence in fraction 1 (cardiomyocytes) to fraction 2 (noncardio-
myocytes) and the percentage of cells in fraction 1 increased gradually
until day 15 (Fig. 3c,d), suggesting that the best time for obtaining
mouse ESC-derived cardiomyocytes was at day 15.

We sorted approximately 5 X 10° to 9 x 10° cells from day 15
embryoid bodies. The viability of the sorted cells was 99.1 + 1.5%,
as confirmed by trypan blue staining (Supplementary Fig. 8).
This high viability may be due to the fact that the cells were
sorted based on TMRM accumulation (and thus contained active
mitochondria). We cultured the sorted cells for 7 d to allow the
cells to attach to the substrate and to elongate (Online Methods).
Immunofluorescence staining for ot-actinin and Nkx2.5 in three
independent experiments confirmed that these cells were high-
purity cardiomyocytes (99.5 + 0.3%; Fig. 3e). We obtained >99%
pure ESC-derived cardiomyocytes from day 12-25 embryoid bodies
(Fig. 3f). We also obtained highly pure cardiomyocytes from
mouse iPSCs (Fig. 3g,h).

To investigate the possibility of isolating cardiac progenitor cells,
we stained whole E7.5 and E7.75 embryos. We found that TMRM
faintly, but distinctly, marked the cardiac crescent, which contains
cardiomyogenic precursor cells, indicating a possible applicability

of our method to obtaining progenitor cells. Next, we carried out
time-lapse fluorescence microscopy on attached mouse embry-
oid bodies stained with TMRM (Supplementary Fig. 9). We first
observed TMRM-positive cells on day 6.5. Fluorescence in these
cells increased gradually between days 6.5 and 7 and they started
beating on day 7.0. In contrast, TMRM-negative cells did not
beat during the experiments. We then performed FACS analysis
on dissociated cells obtained from day 3-6.5 embryoid bodies
and stained with TMRM. There were no cells in fraction 1. The
higher TMRM-fluorescence cells in fraction 2 from day 3 and 4
embryoid bodies did not differentiate into cardiomyocytes, even
after subsequent culture of attached cells for up to 8 d. In the case
of day 6.5 embryoid bodies, some of the isolated cells differenti-
ated into cardiomyocytes upon subsequent culture for 3 d. We also
stained Nkx2.5-GFP knock-in mouse ESCs, which we and others
have used frequently to isolate cardiomyocytes. After embryoid
body formation, we first observed GFP fluorescence on day 7,
whereas we observed TMRM staining on day 6.5 (Supplementary
Fig. 10). Our observations indicate that our method can be
used to purify differentiated cardiomyocytes but not cardiac
progenitor cells.

We differentiated common marmoset ESCs, human ESCs
and human iPSCs into cardiomyocyte-containing embryoid
bodies by conventional floating cell culture. We transferred the
embryoid bodies into the cell-attachment dishes with 10 nM
TMRM. Beating embryoid bodies had extremely high TMRM
fluorescence compared with that of nonbeating embryoid bod-
ies derived from marmoset and human ESCs (Fig. 4a). Then we
dispersed embryoid body—derived cells, stained them with TMRM
and analyzed them on a FACS (Fig. 4b). We fixed sorted human
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cells in fraction 1, immunostained them for Nkx2.5 and sub-
jected them to a second FACS analysis. The results showed that
over 99.9% of cells in fraction 1 were cardiomyocytes (Fig. 4c).
Furthermore, we compared expression of cardiac and noncar-
diac genes in human ESC—derived cardiomyocytes isolated by
our method and in unpurified cells from embryoid bodies using
real-time PCR. We observed a marked increase in the expression
of myocardial genes and a decrease in the expression of non-
myocardial genes in purified human ESC—derived cardiomyocytes
(Supplementary Fig. 11).

We also cultured the sorted cells for 5 d and immunostained
them for Nkx2.5 and a-actinin (Fig. 4d). Common marmoset
ESC, human ESC and human iPSC fraction 1 comprised 99.0
+ 1.0%, 99.0 + 0.9% and 99.3 + 0.2% cardiomyocytes, respec-
tively; in contrast, fraction 2 had 2.3 + 0.6%, 2.5 + 0.2%
and 1.7 £ 1.6% cardiomyocytes, respectively (Fig. 4e). To estimate
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the acquisition efficiency in the sorting experiments, we
compared by FACS analysis the cardiomyocyte fraction obtained
by TMRM with that obtained by immunofluorescence stain-
ing for a-actinin. The number of cardiomyocytes isolated by
TMRM staining was 60-90% of the number defined by a-actinin
staining (Supplementary Fig. 12). To rule out the possibility
of skeletal muscle contamination in the sorted cardiomyocyte
population, we extracted total mRNA from sorted cardiomyo-
cytes and evaluated it for myoD expression using real-time
PCR. We confirmed that there was no amplification of myoD
(Supplementary Fig. 13).

No teratoma formation

We cultured the purified mouse ESC-derived cardiomyocytes
and noncardiomyocytes for 7 d and found that although non-
cardiomyocytes formed piled-up colonies, in which some cells

Figure 4 | Purification of PSC-derived

100 cardiomyocytes in human and marmoset.
= 80 (a) TMRM fluorescence (left) and phase contrast
60 (right) images of marmoset and human embryoid
;g bodies containing beating cardiomyocytes. Arrows,
0 beating areas; arrowheads, nonbeating areas.

! 2 (b) FACS separation of TMRM-stained cardiomyocytes
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were positive for Oct3/4, the cardiomyocytes did not (Fig. 5a).
Further, we transplanted 1.9 x 10 aggregated mouse ESC—
derived cardiomyocytes and 250 undifferentiated mouse ESCs
as a control into the testes of immunocompromised nonobese
diabetic—severe combined immunodeficient (NOD-SCID) mice.
Two months later, 90% of the control mice developed teratomas
(9 of 10 mice), but we did not detect teratomas in any of the
mice transplanted with purified mouse ESC—derived cardiomyo-
cytes (0 of 40 mice) (Fig. 5b). We tried to verify that there was

_no teratoma formation in the heart by directly injecting mouse
ESC—derived cardiomyocytes (1 X 10°) into the myocardium of
five NOD-SCID mice immediately after sorting. Two months
later, we found few (<1%) of the transplanted cardiomyocytes
in the heart (data not shown).

To understand the mechanism underlying this cell loss, we
injected purified and MitoTracker Red-labeled neonatal rat
cardiomyocytes into the left ventricular free wall of ex vivo-
perfused hearts. We found one-third to one-half of injected
cells in the postperfusion solution, indicating that the neonatal

. rat cardiomyocytes were washed out within the first 10 min
(Supplementary Fig. 14). Next, we compared the tissue adhesive-
ness of purified mouse ESC—derived cardiomyocytes and mouse
embryonic fibroblasts (MEFs) by counting cells in continuous

- sections of whole ventricles 24 h after injection into the left ven-
tricular free walls. We found that less than 1% of the grafted ESC-
derived cardiomyocytes had adhered to the host myocardium,
compared with 50% of MEFs.

