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The reprogramming of differentiated cells into induced pluripotent stem cells (iPSCs) can be achieved by
ectopic expression of defined transcription factors (Oct3/4, Sox2, Klf4 and c-Myc). However, to date, some
iPSCs have been generated using viral vectors; thus, unexpected insertional mutagenesis in the target cells
would be a potential risk. Here we report reprogramming of siPSCs (gene silencing-induced pluripotent
stem cells) from mouse neonatal cardiomyocytes (CMs) by combining TGF-§ signal inhibition and
connexin43 (Cx43) silencing, and show that siPSCs show pluripotency in vitro and in vivo. Our novel
non-insertional mutagenesis technique may provide a means for iPSC generation.

he generation of iPSCs from somatic cells has been achieved by the overexpression of four transcription-

factor-encoding genes, i.e., Oct3/4, Klf4, Sox2, and c-Myc, in the mouse', rat™, pig*, and monkey®, and in

humans®’. The original method of iPSC generation uses viral vectors, such as retroviruses and lentiviruses,
which integrate the reprogramming factor into the host genome'. Particularly, one of the factors, c-Myc, is a
known proto-oncogene, and its excess activation could give rise to transgene-derived tumour formation®. To
mitigate the risk of genomic insertions of exogenous reprogramming factors for iPSC generation, non-viral and
non-integrating viral methods have been developed and produced iPSCs with potentially reduced risks’ .
However, most of the methods developed still involve the exogenous ectopic expression of defined transcription
factors; thus the potential risk for unexpected genetic modifications by the exogenous sequences in the target cells
is not completely avoidable.

Inhibition of TGF-f signaling in conjunction with the defined transcription factors significantly improves the
efficiency of iPSC generation from mouse and human fibroblasts'*~**. Previously, we and others have shown that
TGF-f signaling is positively mediated by Cx43****, a major gap-junctional protein, which is strongly expressed in
CMs?. In addition, Cx43 is considered to be a typical embryonic stem (ES) cell marker®, and also has a major
function in the regulation of self-renewal and maintenance of pluripotency in ES cells*®. Consequently, this
evidence led us to reason that combining TGF-f signal inhibition and Cx43 silencing would serve as a novel
method for generating transgene-free iPSCs, and would have a direct impact on the reprogramming of mouse
CMs.

Results

We first tested the TGF-f3 receptor I (TBRI)/ALKS inhibitor SB-431542 and Cx43 small interference RNA (Cx43
siRN'A)* on mouse neonatal primary CMs for their effect on reprogramming. The mouse neonatal primary CMs
express abundant endogenous Cx43 (Supplementary Fig. 1). We confirmed that naked FITC-labeled Cx43 siRNA
penetrated into CMs (Supplementary Fig. 2), and that the endogenous Cx43 protein of CMs was significantly
reduced by Cx43 siRNA (Supplementary Fig. 1 and 3). To determine the reprogramming capability of SB-431542
or Cx43 siRNA, on day 7 after culture, the CMs were switched from primary CM Dulbecco’s modified Eagle’s
medium (DMEM) to normal mouse embryonic stem cell (mESC) growth media containing either SB-431542
(10 pM), Cx43 siRNA (100 nM) or both compounds (Fig. 1a), and were maintained over the next 2-4 weeks.
Two weeks after treatment, we obtained two siPSC colonies per 2 X 10° cells, yielding an overall reprogramming
efficiency of ~0.001%, when the cells were treated with a combination of SB-431542 and Cx43 siRNA
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Figure 1| Generation of siPSCs from mouse CMs by the combination of TGF-B signal inhibition and Cx43 silencing. (a) Protocol for mouse siPSC
generation by combining inhibition of TGF-f signal and Cx43 silencing. (b) Morphology of established siPSCs. Phase-contrast images of siPSC
colonies are shown. siPSC-#1 and -#2 refer to independent siPSC colonies. (c) siPSCs stained for ALP, a typical pluripotency marker.

