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Abstract 

Introduction: Embryonic stem cells are pluripotent, thus capable of differentiating into
all types of cells derived from the three germ layers. However, the application of 
embryonic stem cells (ESCs) for preclinical and clinical studies is difficult due to ethical 
concerns. Induced pluripotent stem cells (iPSCs) are derived from differentiation and 
have many ESC characteristics. The study herein examines the production of iPSCs from 
reprogramming of mouse embryonic fibroblasts (MEFs) via transduction with defined 
factors. Methods: MEFs were collected from mouse embryos via a previously published
protocol. The cells were transduced with a single polycistronic viral vector encoding 
mouse cDNAs of Oct3/4, Sox2, Klf4 and c-Myc. Transduced cells were treated and sub-
cultured with ESC medium. The cells were evaluated as iPSCs with specific morphology, 
and expression SSEA-1, Oct3/4, Sox2 and Nanog. In addition, they also were evaluated 
for pluripotency by assessing alkaline phosphatase (AP) activity and in vivo teratoma 
formation. Results: Under the reprogrammed conditions, the transduced cells displayed
a change in morphology, forming ESC-like clusters. These cell clusters strongly 
expressed pluripotent markers as well as ESC-specific genes. Furthermore, the colonies 
exhibited higher AP activity and formed teratomas when injected into the murine testis. 
Conclusions: The study herein suggests that MEFs can be reprogrammed into iPSCs
using a polycistronic viral vector encoding mouse cDNAs for Oct3/4, Sox2, Klf4 and c-
Myc.  
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Introduction  

Embryonic stem cells (ESCs) have the capacity to differentiate into all types of 
cells derived from the three germ layers (Chambers and Smith, 2004). The 
pluripotency of ESCs is what makes them attractive candidates for disease 
application. However, the application of ESCs for preclinical and clinical studies 
is not trivial since there are ethical concerns that must be considered (Holm, 
2015). Reprogramming of differentiated cells using a viral-based method to 
deliver the reprogramming factors is a novel method to generate induced 
pluripotent stem cells (iPSCs) (Carey et al., 2009; Takahashi and Yamanaka, 2006; 
Yu et al., 2007). The potential of iPSCs is similar to that of ESCS in that iPSCs, 
too, have the capacity to differentiate into many types of cells from the three 
germ layers, as well as the ability to form teratomas and generate chimeras  
(Bradley et al., 1984; Okita et al., 2007). The preferential use of iPSCs can be a 
strategy that enables the generation of patient-specific stem cells while 
bypassing the ethical concerns associated with somatic cell nuclear transfer 
(SCNT) and human embryonic stem cells (Stadtfeld and Hochedlinger, 2010). 
This platform can be a promising tool for regenerative medicine applications 
and genetic disease models (Amabile and Meissner, 2009; Hanna et al., 2007; 
Tateishi et al., 2008; Wernig et al., 2008).  

Our study aimed to examine the development of iPSCs via reprogramming of 
mouse embryonic fibroblasts (MEFs) through transduction with defined factors in 
polycistronic vector containing 4 pluripotent genes included Oct3/4, Sox2, Klf4 
and c-Myc.  

Materials-Methods 

Isolation and culture of mouse embryonic fibroblasts and HEK 
293T 

Mouse embryonic fibroblasts (MEFs) were isolated from mouse embryos, 
according to a previously published protocol (Jozefczuk et al., 2012). Cells were 
cultured in DMEM/F12 complete (DMEM/F12, 10% FBS and 1% antibiotic; all 
reagents were bought from Life Technologies, Carlsbad, CA) until cells reached 
80-90% confluency on surface flask. The MEFs were then sub-cultured to the 
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3rd-5th passages. Cells were cryopreserved in liquid nitrogen until use in 
experiments. HEK 293T cells were obtained from a commercial source (Life 
Technologies, Carlsbad, CA). The cells were thawed and cultured at 5 x 106 cells 
in a 25cm2 flask. HEK 293T cells were also cultured in DMEM/F12 complete. 