Transplantation of PSC-derived cardiomyocytes

From the above observations, we reasoned that loss of trans-
planted ESC-derived cardiomyocytes may be due to rapid wash-
out and low adhesiveness of the cells. Because ESC-derived
cardiomyocytes existed as homophilic cell aggregates (diameter,
100-500 pm) in mouse, marmoset and human embryoid bodies
(Supplementary Fig. 15), we suspected that re-aggregated puri-
fied ESC-derived cardiomyocytes may be more resistant to rapid
washout. We generated cardiomyocyte aggregates by seeding
313-10,000 purified mouse ESC—derived cardiomyocytes onto
nonadhesive 96-well plates. One day after seeding, the cells adhered
to each other, aggregated and started synchronized beating; 5 d later,
cardiomyocyte aggregates formed with diameters of 100-450 Lm
(Fig. 5¢, Supplementary Fig. 16 and Supplementary Video 2).
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Figure 5 | Transplantation of purified mouse ESC-derived cardiomyocytes.
(a) Immunofluorescence staining for Oct3/4 (red) in the sorted cells from
the noncardiac fraction (left), and numbers of mouse ESC-like colonies
obtained from 10° sorted cells (right). Data are mean + s.d. (n = 3).

(b) Transplantation of 250 undifferentiated mouse ESCs into testes resulted
in teratoma formation (testis), whereas transplantation of 1.9 x 10°
purified mouse ESC-derived cardiomyocytes did not (8 weeks). Incidence
of teratoma formation was quantified (right). (c) Phase contrast image

of mouse cardiomyocyte aggregates. (d) Immunofluorescence staining of
engrafted mouse cardiomyocyte aggregates for a-actinin and Nkx2.5 8 weeks
after transplantation (left); transplanted cells expressed EGFP. Mouse ESC-
derived cardiomyocytes in vitro and 3 and 8 weeks after transplantation
immunostained for Nkx2.5 and o-actinin (right). (e) Transplanted mouse
ESC-derived cardiomyocyte survival. Data are shown as mean + s.d. (n = 5).
Scale bars, 100 um (a,c); 5 mm (b); and 20 um (d).

Propidium iodide staining revealed that a high proportion of
re-aggregated mouse ESC-derived cardiomyocytes were viable
(98.8 + 0.2% of seeded cells; Supplementary Fig. 16).

We transplanted mouse cardiomyocyte aggregates into the
ventricular free walls of NOD-SCID mice and killed the mice
at 3 and 8 weeks (n = 5 for both groups). We observed no tera-
toma formation in either group. Immunofluorescence stain-
ing revealed that cell aggregates positive for the tracers Nkx2.5
and o-actinin were located in the left ventricle (Fig. 5d). The
number of cells that survived in the heart was greater than
90% (Fig. 5e). Furthermore, we repeated these experimental
procedures using purified human ESC—derived cardiomyocytes
(Supplementary Video 3). Two months after transplantation,
we detected a large amount of human myocardial tissue in
NOD-SCID mouse heart (Supplementary Fig. 17).

Finally, we investigated which autoparacrine factors are impor-
tant for the survival of ESC-derived cardiomyocytes. Human
cardiomyocyte aggregates remained viable under serum-free
culture conditions; moreover, their diameters increased by
approximately twofold by day 25. Supplementation of the cul-
tures with physiological concentrations of basic fibroblast growth
factor (bFGF), epidermal growth factor (EGF), platelet-derived
growth factor beta dimer (PDGF-BB) and endothelin-1 (ET-1)
strongly enhanced the growth of the cardiomyocyte aggregates
(Supplementary Fig. 18a and Supplementary Video 4). We con-
firmed expression of these growth factors and their receptors by
real-time PCR (probe and primer sets are listed in Supplementary
Table 1). We also confirmed that these growth factors were
expressed in adult human and mouse hearts (Supplementary
Fig. 18b). Autoparacrine stimulation with these growth factors
may be one reason why grafted cardiomyocyte aggregates survived
and grew in the host myocardium.

DISCUSSION

Our method for cardiomyocyte isolation has two advantages.
First, it does not require genetic modification of the cells. Genetic
modifications using nonviral or viral systems have several disad-
vantages: extrinsic genes may be silenced, the number of integra-
tion events in one cell is difficult to control, targeted integration
is not straightforward, and line selection as well as verification
of proper expression of extrinsic genes' is time-consuming.
Furthermore, genetic modification carries risks such as pos-
sible tumor formation!>~17. Second, our method is likely to be
widely applicable. We demonstrated that it may be used to purify
ESC-derived cardiomyocytes in four species, including human,
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and that it is also applicable to mouse and human iPSCs. High
abundance of cellular mitochondria is likely to be a common
characteristic of cardiomyocytes irrespective of species. In contrast,
most genetic modifications require species-specific constructs.
Our simple purification strategy should facilitate basic studies
using embryonic heart and stem cell-derived cardiomyocytes;
furthermore, this strategy can also allow isolation of noncardio-
myocytes, which may open up new approaches to studying devel-
opmental interactions.

The ESC-derived cardiomyocytes purified using our method
did not induce teratoma formation in either the heart or testes.
Although from the viewpoint of clinical safety, further studies
using large animal models with a much larger number of ESC-
derived cardiomyocytes will be required, we believe that our puri-
fication method may have considerable advantages over existing
methods for eventual clinical translation as well.

Our results suggest that induction of mitochondrial biogenesis
begins shortly before beating of cardiomyocytes. This indicates the
tight relationship between cardiomyogenesis and mitochondrial
biogenesis. A combination of our strategy and other marking tech-
niques for cardiac progenitor cells may facilitate study in this field.

Unpurified fetal and neonatal rat cardiomyocytes and bone
matrrow mesenchymal and ESC-derived cardiomyocytes have been
shown to survive in the recipient heart'®-2%, [n contrast, puri-
fied and dispersed cardiomyocytes differentiated from ESCs did
not achieve a high survival rate®. Re-aggregation augmented the
long-term survival of purified mouse and human ESC—derived
cardiomyocytes. Our results indicate that ESC-derived cardiomyo-
cytes might be highly anchorage-dependent, and that homophilic
cell-to-cell adhesion and autoparacrine signaling may be impor-
tant factors contributing to their survival.

METHODS
Methods and any associated references are available in the online
" version of the paper at http://www.nature.com/naturemethods/.

Note: Supplementary information is available on the Nature Methods website.
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A novel in vitro system for studying cardiomyocyte
differentiation with medaka embryonic cells
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ABSTRACT Our studies revealed that dissociated cells from medaka (the fresh-water fish, Oryzias
latipes) blastula-stage embryos differentiate into many rhythmically contracting cells when
incubated with a conditioned medium from a cell line. Analyses of these cells by immunostaining,
electron microscopy, expression of marker genes, action potential recordings and pharmacologi-
cal responses all showed the characteristics of myocardial cells. We succeeded in purifying the
cardiac cell-inducing factor from the conditioned medium by 523,100-fold with 8% recovery of the
protein. Analysis of its amino-acid sequence by mass spectrometry revealed the factor to be
medaka activin A, (homodimer of inhibin A, subunit}. Recombinant human activin A showed the
same cardiac cell-inducing activity toward medaka embryonic cells. Qur results demonstrate that
activin A is a potent factor for medaka myocardial cell differentiation. This culture method should
provide a novel and simple experimental system to study cardiomyocyte differentiation in vitro.

