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Abstract  Induced pluripotent stem (iPS) cells were originally generated from mouse fibroblasts by 
enforced expression of Yamanaka factors (Oct3/4, Sox2, Klf4, and c-Myc). The technique was quickly re-
produced with human fibroblasts or mesenchymal stem cells. Although having been showed therapeutic po-
tential in animal models of sickle cell anemia and Parkinson’s disease, iPS cells generated by viral methods do 
not suit all the clinical applications. Various non-viral methods have appeared in recent years for application 
of iPS cells in cell transplantation therapy. These methods mainly include DNA vector-based approaches, 
transfection of mRNA, and transduction of reprogramming proteins. This review summarized these non-viral 
methods and compare the advantages, disadvantages, efficiency, and safety of these methods. 
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OUSE and human embryonic stem (ES) cells 

were derived 26 and 11 years ago, respec-

tively.1 ES cells are capable of infinite self- 

renewal in vitro, and of differentiation into 

derivatives of the three germ layers.2 Therefore, ES cells 

have enormous potential   of application in regenerative 

medicine. In the field of cell therapies, ES cells could be 

used for replacing injured organs. In tissue engineering, 

they could be employed for tissue repair and regeneration. 

However, the application of ES cells for replacement 
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therapies is restricted by ethical concerns and immune 

rejection. To overcome these obstacles, considerable effort 

has been made to derive ES-like cells by reprogramming 

somatic cells to embryonic state, such as somatic cell nu-

clear transfer and cell fusion.3 However, none of these 

methods is likely to become a common approach for 

producing patient-specific pluripotent cells for clinical use. 

In 2007, Yu et al4 and Takahashi et al5 reported the as-

tonishing discovery that by retrovirus-mediated expression 

of four defined transcription factors (Oct3/4, Sox2, Klf4, 

and c-Myc), mouse fibroblasts could be reprogrammed 

back to pluripotent stem cells. These induced pluripotent 

stem (iPS) cells were morphologically indistinguishable 

from ES cells, capable of expressing ES cell marker genes, 
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with normal karyotype and the ability to generate tera-

tomas-containing tissues derived from all the three germ 

layers when subcutaneously injected into immunodeficient 

mice. After minor improvement with the initial repro-

gramming protocol, iPS cells were shown to be germ-

line-competent and capable of forming any cell types of the 

body.6 The fact that iPS cells can be derived from easily 

accessible somatic cells has opened up new horizons in the 

field of regenerative medicine.7 The therapeutic potential of 

iPS cells has been demonstrated in animal models of sickle 

cell anemia and Parkinson’s disease.8,9 In addition, iPS cells 

could circumvent the ethical controversy that precludes the 

isolation of human ES cells from early embryos. Although 

the technology of iPS cells harbors the potential to revo-

lutionize regenerative medicine, the use of viral vectors still 

hinder its translation into clinical implementation.10 This 

article reviewed reprogramming approaches that have 

been currently developed to generate transgene-free iPS 

cells with non-viral methods. 

REPROGRAMMING BY DNA VECTOR-           
BASED APPROACHES 

Compared with viral methods, nucleic acid-based ap-

proaches are much safer, but offering lower reprogram-

ming efficiencies; compared with mRNA or protein ap-

proachs, nucleic acid-based approachs are simpler and 

more accessible. 

By repeated transfection of two expression plasmids 

(one containing the cDNAs of Oct3/4, Sox2, and Klf4; the 

other containing the cDNA of c-Myc) into mouse embryonic 

fibroblasts, Okita et al11 obtained iPS cells without evidence 

of plasmid DNA integration. For efficient expression of the 4 

factors in one cell, they used the foot-and-mouth disease 

virus 2A self-cleaving peptide, which allows near-stoichio- 

metric production of proteins via a ribosome “skipping” 

mechanism. Neither polymerase chain reaction nor 

Southern blot detected any integration of plasmid DNA in 

the iPS cells. Simple sequence length polymorphisms 

analysis excluded the possibility that the iPS cells were 

derived from contamination of ES cells. By sequential 

transfections with non-episomal plasmids that independ-

ently encoded the four reprogramming factors (Oct4, 

Nanog, Sox2, and Lin28), Si-Tayeb et al12 successfully 

generated human iPS cells from human foreskin fibroblasts. 

