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Abstract Induced pluripotent stem (iPS) cells are a

type of pluripotent stem cell artificially derived from

non-pluripotent cells by overexpressing the transcrip-

tion factors Oct4, Sox2, Klf4 and Nanog. These

transcription factors play a pivotal role in stem cells;

however, the function of these factors are not fully

characterized. In this study, we analyzed Oct4, Sox2,

Klf4 and Nanog in ten different species using bioin-

formatics, to provide more knowledge of the function

of these genes. Nanog does not exist in the inverte-

brates Caenorhabditis elegans and Drosophila mela-

nogaster, indicating that the absence of Nanog may

be responsible for the developmental differences

between vertebrates and invertebrates. Construction

of phylogenetic trees confirmed that the function of

Nanog is conserved from fish to mammals. The effect

of alternative splicing on the protein domains present

in Oct4, Sox2, Klf4 and Nanog were also analyzed.

Examination of the expression patterns in human stem

cells, iPS cells and normal tissues showed that Oct4,

Sox2, Klf4 and Nanog are expressed at similar levels in

iPS cells and embryonic stem cells, and expression of

all four transcription factors decreases after differen-

tiation. Expression of Klf4 reduced to the least during

differentiation, and Klf4 was found to be specifically

expressed in several normal tissues, especially the

salivary gland. In this paper, we systematically inden-

tified the family proteins of the four transcription

factors used to induce pluripotent stem cells, and then

analyzed their evolution status, composed of those

protein domains, alternative splicing translation,

expression status and interaction networks. Those

analysis could shed a light for further research of iPS.
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Introduction

When the transcription factors Oct4, Sox2, Klf4 and

Nanog are overexpressed in somatic cells, normal

differentiated cells attain a pluripotent stem cell-like

state and can subsequently differentiate into every cell
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type. The technique of creating induced pluripotent

stem (iPS) cells has huge therapeutic potential, as it

may enable the replacement of malfunctioned organs

with newly differentiated cells. Excitingly, the Zool-

ogy Reproductive Biology Laboratory at the Institute

of the Chinese Academy of Sciences has proven that

iPS cells can produce viable mice through tetraploid

complementation (Zhao et al. 2009).

Transcription factor proteins function by binding

specific DNA sequences to control the transcription of

DNA to mRNA (Babaie et al. 2007), by promoting or

blocking the recruitment of RNA polymerase to

specific genes. The transcription factors Oct4, Sox2,

Klf4 and Nanog act as triggers for the induction of

somatic cells to pluripotent stem cells. Oct4, Sox2,

Klf4 and Nanog are all essential in stem cells and play

an important role in biological processes. For exam-

ple, Oct4, also known as POU5F1, a homeodomain

transcription factor of the POU family, is specifically

expressed in all pluripotent cells during mouse

embryogenesis and also in undifferentiated embryonic

stem (ES) cells. Oct4 is downregulated during tropho-

blast differentiation, and mutant embryos lacking Oct4

exclusively develop into trophoblast-like cells, sug-

gesting that Oct4 is required to either establish or

maintain pluripotency in the embryo. Unlike tran-

scription factors which act in a binary on–off mode

(Pan et al. 2006), Oct4 appears to regulate cell fate in a

quantitative manner, and cooperates with the other

proteins in a network of transcription factors (Pan et al.

2006). Homeobox domain-containing Nanog is a

major protein in this network. During mouse embryo

development, Nanog mRNA is initially detected in the

interior cells of the compacted morulae, is then

confined to the inner cell mass and disappears from

the trophectoderm in the blastocyst stage (Pan and

Thomson 2007). Nanog plays a critical role in the

regulation of cell fate during embryonic development

by maintaining the pluripotent epiblast and preventing

differentiation (Chambers et al. 2003). Sox2 is a key

factor required in induced pluripotent stem cells (Zhao

and Daley 2008), and is also thought to regulate

expression of Oct4. In the absence of Sox2, forced

expression of Oct4 can induce cell pluripotency, and

Sox2 and Oct can perpetuate their own expression

when expressed concurrently (Masui et al. 2007).

