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Abstract

Evidence has accumulated that characterizes highly tumorigenic cancer cells residing in

heterogeneous populations. The accepted term for such a subpopulation is cancer stem cells

(CSC). While many questions still remain about their precise role in the origin, progression, and

drug resistance of tumors, it is clear they exist. In this review, a current understanding of the

nature of CSC, their potential usefulness in prognosis, and the need to target them will be

discussed. In particular, separate studies now suggest that the CSC is plastic in its phenotype,

toggling between tumorigenic and nontumorigenic states depending on both intrinsic and extrinsic

conditions. Because of this, a static view of gene and protein levels defined by correlations may

not be sufficient to either predict disease progression or aid in the discovery and development of

drugs to molecular targets leading to cures. Quantitative dynamic modeling, a bottom up systems

biology approach whereby signal transduction pathways are described by differential equations,

may offer a novel means to overcome the challenges of oncology today. In conclusion, the

complexity of cancer stem cells can be captured in mathematical models that may be useful for

selecting molecular targets, defining drug action, and predicting sensitivity or resistance pathways

for improved patient outcomes.
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Introduction

From 1994 to the present, there have been nearly 31800 scientific reports written about

cancer stem cells (CSC) according to PubMed. Approximately 10% are reviews of some

aspect of the field. For comparison, approximately 6000 scientific reports and reviews were

written on the same topic in the previous 19 years. Therefore, it is an immense challenge to

undertake a CSC review today, especially one evaluating prognosis and therapy. In order to

The author has no conflicts of interest to declare.

The views in this paper are those of the author and do not necessarily reflect the position of the US Government.

NIH Public Access
Author Manuscript
Anticancer Drugs. Author manuscript; available in PMC 2015 April 01.

Published in final edited form as:
Anticancer Drugs. 2014 April ; 25(4): 353–367. doi:10.1097/CAD.0000000000000075.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



contribute significantly to the swelling body of literature, this CSC review will peer into the

topic with an emphasis on systems biology. This approach may bring the reader to the

notion that the “devil is in the details”. Throughout this review, the reader will be directed to

excellent ones already existing on the CSC topics addressed here.

The definition of systems biology can be as varied as the investigators who study it. To

some, it is constructing networks from high-throughput data obtained from whole genome

sequencing, gene expression assays, and proteomic and metabolomics studies and

statistically analyzing the outcome for insight that is systems wide. Efforts are being made

today to combine these vast databases in a meaningful way to understand disease in general

and to discover new therapeutics. Thus, a global view of the parts list is an essential first

step. But biology is dynamic and inferences made from these networks are limited.

Therefore, a different perspective is offered here: quantitative dynamic modeling will be

necessary to capture a changing landscape that is due to CSC. Evidence is building that

CSCs are plastic in their phenotype, changing function dependent on intrinsic and extrinsic

factors. If this state change can be modeled computationally and then tested, improved

outcome for patients is possible.

Cancer Stem Cells - Brief History

In mid-1990’s, when John Dick and colleagues conducted a limiting dilution tumorigenicity

assay with leukemic cells in immunocompromised mice and demonstrated that a single

leukemic cell could recapitulate the original tumor, the cancer stem cell (CSC) concept of

modern day began (1–3). History does show, though, that the concept of a highly

tumorigenic cell that promotes progression was understood to exist for over 100 years.

Following the initial study, CSCs were identified in solid human tumors of the breast, colon,

brain, and prostate and in other histologies (4–8) (see (9) for an extensive list and details of

those particular studies).

Many of the early controversies regarding CSCs centered on the definitions and

misinterpretations of the very label; the use of “stem” seemed to suggest an origin for CSCs,

the normal adult tissue stem cell, a concept also not well understood at the time. Later, many

researchers concluded that the CSCs were solely responsible for all tumor heterogeneity via

their ability to self-renew (as normal stem cells do) and to differentiate into nontumorigenic

counterparts. At the time, little data supported this concept (10).

Today, the CSC concept is bolstered by many studies and the definition itself is being

clarified (11) and limits it to malignant cells in neoplasia that maintain the tumor. The

consensus workshop that offers this definition also relabels CSCs operationally as those

cells that initiate tumors in xenografted immunocompromised mice utilizing a limiting

dilution assay.