Viral vector production 

The viral vector was produced as previous published protocol (Van Pham et al., 
2016). The viral vector used in this study encoded four factors: Oct3/4, Sox2, 
Klf4 and c-Myc (FUW-SOKM, (code 20325) Addgene, Cambridge, MA; this 
plasmid from Rudolf Jaenisch Laboratory). HEK 293T cells were trypsinized to 
obtain single cells. Then, the plasmid FUW-SOKM was co-transfected into 
HEK293T cells with pUMVC (code 8449) and pCMV-VSV-G (code 8454) 
(Addgene, Cambridge, MA) to produce a viral vector (FUW-SOKM vector). The 
mix was transferred into 2 mm electroporation cuvettes and transfected into 
cells. Immediately after, pre-warmed medium was gently added to the 
transfection mix and transferred into 6-well plates. The plates were incubated at 
37oC, 5% CO2 for 24 h. After 36 h, supernatant was collected to extract viral 
particles by centrifugation. 

Transduction into MEFs 

On the day of transduction, MEFs were treated with polybrene at a final 
concentration of 8 μg/mL for 6 h, then transduced with viral vectors. 
Transduction was repeated three independent times, without polybrene 
treatment. The medium was refreshed after 2 d of transduction with induced 
pluripotent stem cell medium and every day until day 21. The iPSC medium was 
prepared by DMEM/F12 medium supplemented with KSR (Knockout serum 
replacement), 10 mM MEM Non-Essential Amino Acids Solution, 10 µg/mL 
bFGF, 4 ng/mL β-mercaptoethanol 1000X, 10ng/mL LIF (Leukemia inhibitor 
factor) (all chemicals and media were purchased from Life Technologies, 
Carlsbad, CA). 

Culture of iPSCs 

iPSCs were grown on MEF feeder layer that deactivated by mitomycin C in iPSC 
medium until cells reached 80-90% confluency on the surface of the 6-well 
plates. The cells were expanded by mechanical passaging. 

Gene expression by reverse transcription real-time polymerase chain 
reaction (RT-qPCR) 

Total cellular RNA was extracted with the use of easy-BLUETM Total RNA 
Extraction Kit (iNtRON, Korea). Verification of iPSC gene expression was 
assessed via qPCR using qPCRBIO 1-Step SyGreen Detect and Go Kit (PCR 
Biosystems, England), according to the manufacturers’ protocol. The reaction 
was performed in a thermal real-time PCR cycler (Eppendorf, Germany) with 
reverse transcription at 45oC for 10 min (reverse transcription), 95oC for 2 min 
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(denaturing) and amplification of 40 cycles at 95°C for 15 s (denaturing), 58°C for 
15 s (annealing), and 72°C for 20 s (primer extension). The primers (AIT Biotech, 
Singapore) used in this experiment are listed in Table 1 (F: forward, R: reverse). 
RNA for GAPDH was co-amplified to assess the quality of the samples. 

Table 1. Primer sequences of iPSC genes in RT-qPCR analysis 

Flow cytometry 

Cells were detached using trypsin/EDTA 0.25 % (Life Technologies), 
resuspended in PBS-containing 2 % FBS and 2 mM EDTA, and then stained with 
fluorochrome-labeled mAbs for 30 min at room temperature. Cells were washed 
using FACSFlow (BD Biosciences, San Jose, CA) and resuspended in FACSFlow 
(BD Biosciences). These cells analyzed SSEA-1, Vimentin and Thy-1 expression. 
The MEFs were used as control. Cells were analyzed for cell surface marker 
expression using a FACSCalibur flow cytometer (BD Bioscience) and CellQuest 
Pro software (BD Biosciences).  

Immunocytochemistry 	

Cells were fixed in 4% paraformaldehyde for 30 min and subsequently washed 
two times with PBS. Cells were perforated through cell membranes using 
perforated membranous solution and washed again two times with PBS. Cells 
were incubated with Hoechst 33342 and primary antibodies (Santa Cruz 
Biotechnology) for 24 h in the dark at 40C, and washed with PBS. Lastly, cells 
were incubated with the appropriate fluorophore-labeled secondary antibodies 
(Santa Cruz Biotechnology) for 24 hours, dark, 4oC in FACSFluid. Specimens 
were analyzed on an Olympus fluorescence microscope (Carl-Zeiss, Germany) 
and images were acquired with a Zeiss Axiocam camera (Carl-Zeiss, Germany). 