Recently, Sox2 was found to directly regulate the

expression of DKK1, a member of the dickkopf family

gene, and determine the differentiation lineage of

human mesenchymal stem cells. Moreover, Sox2 also

regulates proliferation by affecting c-MYC (Park et al.

2012). Most genes function by working in co-opera-

tion with other genes, and Klf4 may occupy a central

position in the cooperative network composed of Oct4,

Sox2, Klf4 and Nanog. Klf4 shares many target genes

with Oct4 and Sox2 in embryonic stem cells, and Klf4

directly interacts with Oct4 when expressed at levels

sufficient to induce iPS cells. The Klf4 C-terminus

containing three tandem zinc fingers is responsible for

the interaction with Oct4 and is also required for

activation of the target gene Nanog (Wei et al. 2009).

Inducing stem cells from mouse and rat fibroblasts

using Oct4, Sox2, Klf4 and Nanog has proved viable;

however, iPS can also be derived from porcine (Ruan

et al. 2011) and monkey (Okahara-Narita et al. 2012)

fibroblasts. It is largely unknown how Oct4, Sox2,

Klf4 and Nanog lead to changes in the cell state

(Mattout et al. 2011), and systematic analysis of these

four transcription factors are lacking. In this study, we

identified these transcription factor proteins in ten

species, and constructed phylogenetic trees using the

protein sequences. The alternative splicing and protein

domains present in Oct4, Sox2, Klf4 and Nanog were

elucidated. We also examined the expression pattern

of these genes in human stem cells, induced plurip-

otent stem cells, normal tissues and different stages

during differentiation.

Methods

Data resources

The Oct4, Sox2, Klf4 and Nanog protein sequences used

for domain analysis and phylogenetic tree construction

were obtained from the NCBI database (http://www.

ncbi.nlm.nih.gov/). Transcript data used for alternative

splicing analysis was obtained from the UCSC website

(http://www.genome.ucsc.edu/). Expression analysis

datasets were obtained from the GEO database (Wang

and Burge 2008).

Identification of the transcription factor proteins

in ten species and phylogenetic tree construction

Known animal Oct4, Sox2, Klf4 and Nanog gene

sequences were obtained from the NCBI database and

used as templates. We selected the protein sequences
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with a high homology to the template sequences (as

estimated by BLASTX) from ten different species.

Sequences with an e-value \1020 were selected for

further analysis, also the coverage and notation were

considered during this selecting. Finally, the most

similar sequence for each transcription factor was

identified in each species, downloaded from the NCBI

and phylogenetic trees were constructed using MEGA

5 (Kumar et al. 2008) by the neighbor-joining method.

Domain analysis and identification of alternative

splicing

The functional protein domains of Oct4, Sox2, Klf4

and Nanog were analyzed using the Pfam sequence

tool (Punta et al. 2012). Domains with an e-value

\0.01 were analyzed further and are shown in the

domain image figures. For each selected sequence, the

gene locus was identified from the Ensemble website

using the BioMart (Stevenson et al. 2011) tool.

Subsequently, the transcript data for each gene was

downloaded from the entire genome of each species;

different transcripts of each transcription factor were

considered to be the result of alternative splicing. The

exons of each gene fragment were identified and

plotted as a chart of alternative splicing using Perl

programming language.

Expression analysis in human stem cells

and normal tissue

Expression data for Oct4, Sox2, Klf4 and Nanog was

obtained from the GEO microarray database. Dataset

GSE2361 (Ge et al. 2005) (which represents pooled

RNA samples from 2 to 84 donors to avoid differences at

the individual level) was used for normal human tissue

expression analysis. The expression levels of Oct4,

Sox2, Klf4 and Nanog in were examined at several

stages of human stem cell differentiation using the

dataset GSE9440 (Li et al. 2009). Raw data from the

datasets was downloaded from the NCBI database and

subsequently normalized using the RMA package in R

language. The normalized expression values of Oct4,

Sox2, Klf4 and Nanog were extracted and plotted.

