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Embryonic stem cells possess the ability to differentiate into all cell types 

of the body. This pliable developmental state is achieved by the function 

of a series of pluripotency factors, classically identified as OCT4, SOX2, 

and NANOG. These pluripotency factors are responsible for activating the 

larger pluripotency networks and the self-renewal programs which give 

ES cells their unique characteristics. However, during differentiation plu-

ripotency networks become downregulated as cells achieve greater li-

neage specification and exit the cell cycle. Typically the repression of plu-

ripotency is viewed as a positive factor to ensure the fidelity of cellular 

identity by restricting cellular pliancy. Consistent with this view, the ex-

pression of pluripotency factors is greatly restricted in somatic cells. 

However, there are examples whereby cells either maintain or reactivate 

pluripotency factors to preserve the increased potential for the healing of 

wounds or tissue homeostasis. Additionally there are many examples 

where these pluripotency factors become reactivated in a variety of hu-

man pathologies, particularly cancer. In this review, we will summarize 

the somatic repression of pluripotency factors, their role in tissue ho-

meostasis and wound repair, and the human diseases that are associated 

with pluripotency factor misregulation with an emphasis on their role in 

the etiology of multiple cancers. 
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THE CORE PLURIPOTENCY NETWORK  

Pluripotency factors regulate a host of biological processes essential to establishing the em-
bryonic state. Of these, three factors, SOX2, OCT4, and NANOG, have been identified as the 
three core factors regulating cellular pluripotency1-3. Beginning in the early embryo, SOX2, 
OCT4, and NANOG are expressed in the inner cell mass (ICM) of the developing blastocyst and 
are required for the maintenance of pluripotency, and upon embryonic differentiation these 
factors are downregulated4-8. These core factors are so vital for the maintenance of a pluripo-
tent state that they have now become part of the standard reprogramming cocktail for the gen-
eration of induced pluripotent stem (iPS) cells9. OCT4 and SOX2, along with c-MYC and KLF4, are 
crucial for the generation of iPS cells, and the gene expression profile of these iPS cells is nearly 
identical to that of embryonic stem (ES) cells, illustrating their importance for maintaining the 
stem cell phenotype10. Indeed the ability of these reprogramming factors has in part given them 
the designation of master regulators, where they can activate target genes even when epigenet-
ically repressed11,12. Therefore, due to the powerful transcriptional effects of these pluripotency 
genes, they must be subject to rigorous regulation throughout development to restrict their 
activation and allow for proper development. 

SILENCING OF PLURIPOTENCY IN THE SOMA 

Given that pluripotency is restricted to the ICM of the blastocyst a mechanism of silencing in 
somatic tissues should exist. It has been found that in ES cells the core pluripotency genes are 
marked by the activating histone modification histone H3 lysine 4 trimethylation (H3K4me3), 
and then during differentiation this mark is replaced by the silencing histone 3 lysine 27 trime-
thylation (H3K27me3) mark13,14.  Concurrent with this regulation of histone methylation, there 
is a clear correlation of DNA methylation on the epigenetic regulation of the core pluripotency 
genes. The DNA at the promoters of the core genes are typically unmethylated in the embryonic 
state, however, they become rapidly methylated during differentiation, although there are 
some cases where Sox2 evades DNA methylation14,15. This regulation is mediated in part by the 
activity of both DNMT activity in ES cells and the DNA demethylases such as TET1. Oct4 specifi-
cally is methylated both at enhancer and promoter regions during the differentiation process 
and is dependent on DNMT3a and DNMT1 for this methylation16. When Tet1 is downregulated, 
the Nanog promoter becomes methylated and it is subsequently silenced17. TET proteins includ-
ing TET1 and TET2, and the DNMT3 family are crucial for methylating DNA during differentiation 
and silencing of pluripotent genes. In a study evaluating the epigenome of differentiated and ES 
cells, the DNA cytosine methylation in ES cells was mostly in a non-CpG context. These marks 
were associated with gene bodies and were greatly depleted as cells differentiated. The reduced 
non-CpG methylation was associated with lower transcriptional activity of developmentally re-
levant genes in differentiated cells, indicating that non-CpG DNA cytosine methylation might be 
key for the regulation of developmental genes18. Pluripotency genes may also be regulated by 
miRNAs. It was found that let-7 miRNAs suppress self-renewal in ES cells and their downregula-
tion was able to de-differentiate somatic cells to iPS cells. Let-7 miRNAs are able to directly 
downregulate Oct4, Sox2, and Nanog and likely contribute to the stability of the differentiated 
state19.  
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TISSUE HOMEOSTASIS AND WOUND HEALING 

Pluripotency networks are not only crucial for the differentiation and organogenesis of embryo-
nic tissues, but there is increasing evidence that tissue homeostasis and regeneration could in-
volve the temporary acquisition of pluripotent gene networks. To maintain these tissues rare 
populations of adult stem cells actively dividing and differentiating20,21. In particular, Sox2, Oct4, 
and Nanog are involved in maintaining the plasticity of these adult stem cells.  

