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3.2. FIk1" mGS cells differentiated into cardiomyocytes and endothelial
cells in AMI model mice heart

Cardiomyogenesis of the transplanted Flk1* mGS cells in AMI
model mouse hearts was evaluated by immunohiostochemistory.
Transplanted FIk1* mGS cells differentiated not only into cTn-I po-
sitive cardiomyocytes in the infarcted area but also endothelial
cells that form tube-like structures (Fig. 2A and B). These differen-
tiated cardiomyocytes and endothelial cells may partly contribute
to the improvement of cardiac function.

To investigate another mechanism of the observed improved
cardiac function with Flk1* mGS cell transplantation, we quantified
the number of vessels in the marginal zone. The marginal zone was
defined as the area between infarcted area and normal (non-ische-
mic) area. The number of the vessels, defined as tube-like struc-
tures with CD31 positive cells, was significantly higher in the
Flk1* mGS cell transplanted group than that of the medium in-
jected group (Fig. 2C). These results suggested that enhanced angi-
ogenesis in the marginal zone should supply better blood flow in
the Flk1* mGS transplanted group than in the medium injected
group. In the hearts transplanted Flk1~ mGS cells, we could not de-
tect differentiated cardiomyocytes and endothelial cells derived
from Flk1~™ mGS cells.

3.3. Preserved LV wall thickness in the marginal zone by the FIk1* mGS
cells transplantation

In infarcted areas, we observed increased cardiomyocyte sur-
vival in the FIk1* mGS cell transplanted group than the medium in-
jected group (Fig. 3A-D). The wall thickness of infarcted area was
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much thicker in the FIk1* mGS cell transplanted group than in
the medium injected group (Fig. 3E). In contrast, the wall thickness
of infarcted area in the Flk1~ mGS cell transplanted group was
same as that of the medium injected group.

3.4. Apoptosis in the marginal zone was not suppressed by the Flk1*
mGS cells transplantation

To investigate the mechanism of cardiomyocyte survival, we
first counted the number of apoptotic cells in the marginal zone
of each group 0, 6, 12, and 24 h and 4 weeks by TUNEL staining
after FIk1* cell transplantation or medium injection (Fig. 3F-H).
The number of apoptotic cells rapidly increased 6 h after infarction
and then gradually decreased until 24 h. The ratio of apoptotic cells
to non-apoptotic cells 24 h after FIk1* mGS cell transplantation
was almost the same as during the time course from 0 h to 4 weeks
after FIk1" cell transplantation or medium injection (Fig. 3I). These
results revealed that the observed apoptosis after infarction was
not suppressed by Flk1* mGS cell transplantation compared to
medium injection.

3.5. Senescence in the marginal zone was prevented and delayed by
the Flk1* mGS cells transplantation

Next, we investigated the association of Flk1* mGS cell trans-
plantation and senescence, a type of cell death [13,15,16]. Senes-
cent cells were detected by a B-galactosidase assay 3 and 7 days
after the FIk1* mGS cell transplantation and the medium injection.
Although there were no significant difference in f-galactosidase
stained areas between the FIk1® mGS cell transplanted group and

Cy3

Merge

Fig. 2. (A) GFP* mGS cells (left, green) were stained with cardiac troponin-I (cTn-I) (middle, red). Merged image (right). (B) GFP* mGS cells with a tube structure (left panel,
green) were stained with CD31 (middle panel, red). Merged image (right). The nuclei were counterstained with Hoechst 33342 (blue). (C) The number of CD31" vessels in the
marginal zone in each group. Scale bar: 100 pm. *p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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Fig. 3. (A) Coronal sections of FIk1* mGS cell transplanted heart 4 weeks after the cell transplantation. This section was stained with Masson-Trichrome stain. (C) A magnified
area of infarcted area from panel A. (B) The coronal section of a medium injected heart 4 weeks after the injection. This section was stained with Masson-Trichrome stain. (D)
The magnification of infarcted area in the panel B. (E) The thickness of the infarcted anterior wall in each group. ®p < 0.05. (F-H) TUNEL positive nucleus (F: left, green) was
detected in the marginal zone. The nuclei were counterstained with Hoechst 33342 (G: middle, blue). Merged image (H: right). (I) The percentages of TUNEL positive nuclei
were compared after FIk1* mGS cell transplantation or control medium injection. There were no significant difference between the Flk1* mGS cell transplanted group and the
medium injected group over the 4-week time course. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

the medium injected group 7 days after the transplantation, the p-
galactosidase stained area was undoubtedly smaller 3 days after
the transplantation in the Flk1* mGS cell transplanted group than
in the medium injection group (Fig. 4A-D). Especially in the Flk1*
mGS cell transplanted group, the p-galactosidase stained area on
days 3 was located in the endocardium side of infarcted area. On
the other hand, the epicardium side of infarcted area was not
stained deeply by the p-galactosidase (Fig. 4A). These results re-
vealed that the cell dearth via the cell senescence was delayed by
the FIk1™ mGS cells transplantation. Finally, we investigated the cell
signals, p21 and p53 that were elevated during the senescence
pathway [17,18], to confirm that the senescence is actually pre-
vented by the cells transplantation. Activated p21 and p53 were
not clearly detected in the epicardium and endocardium sides of in-
farcted area in the FIk1* mGS cell transplanted group on 3 days after

the cell transplantation (Fig. 4F and G). As to the medium injected
group, activated p21 and p53 were clearly detected all layers from
endocardium to epicardium in the infarcted area (Fig. 4H and I).