(Supplementary Table 1). The two generated siPSC colonies were
expanded for over 40 passages stably and homogeneously and
showed characteristic mESC-like morphology (Fig. 1b). These col-
onies were positive for alkaline phosphatase (ALP) (Fig. 1c), an early
pluripotency marker, suggesting that they might be reprogrammed
cells. The initial siPSCs were subsequently passaged under mESC
growth conditions to yield siPSCs for further characterisation. In
contrast, up to 4 weeks, none of these types of colonies were observed
in cultures treated with SB-431542 or Cx43 siRNA alone
(Supplementary Table 1), or in cultures treated with a nonsense
control siRNA alone or combined SB-431542 and the control
siRNA (data not shown). Moreover, we obtained an overall repro-
gramming efficiency of ~0.0015% siPSC colonies («aMHC-siPSC)
per 2 X 10° cultured CMs isolated from hearts derived from
oMHC-Cre mice after crossbreeding with mice carrying floxed gen-
etic markers, when the cells were treated with a combination of SB-
431542 and Cx43 siRNA in three independent experiments
(Supplementary Table 2). However, up to 4 weeks, none of these
types of colonies were observed in cultured CMs treated with both
SB-431542 (10 pM) and Cx40 siRNA (100 nM), which was used as a
negative control of Cx43 siRNA, and/or gap junction protein inhib-
itor, Octanol (500 uM) or Doxyl stearic acid (DSA) (50 pM)
(Supplementary Table 2). In addition, we also obtained three col-
onies from 2 X 10° cultured CMs of C57BL/6-Tg (CAG-EGFP) mice
(Supplementary Fig. 4a).

The generated murine siPSC colonies expressed typical pluripo-
tency embryonic markers, including Nanog, Oct4, Sox2 and SSEA1
(Fig. 2a). Reverse transcription-polymerase chain reaction (RT-
PCR) and quantitative real-time PCR analysis confirmed that these
siPSC colonies had a high level of endogenous gene expression

respectively (Fig. 3, with Supplementary Table 3 and Fig. 2b-f, with
Supplementary Table 4). Similar results were also obtained in
oMHC-siPSC colonies (Supplementary Fig. 5 and Supplementary
Table 4). Bisulfite genomic sequencing analyses of the Nanog and
Oct4 proximal promoters showed that both were as hypomethylated
in siPSCs as in mESCs, while they were hypermethylated in CMs
(Fig. 4a,b). They showed a normal karyotype (Supplementary Fig. 6).

In the examination of the pluripotency of siPSC in vitro differenti-
ation through the formation of embryoid bodies (EBs), siPSCs were
found to efficiently form EBs in suspension (Fig. 5a) and EBs could
be differentiated into cell types of multiple derivatives, including
ectodermal cells characterised by staining of typical neuron marker
BII Tubulin (Tujl) (Fig. 5b), mesodermal cells revealed as physio-
logically functional differentiated CMs (Fig. 5¢ and Supplementary
Videos 1 and 2), and endothelial cells stained positively for CD31
(Fig. 5d). Furthermore, RT-PCR analysis of the two siPSC colonies
derived from CMs confirmed the typical marker gene expression of
all three embryonic germ layers (Fig. 6 and Supplementary Table 3).

To examine the pluripotency of siPSCs in vivo, we subcutaneously
injected each of the two siPSC colonies into dorsal flanks of severe
combined immunodeficient (SCID) mice. Five weeks after injection,
we observed teratoma formation. Histological examination revealed
that the two siPSC colonies differentiated into all three germ layers,
including neural tissues (ectoderm) (Fig. 7a) and epidermal tissue
(ectoderm) (Fig. 7b), cartilage (mesoderm) (Fig. 7c), and gland
(endoderm) (Fig. 7d). Furthermore, we tested whether siPSCs con-
tributed to the formation of chimeric mice when injected into post-
compacted eight-cell ICR mouse embryos. The siPSC colonies con-
tributed 20-60% to chimera formation, as judged by coat colour
(Fig. 7e and Supplementary Fig. 4b). Finally, we used the most highly
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Figure 2 | Characterisation of reprogrammed siPSC colonies. (a) Immunostaining images of siPSCs show protein expression of the typical pluripotency
markers Nanog, Oct4, Sox2 and SSEA1. (b—f) Quantitative real-time PCR analysis of cDNA from two siPSC colonies. mRNA expression of Oct4 (b), Sox2
(¢), Kif4 (d), Nanog (e) and cMyc (f) was normalised against the control gene, GAPDH, expression.

contributive chimera to test germline transmission by crossing it
with ICR mice. The results confirmed germline transmission
(Fig. 7f).