A number of exceptional recent reviews on CSCs provide details of their discovery in

tumors (12), the methods utilized to isolate them (13,14) and how they might be targeted for

therapy (9,15–17). In this review, I will emphasize the need to understand CSCs from a

quantitative systems biology approach, from both the prognostic standpoint and the

development of targeted therapy and its expected acquired drug resistance.
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Laboratory Benchmarks of CSCs

Both molecular and functional assays characterize CSCs and include evaluation of selected

surface antigens found on normal embryonic and adult tissue stem cells, clonogenic activity

in soft agar, sphere formation in the presence of defined media and nonadherent conditions,

and the limiting dilution tumorigenicity assay (Figure 1) (13,18). In some cases, the

presence of an activated self-renewal pathway is thought to be important (19–21) and

intrinsic drug and/or apoptosis resistance may also be a characteristic (22). It is critical to

mention that molecular assays are not sufficient to define CSCs and functional studies are

necessary with the limiting dilution tumorigenicity assays as the accepted standard (11).

Signal Transduction Pathways of CSC

Figure 2 provides an overview of relevant signal transduction pathways under study in the

CSC field. The variety of receptors and ligands is formidable and the literature is replete

with biochemical connections between any given pathway and therefore not complete. The

emphasis of Figure 2 is on the output of any given signal transduction pathway, listed at the

arrows. The output, too, is not complete, but this selected view is intended to depict

crosstalk.

Because it seemed likely that CSCs derive from normal adult tissue stem cells and/or their

progenitors, many efforts have been made to link signal transduction pathways to CSC self-

renewal through symmetric and asymmetric cell division. Those pathways would be the

same ones that coordinate embryonic development and tissue repair, in particular, the Wnt,

Hedgehog, and Notch pathways. Salient examples of studies implicating the pathways will

be described here as space limits an extensive survey and other recent reviews exist and are

cited below.

Wnt Pathway

Growth factors comprising the Wnt family bind to GPCRs of the Frizzled family and other

co-receptors such as LRP5/6 and signal stabilization of the transcriptional co-activator, β-

catenin. This occurs through inhibition of constitutive degradation of β-catenin and the

phosphorylation steps that signal ubiquitination and transport to the proteasome. Once β-

catenin replaces transcriptional repressors in the nucleus, it regulates gene expression

essential for cell proliferation, survival, and differentiation. Additionally, the Wnt pathway

functions in establishing the mitotic spindle (23) and can also regulate asymmetric cell

division that may lead to preservation of an adult stem cell and production of differentiated

progeny (24).

Many studies have implicated a role for Wnt signaling in CSCs. Normal hematopoietic

differentiation is regulated by Wnt signaling and likewise, a role for its signaling in

leukemeogenesis has been demonstrated (25,26). In addition, enhanced β-catenin

transcriptional activity was shown to promote glioma tumor growth due to CSCs (27,28).

Recently, strong evidence for role of Wnt signaling in colon adenoma formation from

murine intestinal stem cells was provided with lineage tracing studies (29). Finally,

Malanchi and colleagues ablated β-catenin during in vivo tumor formation in dermal CSC
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and prevented growth (30). In summary, the role for Wnt signaling in CSC mediated tumor

growth is far-reaching and most certainly complex since in some instances the pathway can

promote differentiation and elsewhere, proliferation in normal stem cells. Tissue context

may explain which predominates.

Hedgehog Pathway

The Hedgehog (HH) pathway regulates body patterning, cell fate, and segment polarity

during embryogenesis through secretion of morphogens called hedgehog-type ligands. After

appropriate processing and release from neighboring cells, HH ligands bind to Patched

which is then released from its constitutive function, inhibiting Smoothened, a seven

transmembrane domain receptor. Following this, the Gli family of transcriptional activators

and inhibitors are released to promote or repress transcription. Gli transcription factors are

also exquisitely regulated in the cytoplasm by SUFU (suppressor of fused) through post-

translational modifications that further protein stability, activation, and localization (31).

Hedgehog signaling has been associated with diverse tumor histologies and their CSCs

contained therein (in particular, breast cancer (32), glioma (33), basal cell carcinoma (34),

gastric cancer (35), and colon carcinoma (36)). CSCs express functional HH components

and modification of such alters sphere formation and/or tumorigenicity. One report (36) is

notable because it demonstrates that patient derived CD133 expressing colon carcinoma

cells are driven by GLI1 transcription and not the subpopulation lacking CD133. These

authors also emphasize the critical understanding of crosstalk with Wnt signaling, a classical

understanding of colon carcinoma pathogenesis.