The plasmid vectors used in that study were identical to 

those used to generate the lentivirus vectors. However, the 

absence of packaging vectors from the transfection pre-

vented the possibility of generating wild-type virus. Since 

the plasmids they used to reprogram lacked sequences 

required for self-replication in eukaryotic cells, exogenous 

DNA would be lost from donor cells during cell division. The 

use of plasmids or non-episomal plasmids only requires 

elementary procedures that are readily accessible to any 

laboratory with even basic experience in molecular biology, 

not as demanding as other methods, which entails sub-

stantial knowledge of virology or protein biochemistry. In 

their experiments, 1-29 positive colonies could be emerged 

from 1×106 transfected cells, indicating lower efficiency of 

their method compared with viral method, in which 

100-1000 positive colonies could be obtained using retro-

viruses. Therefore, further studies are required to increase 

the efficiency of this method. 

With single minicircle vectors, Wu et al13 obtained 

transgene-free iPS cells from human adipose stem cells. 

Compared with plasmids, minicircle DNA provides higher 

transfection efficiencies and longer ectopic expression. In 

that study, they constructed a plasmid containing a single 

cassette of four reprogramming factors (Oct4, Sox2, Lin28, 

and Nanog) plus a green fluorescent protein (GFP) reporter 

gene, each separated by self-cleaving peptide 2A se-

quences. After 14 days transfecting somatic cells with the 

minicircle vector, they observed GFP-positive clusters that 

were morphologically similar with human ES cells. South-

ern blot analysis did not detect genomic integration of the 

minicircle transgene in the subclones. The efficiency with 

minicircle DNA is higher than other plasmid-based trans-

fection reprogramming methods, though in their study may 

be partially because of differences in donor cell types and 

the number of reprogramming factors that were used. In 

addition, this method requires only a single vector without 

the need of subsequent drug selection or vector excision.  

Using non-integrating oriP/Epstein-Barr virus nuclear 

antigen-1 (EBNA1) vectors encoding 7 factors (Oct4, Sox2, 

Nanog, Lin28, Klf4, c-Myc, and SV40Tag), Yu et al14 de-

rived human iPS cells from human foreskin fibroblasts. 

After removal of these vectors, iPS cells were completely 

free of vector and transgene sequences. The oriP/EBNA1 

vectors are derived from Epstein-Barr virus which can be 

transfected without the need of viral packaging and sub-

sequently removed from cells by culturing without drug 

selection. Stable extrachromosomal replication of 

oriP/EBNA1 vectors in mammalian cells requires only a 

cis-acting oriP element and a trans-acting EBNA1 gene. 

The oriP/EBNA1 vectors replicate only once per cell cycle, 

and with drug selection can be established as stable epi-

somes in about 1% of the initial transfected cells. If drug 

selection is subsequently removed, the episomes will be 

lost in every cell generation due to defects in plasmid 

synthesis and partitioning. In their study, to counteract the 
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possible toxic effects of c-Myc expression, they included 

the SV40 large T gene (SV40LT) in some of the combina-

tions. Three of these combinations, all of which included 

Oct4, Sox2, Nanog, Lin28, c-Myc, Klf4, and SV40LT, were 

successful in producing iPS cell colonies from human 

foreskin fibroblasts using oriP/EBNA1-based vectors. PCR 

analysis did not detect episomal vector integration in the 

genome of the iPS cells, and DNA fingerprinting confirmed 

that the iPS cells originated from foreskin fibroblasts. 