Protein interaction network construction

The protein interaction networks of human Oct4, Sox2,

Klf4 and Nanog were constructed using Pathway

Studio software. The mRNA identification codes were

Fig. 1 The ten species

investigated in this study
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used for query sequences and only interacting proteins

were searched for. The searching database was based

on published papers; therefore, the interaction network

is experimentally proven and reliable.

Results

Identification and construction of phylogenetic

trees for the four transcription factors in ten species

As Oct4, Sox2, Klf4 and Nanog play such important

roles in stem cells and the early stages of development,

that they need to be well characterized. To systemat-

ically analyze the four transcription factors used to

induce pluripotent stem cells, we investigated Oct4,

Sox2, Klf4 and Nanog in ten species including

Caenorhabditis elegans, Drosophila melanogaster,

Danio rerio, chicken, Pan troglodytes, cow, mouse,

rat, human and pig, representing animals from nem-

atodes, to arth ropods and chordates. The species

studied are shown in Fig. 1. By searching for protein

sequences with a high homology to template RNAs,

we identified the Oct4, Sox2, Klf4 and Nanog proteins

in each species (Table 1). Proteins with a crucial

function in early development are often highly con-

served during evolution; therefore, we downloaded the

protein sequences and constructed phylogenetic trees

using the MEGA tool, to further analyze the function

and conservation of these transcription factors.

We assumed that the four transcription factors used

to induce pluripotent stem cells would exist in all

species; however, in contrast to this expectation, only

Oct4 was detected in D. melanogaster (Dme; Table 2).

Sox2, Klf4 and Nanog were absent from Dme,

suggesting that maintenance of the stem cell state in

Dme may be regulated via different factors and/or

mechanisms to mammalian cells. Additionally, Nanog

was not detected in C. elegans (Cel). Both Dme and

Cel are invertebrates (Table 2). Nanog is an essential

transcription factor required for the maintenance of

pluripotency and self-renewal in embryonic stem

cells, yet it is absent in invertebrates. We hypothesized

that Nanog may partially account for the develop-

mental differences in vertebrate and invertebrate stem

cells, via an unknown mechanism.

To investigate further, we collected the Nanog

protein sequences from the eight species it was detected

in, and constructed a phylogenetic tree (Fig. 2). T
a
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Vertebrate Danio rerio Nanog had the largest structural

difference to mammalian Nanog; however, vertebrate

and mammalian Nanog are considered to be generally

similar, as Nanog depletion led to gastrulation defects in

zebrafish embryos (Schuff et al. 2012) which could be

rescued by overexpression of murine Nanog. From this

experimental observation, we conclude that Nanog is

functionally conserved from fish to mammals. Oct4 in

Bos taurus and Sus scrofa were most similar, followed

by Human and Pan troglodytes, which were placed far

away from chicken Oct4 in the phylogenetic tree

(Fig. 3). The Sox2 phylogenetic tree was generally

similar to the Oct4 phylogenetic tree, apart from a few

small differences (Fig. 4); however, the Klf4 phyloge-

netic tree was totally different. As shown in Fig. 5,

chicken, cow and pig Klf4 had a close phylogenetic

Table 2 Number of alternatively spliced Oct4, Sox2, Klf4 and Nanog transcripts in ten species

Genes Species

Cel Dme Dre Gga Ptr Bta Mms Ssu Rno Hsa

4-Oct NA 2 NA NA NA NA 4 2 NA 3

Sox2 2 / NA NA NA NA NA NA NA NA

Klf4 NA / NA NA NA NA NA NA NA 3

Cel: Caenorhabditis elegans (worm); Dme: Drosophila melanogaster (fruit fly); Dre: Danio rerio (zebrafish); Gga: Gallus gallus

(chicken); Ptr: Pan troglodytes; Bta: Bos Taurus; Mms: Mus musculus; Rno: Rattus norvegicus; Hsa: Homo Sapiens; Ssc: Sus scrofa

‘‘/’’: no protein exists in this species; NA, no alternative splicing in this species

Fig. 2 Phylogenetic tree of

the Nanog proteins in eight

species

Fig. 3 Phylogenetic tree of

the Oct4 proteins in ten

species
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relationship, but were placed far away from Klf4 in the

six other species which were placed close together.