4. Discussion

There were a lot of candidates of cell sources for the cell trans-
plantation to heart failure model animals [2-4,19-21]. In these
sources, we reported the Flk1* mGS cells were one of the most con-
vincing cell sources previously [10]. These FIk1* mGS cells have en-
ough potential in their expansion at the undifferentiated state and
in their differentiation into cardiomyocytes and endothelial cells
in vitro. Under this knowledge, we transplanted these cells into
the hearts of AMI model mice. Stem cells derived from various tis-
sues including adipose tissue and bone marrow can also differenti-
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Fig. 4. (A-D) p-Galactosidase staining was detected 3 days (A) and 7 days (B) after FIk1* mGS cell transplantation. f-Galactosidase staining was also detected 3 days (C) and
7 days (D) after control medium injection. (E) B-Galactosidase staining was not detected in the non-ischemic normal heart. Scale bar: 1 mm. (F,G) Activated p21 and p53 were
not clearly detected in the epicardium and endocardium of infarcted areas in FIk1* mGS cell-transplanted hearts (arrowheads). (H,I) Activated p21 and p53 were clearly
detected in the epicardium and endocardium of the infarcted area in medium injected hearts. The nuclei were counterstained with Hoechst 33342 (blue). Bar; 50 um. O,
Outside the left ventricle. I, Inside the left ventricles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

ate into cardiomyocytes and endothelial cells in vitro and vivo [22],
indeed, but judging from in vitro differentiation capacity, mGS
cells, which have equal potential in differentiation into endothelial
cells to ES cells, have much priority.

Furthermore, the use of mGS cells in cardiac regeneration ther-
apy for ischemic heart disease has much advantage. In the plurip-
otent or multipotent stem cells, ES cells have ethical problem, adult
stem cells have less differentiate potential into cardiomyocyte and
endothelial cells than ES cells or mGS cells in vitro, and induced
pluripotent stem (iPS) cells are consist of transgenes and have a
problem to be oncogenic.

Transplantation of the FIk1* mGS cells improved the left ven-
tricular systolic function and a part of FIk1* mGS cells could differ-
entiate into cardiomyocytes and endothelial cells in vivo. But we
could not be sure that only a few numbers of these differentiated
cells were sufficient to bear the results of this cardiac functional
improvement. However; if we can improve the method of trans-
plantation, it is surely expected that the differentiation potential
of Flk1* mGS into cardiomyocytes and endothelial cells can be
remarkably increased in vivo compared to other tissue stem cells.
In contrast, the Flk1~ mGS cell transplantation did not improve
the cardiac function of AMI model mice. And more, we could not

detect any differentiated cardiomyocyte or endothelial cell derived
from Flk1~ mGS cells in the infarcted area.

Except for the cardiac and endothelial cells differentiation from
the transplanted cells, the mechanisms of cardiac function
improvement after the cell transplantation were reported previ-
ously. Some reported the mechanism was vasculogenesis [2,6,23],
and others reported it was anti-apoptotic effect [2] after the cell
transplantation for AMI models. In our experiments, the thickness
of the infarcted area was significantly larger in the FIk1* mGS cell
transplanted group than in the medium injected group. Simulta-
neously, angiogenesis in the marginal zone was more frequently
detected in the FIk1* mGS cell transplanted group than that in the
medium injected group. Most of these new vessels were not the re-
sult of regeneration from the transplanted Flk1* mGS cells, but the
result of the angiogenesis from the host cells. These results indicate
that the sufficient blood perfusion resulting from enough angiogen-
esis enables host cardiomyocytes to survive after FIk1* mGS cells
transplantation. At this time, we questioned why angiogenesis is
enhanced specifically after the FIk1* mGS cells transplantation
and not after the medium injection. Furthermore, we investigated
the cell death mechanism after cell transplantation. We first inves-
tigated the anti-apoptotic effect of cell transplantation. But the
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anti-apoptotic effect was not clearly revealed by the TUNEL staining
in our experiments. Gonzalez et al. previously reported that activa-
tion of cardiac progenitor cells reversed senescence and improved
the cardiac function in the failing heart [16]. Because we think that
the Flk1* mGS cells are similar to cardiac stem/progenitors cells, a
similar phenomenon may occur after the Flk1* mGS cell transplan-
tation. The reduction effect of senescence may occur in the trans-
plantation of ES cells, adipose tissue stem cells or bone marrow
derived cells, further examination is needed for selecting the most
effective cells from these cell source and mGS cells. In the p-galac-
tosidase assay, cell death via senescence was clearly inhibited at the
early phase of AMI after the FIk1* mGS cells transplantation. In
addition, the signals p21 and p53 were activated in senescent cells
and both signals were especially inhibited around the epicardial
layers in the infarcted area at the very early phase of AMI. From
these results, FIk1* mGS cell transplantation first prevents cell
senescence in infarcted areas at the very early phase of ischemia.
Next, angiogenesis from transplanted cells was enhanced during
this period. Finally, a number of original host cardiomyocytes sur-
vived in the FIk1" mGS cell transplanted group. We think that the
cardiac function of the FIk1* mGS cell transplanted group was sig-
nificantly improved through these hypothetical mechanisms.
Above these insights, we expect both the effect of angiogenesis
and the reduction effect of senescence simultaneously from Flk1*
mGS transplantation in vivo when we can improve the method of
the cell transplantation to ischemic heart.