However, this technique required three individual plasmids 

carrying a total of seven factors, including the oncogene 

SV40. The expression of the EBNA1 protein, which was 

required for this technique, may increase immune cell 

recognition of transfected cells, thus potentially limiting 

clinical application of the technique if the transgene is not 

completely removed. Similar with other non-integrating 

reprogramming methods, the reprogramming efficiency 

with oriP/EBNA1 vectors is low. Since different cell types 

have different reprogramming frequencies, it might be 

possible to identify another accessible human cell type 

more easily reprogrammed with these episomal vectors 

than foreskin fibroblasts. Nevertheless, Yu et al’s work is an 

important step toward studying patient-specific cells and 

associated disease as well as future application of iPS cell 

technology in regenerative medicine and other clinical 

usages. 

Gonzalez et al15 obtained iPS cell lines with no evi-

dence of integration of the reprogramming vector from 

mouse embryonic fibroblasts by nucleofection of a poly-

cistronic construct co-expressing Oct4, Sox2, Klf4, and 

c-Myc. They also utilized the 2A peptide sequence to de-

liver all the 4 factors to one cell. They cloned a chicken 

beta actin-driven polycistronic plasmid expressing Oct4, 

Sox2, Klf4, and c-Myc to generate iPS cells. Reverse 

transcription-polymerase chain reaction and Western blot 

analysis confirmed that this plasmid could efficiently  

express the 4 reprogramming factors when transfecting 

mouse embryonic fibroblasts. iPS-like colonies appeared 

12 days after the final seeding. That approach included all 

the necessary factors in a single construct and delivered 

them by nucleofection, showing that iPS cells induction is 

possible by transient expression of the 4 factors by a single 

polycistronic construct, therefore progressing toward a 

safe and simple method of deriving clinically relevant 

human iPS cells. 

By transfection of a single multiprotein expression 

vector encoding c-Myc, Klf4, Oct4, and Sox2 separated 

with 2A sequences, Kaji et al16 reprogrammed both mouse 

and human fibroblasts to iPS cells. They used the transient 

Cre transfection to remove the exogenous reprogramming 

factors once the reprogramming was achieved. The 

Cre-excised cell lines maintained the endogenous gene 

expression of c-Myc, Klf4, Sox2, and Oct4, indicating that 

their single-vector system enabled complete elimination of 

exogenous genes without disturbing maintenance of the 

iPS cells state. However, a part of the Cre vector backbone 

remained in the integration site. When combined with 

PiggyBac (PB) transposon, this reprogramming system can 

also reprogram human somatic cells effectively. In cont- 

rast to Cre transposons, PB transposons are completely 

removable from their integration site without any residual 

change in the original DNA sequence, making this repro-

gramming system an ideal method for generating non- 

genetically modified human iPS cells for regenerative 

medicine. 

GENERATION OF IPS CELLS BY 
TRANSFECTION OF MRNA 

By repeated administration of synthetic mRNAs in-

corporating modifications designed to bypass innate an-

tiviral responses, Warren et al17 reprogramed multiple 

human cell types to pluripotency with high conversion 

efficiencies and superior kinetics. They further showed 

that the same technique can also be used to direct the 

differentiation of RNA-iPS cells to terminally differenti-

ated myogenic cells. They first constructed a template 

including genes of interest for RNA transcription reac-

tions. Then these mRNAs were complexed with a cationic 

vehicle to facilitate uptake by mammalian cells. Daily 

transfection with these modified mRNAs gave rise to 

numerous hESC-like colonies. Although this method is 

technically complex, it has advantages over established 

reprogramming techniques in conversion efficiency and 

kinetics. More fundamentally, because this technique is 

RNA-based, it completely avoids the risk of genomic 

integration and insertional mutagenesis inherent to all 

DNA-based methods, including those that are ostensibly 

non-integrating. Moreover, this approach allows exqui-

site regulation of protein stoichiometry while avoiding 

the stochastic variation of expression typical of inte-

grating vectors, as well as the uncontrollable effects of 

viral silencing. Warren et al17 demonstrated that the 

modified RNA-based technology enables highly efficient 

reprogramming and that it can equally be applied to 

redirect pluripotent cell to terminal differentiation wit- 

hout compromising genomic integrity. In light of these 

considerations, this method has the potential to develop 

into a major technique for cell-based therapies and re-

generative medicine. 
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Oct4/Sox2/Klf4/c-Myc 9xArg myc CMV 

Figure 1.  Schematic representation of the mammalian expression vector of the 4 reprogramming factors. The respective cDNA of Klf4,

c-Myc, Oct4, and Sox2 was connected with 9R and the myc tagging peptide at the C-terminus. 