Discussion

These in vitro and in vivo characterisations collectively confirm that
the TGF-P pathway inhibition and transient silencing of Cx43 by
siRNA are sufficient to reprogram CMs to become siPSCs, which are
morphologically and functionally similar to conventional mESCs

(Fig. 1 and Supplementary Fig. 4, and Supplementary Tables 1 and
2). Regarding the potential mechanism of gene silencing reprogram-
ming, it is reported that TGF-J signaling could replace either Sox2 or
c-Myc in iPS cell generation from MEF*'. Cx43 down-regulation in
ES cells affects such measures as Oct3/4 and Nanog expression®. In
addition, the addition of leukemia inhibitory factor (LIF, contained
in ES medium) is important for the self-renewal of iPS cells in the
mouse and human®?, and activates the expression of K1f4, which was
noted as one of the downstream targets of LIF/Stats signaling in
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Figure 3 | RT-PCR analysis of cDNA from two siPSC colonies. CMTI-1A,
an mESC line. Endogenous pluripotency gene expression of Oct4, Sox2,
Klf4, Nanog, cMyc, E-cad and Rex-1, and the expression of control gene
GAPDH were analysed.

mouse ES cells*®. Therefore inhibition of TGF-f signaling and Cx43
silencing could foster the reprogramming process in multiple ways.
Here, we describe a novel method for generating transgene-free iPS
cells, and show that siPSCs from mouse neonatal primary CMs gen-
erated by the combination of TGF-f signal inhibition and Cx43
silencing are self-renewing and pluripotent in vitro and in vivo.
Therefore, combining inhibition of TGF-f signaling and transient
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silencing of Cx43 by siRNA or other methods may be useful in
generating integration-free iPS$ cells for future medical applications.

Methods

Primary CM isolation and culture. Primary CMs were isolated from 2-day-old
neonatal C57BL/6 or C57BL/6-Tg (CAG-EGFP) mouse hearts (Shimizu Laboratory
Supplies Corp., Ltd.) and/or derivative mouse hearts derived from aMHC-Cre, i.e.,
B6. Cg-Tg (Myh6-cre/Esr1*)1Jmk/] mice® (Jackson Laboratories, Bar Harbor, ME,
USA) after crossbreeding with B6. Cg-Tg (CAG-floxed Neo-EGFP) REP080sb mice®
provided by the REKEN BRC through the National Bio-Resource Project of the
MEXT, Japan. Briefly, ventricles were removed under sterile conditions from
neonatal mice, placed in cold sterile calcium-free phosphate buffered saline (PBS),
minced into approximately 2-mm cubes, and treated with 1 mg ml™" collagenase
(type II; Worthington Biochemical Corp.). Dissociated cells were preplated for

45 min in DMEM (Sigma) containing 10% heat-inactivated fetal bovine serum (FBS).
After the incubation, the suspension, containing mostly CMs, was collected. This
process was repeated four times. The resulting CMs were resuspended in DMEM
containing 10% FBS, 100 U ml™" penicillin, and 100 pg ml™" streptomycin, and
isolated CMs from hearts derived from o« MHC-Cre mice after crossbreeding with
mice carrying floxed genetic markers were resuspended in DMEM containing 10%
FBS, 100 U ml™" penicillin, 100 pg ml™" streptomycin, and 400 pg ml~' G418, and
seeded in standard culture dishes for reprogramming of siPSCs. All animal
experiments were conducted with the approval of and in accordance with guidelines
from the Committee for Animal Research, Kyoto Prefectural University of Medicine.