In conclusion, the transplanted Flk1* mGS cells improved the
cardiac function in the AMI model mice and we observed that these
cells differentiate into cardiomyocytes and endothelial cells. In
addition, they prevented host cardiomyocytes death mainly
through inhibition of senescence. Of course, these mechanisms re-
quire further investigation. When these mechanisms become more
clearly elucidated, we hope that in the pluripotent or multipotent
stem cells which are available for clinical application of cardiac
regeneration therapy, FIk1* mGS cell transplantation will have
advantage in the therapy for AMI patients.
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The treatment of ES cells with trichostatin A (TSA), an HDAC inhibitor, induces the acetylation of GATA4 as well as histones, and
facilitates their differentiation into cardiomyocytes. Recently, we demonstrated that cyclin-dependent kinase 9 (Cdk9), a core component
of positive elongation factor-b, is a novel GATA4-binding partner. The present study examined whether Cdk9 forms a complex with
GATA4 in mouse ES cells and is involved in their differentiation into cardiomyocytes. Mouse ES cells and Nkx2.5/GFP ES cells, in which
green fluorescent protein (GFP) is expressed under the control of the cardiac-specific Nkx2.5 promoter, were induced to differentiate on
feeder-free gelatin-coated plates. Immunoprecipitation/Western blotting in nuclear extracts from mouse ES cells demonstrated that
Cdk9 as well as cyclin T| interact with GATA4 during myocardial differentiation. TSA treatment increased Nkx2.5/GFP-positive cells and
endogenous mRNA levels of Nkx2.5 and atrial natriuretic factor. To determine the role of Cdk9 in myocardial cell differentiation, we
examined the effects of a dominant-negative form of Cdk9 (DN-Cdk9), which loses its kinase activity, and a Cdk? kinase inhibitor, 5,6~
dichloro-1-B-ribofuranosyl-benzimidazole (DRB) on TSA-induced myocardial cell differentiation. The introduction of the DN-Cdk9
inhibited TSA-induced increase in GFP expression in Nkx2.5/GFP ES cells. The administration of DRB into ES cells significantly inhibited
TSA-induced increase of endogenous Nkx2.5 mRNA levels in ES cells as well as GFP expression in Nkx2.5/GFP ES cells. These findings
demonstrate that Cdk9 is involved in the differentiation of mouse ES cells into cardiomyocytes by interacting with GATA4.
J. Cell. Physiol. 226: 248-254, 2010. © 2010 Wiley-Liss, Inc.

During embryogenesis, cell type-specific gene expression plays Positive elongation factor-b (p-TEFb) is a key regulator of the

a pivotal role in the determination of cell fate, including
differentiation, proliferation, and apoptosis. In contrast to
other cell types, cardiac muscle cells are highly organized and
their developmental processes require a number of cell type-
specific transcription factors (Sachnidis et al., 2003). Among
these, the zinc finger protein GATA4, which is one of the pivotal
DNA-binding transcription factors involved in myocardial
differentiation, is expressed at the earliest stage during heart
development (Grepin et al,, 1997; Kuo et al., 1997; Molkentin
etal, 1997).

Histone acetyltransferases (HATSs) and histone deacetylases
(HDAC:), which are recruited to target genes in association
with specific DNA-binding transcription factors, regulate gene
expression patterns by affecting the chromatin structure
(Johnson and Turner, 1999; Chan and La Thangue, 2001). One

of HATSs, p300, serves as a transcriptional coactivator of
GATA4 and is able to acetylate GATA4 and enhance its DNA-
binding activities (Shikama et al., 1997; Johnson and Turner,
1999; Chan and La Thangue, 2001; Yanazume et al., 2003;
Kawamura et al., 2005; Takaya et al., 2008). During the
differentiation of ES cells into cardiomyocytes, the treatment of
ES cells with trichostatin A (TSA), an HDAC inhibitor, induces
the acetylation of GATA4 as well as the expression of p300, and
facilitates their differentiation into cardiomyocytes (Kawamura
et al., 2005).