Alternative splicing and protein domains in Oct4,

Sox2, Nanog and Klf4

Alternative splicing is the process by which the exons

of a gene are spliced and reconnected in different

patterns. The resulting mRNAs may be translated into

different protein isoforms; thus, a single gene may

code for multiple proteins (Black 2003). Alternative

splicing accounts for the majority of protein diversity

(Black 2003) and has been found to modulate stem cell

differentiation (Fu et al. 2009). To further determine

the functions of Oct4, Sox2, Nanog, and Klf4, we

investigated if they are alternatively spliced, and

whether this could affect functions of these proteins.

Alternative splicing variants for the four transcription

factors were detected in several species.

Oct4 protein isoforms were most widely distributed

in the species we studied (Fig. 6a), with variants in

four species including Dme, human, mouse and pig.

Two Nanog isoforms were detected in mouse, which

may be linked to the fact that human and mouse

embryonic stem cells have a different capacity for self-

renewal and pluripotency. Human Klf4 (Fig. 6b), C.

elegans Sox2 (Fig. 6c) and mouse Nanog (Fig. 6c)

were also found to be alternatively spliced.

To further analyze how the four transcription factors

play a role in inducing pluripotency, we analyzed the

protein domains present in Oct4, Sox2 Nanog and Klf4

from ten species. All of the domains identified in the

four transcription factors are shown in Fig. 7. Oct4

contains a Pou and Homeobox domain. The Pou family

contains various members with a wide variety of

functions, all of which are related to development

(Andersen and Rosenfeld 2001); whereas the Homeo-

box domain typically functions by switching on other

gene cascades. The HMG-box domain present in Sox2

is involved in the regulation of DNA-dependent

processes such as transcription, replication and DNA

repair (Thomas 2001). The Zf-C2H2 domain present in

Klf4 functions as interaction module which binds DNA,

RNA, proteins or small molecules (Miller et al. 1985).

Fig. 4 Phylogenetic tree of

the Sox2 proteins in nine

species

Fig. 5 Phylogenetic tree of

the Klf4 proteins in nine

species
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We also investigated whether alternative splicing

altered the protein domains, and hence the function, of

Oct4, Sox2, Nanog and Klf4. Alternative splicing of

human Oct4 generated some isoforms which lost

domains (Fig. 8); however, alternative splicing did not

affect the protein domains of Sox2, Klf4 or Nanog.

Expression analysis in human stem cells

and mature normal tissues

Oct4, Sox2 Nanog and Klf4 are associated with

pluripotency and function at the stem cell stage;

therefore, expression of these transcription factors at

other developmental stages may indicate a critical

function. To systematically investigate the character-

istics of these genes, we examined their expression

patterns in detail using published human microarray

data from the GEO database.

Nanog mRNA is enriched in pluripotent cell lines

such as ES, embryonic germ (EG) cells and

embryonic carcinoma (EC) cells, but is not detected

in adult tissue (Pan and Thomson 2007), so we

analyzed its expression level during stem cell

Fig. 6 Alternative splicing

of the transcription factors

Oct4 (a), Klf4 (b), Sox2

(c) and Nanog (d) in ten

species. Each line represents

an individual transcript;

exons are indicated by

blocks, introns are

represented by lines. Red

exons have at least one

different alternative splicing

method. A black bold bar

represent an exon that had

no change in every different

transcription

Fig. 7 Protein domains in the transcription factors Oct4, Klf4,

Sox2 and Nanog
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development. Expression of Nanog significantly

declined during the differentiation process (Fig. 9)

and was almost undetectable in mature tissues

(Fig. 10). Sox2 displayed a totally different expres-

sion pattern. Expression of Sox1, Sox2 and Sox9

mRNA can be detected in both the fetal and adult

cerebellum (Alcock et al. 2009), and we observed that

Sox2 could also be detected in several other adult

tissues including the trachea, brain, amygdala and

corpus, as well as the cerebellum (Fig. 9). Oct4 has

been reported to be specifically expressed in embry-

onic stem cells and tumor cells, but not in differen-

tiated tissues (Tai et al. 2005). We observed that Oct4

was generally not expressed in mature tissues,

although it could be detected at low levels in the

thymus, small intestine, salivary gland and stomach,

compared to the high expression levels observed in

induced and embryonic stem cells. Interestingly, in

contrast to Oct4, Sox2 and Nanog, expression of Klf4

did not decrease significantly when stem cells differ-

entiated to mature tissues. Klf4 was specifically

expressed in the colon, skin, testis and stomach,

suggesting that Klf4 plays a function in these tissues.