KEY WORDS: medaka, activin, cardiomyocyte, embryonic cell culture

Introduction

Pluripotent embryonic stem (ES) cell lines have been estab-
lished from the inner cell masses of early human (Thomson et
al., 1998) or other mammalian embryos and are expected to
provide a unique system for tissue engineering. The technology
to induce pluripotent stem cells (the iPS cells) from cultured
mouse (Takahashi and Yamanaka, 2006) or human (Takahashi
et al., 2007) somatic cells has recently been devetoped. Thus
it will be possible to create pluripotent cells directly from
somatic cells of patients. Differentiation of ES or iPS cells into
cardiomyocytes has been demonstrated (Kehat et al., 2001; Xu
etal., 2002; Passier etal., 2005; Denning et al., 2008, Laflamme
et al., 2007; Takahashi et al., 2007). Attempts to treat heart
disease using these cells have been carried out and transplan-
tation of human ES cell-derived cardiomyocytes to infarcted
hearts of athymic rat or mouse was shown to improve heart
function (Laflamme et al., 2007; van Laakea et al., 2007). While
these methods are expected to be used in regenerative cell
therapy for treatment of human heart disease, more detailed
studies are required for a better understanding of the molecular

mechanisms of early cardiac differentiation, proliferation and
maturation of the induced cardiomyocytes.

The protocol for in vitro induction of the cardiomyocytes was
based on the results of experiments using animal models such
as amphibians and chicken. Experiments with tissue fragments
from embryos of these animals revealed that cardiac myogenesis
is regulated by several temporally and spatially distinct signal-
ing events. Although participation of many protein factors has
been reported in cardiogenesis including activin, bone morpho-
genetic proteins (BMPs), or fibroblast growth factors (FGFs)
(Lough and Sugi, 2000; Yutzey and Kirby, 2002; Zaffran and
Frasch, 2002; Brand, 2003; Fukuda and Yuasa, 20086), the
primary mechanisms underlying cardiac induction, especially
which signal initiates specification, have yet to be fully charac-
terized. In chicken embryos, there seem to be distinct mecha-
nisms between the cardiac cell-inducing activities of early stage
hypoblasts and those of late stage antero-lateral (AL) endo-

Abbreviations used in this paper: AL- antero-lateral; BMP, bone morphogenctic
protein; CM, conditioned medium; ES, embryonic stem.
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derm where hypoblast-derived signals (activin) act upstream of
the heart-inducing signals provided by AL endoderm (BMPs
and FGFs) (Sugi and Lough, 1995; Schultheiss et al., 1995;
Lough et al., 1996; Yatskievych et al., 1997; Ladd et al., 1998;
Barron et al., 2000). In frog embryos, induced differentiation of
animal cap cells into cardiomyocytes in vitro was shown after
treatment with activin (Ariizumi et al., 1996; Ariizumi et al.,
2003).

Small fresh-water fish such as medaka (Oryzias latipes) and
zebrafish (Danio rerio) are attracting increasing interest as
animal models for research in vertebrate development. We
have been using pluripotent cells isolated from early stage
medaka embryos for cell culture experiments (Hyodo et al.,
1998). Medaka produces considerable numbers of eggs daily
under conditions of controlled water temperature and light
periods. The eggs are relatively large (about 1 mm in diameter)
and transparent so that they can be easily observed or manipu-
lated under low magnification microscopy. The recent release
of a draft genome sequence for medaka should facilitate re-
search in many fields (Kasahara et al., 2007). Although at-
tempts to establish ES cells from fish embryos have been
reported (Hong et al., 1998; Fan and Collodi, 2006), success
remains limited. Furthermore, there have been no reports of
studies employing in vitro fish cell culture to investigate the
induction of cardiomyocytes. During our study to culture medaka
embryonic cells, we found that a conditioned medium prepared
with a medaka cell line effectively induces cardiogenesis in
vitro. We report here the purification and identification of the
protein factor responsible for this induction. The factor was
found to be medaka activin A,. Human activin A was also shown
to have cardiac cell-inducing activity in this new experimental
system.

Results

Induction of rhythmically contracting cells from medaka
embryonic cells
While we were attempting to establish ES cells from medaka
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Fig. 1. Dose-dependent effects of the conditioned medium (CM-1) on
the cell growth and cardiac differentiation of medaka embryonic
cells. Closed circles: number of cells/well. Open circles: number of
contracting loci/well. Values represent mean + SE (n = 5-7)
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Fig. 2. Differentiation of cardiomyocytes from medaka embryonic
cells dissociated at the blastula stage. (A-E) Light microscopic obser-
vation. (A) Cells dissociated from blastula-stage embryos. (B) Cells
incubated for 1 day. (C) Cells incubated for 2 days. An asterisk indicates
apoptotic cells. (D) Cells incubated for 6 days. Arrowheads indicate
contracting loci. (E) Immuno-histochemical micrograph of cells incubated
for 5 days. Scale bar in (A-E), 100 um. (F) Transmission electron micro-
graph of sectioned beating cells after 14 days of incubation. Arrowheads
indicate Z-band and an arrow indicates an intercalated disc.

embryos (Hyodo et al., 1998), we tested the effect of the
conditioned medium. The conditioned media were prepared
from 6 medaka fibroblast cell lines established independently in
our laboratory. They were added to cultures of dissociated cells
prepared from the blastula-stage medaka embryos. Then we
found that one of them (CM-1) induced spontaneously contract-
ing cells after several days of incubation. Differentiation oc-
curred in primary cultures in which most of the cells were
growing as a monolayer.

At first, we examined the dose-dependent effects of CM-1
and the results are shown in Fig. 1. For determination of cardiac
cell-inducing activity, the contracting loci (groups of cardiomyo-
cytes) were counted under a microscope after 5 days of incuba-
tion. The results show that the differentiation of contracting
cells was dependent on CM-1. Without the addition of CM-1,
contracting cells were almost never observed. When 10-20 ul of
CM-1 was added to the culture, cell growth was promoted and
lower level of cardiac differentiation was observed. Then a
maximum number of contracting locus was found when 40 ul of
CM-1 was added to a 1.2 mlculture. Under the same conditions,
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cell number decreased to about 50% of the maximum. When
increasing the amount of CM-1 to more than 40 pl/well, exten-
sive cell death occurred so that both the cell number and yield
of contracting loci decreased. These results show that differen-
tiation occurred within a narrow concentration range of a factor
contained in CM-1.

