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ABSTRACT 
 

Background: Reprogramming of somatic cells into pluripotent stem cells 

have opened the new-era in regenerative medicine. Viral transduction of 

defined factors successfully achieved pluripotency from mouse and human 

somatic cells. However, in the generation process of induced pluripotent stem 

(iPS) cells, genetic integration of certain factors may cause mutagenesis or 

tumorigenicity, which hampers further application for cell therapy.  

 

Methods and Results: We investigated that the transient cellular delivery of 

mouse ES cell-derived proteins enables reprogramming up to the pluripotent 

state without the forced expression of ectopic transgenes. We found that the 

transient delivery of ES cell-derived proteins using reversible 

permeabilization can activate endogenous transcription factors related 

pluripotency in somatic cells. These protein-iPS cells were morphologically 

indistinguishable from the authentic ES cells. Molecular biologically, the 

patterns of global gene expression were very similar to those of protein donor 

ES cells. Protein-iPS cells were biologically and functionally very similar to 

ES cells and differentiated into 3-germ layers in vitro. Furthermore, protein-

iPS cells possessed in vivo differentiation (well-differentiated teratoma 

formation) and development (chimeric mice generation and a tetraploid 

blastocyst complementation) potentials. Next, we examined that protein-iPS 

cells have differentiation potential toward cardiovascular cells. In the present 

study, we showed that after stimulation with combinations of cytokine, 

protein-iPSC-derived embryoid body generates a Flk-1(+)/PDGFR-α(+) 

population that displays cardiovascular progenitor cell. 
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Conclusions: Our results provide an alternative and safe strategy for 

reprogramming of adult somatic cells and may facilitate tailored- or patient-

specific pluripotent stem cell-derived cell therapy. 
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INTRODUCTION 
 

Stem cells are the promising sources of regenerative medicine for 

degenerative diseases as well as powerful tools for researching into diseases 

and developmental process and screening therapeutic effects of newly 

developed molecules. Compared with various kinds of adult stem cells, ES 

cell is generally considered as a much potent cell type to differentiate into 

three germ layers and an unlimited cell source to regenerate damaged tissues. 

However, ethical concerns as well as immunologic complications are 

hampering therapeutic applications of ES cells. 

In this regards, the concept of autologous or customized pluripotent stem 

cells using somatic cells has attracted attention of researchers and clinicians 

who are seeking feasible cells for future clinical applications for degenerative 

diseases and organ failure as well as experimental usefulness in drug 

discovery, screening and toxicology.  

Somatic cell nuclear transfer (SCNT) into enucleated oocyte or zygote has 

long been studied extensively to generate patient-specific or customized 

pluripotent stem cells [1]. Meiotic oocyte and mitotic zygote cytoplasm can 

induce the reprogramming of somatic cell within a short period of time and a 

few cell divisions after nuclear transfer whereas ectopic expression of a 

limited number of certain transcription factors needed a long period and 

multiple cell divisions to achieve full reprogramming [2-5]. The concept that 

oocytes or zygote cytoplasm contains certain factors to reprogram somatic cell 

nucleus seems plausible, but very low efficiency as well as ethical concerns 

has hindered progress. 

In the meantime, epoch-making discoveries in the reprogramming of 

somatic cells into pluripotent stem cells (induced pluripotent stem cells, iPS 

cells), by viral transduction of certain transcription factors, has opened the 
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new-era in regenerative medicine [6-11]. However, retroviral or lentiviral 

introduction of defined factors could cause unexpected long-term instability 

and safety concern such as tumorigenicity by permanent genetic integrations 

[12, 13]. These critical issues have remained for future clinical application. 

Therefore, there is currently ongoing an extensive search for new methods 

such as a reduced number of defined factors [14], adenoviral or plasmid-based 

transient gene delivery [15-17], or oocyte-free, non-viral inducers like small 

molecules [18-20] and proteins [21] that could be safely used in this context. 

ES cells can differentiate spontaneously into contracting cardiomyocyte-

like cells when cultured in suspension and form 3D aggregates called 

embryoid body (EB). The EB-based strategy is regarded as the basic approach 

for initiating cardiomyocyte differentiation from ES cells. Instead, this 

approach is limited due to the relatively low yield of cardiomyocyte and 

heterogeneous cell populations. As noted, the addition of growth factor can 

greatly enhance EB to a more directed differentiation down the cardiac 

lineage. Crucial additions include transforming growth factor (TGF) family 

members (eg, bone morphogenetic protein and Activin), Wnt family, and 

fibroblast growth factor (FGF) family, all of which are major regulators in 

cardiac development [22]. Notably, the combination of BMP4 and Activin A 

promote cardiac differentiation from ES cells and iPS cells [23]. 

In this study, we hypothesized that the proteins of actively proliferating ES 

cells, which has yet to be precisely determined, could have the capacity to 

induce reprogramming of adult somatic cell, thereby the transfer of proteins 

from ES cell into adult cell, instead of nuclear transfer of adult cell into ES 

cell, could achieve somatic cell reprogramming. Next, we examined that 

protein-iPS cells have differentiation potential toward cardiovascular cells.  
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MATERIALS AND METHODS 

 

Animals 

C57BL/6 and FVB strain mice (Jackson Laboratory) were used for primary 

cardiac and skin fibroblast preparation. Nonobese diabetic/severe combined 

immunodeficient (NOD/SCID) mice (Jackson Laboratory) were used for 

teratoma formation. All animal experiments were performed after receiving 

approval from the Institutional Animal Care and Use Committee (IACUC) of 

Clinical Research Institute in Seoul National University Hospital, Korea. 