Oct4 and Nanog were expressed at higher levels in ES

and iPS than Sox2 and Klf4, which indicates that the

factors used to induce pluripotent stem cells should be

used in these proportions, as evidence shows that high

expression of Oct4 and Nanog combined with low

expression of Sox2 and c-Myc can produce more

qualified iPS (Menendez et al. 2012).

Fig. 8 Protein domains present in the isoforms of the four transcription factors generated by alternative splicing. a Oct4 human, mouse

and D. melanogaster isoforms. b human Klf4 isoforms, mouse Nanog isoforms and C. elegans Sox2 isoforms
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Oct4, Sox2, Klf4 and Nanog interaction network

Proteins normally function by cooperating with other

proteins. In order to systematically investigate the

function of the four transcription factors, we collected

data on proteins reported to have regulatory or binding

relationships with Oct4, Sox2, Klf4 and Nanog, and

constructed an interaction network (Fig. 11). Many

proteins were identified to interact with Oct4, Sox2

and Klf4; however, Nanog, only interacts with three

known factors.

Forced expression of the transcription factors Oct4,

Sox2, Klf4 and Nanog can revert fibroblasts to a state of

pluripotency. These induced stem cells represent a

theoretically inexhaustible source of precursor cells,

which could be differentiated into any cell type to treat

degenerative, malignant or genetic disease, or injury

due to inflammation, infection and trauma (Theunissen

Fig. 9 Expression levels of the transcription factors Oct4,

Nanog, Sox2, and Klf4 during human embryonic stem cell

differentiation. Three types of human embryonic stem cells and

their derived cells (the undifferentiated human embryonic stem

cell line hES-T3 (T3ES), hES-T3 derived embryoid bodies

(T3EB) and hES-T3 differentiated fibroblast-like cells (T3DF))

were selected for RNA extraction. Expression data were treated

with the log2 method. RNA extraction was used from cultured and

differentiated cells: the methods have been described in the

materials and methods section

Fig. 10 Expression levels

of the transcription factors

Oct4, Klf4, Sox2 and Nanog

in 36 types of normal tissue.

Each tissue RNA sample

was pooled from several

donors. Results identify

tissue specific genes and

provide baselines for

interpreting gene expression

in cancer. Expression data

were treated with the RMA

(Robust Multi-array

Average) method. Each

transcription factor was

painted by a certain color in

the Fig. The method used for

the extraction of RNA have

been presented in the

materials and methods

section
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et al. 2011). The exact mechanisms which regulate the

formation of iPS remain unclear. Additionally, the

intrinsic self-renewal capability and pluripotency of iPS

cells makes them tumorigenic (Menendez et al. 2012);

therefore, a clear understanding of the four transcription

factors used to induce pluripotent stem cells is neces-

sary and may help to maximize the potential of iPS cells

as a promising resource.

Discussion

In this study we systematically analyzed the features of

Oct4, Sox2, Klf4 and Nanog in ten species using

bioinformatic methods. Protein identification indicated

that the transcription factor Nanog is absent from

invertebrates. As experiments have proven that Nanog is

crucial for the establishment of pluripotency and is

conserved in vertebrates (Theunissen et al. 2011), the

absence of Nanog may be one reason for the

developmental differences between invertebrates and

vertebrates; however, this hypothesis requires further

investigation. We also identified alternatively spliced

transcripts for all four transcription factors, and inves-

tigated whether alternative splicing affected the protein

domains present in Oct4, Sox2, Klf4 and Nanog. It is

known that alternative splicing during transcription can

lead to different results (Gabut et al. 2011) and responses

to different conditions (Wang and Burge 2008). It is

possible that the alternatively spliced transcripts

detected in this study may exert different functions

under different conditions, and the exact functions

of these transcription factor isoforms require further

research.