© 2010 WILEY-LISS, INC

process controlling the processing of RNA polymerase Il and
possesses a kinase activity that can phosphorylate the carboxy-
terminal domain of the largest subunit of RNA polymerase Il
(Zhu etal., 1997; Shim etal., 2002; Marshall and Grana, 2006). p-
TEFb is composed of cyclin-dependent kinase 9 (Cdk9) and one
of four C-type cyclin subunits (cyclin T1, cyclin T2a, cyclin T2b,
and cyclin K). p-TEFb not only plays an important role in most
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RNA pol ll-dependent transcription, but also is recruited to
cellular promoters by interacting with a variety of transcription
factors (Kanazawa et al., 2000; Barboric etal., 2001; Eberhardy
and Farnham, 2002; Simone et al., 2002).

Recently, we demonstrated that by tandem affinity
purification and mass spectrometric analyses, Cdk9 is one of
the components of the p300/GATA4 complex in Hela cells as
well as cyclin TI (Sunagawa et al., 2010). The present study
examined whether Cdk9 forms a complex with GATA4 and is
involved in the differentiation of ES cells into cardiomyocytes.

Materials and Methods
Cell line and cell culture of embryonic stem cells

The 129/Ola-derived ES cell lines we used in the present study
were ht7 carrying the Oct3/4-hygromycin” gene and its derivative
(Nkx2.5/GFP ES cells), in which green fluorescent protein (GFP) is
knocked into the Nkx2.5 locus (Hidaka et al., 2003). These cells
were maintained on gelatinized dishes without feeder cells

using culture medium containing Glasgow-modified Eagle’s
medium (GMEM), 1,000 U/ml leukemia inhibitory factor (LIF,
Chemicon International, Billerica, MA), 100 mg/ml hygromycin
(Invitrogen, Carlsbad, CA), 10% heat-inactivated fetal calf
serum, | x non-essential amino acids, | mmol/L sodium pyruvate,
50 U/ml penicillin, 0.05 mg/ml streptomycin, and

0.1 mmol/L 2-mercaptoethanol. To induce differentiation,

3 x 10* ES cells were seeded in each well of the gelatinized 6-well
plates without the formation of embryoid bodies using the
above-mentioned medium lacking LIF and hygromycin.
Differentiated ES cells were stimulated with TSA (Invitrogen) and/
or 5,6-dichloro-|-B-ribofuranosyl-benzimidazole (DRB)
(Invitrogen) on day 7 for 24 h.

Immunoprecipitation and Western blotting

Western blotting were performed as previously described
(Yanazume et al., 2003) using rabbit polyclonal anti-GATA4 (Santa
Cruz Biotechnology, Santa Cruz, CA), rabbit polyclonal anti-Cdk9
(Santa Cruz Biotechnology), rabbit polyclonal anti-cyclin T (Santa
Cruz Biotechnology), mouse monoclonal anti-RNA polymerase ||
(Abcam, San Francisco, CA), mouse monoclonal anti-
phosphorylated serine 2 of RNA polymerase Il C-terminal domain
(Abcam), and mouse monoclonal anti-B-actin (SIGMA, St Louis,
MO) antibodies. To detect the physical interaction of GATA4 with
Cdk9 in mouse ES cells, nuclear extracts were first
immunoprecipitated with a goat polyclonal anti-GATA4 or
anti-Cdk9 antibody on day 8, as previously described (lwanaga et
al,, 1998; Wada et al,, 2002; Hirai et al., 2004). Nuclear extracts
were also immunoprecipitated with an anti-IgG antibody as a
control. The precipitates were sequentially subjected to Western
blotting using rabbit polyclonal anti-Cdk9, rabbit polyclonal
anti-GATA4, and rabbit polyclonal anti-cyclinT| antibodies.

Plasmid constructs

A lentivirus vector, pLenti6é/V5-D-TOPO® (Invitrogen), was
subcloned to contain the phosphoglycerate kinase (pgk)
promoter—enhancer and used as a null expression vector (pLenti-
Null) for lentiviral infection. pLenti-DN-Cdk9 was constructed by
inserting human Cdk9 cDNA including a point mutation at
nucleotide 563, which converts Asp into Asn, into pLenti-Null.
pLenti-GFP was constructed by inserting enhanced-GFP cDNA
into pLenti-Null.