Alkaline Phosphatase (AP) enzymatic assay 

Alkaline phosphatase (AP) enzymatic assay is detectable in the early stages of 
iPSC identification. AP activity is often used to distinguish iPSCs from feeder 
cells and parental cells in reprogramming experiments. Cells were incubated 

Genes Forward primer (5–3′) Reverse primer (5’–3′)

GAPDH GCAGTGGCAAAGTGGAGATT TCTCCATGGTGGTGAAGACA

Vimentin CGGCTGCGAGAGAAATTGC CCACTTTCCGTTCAAGGTCAAG

Thy1 GCCGCCATGAGAATAACA GCTAGGGTAAGGACCTTGAT

Oct3/4 ACATCGCCAATCAGCTTGG AGAACCATACTCGAACCACATCC
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with AP (Life Technologies, Carlsbad, CA) for 30 min and analyzed on a 
fluorescence microscope. Images were acquired with a Zeiss Axiocam camera.  

Teratoma formation assay	

Approximately 103-104 iPSCs were injected subcutaneously in the testicular 
region of Swiss mice, 4-6 weeks old. After 10 weeks, when teratomas formed, 
each teratoma was excised and fixed in 10% formalin overnight and later 
paraffin. The samples were sliced at 3-5μm thickness and stained with 
hematoxylin and eosin (H&E). The stained sections were then examined under a 
microscope. 

Statistical analysis  

Statistical analyses of all endpoints were performed using the two-sided 
Student’s t-test analysis of variance. All data are presented as mean ± SD. 
Statistical significance was considered at p < 0.05. Data were analyzed with 
Prism 6.0 software (GraphPad Software, La Jolla, CA). 

Results  

Culture and proliferation of MEFs and HEK293T cells 

MEFs were isolated and cultured from mouse embryos, 12.5 days post coitum 
(dpc) – 13.5 dpc. After mouse embryos were incubated with trypsin/
EDTA-0.25%, a variety of cell types were dissociated, including fibroblasts, 
mesenchymal cells and epithelial cells (Fig. 1). The homogeneity of the cell 
population was confirmed by surface expression of CD90 (Thy-1) and Vimentin. 
Flow cytometric analysis of CD90 and Vimentin revealed that 97.6% and 95.0% 
fibroblasts expressed those genes, respectively (Fig. 2).   

Figure 1. Primary culture MEFs. (A) Cells with mesangial, diamond, and small 
nuclei. (B) Cells with epithelial, pea, and large nuclei. 
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Figure 2. Flow cytometric detection of Thy-1 and Vimentin markers in 
MEFs. (A) Vimentin; (B)  Thy-1. 

HEK293T cells were thawed from the commercial kit and cultured in standard 
conditions, according to the manufacturers’ guidelines. After thawing, the cells 
were cultured until they reached confluency (typically after 4 d). All cells were 
sub-cultured and frozen before use in studies (Fig. 3). 

 

Figure 3. Culture and proliferation of HEK 293T cells. (A) Cells after thawing. 
(B) Cells after 24 h of culture. (C, D) Cells reach a homogenous population. 
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Changes in cell morphology during reprogramming 

After transduction with a retroviral vector encoding the 4 factors, the MEFs were 
cultured in ES medium (which maintains ESC pluripotency). In addition, to 
increase the efficiency of viral transduction, the MEFs were infected by viral 
vector four times. Under this condition, almost all the cells died and the 
remaining surviving cells changed morphology from mesenchymal cell type to 
rounded, squamous epithelial cell type at about day 8. The cells formed clusters 
around days 15-21. The small clumps were clearly distinguishable from the MEF 
feeder cells. Some of the cell clusters displayed the typical ESC morphology 
(Fig. 4). There were approximately 10 – 20 ESC-like clusters, with about 105 in 
cell number and with size ranging from 300-500 µm. The reprogramming 
efficiency was about 0.01-0.02%. 

Figure 4. Transduced MEFs change their shape from mesenchymal to 
epithelial. After transduction, cells changed their morphology from 
mesenchymal cell type (A) to rounded, squamous epithelial cell type around day 
8 (B), day 10 (C). The cells formed clusters around days 15 (D).  

  

Up-regulation of pluripotent markers 

The clusters of cells with ESC morphology were sub-cultured for several 
passages in ES medium. The cells expressed markers of pluripotency as 
evaluated by flow cytometry and immunocytochemistry. The percentage of 
SSEA-1 positive cells was 8.58 ± 0.03% (p>0.05) in transduced cells and 0% in 
the control. 
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Figure 5. Immunochemistry of ES-like cell colonies expressing Oct4, Sox2 
and Nanog markers. These colonies expressed Oct4 (A,B), Sox2 (C,D), and 
Nanog (E,F). Magnification X20.  

