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Directed and Systematic Differentiation of Cardiovascular
Cells From Induced Pluripotent Stem Cells
Genta Narazaki, MS; Hideki Uosaki, MD; Mizue Teranishi, BS; Keisuke Okita, PhD);

Bongju Kim, PhD; Satoshi Matsuoka, MD, PhD;
Shinya Yamanaka, MD, PhD; Jun K. Yamashita, MD, PhD

Background—Induced pluripotent stem (iPS) cells are a novel stem cell population induced from mouse and human adult
somatic cells through reprogramming by transduction of defined transcription factors. However, detailed differentiation
properties and the directional differentiation system of iPS cells have not been demonstrated.

Methods and Results—Previously, we established a novel mouse embryonic stem (ES) cell differentiation system that can
reproduce the early differentiation processes of cardiovascular cells. We applied our ES cell system to iPS cells and
examined directional differentiation of mouse iPS cells to cardiovascular cells. Flkl (also designated as vascular
endothelial growth factor receptor-2)-expressing mesoderm cells were induced from iPS cells after ~4-day culture for
differentiation. Purified Flk1™ cells gave rise to endothelial cells and mural cells by addition of vascular endothelial
growth factor and serum. Arterial, venous, and lymphatic endothelial cells were also successfully induced. Self-beating
cardiomyocytes could be induced from FIk1™ cells by culture on OP9 stroma cells. Time course and efficiency of the
differentiation were comparable to those of mouse ES cells. Occasionally, reexpression of transgene mRNAs, including

c-myc, was observed in long-term differentiation cultures.

Conclusions—Various cardiovascular cells can be systematically induced from iPS cells. The differentiation propertics of
iPS cells are almost completely identical to those of ES cells. This system would greatly contribute to a novel
understanding of iPS cell biology and the development of novel cardiovascular regenerative medicine. (Circulation.

2008;118:498-506.)
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mbryonic stem (ES) cells have been considered potent

candidates for regenerative medicine with their promi-
nent properties of pluripotency and capacity for self-renewal.
Novel ES cell-like pluripotent cells, termed induced pluripo-
tent stem (iPS) cells, were generated from mouse skin
fibroblasts by introducing 4 transcription factors (Oct3/4,
Sox2, KIf4, c-myc),! and recently they were also successfully
generated from human skin fibroblaststs.>? These iPS cells
opened a new gate for cell transplantation—based regenerative
medicine by overcoming the ethical controversy over ES
cells. Differentiation and selection methods for target cells
were thus required for regenerative medicine with the use of
iPS cells. However, the differentiation properties of iPS cells
such as time course, potentials, and efficiency of the differ-
entiation in vitro are still unclear, and a directed differentia-
tion method for iPS cells has not been demonstrated.
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Previously, we established a novel ES cell differentiation
system that can reproduce the early process of cardiovascular
development in vitro.*=¢ Flk1 (also designated as vascular
endothelial growth factor [VEGF] receptor-2) is the earliest
differentiation marker for endothelial cells (ECs) and blood
cells and a marker for lateral plate mesoderm.”® We induced
Flk1™ cells from ES cells, purified them by fluorescence-ac-
tivated cell sorting (FACS), and recultured the purified cells.?
We succeeded in inducing cardiovascular cells such as
vascular ECs, mural cells (pericytes and vascular smooth
muscle cells),*? and cardiomyocytes® from common progen-
itors, FIk1™ cells. We also identified a novel cardiac progen-
itor population during ES cell differentiation.> More recently,
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Figure 1. Experimental design of this study. A,
Appearance of undifferentiated mouse Nanog-iPS
cells. Left, Phase contrast. Right, Nanog promoter-
driven GFP. Bars=100 um. B, Procedure and time
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we succeeded in inducing arterial, venous, and lymphatic ECs
from Flk1™ cells.!!2 This system is therefore useful to
systematically induce various cardiovascular cells from
common progenitors and dissect their differentiation
processes.610:13

We applied this system to iPS cells and examined cardio-
vascular cell differentiation of iPS cells. In the present report,
we show that all of the cardiovascular cells can be system-
atically induced from iPS cells and that the differentiation
properties of iPS cells are largely comparable to those of ES
cells.

Methods
Antibodies

Monoclonal antibodies for murine Flkl (AVAS12) and murine
vascular endothelial (VE)-cadherin (VECDI, for FACS) were
described previously.®!4 Monoclonal antibodies for murine CD31
(1:500), VE-cadherin (for immunostaining, 1:200), and CXCR4
were purchased from Pharmingen (San Diego, Calif). Monoclonal
antibodies for murine a-smooth muscle actin (SMA) (1:1000) and
a-actinin (sarcomeric) (1:800) were from Sigma (St Louis, Mo). The
antibody for cardiac troponin-T (cTnT) (1:200) was from NeoMar-
kers (Fremont, Calif). Polyclonal antibodies for murine LYVEI
(1:500) and prox1 (1:50) were from Angiobio (Del Mar, Calif) and
Reliatech (Braunschweig, Germany), respectively. Antibodies for
SM22« (1:400) and calponin (1:500) were from Abcam (Cambridge,
UK). Anti-HCN4 (1:200) and anti-Cav3.2 (1:200) antibodies were
from Chemicon (Temecula, Calif). Anti-Kir2.1 (1:200) and anti-
connexin 43 (1:200) antibodies were from Alomone (Israel) and
Invitrogen (Carlsbad, Calif), respectively.