Sox2 in Homeostasis and Wound Healing  

Sox2 remains expressed in many adult tissues including the sperm cells, cervix, gut, esophagus, 
trachea, bronchiolar epithelium, the brain and sensory cells like the retina and taste buds22,23. 
These Sox2+ cells originate from Sox2+ progenitors and are essential for the maintenance of 
these tissues22. Sox2+ cells have also been found in the adult brain in sites such as the white 
matter, cerebellum, and the hippocampus24-26. In the hippocampus, Sox2 is required for the 
maintenance of neural stem cells during adulthood26. Beyond maintenance of the adult brain, 
Sox2 expression has been shown to be upregulated in response to invasive brain injuries by ac-
tivation of Notch and Sonic hedgehog signaling 27,28. Sox2 is also required for the maintenance 
of many types of neuroendocrine cells throughout the body29-31. 

Similarly, Sox2 expressing cells are present in other non-neural or neuroendocrine tissues in the 
adult as well. A population of Sox2 expressing cells is found in the adult pituitary and help it re-
generate in response to injury32-35. There are similar mechanisms throughout the body including 
the trachea and the intestinal crypts where Sox2 expressing cells maintain and repair these tis-
sues36,37. Furthermore, Sox2 is required for osteoblast function and self-renewal38. Therefore 
there is a significant role for SOX2 in the development and maintenance of many tissues outside 
of the embryonic state. 

Oct4 and Nanog in Homeostasis and Wound Healing  

Mainly Oct4, sometimes in combination with Nanog, has been shown to be expressed in a varie-
ty of adult tissues, most commonly seen in hematopoietic and mesenchymal progenitors found 
in the bone marrow39-43. Oct4 is also found in a wide variety of other progenitors in different 
body tissues, yet Oct4 expression is not required for tissue homeostasis in the same way as 
Sox244. The one exception is the need for Oct4 expression for the viability of adult germ 
cells45,46. 

Although Oct4 itself may not be required for tissue regeneration like Sox2, small populations of 
cells in the body that exhibit stem-ness population have been seen. A population of cells called 
very small embryonic-like cells (VSELs) has been discovered in many adult tissues that do ex-
press Oct4 and Nanog and are able to differentiate into all the germ layers but not self-
renew47,48. It is unknown if these VSELs play a role in tissue homeostasis in contrast to other 
Oct4+ progenitor cells in the adult48.  
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ABERRANT PLURIPOTENCY FACTOR EXPRESSION IN DEVELOPMENTAL DISEASE 

Due to the importance of the core pluripotency factors in the establishment of ES and iPS cells, 
it is no surprise that mutations in these factors can cause developmental diseases. As Sox2 re-
mains expressed past the blastocyst stage and into organogenesis, mutations in the gene can 
cause a multitude of developmental defects (Table 1)23,49. In contrast, Oct4 and Nanog are large-
ly not expressed after the early stages of development, but they do contribute to the viability of 
germ cells50-53. In the past two decades, scientists have attributed many developmental prob-
lems to misregulation of these core factors, predominantly SOX2.  

Table 1 

Disorder 
Pluripotency 

Factors 
Gene Networks References 

Anothplamia,-
esophageal-genital syn-
drome 

Sox2 Notch, Pax6 63-65,73
 

CHARGE syndrome Sox2 Chd7 65
 

Cochlear malformation Sox2 Wnt 67
 

Chronic kidney disease Sox2  65,75 

Dentate gyrus hypopla-
sia 

Sox2 Shh 26 

Hypogonadotropic hypo-
gonadism 

Sox2 Wnt 60 

Taste sensory defects Sox2 Wnt 68 

The Role of Sox2 in Early Development 

The transcription factor Sox2 is necessary for development from the earliest stages after con-
ception. It has been shown that most Sox2-/- zygotes arrest as morulas, although a few can sur-
vive to become blastocysts where they fail at implantation7,54. In the blastocyst stage, Sox2 is 
expressed as the earliest marker of the inner cell mass, and the trophectoderm54,55 Sox2 contin-
ues to be expressed in the extraembryonic endoderm as well as the primitive ectoderm 7. As the 
germ layers are formed, Sox2 is upregulated in cells that choose the neural ectoderm fate and 
suppresses the formation of mesoderm 56.  