 

Cell culture and Reprogramming induction 

The C57BL/6-background mouse ES cells (C57-mESCs; American Type 

Culture Cells, ATCC, Cat No: SCRC-1002) were cultured on Mitomycin C 

(Sigma-Aldrich) treated STO feeder layer in 0.1 % gelatin (Sigma-Aldrich) 

coated tissue culture dish at 37 °C and 5 % CO2 in an air atmosphere. The 

mESC medium, composed of Dulbecco’s modified Eagle medium (DMEM; 

Invitrogen), 2 mM L-glutamine, 10 % fetal bovine serum (FBS; Invitrogen), 

0.1 mM ß–mercaptoethanol (Sigma-Aldrich) , 1 % non-essential amino acid 

(Invitrogen) , 50 IU/ml penicillin and 50 mg/ml streptomycin (Invitrogen), 

and 2000 U/ml (20 ng/ml) recombinant leukemia inhibitory factor (LIF, 

Chemicon) was changed daily. Primary fibroblast were isolated from heart 

and dermis of C57BL/6 and FVB mice and expanded in fibroblast medium 

(DMEM with 10% FBS, antibiotics). To obtain cardiac fibroblast and to 

minimize potential resident stem cells, the enzymatically digested heart 

harvested from 8-week-old C57BL/6 mice was incubated with anti-c-kit 

microbeads (Miltenyi Biotec). C-kit negative fraction was collected by 

magnetic separation and cultured with DMEM containing 10% FBS and 

antibiotics (C57-cFB). At least passage 4 sub-cultured cells were used for 
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experiments. Skin fibroblasts were primarily cultured from dermis of 8-week-

old FVB mice (FVB-sFB). In the experiments, to prepare genomic DNA, 

RNA and cellular proteins without feeder cell contamination, ES cells and iPS 

cells were 2 passaged in 0.1 % gelatin coated tissue culture dish without 

feeder layer and then pre-plated in tissue culture dish for 30 minutes and 

floating cells were harvested. 

 

Preparation of proteins and transfer 

ES cell –derived proteins were prepared and transferred using reversible 

permeabilization as described previously with protocol modification [24, 25]. 

 

Extract proteins: mESCs were washed in PBS and harvested by 0.1 mM 

trypsin/1 mM EDTA solution. Cells were collected by centrifugation (1,700 

rpm for 10 min at 4°C) and resuspended in 1ml cold cell lysis buffer (100 mM 

HEPES, pH 8.2, 50 mM NaCl, 5 mM MgCl2, 1 mM dithiothreitol, and 

protease inhibitor cocktail). Cells were mixed by vortexing on ice for 1 hour 

and sonicated by using a 20-gauge needle. The lysate was sedimented at 

15,000 rpm for 30 min at 4°C and the supernatant was stored at –80°C. 

Protein concentration was measured by BCA protein assay kit (Thermo 

scientific). 20–35 mg/ml of proteins were used. 

 

Transfer: C57-cFBs and FVB-sFBs were washed in PBS and harvested by 

0.1 mM trypsin/1 mM EDTA solution. Cells were collected by centrifugation 

(1,700 rpm for 10 min at 4°C) and resuspended in 1ml cold Ca2+- and Mg2+- 

free Hank’s balanced salt solution (HBSS; Invitrogen) in 1.5ml tubes. After 

sedimentation, cells were resuspended in 977 µl of cold HBSS, tubes were 

placed in a water bath at 37°C for 2 minutes, and 23 µl of streptolysin O (SLO; 

Sigma-Aldrich) (100 µg/ml stock diluted 1:10 in cold HBSS) was added to a 

final SLO concentration of 230 ng/ml. Samples were incubated horizontally in 



5 

 

a water bath for 50 minutes at 37°C with occasional agitation and set on ice 

for 5 minutes. Cells were collected by centrifugation (2,000 rpm for 3 min at 

4°C). After permeabilization, cells were suspended at 2000 cells/µl in 200 µl 

of ESC extract protein containing 10 mM creatine phosphate, 25 µg/ml 

creatine kinase and 1 mM each nucleotide triphosphate (NTP; Sigma-Aldrich). 

The cells were incubated for 1 hour at 37°C in a water bath with occasional 

agitation. To reseal plasma membrane, the cell suspension was diluted with 

1ml ESC medium containing 2 mM CaCl2, and incubated for 2 hours at 37°C. 

After 2 hours, the cell suspension was placed in 15ml tubes and washed in 

10ml PBS. After sedimentation by centrifugation (2,000 rpm for 10 min at 

4°C), cells were resuspended in ESC medium and seeded on 0.1 % gelatin 

(Sigma-Aldrich) coated tissue culture dish. To test the efficacy of reversible 

permeabilization, Texas Red-conjugated dextran was used. 10, 40 and 70 kDa 

dextran (Invitrogen) were transferred into fibroblasts and observed 

intracellular dextran up to 7 days using fluorescent microscopy or confocal 

microscopy. The protein-transferred fibroblasts were cultured in ESC medium 

for up to 7~10 days. When ES-like colonies were observed, they were 

transferred and expanded on STO feeder layer. 

 

Genomic DNA PCR 

Genomic DNA was extracted using DNeasy Blood & Tissue Kit (Qiagen). 

Microsatellite markers, D6Mit102 and D6Mit15, developed at the Whitehead 

Institute/Massachusetts Institute of Technology Center for Genome Research 

were applied to be able to amplify genomic DNA from both C57/BL6 and 

FVB mice and yield different length PCR products [26]. The PCR primer 

sequences were described in Table 1. PCR reaction mixes contained 200 µM 

deoxynucleotide triphosphate (dNTP), reaction buffer, 1 uM of each primer, 

2.5 U NOVA-Taq DNA polymerase (Genenmed). Genomic DNA was 

amplified in a thermal cycler as follows: 1 cycle of 94°C for 5 minutes, 
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followed by 34 cycles of 94°C for 30sec, 54°C for 30sec, and 72°C for 30sec, 

followed by a final elongation step at 72°C for 5 minutes. PCR products were 

run in a 2% high resolution agarose gel. 