Cell Culture

Murine ES cell lines EB5, EMG7, and D3 and OP9 stroma cells were
maintained as described.>!"-'> EMG7 ES cells were generated by
introduction of a-myosin heavy chain (MHC) promoter-driven
EGFP gene to EB5 ES cells.> Cardiomyocytes induced from EMG7

cells could be detected by GFP expression (MHC-GFP). Germline-
competent mouse iPS cell lines 20D17, 38C2, and 38D2, carrying
Nanog promoter-driven GFP/IRES/puromycin-resistant gene
(Nanog-iPS cells), were established and maintained as described
previously.'® Briefly, iPS cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) containing 15% FCS, nonessen-
tial amino acids, 1 mmol/L sodium pyruvate, 5.5 mmol/L
2-mercaptoethanol, 50 U/mL penicillin, and 50 mg/mL streptomycin
on feeder layers of mitomycin-C—treated mouse embryonic fibroblast
cells carrying stably incorporated puromycin-resistance gene. All
experiments were performed with the use of 3 Nanog-iPS cell lines.
20D17 was used as the iPS cell representative in all experiments
unless stated otherwise.

Induction of cell differentiation was performed as described with
the use of differentiation medium* (DM) (a-minimum essential
medium (Invitrogen) supplemented with 10% fetal calf serum and
5X107° mol/L 2-mercaptoethanol). Flk1* mesoderm cells were
induced by 96- to 108-hour culture of ES or iPS cells (plated at
1.7X10° cells/cm?) in DM in the absence of leukemia inhibitory
factor (LIF) on type IV collagen—coated dishes (BD Biosciences,
San Jose, Calif). To induce vascular ECs, FACS-purified Flk1* cells
(1X10* cells/cm?) were cultured on type IV collagen—coated dishes
with DM supplemented with 100 ng/mL human VEGF,;; (R&D
Systems, Minneapolis, Minn) in the presence or absence of
8-bromoadenosine-3':5'-cyclic monophosphate sodium salt
(8bromo-cAMP) (0.5 mmol/L) (Nacalai Tesque, Kyoto, Japan).'!
Lymphatic endothelial cell was induced by coculture of Flk1™ cells
(5%10° cells/cm?) on confluent OP9 stroma cells'? with DM. After
3-day culture of FIk1™ cells, induced ECs were subjected to FACS or
immunostaining. Cardiomyocytes were induced by coculture of Flk1*
cells (1.5%10* cells/cm?) on OP9 cells for 4 to 6 days> with DM.

Three-Dimensional Culture

Three-dimensional culture was performed as described previously.*
Briefly, Flk1™ cells (4X10° cells/mL) were incubated in DM con-
taining 100 ng/mL VEGF on uncoated petri dishes for 12 hours to
induce aggregation. Aggregates were resuspended in 2X DM and
mixed with an isovolume of collagen I-A gel (3 mg/mL) (Nitta
Gelatin, Osaka, Japan). We plated 250 uL of this mixture onto a
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Figure 2. Differentiation of ES and iPS cells to mesoderm. A,
Representative results of expression profiles of FIk1 on differen-
tiation day 3.5 to 5.5 by FACS analysis. ES cells (EB5; left) and
iPS cells (20D17; right) are shown. Percentages of Flk1* cells in
total cells are indicated. B, Quantitative evaluation of Flk1* cell
differentiation from ES cells (open column) and iPS cells (closed
column) (n=4). N.S. indicates not significant. P=0.79 (D3.5),
P=0.96 (D4.5), P=0.90 (D5.5), ES cells (EB5) vs iPS cells
(20D17). C, Reverse transcription polymerase chain reaction
analysis for gene expression of early differentiation markers dur-
ing mesoderm differentiation (differentiation day 0 to 4.5). ES
cells (EB5; left) and iPS cells (20D17; right) are shown.

lucent insert disk, Cell Disk (Sumitomo Bakelite, Tokyo, Japan), in
24-well dishes. After 30 minutes at 37°C to allow polymerization,
we added 500 wL. DM with VEGEF (final, 100 ng/mL). To monitor
vascular formation, collagen-embedded Flk1* cell aggregates were
cultured in a temperature- and gas-controlled chamber (37°C, 5%
CO,), and phase-contrast images were acquired every 15 minutes
with Metamorph software (Molecular Devices, Tokyo, Japan) for up
to 4 days.

Flow Cytometry and Cell Sorting

FACS analysis was performed as described previously.*>!! After
induction of Flk1* cells, cultured cells were harvested and stained
with allophycocyanin-conjugated AVASI12. Living Flk1™ cells ex-
cluding propidium iodide (Sigma) were sorted by FACS Vantage
(Becton Dickinson). After 3 days of Flk1* cell differentiation
(Flk-d3), cultured cells were harvested and stained with a combina-
tion of monoclonal antibodies for CD31 and CXCR4 or VE-
cadherin, then subjected to FACS analysis. Induced cardiomyocytes
were purified with the use of tetramethyl rhodamine methyl ester

(TMRM) (Invitrogen),'”-'8 a fluorescent probe to monitor the mem-
brane potential of mitochondria. In brief, cells were dissociated with
0.25% trypsin/EDTA, then incubated in DM with 50 nmol/L TMRM
at 37°C for 15 minutes. Stained cells were washed twice and
subjected to FACS sorting. A TMRM-high population was consid-
ered as purified cardiomyocytes in iPS cells (Figures I and II in the
online-only Data Supplement).