Sox2 in Neural/Sensory System Development and Disease 

Sox2 is present in the neuroectoderm from early stages, and remains expressed in neural stem 
cells to promote survival in the central and peripheral nervous system57,58. In early develop-
ment, the brain forms normally without Sox2 and no defects are seen at midgestation in the 
mouse59. However, mutations in Sox2 do cause defects in postnatal mouse development in the 
telencephalon, particularly in the hippocampus dentate gyrus through misregulation of sonic 
hedgehog signaling26,60. In later fetal development, Sox2 is strongly expressed in the thalamus 
and hypothalamus60,61. It is no surprise that mutations in Sox2 have been known to affect the 
formation of the hypothalamus-pituitary system, by causing hypoplasia of the anterior pituitary 
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and gonadotrophin deficiency, resulting in fertility deficiencies60,62. Mutations in Sox2 have also 
been shown to affect eye development, causing anophthalmia or microthalmia63-65. These de-
fects are caused by misregulation of differentiation in the optic cup by disruption of Notch1 sig-
naling and Pax6 function which are both orchestrated by Sox2 function63,64,66. Other sensory 
systems are affected as well including the development of the cochlea and regulation of WNT 
signaling to form taste buds65,67,68. Sox2 mutations can result in these defects occurring togeth-
er: coloboma, heart malformation, atresia of the choanae, retarded growth and development, 
and genital and ear abnormalities or (CHARGE) syndrome as a result65. 

Sox2 in Gut, Lung, Kidney System Development and Disease 

Sox2 is involved in the development of other organs, such as the gut where it is essential for 
anterior and posterior patterning and guides the tissue towards a gastric fate over an intestinal 
identity69-71. In the development of the foregut, Sox2 is expressed to form the trachea, esopha-
gus, and the esophageal epithelium70,72. If Sox2 is mutated, this can sometimes result in anoph-
thalmia,-esophageal-genital syndrome (AEG) where the formation of the esophagus and trachea 
is abnormal and these structures fail to separate63,73. Once the lungs have formed, Sox2 is es-
sential for normal lung branching and the maintenance of lung progenitor cells29,74. Sox2 muta-
tions have also been implicated in chronic kidney disease65,75. 

Oct4 in Early Development 

Oct4 is present throughout the morula, expressed highly in the inner cell mass, and promotes 
differentiation into primitive endoderm76-78. As the blastocyst differentiates into the germ lay-
ers, Oct4 specifies mesoderm while suppressing neural ectoderm56,79,80.  

Oct4 in System Development and Disease 

Although Oct4 plays an important role in early development, it is silenced in embryonic stem 
cells, and not expressed in the development of the organs with the exception of the primordial 
germ cells44,52,81. Oct4 is necessary for the switch from the pluripotent stem cells to the germ 
cells, thus problems with this mechanism can lead to infertility51-53. Although mutations in Oct4 
itself do not cause any developmental diseases directly, the misregulation of many of Oct4’s 
binding partners is associated with diseases82. 

The Role of Nanog in Development and Developmental Disease 

Nanog appears in the late morula, the blastocyst and is expressed in the inner cell mass83. Na-
nog-/- blastocysts cannot survive, although after implantation Nanog becomes 
downregulated83,84. Nanog is commonly expressed temporally and spatially with Oct483,85,86. 
Similarly to Oct4, Nanog is not expressed in the tissues after early development except for the 
primordial germ cells where it necessary for the PGCs to mature on the germ ridge50. 
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ABERRANT PLURIPOTENCY FACTOR EXPRESSION IN CANCER 