Reprogramming of siPSCs. CMs were seeded at 2 X 10° cells in a 6-cm dish coated
with 0.1% gelatin (Sigma) in DMEM supplemented with 10% FBS. On day 7, the CMs
were switched from DMEM medium to normal mESC growth media (GIBCO)
supplemented with 100 U ml ™' leukemia inhibitory factor (LIF, Millipore)
containing either SB-431542 (10 uM) (Tocris), Cx43 siRNA (sense: 5'-CAA UUC
UUCUUG CCG CAA TT-3'; antisense: 5'-UUG CGG CAA GAA GAAUUG TT-3)
(100 nM) or both compounds, and as controls, the medium containing either SB-
431542 (10 uM), nonsense control siRNA (sense: 5'-AAU UCU CCG AAC GUG
UCA CGT-3'; antisense: 5'-GUG ACA CGU UCG GAG AAU UTT-3") (100 nM) or
both compounds, and/or both SB-431542 (10 pM) and Cx40 siRNA (Santa Cruz, sc-
43079) (100 nM), which was used as a negative control of Cx43 siRNA. To confirm
the effect of gap junction protein inhibitors on reprogramming of siPSCs from CMs,
the medium contained both SB-431542 (10 uM) and Octanol (Sigma-Aldrich)
(500 uM) or Doxyl stearic acid (DSA) (Sigma-Aldrich) (50 pM). To confirm
penetration of naked Cx43 siRNA into CMs, we used a FITC-labeled Cx43 siRNA
into CMS. The media were changed every 3 days. Colonies with morphologies similar
to mESC colonies were clearly visible by day 17 after compound treatment. At days
20-25 after compound treatment, siPSC colonies were individually picked up for
further expansion and analysis.

Cytochemistry and immunofluorescence assay. ALP staining was performed using
the Alkaline Phosphatase Detection Kit (Chemicon) as instructed by the
manufacturer. Immunocytochemistry was performed using standard protocol.
Briefly, cells were fixed in 2% paraformaldehyde (Sigma- Aldrich), washed three times
with PBS, and then incubated in PBS containing 0.1% Triton X-100 and 3% skim milk
in PBS for 1 h at room temperature. The cells were then incubated with the following
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Figure 4 | Bisulfite genomic sequencing analyses of the Nanog and Oct4 proximal promoters. (a) Bisulfite pyrosequencing measuring methylation in
the proximal promoter regions of Nanog in the indicated cells. (b) Bisulfite pyrosequencing measuring methylation in the proximal promoter

regions of Oct4 in the indicated cells.
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Figure 5 | Pluripotency characterisation of siPSCs in vitro. (a) Phase-contrast image of EBs generated from siPSCs. (b) Immunostaining image of siPSC-
derived ectodermal cells, characterised by immunoreactivity to typical neuron marker BIII Tubulin (Tujl) or normal mouse IgG. (c) Phase-contrast
image of siPSC-derived mesodermal cells, revealed as differentiated CMs. (d) Immunostaining image of siPSC-derived endodermal cells, stained

positively for CD31 or IgG.

primary antibodies at 4°C overnight: Nanog (ab21603, 1:500, Abcam); Oct4 (sc-
5279, 1:100, Santa Cruz); Sox2 (AB5603, 1 : 500, Millipore); SSEA1 (sc-21702, 1: 100,
Santa Cruz); Tuj-1 (MMS-435P, 1:500, Covance); CD31 (sc-1506-R, 1:100, Santa
Cruz); and IgG (sc-2025, 1:500, Santa Cruz). After washing three times with PBS,
cells were incubated with secondary antibodies: Alexa Fluor 488 goat anti-mouse IgG
(1:1000, Molecular Probes) and Alexa Fluor 488 goat anti-rabbit IgG (1:1000,
Molecular Probes) for 2 h at room temperature. Nuclei were detected by propidium
iodide (PI) (Vector Laboratories, Inc.) staining. Images were analysed by confocal
microscopy (FV1000; Olympus).
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Figure 6 | RT-PCR analysis of undifferentiated (U) and differentiated
(D) siPSCs for pluripotency markers. Pluripotency markers (Oct4 and
Nanog) and various differentiation markers for three germ layers,
including ectoderm (SoxI and Pax6), mesoderm (Brachyury, BryT) and
endoderm (Sox17 and FoxA2).