Notch Pathway

The Notch pathway signals developmental processes such as cell fate decisions and

morphogenesis through cell-cell contact of two membrane bound receptors, Delta and

Notch. With engagement, the intracellular domain of Notch (NICD) is released by the action

of proteases, TACE and γ-secretase. Once in the nucleus, depression of transcription factors

and other epigenetic regulators promotes target gene expression. Interestingly, Notch

signaling has intimate contacts with both Wnt and HH signaling and appears to promote

differentiation by interceding at certain points. For example, GSK3β, a kinase that when

active, has dual roles in suppressing Wnt and HH is inactivated upon Notch signaling and

therefore may promote tumorigenesis (37).

Notch signaling has been implicated and correlated with CSCs in diverse tumor histologies

as well. The solid and hematologic tumors that demonstrate active Notch signaling in CSC

include acute myeloid leukemia (38), breast cancer (39), pancreatic cancer (40), embryonal

brain tumors (41), and colon carcinoma (42). It is important to note that a role for Notch

signaling in these tumor types is largely associative, e.g. increased gene expression of one or

several components of the pathway is found in the CSC subpopulation. Furthermore, in

some cases, an inhibitor of Notch signaling is employed as a means to implicate the pathway

in CSC function. Confirmatory studies that include lineage tracing of cancer initiating cells

are needed to solidify the role of Notch signaling in CSCs. This is vitally important since

Notch signaling may be oncogenic or suppressive.
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Tumor Microenvironment

Understanding the role of the tumor microenvironment (TME) has come to the forefront of

CSC research and adds another layer of complexity to the CSC concept. Fundamentally, the

TME is composed of both acellular (growth factors, chemokines, matrix proteins, and

coagulation factors) and cellular components (including but not limited to fibroblasts,

endothelial cells, and immune cells). If the primary tumor is considered, it is postulated that

the TME will derive from and/or resemble the normal stem cell niche (43). It would be

further expected that both tumorigenic and nontumorigenic cells modify the TME. Hence,

one could consider the TME as a dynamic microenvironment that supports and promotes the

tumor, changing with tumor progression (44). Vast efforts have also defined how the TME

modifies tumor cells. Many of the TME factors have been defined and have led to an

understanding of the biology of CSCs per se. For example, a role for CXCR4, a chemokine

receptor was found on CSCs and it may regulate CSC metastatic processes (45).

Inflammatory mediators found in the TME, such as IL-6 and the vast array of growth factors

(e.g. EGF, PDGF, IGF, Wnt, VEGF), have been well studied and documented to promote

CSC survival, proliferation, and self-renewal (44). These mediators may act on the tumor

cells themselves or promote angiogenesis. Therefore, efforts have been directed towards

understanding the role of hypoxia in maintaining CSCs. In normal embryonic development,

low oxygen tension is common and if applied to CSCs, is thought to promote self-renewal

and stem-like characteristics. For example, in glioblastoma, it has been shown that in

exceptionally hypoxic regions in the central portions of the tumor mass, there are a

significant number of tumor cells possessing the CSC markers, CD133 and nestin when

compared to the periphery (46). This contrasts, though, with studies detailing the presence of

CSC in perivascular niches, locations expected to contain sufficient oxygen (47). Therefore,

the role of oxygen tension in regulating CSC function is complex and may well depend on

particular signaling pathways, the quality and quantity of crosstalk, and genetic and

epigenetic processes underlying the individual CSC.

Tumor Heterogeneity due to Clonal Evolution vs. CSC Hierarchical Self-

renewal and Differentiation

The CSC concept offered a counterpoint to the understanding of tumor origins and

progression (Figure 3). In particular, the clonal evolution hypothesis stated that critical

genetic abnormalities occurring stochastically that modify certain genes such as those that

regulate the cell cycle and survival would be selected for within the tumor

microenvironment, i.e. certain disrupted genomes would provide a selection advantage.

Accumulation of these abnormalities would leave behind clones that are all equally

tumorigenic. Tumor heterogeneity could be explained by a multiplicity of clones.

Furthermore, additional mutations would underlie the acquisition of a metastatic phenotype.

The landmark review by Hanahan and Weinberg in 2000 capsulizes this understanding (48).

Today, a significant number of studies that sequence whole genomes either on the single cell

level or in bulk tumors continue to support the idea that clonal evolution underpins tumor

heterogeneity (see (49,50) for representative examples). For a detailed discussion on the

present day understanding of clonal evolution, see (51).