Immunostaining

Immunostaining for ECs and cardiomyocytes was performed as
described previously.*>-!! Briefly, 4% paraformaldehyde-fixed cells
were blocked by 2% skim milk (BD Biosciences) and incubated
overnight with primary antibodies at 4°C. For immunohistochemis-
try, anti-mouse IgG conjugated with alkaline phosphatase and
anti-rabbit IgG horseradish peroxidase (Invitrogen) were used as
secondary antibodies. For immunofluorescent staining, anti-mouse,
-rat, -rabbit, or -goat IgG antibodies conjugated with Alexa488 or
Alexa546 (Invitrogen) were used for secondary antibodies. Nuclei
were visualized with DAPI (Invitrogen). EphrinB2 expression was
examined by the binding of EphB4-Fc chimeric protein (R&D).!!
Stained cells were photographed with inverted fluorescence micros-
copy with Eclipse TE2000-U (Nikon, Tokyo, Japan) and the digital
camera system AxioCam HRc with the use of AxioVision Software
(Carl Zeiss, Jena, Germany) or confocal microscopy (LSM510; Carl
Zeiss). To quantify the numbers of induced EC or cardiomyocyte
colonies, positively staining colonies were counted in 8 randomly
selected fields.

Immunostaining for 3-Dimensional Cultured
Vascular Structures

Immunostaining for vascular structures in type I collagen gel was
performed after the whole-mount immunostaining procedure.
Briefly, gels were fixed with 4% paraformaldehyde and blocked by
1% skim milk/0.1% Triton X/PBS solution and incubated with
anti-CD31 and SMA antibodies. Alexa488-conjugated anti-rat IgG
and Alexa546-conjugated anti-mouse IgG were used as secondary
antibodies. Stained cells were photographed with a confocal micro-
scope (LSM510; Carl Zeiss).

Reverse Transcription Polymerase Chain Reaction
Total RNA was isolated from various kinds of cell populations with
the use of RNeasy Mini or Micro Kit (QIAGEN, Valencia, Calif).
cDNA was synthesized by the SuperScript III First-strand Synthesis
System (Invitrogen). Polymerase chain reaction was performed with
the use of Taq polymerase or KOD Plus (Toyobo, Tokyo, Japan).
Primers that were used are indicated in Table I in the online-only
Data Supplement.

Electrophysiological Studies

The FACS-purified TMRM-high population was seeded on gelatin-
coated coverslips. The myocytes were cultured for 2 days under this
condition before use. The coverslips were then transferred to a patch
clamp recording chamber, and electrophysiological measurements
were performed with the use of Axopatch200B (Axon Instruments/
Molecular Devices Corp, Union City, Calif).

Composition of Solutions

Physiological bathing solution contained the following (in mmol/L):
140 NaCl, 5.4 KCI, 0.33 NaH,PO,, 0.5 MgCl,, 1.8 CaCl,, and 5
HEPES (pH=7.4 with NaOH). Standard high-K* pipette solution
contained the following (in mmol/L): 110 L-aspartic acid, 30 KCl, 5
MgATP, 0.1 NaGTP, 5 K, creatine phosphate, 2 EGTA, 10 HEPES,
and 10 NaOH (pH=7.2 with KOH). All experiments were performed
at 37°C.

Statistical Analysis

All data were obtained from at least 3 independent experiments.
Statistical analysis of the data was performed with Student 7 test or
ANOVA. P<0.05 was considered significant. All data are shown as
mean=SD.
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Results

iPS Cell Differentiation to Mesoderm Cells

Undifferentiated mouse iPS cell colonies maintained on a
feeder layer showed an appearance similar to that of mouse
ES cells and coexpressed Nanog promoter-driven EGFP
(Figure 1A). Figure 1B schematically summarizes our differ-
entiation methods to induce cardiovascular lineage cells. We
applied this system to iPS cells and examined the directional
differentiation of iPS cells to cardiovascular cells.

First, we induced mesoderm cell differentiation from ES
and iPS cells. Undifferentiated ES or iPS cells were cultured
on type IV collagen—coated dishes with DM (see Methods) to
induce mesoderm differentiation (Figure 1B). We examined
the time course and efficiency of Flkl1™ mesoderm cell
appearance. As demonstrated previously,” ES cell-derived
Flk1" cells appeared from ~3 days of differentiation and
reached a maximum at day 4.5 of differentiation (Figure 2A).
Similarly, Flk17 cells were induced from iPS cells under the
same culture conditions. Time course and efficiency of Flk1*
cell induction were comparable between ES and iPS cells
(Figure 2A and 2B). As shown in Figure 2C, undifferentiated
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17,

Figure 3. Differentiation of iPS cells to

vascular cells. A to E, Two-dimensional

culture after 3-day culture of iPS
cell-derived Flk1* cells on collagen
IV-coated dishes. A, Double immuno-
staining for CD31 (pan-ECs; purple) and
SMA (mural cells; brown). B, Immuno-
staining for VE-cadherin (VE-Cad) (green)
and DAPI (nuclei, blue). C, FACS analy-
sis for CD31 and VE-cadherin. Percent-
ages of quadrant populations are indi-
cated. D, E, Double immunostaining for
mural cell markers SM22« (D) and calpo-
nin (E) (left panels, red) and CD31 (mid-
dle panels, green). Right panels, Merged
images with DAPI (blue). F to H, Three-
dimensional culture. Flk1* cell aggre-
gates were 3-dimensionally cultured in
type | collagen gel for 3 days. F, Gross
appearance of vascular-like structure. G,
In-gel immunostaining for CD31 (green).
H, Double in-gel staining for CD31
(green) and SMA (red). Attachments

of mural cells (red) were observed.
Bar=100 pum (A, F), 50 um (B, D, E, G),
25 um (H).