Expression analysis showed that Nanog and Oct4

are temporally expressed at the stem cell stage, but are

not expressed after differentiation. However Sox2 and

Klf4 had a different expression pattern: Sox2 was

detected in stem cells and also at low levels in several

mature tissues, including the trachea, brain, amygdala

Fig. 11 Human Oct4,

Nanog, Klf4 and Sox2

regulatory network
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and corpus; whereas the expression of Klf4 was not

significantly different in stem cells and mature tissues,

and Klf4 was specifically expressed in the colon, skin,

testis and stomach.

Conclusions

The exact mechanisms regulating the reprogramming

of somatic cells back to a pluripotent state are not fully

characterized. Systematic analysis of the transcription

factors used to induce stem cells has provided further

information; however; some details of the function of

Nanog, Oct4, Sox2 and Klf4 remain unclear. For

example, further research is required to investigate

why some of these stem-cell related factors are present

in various species and absent from others, and also

determine why Klf4 and Sox2 are expressed in specific

mature tissues.

Acknowledgments This work was supported by grants from

the National Natural Science Foundation of China in Research

Foundation for Function of Gap Junction Protein during

Embryonic Development of Sheep (No. 30660123).

Open Access This article is distributed under the terms of the

Creative Commons Attribution License which permits any use,

distribution, and reproduction in any medium, provided the

original author(s) and the source are credited.

References

Alcock J, Lowe J, England T, Bath P, Sottile V (2009)

Expression of Sox1, Sox2 and Sox9 is maintained in adult

human cerebellar cortex. Neurosci Lett 450:114–116.

doi:10.1016/j.neulet.2008.11.047

Andersen B, Rosenfeld MG (2001) POU domain factors in the

neuroendocrine system: lessons from developmental biol-

ogy provide insights into human disease. Endocr Rev 22:

2–35

Babaie Y, Herwig R, Greber B, Brink TC, Wruck W, Groth

D, Lehrach H, Burdon T, Adjaye J (2007) Analysis of

Oct4-dependent transcriptional networks regulating self-

renewal and pluripotency in human embryonic stem

cells. Stem cells 25:500–510. doi:10.1634/stemcells.

2006-0426

Black DL (2003) Mechanisms of alternative pre-messenger

RNA splicing. Annu Rev Biochem 72:291–336. doi:10.

1146/annurev.biochem.72.121801.161720

Chambers I, Colby D, Robertson M, Nichols J, Lee S, Tweedie

S, Smith A (2003) Functional expression cloning of Nanog,

a pluripotency sustaining factor in embryonic stem cells.

Cell 113:643–655

Fu RH, Liu SP, Ou CW, Yu HH, Li KW, Tsai CH, Shyu WC,

Lin SZ (2009) Alternative splicing modulates stem cell

differentiation. Cell Transpl 18:1029–1038. doi:10.3727/

096368909X471260

Gabut M, Samavarchi-Tehrani P, Wang X, Slobodeniuc V,

O’Hanlon D, Sung HK, Alvarez M, Talukder S, Pan Q,

Mazzoni EO, Nedelec S, Wichterle H, Woltjen K, Hughes

TR, Zandstra PW, Nagy A, Wrana JL, Blencowe BJ (2011)

An alternative splicing switch regulates embryonic stem

cell pluripotency and reprogramming. Cell 147:132–146.

doi:10.1016/j.cell.2011.08.023

Ge X, Yamamoto S, Tsutsumi S, Midorikawa Y, Ihara S, Wang

SM, Aburatani H (2005) Interpreting expression profiles of

cancers by genome-wide survey of breadth of expression in

normal tissues. Genomics 86:127–141. doi:10.1016/j.

ygeno.2005.04.008

Kumar S, Nei M, Dudley J, Tamura K (2008) MEGA: a biolo-

gist-centric software for evolutionary analysis of DNA and

protein sequences. Brief Bioinform 9:299–306. doi:10.