Mertins Page 5

Anticancer Drugs. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Since hematologic cancers were the first reported evidence of a CSC and an understanding

of the hierarchical processes of normal hematopoiesis existed, it seemed possible that

leukemic CSCs had similar properties that resided at the apex of multipotent stem cells.

Because it resembled a normal hematopoietic stem cell with aberrant signaling (due to its

underlying genetic abnormalities) proliferation could result in self-renewal and/or

differentiation (into nontumorigenic cells) within the TME; therefore, populating the tumor

with heterogeneity. Some evidence accumulated to support this and the notion of a tumor

hierarchy was applied to solid tumors as well (12,52,53). For example, putative colon CSCs

from patient biopsies could recapitulate the tumor histology in murine xenografts and these

newly generated tumors demonstrated lineage differentiation (54). Similar findings were

found for CNS tumors (55). Furthermore, for some tumors (neuroblastoma, for example)

greater differentiation status of the tumor bulk was a favorable prognostic factor (56). Thus,

it is likely that if genetics is destiny, differentiation potential of CSCs will supply some of

the observed intratumor heterogeneity (57).

It is important to note that the origin of CSCs, when encountered in clinical samples, is

largely unknown. Therefore, it is possible that CSCs may have resulted from a

dedifferentiation process of a progenitor. The subsequent aberrant proliferation and

differentiation process in this instance could produce tumor heterogeneity and has been

shown to occur, at least for mammary epithelial cells (58).

Tumor Heterogeneity due to CSC Plasticity

Several lines of evidence are now indicating that a flexible and readily modifiable phenotype

exists in normal cells, tumor cells, and CSCs in particular. For example, it is not uncommon

for tumor formation to occur after transplantation of induced pluripotent stem (iPS) cells

(59). iPS cells are those that can dedifferentiate when supplied with four transcription

factors that maintain pluripotency. These findings suggest that CSCs can arise from highly

differentiated cells, seed a tumor de novo, and possess a pluripotent phenotype.

Recently, though more compelling evidence has been provided to support a plastic CSC

phenotype. Gupta et al., in characterizing CSCs in selected breast tumor lines, found that

once purified, non-CSCs can revert back to a mixed population in culture that contained

newly generated CSCs. This process was thought to occur stochastically (60).

Fundamentally, these findings suggest CSCs can arise via appropriate signals as limited and

simplistic as those provided in tissue culture. Certainly genetic lesions underlie some of the

state changes described in the report, but the rapidity at which the change occurs belies the

explanation that mutations are responsible.

Another recent report underscores the spontaneous nature of CSC plasticity. Weinberg and

colleagues transformed a nontumorigenic subpopulation of mammary epithelial cells in vitro

and found that they became CSC-like once injected in vivo (58). These findings suggest that

the tumor microenvironment may promote CSC plasticity.

Functional plasticity following treatment of xenografted colon tumors was also

demonstrated recently (61). In their report, Kreso and colleagues demonstrated that

genetically identical, tumorigenic clonal populations (in murine xenografts) varied in
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tumorigenic potential upon serial transplantation and that oxaliplatin treatment did not alter

the genetic component as measured by DNA sequencing and copy number analysis. While

no CSC markers were measured, this study points to a phenotypically dynamic population is

responsive to TME factors and that following chemotherapy, plasticity can persist and it is

likely due to factors other than genetic alterations.

The concept of CSC plasticity can now be extended and may explain a well described

phenomenon observed previously, i.e., that of vasculomimicry in tumors (62). When first

described, these irregular vascular channels were attributed to abnormal leaky endothelial

cells induced by growth factors supplied by the surrounding tumor cells; however, further

extensive study revealed their origin to be the tumor cells induced by hypoxia. Furthermore,

their signaling apparatus was consistent with an endothelial cell. In summary, this body of

literature underscores the adaptive nature of tumor cells in general, their ability to

transdifferentiate in specific, and their capacity to recapitulate embryonic development.

Since the channels were first associated with aggressive melanoma, it remains a formal

possibility that they derive from CSCs.