The role of Sox2 in Cancer 

In recent years, much work has begun to elucidate the role and association of Sox2 in cancer in 
a vast array of human and mouse tumor types (Table 2). In a chemically-induced model of 
mouse squamous cell carcinoma, Sox2 enriched cells were the tumor propagating cells, and 
conditional deletion of Sox2 decreased tumor formation and led to regression in existing tu-
mors87. Sox2 expression was required for tumorigenicity of mouse osteosarcoma and knockout 
of Sox2 decreases the cancer stem cell-like phenotype seen in Sox2+ osteosarcoma cells88. In 
both human and mouse bladder cancer, Sox2 is overexpressed in pre-neoplastic and neoplastic 
tumors, where the knockout of Sox2 decreased tumor invasiveness89. Given that Sox2 is a pluri-
potency gene, it is unsurprising that expression of Sox2 in human glioblastoma multiforme 
(GBM) cells was able to direct differentiation in to a stem-like state capable of tumor propaga-
tion90. Also in human glioma and glioblastomas, Sox2 expression had a positive correlation with 
tumor grade. In this cohort, Sox2 expression was highest in hypercellular areas with highly proli-
ferative cells91. A separate study verifies these results by showing that Sox2 is decreased in more 
differentiated GBM samples, and overexpression of Sox2 in cell culture leads to increased proli-
feration and stemness92. GBM cells in culture are dependent on Sox2 to proliferate and form 
colonies and knockout of Sox2 reduced these phenomena93. Human ER-positive breast cancer 
cells in culture that were resistant to tamoxifen therapy had high levels of Sox2. In fact, in a co-
hort of patients with ER-positive breast cancer, Sox2 was more highly expressed in those who 
were not responsive to treatment, compared to patients whose cancer was responsive to 
treatment. In a larger patient set, Sox2 expression was found to be prognostic of poor overall 
and disease-free survival94. Despite the high expression of Sox2 seen in patients with ER-positive 
breast cancer in Piva et al., patients with sporadic, basal-like breast cancer in a separate cohort 
had an inverse relationship between Sox2 expression and ER expression95. In two cervical cancer 
lines, Sox2 was overexpressed and marked a subset of stem-like cells96. Sox2 has also been 
found to be upregulated in liquid tumors such as ALD-positive large-cell lymphoma, in which 
Sox2 expression imparts a more “plastic” phenotype97. Finally, Sox2 has been implicated in the 
switch to androgen resistance and involves the function of the tumor suppressors Rb1 and 
p5398. 

In addition to the studies linking Sox2 expression to cancer phenotypes, a number of studies 
have shown an association between expression of Sox2 and clinical outcome. In breast cancer, it 
was suggestive that Sox2 expression could be a biomarker of resistance to therapy, as well as 
poor overall and disease free survival94. Sox2 expression in head and neck squamous cell carci-
noma was associated with tumor recurrence and poor prognosis99. In tongue squamous cell 
carcinoma, Sox2 expression is significantly associated with tumor stage, cell differentiation, and 
metastasis100. A large study of patients with gastric cancer who had undergone surgical resec-
tion of the tumor found that Sox2 positivity was correlated with invasion depth, lymph node 
metastasis or invasion, and that the prognosis of patients with Sox2 positive cancers was signifi-
cantly worse than the prognosis of patients who had Sox2 negative cancers101. In a study of non 
small-cell lung cancer samples, Sox2 was significantly overexpressed in cancer cells, and not in 
preneoplastic or healthy tissues, although no correlation with histopathological data was seen in 
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this study102. Interestingly, in synovial sarcoma, Sox2 was expressed at relatively low levels and 
had no correlation to clinicopathological data103.  

Table 2 

Cancer 
Pluripotency 

Factors 
Roles Gene Networks References 

Bladder cancer SOX2 Tumor Invasiveness  
89

 

Breast cancer SOX2, OCT4, 
NANOG 

Tamoxifen resistance, poor 
survival, proliferation, metasta-
sis 

Wnt/B-Catenin, 
miR-129-5p, 
p16INK4a, 
p14ARF, Bcl-2/Bax,  
p53 

94,95,111,121,125
 

Cervical cancer SOX2, NA-
NOG 

Maintain CSCs, immune eva-
sion 

EGF/PI3K, miR-
181a-2-3p, let-7i-
5p, AKT 

96,128
 

Colorectal cancer NANOG Maintain CSCs, proliferation, 
drug resistance 

 120,127
 

Esophageal cancer SOX2 Differentiation  108 

Gastric cancer SOX2, OCT4, 
NANOG 

Tumor grade, metastasis, poor 
survival 

IGF2, IGF2R 
101,130-132

 

Glioblastoma  SOX2 Maintain CSCs, tumor propaga-
tion, proliferation, dedifferentia-
tion 

BEX1 and BEX2, 
miR-145, miR-143, 
miR-253, miR-462 

90-93
 

Hepatocellular carcino-
ma 

NANOG Maintain CSCs, metastasis,   126
 

Lung cancer (non-small 
cell) 

SOX2, OCT4, 
NANOG 

Tumor progression, drug resis-
tance, EMT, poor survival 

CD133, EGFR, 
NEAT1, MALAT1 

102,114-

116,118,122-124
 

109
 

Lung cancer (small cell) SOX2 Proliferation  
105

 

Lung cancer (squamous) SOX2 Proliferation Hedgehog 
104

 

Lymphoma SOX2 Dedifferentiation Wnt/B-Catenin, 
Myc 

97
 

Osteosarcoma SOX2 Maintain CSCs, proliferation Hippo/YAP 
88

 