Lentiviral infection

To generate the lentivirus vectors, 293FT packaging cells
(Invitrogen) were seeded at |.5 x 10° cells per 100-mm dish using
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% heat-
inactivated fetal calf serum, 50 U/ml penicillin, and 0.05 mg/ml
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streptomycin. On the next day, pLenti6/V5-D-TOPO™-based
lentivirus vectors were induced into 293FT cells by the calcium
phosphate method. These cells were incubated at 37°C with

5% CO; for 8 h. Thereafter, the medium was replaced with GMEM-
based medium for the differentiation culture of ES cells. After [2h
at 32°C with 5% CO,, supernatants containing lentivirus produced
by these 293FT cells were passed through a 0.45-pm filter and
supplemented with 8 pg/ml polybrene. Thirty thousand ES cells
were transferred into each well of 6-well plates including these
supernatants and maintained for 12-24 h. Thereafter, the
supernatant was replaced with the fresh medium. The day on which
ES cells were transferred was designated as day 0. Then, ES cells
were differentiated as previously described.

Flow cytometry

For the quantitative analysis of the number of GFP-positive cells, ES
cells were dissociated into single cells and analyzed by flow
cytometry (BD Biosciences, San Jose, CA) on day 8, as previously
described (Hidaka et al., 2003).

Quantitative RT-PCR

Total RNAs from ES cells were isolated using TRIzol® reagent
(Invitrogen), reverse transcribed, and amplified as previously
described (Yanazume et al., 2003). Quantitative PCR was
performed as previously described (Kawamura etal., 2005). Primer
sequences of Nkx2.5 (Hidaka et al., 2003), VEGF (Ogawa et al.,
2005), B-myosin heavy chain (-MHC) (Hidaka et al., 2003), Cdk9%
(Takaya et al., 2009), and GAPDH (lwanaga et al., 1998) were
described previously.

Statistical analysis

The results are presented as means =+ SE. Statistical comparisons
were performed using unpaired two-tailed Student’s t-tests or
ANOVA with Scheffe’s test where appropriate, with a probability
value <0.05 taken to indicate significance.

Results
Expression patterns of genes involved in myocardial
differentiation in ES cells

To investigate patterns regarding the spontaneous
differentiation of ES cells, these cells were seeded on gelatin-
coated plates with no feeder cells. Differentiation was induced
without the formation of EBs by removing LIF and antibiotics
from the media. In this system, ES cells exhibited myogenic
contractions on day 10. These beating cells were positive for
both cardiac troponin T and cardiac myosin heavy chain, and
exhibited sarcomere formation and myofibril organization,
typical features of cardiomyocytes (Kaichi et al., 2010). During
the induction of the spontaneous differentiation of ES cells, we
examined the time course of the mRNA levels of genes involved
in myocardial differentiation as well as that of Cdk9, a major
component of p-TEFb. The day on which we started
differentiation induction was designated as day 0. Total RNAs
were isolated from ES cells on days 0, 3, 5, and 8 and synthesized
cDNAs were subjected to quantitative PCR. We examined the
mRNA level of a zinc finger protein, GATA4, and a cardiac-
specific transcription factor, Nkx2.5. As shown in Figure | Aa,b,
the levels of both GATA4 and Nkx2.5 increased from days 3 to
5. Then, we examined their mRNA expression levels on day 4.
The GATAA4 levels increased from days 3 (100 +9) to 4
(354 £ 42). Meanwhile, the Nkx2.5 levels were similar between
days 3 (100 £ 13) and 4 (97 & 31). These findings demonstrate
that GATA4 mRNA increases from days 3 to 5 and that Nkx2.5
mRNA increases after day 4. Next, we examined the
expression of a gene encoding the cardiac structure protein, 3-
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A:Total RNAswere extracted from ES cellsondays 0, 3,5,and 8,and reverse-transcribed into cDNAs. Using quantitative PCR, expressions

of cardiac-specific genes, transcription factors, and Cdk9 were analyzed. Levels of GAPDH transcripts were used to normalize cDNA levels. The
maximal mRNA level of specific targets relative to GAPDH at different time points was set at 100. Data are presented as the means * SE of 3-5
independent experiments. (a) GATAA4, (b) Nkx2.5, (c) B-MHC, and (d) Cdk9. B: Nuclear extracts from differentiated ES cells on days 0, 3,5,and 8
were subjected to Western blotting with anti-GATAA4, anti-Cdk9, anti-cyclin T1, and anti-B-actin antibodies at the indicated time points. The
photographs are representative. We performed three or more independent experiments and obtained similar results.

myosin heavy chain (3-MHC). A significant level of -MHC
mRNA was detected only on day 8 (Fig. |Ac). The Cdk9 gene
was abundantly expressed at the undifferentiated stage and
maintained at almost similar levels throughout the stages of
differentiation (Fig. 1Ad).