Finally, a team at the Developmental Therapeutics Program at the National Cancer Institute

reported that a small molecule probe could induce the hallmarks of CSCs in the colon tumor

lines of the NCI60 panel (63). At submicromolar concentrations and 5 day exposures of

SC-1, colon tumor lines acquired characteristics consistent with the CSC phenotype

including increased tumorigenicity, clonogenicity, and sphere formation. SC-1, a dual kinase

and GTPase inhibitor, is able to maintain normal murine embryonic stem cells in culture

with out the addition of standard growth factors such as LIF (lymphocyte inhibitory factor)

(64). It is likely that modulation of SC-1’s molecular targets, ERK1/2 and RasGAP brought

about newly acquired CSC functions. At this time, SC-1’s mechanism of action is unclear

though and even contradictory because when inhibited, RasGAP should promote MAPK

signaling but when ERK 1/2 is inhibited, MAPK signaling is diminished. It is notable that in

normal embryonic stem cells, MAPK signaling is thought to regulate differentiation. These

puzzling observations may be reconciled with a systems biology approach to be described in

detail below.

CSC and Prognosis

As the CSC concept has been supported by ample amounts of data in preclinical models and

sample biopsies, research has progressed to understand their clinical role in prognosis. Since

many biomarkers have been associated with CSC function, several investigators pursued

them as indicators of disease progression and outcome. But, heterogeneity in expression and

methods utilized prevents identification of any clear biomarker. Efforts have also been

directed to capture a CSC-gene signature but, this too presents difficulties because CSC may

be rare in some tumors (65,66). However, several reviews have been recently written on

prognostic indicators and address how certain surface antigens in both breast and liver

cancer may be utilized in this context (67,68). A sampling of the current literature is

presented below.
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Markers as prognostic factors

LGR5, a GPCR that marks normal colon stem cells and appears to function in CSC has been

identified as a prognostic marker for glioblastoma and is associated with poor outcome as

measured by immunohistochemistry (69). A more commonly studied CSC marker, ALDH1

(aldehyde dehydrogenase) has been evaluated in patients with breast cancer and other

malignancies and found to be associated with poor outcomes (70–75). ALDH1 is thought to

regulate stemness by suppressing differentiation. CD133 has also been evaluated extensively

(76). The presence of complex networks in CSCs suggests that a multiplex strategy might be

more successful. For example, Neumeister and colleagues evaluated ALDH1, CD44, and

cytokeratin expression in 642 breast cancer patient and found a highly significant worse

outcome for those with the putative CSC marker display (77).

Prognostic role for meta-analyses of CSC markers

While there is a surfeit of studies supporting the notion that the presence and frequency of

CSC in clinical samples is associated with worse outcome, there are studies that find no such

connection (see (78–80) for examples). Thus, the usefulness of meta-analyses may help

resolve the conflicting data that most certainly depend on methods of tissue acquisition,

choice of technique, or reagents such as antibodies. Two recent studies that aggregate many

therefore solidify the notion that CD133 expression has prognostic value for both

hepatocellular carcinoma and gastric cancer (81,82). CD133’s role in CSC biology is not

clear at this time and further study will be needed to further its prognostic value in the clinic.

CSC gene signature prognostic value

As it is likely that gene expression signatures and whole genome sequencing will form the

basis of precision therapy for individual patients, several groups have utilized CSC gene

profiling to characterize a vast array of markers for prognostic use. In the first of these

reports, Liu and colleagues identified an “invasiveness” gene signature in a CSC

subpopulation defined by high CD44 and low CD24 expression in breast cancer (65). The

CSC subpopulation was compared to normal breast epithelium and a significant association

with worsened overall survival was identified. Another study supports the utilization of

microarray technology for prognostic purposes in the context of CSC biology (66).

Recently, a more compelling and sophisticated prognostic model has been developed and it

provides a role for gene expression signatures of CSC (83). In particular, one of three

profiles defines the epithelial-mesenchymal transition (EMT) that may characterize the

stem-like features in CSC (see (58,84) for recent reviews on CSC and EMT). In a rigorous

test, this profile held significant prognostic value for breast cancer patients.

CSC function and prognosis

The clinical utility of prognostic CSC gene signatures and biomarkers is undisputed, but at

this time, a definitive approach is unavailable and will require further study. In addition,

these static endpoint type assays may not be sufficient to fully understand CSC in vivo (11).

Therefore, investigators have utilized CSC function as a prognostic marker. Indeed, for

malignant glioma, sphere forming ability and tumorigenicity offered prognostic value for 32

patients (85). Importantly, neurosphere formation was an independent factor for poor
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outcome. Future studies will be needed to define what pathways might contribute to sphere

formation and what role EMT might play.