CD31/aSMA

ES cell markers Nanog and Oct3/41°-2! were expressed in
both ES and iPS cells and started to decrease after differen-
tiation. The mesoendoderm marker Brachyury?? started to be
observed from differentiation day 2.5. The mesoderm marker
Flk1 appeared from day 3.5. Isletl, a cardiac progenitor
marker,?® was expressed from day 3.5, whereas another
cardiac marker, Nkx2.5,242> was not observed until day 4.5.
These results were compatible with our previous results. iPS
cells therefore differentiate into mesoderm cells with a time
course and efficiency similar to those of ES cells.

iPS Cell Differentiation to Vascular Cells

Next we induced ECs from Flk1" cells. FACS-purified Flk1*
cells were recultured on type IV collagen—coated dishes with
VEGF and serum (designated as Flk-dO) (Figure 1B). Three
days after the differentiation (FIk-d3), CD31" ECs and SMA*
mural cells were selectively induced from Flk17 cells (Figure
3A). Almost all of CD31" ECs were also positive for another
EC marker, VE-cadherin (Figure 3B and 3C). Induced SMA™*
mural cells, which were negative for CD31, expressed other
smooth muscle markers, SM22« (Figure 3D) and calponin
(Figure 3E). When iPS cell-derived Flk1" cell aggregates
were cultured 3-dimensionally in type I collagen gel, a vascular-
like structure was formed successfully (Figure 3F; Movie I in the
online-only Data Supplement). The vascular-like structure con-
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Figure 4. Arterial and venous EC induction from
iPS cell-derived FIk1" cells. A, Representative
results of FACS analysis for CD31 and CXCR4 (ar-
terial EC marker) at Flk-d3. VEGF treatment alone
(100 ng/mL) (V; top panel) and VEGF with 8bromo-
cAMP (0.5 mmol/L) (VC; bottom panel) are shown.
Percentages of venous ECs (CD317/CXCR4~ pop-
ulation) and arterial ECs (CD31*/CXCR4" popula-
tion) are indicated. B, Percentages of CD31" cells
(total ECs) in total FIk1" cell-derived cells (n=3;
*P=0.02). C, Percentages of CD31"/CXCR4" cells
(arterial ECs) in total CD31* cells (n=3; *P=0.01).
D, Double immunostaining for ephrinB2 (arterial
ECs) (left panels, green) and CD31 (middle panels,
red). Right panels show merged images with DAPI
(blue). VEGF treatment alone (top) and VEGF with
8bromo-cAMP (bottom) are shown. E, Percentages
of ephrinB2* arterial EC colonies in CD31* EC col-
onies (n=4; *P=0.009). F, Gene expressions of
iPS arterial and venous EC markers (reverse transcrip-
tion polymerase chain reaction) in purified CD31*/
VE-cadherin®™ ECs. Scale bars=100 um. ES cells
(EBS; left) and iPS cells (20D17; right) are shown.
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sisted mainly of CD31" ECs (Figure 3G). Attachment of SMA*
mural cells to endothelial tubes was observed (Figure 3H; Figure
IIT in the online-only Data Supplement), similar to our previous
report with the use of ES cells.*

Arterial and Venous EC Induction From iPS Cells
We further examined arterial and venous EC differentiation.
We recently reported that whereas VEGF treatment alone on
Flk1* cells mainly induced venous ECs, activation of the
cAMP pathway increased the total appearance of ECs and
potently induced arterial ECs.!! Figure 4A shows the results
of the FACS analysis of Flk1* cell-derived cells at Flk-d3.
VEGF treatment alone mainly induced CD317/CXCR4~
venous ECs (top panel). In contrast, addition of 8bromo-
cAMP, an analogue of cAMP, together with VEGF increased
the total CD31" EC population as well as CD317/CXCR4"
arterial ECs (bottom panel). The percentage of total ECs
(CD317) in total Flk1* cell-derived cells (Figure 4B) and
percentage of arterial ECs (CD317/CXCR4") in total ECs
(CD31%) (Figure 4C) were increased by =~2.5-fold after
8bromo-cAMP treatment, respectively. The efficiency of

total EC and arterial EC induction from iPS cell-derived
Flk1" cells was comparable to that in ES cells.!! Expression
of another arterial EC marker, ephrinB2, was examined by
immunostaining with the use of EphB4-Fc chimeric protein.!!
8Bromo-cAMP treatment induced ephrinB2* arterial ECs
(Figure 4D). The number of EC colonies including ephrinB2*
arterial ECs increased ~2.5-fold by 8bromo-cAMP treatment
(Figure 4E). Gene expressions of other arterial and venous
EC markers in FACS-purified ECs (CD31*/VE-cadherin®
population) further confirmed arterial and venous EC differ-
entiation (Figure 4F), that is, an increase in arterial EC
markers, such as notchl,4,2¢ Alkl1,?” DII4,® and neuropilin-
1,2 and a reciprocal decrease in venous EC markers, such as
neuropilin-2,3° COUP-TFIL?! and EphB4,32 were observed in
VEGF and 8bromo-cAMP-induced ECs, paralleling ES and
iPS cells. These results indicate that iPS cells possess the
same properties as ES cells for arterial and venous EC
differentiation.