Then, we examined the protein levels of GATA4, Cdk9, and
cyclin T1. Nuclear extracts from ES cells were isolated on days
0, 3, 5, and 8 and subjected to Western blotting. The signal of
GATA4 protein was first detected on day 5 (Fig. IB). In
contrast, the signals of Cdk9 and cyclinT | proteins were already
marked at the undifferentiated stage and maintained at
relatively constant levels. The expression patterns of these
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proteins were compatible with those of their endogenous
mRNA.

Trichostatin A, an HDAC inhibitor, up-regulates the
expression of cardiac-specific genes

ES cells, in which GFP is expressed under the control of the
cardiac-specific Nkx2.5 promoter (Nkx2.5/GFP ES cells), were
treated with TSA, an HDAC inhibitor, at concentrations of 0,
10, 50, and 100 ng/ml on day 7 for 24 h. These cells were
dissociated into single cells by trypsin on day 8 and subjected to
analysis by flow cytometry. The rate of Nkx2.5/GFP-positive
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Fig. 2. A:Nkx2.5/GFP ES cells were stimulated with TSA (10,50, or 100 ng/ml) ora correspondingamount of its solvent, ethanol, on day 7 for 24 h.
Differentiated ES cells were dissociated into single cells with trypsin on day 8 and subjected to analysis by flow cytometry. Datarepresent the rate of
Nkx2.5/GFP-positive cells to total extantcellsat theindicated TSA concentrations. B: ES cellson day 7 were stimulated with TSA (10 or 50 ng/ml) or
its solvent for 24 h. Total RNAs were isolated on day 8 from theses cells, and synthesized cDNAs were subjected to quantitative PCR. Levels of
GAPDH transcripts were used to normalize specific cDNA levels. The relative mRNA levels of Nkx2.5 and ANF in ES cells stimulated with 50 ng/ml
of TSA were set at 100. Data are presented as the means * SE of 3-5 independent experiments.

cells to total extant cells before TSA stimulation was around 2%.
Treatment with TSA increased Nkx2.5/GFP-positive cells by 3-
to 6.5-fold in a concentration-dependent manner (Fig. 2A).
Next, differentiated ES cells were treated with TSA on day 7
for 24 h. Total RNAs were isolated from these cells on day 8,
and synthesized cDNAs were subjected to quantitative PCR.
Treatment with TSA at the concentrations of 10-50 ng/ml
increased the endogenous mRNA level of Nkx2.5 by 6- to 10.5-
fold and that of a cardiac-specific peptide hormone, atrial
natriuretic factor (ANF), by 3- to 4.5-fold (Fig. 2B).

GATAA4 physically interacts with Cdk9/cyclin T1 in ES
cells

We demonstrated that Cdk9 forms a physical complex with
GATAA4 as well as p300 by in vivo GST-binding assay (Sunagawa
et al, 2010). To examine the physical interaction of GATA4
with Cdk9 in ES cells, nuclear extracts were isolated on day 8
and subjected to immunoprecipitation/VVestern blotting

(Fig. 3). First, these nuclear extracts were immunoprecipitated
with goat polyclonal anti-GATA4 antibody or anti-IgG antibody
as a control and sequentially subjected to Western blotting
using rabbit polyclonal anti-Cdk9 and rabbit polyclonal anti-
GATA4 antibodies. The Cdk9 protein was immunoprecipitated
with GATA4. Next, these extracts were immunoprecipitated
with goat polyclonal anti-Cdk9 antibody and sequentially
subjected to Western blotting using rabbit polyclonal anti-
GATA4 and rabbit polyclonal anti-Cdk9 antibodies. The
GATAM4 protein was also immunoprecipitated with Cdk9.
Finally, the precipitates formed by anti-GATA4 antibody and
those by anti-Cdk9 antibody were subjected to Western
blotting using rabbit polyclonal anti-cyclin T1 antibody. The
cyclin T protein was immunoprecipitated with GATA4 as well
as Cdk9. These results demonstrate that GATA4 physically
interacts with the Cdk9/cyclin TI complex in ES cells.
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Fig. 3. A: Nuclear extracts from ES cells on day 8 were
immunoprecipitated with indicated antibodies and sequentially
subjected to Western blotting with anti-GATAA4, anti-cyclin Tl, and
anti-Cdk9 antibodies. The photographs are representative. We
performed three independent experiments and obtained similar
results. B: Differentiated ES cells were treated with TSA or untreated
on day 7 and nuclear extracts were isolated on day 8. These extracts
were immunoprecipitated with the indicated antibodies and
sequentially subjected to Western blotting with anti-GATA4 and
anti-Cdk9 antibodies. The photographs are representative. We
performed three or more independent experiments and obtained
similar results.
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Next, to examine whether TSA treatment alters the
interaction of GATA4 with Cdk9, the differentiated ES cells
were treated with TSA or untreated on day 7 and the nuclear
proteins were isolated on day 8. The nuclear extracts were
immunoprecipitated with a goat polyclonal anti-GATA4 or anti-
Cdk9 antibody. The precipitates were sequentially subjected to
Western blotting using a rabbit polyclonal anti-Cdk9 or anti-
GATA4 antibody. The signal levels of GATA4 and Cdk9 were
similar between the precipitates treated with TSA and those left
untreated (Fig. 3B). These results demonstrate that TSA
treatment did not alter the interaction of GATA4 with Cdk9.