Much progress has been made implicating a role for CSC in overall outcome for cancer

patients. But direct evidence for the presence of functional but plastic CSCs in patients is

lacking and it is remains possible that future studies in imaging may offer a means to

quantify and study the CSC subpopulation (86–88).

CSC and Therapy

It has been apparent since the earliest reports proposing a role for CSCs in hematologic and

solid tumors that, if CSCs are responsible for tumor maintenance and progression and can

explain the common relapse of most tumors following standard chemotherapy, then, CSCs

need to be targeted (9). Any unique properties residing in such cells would become the

likely targets. However, it is frequently mentioned that, if CSCs originate from normal adult

tissue stem cells, a great challenge lies ahead to avoid detrimental side effects of CSC

targeted therapy (89,90). The strategies to develop therapeutics are diverse and are listed

here in no particular order: 1. Target components of the developmental signaling pathways

(Wnt, Hedgehog, and Notch) 2. Target surface antigens marking CSCs; 3. Promoting cell

death by overcoming resistance to apoptosis; 4. Promoting tumor cell differentiation; 5.

Targeting components of EMT; 6. Targeting TME including stromal cells themselves and

their interactions with CSC; 7. Targeting survival pathways of CSCs (PI3K, mTOR,

MAPK); 8. Targeting angiogenesis. The means to accomplish these goals include a diversity

of molecular entities such as small molecules, antibodies (with and without conjugated

toxins), immunotherapy (via cytokines and chemokines), aptamers (small nucleotides with

high affinity binding possibilities), gene therapy, oncolytic viruses, and microRNAs (91,92).

A number of investigators have written CSC reviews with emphasis on a particular tumor

histology and aspects of therapeutics and are listed here: breast (93,94), colon (95),

glioblastoma (96,97), head and neck squamous cell carcinoma (91), hepatocellular

carcinoma (98), non-small cell lung cancer (99), ovarian cancer (92) and pancreatic cancer

(100). For a general overview of CSC and therapeutics, three excellent reviews can be cited

(17,101,102). It is a common feature of these reviews to suggest the both tumorigenic and

non-tumorigenic cells must be targeted and a combination of CSC-directed agents and

standard cytotoxic therapy will be needed. At present, no such clinical trials have been

reported although one group plans to target CSC cytokine receptors (CXCR1/2) with a small

molecule and also treat with standard chemotherapy in women with advanced breast cancer

(103). Preclinical studies, on the other hand, are supporting this therapeutic strategy. Olive

and coworkers presented evidence that in a genetically engineered mouse model for

pancreatic cancer, inhibition of HH signaling and the standard chemotherapy, gemcitabine,

improved survival, possibly through stromal effects brought about the HH inhibitor, IPI-926

(104).

Support for a CSC role in drug resistance and relapse

While the presence of CSCs in human tumors is generally accepted, their role in intrinsic

and acquired drug resistance is less clear and supported by little evidence. However, 2

Mertins Page 9

Anticancer Drugs. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



reports utilizing clinical samples do provide corroboration for this hypothesis. For example,

Creighton and colleagues found that a CSC signature is enriched in tumors derived from

breast cancer patients treated with docetaxel (105). In addition, Yu et al. show that there is a

significant increase in in vitro mammosphere formation in cells from breast tumor biopsies

post neoadjuvant chemotherapy (106).

A spontaneous mouse mammary tumor model (BRCA1/p53-) further supports the

contention that CSCs are resistant to chemotherapy and that they underpin relapse. For

example, Shafee et al. demonstrated that such tumors can be successfully treated with

cisplatin, but 2–3 months later relapse with increased percentages of cells expressing CSC

markers. These cells also have increased colony forming capacity, suggesting critical

functional preservation of CSCs (107). And recently, Chen et al. identified murine glioma

CSCs that resupply the tumor after temozolomide treatment in careful tracking studies (108).

Similar results were found for AML (109) and colorectal cancer CSCs (110).

Selected drug candidates

Small molecule inhibitors of CSCs are being developed at a rapid rate and generally focus

on the developmental pathways regulating CSCs (Wnt, HH, and Notch) and survival

pathways (PI3K, Akt, and MAPK) (see (17,89,99) for tables with extensive lists of potential

therapeutic small molecules). It should be noted though, that most of these lead compounds

have not been specifically discovered in assays that readout CSC characteristics. A recent

report that does consider sphere formation in its screening campaign is notable (111). A

brief description of recent drug discoveries that offer the promise as CSC targeted agents

follows.