1093/bib/bbn017

Li SS, Yu SL, Kao LP, Tsai ZY, Singh S, Chen BZ, Ho BC, Liu

YH, Yang PC (2009) Target identification of microRNAs

expressed highly in human embryonic stem cells. J Cell

Biochem 106:1020–1030. doi:10.1002/jcb.22084

Masui S, Nakatake Y, Toyooka Y, Shimosato D, Yagi R, Ta-

kahashi K, Okochi H, Okuda A, Matoba R, Sharov AA, Ko

MS, Niwa H (2007) Pluripotency governed by Sox2 via

regulation of Oct3/4 expression in mouse embryonic stem

cells. Nat Cell Biol 9:625–635. doi:10.1038/ncb1589

Mattout A, Biran A, Meshorer E (2011) Global epigenetic

changes during somatic cell reprogramming to iPS cells.

J Mol Cell Biol 3:341–350. doi:10.1093/jmcb/mjr028

Menendez S, Camus S, Herreria A, Paramonov I, Morera LB,

Collado M, Pekarik V, Maceda I, Edel M, Consiglio A,

Sanchez A, Li H, Serrano M, Belmonte JC (2012)

Increased dosage of tumor suppressors limits the tumori-

genicity of iPS cells without affecting their pluripotency.

Aging Cell 11:41–50. doi:10.1111/j.1474-9726.2011.

00754.x

Miller J, McLachlan AD, Klug A (1985) Repetitive zinc-bind-

ing domains in the protein transcription factor IIIA from

Xenopus oocytes. EMBO J 4:1609–1614

Okahara-Narita J, Umeda R, Nakamura S, Mori T, Noce T, Torii

R (2012) Induction of pluripotent stem cells from fetal and

adult cynomolgus monkey fibroblasts using four human

transcription factors. Primates J Primatol 53:205–213.

doi:10.1007/s10329-011-0283-1

Pan G, Thomson JA (2007) Nanog and transcriptional networks

in embryonic stem cell pluripotency. Cell Res 17:42–49.

doi:10.1038/sj.cr.7310125

Pan G, Li J, Zhou Y, Zheng H, Pei D (2006) A negative feedback

loop of transcription factors that controls stem cell pluri-

potency and self-renewal. FASEB J Off Publ Fed Am Soc

Exp Biol 20:1730–1732. doi:10.1096/fj.05-5543fje

Park SB, Seo KW, So AY, Seo MS, Yu KR, Kang SK, Kang KS

(2012) SOX2 has a crucial role in the lineage determination

and proliferation of mesenchymal stem cells through

Dickkopf-1 and c-MYC. Cell Death Differ 19:534–545.

doi:10.1038/cdd.2011.137

Punta M, Coggill PC, Eberhardt RY, Mistry J, Tate J, Boursnell

C, Pang N, Forslund K, Ceric G, Clements J, Heger A,

Cytotechnology (2014) 66:967–978 977

123

http://dx.doi.org/10.1016/j.neulet.2008.11.047
http://dx.doi.org/10.1634/stemcells.2006-0426
http://dx.doi.org/10.1634/stemcells.2006-0426
http://dx.doi.org/10.1146/annurev.biochem.72.121801.161720
http://dx.doi.org/10.1146/annurev.biochem.72.121801.161720
http://dx.doi.org/10.3727/096368909X471260
http://dx.doi.org/10.3727/096368909X471260
http://dx.doi.org/10.1016/j.cell.2011.08.023
http://dx.doi.org/10.1016/j.ygeno.2005.04.008
http://dx.doi.org/10.1016/j.ygeno.2005.04.008
http://dx.doi.org/10.1093/bib/bbn017
http://dx.doi.org/10.1093/bib/bbn017
http://dx.doi.org/10.1002/jcb.22084
http://dx.doi.org/10.1038/ncb1589
http://dx.doi.org/10.1093/jmcb/mjr028
http://dx.doi.org/10.1111/j.1474-9726.2011.00754.x
http://dx.doi.org/10.1111/j.1474-9726.2011.00754.x
http://dx.doi.org/10.1007/s10329-011-0283-1
http://dx.doi.org/10.1038/sj.cr.7310125
http://dx.doi.org/10.1096/fj.05-5543fje
http://dx.doi.org/10.1038/cdd.2011.137