Characterization of rhythmically contracting cells

Fig. 2 shows a typical result of microscopic observation of
cultured medaka embryonic cells. At first, blastoderms were
excised from blastula-stage embryos, and blastomeres were
dissociated into single cells (Fig. 2A). Cells were then incu-
bated in 1.2 ml of 199ES2 medium containing 40 pl CM-1, the
most suitable conditions for differentiation of the contracting
cells. After 1 day of incubation, many colonies of epithelial cells
were observed (Fig. 2B). The cells were small and each cell
contained a large nucleus and a small amount of cytoplasm. At
the center of colonies, cells were tightly associated with each
other so that the cell boundaries were not clear. Their appear-
ance was similar to those of mammalian ES cells. After incuba-
tion for 2 days, some cells at the center of these colonies died
and degraded (Fig. 2C). Many of the surviving cells were found
 to differentiate into rhythmically contracting cells. The cells
started beating after incubation for 2-3 days. This beating was
weak and irregular at first, but it became regular and strong
after 4 days of incubation. In intact embryos, heart contractions
~ started at approximately the same time (lwamatsu, 2004) as
those in the in vitro culture system. Fig. 2D shows groups of
contracting loci incubated for 6 days. Contracting cells are also
shown in the online data supplements (Movie 1). The pulse rate
was approximately 100-110/min at 28°C, and this was similar to
' those of intact embryonic heart. Such rhythmical contractions
continued for more than 2 months with weekly medium changes.

To characterize these rhythmically contracting cells, the
expression of a cardiac troponin | in cultured cells was investi-
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Fig. 3. The expression of 5 genes (Nkx2.5, amhc, mhc1, emlc2and EF-
1a) was analyzed by RT-PCR. ANA was extracted from cells immedi-
ately after dissociation of the blastoderm (0 day), after incubation of up to
4 weeks, or from the intact medaka heart. In negative control reactions,
reverse transcriptase was omitted (-RT).
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Fig. 4. Electrophysiological analysis of cardiomyocytes differenti-
ated in vitro.

gated by immuno-staining with a monoclonal antibody. As
shown in Fig. 2E, the contracting loci were positively stained
with the anti-cardiac troponin | antibody. Among cells incubated
without CM-1, no contracting cells formed and cells were not
stained with the monoclonal antibody (data not shown). Fig. 2F
shows a result of ultrastructural analysis of embryonic cell-
derived beating cells incubated for 14 days. The electron
micrograph shows sarcomeric organization with Z-bands and
intercalated discs. Thus, the results of immunohistochemical
and ultrastructural analyses indicated that the spontaneously
contracting cells displayed characteristics of cardiomyocytes.

Fig. 3 shows the results of gene expression analysis by RT-
PCR. The expression levels of four cardiac-specific genes,
including Nkx2.5 (cardiac specific homeobox gene), amhc
(atrium myosin heavy chain), mhc1 (myosin heavy chain 1),
cmilc2 (cardiac myosin light chain 2), as well as EF-1a(elonga-
tion factor 1) as a control, were examined. The results show
that expression of the cardiac specific genes can be detected
after incubation in CM-1 for 3 days and continues for at least 4
weeks.

An electrophysiological study was carried out on the con-
tracting cells after 2 weeks of incubation in CM-1 (Fig. 4). A
cardiomyocyte-like action potential was recorded from these
spontaneously beating cells and shows the following proper-
ties: (1) arelatively long action potential duration or plateau; (2)
a relatively shallow resting membrane potential; and (3) a
pacemaker-like late diastolic slow depolarization. They re-
vealed a sinus node-like action potential rather than action
potentials like those of matured ventricular cardiomyocytes.
These results confirmed that the contracting cells were cardi-
omyocytes.

Pharmacological responses of the contracting cells

To further characterize the properties of differentiated cardi-
omyocytes derived from medaka embryonic cells, their phar-
macological responses were examined. For this purpose, car-
diomyocytes were incubated with various concentrations of
drugs and their beating frequencies were measured. The con-
tracting cells were treated with phenylephrine (an o,- adrener-
gic receptor agonist; Fig. 5A), orisoproterenol (a 8, - adrenergic
receptor agonist; Fig. 5B). Both of these drugs enhanced
contraction rate in a dose-dependent manner. Clenbuterol (a
B,-adrenergic receptor agonist; Fig. 5C) caused slightincreases
in the beating rate. Fig. 5D shows that the beating frequency
was decreased by diltiazem (a calcium channel blocker) in a
concentration-dependent manner and that treatment of cells



618 M. Hyodo et al.

fects of the purified medaka activin A2 on the
dissociated embryonic cells. The results are simi-
lar to those with CM-1 (Fig. 1).

Human activin A can induce medaka cardiac
myocytes

We next examined whether human activin A
(78% identity to medaka activin A, in amino-acid
sequence) possesses the same cardiac cell-induc-
ing activity towards medaka embryonic cells. The
results are shown in Fig. 7B and indicate that
recombinant human activin A has the same activity
as medaka activin A,. It promoted cell growth at low
concentrations, induced myocardial cell differen-
tiation at medium-range concentrations and caused
cell death at higher concentrations. The results in
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Fig. 5. Study of pharmacological responses with differentiated cardiomyocytes.
Effect of phenylephrine (a-adrenoceptor agonist) (A), isoproterenol (B,-adrenoceptor
agonist) (B), clenbuterol (B,-adrenoceptor agonist) (C) and diltiazem (calcium channel
blocker) (D) on medaka cardiomyocytes induced from embryonic cells. Values represent

mean + SE (n = 3-4). * p<0.05, ** p<0.005, *** p<0.001.

with 107 M diltiazem stopped contractions completely. These
results show that differentiated cardiomyocytes responded to
adrenergic agonists and Ca2* blockers similarly to those in vivo.

Furification and identification of the cardiac cell-inducing
factor

To purify the cardiac cell-inducing factor from the conditioned
medium, fractionation steps employing ammonium sulfate, SP-
Sephadex, Sephadex G-75, hydroxyapatite and SP-Sepharose
columns were performed. For determination of cardiac cell-
inducing activity during these steps, one unit was defined as the
amount of activity that induces one contracting locus
in a well. Using these procedures, the cardiac cell-

Concentration (M)

Fig. 7 show that 1 ng/well (0.83 ng/ml) of the
medaka activin A, can induce ~300 contracting
loci, whereas 3 ng/well (2.5 ng/ml) of human activin
A can induce ~200 contracting loci. Microscopic
observations of cultured cells incubated with hu-
man activin A showed them to have morphological
appearances indistinguishable from those of cells
induced with CM-1 or purified medaka activin A,.

Then we performed molecular identification of
the cardiomyocytes induced by human activin A.
The rhythmically contracting cells were positively stained with the
anti-cardiac troponin | antibody (Fig. 8). And RT-PCR experi-
ments revealed that expression of the cardiac specific genes can
also be detected (Fig. 9). These results confirm that activin Ais a
potent inducer of myocardial cells from medaka embryonic cells.