 

Karyotype analysis 

To verify chromosomal stability after reprogramming as well as to rule out 

the addition of ES cell chromosomes to protein-iPS cells, ES cell, adult 

fibroblast and protein-iPS cells were karyotyped. Cells were cultured with 

Colcemid (Gibco) for 4 hours and fixed with Canoy’s fixative 

(methanol:acetic=3:1). And then cells were spread on glass slide, incubated  

50% H2O2, and baked at 60℃ for 30 minutes. Giemsa staining was 

performed for GTG banding. The resolution of G band was 550. Analysis was 

carried out using ChIPS-Karyo software (Chromosome Image Processing 

System, GenDix, Inc. Korea). 

 

Analysis of mRNA expression. 

C57-cFB, FVB-sFB, protein-iPS cells and STO cells were harvested by 

trypsinization and collected by centrifugation. Total RNA was extracted from 

the cultured cells using TRIZOL reagent (Invitrogen). 

 

RT-PCR: cDNA was synthesized using the reverse transcription system 

(Promega). PCR reaction mixes contained 200 µM deoxynucleotide 

triphosphate (dNTP), reaction buffer, 1 uM of each primer, 2.5 U NOVA-Taq 

DNA polymerase (Genenmed). cDNA was amplified in a thermal cycler as 

follows: 1 cycle of 94°C for 5 minutes, followed by 28 amplification cycles 

[denaturation at 94°C (30sec), annealing at different temperatures for each 

primer (for 30sec), and extension at 72°C (30sec), and a final extension at 

72°C (5min)]. Primer sequences [6, 27, 28] were described in Table 2. PCR 
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products were size fractionated on 1% agarose gel. GAPDH was used as a 

loading control. 

 

Microarray: Global gene expression analyses were performed using 

Affymetrix GeneChip® Mouse Gene 1.0 ST oligonucleotide arrays 

(Affymetrix). The sample preparation was performed according to the 

instructions and recommendations provided by the manufacturer. Total RNA 

from mES, cFB and cFB-piPSC was isolated using RNeasy Mini Kit columns 

as described by the manufacturer (Qiagen). RNA quality was assessed by 

Agilent 2100 bioanalyser using the RNA 6000 Nano Chip (Agilent 

Technologies, and quantity was determined by ND-1000 Spectrophotometer 

(NanoDrop Technologies). Per RNA sample, 300 ng were used as input into 

the Affymetrix procedure as recommended by protocol. Briefly, 300 ng of 

total RNA from each sample was converted to double-strand cDNA. Using a 

random hexamer incorporating a T7 promoter, amplified RNA (cRNA) was 

generated from the double-stranded cDNA template though an IVT (in-vitro 

transcription) reaction and purified with the Affymetrix sample cleanup 

module. cDNA was regenerated through a random-primed reverse 

transcription using a dNTP mix containing dUTP. The cDNA was then 

fragmented by UDG and APE 1 restriction endonucleases and end-labeled by 

terminal transferase reaction incorporating a biotinylated dideoxynucleotide. 

Fragmented end-labeled cDNA was hybridized to the GeneChip® Mouse 

Gene 1.0 ST arrays for 16 hours at 45°C and 60 rpm as described in the Gene 

Chip Whole Transcript (WT) Sense Target Labeling Assay Manual 

(Affymetrix). After hybridization, the chips were stained and washed in a 

Genechip Fluidics Station 450(Affymetrix) and scanned by using a Genechip 

Array scanner 3000 7G (Affymetrix) [29-32]. 

To draw scatter plots of mES, cFB and cFB-piPSC, three groups were 

expressed into images through GCOS software. To detect different probe 
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(differentially expressed gene, DEG) among mES, cFB, and cFB-piPSC, one-

way ANOVA test was operated and was measured with Benjamin & Hochberg 

FDR (False Discovery Rate) for enhancing significant test in multiple testing. 

Significant level was determined by less than FDR 5% and p-value 0.01. For 

the expression of three groups, log2 (2-fold) change was selected with probe 

for final gene of significant. To detect expression variation among three 

groups, hierarchical clustering algorithm using MEV (MultiExperiment 

Viewer) software was used. 

 

Alkaline phosphatase and Immunocytochemical staining 

Alkaline phosphatase (ALP) staining was performed using Alkaline 

Phosphatase Detection Kit (BCIP/NBT Substrate System, Dako). Colonies 

grown in 2-well chamber slide were fixed in 100% methanol for 10 minutes at 

-20°C, washed three times by PBS, and then incubated in PBS containing 1% 

bovine serum albumin (BSA) for 30 min at room temperature (RT). The cells 

were then incubated with ALP Kit solution for 1 hour at RT. For 

immunocytochemical staining, cell colonies were fixed with 4% 

paraformaldehyde and blocking with 1% BSA and 0.1% Triton X. Staining 

was carried out using anti-SSEA1 antibody (Santa Cruz Biotechnology), anti-

Oct3/4 antibody (Santa Cruz Biotechnology) and anti-SSEA4 antibody 

(Chemicon) overnight at 4°C. After washing, proper secondary antibodies 

were applied for 1 hour at RT and nuclei were counterstained with 4,6-

diamindino-2-phenylindole-2- (DAPI). Images were obtained by confocal 

microscope (LSM 510 Meta, Zeiss). 

 

In vitro and in vivo differentiation. 

To assess in vitro spontaneous differentiation potential, ES cells and cFB-

piPSCs were passaged in 0.1 % gelatin coated tissue culture dish without STO 

feeder layer. Then, 1x106 cells were cultured by suspension on 100mm Petri 
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dish with embryoid body medium (ESC medium without LIF). After 7 days, 

aggregated cells (embryoid bodies) were plated onto 0.1% gelatin-coated 

tissue culture dish and cultured for another 7 or 14 days. Morphologically, 

some spontaneously contracting embryoid bodies were filmed (OLYMPUS 

1X71 and Olympus DP71 Digital Camera, 15 fps/sec at 680 x 512). Total 

RNA derived from plated embryoid bodies on day 7 was used for RT-PCR 

analysis. Primer sets of 3 germ layer differentiation marker were described in 

Table 2. And also cells were stained with 3 germ layer differentiation markers 

including α-fetoprotein (AFP, Santa Cruz Biotechnology), α-smooth muscle 

actin (SMA, Abcam) and GFAP antibody (Sigma). Immunofluorescent images 

were obtained by fluorescent microscope. 

