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Abstract
This review is focused on the role of Focal Adhesion Kinase (FAK) signaling in cancer stem cells.
The recent data demonstrate the important role of FAK in cancer stem cell proliferation,
differentiation, motility, and invasion. We showed recently that the transcription factor Nanog
binds the FAK promoter and up-regulates FAK expression, and that FAK binds Nanog and
phosphorylates it. This review discusses the interaction of FAK, Nanog, Oct-3/4, and Sox-2
signaling pathways that are critical for the regulation of cancer stem cells. The cross-linked
signaling of FAK with p53 and Nanog signaling in cancer stem cell and function and targeted
therapeutics approaches are discussed.
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CANCER STEM CELLS
Cancer stem cells are cells that can self-renew and differentiate into different lineage-
specific cancer cell types which promote tumor formation (Fig. 1) [1]. Cancer stem cells are
resistant to chemotherapies and contain specific cell surface markers [2]. The tumors are
heterogeneous and contain different types of cells: cancer cells that can’t generate tumors
when implanted into the immunocompromised (nude) mice, and cancer stem cells, which
can generate tumors [3]. Cancer stem cells were first isolated from AML (acute myeloid
leukemia) tumors based on cell surface markers after transplantation of AML cells into
immuno deficient (SCID) mice [4]. The leukemia-initiated cells that could produce large
numbers of colony forming progenitors were CD34+CD38− [4]. The cancer stem cells were
later isolated from different solid tumors: brain [5, 6], breast [7, 8], colon [9], pancreatic [7],
lung [8], and prostate [9] tumors. The progression of cancer stem cells to tumors depends on
tumor microenvironment or stroma that includes extracellular matrix, endothelial,
fibroblasts, and immune cells (macrophages, neutrophils, lymphocytes) (Fig. 1). There are
several models of the evolution of normal stem cells into cancer stem cells to drive tumor
progression. In one of them, the mutational event happens in transit-amplifying cells,
(highly-proliferating cells: progenitor populations) that can either differentiate into tumor
cell populations or de-differentiate into mutant or cancer stem cells [3].
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The cancer stem cells can also be generated through epithelial to mesenchymal transition
(EMT), when epithelial cells lose the cell-extracellular matrix and cell-cell contacts, and
become motile mesenchymal cells [3]. It is known that the primary epithelial cells are able
to form distant metastases. The epithelial to mesenchymal transition (EMT) program
regulates this metastatic process, where carcinoma cells invade the stroma and translocate to
parenchyma cells. The switch back from mesenchymal to epithelial state is mesenchumal
epithelial transition (MET), which occurs during carcinoma colonization [10]. The tumor
microenvironment induces activation of EMT programs in cancer cells, and EMT regulates
the transition of cancer cells into the cancer stem cells [10]. There are also different
epigenetic programs that play a role in the transitions between cancer and non cancer stem
cells. Thus, it was suggested due to the reversibility of EMT and MET that therapeutic
approaches should be developed that target cancer stem cells as well as tumor
microenvironment or proposed to develop therapies with a dual effect [10].

IMPORTANT TRANSCRIPTION FACTORS OF STEM CELLS
Many transcription factors play a significant role in the self-renewal of embryonic stem cells
and cancer stem cells. Expression of Sox-2, c-Myc, Oct-4, Klf-4 and Lin-28, together with
epigenetic changes can reprogram somatic cells into induced pluripotent stem cells (iPSC)
[11] (Fig. 2). These transcription factors are often overexpressed in tumors. We will focus
below on one of the important transcription factors, Nanog, described in detail below,
because we found that it is directly linked to FAK survival signaling [12].

NANOG
The name Nanog came from the Irish legend’s name Tir-na-Nog, which translates as “the
land of the ever young”. Nanog was discovered by Chambers et al [13] and by Mitsui et al
[14] in 2003. The name was given for the ability of Nanog to maintain self-renewal of
mouse embryonic cells. Nanog is a homeobox transcription factor that consists of the five
domains: N-terminal; homeodomain; C-terminal 1; tryptophan repeat and C-terminal 2
domains, and binds to the (C/G)(G/A)(C/G)C(G/C)ATTAN(G/C) or TAAT(TG)(TG)
sequence. The human Nanog 1 gene is localized on chromosome 12; there are several
retrogenes with different defects (stop codons, frameshifts, etc) and pseudogenes of Nanog.
One of the functional pseudo genes is Nanogp8, which is localized on chromosome 15, and
codes for a Nanog 8 protein that is overexpressed in cancer cells and plays a significant role
in tumorigenicity [15].