Holm L, Sonnhammer EL, Eddy SR, Bateman A, Finn RD

(2012) The Pfam protein families database. Nucleic acids

research 40 (Database issue): D290-301. doi:10.1093/nar/

gkr1065

Ruan W, Han J, Li P, Cao S, An Y, Lim B, Li N (2011) A novel

strategy to derive iPS cells from porcine fibroblasts. Sci China

Life Sci 54:553–559. doi:10.1007/s11427-011-4179-5

Schuff M, Siegel D, Philipp M, Bundschu K, Heymann N,

Donow C, Knochel W (2012) Characterization of Danio

rerio Nanog and functional comparison to Xenopus Vents.

Stem cells Dev 21:1225–1238. doi:10.1089/scd 2011.0285

Stevenson P, Richardson L, Venkataraman S, Yang Y, Baldock

R (2011) The BioMart interface to the eMouseAtlas gene

expression database EMAGE. Database: J Biol Databases

Curation: bar029. doi:10.1093/database/bar029

Tai MH, Chang CC, Kiupel M, Webster JD, Olson LK, Trosko JE

(2005) Oct4 expression in adult human stem cells: evidence

in support of the stem cell theory of carcinogenesis. Carci-

nogenesis 26:495–502. doi:10.1093/carcin/bgh321

Theunissen TW, Costa Y, Radzisheuskaya A, van Oosten AL,

Lavial F, Pain B, Castro LF, Silva JC (2011) Reprogramming

capacity of Nanog is functionally conserved in vertebrates

and resides in a unique homeodomain. Development

138:4853–4865. doi:10.1242/dev.068775

Thomas JO (2001) HMG1 and 2: architectural DNA-binding

proteins. Biochem Soc Trans 29:395–401

Wang Z, Burge CB (2008) Splicing regulation: from a parts list

of regulatory elements to an integrated splicing code. RNA

14:802–813. doi:10.1261/rna.876308

Wei Z, Yang Y, Zhang P, Andrianakos R, Hasegawa K, Lyu J,

Chen X, Bai G, Liu C, Pera M, Lu W (2009) Klf4 interacts

directly with Oct4 and Sox2 to promote reprogramming.

Stem cells 27:2969–2978. doi:10.1002/stem.231

Zhao R, Daley GQ (2008) From fibroblasts to iPS cells: induced

pluripotency by defined factors. J Cell Biochem 105:949–955.

doi:10.1002/jcb.21871

Zhao XY, Li W, Lv Z, Liu L, Tong M, Hai T, Hao J, Guo CL, Ma

QW, Wang L, Zeng F, Zhou Q (2009) iPS cells produce

viable mice through tetraploid complementation. Nature

461:86–90. doi:10.1038/nature08267

978 Cytotechnology (2014) 66:967–978

123

http://dx.doi.org/10.1093/nar/gkr1065
http://dx.doi.org/10.1093/nar/gkr1065
http://dx.doi.org/10.1007/s11427-011-4179-5
http://dx.doi.org/10.1089/scd
http://dx.doi.org/10.1093/database/bar029
http://dx.doi.org/10.1093/carcin/bgh321
http://dx.doi.org/10.1242/dev.068775
http://dx.doi.org/10.1261/rna.876308
http://dx.doi.org/10.1002/stem.231
http://dx.doi.org/10.1002/jcb.21871
http://dx.doi.org/10.1038/nature08267

	Bioinformatic analysis of the four transcription factors used to induce pluripotent stem cells
	Abstract
	Introduction
	Methods
	Data resources
	Identification of the transcription factor proteins in ten species and phylogenetic tree construction
	Domain analysis and identification of alternative splicing
	Expression analysis in human stem cells and normal tissue
	Protein interaction network construction

	Results
	Identification and construction of phylogenetic trees for the four transcription factors in ten species
	Alternative splicing and protein domains in Oct4, Sox2, Nanog and Klf4
	Expression analysis in human stem cells and mature normal tissues
	Oct4, Sox2, Klf4 and Nanog interaction network

	Discussion
	Conclusions
	Acknowledgments
	References