iPS Cell Differentiation to Lymphatic ECs
We recently succeeded in inducing lymphatic ECs from
mouse ES cells by culturing Flk1* cells on OP9 stroma cells
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Figure 5. Differentiation of lymphatic ECs from
iPS cells. A and B, Double immunostaining of
LYVE1 (A) or prox1 (B) (lymphatic ECs; left panels,
orange) and VE-cadherin (pan-ECs; middle panels,
green) at FIk-d3 on OP9 cells. Right panels,
Merged images with DAPI (blue). Bars=100 um.
C, Colony numbers of VE-cadherin (VE-cad)” ECs

L D a2 induced from 15 000 Flk1* cells (n=6). N.S. indi-
Total VE-cad+ colony Positive colony (%) cates not significant. P=0.86, ES cells (EB5) vs
/15000 Flk1+ cells iPS cells (20D17). D, Percentages of EC colonies
N.S (%) N.S. N.S. including lymphatic EC marker—positive cells in
- T 3 | R ¥ 3 total EC colonies (n=3). P=0.89 (LYVE1), P=0.94
80‘ | | 1004 l I (Prox1), ES cells (EB5) vs iPS cells (20D17).
60| 801
] 601
401 b
401
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for 3 to 4 days'? (Figure 1B). When iPS cell-derived Flk1*
cells were cultured on OP9 cells, VE-cadherin® EC sheets
appeared at Flk-d3. Most of the EC colonies that appeared
were positive for lymphatic EC markers LYVE-133 and
prox 13+ (Figure 5A and 5B). The induction efficiency of total
EC colonies (VE-cadherin™) (Figure 5C) and lymphatic EC*
colonies (LYVEL" or prox1*) (Figure 5D) on OP9 cells was
comparable between ES and iPS cells, indicating that lym-
phatic ECs could also be similarly induced from iPS cells.

iPS Cell Differentiation to Cardiomyocytes

Finally, we performed induction of cardiomyocytes from iPS
cells. To induce cardiomyocytes, we applied our
2-dimensional cardiomyocyte induction system of ES cells’
to iPS cells. Similar to ES cells, when purified iPS cell-
derived Flk1* cells were cocultured on OP9 cells, self-
beating cardiomyocyte colonies appeared from Flk-d4-5 (Fig-
ure 1B) (Movie II in the online-only Data Supplement). Some
beating colonies continued to beat for >2 months of culture.
These beating colonies were positive for ¢cTnT (Figure 6A).
Although the numbers of beating colonies at Flk-d4—6 that
appeared from 3 Nanog-iPS cell lines were slightly fewer
than those from the EB5 ES cell line,> they were still more
than those from another ES cell line, D3 cells (Figure 6B;
Tables II and III in the online-only Data Supplement). The
induction efficiency of cardiomyocytes from iPS cells was
further quantitatively evaluated by FACS with the use of
TMRM fluorescent dye.!”-'8 Approximately half of MHC-
GFP* cardiomyocytes induced from EMG7 ES cells could be

detected as a TMRM-high population (Figure TA in the
online-only Data Supplement). Being parallel to the beating
colony number, the percentages of TMRM-high population
induced from FIk1" cells with the use of EMG7 ES cells,
20D17 iPS cells, and D3 ES cells were 7.9%, 2.5%, and
0.9%, respectively (Figure IB and IC in the online-only Data
Supplement). These results indicate that comparable levels of
cardiomyocytes could be induced from iPS cells with ES
cells. The difference of cardiogenic potentials is likely to be
due to variation among cell clones and not due to features of
iPS cells per se. Various cardiac marker genes, such as broad
cardiomyocyte markers Nkx2.5 and a-MHC, atrial and ven-
tricular myosin light chain 2, pacemaker marker, hyperpolar-
ization-activated cyclic nucleotide-gated channel 4 (HCN4),
and the conduction system marker connexin 40 appeared
similarly in differentiation culture of ES and iPS cells on OP9
cells (Figure 6C). Various other features of cardiomyocytes
were also observed in purified TMRM-high cells from iPS
cells (Figure II in the online-only Data Supplement). Appar-
ent sarcomere formation was detected by actinin staining
(Figure 6D). A gap junction protein, connexin 43, was
confirmed to be coexpressed with cTnT (Figure 6E). HCN4
and the T-type calcium channel Cav3.2, which were ex-
pressed in mouse sinoatrial node and important for automa-
ticity of ES cell-derived cardiomyocytes,?> also coexisted in
c¢TnT" cardiomyocytes (Figure 6F and 6G). An atrial and
ventricular ion channel, Kir2.1, was observed in ¢TnT" cells
(Figure 6H). Some of the purified TMRM-high cardiomyo-
cytes showed typical pacemaker-like potential and depolar-
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Figure 6. Cardiomyocyte differentiation from iPS
cells. A, iPS cell-derived cardiomyocytes on OP9
cells at Flk-d6; cTnT staining (brown). B, Numbers
of beating colonies at FIk-d4-6. EB5 ES cells
(open circle), D3 ES cells (closed circle), 20D17
iPS cells (closed square), 38C2 iPS cells (open
square), and 38D2 iPS cells (open triangle) (n=7)
are shown. Averages and statistical analysis are
shown in Tables Il and Il in the online-only Data
Supplement. C, Gene expressions of various car-
diomyocyte markers in cells at FIk-d6 on OP9 cells
(reverse transcription polymerase chain reaction).
OP9 cells (left), ES cells (EB5; middle), and iPS
cells (20D17; right) are shown. D, Sarcomeric
organization in TMRM-purified cardiomyocytes

at FIk-d8. Immunostaining with anti-sarcomeric
a-actinin antibody (red) and DAPI (blue). E to H,
Double immunostaining of connexin43 (Cx43) (E),
HCN4 (F), Cav3.2 (G), or Kir2.1 (H) (left, green) and