A dominant-negative form of Cdk9 inhibited the
TSA-induced increase in Nkx2.5/GFP-positive cells

To examine the effect of a dominant-negative form of Cdk9
(DN-Cdk9), which loses its kinase activity, on myocardial

ET AL.

differentiation, pLenti-DN-Cdk9 or pLenti-Null was
introduced into ES cells at the undifferentiated stage by
lentivirus-mediated gene transfer. These cells were induced to
differentiate and stimulated with TSA at a concentration of
10 ng/ml on day 7. On the next day, differentiated ES cells were
isolated, and the nuclear extracts were subjected to Western
blotting (Fig. 4A). The signals of RNA polymerase Il protein
(RNA pol Il a) were similar in DN-Cdk9- and Null-introduced
ES cells. However, the signal of the phosphorylated form of
RNA polymerase Il protein (RNA pol Il o) was inhibited by the
introduction of pLenti-DN-Cdk9. Treatment with TSA had no
effect on the signal levels of both RNA pol Ilaand RNA pol Il o.
The signals of the proteins, GATA4, Cdk9, and cyclin T1 were
not affected by treatment with TSA or by the introduction of
DN-Cdk9.

Next, pLenti-DN-Cdk9 or pLenti-Null was introduced into
Nkx2.5/ES cells. Then, these cells were introduced to
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Fig. 4. A:ES cells were transformed with pLenti-Null or pLenti-DN-Cdk9 on day 0. These cells were induced to differentiate and stimulated with
TSA (10 ng/ml) or its solvent on day 7 for 24 h. Nuclear extracts were isolated on day 8 and subjected to Western blotting using the indicated
antibodies. The photographs are representative. We performed three independent experiments and obtained similar results. B: Nkx2.5/GFP ES
cells were transformed with pLenti-Null or pLenti-DN-Cdk9 on day 0, induced to differentiate, and stimulated with TSA or its solvent on day 7 for
24 h. These cells were dissociated into single cells on day 8 and subjected to flow cytometry. These data represent the rate of Nloc2.5/GFP-positive
cells to total extant cells and are expressed as means * SE of three or more independent experiments. C: ES cells were transformed with
pLenti-Null or pLenti-DN-Cdk9 on day 0. Then, these cells were induced to differentiate and stimulated with TSA (50 ng/ml) or its solvent onday 7
for 24 h. Total RNAs were isolated by TRIzol" reagent on day 8 and subjected to quantitative RT-PCR.
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differentiate and treated with TSA on day 7 for 24h. On the
next day, these cells were dissociated into single cells by trypsin
and subjected to flow cytometry. DN-Cdk9 significantly
inhibited the TSA-induced increase in Nkx2.5/GFP-positive
cells (Fig. 4B).

Furthermore, pLenti-DN-Cdk9 or pLenti-Null was
introduced into Nkx2.5/ES cells on day 0. Then, these cells were
induced to differentiate and stimulated with TSA on day 7. On
day 8, total RNAs were isolated, and the synthesized cDNAs
were subjected to quantitative PCR. Treatment with TSA
increased the level of ANF mRNA more than 3.5-fold in
differentiated ES cells into which pLenti-Null was introduced
(Fig. 4C). The introduction of pLenti-DN-Cdk9 into ES cells
significantly suppressed the TSA-induced increase in the ANF
mRNA level. These results demonstrate that a dominant-
negative Cdk9 inhibited TSA-induced ANF expression.

DRB inhibited TSA-induced expression of Nkx2.5

Differentiated ES cells were treated with TSA and/or Cdk9
inhibitor DRB on day 7. On day 8, these cells were isolated and
their nuclear extracts were subjected to Western blotting.

While the signal levels of RNA pol Il a were not affected by
treatment with TSA and/or DRB, the signal of RNA pol Il o was
inhibited by treatment with DRB. The signals of GATA4, Cdk9,
and cyclin T| proteins were not affected by treatment with
either agent (Fig. 5A).

Next, Nkx2.5/GFP ES cells were induced to differentiate and
treated with TSA and/or DRB on day 7 for 24 h. Then, these
cells were dissociated into single cells and subjected to flow
cytometry. While DRB did not affect the basal rate of Nkx2.5/
GFP-positive cells relative to total extant cells, DRB almost
completely inhibited the TSA-induced increase in Nkx2.5/GFP-
positive cells (Fig. 5B). ES cells were similarly treated with these
agents on day 7 and the total RNAs were isolated by TRIzol®
reagent on day 8. The synthesized cDNAs were subjected to
quantitative PCR. While treatment with TSA increased the
expression of endogenous Nkx2.5 mRNA by more than 12-
fold, additional DRB treatment markedly inhibited the TSA-
induced increase in the endogenous Nkx2.5 mRNA level
(Fig. 5Ca). On the other hand, treatment with TSA did not
increase the endogenous mRNA level of VEGF, a maker of
vascular endothelial cells. Treatment with DRB did not affect
the endogenous mRNA expression of VEGF either (Fig. 5Cb).
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Fig. 5.