To determine in vivo differentiation potential, 1x107 ES cells (150 µl PBS) 

or cFB-piPSCs were injected subcutaneously into the back of NOD/SCID 

mice. After 3 weeks, mice were euthanized and, mass were pictured grossly 

and harvested for histological analysis. The excised mass was washed with 

PBS and fixed in 4 % paraformaldehyde overnight at 4°C. Each tissue was 

embedded in paraffin or frozen in optimal cutting temperature (OCT) 

compound (Tissue-Teck, SAKURA). Tissue sections were stained with 

hematoxylin-eosin. 

 

Blastocyst injection, chimaera generation and tetraploid 

complementation. 

To determine in vivo developmental potential, the generation of chimaeric 

mice was carried out with FVB-sFB-piPS cells using standard ES-cell transfer 

procedures used for chimera production (Macrogen, Seoul, Korea). Typically, 

8 to 10 FVB-sFB-piPS cells were injected into C57BL/6 blastocyst cavity 

[33]. Eighteen to twenty-one injected blastocysts were transferred to the 

uterus of pseudopregnant ICR females at 2.5 day. Chimaeric mice were 

identified by coat color. The combination of the FVB-sFB-piPS cells with 
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C57BL/6 host blastocysts resulted in black/white-colored chimaeric mice. 

As a control, we injected C57 ES cells (extract protein donors) into ICR 

blastocyst. To verify the pluripotency of the reprogrammed, a tetraploid 

blastocyst complementation experiment was performed [34, 35]. Diploid 

GFP-transduced FVB-sFB-piPS cells were injected into ICR tetraploid 

blastocysts. At E10.5, the embryos were harvested and genotyped. 

 

Embryoid body formation and Cardiac differentiation 

Embryoid bodies were generated by using AggreWell plates (1 day) and 

ultra low attachment plate (3 day) in EB media (ES media without LIF) with 

Activin A (10 ng/ml) and BMP4 (10 ng/ml) and bFGF (10 ng/ml). At day 4, 

the EBs were attached on 0.1 % gelatin coated plate in EGM-2MV media in 

the presence of VEGF (5 ng/ml) 

 

Fluorescent Activated Cell Sorter (FACS) analysis and Cell Sorting 

Embryoid bodies were harvested and treated with 0.5mg/ml Dispase (Gibco) 

and Accutase (eBioscience) for 5 min at 37°C to dissociate into single cells 

and washed with PBS. Cells were stained with antibodies specific for cell 

surface markers and analyzed by flow cytometry using a BD Canto II TM 

(Becton Dickinson). Cells were stained with the following antibodies: anti-

mouse Flk-1 (CD309)-biotin, anti-mouse PDGFR-α (CD140a)-APC. The 

appropriate isotype antibodies served as negative controls. 
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RESULTS 

We cultured primary cardiac fibroblast (cFB) from an 8 to 12 week-old 

C57/BL mouse. To exclude potential resident stem cells, e.g. adult cardiac 

stem cell, we collected c-kit (-) cells and cultured them to at least passage 4 

before inducing reprogramming. 

We introduced C57 background ES cell-derived proteins into cFB by 

reversible permeabilization using streptolysin O [24]. We confirmed the 

efficacy of reversible permeabilization using fluorescent dextran (Fig. 1A and 

B). The protocol for reprogramming is depicted in Fig. 1C. When starting 

with 1x106 cFB, we observed approximately 5-10 colonies at day 5 to 9. At 

day 10, we disaggregated colonies mechanically or enzymatically into single 

cell and reseeded on supporting feeder layers. We observed the numerous 

secondary colonies, which were similar to ES cell colonies in morphology, on 

feeder layers 10 to 15 days after reseeding (day 20-25 from induction) (Fig. 

1D). The ES-like cells (colonies) expanded with subculture every 3 to 5 days 

using standard ES cell culture protocol. We named these ES-like cells cFB-

protein-iPS cell. 

 

After 45 to 55 day culture (passage P5-7), we carried out several assays to 

compare cFB-protein-iPS with ES cells that are the donor of soluble proteins. 

cFB-protein-iPS colonies exhibited comparable alkaline phosphatase activity 

to ES cells (Fig. 2A). Immunocytochemistry revealed that the cFB-protein-

iPS cells expressed pluripotency markers including SSEA1 and Oct4. These 

cells did not express SSEA4 that is known as a human ES cell marker (Fig. 

2B). RT-PCR showed that cFB-protein-iPS cells expressed typical pluripotent 

ES cell genes, such as Nanog, Oct4, Sox2 and E-Ras in consistent levels 

compared with genuine ES cells, whereas cFB and feeder cells did not 

expressed these genes (Fig. 2C, left panels). Klf4 and c-Myc expressions of 
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cFB-protein-iPS cells were also comparable to ES cells. To confirm the 

expression levels of the pluripotency genes, we performed real-time PCR to 

compare the relative expression levels of Oct4 and Nanog between cFB-

protein-iPS cells and fibroblasts (Fig. 2C, right panels). There is no significant 

difference in the expression levels of Oct4 and Nanog between ES and cFB-

protein-iPS cells. The expression levels in ES and protein-iPS cells are at least 

10,000-fold higher than those in fibroblasts. 