RNA preparation and RT-PCR analysis. Total RNA was prepared using RNeasy
Mini Kit (Qiagen), and cDNA synthesized according to product instructions using
SuperScriptTM II First-Strand Synthesis kit (Invitrogen) for RT-PCR. PCRs were
carried out with Taq DNA polymerase (Qiagen). PCR products were resolved on 1.5%
agarose gels and visualised by ethidium bromide staining. All primer sequences are
listed in Supplementary Table 2. For quantitative real-time PCR, the LightCycler
TagMan Master Kit was used for cDNA amplification of specific target genes. The
expression of mRNA was normalized against control gene, GAPDH, expression. All
primer sequences for real-time PCR analysis are listed in Supplementary Table 4.

Bisulfite pyrosequencing. We used a service provider (EpigenDx).

In vitro differentiation. The pluripotency of siPSCs was examined by in vitro
differentiation from EBs. To form EBs, siPSCs were trypsinised into single cells and
cultured in suspension on low-adhesion plates (Corning) in mESC medium
containing 15% knockout serum (Invitrogen), 4.5 g L™! L-glutamine, 1%
nonessential amino acids, 0.1 mM 2-mercaptoethanol, 50 units ml™" penicillin,

50 pug ml~' streptomycin, and 100 U ml "' LIF. Media were refreshed every 3 days,
and EBs were allowed to grow for 8 days in suspension and then replated onto a 0.1%
gelatin-coated tissue culture dish. Spontaneous differentiations of siPSCs into cells of
mesodermal, endodermal, and ectodermal lineages were then detected by RT-PCR
(primers are listed in Supplementary Table 2) and with appropriate markers by
immunofluorescence. Directed differentiation of siPSCs to neurons, CMs, and
endothelial cells followed previously published protocols®*'.

Calcium imaging of siPSC-derived CMs. Clusters of differentiated CMs derived
from siPSCs were incubated in 10-cm culture dishes and loaded with fluo-4/AM
(0.625 mg ml™") for 15 min at 37°C, and were subsequently incubated with fluo-4-
free Tyrode’s solution for 15 min as previously described®. Calcium images of the
cells were obtained from the fluo-4 fluorescence intensities by using a confocal system
composed of an upright microscope with a spinning-disc confocal scanner (CSU-21;
Yokogawa) under excitation with an argon laser at 100 frames s™*. The fluorescence
image data were stored at 100 frames s~" into the computer via a MiCaM-02 imaging
system (Brainvision)™.

Teratoma formation. To examine the in vivo developmental potential of mouse
siPSCs, we injected 5 X 10° cells from each of the two donor iPS cell lines into
individual mice, and repeated the experiment a total of three times (n = 6 mice total).
After five weeks, teratomas from all mice were dissected and fixed in 4%
paraformaldehyde. Samples were embedded in paraffin and processed with
haematoxyline and eosine staining or antibody staining with Tuj-1 (PRB-435P,
1:2000, Covance). All procedures were performed in accordance with guidelines
from the Committee for Animal Research, Kyoto Prefectural University of Medicine.

Chimera formation and germline transmission. siPSCs were injected into denuded
eight-cell stage embryos flushed from 2.5 days post-coitum (dpc) ICR female mice,
and transferred into the uteruses of 2.5 dpc ICR pseudopregnant recipient females.
Chimerism was ascertained after birth by the appearance of coat colour (from siPSCs)
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Figure 7 | Pluripotency characterisation of siPSCs in vitro. (a—d) Subcutaneous injection of siPSCs caused teratomas to develop in SCID mice.
Representative histological sections of teratomas show that they consist of all three embryonic germ layers. (a) Neural tissues (ectoderm) (left panel),
neural rosettes (middle panel), and immunoreactivity to typical neuron marker BIII Tubulin (Tuj1) (right panel). (b) Epidermis (ectoderm), (c) cartilage
(mesoderm), and (d) gland (endoderm). (e) Chimeric mouse derived from siPSCs. (f) Coat colour of offspring shows germline transmission.

in white host pups. High-contribution chimeras were mated to ICR mice to test for
germline transmission.
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