Ovarian cancer OCT4, NA-
NOG 

Tumor progression, proliferation FSH, Notch, AR 
119,133

 

Prostate cancer SOX2, OCT4 Maintain CSCs, drug resistance AR, CD133 
98,117

 

Squamous cell carcino-
ma (head and neck) 

SOX2, NA-
NOG 

Tumor reoccurrence, poor sur-
vival, metastasis 

Wnt/B-Catenin, 
Cyclin B, SNAIL, 
AFF4 

99,100,110,129
 

Squamous cell carcino-
ma (skin) 

SOX2 Maintain CSCs, tumor propaga-
tion, proliferation, survival, ad-
hesion, invasion and paraneop-
lastic syndrome 

Epigenetic regula-
tion 

87
 

Much work has shown that Sox2 is expressed in a wide array of cancers. However, the exact 
molecular mechanism of Sox2 activation in cancer is unknown, although there are several hypo-
theses for how Sox2 drives tumor dynamics. A 2014 study by Justilien et al found an overexpres-
sion of SOX2 by way of amplification of chromosome 3q26 in five human lung cancer cell lines. 
Mechanistically, it was found that PKCi, which is also amplified on chromosome 3q26, phospho-
rylates SOX2, which regulates SOX2 binding to hedgehog acyl transferase (HHAT). HHAT is cru-
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cial for hedgehog ligand binding and activation by SOX2 binding leads to downstream hedgehog 
activation. In the lung cancer lines studied, the expression of Sox2, HHAT, and PKCi were all re-
quired for the formation of oncospheres and proliferation in culture104. Chromosomal amplifica-
tion of SOX2 has also been implicated in small cell lung cancer (SCLC)105. The means of Sox2 
upregulation may be varied and tissue-specific, however, as Sox2 can be directly repressed by 
RB1, loss of Rb1 function is often a driver mutation for many tumors associated with Sox2 upre-
gulation 98,105-108. However, not all cases of Sox2 upregulation are connected to Rb1 function. In 
contrast to small cell lung cancer, lung squamous cell carcinomas are not strongly associated 
with Rb1 mutation, yet Sox2 is clearly associated with their growth and maintenance109. In 
mouse and human skin squamous cell carcinoma overexpression of Sox2 is observed and was 
found to be associated with activating histone marks, when it should be associated with repres-
sive marks in healthy tissue87. One study in human ALK-positive large-cell lymphoma cells found 
that Sox2 overexpression, along with doxorubicin-resistance and more aggressive growth, was 
triggered by oxidative stress caused by hydrogen peroxide97. In cervical cancer with upregula-
tions of epidermal growth factor (EGF) receptor, knockdown of the EGF/PI3K pathway reduced 
expression of Sox2, suggesting that this pathway may play a role in the upregulation of Sox2 in 
cervical cancer. Also in this study, it was found that expression of miR-181a-2-3p and let-7i-5p 
was able to downregulate Sox2 expression, alluding to a dual role of miRNA and EGF receptor in 
mediating Sox2 levels96.  

The downstream targets of Sox2 activity are also varied and likely tumor-specific. The Sox2 tar-
get YAP, a member of the Hippo pathway, was found to be activated in a mouse osteosarcoma 
model and was a direct driver of initiation and proliferation of the cancer88. Another pathway 
implicated with Sox2 in cancer is Wnt/ -Catenin. In human breast cancer and ALK-positive large-
cell lymphoma, higher levels of Sox2 expression led to higher Wnt signaling, which was asso-
ciated with resistance to tamoxifen in breast cancer and doxorubicin in lymphoma and could 
propagate the cancer stem cell phenotype94,97. Overexpression of Myc was found to be asso-
ciated with the same Sox2/Wnt/ -Catenin signaling axis in lymphoma97. A study in tongue 
squamous cell carcinoma also found Sox2-dependent overactivation of the Wnt/ -Catenin 
pathway, which was associated with epithelial-to-mesenchymal transition (EMT)100. In head and 
neck squamous cell carcinoma, Sox2 directly promoted cancer proliferation by upregulation of 
cyclin B1 and increase in SNAIL expression, which is associated with EMT, necessary for metas-
tasis99. An alternate mechanism found in head and neck squamous cell carcinoma is through 
Sox2 mediated expression of AFF4, which is a core component of the super elongation complex. 
AFF4 levels changed in parallel with Sox2, and knockout of AFF4 led to decreased proliferation, 
migration, and invasion of cells, as well as decreased aldehyde dehydrogenase activity, impor-
tant for tumor initiation110.  Sox2 may not only exert its tumorigenic properties via upregulation 
of cancer progressing pathways, but it also appears to have a role in the downregulation of tu-
mor suppressors. In GBM cells, Sox2 expression downregulates the tumor suppressors BEX1 and 
BEX2, however this effect is likely indirect as there are no SOX2 binding domains in either BEX 
protein93.  