Action potential (mV)

8

cTnT (middle, orange) in TMRM-purified cardio-
myocytes at FIk-d8. Right panels, Merged images
with DAPI (blue). |, Representative action potential
of iPS cell-derived self-beating cardiomyocytes.
Bar=100 pum (A), 25 um (D), 50 um (E to H).
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ized spontaneously (Figure 6I). Beating rate was 3.59+1.08
Hz, minimum potential was —66.89*=6.07 mV, and maxi-
mum potential was 44.34+3.58 mV assessed by whole-cell
patch clamp method (n=8). These results indicate that iPS
cells also can differentiate into various cardiac cell types
similar to ES cells.

Discussion
In this report, we showed that various cardiovascular cells
could be directionally and systematically induced from
mouse iPS cells. CD45" hematopoietic cells were also in-
duced from iPS cell-derived Flk1* cells by coculturing with
OP9 cells for 3days (Figure IV in the online-only Data
Supplement). Thus, we succeeded in establishing a system-
atic culture system of iPS cells to reproduce differentiation
and diversification processes of cardiovascular cells in vitro
(Figure 7), which is useful in dissecting the process at the
cellular level. The molecular mechanisms of iPS cell differ-
entiation, including genetic and epigenetic aspects, can be
examined with this system. This system would greatly con-
tribute to the understanding of iPS cell biology and the
development of new cardiovascular regenerative medicines.

Time |sec)

0.4 05

During cardiovascular cell differentiation in this system,
the properties of ES cells and iPS cells for time course,
potential, and efficiency of differentiation were comparable.
The physiological function of induced cardiomyocytes also
showed no apparent difference between ES and iPS cells.
These results suggest that iPS cells were completely repro-
grammed and obtained pluripotent differentiation capacities
as ES cells. In terms of the differentiation study, ES cells and
iPS cells are principally identical, and methodologies ob-
tained from ES cell studies can be applicable to iPS cells and
vice versa.

iPS cells were originally induced by retrovirus-mediated
transduction of 4 transcription factors, Oct3/4, Sox2, Klf4,
and c-myc. It was reported that tumor formation was often
observed in iPS cell-derived mice through the reexpression
of the c-myc transgene.'® When we examined mRNA expres-
sions of the transgenes during long-term differentiation cul-
ture of FIk1* cells on OP9, the expression patterns were not
constant. Occasionally, we observed upregulation of trans-
gene mRNAs including c-myc after 1- or 2-month cultures
(Figure V in the online-only Data Supplement). No apparent
reappearance of undifferentiated or tumor cell-like structures
were observed in the in vitro culture. Regulation of transgene
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Figure 7. Systematic differentiation system of
cardiovascular cells from iPS cells. Mouse iPS
cell-derived Flk1* cells give rise to ECs in the
presence of VEGF. VEGF alone induces eph-
rinB2~ (EphB4*) venous ECs. When cAMP sig-
naling is activated together with VEGF, eph-
rinB2* arterial ECs are induced. For lymphatic
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expression should be different among iPS cell lines and
modified by various factors, such as integration sites, copy
numbers, epigenetic modifications of transgenes, and culture
conditions. Although novel iPS cell induction methods de-
void of the c-myc transgene have been reported recently,3¢-37
retroviral transduction causes genomic insertion of trans-
genes, which may trigger tumor formation. The safety of iPS
cells in regard to tumor formation should therefore be
confirmed in each iPS cell line both in vitro and in vivo.

We successfully developed a cardiovascular differentiation
system for mouse iPS cells and compared the differentiation
properties of ES and iPS cells. Recently, we developed a
similar vascular cell differentiation system using human ES
cells*® and applied that to vascular regeneration.®® These
differentiation systems for pluripotent stem cells would be
applicable to human iPS cells and would greatly contribute to
the generation of new-mode cardiovascular regenerative
medicine with the use of iPS cells.

Acknowledgments
We thank Dr K. Takahashi for supporting and supervising iPS cell
culture and Dr M. Takahashi for critical reading of the manuscript.

Sources of Funding
This study was supported by grants from the Ministry of Education,
Science, Sports, and Culture of Japan; New Energy and Industrial
Development Organization of Japan; Novartis Foundation for the
Promotion of Science; Terumo Life Science Foundation; Yasuda
Medical Foundation; and the Astellas Foundation for Research on
Metabolic Disorders.

Disclosures
None.

References

1. Takahashi K, Yamanaka S. Induction of pluripotent stem cells from
mouse embryonic and adult fibroblast cultures by defined factors. Cell.
2006;126:663-676.

2. Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K,
Yamanaka S. Induction of pluripotent stem cells from adult human
fibroblasts by defined factors. Cell. 2007;131:861-872.

3. Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget J, Frane JL,
Tian S, Nie J, Jonsdottir GA, Ruotti V, Stewart R, Slukvin II, Thomson
JA. Induced pluripotent stem cell lines derived from human somatic cells.
Science. 2007;318:1917-1920.