Next, we performed a microarray analysis to assess the global gene 

expression profiles. Hierarchical clustering also showed a similarity between 

the cFB-protein-iPS and ES cell, but not between the cFB-protein-iPS and the 

cFB (Fig. 2D). Scatter plots demonstrated that the cFB-protein-iPS was very 

different from the cFB, and cFB-protein-iPS had an ES-like global gene 

expression pattern (Fig. 2E). In detail, the profile of differentially expressed 

genes (DEG) selected by a fold change of >2 revealed that 3,824 genes were 

differently expressed when cFB was compared to cFB-protein-iPS, whereas 

only 186 genes (50 genes up in ES, 136 genes up in cFB-protein-iPS) were 

differently expressed when cFB-protein-iPS was compared to ES cell. 

Interestingly, compared to cFB, CD44 was downregulated and Dnmt3a, 

Dnmt3b, Dnmt3l, histone methyltransferase 1 (HMT1), leukemia inhibitory 

factor receptor (LIF-Rc), undifferentiated embryonic cell transcription factor 1 

(Utf1), and T-cell lymphoma breakpoint 1 (Tcl1) were markedly upregulated 

in the cFB-protein-iPS. When we analyzed the differences between ES cells 

and cFB-protein-iPS cells in terms of biologic processes and molecular 

functions, upregulated genes in ES cells were categorized to metabolic and 

cellular processes and cell cycle related genes, and upregulated genes in cFB-

protein-iPS cells were categorized to anatomical structure development and 

metabolic process related genes. Gene expression profiles focused on 

pluripotency-related genes revealed that there was no difference between 

protein donor ES cells and cFB-protein-iPS cells. Collectively, based on 
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clustering, we could not find any meaningful difference related to 

reprogramming process. Interestingly, with respect to individual genes in the 

microarray, cFB-protein-iPS cells showed high expressions of Dnmt3a, Dnmt 

3b (no change in Dnmt1 and Dnmt3l) and histone methyltransferase 1 

(HMT1), compared to ES cells. 

 

To determine the differentiation potential of cFB-protein-iPS cells, we 

applied an embryoid body (EB)-based spontaneous differentiation protocol. 

We first carried out suspension culture to form EBs. After 7 days of 

suspension, cFB-protein-iPS cells formed cell-aggregates that looked like 

typical EBs. The ES cell-derived aggregates served as a positive control (Fig. 

3A). To assess the further differentiation potential, the aggregated cells (EBs) 

were plated onto 0.1% gelatin-coated dish and cultured for another 7 or 14 

days. On days 7 and 14, the cells were harvested and the expression of 3 germ 

layer-marker genes and proteins was evaluated. These cells expressed the 

ectoderm (glial fibrillary acidic protein), mesoderm (α-smooth muscle actin) 

and endoderm (α-fetoprotein) lineage markers (Fig. 3B and C). To investigate 

in vivo pluripotency and differentiation potential, cFB-protein-iPS cells were 

injected into NOD/SCID mice. cFB-protein-iPS cells gave rise to tumor on 

day 14 to 21 (Fig. 3D). Protein donor ES cells served as a positive control. 

Tumors contained derivatives of three germ layers, indicating a teratoma (Fig. 

3E). Taken together, these results suggest that cFB-protein-iPS cells is 

comparable to ES cell regarding in vitro and in vivo pluripotency. 

 

The reprogramming of somatic cells into pluripotent stem cells has been 

generally considered a slow stochastic process, which require continuous 

ectopic expression the defined transcription factors in a certain period and 

also require multiple cell divisions [4, 36]. In contrast, we, in the present study, 

observed that the transfer of ES cell-derived proteins reprogrammed somatic 
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cells in the relatively short time window. Therefore, we next made every 

effort to exclude the possibility of experimental artifacts. 

First, to rule out the possibility of ES cell contamination during the 

preparation of ES-derived extract proteins and the potential impurity of adult 

fibroblast such as mixed-up culture with resident cardiac stem cells, we 

decided to generate iPS cells using adult skin fibroblasts of a different genetic 

strain from protein-donor ES cells. The donor of ES-derived extract proteins 

was a C57 background ES cell and the recipient of ES proteins (a target cell 

of reprogramming) was a FVB background skin fibroblast (Fig. 4A). FVB is 

an inbred strain. FVB strain has been widely used for the generation of 

transgenic animals but has considered resistant or non-permissive strain for 

ES cell derivation. Recently, a few FVB-ES cell lines have been reported. 

However, only one wild type ES cell line was described germline competent 

[37], whereas STAT3 overexpression in the inner cell mass achieved the 

germline competency of FVB strain-derived ES cells [38]. These data may 

suggest that inbred FVB strain is optimal to test the reliability or efficacy of 

new reprogramming method. 

After we acquired ES-like colonies from skin fibroblasts by proteins 

transfer, we confirmed the origin of the FVB-sFB-protein-iPS cells by 

multiple microsatellite markers of genomic DNA and exact size measurement 

(Fig. 4B). FVB-sFB-protein-iPS cell is a FVB background. Furthermore, to 

verify chromosomal stability after reprogramming as well as to rule out the 

addition of ES cell chromosomes to protein-iPS cells, we karyotyped the cells 

and confirmed diploid (Fig. 4C). 

We further characterized FVB-sFB-protein-iPS cells. The expression of 

pluripotency-related genes and proteins and in vitro differentiation potential 

of FVB-sFB-protein-iPS cells were similar to the authentic ES cells (Fig. 4D, 

E, F, G, and H), indicating that FVB-sFB-protein-iPS cells is fully 

reprogrammed and comparable to the ES cell in terms of pluripotency. 
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To confirm pluripotency of protein-iPS cells generated by genetically 

unmatched ES extract proteins, we first injected FVB-sFB-protein-iPS cells 

into NOD/SCID mice (Fig. 5A). Four weeks later, FVB-sFB-protein-iPS cells 

gave rise to well-differentiated teratomas that contained the various 

derivatives of the three germ layers, indicating that FVB-sFB-protein-iPS 

cells possess in vivo differentiation potential (Fig. 5B). 