The expression of pluripotent markers (e.g. Oct4, Sox2 and Nanog) was 
evaluated by immunocytochemistry (Fig. 5). The results showed that the clumps 
(clusters) of transduced cells were positive for Oct4, Sox2 and Nanog markers; 
the MEF feeder cells did not express these markers. Moreover, markers of 
pluripotency were evaluated by RT-qPCR. Primers were amplified only for the 
endogenous oct4 (oct4-endo) and sox2 (sox2-endo) to discriminate from the 
transgene-encoded transcripts. The RT-qPCR results revealed that transduced 
cells had an increased expression of pluripotent genes, such as oct4, sox2 and 
nanog (Fig. 6); indeed, the expression of those genes in reprogrammed cells 
were 1509.65,  395.26 and 1.32 fold higher, respectively, than in those cells 
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without reprogramming. Moreover, RT-qPCR also revealed decreased expression 
of MEF genes (vimentin and thy-1) (Fig. 7) in transduced cells compared to MEF 
cells. In particular, the typical MEF-related genes (such as thy-1 and vimentin) in 
non-transduced cells were expressed at 6.65 and 1.55 fold higher levels than in 
transduced cells. 

 

Figure 6. Expression of the pluripotent genes oct4-endo, sox2-endo and 
nanog in transgenic (transduced) cells compared to non-transgenic (non-
transduced) cells. (A) oct4-endo; sox2-endo. (B) nanog. (*: P <0.05).    

 

Figure 7. Expression of the pluripotent genes thy-1 and vimentin in 
transgenic cells versus non-transgenic cells. (*: p <0.05).  
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Alkaline phosphatase (AP) assay 

The ESC-like colonies were picked placed onto a MEF feeder layer, and then 
analyzed for AP activity. The results showed that the ESC-like colonies expressed 
high activity of AP (Fig. 8), in contrast to MEFs without viral vector transduction.  

 

Figure 10. AP activity of ES morphological clusters. The colonies were 
positive AP, while the MEFs were negative. (A, B): magnification X10, (C, D): 
magnification X20.  

In vivo teratoma formation  

To evaluate the ability of the ESC-like clusters to form teratomas in vivo, colonies 
having ESC-like morphology were injected into mouse testicles at a density of 
103-104 cells. Histological analyses demonstrated that those cells induced 
teratoma formation and contained differentiated cells derived from all three 
germ layers (Fig. 9). Specifically, keratinocytes and neonatal crest-like structures 
originated from epidermal, while skeletal muscle, adipose and cartilage-like 
structures were derived from mesoderm. Moreover, epidermal and intestinal 
epithelial-like structures (originating from endoderm) were also observed. 
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Figure 9. Formation of teratomas from ESC-like cell clusters. Histological 
evaluation of the ESC-like cell clusters indicated that these cells induced 
teratomas which contain some differentiated cells derived from all three germ 
layers (A, B, C and D).  

Discussion 

ESCs are advantageous for regenerative medicine applications given their 
pluripotency feature, i.e. their ability to differentiate into a variety of cell types 
derived from the three germ layers. However, ESCs have not been widely used 
due mainly to ethical concerns. In 2012, the Nobel Medicine Prize was awarded 
to John B. Gurdon and Shinya Yamanaka for their works that re-established 
cellular programming in differentiated cells as a means to create and maintain a 
pluripotent state (Takahashi et al., 2007; Takahashi and Yamanaka, 2006; Yu et 
al., 2007). Such cells are called induced pluripotent stem cells (iPSCs); they have 
many ESC-like characteristics. These potent iPSCs are essential cell sources for 
regenerative medicine and tissue engineering. Our study herein was aimed at 
reprogramming fibroblasts to generate into iPSCs via the use of a viral-based 
delivery of reprogramming factors (e.g. Oct3/4, Sox2, Klf4 and c-Myc) in ES 
medium.  

Fibroblasts were isolated from mouse embryos. The cell population was a 
homogenous population (97.6 % of the population expressed CD90 and about 
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95% of the population expressed Vimentin). Indeed, CD90 and Vimentin 
expression are considered to be markers of fibroblasts (Saalbach et al., 1996; 
Strutz et al., 1995). Fibroblasts are the most common cells of connective tissue in 
animals that have important roles in synthesizing the ECM and wound healing. 
These cells are also conveniently isolated and vigorously proliferated. As a result, 
fibroblasts are one of the most popular cell candidates for stem cell research 
studies as well as in application of reprogramming.  