Nanog is required for the maintenance of pluripotency in embryonic stem cells and for germ
cell development [16]. Nanog deficiency causes embryonic lethality subsequent to the
formation of the inner cell mass E3.5 [16]. For induced pluripotency from human adult
dermal fibroblasts only four transcription factors were required Oct3/4;Sox-2;Klf-4 and c-
Myc [17]. Nanog was required for establishment of these pre-induced pluripotent cells and
thus is required in the final stages of cell reprogramming [16].

NANOG AND P53 IN CANCER STEM CELLS
p53 binds to the Nanog promoter and suppresses Nanog expression after DNA damage [18].
The rapid down-regulation of Nanog correlates with induction of Ser315 p53
phosphorylation, and induction of p53 transcriptional activity [18]. The role of Ser 315
includes the binding of the co repressor mSin3a to the Nanog promoter [18]. The p53-
dependent repression of Nanog expression represents one of the mechanisms of maintaining
genetic stability in embryonic stem cells by inducing differentiation (Fig. 3).
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p53 has been shown to have a critical role in the reprogramming of pluripotent cells and the
self-renewing of stem cells [19]. Disruption and inactivation of p53 pathway induced
production of pluripotent stem cells [20]. Kawamura et al showed that decreasing of p53
levels in mouse fibroblasts increased production of the pluripotent (iPS) stem cells by using
only two factors, Oct-4 and Sox2 [21]. One of the main players of p53-directed
reprogramming was a p53 target, p21 [21]. The p53-deficient cells were genetically
unstable, carried numerous DNA damage, short telomeres, and chromosome aberrations
[22]. The chimeric mice obtained from p53-deficient iPS cells generated tumors [20]. Thus,
p53-p21 and its cross-linked pathways control generation of iPS cells and tumorigenicity.

It was shown that Nanog regulated dedifferentiation of primary mice p53−/− astrocytes into
cancer stem-like cells [23]. Another group showed that loss of p53 activated the Hedgehog-
Gli pathway that up-regulated Nanog through p53-independent signaling by binding of Gli
transcription factors to the Nanog promoter [24]. Nanog was shown to regulate glioma stem
cell growth and tumorigenicity [24]. The Hedgehog and p53 pathways are cross-linked and
can cross-regulate Nanog expression because p53 directly suppresses Nanog and p53 also
suppresses Hedgehog [24]. The authors also propose a model that p53 represses Nanog
directly and indirectly through the Hedgehog pathway.

FAK
It is known that Focal Adhesion Kinase plays a significant role in tumor survival [25]. FAK
is a 125 kDa tyrosine kinase that contains N-terminal (FERM)-containing, Kinase and C-
terminal domains [26]. The Y397-FAK site is the main autophosphorylation site that is
phosphorylated once cells attached to the extracellular matrix through the integrin receptors,
then Src binds this site and other proteins, such as PI-3-Kinase, Shc, Nck-2, Grb-7 bind, and
this turns on activation of ATP-binding K454 site and phosphorylation of Y576/Y577 FAK
and other tyrosine sites and causes downstream cytoskeletal and cell morphology changes
[26]. FAK was shown to be important for cell adhesion, proliferation, motility, invasion and
angiogenesis [27]. Many tumors overexpress FAK mRNA and protein [28]. FAK was used
as a target for anti-cancer therapy with several inhibitors developed the targeting ATP-
binding site; the Y397 site [29–31], and other FAK functions and activities [32].