Next, to assess developmental potential, we injected FVB-protein-iPS cells 

into a C57 blastocyst cavity and transferred into the uterus of pseudopregnant 

ICR mice. 24 out of 110 offspring showed white striped-agouti coat color, 

indicating chimaeras (Fig. 5C). Moreover, up until 40 weeks old, no tumor 

was grossly observed. These findings indicate that protein transfer strategy 

can offer a safe and effective way for the induction of reprogramming. When 

male chimaeras were mated with wild type FVB female mice, we did not 

obtain viable homozygote offspring. Therefore, as an alternative approach to 

verify the developmental potential and pluripotency of FVB-sFB-protein-iPS 

cells, we performed a tetraploid blastocyst complementation experiment, 

which is considered the most stringent functional assay of pluripotency [34, 

35]. We introduced diploid GFP-transduced FVB-sFB-protein-iPS cells into 

ICR tetraploid blastocysts. At E10.5, we harvested and genotyped the 

embryos (Fig. 5D and E). We confirmed fetal animals have been derived from 

FVB-background adult fibroblasts, indicating that FVB-sFB-protein-iPS cells 

possess in vivo developmental potential. The generation of live-born animals 

from protein-based reprogrammed cells will be tested in the near future. 

 

For cardiac differentiation of protein-iPS cells, embryoid bodies (EBs) were 

generated by using AggreWell plates (1 day) and ultra low attachment plate (3 

day) in EB media (ES media without LIF) with Activin A (10 ng/ml) and 

BMP4 (10 ng/ml) and bFGF (10 ng/ml). At day 4, the EBs were attached on 

0.1 % gelatin coated plate in EGM-2MV media in the presence of VEGF (5 
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ng/ml) (Fig. 6A, B, C). 

 

When induced with Activin A and BMP4, the protein-iPS cells efficiently 

differentiates to generate cardiovascular lineage cells. To monitor 

cardiovascular lineage development in real time, we cultured a step-wise 

developmental progression from the pluripotency state (Oct4) and the 

development of early mesoderm (MESP1) and the emergence of NKX2.5 and 

αMHC-positive cardiac precursors (Fig. 7A). EBs induced under optimal 

conditions upregulated expression of MESP1, Nkx2.5, αMHC between days 4 

and 14 of differentiation. Beginning on 9 to 14 days of differentiation, we 

observed some of the contracting EBs (Fig. 7B). Immunofluorescence 

analysis reflected the protein expression pattern, showing Oct4 of 

pluripotency marker on undifferentiated iPSC and Flk-1 of cardiac mesoderm 

marker on day 7 differentiation cultures, followed by α-sarcomeric actinin 

staining of the cardiac population on day 21 (Fig. 7C). 

 

To determine whether the above differentiation stages can be distinguished 

by cell-surface markers, we carried out FACS analysis (Fig. 8A) and 

microarray experiments (Fig. 8B) using 4 groups by undifferentiation stage 

(day 0), spontaneous stage (day 4), AggreWell + Cytokine (day 4), and Flk-

1/PDGFR-α sorting populations (day 4). From this screen, we identified 90 

genes as a potential cardiac-specific marker. These differentially expressed 

genes represented many genes critical for cardiac development. 
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DISCUSSION 

In the present study, we demonstrate that the delivery of embryonic stem 

(ES) cell-derived proteins enables the reprogramming of adult fibroblasts, 

converting them into pluripotent stem cells without the forced expression of 

certain genetic factors. Previous studies using various cellular proteins or 

extracts have shown a modest effect on reprogramming into specific lineages 

[39, 40]. Our results are different in several aspects, compared to previous 

studies conducted using a similar protocol [24, 25]. First, we achieved full 

reprogramming of adult fibroblast up to the pluripotent state and re-

differentiation into three germ layers in vitro and in vivo. We also 

demonstrated in vivo developmental potential of protein-iPS cells. Second, 

instead of immortalized cell lines or fetal cells used in the previous studies, 

we used primarily-cultured adult fibroblasts which obviously possess a 

limited life span; this might have resulted in the natural selection of 

pluripotent stem cells during the reprogramming. Third, after the initial 

colony formation, we sub-cultured and maintained the colonies on the feeder 

cell layers. Fourth, we used C57 strain ES cells as a protein donor and initially 

transferred extract proteins to C57 background adult fibroblasts which are 

considered permissive strain for ES cell derivation, resulting in the successful 

reprogramming. When we applied these to FVB background fibroblasts which 

are considered resistant or non-permissive strain, we obtained the same 

successful results. Collectively, we succeeded in protein-based 

reprogramming in both permissive and non-permissive strains. However, 

when we tried other genetic background cells, such as the 129 strain of ES 

cells (E14), as a protein donor, we failed to achieve pluripotency with the C57 

adult fibroblasts.  

Currently, little is known about the molecular mechanisms underlying 

reprogramming process by cellular proteins. Proteomic analysis of the 129 
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and C57 strain of ES cells using iTRAQTM and Mass/Mass experiment 

demonstrated a marked difference between the two (data not shown). Further 

studies regarding mechanistic analyses, such as which components of ES cell-

derived proteins are essential for epigenetic modification and reprogramming, 

and which somatic cell types would be the best candidate for protein-based 

reprogramming, will provide insight and technical refinements. Also, 

application of this technique to adult human somatic cells should be tested. 

Such studies will bring us closer to the application of protein-iPS cells to 

therapeutic purposes. 

Although clinical trials have been performed in several types of stem cells 

in acute myocardial infarction, the cardiomyocytes derived from stem cells 

are not ready for the clinical use, and numerous basic studies on improving 

cardiac differentiation from various stem cells are still required. The low 

efficiency of cardiac differentiation limits the wide applications of stem cell-

derived cardiomyocytes. Therefore, effective methods for generating 

sufficient and homogenous cardiomyocytes are prerequisite for their 

eventually clinical applications. 