Ventricular
Pacemaker

— Conduction system

Nkx2.5+ EC differentiation, OP9 stroma cells are

required. When Flk1* cells are cultured on OP9
stroma cells for 4 to 5 days, cardiomyocytes
are induced as a mixture of various cardiac cell
types: atrial, ventricular, pacemaker, and con-
duction system cells. CD45" blood cells are
also induced from Flk1™ cells cultured on OP9
cells. Various cardiovascular cells are therefore
systematically induced from common progeni-
tor FIk1* cells of mouse iPS cells. SSEAT indi-
cates stage-specific embryonic antigen.

4. Yamashita J, Itoh H, Hirashima M, Ogawa M, Nishikawa S, Yurugi T,
Naito M, Nakao K, Nishikawa S. Flkl-positive cells derived from
embryonic stem cells serve as vascular progenitors. Nature. 2000;408:
92-96.

5. Yamashita JK, Takano M, Hiraoka-Kanie M, Shimazu C, Peishi Y,
Yanagi K, Nakano A, Inoue E, Kita F, Nishikawa SI. Prospective iden-
tification of cardiac progenitors by a novel single cell-based cardiomyo-
cyte induction. FASEB J. 2005;19:1534-1536.

6. Yamashita J. Cardiovascular cell differentiation from ES cells. In: Mori
H, Matsuda H, eds. Cardiovascular Regeneration Therapies Using Tissue
Engineering Approaches. Tokyo, Japan: Springer-Verlag GmbH; 2004:
67-80.

7. Yamaguchi T, Dumont D, Conlon R, Breitman M, Rossant J. FIk-1, an
flt-related receptor tyrosine kinase is an early marker for endothelial cell
precursors. Development. 1993;118:489—498.

8. Kataoka H, Takakura N, Nishikawa S, Tsuchida K, Kodama H, Kunisada
T, Risau W, Kita T, Nishikawa SI. Expressions of PDGF receptor alpha,
c-Kit and Flk1 genes clustering in mouse chromosome 5 define distinct
subsets of nascent mesodermal cells. Dev Growth Differ. 1997;39:
729-740.

9. Nishikawa SI, Nishikawa S, Hirashima M, Matsuyoshi N, Kodama H.
Progressive lineage analysis by cell sorting and culture identifies
FLK1*VE-cadherin® cells at a diverging point of endothelial and hemo-
poietic lineages. Development. 1998;125:1747-1757.

10. Yamashita JK. Differentiation and diversification of vascular cells from
embryonic stem cells. Int J Hematol. 2004;80:1-6.

11. Yurugi-Kobayashi T, Itoh H, Schroeder T, Nakano A, Narazaki G, Kita
F, Yanagi K, Hiraoka-Kanie M, Inoue E, Ara T, Nagasawa T, Just U,
Nakao K, Nishikawa SI, Yamashita JK. Adrenomedullin/cyclic AMP
pathway induces notch activation and differentiation of arterial endothe-
lial cells from vascular progenitors. Arterioscler Thromb Vasc Biol.
2006;26:1977-1984.

12. Kono T, Kubo H, Shimazu C, Ueda Y, Takahashi M, Yanagi K, Fujita N,
Tsuruo T, Wada H, Yamashita JK. Differentiation of lymphatic endothe-
lial cells from embryonic stem cells on OP9 stromal cells. Arterioscler
Thromb Vasc Biol. 2006;26:2070-2076.

13. Yamashita JK. Differentiation of arterial, venous, and lymphatic endo-
thelial cells from vascular progenitors. Trends Cardiovasc Med. 2007;17:
59-63.

14. Matsuyoshi N, Toda K, Horiguchi Y, Tanaka T, Nakagawa S, Takeichi
M, Imamura S. In vivo evidence of the critical role of cadherin-5 in
murine vascular integrity. Proc Assoc Am Physicians. 1997;109:362-371.

15. Kodama H, Nose M, Niida S, Nishikawa S, Nishikawa S. Involvement of
the c-kit receptor in the adhesion of hematopoietic stem cells to stromal
cells. Exp Hematol. 1994;22:979-984.

16. Okita K, Ichisaka T, Yamanaka S. Generation of germline-competent
induced pluripotent stem cells. Nature. 2007;448:313-317.

17. Hattori F, Chen H, Li W, Yuasa S, Onitsuka T, Shimoji K, Sasaki E,
Ogawa S, Oikawa T, Fukuda K. Mitochondrial membrane potential mea-
surement dye is applicable for the purification of mouse and marmoset
embryonic stem cell-derived cardiomyocytes. Circ J. 2007;71(suppl I):
465.



8T0Z ‘TT JoquenoN uo Agq Blio'sfeuinofeye//:dny woly pspeojumod

506

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Circulation July 29, 2008

Scaduto RC, Grotyohann LW. Measurement of mitochondrial membrane
potential using fluorescent rthodamine derivatives. Biophys J. 1999;76:
469-4717.

Mitsui K, Tokuzawa Y, Itoh H, Segawa K, Murakami M, Takahashi K,
Maruyama M, Maeda M, Yamanaka S. The homeoprotein Nanog is
required for maintenance of pluripotency in mouse epiblast and ES cells.
Cell. 2003;113:631-642.

Niwa H, Miyazaki J, Smith AG. Quantitative expression of Oct-3/4
defines differentiation, dedifferentiation or self-renewal of ES cells. Nat
Genet. 2000;24:372-376.

Nichols J, Zevnik B, Anastassiadis K, Niwa H, Klewe-Nebenius D,
Chambers I, Scholer H, Smith A. Formation of pluripotent stem cells in
the mammalian embryo depends on the POU transcription factor Oct4.
Cell. 1998;95:379-391.