In addition to multiple signaling pathways, Sox2 could exhibit its oncogenic effects by regulation 
of microRNA expression. Sequencing of GBM cells, showed that that miR-145, miR-143, miR-
253-5p, and miR-462 expression levels were responsive to Sox2 levels. The implications of some 
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miRNA expression in cancer has yet to be established but miR-145 is thought to target Sox2 to 
downregulate its expression, so overexpression of Sox2 combined with downregulation of miR-
145 could potentiate the tumorigenic effect of Sox293. In a separate study on breast cancer cell 
lines and patient samples resistant to Adriamycin therapy, low miR-129-5p expression was cor-
related with treatment resistance and a more aggressive phenotype in culture. Given that miR-
129-5p binds directly to Sox2, when levels of miR-129-5p were high, levels of Sox2 decreased 
and sensitized the cancer cells to treatment111.  

While it is clear that Sox2 is upregulated in a number of tumor types, and is likely correlated 
with clinical phenotype, more work is needed to determine how Sox2 affects cancer pheno-
types. Given the variety of pathways and associations with Sox2 in cancer, it is possible that the 
exact mechanism will be tumor or tissue-of-origin specific.  

Oct4 in Cancer 

Given the reprogramming power of Oct4, it also warrants investigation in a cancer setting. 
When using Oct4 to reprogram fibroblasts to iPS cells, the methylation pattern in early repro-
gramming resembles that of cancer cells, and these cells were able to form teratomas with ma-
lignant characteristics in xenografts112. In somatic tissues of adult mice, expression of Oct4 was 
sufficient to drive epithelial growths, which are dependent on Oct4 for proliferation. In the in-
testines of these animals, Oct4 expression inhibits differentiation of progenitor cells and reverts 
them to an embryonic-like phenotype113. In lung adenocarcinoma cells, Oct4 is significantly ele-
vated and is associated with expression of the stem cell marker CD133, as well as increased drug 
resistance and a higher propensity for EMT114. In non-small cell lung cancer with an activating 
epidermal growth factor receptor (EGFR) mutation, Oct4 was also associated with treatment 
resistance and expression of CD133115. When using human tumor-derived cell cultures of lung 
adenocarcinoma and bronchioloalveolar carcinoma it was found that, when compared to 
healthy tissue, only lung adenocarcinoma expressed higher levels of Oct4116. In an analysis of 
human prostate cancer lines, Oct4 was highly expressed in a subset of cells that were highly 
clonogenic and resistant to treatment with both docetaxel and gamma-radiation. These cells 
were CD133+, exhibited a stem-like state in culture, and formed highly aggressive tumors in 
mice117.  

Laboratory based studies of Oct4 in cancer have clearly indicated it is an important factor, as 
have studies evaluating clinical correlates. Along with the expression of Nanog and the EMT 
marker Slug, Oct4 expression marks high-grade lung adenocarcinomas and is associated with a 
worse prognosis for patients114. Also in lung adenocarcinoma, Oct4 was upregulated and corre-
lated with decreased differentiation, decreased survival, and increased tumor stage with worse 
clinical outcomes than Oct4-negative lung adenocarcinoma118. Oct4 was found to be highly ex-
pressed in EGFR-mutant non-small cell lung cancer and may be a marker for treatment resis-
tance in these patients115. In a separate study of human non-small cell lung cancer, Oct4 expres-
sion was associated with poor differentiation, and poor prognosis in patients who underwent 
surgical resection102 Oct4 was also overexpressed in ovarian cancer samples and was correlated 
with histological grade119.  
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Oct4 has been shown to activate a number of downstream pathways when implicated in cancer. 
Oct4 overexpression in mice that resulted in epithelial growths showed -catenin sig-
naling in these cells113. In human ovarian cancer, follicle stimulating hormone (FSH) has pre-
viously been shown to inhibit apoptosis, and has found to be dependent on the presence of 
Oct4. Oct4-mediated expression of FSH, leading to apoptotic inhibition also increased the ex-
pansion of ovarian stem-like cancer cells and upregulated the expression of other cancer-
relevant genes like Notch, Sox2, and Nanog120. Oct4 was also found to regulate the rate of apop-
tosis in breast cancer by a different mechanism. In breast cancer cell lines, Oct4 expression re-
gulated the expression of p16INK4a, p14ARF, Bcl-2/Bax, and p53, which may collectively lead to 
Oct4-mediated cell cycle progression and decreased rates of apoptosis121.  