Even though cardiac progenitor cells (CPCs) have been identified by 

multiple markers [41], proper methods to efficiently obtain and expand iPSC-

derived CPCs in vitro remain challenging. So, we will further investigate the 

novel cell-surface markers specific to cardiac progenitor cells or 

cardiomyocytes from iPSC. 

In summary, we apply protein-based reprogramming approach and 

demonstrate that a single transfer of proteins can induce reprogramming of 

adult fibroblasts, rather than using fetus- or newborn-origin cells, up to the 

pluripotent state. Our approach is relatively simple and reproducible, and does 

not require repeated transfer or prolonged exposure to materials, or a 

combinatorial approach involving proteins and chemicals. Next, we examined 

that protein-iPS cells have differentiation potential toward cardiovascular cells. 
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The findings in this study demonstrate that it is possible to efficiently generate 

cardiovascular cells from iPSCs using AggreWell plates and cytokine 

combinations.  

These results provide a safe and effective alternative strategy for 

reprogramming of adult somatic cells and re-differentiation to cardiovascular 

cell, and suggest that the described technique could be further developed to 

provide tailored- or patient-specific cell therapy. 
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Figure 1. Generation of pluripotent stem cells from adult 

fibroblasts 
A. Fibroblasts were reversibly permeabilized, incubated with 70 kDa Texas 

Red conjugated dextran, and re-sealed. Serial fluorescent images.  

B. Confocal images at day 7. 

C. Time line of reprogramming by proteins. Colonies developed on days 4 to 

7. DMEM/HG, Dulbecco's MEM with high glucose (D-Glucose, 4500mg/L) 

D. Phase-contrast bright field morphology of cells and colonies. 
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Figure 2. In vitro characteristics of the protein-iPS cells 
A. Alkaline phosphatase staining of authentic ES cell, cFB-protein-iPS cell 

and adult cardiac fibroblast. 

B. Immunocytochemical staining showing that cFB-protein-iPS cells express 

SSEA1 and Oct4 but not SSEA4 (a known human ES cell marker). 

C. RT-PCR of the ES cells, cFB-protein-iPS cells, cFBs and feeder cells 

(STO). RNA of cFB-protein-iPS cells was harvested from 4 clones. GAPDH 

was used as a loading control (left panels). The gene expressions of Oct4 and 

Nanog were verified by real-time PCR (right panels). There is no significant 

difference in the expression levels of Oct4 and Nanog between ES and 

protein-iPS cells. The expression levels in ES and protein-iPS cells are at least 

10,000-fold higher than those in fibroblasts. 

D. Hierarchical clustering based on 4,503 differentially expressed genes. 

E. Scatter plots as determined by microarrays (n=3, each). The global gene 

expression patterns were compared between the cFB and cFB-protein-iPS cell, 

and the ES cell and cFB-protein-iPS cell. The red lines indicate 2-fold 

changes in log scale.   
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Figure 3. In vitro and In vivo differentiation potentials of the protein-iPS 

cells 

A. Embryoid body (EB) formation by suspension culture (left), followed by 

the attachment of EB onto gelatin-coated dishes for the induction of 

spontaneous differentiation induction (right). 

B and C. 7 to 14 days after commencing spontaneous differentiation, cells 

were harvested and RT-PCR (B) and immunocytochemistry (C) were 

performed. UD, undifferentiated, Diff, spontaneous differentiation, GFAP, 

glial fibrillary acidic protein. SMA, α-smooth muscle actin. AFP, α-fetoprotein. 

DAPI (blue) for nuclei. 

D. cFB-protein-iPS cells were injected into NOD/SID mice. Adult fibroblasts 

and ES cells served as controls. 4 weeks later, tumors were harvested (arrows). 

Gross morphologies showed well-demarcated tumors. 

E. H&E staining of a tumor from cFB-protein-iPS cells showing a well-

differentiated teratoma.  
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Figure 4. Characteristics of protein-iPS cell derived from a different 

genetic strain from protein-donor ES cell. 
A. Bright field morphology of ES-like colonies developed from FVB 

background skin fibroblasts (sFB) using C57 ES cell-derived extract proteins. 

B. Multiple microsatellite markers were applied to confirm the origin of the 

protein-iPS cells. PCR was performed using genomic DNA from each cell 

type. 

C. The chromosomes of ES cell, adult fibroblast and protein-iPS cell were 

diploid and normal karyotype. 

D. RT-PCR for pluripotency-related genes. GAPDH was used as a loading 

control. 

E. Alkaline phosphatase staining of FVB-sFB-protein-iPS cells. 

F. Immunocytochemical staining showing that FVB-sFB-protein-iPS cells 

express Nanog and Oct4. 

G and H. In vitro differentiation potential of FVB-sFB-protein-iPS cells was 

evaluated by embryonic body formation (G) and EB-based spontaneous 

differentiation (H). Immunocytochemistry revealed the expression of three-

germ layer marker proteins.  
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Figure 5. Teratoma formation and in vivo developmental potential of FVB 

background protein-iPS cell. 

A. FVB-sFB-protein-iPS cells were injected into NOD/SID mice. 4 weeks 

later, well-demarcated tumors were observed.  

B. H&E staining showed well-differentiated teratoma.  

C. Chimaera mice produced by protein-iPS cells. FVB-sFB-protein-iPS cells 

contributed to the viable chimaera after being injected into the C57 host 

blastocysts. Mice with mixed coat colors are chimaeras. As a control, C57-ES 

cells (extract-protein donors) were injected into ICR blastocysts. 

D. A fetus derived from GFP-transduced FVB-sFB-protein-iPS cells by 

tetraploid blastocyst complementation. The arrow indicates a beating heart. 

E. Genomic DNA PCR showed the origin of fetus is FVB-sFB-protein-iPS 

cells.  
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Figure 6. Optimized protocol for cardiac differentiation using AggreWell 

plates and cytokine combination 

A. Generating uniform EB using AggreWell plates. The size of EBs is 

controlled by AggreWell plates and EBs are formed by seeding the wells with 

varying concentrations of single cells that 100, 200, and 1000 cells seed each 

microwell. 