Kubo A, Shinozaki K, Shannon JM, Kouskoff V, Kennedy M, Woo S,
Fehling HJ, Keller G. Development of definitive endoderm from
embryonic stem cells in culture. Development. 2004;131:1651-1662.
Laugwitz KL, Moretti A, Caron L, Nakano A, Chien KR. Isletl cardio-
vascular progenitors: a single source for heart lineages? Development.
2008;135:193-205.

Lints T, Parsons L, Hartley L, Lyons I, Harvey R. Nkx-2.5: a novel
murine homeobox gene expressed in early heart progenitor cells and their
myogenic descendants. Development. 1993;119:419-431.

Komuro I, Izumo S. Csx: a murine homeobox-containing gene specif-
ically expressed in the developing heart. Proc Natl Acad Sci U S A.
1993;90:8145-8149.

Villa N, Walker L, Lindsell C, Gasson J, Iruela-Arispe M, Weinmaster G.
Vascular expression of Notch pathway receptors and ligands is restricted
to arterial vessels. Mech Dev. 2001;108:161-164.

Seki T, Yun J, Oh S. Arterial endothelium-specific activin receptor-like
kinase 1 expression suggests its role in arterialization and vascular
remodeling. Circ Res. 2003;93:682—689.

Duarte A, Hirashima M, Benedito R, Trindade A, Diniz P, Bekman E,
Costa L, Henrique D, Rossant J. Dosage-sensitive requirement for mouse
DIl4 in artery development. Genes Dev. 2004;18:2474-2478.
Mukouyama Y, Shin D, Britsch S, Taniguchi M, Anderson D. Sensory
nerves determine the pattern of arterial differentiation and blood vessel
branching in the skin. Cell. 2002;109:693-705.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Yuan L, Moyon D, Pardanaud L, Bréant C, Karkkainen MJ, Alitalo K,
Eichmann A. Abnormal lymphatic vessel development in neuropilin 2
mutant mice. Development. 2002;129:4797-4806.

You L, Lin F, Lee C, DeMayo F, Tsai M, Tsai S. Suppression of Notch
signalling by the COUP-TFII transcription factor regulates vein identity.
Nature. 2005;435:98-104.

Wang H, Chen Z, Anderson D. Molecular distinction and angiogenic
interaction between embryonic arteries and veins revealed by ephrin-B2
and its receptor Eph-B4. Cell. 1998;93:741-753.

Jain R, Padera T. Development: lymphatics make the break. Science.
2003;299:209-210.

Wigle J, Harvey N, Detmar M, Lagutina I, Grosveld G, Gunn M, Jackson
D, Oliver G. An essential role for Prox1 in the induction of the lymphatic
endothelial cell phenotype. EMBO J. 2002;21:1505-1513.

Yanagi K, Takano M, Narazaki G, Uosaki H, Hoshino T, Ishii T, Misaki
T, Yamashita JK. Hyperpolarization-activated cyclic nucleotide-gated
channels and T-type calcium channels confer automaticity of embryonic
stem cell-derived cardiomyocytes. Stem Cells. 2007;25:2712-2719.
Nakagawa M, Koyanagi M, Tanabe K, Takahashi K, Ichisaka T, Aoi T,
Okita K, Mochiduki Y, Takizawa N, Yamanaka S. Generation of induced
pluripotent stem cells without Myc from mouse and human fibroblasts.
Nat Biotechnol. 2008;26:101-106.

Aoi T, Yae K, Nakagawa M, Ichisaka T, Okita K, Takahashi K, Chiba T,
Yamanaka S. Generation of pluripotent stem cells from adult mouse liver
and stomach cells. Science. In press.

Sone M, Itoh H, Yamahara K, Yamashita JK, Yurugi-Kobayashi T,
Nonoguchi A, Suzuki Y, Chao TH, Sawada N, Fukunaga Y, Miyashita K,
Park K, Oyamada N, Sawada N, Taura D, Tamura N, Kondo Y, Nito S,
Suemori H, Nakatsuji N, Nishikawa S, Nakao K. Pathway for differen-
tiation of human embryonic stem cells to vascular cell components and
their potential for vascular regeneration. Arterioscler Thromb Vasc Biol.
2007;27:2127-2134.

Yamahara K, Sone M, Itoh H, Yamashita JK, Yurugi-Kobayashi T,
Homma K, Chao TH, Miyashita K, Park K, Oyamada N, Sawada N,
Taura D, Tamura N, Nakao K. Augmentation of neovascularization in
hindlimb ischemia by combined transplantation of human embryonic
stem cells-derived endothelial and mural cells. PLoS One. 2008;3:¢1666.

CLINICAL PERSPECTIVE

The recent invention of skin fibroblast-derived pluripotent cells, induced pluripotent stem (iPS) cells, opened a new gate
for regenerative medicine. Establishment of iPS cells from adult human tissue is further facilitating development of cell
transplantation—based regenerative strategies by avoiding the legal and ethical controversy over human embryonic stem
cells. This study discusses a directed and systematic differentiation method of using mouse iPS cells for various
cardiovascular cells, which would provide a scientific and technological basis for human iPS cell differentiation. As well
as the direct application to cell-based regenerative medicine, this study also examines and elucidates the cellular and
molecular mechanisms of cardiovascular cell differentiation, thereby contributing to identify novel targets for gene therapy
and drug discovery. Furthermore, this system could be directly involved in screening of small molecules to find
cardiovascular regenerating substances. This study therefore may greatly contribute to the clinical application of iPS cells
and develop novel regenerative medicine for cardiovascular diseases.
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