A: Differentiated ES cells were stimulated with TSA and/or DRB on day 7 for 24 hand collected on day 8. Nuclear extracts from these cells

were subjected to Western blotting using the indicated antibodies. The photographs are representative. We performed three independent
experiments and obtained similar results. B: Differentiated Nkx2.5/GFP ES cells stimulated with TSA (50 ng/ml) and/or DRB (50 pM) were
dissociated into single cells and subjected to flow cytometry. These data show the rate of Nkx2.5/GFP-positive cells to total extant cells. C: Total
RNAs from differentiated ES cellstreated with TSA (50 ng/ml),and/or DRB (50 pM), or both wereisolated, and synthesized cDNAswere subjected
to quantitative PCR. Levels of GAPDH transcripts were used to normalize cDNA levels. The mRNA level of Nkx2.5 (a) or VEGF (b) relative to
GAPDH inES cellstreated withasolvent, ethanol, was setat | .0. The data are expressed asmeans * SE of three or moreindependent experiments.
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Discussion

In this study, we examined whether Cdk9 forms a complex with
GATAA4 and is involved in the TSA-induced differentiation of
mouse ES cells into cardiomyocytes. To induce the
differentiation of ES cells, we used feeder-free gelatin-coated
plates without the formation of EBs because it is simple and
reproducible. Within this system, we initially examined the
expression profiles of genes involved in cardiogenesis, and
demonstrated that these profiles were similar to those in
experiments involving EB formation (Kawamura et al., 2005).
The treatment of ES cells with TSA, an HDAC inhibitor,
increased Nkx2.5/GFP-positive cells and endogenous mRNA
levels of Nkx2.5 and ANF in a concentration-dependent
manner. We also confirmed that TSA increased endogenous
mRNA levels of these genes in mouse-induced pluripotent stem
cells (Kaichi et al., 2010).

To examine whether Cdk9 is involved in the differentiation
of ES cells into cardiomyocytes, we ablated the Cdk9 kinase
activity using either DN-Cdk9 or a Cdk9 inhibitor, DRB. The
suppression of Cdk9 kinase activity inhibited the TSA-induced
expression of the cardiac-specific transcription factor Nkx2.5.
While DRB almost completely inhibited TSA-induced
myocardial differentiation, inhibition by the introduction of
DN-Cdk9 was partial. Cdk9 was abundantly expressed
throughout stages of undifferentiation to differentiation, and
the efficiency of gene transduction by lentivirus-mediated gene
transfer might vary in each transfection. These may have
attributed to the discrepancy in the inhibitory effects between
DRB and DN-Cdk9.

Studies using either RNA interference or highly specific p-
TEFb inhibitors have implicated p-TEFb as an important factor
in global transcriptional elongation (Shim et al., 2002). In fact,
Cdk9 and cyclinT| were abundantly expressed from at the
undifferentiated stage to differentiated stage. One of the key
questions is how p-TEFb is recruited to its target genes in
myocardial differentiation. At least, there are two mechanisms
for the recruitment of p-TEFb. One is a less specific recruitment
through the interaction between p-TEFb and Brd4, and the
other is a gene-specific recruitment through an interaction
between p-TEFb and transactivators (Kanazawa et al., 2000;
Barboric et al., 2001; Eberhardy and Farnham, 2002; Simone
et al,, 2002). A previous report demonstrated that MyoD
recruits p-TEFb onto the promoters and enhancers of muscle-
specific genes during skeletal myogenesis (Giacinti et al., 2006).
Another reported that recruitment of p-TEFb is a critical step
for stimulation of MEF2-dependent transcription in skeletal
muscle cells (Nojima et al., 2008). We presented that Cdk9 is
recruited onto the ANF promoter by interacting with GATA4/
p300 complex in cardiomyocyte hypertrophy, and that Cdk9
kinase activity was required for the p300-induced
transcriptional activities, DNA-binding, and acetylation of
GATA4 (Sunagawa et al., 2010). We have demonstrated that
the Cdk9/cyclin T complex combines with GATA4 during
myocardial differentiation in ES cells. These findings raise a
hypothesis that Cdk9 kinase activity is involved in the TSA-
induced activation of GATA4 in ES cells as well as in the pathway
of cardiomyocyte hypertrophy. Therefore, it would be
interesting to examine the detailed functional association
between GATA4 and Cdk9 during myocardial differentiation.
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