Discussion

Differentiation of cardiomyocytes in vitro
We found that when dissociated cells isolated from the medaka
blastula-stage embryos were incubated with the conditioned

24
inducing factor was purified by 523,100-fold with 8% 22
protein recovery from CM-1 (Table 1). The molecular o
mass of the factor was estimated to be 24-28 kDa by 18
Sephadex G-75 column chromatography (data not t 1'6
shown). Fig. 6 shows a final result of SP-sepharose s
column chromatography. The activity was detected g 14
as adiscrete peak at approximately 40 mmol/L NaCl. g 12

For determination of the amino-acid sequence of § 1
this factor, the purified protein was digested by trypsin 208
and separated peptides were analyzed by a mass <06
spectrometer (Ultraflex MALDI LIFT TOF/TOF MS, 04
Brukar Daltonics K. K.). Peptide mass fingerprint 02
(PMF) data identified the factor as inhibin BA, subunit

o

(EMBL/GenBank/DDJB accession no. AB009408)
(Tada et al., 1998). Inhibin is composed of two pep-
tides, o and 3 subunits, and activin is a homodimer of
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inhibin B subunits. Since only the inhibin BA, subunit
was detected, we conclude that the purified cardiac
cell-inducing factor is the medaka activin A, (BA,
homodimer). Fig. 7A shows the dose-dependent ef-

Fig. 6. A profile of the SP-Sepharose column chromatography. Proteins were
eluted with a linear gradient of 0-100 mmol/L NaCl in basal buffer at a flow rate of 0.5
mi/min. Activity was detected as a discrete peak at 40-50 mmol/L NaCl. Open circles:
activity of cardiac cell-inducing factor (kilo units/ml). Closed circles: absorbance at 214
nm. Dashed line: NaCl concentration.
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medium (CM-1), many cells differentiated into rhythmically con-
tracting cells. These cells were characterized as cardiomyocytes.
Development of heart has been shown in in vitro cultures of avian
(Sugi and Lough, 1995; Schultheiss et al., 1995; Lough et al.,
1996; Yatskievych et al., 1997; Ladd etal., 1998; Lough and Sugi,
2000; Barron et al., 2000; Yutzey and Kirby, 2002) and amphibian
(Ariizumi et al., 2003) embryo explants. In most of these cases,
the cells develops into complex structures containing different
tissue lineages. Incontrast to these results, our study showed that
dissociated medaka blastomeres incubated with CM-1 formed
monolayer colonies and differentiated into spontaneously con-
tracting cells (Fig. 2). This induction of cardiac differentiation is
highly reproducible and the ratio of cardiomyocytes is about 30-
40% of the surviving cells as judged by microscopic observation
of the intact and immuno-stained cells. Differentiation of myocar-
dial cells was the most significant eventin this culture system. The
rest of the culture was composed of epithelial or spindle-shaped
cells. In some cases, a small number of notochord cells (less than
5% of survived cells) which were composed of typical vacuolized
cells, were formed. However, these appeared without CM-1, and
addition of CM-1 decreased their number, so that differentiation
of notochord occurred spontaneously and was not dependent on
the factor in the conditioned medium.

Identification of the factor as activin A,

Through successive protein fractionation steps beginning with
a large quantity of the conditioned medium, we succeeded in
purifying the cardiomyocyte-inducing factor as

Human activin A (ng/well )

Values represent mean + SE
(n=4~5).

human activin A confirmed an effect of activin on the differentia-
tion of cardiomyocytes (Figs. 7B, 8, 9).

Differentiation of cardiomyocytes by activin A,

The roles of activins in mesoderm induction and axis formation
during the early stages of development have been studied in
amphibian embryos (Asashima, 1994; Ariizumi and Asashima,
2001; Sedohara et al., 2006). Activin was found to induce a
broader range of tissues, from ventral to dorsal types, in agradient
fashion depending on its concentration. For example, in the
animal cap assay using Xenopus embryos, activin induced ven-
tral types of mesoderm tissue at a low concentration, muscle and
neural tube at a middle range of concentration, and dorsal
mesoderm, such as notochord, at a high concentration (Asashima,
1994). Activin A was also shown to induce heart tissues in
Xenopus (Ariizumi et al., 2003) and newt (Cynops pyrrhogaster)
(Asashima et al., 2000) animal caps at a high concentration (10-
1,000 ng/ml). In our study, it was interesting that differentiation of
cardiomyocytes occurred at much lower concentrations of activin
A, compared with those reported with amphibian embryos. In our
study, the most efficient amount for the differentiation of cardi-
omyocytes was at 0.83 ng/ml of medaka activin A, or 2.5 ng/ml of
human activin A.

The involvement of activins in mesoderm induction in medaka
embryos was shown by Wittbrodt and Rosa (1994). They demon-
strated that only maternally provided activin proteinis required for
the formation of mesoderm and body axis by inhibiting the

a single peak. Analysis of the amino-acid se- TABLEA .
quences of trypsinized peptide fragments us- PURIFICATION OF THE CARDIAC CELL INDUCING FACTOR FROM
ing a mass spectrometer revealed that the CONDITIONED MEDIUM
factor was medaka activin A,.

When the purified protein fraction was added Tolsl R Yo —— Peificat

. : otal ecovery ota peciiic urification

to cultured medaka embryonic cells, it showed Staps K Units (%) Protein (mg) Activity (fold)
the same dose-dependent effects on cell growth -
and differentiation as the conditioned medium Mesdipm 38,50 100 7200 B.535 !
(Fig. 7A), and differentiated cell morphologies ~ (NH:)2S0: 23,940 622 6,600 3.63 6.79
were indistinguishable from those formed with 1st SP-column 22,640 58.8 139 162.9 304
CM-1. Thus, the effect of myocardial cell differ- ~ Sephadex G-75 14,151 36.8 1.82 7,775 14,533
entiationinduced by CM-1 was attributed solely ~ HA-column 7,640 19.8 0.41 18,634 34,830
to activin A,. In addition, experiments with  5ng sp.column 3,080 8.0 0.011 279,859 523,101
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Fig. 8 (Left). Immuno-histochemical micrograph of cells incubated with human activin A for 5 days. Bar, 700 um.

Fig. 9 (Right). The expression of 5 genes (Nkx2.5, amhc, mhc1, emic2 and EF-1a) in the cells incubated with human activin A was analyzed
by RT-PCR. RNA was extracted from cells immediately after dissociation of the blastoderm (0 day), after incubation of up to 4 weeks, or from the
intact medaka heart. In negative control reactions, reverse transcriptase was omitted (-RT).

expression of zygotically transcribed activins. They also de-
scribed a temporal difference in the zygotic expression of medaka
activins. Activin B mRNA first appears in the late blastula, while
transcripts of activin A, and A, were detected in the late gastrula.
In this study, we showed that activin A, induces cardiomyocytes
in cultured medaka embryonic cells at high frequency. We con-
sider from our results that activin A, may have a specific role inthe
induction of heart in vivo. The temporal difference in the expres-
sion of activins (Wittbrodt and Rosa, 1994) may be related to
functional differences in development. The possibility of a direct
function of medaka activin A, in the differentiation of cardiomyo-
cytes in vivo needs to be clarified by further investigation.

Materials and Methods

Cell culture :

From the blastula-stage (stage 10-11) (lwamatsu, 2004) medaka
embryos, blastoderms were excised and were dissociated to single cells
(Hyodo et al., 1998). The 199ES2 medium was used for cell culture which
contained 199 medium (Nissui Seiyaku Co.) supplemented with 20 mmol/
L HEPES (pH 7.5), 50 nmol/L 2-mercaptoethanol, 1 mmol/L sodium
pyruvate and 15% fetal calf serum (Hyclone Co.). The cell suspension
was transferred to 0.1% gelatin-coated 24-well plates (Nalge Nunc Int.).
Cells from 20 embryos were incubated in a well with 1.2 ml of 199ES2
medium containing a conditioned medium or a fractionated protein. The
plates were incubated at 28°C.