Interesting, fibroblasts were first used, by Yamanaka et al., to reprogram into 
iPSCs (Takahashi and Yamanaka, 2006). After that, the potent cells can be 
converted into cardiomyocytes (Efe et al., 2011), functional neurons (Vierbuchen 
et al., 2010), multilineage blood progenitors (Szabo et al., 2010), hepatocytes 
(Sekiya and Suzuki, 2011) and endothelial progenitor cells (Margariti et al., 2012). 
In this study, fibroblasts from mouse embryos (MEFs) were reprogrammed to 
iPSCs through transduction with a single polycistronic viral vector encoding for 
mouse cDNAs of Oct3/4, Sox2, Klf4 and c-Myc. 

Our study investigated a strategy that was similar to the one by Yamanaka et al. 
(Takahashi and Yamanaka, 2006). The results showed that the reprogramming 
efficiency was about 0.01-0.02%, which is approximately that of previously 
published studies (Takahashi and Yamanaka, 2006). Our data demonstrates that 
the fibroblast culture method, viral vector production and reprogramming 
technology were all effective. The percentage of SSEA-1 positive cells was 
significantly lower than previous experiments. However, immunochemistry 
analyses revealed that cells with the highest ESC-like morphological (those in 
clumps/clusters) strongly expressed pluripotent markers (Oct4, Sox2 and 
Nanog).  

It is possible that the lower percentage of SSEA-1 positive cells is a consequence 
of the quantity of cells evaluated. For example, for flow cytometry, the cell 
number assayed was quite small (about 103 cells). Moreover, it is difficult to 
isolate ESC-like clumps from the MEF feeder. Thus, the ratio of SSEA-1 positive 
cells was expected to decrease. Finally, ESC-like clusters can be differentiated 
during the culture process. Together with flow cytometry and immunochemistry 
results, the RT-qPCR results showed that oct4 gene was strongly expressed in 
transduced cells, but barely expressed in MEFs (non-transduced). The Oct4 gene 
is used to identify ESCs and the level of oct4 gene expression is related to the 
pluripotency of the cells (Na et al., 2010).  

The transduced cells also greatly expressed other pluripotent genes, such as 
sox2 and nanog. In many previous studies, a variety of specific genes in 
differentiated cells were down-regulated or “silenced” during reprogramming to 
form and maintain a pluripotent state (Buganim et al., 2013). In this study, genes 
thy-1 and vimentin were evaluated in transduced cells. The results showed that 
ESC-like clusters showed a down-regulation of those genes, compared to non-
transduced cells; these results are somewhat similar to findings from past 
research studies (Liu et al., 2012; Trevisan et al., 2017).  
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To investigate the pluripotent characteristics of transduced cells, ESC-like cell 
clumps were test using the AP assay. AP activity is frequently used to distinguish 
stem cells from feeder cells as well as from parental cells in reprogramming 
(Stefkova et al., 2015). The results showed that ES-like colonies expressed high 
activity of AP, in contrast to MEF feeder cells which show no AP activity. 
Moreover, activity of AP in cells in the inner portion of the colonies was greater 
than that of cells in the outer portion. Despite co-culturing with MEF feeders, 
iPSCs were easily differentiated so that low or no AP activity was detected (Lu et 
al., 2011). In addition, ESC-like cell clusters were evaluated for their ability of 
form teratomas in vivo. Data from our study reveal that the potent cells could be 
differentiated into many types of cells derived from the three embryonic germ 
layers, which was similar to conclusions from previous studies (Carey et al., 2009; 
Ross et al., 2010).  

Conclusion 

In this study, we generated mouse iPSCs from MEFs using a polycistronic viral 
vector  encoding mouse cDNAs for Oct3/4, Sox2, Klf4 and c-Myc. Using this 
approach, we showed that the transduced cells changed their morphology, 
formed ESC-like cell clusters, clearly distinguishable from the MEF feeder. 
Moreover, these potent cells showed strong expression of pluripotent markers 
including SSEA-1, Oct3/4, Sox2 and Nanog, strong AP activity and also formed 
teratomas in vivo. Overall, this study demonstrates that fibroblasts can be 
reprogrammed into iPSCs. This technology can greatly benefit regenerative 
medicine applications and genetic disease models.  
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AP: Alkaline phosphatase 
ESCs: Embryonic Stem Cells 
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Oct4: Octamer-binding transcription factor 4 
Sox2: Sex determining region Y-box 2 
SSEA-1: Stage Specific Embryonic Antigen-1. 
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