FAK AND P53 INTERACTION
The regulatory region or FAK promoter was cloned, and p53 transcription factor was shown
to bind FAK promoter and to repress its activity, while the NF-kappa B transcription factor
activated its activity [33]. Overexpression of the adenoviral wild type p53 blocked FAK
mRNA and protein expression [34]. The overexpression of wild type p53 repressed FAK
promoter activity, while overexpression of mutant p53 did not [34]. In addition, mutations of
p53 were highly correlated with high FAK expression in a population-based series of breast
cancer tumors [34, 35]. In addition, FAK was shown to bind p53 protein and inhibit its
transcriptional activity with p53-transcriptional targets: p21, Bax, and Mdm-2 [36]. Another
group showed that FAK binds p53 and also that FAK binds Mdm-2 to increase
ubiquitination and degradation of p53 [37]. We proposed a model where p53 represses FAK
promoter activity and where FAK sequesters p53 from apoptotic signaling to provide
survival signaling [38]. Thus, FAK and p53 are involved in regulation of survival/apoptotic
signaling in the cancer cells through p53-regulated FAK promoter activity and through
FAK-p53 protein binding. Targeting FAK-p53-Mdm-2 proteins is important for developing
targeted cancer therapies (Fig. 3).
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FAK AND STEM CELLS AND FAK AND NANOG INTERACTION
Targeted deletion of FAK in the mouse epithelial cells significantly decreased mammary
tumorigenesis [39]. The ablation of FAK decreased the cancer stem cell pool, demonstrating
that FAK maintains the population of the mammary stem cells to promote breast
tumorigenesis [39]. In addition, the FAK homologue, Pyk-2, can compensate for the
deletion of FAK in the mammary tumor cells, which is important for understanding breast
tumorigenesis and developing FAK and Pyk-2 targeted therapies [40].

FAK signaling was important in mesenchymal stem (MSC) motility [41]. Bone marrow or
cord blood-derived mesenchymal stem (MSC) cells are able to migrate toward tumors in
vitro and in vivo [41]. The stromal cell-derived factor SDF-1 is up-regulated in
mesenchymal stem cells and is important for stem cell migration. Stimulation of MSC cells
with SDF-1 activated FAK, which was associated with cytoskeletal and actin changes [41].
Thus, the study shows that the FAK pathway is critical for MSC cell motility toward the
tumor microenvironment and suggests that targeting tumor and stromal cells can be an
effective therapy approach [41].

We demonstrated recently that transcription factor Nanog, which plays a critical role in
cancer stem cell functions binds FAK promoter at four binding sites and up-regulates FAK
mRNA and protein expression in different cancer cell lines [12]. We showed that colon and
breast tumors overexpressed both Nanog and FAK proteins, while normal matched tissues
did not. In addition, we showed the interaction of FAK and Nanog proteins and
demonstrated that FAK was able to phosphorylate Nanog [12]. Nanog was also
phosphorylated by Src, Pyk-2 and PKC. In addition, wild type Nanog increased cancer cell
invasion, while Nanog with mutated tyrosines Y35F and Y174F decreased cell invasion
[12]. Our data are consistent with the recent data that showed that Oct-3/4 overexpressing
glioblastoma cells expressed increased invasion, which was associated with upregulation of
FAK and Src expression [42]. Another study showed recently that EphB2 receptor
controlled proliferation and migration/invasion of glioblastoma-derived stem-liked
neurospheres by interacting with FAK [43]. Thus, the data show an important role of FAK
in stem cell proliferation and invasion. FAK function has been shown to be critical for
squamous cell carcinomas in TGF-β receptor II-deleted mice [44]. FAK signaling was up-
regulated in these mice, which promoted cell survival, proliferation, tumor growth, and
carcinogenesis [44]. The data suggested that TGF β receptor II/TGF β and integrin/FAK
signaling interacted to control tumor initiation and growth and also the frequency of benign
tumor progression to malignant squamous cell carcinomas [44]. The data are consistent with
the role of FAK signaling in metastasis, where FAK-integrin beta 1 signaling controlled the
initial proliferation of micrometastaic mouse mammary carcinoma cells into the lung
parenchyma [45]. The activated FAK-integrin signaling played a significant role in
regulating proliferation of metastatic cancer cells under a three-dimensional condition of
culture, and inhibition of FAK signaling decreased the extravagation of the cancer cells into
lung parenchyma [45]. Thus, FAK plays a significant role in metastasis that includes
interactions of tumor cells and tumor microenvironment and host components, such as
extracellular matrix, immune cells, blood vessels and organ-specific cells [46]. Thus, the
data suggest that therapies that target both tumor and tumor microenvironment should be
developed to decrease tumor growth.