To assay their activity during protein fractionation steps, one unit was
defined as the amount of activity that induces one contracting locus in a
well. Recombinant human activin A (R&D Systems, Inc.) was prepared as
a 10 pg/ml stock solution according to recommendation of the supplier.

Conditioned medium

A medaka cell line (MR 1) (Hyodo et al., 1998) was used as feeder cell
for the conditioned medium (CM-1). This fibroblastic cell line was derived
from 5-day-old medaka embryos and was serially transferred in every 7-
10 days for more than 5 years. To prepare CM-1, approximately 1X108
cells were incubated with 5 ml of the culture medium in a culture flask
(25cm?, Nalge Nunc Int.). After incubation at 28°C for 5 days, the culture
medium was collected and passed through a 0.2 um membrane filter. A

large scale culture was carried out in a 185 cm? culture flask (Nalge Nunc
Int.) with 60 ml of culture medium.

Immunostaining

For immuno-histochemical study, cells dissociated from 50-60 em-
bryos were culturedin a glass chamber slide (Nalge Nunc Int.) with 2.2 ml
of 199ES2 medium containing 80 ul of CM-1. After 5 days of incubation,
cells were fixed in 4% paraformaldehyde in phosphate-buffered saline
(PBS) for 30 min at room temperature and rinsed with PBS. The cells were
permeabilized by freezing and thawing, and incubated overnight at 4°C
with an anti-troponin | antibody (monoclonal mouse anti-troponin |, bovine
cardiac muscle, Advanced ImmunoChem. Inc.) at a dilution of 1:1,000.
The secondary antibody was peroxidase-linked sheep anti-mouse IgG
(Amersham Biosci. Co.) at a dilution of 1:100. The cells were stained in
diamiobenzidine (DAB) solution (50 mM Tris-HCI, pH 7.6, 0.2 mg/mi DAB,
0.65 mg/ml NaN,, and 0.5% H,0,) for 3-5 min at room temperature and
then in a hematoxylin solution for 10 sec.

Electron microscope

For transmission electron microscopy, cells were fixed in 2.5% glut-
araldehyde in 50 mmol/L phosphate buffer (pH 7.4) at 4°C for 1 h,
postfixed in 1% OsO4 in the same buffer for 1 h, dehydrated in a graded
ethanol series, and embedded in Quetol-812. Thin sections were used for
staining with uranylacetate and lead solution, and then observed with an
electron microscope 1200EX (JEOL Ltd).

RT-PCR

Total RNA was extracted using Trizol reagent (GIBCO) and RT-PCR
was performed. At least three replicate experiments were performed for
each time point. One ug of total RNA was reverse-transcribed by
SuperScript Il reverse-transcriptase (Invitrogen Life Technologies) using
an oligo(dT) primer. RT reactions were carried out according to the
manufacturer's protocol. The resulting RT reaction mixture was diluted
five-fold, and 2 ul was used as template in RT-PCR reactions. PCR was
performed for 35 cycles, with each cycle consisting of 94°C for 30 sec,
55°C for 40 sec and 72°C for 1 min, with additional 7 min incubation after
completion of the last cycle. We used the following primers to detect these
transcripts:

Nkx2.5 -forward:
Nkx2.5 -reverse.

5'- TTCTCTCAGGCGCAGGTGTACGAGC -3
5'- GCAGGGTAGGCGTTGTA -3'
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amhc -forward:
amhc -reverse:
mhe1 -forward:
mhc1 -reverse:
cmlc2 -forward:
cmlc2 -reverse:
EF-1¢ -forward:
EF-1a-reverse:

5'- ATGATGGCIGAGGAGCTGAAGAA -3'
5'- GGTCATGATGTTCTTGTCGTAGTAG -3'
5'- GGAGCTGGATGATGTGGTTTC -3'

5'- CATGGGCTAAGGCGTTCTTGGC -3'

5'- AATGTCTTTTCCATGTTCGAAC -3

5'- CTCCTCTTTCTCAATCACCATG -3'

5'- ATCGTTGCTGCTGGTGTTG -3'

5'- AGGCGATGTGAGCTGTGTG -3

Nkx2.5is a cardiac specific homeobox gene. Atrium myosin heavy chain
(amhc) is expressed specifically in atrium cardiomyocytes, and myosin
heavy chain1 (mhc1) is specific for ventricle cardiomyocytes. Cardiac
myosin light chain2 (cmic2) is expressed in both atrium and ventricle.
(Kudo, A. and Kawakami, A., personal communication). Amplification of
elongation factor-1a (EF-1a) was used in all experiments as a positive
control to ensure the quality of the mRNA.

Action potential recording

Electrophysiological studies were performed in 199 medium contain-
ing 1.8 mmol/L CaCl,, 5.37 mmol/L KCI, and 25 mmol/L HEPES (pH 7.4).
A Culture dish was placed on a stage of an inverted phase contrast
microscope (I1X-70, Olympus) at 20°C. Action potentials were recorded
using a conventional glass microelectrode filled with 3 mol/L KCI and
having a DC resistance of 15-30 MQ. Intracellular recordings were made
from 2-week cultured cells. Membrane potentials were measured by
means of the current clamp mode (MEZ-8300, Nihon Kohden) with a built-
in 4-pole Bessel filter set at 1 kHz.

Pharmacological responses

Phenylephrine (an o,- adrenergic receptor agonist; Sigma p-6126),
isoproterenol (a B,- adrenergic receptor agonist; Sigma|-2760), clenbuterol
(a B,-adrenergic receptor agonist; Sigma C-5423) and diltiazem (a
calcium channel blocker; Sigma D-2521) were used to study pharmaco-
logical responses of the spontaneously contracting cells. These reagents
were dissolved in dimethyl sulfoxide at high concentrations and 1 ul
solution was added to each culture medium. Final concentrations were as
indicated in Fig. 5.

Purification and characterization of the protein factor

Solid ammonium sulfate was added to ten liters of CM-1 until 50%
saturation was reached. The mixture was centrifuged at 13,500Xg for 20
min and the precipitate was dissolved in a 20 mmol/L Tris-HCI buffer (pH
7.5, basal buffer). The solution was extensively dialyzed against the basal
buffer and then centrifuged as described above. The supernatant was
applied to a SP-Sephadex column (5.6X7 cm, Amersham Bioscience Co.)
previously equilibrated with the basal buffer. The column was washed
with the basal buffer containing 20 mmol/L NaCl. Proteins with cardiac
cell-inducing activity were eluted using the basal buffer containing 100
mmol/L NaCl. The active fractions were pooled and solid ammonium
sulfate was added to 50% saturation. Then, the precipitate was collected
by centrifugation, dissolved in basal buffer and applied to a Sephadex G-
75 column (3.6X90 cm, Amersham Bioscience Co.) previously equili-
brated with basal buffer containing 0.5 mol/L NaCl. The activity was eluted
as a single peak at a position corresponding to a molecular weight of 24-
28 kDa. The collected fractions were concentrated using Vivaspin 20
columns (10,000 MWCO PES, VIVASCIENCE), and applied to ahydroxy-
lapatite column (1.0X1 cm, Bio-Gel http Gel, Bio-Lad Laboratories). The
column was washed with a 50 mmol/L potassium phosphate buffer (KPB,
pH 7.15) and proteins were eluted with a linear gradient of 50-150 mmol/
L KPB at a flow rate of 0.5 ml/min.