B. Comparison with size and shape of EB using AggreWell plates and petri 

dish. The EB populations formed on AggreWell plates are more uniform in 

size and shape relative to petri dish culture. 

C. An outline of the protocol used for the differentiation of p-iPSCs to the 

cardiac lineage with cytokine sequential change. 
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Figure 7. Characterization and identification of protein-iPSC-derived 

cardiomyocytes  

A. Gene expression analysis of p-iPSCs at serial differentiation stages. At day 

0, 4, 7 and 14, the cardiac cultures are harvested and the cells analyzed by 

real-time PCR for Oct4, Mesp1, Nkx2.5, and αMHC. Spontaneous 

differentiation is the control group.  

B. Beating foci count (14 day) on cardiac differentiation culture in EGM-

2MV media with the VEGF (5 ng/ml) . Spontaneous differentiation is the 

control group.  

C. Immunostaining analysis for the undifferentiation state and cardiac 

differentiation state. Oct4 expression of the day 0 and Flk-1 expression of the 

day 7 and α-SA expression of the day 21.  
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Figure 8. Population for cardiac differentiation is induced by optimized 

protocol using AggreWell and cytokine combination 

A. BMP4 and Activin A induce Flk-1(+)/PDGFR-α(+) cardiogenic mesoderm 

population in protein-iPSC differentiation. Flow cytometric analysis of Flk-1 

and PDGFR-α of p-iPSCs using 4 stages. Flk-1(+)/PDGFR-α(+) cell 

populations were sorted by FACS from day 4 EBs. 

B. Global gene-expression analysis of p-iPSC differentiation. Microarray 

experiments were analyzed for 4 groups by ① Undifferentiation stage (day 

0), ② Spontaneous stage (day 4), ③ AggreWell + Cytokine (day 4), and 

④ Flk-1/PDGFR-α sorting populations (day 4).  
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Table 1. Primer sequence for microsatellite markers 

 
Gene Forward primer (5’ to 3’) Reverse primer (5’ to 3’) 

D6Mit102 CCATGTGGATATCTTCC
CTTG 

GTATACCCAGTTGTAAATCT
TGTGTG 

D6Mit15 CACTGACCCTAGCACA
GCAG 

TCCTGGCTTCCACAGGTAC
T 
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Table 2. Primer sequence for RT-PCR 

 
Gene Forward primer (5’ to 3’) Reverse primer (5’ to 3’) 

Nanog AGGGTCTGCTACTGAGA
TGCTCTG 

CAACCACTGGTTTTTCTGCC
ACCG 

Oct3/4 CTGAGGGCCAGGCAGG
AGCACGAG 

CTGTAGGGAGGGCTTCGGGC
ACTT 

Sox2 GGTTACCTCTTCCTCCC
ACTCCAG 

TCACATGTGCGACAGGGGCA
G 

Klf4 CACCATGGACCCGGGCG
TGGCTGCCAGAAA 

TTAGGCTGTTCTTTTCCGGG
GCCACGA 

cMyc CAGAGGAGGAACGAGC
TGAAGCGC 

TTATGCACCAGAGTTTCGAA
GCTGTTCG 

ERas ACTGCCCCTCATCAGAC
TGCTACT 

CACTGCCTTGTACTCGGGTA
GCTG 

GFAP CGAGCGAGCGTGCAGA
GATGATGG 

GGAGTACTCGAACTTCCTCC
TCAT 

SMA CGATAGAACACGGCATC
ATC 

CATCAGGCAGTTCGTAGCTC 

AFP TCGTATTCCAACAGGAG
G 

AGGCTTTTGCTTCACCAG 

GAPDH CGTGGAAGGACTCATGA
C 

CAAATTCGTTGTCATACCAG 
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국문 초록 

 
서론: 체세포로부터 만능줄기세포의 재프로그래밍은 재생 의료에 새

로운 시대를 열었다. 바이러스성 형질 도입이 성공적으로 마우스와 

인간의 체세포에서 만능성을 달성하였지만, 유도된 만능 줄기세포의 

생성 과정에서 특정 인자의 유전적 통합은 돌연변이 유발 또는 종

양형성을 일으킬 수 있기 때문에 세포 치료를 위한 적용에는 한계

가 있다. 

 

방법 및 결과 : 마우스 배아줄기세포 단백질을 세포로의 전달에 의

한 방법을 이용하여 유전자의 도입 없이도 만능성 상태로의 재프로

그래밍화를 유도하였다. 가역적 투과성을 이용한 배아줄기세포 단백

질의 전달은 체세포에서 만능성 관련 전사인자의 활성화를 일으켰

다. 이러한 단백질 유래-만능줄기세포는 마우스의 배아줄기세포와 

모양적으로 비슷하였고, 분자적으로도 글로벌 유전자 발현의 패턴이 

매우 유사하였다. 단백질 유래-만능줄기세포는 생물학적, 기능적으

로도 배아줄기세포와 유사했고 체외에서 3 배아층으로 분화되었다. 

더욱이, 단백질 유래-만능줄기세포는 생체내 분화 (테라토마 형성)

와 발생 능력 (키메라 마우스 생성과 4 배체 보완실험) 또한 갖고 

있음을 확인하였다. 다음으로, 이러한 단백질 유래-만능줄기세포를 

이용하여 심혈관세포로의 분화 능력을 확인하였다. 본 연구에서는, 

특정 사이토카인의 조합으로 심혈관 전구 세포를 나타내는 Flk1 과

PDGFRa 양성 세포로의 분화를 확인하였다.  
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결론: 본 연구를 통하여 체세포의 재프로그램화를 통한 안전한 전략

은 환자 맞춤 세포 치료에 대한 가능성을 제시하였다.  
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