GENERATION OF IPS CELLS BY 
TRANSDUCTION OF REPROGRAMMING 

PROTEINS 

By directly delivering four reprogramming proteins 

(Oct4, Sox2, Klf4, and c-Myc) fused with a cell penetrating 

peptide (Fig.1), Kim et al18 obtained stable iPS cells from 

human fibroblasts. They confirmed at first that red fluo-

rescent protein fused with a 9 arginine could penetrate into 

COS7 cells and human newborn fibroblasts (HNFs). Stable 

HEK293 cell lines that could express each of the four hu-

man reprogramming factors (Oct4, Sox2, Klf4, and c-Myc) 

fused with 9R and the myc tag were generated. Cell ex-

tracts from the HEK293 cell lines were used to generate iPS 

cells. After three or four rounds of protein treatment cycles, 

several colonies with iPS-like morphology were observed. 

This protocol is advantageous as it does not use genetic 

material to reprogram the somatic cells, therefore elimi-

nates the potential risks associated with the use of viruses, 

DNA transfection, RNA transfection, and potentially har- 

mful chemicals. In the future, Kim et al’s method could 

provide a safe source of transgene-free iPS cells for re-

generative medicine. However, the cell extracts containing 

reprogram factors have to be added once a week for 6 

weeks, and the generation of protein-human iPS cells is 

very slow and inefficient, requiring further improvement. 

In particular, the whole protein extracts used in that study 

limited the concentrations of factors delivered into the 

target cells, suggesting that p-hiPS cells may be more ef-

ficiently generated using purified reprogramming proteins. 

CONCLUSIONS 

The generation of iPS cells 6 years ago has provided a 

unique platform to dissect the mechanisms of cellular re-

programming and enormous potential for regenerative 

medicine.19 As the reprogramming technology moves from 

basic science field towards translational medicine, efficient 

derivation of transgene-free iPS cells with non-viral 

methods is absolutely critical. Although viral transduction 

of the Yamanaka factors remains the most common 

strategy of producing iPS cells, many non-viral methods 

have emerged to improve the safety of iPS cells generation. 

Compared to viral methods, DNA transfection-based met- 

hods appear safer, but they also entail some risk of ge-

nomic recombination or insertional mutagenesis. Although 

excisable vectors may prove suitable for most applications, 

and the transgenes can be excised by inducible gene ex-

pression once reprogramming is established, residual se-

quences and chromosomal disruptions may still result in 

harmful alterations, posing clinical risks. Compared with 

viral transduction, DNA transfection-based methods also 

has a major drawback-low reprogramming efficiency. Ho- 

wever, DNA transfection-based methods are simple and 

highly accessible. The use of mRNA has higher efficiency 

but is technically complex. Methods that rely on protein 

delivery might become routine once their efficiency is 

enhanced because of complete elimination of the use of 

genetic material. However, the protein-based methods are 

challenging since the recombinant proteins have to be 

generated and purified to reach the quantities required for 

iPS cell generation, requiring either more than 4 rounds of 

protein treatment or chemical treatment (such as valproic 

acid). What is more, protein-based methods necessitate 

expertise in protein chemistry and handling-skills that 

many laboratories are lack of. Since some small molecules 

have been identified as enhancing reprogramming effi-

ciency and replacing certain reprogramming factors,20 re-

programming by defined chemical means may be achieved 

in the future. In this article, we compared different 

non-viral methods of iPS cell generation, elaborating the 

advantages, disadvantages, efficiency, and safety of those 

methods. Given the rapid progress of this field, further 

optimization of the methods will certainly facilitate their 

translation into clinical application. 
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