The active fractions from three runs of hydroxylapatite column chro-
matography were collected and concentrated using Vivaspin columns.
The concentrated solutions were dialyzed against basal buffer and then
applied to an HPLC SP-Sepharose FF column (0.5X1 cm, Amersham
Bioscience Co.), which had been equilibrated with the same buffer. After
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the column was washed with 10 mi of the same butfer, proteins adsorbed
to the column were eluted with a linear gradient of 0-100 mmol/L NaCl in
basal buffer at a flow rate of 0.5 ml/min. The proteins from the peak
fraction were digested with trypsin and analysed using an Ultraflex TOF/
TOF mass spectrometer (Brukar Daltonics K. K.).

Statistics
Data are expressed as mean+SE. Statistical discriminations were
performed with Student's t test with P < 0.05 considered significant.
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Yoshikawa N, Nagasaki M, Sano M, Tokudome S, Ueno K,
Shimizu N, Imoto S, Miyano S, Suematsu M, Fukuda K, Mori-
moto C, Tanaka H. Ligand-based gene expression profiling reveals
novel roles of glucocorticoid receptor in cardiac metabolism. Am J
Physiol Endocrinol Metab 296: E1363-E1373, 2009. First published
March 17, 2009; doi:10.1152/ajpend0.90767.2008.—Recent studies
have documented various roles of adrenal corticosteroid signaling in
cardiac physiology and pathophysiotogy. It is known that glucocorti-
coids and aldosterone are able to bind glucocorticoid receptor (GR)
and mineralocorticoid receptor, and these ligand-receptor interactions
are redundant. It, therefore, has been impossible to delineate how
these nuclear receptors couple with corticosteroid ligands and differ-
entially regulate gene expression for operation of their distinct func-
tions in the heart. Here, to particularly define the role of GR in cardiac
muscle cells, we applied a ligand-based approach involving the
GR-specific agonist cortivazol (CVZ) and the GR antagonist RU-486
and performed microarray analysis using rat neonatal cardiomyocytes.
We indicated that glucocorticoids appear to be a major determinant of
GR-mediated gene expression when compared with aldosterone.
Moreover, expression profiles of these genes highlighted numerous
‘roles of glucocorticoids in various aspects of cardiac physiology. At
first, we identified that glucocorticoids, via GR, induce mRNA and
protein expression of a transcription factor Kruppel-like factor 15 and
its downstream target genes, including branched-chain aminotransfer-
ase 2, a key enzyme for amino acid catabolism in the muscle. CVZ
treatment or overexpression of KLF15 decreased cellular branched-
chain amino acid concentrations and introduction of small-interfering
RNA against KLF15 cancelled these CVZ actions in cardiomyocytes.
Second, glucocorticoid-GR signaling promoted gene expression of the
enzymes involved in the prostaglandin biosynthesis, including cyclo-
oxygenase-2 and phospholipase A2 in cardiomyocytes. Together, we
may conclude that GR signaling should have distinct roles for main-
tenance of cardiac function, for example, in amino acid catabolism
and prostaglandin biosynthesis in the heart.

endocrinology; cardiovascular system; KLF15; cylooxygenase-2;
phospholipase A2

GLUCOCORTICOID HORMONES ARE essential for homeostatic regu-
lation and physiological maintenance of a variety of organ
functions. Concerning the heart, numerous observations have
suggested that glucocorticoids as well as aldosterone (ALD)
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have been shown to exert direct effects on cardiomyocytes and
help maintain various cardiac functions. For example, it is
shown that a synthetic glucocorticoid, dexamethasone (DEX),
significantly increases the L-type Ca?* currents (51) and in-
hibits inducible nitric oxide synthase activity in rat cardio-
myocytes (42). Moreover, DEX treatment enhances the devel-
opment of contractile tension and increases contraction and
relaxation velocities in cardiac muscle (35). The decrease in
contractile force of rat papillary muscle induced by adrenalec-
tomy is prevented by DEX treatment (27) by modulating
membrane Ca?* transport and K* channels (33, 35, 50, 51).
Short-term treatment with DEX has been shown to decrease
resting heart rate in healthy human volunteers (5). It, thus, is
apparent that glucocorticoids play essential roles in regulation
of cardiac electrical and mechanical activities. On the other
hand, numerous studies have documented the pathological
consequences and deleterious effects of abnormal or excessive
glucocorticoid signalings. Not only hypercortisolemia in pa-
tients with Cushing’s syndrome but also the chronic therapeu-
tic use of glucocorticoids is associated with several side ef-
fects, including adverse cardiovascular events, such as hyper-
tension and left ventricular hypertrophy (48). Glucocorticoid
excess also induces metabolic syndrome with hyperglycemia,
dyslipidemia, and obesity, which is associated with early and
progressive atherosclerosis, contributing to a cluster of cardio-
vascular risk factors, including heart failure (48). Moreover,
several clinical studies have documented the distinct role of
glucocorticoids in the prognosis of cardiac diseases; for exam-
ple, rheumatoid factor-positive but not negative patients with
rheumatoid arthritis were at increased risk of cardiovascular
events following exposure to glucocorticoids (8), and, in pa-
tients with chronic heart failure, higher serum levels of cortisol
and ALD were independent predictors of increased mortality
risk (16).

Glucocorticoids and mineralocorticoids bind to the nuclear
receptors glucocorticoid receptor (GR) and mineralocorticoid
receptor (MR), both of which are transcription factors and
expressed in cardiomyocytes. However, the role of these re-
ceptors in cardiac physiology remains elusive. Indeed, the
ligand-receptor interactions are complicated, as both ALD and
glucocorticoids can activate cardiac MR, thereby directly af-
fecting heart function (48). Some of the cardiac or peripheral
effects of glucocorticoids may be mediated at least in part by
MR activation. In “classical” ALD target cells (i.e., kidney and
colon), MR is protected from illicit occupation by glucocorti-
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coids because of the presence of 11B-hydroxysteroid dehydro-
genase type II (11BHSD2), an enzyme that converts cortisol
(human)/corticosterone (COR, rodents) into inactive metabo-
lites. Cardiomyocytes belong to the so-called “nonclassical”
ALD target tissues that express both GR and MR, but not
11BHSD2. In cardiomyocytes, thus, MR is not protected from
occupancy by glucocorticoids and is not ALD selective. Tak-
ing into account that circulating cortisol/COR levels are at least
100-fold higher than those of ALD, and that MR has the same
affinity for ALD and glucocorticoids, MR, as well as GR, may
be permanently occupied by glucocorticoids, and glucocorti-
coid effects could be mediated by both GR and MR (48). The
recent advent of microarray and other technologies has facili-
tated the identification of a number of glucocorticoid-regulated
genes (1, 20, 34, 36, 45), and it becomes apparent that the
profile of those glucocorticoid-target genes differs according to
the cell types and the mode of interaction with ligands (49).
However, because of the redundancy of the ligand-receptor
interaction, not a single study could clearly differentiate target
genes for cardiac GR and MR. Recently, a transgenic mouse
model with conditionally inducible cardiac-specific expression
of human GR was generated to preclude secondary effects due
to general glucocorticoid-induced alterations and to investigate
the specific role of GR in cardiomyocytes, and electrophysio-
logical phenotyping indicated that cardiac GR overexpression
resulted in conduction defects, with high-degree atrio-ventric-
ular block (39). These results strongly support such an idea that
GR has as yet unknown but essential roles in the heart. It,
therefore, is important to delineate how these nuclear receptors,
especially GR, differentially couple with ligands and regulate
gene expression for operation of their distinct functions in
cardiomyocytes.