It is possible that Oct4 may also exert its effect through regulation of long non-coding RNAs 
(lncRNA). In a study of human lung cancer samples, multiple lncRNAs were found to be direct 
transcriptional targets of Oct4. The most relevant of these were nuclear paraspeckle assembly 
transcript 1 (NEAT1), metastasis-associated lung adenocarcinoma transcript 1 (MALAT1), and 
urothelial carcinoma-associated 1 (UCA1). NEAT1 or MALAT1 overexpression led to cancer cell 
proliferation, migration, and invasion, and knocking down NEAT1 or MALAT1 decreased cancer 
cell growth and motility. These lncRNAs were so important to cancer progression that co-
expression of both, along with Oct4 was predictive of poor prognosis in lung cancer patients122.  

Ordinarily, Oct4 would be regulated by degradation by the ubiquitin proteasomal system (UPS), 
however, it is clear that in a cancer state, there is some level of misregulation that occurs. In 
healthy tissues this is mediated by OCT4 binding with CAV-1, a scaffolding protein, which allows 
for the degradation of OCT4 via UPS. In human lung cancer cells, nitric oxide (NO) facilitates the 
phosphorylation of CAV-1 by AKT, which subsequently does not allow OCT4 to complex with it, 
and therefore OCT4 does not get degraded via UPS. It is possible that the NO upregulation seen 
in many cancers is causal for increased levels of OCT4123. Another potential mechanism for regu-
lation was shown in lung adenocarcinoma cells. Here, BEX4, was more highly expressed in can-
cer samples than in healthy tissue, and was shown to positively regulate the expression of Oct4 
and was required for proliferation of these cells. Interestingly, BEX4 expression was regulated by 
mTOR activation and suggests a role for an mTOR/BEX4/Oct4 cascade in lung 
adenocarcinoma124.  

Intriguingly, one study has uncovered a positive role for Oct4 overexpression in cancer. In a 
large study of gastric cancer patients who underwent surgical resection, tumors that were Oct4 
negative correlated with invasion depth and lymph node metastasis or invasion. In this study, 
Oct4 negative patients had significantly worse outcomes than patients whose tumors were Oct4 
positive. The authors suggested that Oct4 might suppress tumorigenesis, but in light of the 
strong links to Oct4 expression and poor outcomes, it is probable that the positive effect of Oct4 
expression observed in this study is specific to gastric cancer101.  

Nanog in cancer 

Unsurprisingly, the third pluripotency factor covered in the scope of this review, Nanog, has also 
been implicated in cancer. In a mouse model of mammary cancer, Nanog signaling accelerated 
tumor growth and caused tumors to be highly metastatic125. Nanog is overexpressed in human 
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colorectal carcinoma cells, and it was found that these cells in culture have a high propensity 
towards a stem-like state. Human colorectal carcinoma cells readily form spheroids in culture 
and expression levels of Nanog increase greatly as the spheroids form. Inhibition of Nanog in 
this model decreased proliferation and G2-cell cycle related protein activation120. Studies with 
Nanog positive human hepatocellular carcinoma cells in culture demonstrated that Nanog posi-
tive cells readily differentiate into a wide variety of cancer cells, indicating the stemness of Na-
nog positive cells. These cells are highly invasive and metastatic, as well as resistant to chemo-
therapy126. In lung adenocarcinoma, Nanog was highly expressed and overexpression increased 
the CD133+ population in culture, as well as increasing drug resistance and EMT114.  

Like Sox2 and Oct4, Nanog also has strong clinical correlates. In hepatocellular carcinoma, ex-
pression of Nanog was correlated with a worse clinical outcome126. In a study of human colorec-
tal carcinoma cases, NANOG expression was associated with liver metastasis, which could make 
NANOG a marker of liver metastasis in colorectal carcinoma120,127. Also in colorectal cancer, NA-
NOG was more highly expressed in CD133+ tumor cells than in CD133− tumor cells, and expres-
sion was related to tumor grade, lymph node metastasis, and tumor stage using the TNM (tu-
mor extent, node invasion, presence of metastasis) staging system127. NANOG expression in 
human cervical cancer was associated with immune evasion and was found to be positively cor-
related with outcome and disease stage128. A study evaluating Nanog expression in lip squam-
ous cell carcinoma, actinic cheilitis, and normal lip epithelium found that Nanog was more high-
ly expressed in the pre-cancerous actinic chelitis, and in lip squamous cell carcinoma, when 
compared to normal epithelium. It is therefore possible that Nanog has a role in the switch from 
healthy to precancerous, to cancerous tissue129. Patients with gastric adenocarcinoma had a 
higher expression of NANOG in their excised tumors than in healthy tissue. Additionally, the 
expression of NANOG was correlated with tumor stage, lymph node status, extent of infiltration, 
differentiation, and poor prognosis130. A large meta-analysis of gastrointestinal luminal cancer 
found that NANOG expression was associated with patient gender, depth of infiltration differen-
tiation, TNM stage, and poor overall and disease-free survival, which implicates NANOG as a 
potential biomarker for gastrointestinal luminal cancer131. Surprisingly, a tissue microarray of 
human esophageal squamous cell carcinoma samples showed that increased expression of NA-
NOG was associated with favorable prognosis and response to cisplatin132. Given the above evi-
dence, it is puzzling that NANOG was favorable in these cases. Nevertheless, it is possible that 
the effect of Nanog is tumor or tissue specific and warrants further research.  