FAK, P53 AND NANOG IN CANCER STEM CELLS
In summary, we propose a model of cross-regulation of FAK, p53 and Nanog in cancer stem
cells (Fig. 3). FAK can bind Mdm-2 and activate p53 degradation [37]. P53 negatively
regulates Nanog and negatively regulates FAK. Thus, targeting complexes of FAK-Mdm-2-
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p53 with small molecules can up-regulate p53 activity. In addition, simultaneous addition of
the drugs targeting these interactions can decrease tumor growth through inhibition of
cancer stem cell survival. Up-regulation of p53 will inhibit Nanog and FAK survival
signaling pathways to increase cancer stem cell maintenance and cause cell growth
inhibition and decrease tumorigenesis. Thus, understanding this cross-linked signaling will
provide future anti-cancer therapy approaches.

CONCLUSIONS AND FUTURE PERSPECTIVES
In conclusion, there are many questions that need to be answered, such as understanding
down-stream signaling of Nanog-FAK regulation; the other proteins that co-operate with
Nanog in FAK up-regulation; the cross-linked signaling of p53-Nanog-FAK regulation; and
the role of phosphorylation of Nanog by FAK in tumorigenesis. It is known that p53 can
inhibit FAK promoter activity and that p53 can inhibit Nanog expression. At the same time,
we showed that Nanog can bind FAK promoter and can up-regulate FAK expression. The
question remains to answer: can p53 inhibit Nanog to inhibit FAK expression and thus
through this additional indirect mechanism can it regulate stem cell maintenance and
survival signaling. There are many questions on posttranslational modifications of Nanog,
such as Nanog phosphorylation by different intracellular kinases. There is increased
evidence that Nanog is localized not only in the nucleus, but also in the cytoplasm, and
Nanog protein has nuclear localization (NLS) and nuclear export (NES) signals. The future
studies are required to define the role of Nanog 1 and Nanog 8 in cancer stem biology and
tumorigenesis. The nuclear-cytoplasmic shuttling of Nanog, FAK and p53 remains to de
studied in detail. It will be interesting to explore the cross-linked signaling of FAK with
other cancer stem cell markers, transcription factors and signaling players. The future
therapies that target p53, FAK and Nanog pathways can all be developed to regulate cancer
stem cell population and decrease tumorigenesis.
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Fig. 1. Cancer stem cells andb the microenvironment
Cancer stem cells are cancer cells that self-renew and differentiate and form tumors. There is
a dynamic transition between cancer progenitor cells and cancer stem cells through
differentiation and de-differentiation processes. Cancer stem cells are surrounded by cancer
stem niche or tumor microenvironment components, such as extracellular matrix (collagen,
fibronectin, etc, laminin, etc.) fibroblasts (cancer-associated fibroblasts); endothelial cells,
blood vesssels, playing role in angiogenesis and lympangiogenesis; and immune cells,
including neutrophils and lymphocytes and macrophages, playing a significant role in
inflammation. Tumor microenvironment plays a significant role in cancer stem cell
maintenance and transition from epithelial to mesenchymal (EMT) and back (MET)
transition
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Fig. 2. The transcription factors involved in the transition of cancer stem cells to tumor
The main transcription factors (shown inside the cancer stem cell nucleus), epigenetic and
genetic changes play a significant role in the transition of cancer stem cells to tumor.
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Fig. 3. The cross-linked signaling between FAK, p53, Mdm-2, and Nanog in cancer stem cells
P53 binds FAK promoter and inhibits its promoter activity. FAK sequesters p53 from
apoptotic signaling and blocks p53-transcriptional activity. FAK binds Mdm-2 to facilitate
p53 ubiquitination and degradation. P53 up-regulates Mdm-2, and represses Nanog.
Furthermore, Nanog represses p53 to maintain cancer stem cell pool and block
differentiation, cell cycle arrest, apoptosis and other cell growth inhibiting p53 functions to
promote tumor growth. Nanog up-regulates FAK, and FAK is able to phosphorylate Nanog
and this cross-linked signaling mediates cell motility and invasion of cancer stem cells and
play s significant role in tumor metastasis.
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