We previously reported that a synthetic glucocorticoid, cor-
tivazol (CVZ), could be extremely specific for GR and does not
crossreact with MR (52, 53). Given this, we indicated that a
ligand-based approach involving CVZ and GR antagonist RU-
486 might be applied to define the role of GR in nonclassical
ALD target tissues. In the present study, we performed mi-
croarray analysis based on this ligand-based approach and
differentially characterized corticosteroid target genes, and the
distinct role of GR in cardiomyocytes was discussed.

MATERIALS AND METHODS

Reagents and antibodies. CVZ was kindly gifted from Sanofi-
Aventis (Paris, France). COR, ALD, interleukin (IL)- 1B, lipopolysac-
charide, estradiol, progesterone, and RU-486 were purchased from
Sigma (St. Louis, MO). MG-132 was purchased from Calbiochem
(San Diego, CA). Other reagents were from Nacalai Tesque (Kyoto,
Japan) unless otherwise specified. Anti-GR (sc-1004), anti-cyclooxy-
genase-2 (COX-2, sc-1747), and anti-KLF15 (sc-34827) antibodies
were obtained from Santa Cruz Biotechnology (Samta Cruz, CA).
Anti-a-actinin (A7811) and anti-FLAG (F1804) antibodies were ob-
tained from Sigma.

Plasmids, small-interfering RNA oligonucleotides, and recombi-
nant adenoviruses. To construct the expression plasmids for FLAG-
tagged rat GR and MR, either full-length cDNAs for rat GR or MR
were inserted in p3xFLAG-CMV10 vector (Sigma). The glucocorti-
coid response element (GRE)-driven reporter plasmid p2xGRE-LUC
was described previously (52). Small-interfering RNA (siRNA) oli-
gonucleotides against rat GR (Silencer Predesigned siRNA ID:
199951) and control siRNA (Silencer Negative control siRNA no. 1:
07606954A) were purchased from Ambion (Austin, TX). siRNA
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oligonucleotides against rat KLF15 (Steaith Select RNAi RS§S$340443)
were purchased from Invitrogen (Carlsbad, CA). Recombinant adeno-
viruses encoding FLAG-tagged rat KLF15 and Cre-recombinase were
generated by using the Adenovirus Cre/loxP-regulated Expression
Vector Set (TaKaRa, Otsu, Japan) as per the manufacturer’s instruc-
tions and as previously described (44). Recombinant adenoviruses
prepared from 293 cells were purified with Virakit AdenoMini-24
(Virapur, San Diego, CA) and titrated using an Adeno-X Rapid Titer
Kit (TaKaRa).

Cell culture. COS-7 cells were obtained from RIKEN Cell Bank
(Tsukuba, Japan) and cultured in DMEM (Invitrogen) supplemented
with 10% ECS (Sigma-Aldrich, St. Louis, MO) and antibiotics in a
humidified atmosphere at 37°C with 5% CO;. Primary cultures of
cardiomyocytes were prepared as described previously (40). In brief,
the ventricles of 1-day-old neonatal Wistar rats (CLEA Japan, Tokyo,
Japan) were dissociated in 0.03% trypsin, 0.03% collagenase, and 20
wg/ml of DNase I. The cardiomyocytes and cardiac fibroblasts were
separately prepared on the basis of their differential adhesiveness.
Attached cells (mostly cardiac fibroblasts) were subcultured two times
to deplete cardiomyocytes, and the third passage cells were used.
Cardiomyocytes were seeded at a density of 1 X 10° cells/cm? on
gelatin-coated dishes and grown in medium 199/DMEM (Invitrogen)
supplemented with 10% FCS and antibiotics in a humidified atmo-
sphere at 37°C with 5% COa,. Conceming animal experiments, all
procedures and protocols were approved by the Animal Care and Use
Committee of Keio University.

Immunofluorescence. FLAG-tagged rat GR- or MR-expressing
COS-7 cells were plated on glass coverslips in a six-well plate. Fixed
and permeabilized cells were blocked with blocking buffer (3% BSA
and 0.1% Triton X in Tris-buffered saline). The cells were then
stained with primary antibodies against FLAG (1:500) for 1 h at room
temperature, and then, secondary antibodies conjugated with Alexa
Fluor 488 (1:500, Invitrogen) were applied for 1 h at room tempera-
ture. The stained cells were observed by confocal laser scanning
microscopy (LSM510; Carl Zeiss, Jena, Germany) with appropriate
emission filters.

Western blotting. Whole cell extracts were prepared in Nonidet
P-40 (NP-40) lysis buffer (150 mM NaCl, 1.0% NP-40, 50 mM Tris,
pH 8.0, and protease inhibitor cocktail) and boiled in SDS sample
buffer, analyzed by. SDS-PAGE, and electrically transferred to a
polyvinyl difluoride membrane (Millipore, Bedford, MA). Subse-
quently, immunoblotting was performed with anti-GR, anti-a-actinin,
anti-KLF135, anti-FLAG, or anti-COX-2 antibodies diluted at 1:1,000,
followed by horseradish peroxidase-conjugated secondary antibodies
(Amersham Biosciences, Buckinghamshire, UK) diluted at 1:2,000.
Antibody-protein complexes were visualized using the enhanced
chemiluminescence method according to the manufacturer’s protocol
(Amersham Biosciences). Signal intensity of the band for GR relative
to that for a-actinin was quantified using the analysis software from
the National Institutes of Health (NIH image 1.62).

Transfection and reporter gene assay. Transient transfection and
reporter gene assay were performed as described previously (53). In
brief, cells were plated on 6-cm-diameter culture dishes, and cell
culture medium was replaced with serum-free medium OPTI-MEM
lacking phenol red (Invitrogen) before transfection. Plasmids or
siRNA oligonucleotides were mixed with Lipofectamine 2000 trans-
fection reagent (Invitrogen) and added to the culture according to the
manufacturer’s protocol. The total amount of the plasmids was kept
constant by adding an irrelevant plasmid (pGEM3Z was used unless
otherwise specified). After 6 h of incubation, the medium was re-
placed with fresh OPTI-MEM, and the cells were further cultured in
the presence or absence of various reagents for 24 h at 37°C. In
reporter gene assay, whole cell extracts were prepared in Cell Culture
Lysis Reagent (Promega, Madison, WI) on ice for 15 min followed by
centrifugation for 20 min at 20,000 g. Luciferase enzyme activity was
determined using the Luciferase Assay System (Promega) and a
luminometer (Promega) according to the manufacturer’s protocol.
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