Nanog may exert its tumorigenic effects via a variety of downstream targets. In a transgenic 
mouse model of breast cancer, overexpression of Nanog alone is not sufficient to induce cancer. 
Instead, when in combination with an upregulation of Wnt-1, Nanog was able to promote the 
growth of highly metastatic tumors. In this model, Nanog was found to be associated with the 
expression of a number of tumor-relevant genes, including EMT markers and PDGFRa, which 
can also drive tumorigenesis, angiogenesis, and metastasis, corroborating Nanog’s effect in 
breast cancer125. In Nanog-positive hepatocellular carcinoma cells, insulin-like growth factor 2 
(IGF2) and insulin-like growth factor receptor (IGF1R) were upregulated, and their levels sensi-
tive to changes in Nanog expression. Nanog expression levels decreased when IGF1R was 
knocked out, indicating the presence of some sort of feedback loop along this signaling axis126. 
In a study of a variety of human cancer types, NANOG in precancerous and cancerous cervical 
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tissue was related to the expression of TCL1A and phosphorylated AKT, which have a role in 
promoting chemotherapy resistance and immune evasion128.  Interestingly, in human colorectal 
carcinoma, NANOG knockdown decreased expression of SOX2 and OCT4, indicating that the 
probable feedback loop between these three factors is relevant in cancer as well119.  

How Nanog becomes expressed in cancers is still largely unknown, but some work has been 
done to elucidate a mechanism. In ovarian cancer, both NANOG and the androgen receptor (AR) 
are highly expressed. Given that the androgen 5a-dihydrostestosterone (DHT) activated NANOG 
transcription, it is possible that AR induces NANOG transcription. Cells given DHT had higher 
tumorigenesis, proliferation, migration, and colony and sphere formation, all phenotypes ob-
served in NANOG-high cancers133.  

SUMMARY AND OUTSTANDING QUESTIONS  

While a great body of work has elucidated the role of the pluripotency factors in ES and iPS cells 
and there still requires a larger analysis of the roles of the core pluripotency network outside of 
pluripotency. While some pluripotency factors have been studied outside of pluripotency, such 
as the role of Sox2 in neural stem cells, there still remains to be a rigorous comparison of down-
stream network activation in non-pluripotent tissues compared to pluripotent stem cells. The 
information gathered to date indicate that there are indeed different roles for pluripotent genes 
in postnatal cell types that are different from their roles ES cells. This brings forth an interesting 
question: if exogenous pluripotent gene expression (such as those expressed during iPS repro-
gramming) are able to reprogram a cell to an ES-like state, why is it that adult cells that express 
core pluripotency genes not also mimic ES cells? Is it truly the combination of recombination 
factors alone, or are there some cell type-specific effects that modulate the network of genes 
activated by these pluripotency genes in contrast to the standard definition of a master regula-
tor134? Furthermore, what contribution could these cell type-specific effects have on the out-
come of pluripotency factor expression in a cell, whether it be a normal response to injury or a 
pathological response such as the formation of a tumor? This requires a greater understanding 
of the upstream regulators of the pluripotency factors in somatic tissues to understand these 
seemingly diverse roles of regeneration or disease.  

The function of the core pluripotency genes, SOX2, OCT4, and NANOG, is of vast importance in 
understanding early development, embryonic stem cell function, and cellular reprogramming of 
iPS cells. However, their roles are not limited to early development. They are responsible for the 
maintenance of many adult tissues, and their regeneration after wounding. Importantly, they 
are key to understanding multiple pathologies, including cancer. An understanding of how these 
genes work outside of a pluripotent context will be critical to guiding new therapies to the clinic 
to treat many pathologies and to perhaps enhance wound regeneration. 
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