Salinomycin, an antibiotic produced by a Streptomycete, was identified in a screen that

targeted mesenchymal and immortal breast cell lines. It was shown to reduced

mammosphere formation, the percentage of CD44+/CD24− breast cancer cells after

treatment in vivo in a preclinical model, and altered a CSC gene signature usually associated

with poor prognosis (112). How this ionophore acts to directly inhibit CSCs is still an open

question and several groups are investigating its mechanism of action (113–115). Anecdotal

reports of clinical use in oncology suggest some efficacy, but highlight potential toxicities

that may preclude clinical use (116). It remains possible that congeners may be developed

that overcome unwanted side effects.

Sulforaphane, a natural product found in foodstuffs (broccoli, for example), also appears to

target CSCs because it reduces mammosphere formation in vitro and CSCs were eliminated

in preclinical models of breast cancer (117). Inhibition of Wnt signaling may be responsible

for the observed preclinical effects. No reports of clinical studies are present in the literature,

but the molecule is being considered as a chemopreventative agent (118).

A final example of potential CSC directed therapeutic is metformin, an anti-diabetic drug in

use. In two separate tumor histologies (pancreatic cancer and glioblastomas), metformin

selectively inhibited proliferation of the CD133 expressing subpopulation (119,120).

Furthermore, reduced spherogenesis was observed and the number of CSCs in murine

mammary xenografts was reduced significantly when metformin was utilized as a single
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agent (121). Of note, metformin does reduce cancer risk in diabetic patients (122). Because

there is sufficient clinical experience, the drug was able to move rapidly to clinical trials and

a Phase 1 trial has been reported (123). A description of future trials can be found in (124).

The mechanism of action of metformin is likely to be multifactorial and include action on

the mTOR and NFκ-B pathways and the cell cycle.

Preclinical studies of new therapeutic strategies

Xenografted or transgenic murine models are the basis of studies that target CSC using two

of the strategies mentioned above. An antibody to CD44, a common marker of CSCs, was

shown to reduce tumor growth in human breast cancer xenografts (125) and inhibitors of

Notch signaling eliminated CSC in a EGFR transgenic mouse model (126). Thus, the

proposed strategies offer avenues for successful chemotherapy. But is does seem likely that

single agent modalities encourage rapid escape from inhibition and downstream effects may

be surprising. A report by Conley et al. shows that antiangiogenic agents promote the

formation of CSCs, largely through HIF 1α signaling and indirectly, through the activation

of survival signaling by Akt and β-catenin (127).

Systems Biology

Systems biology is the study of complex biological processes with properties, which emerge

from the fundamental laws of physics, chemistry and biology. Those processes constitute the

life of a cell and each level of organization up to and including the whole organism. It is an

evolving field and commonly studied in cancer research through genomics, proteomics, and

metabolomics. Resulting data from these studies form network interaction maps that are

represented by nodes (biological components) and edges (a connection/a reaction/or some

biological relatedness). Largely two approaches of network analysis have been undertaken, a

top down approach that employs statistics and inferential analyses and a bottom up approach

that is more quantitative in nature, and often requires advanced mathematics because it

attempts to capture dynamic relationships (Figure 4). There are advantages and

disadvantages of each modeling type and in some laboratories, a combined approach is

being taken (128). In this review, quantitative dynamic modeling will be the focus (129).

Cancer could be considered a disease of abnormal signal transduction as this assumption

underlies most drug development efforts. It is reductionist science that has allowed us a vast

understanding of the pathways that appear to cascade in a linear fashion. But the literature is

replete with reports demonstrating crosstalk among canonical understanding of any given

pathway. For example, we understand Wnt signaling leading to β-catenin translocation and

regulation of gene transcription and similarly, activation of the MAPK pathway from RAS

to ERK, but recently, it has been shown that RAS protein levels (and expected function) is

downregulated if the Wnt pathway is active. This was found to be so because β-catenin and

RAS share the same protein degradation pathway through the scaffold protein, AXIN (130–

132). Furthermore, this varies for tumor histology: in melanoma, Wnt signaling has positive

prognostic value and in colon cancer, Wnt signaling predicts for negative outcome. Most

certainly, this is only one aspect of the crosstalk between Wnt and MAPK. How does one

capture the changing landscape of signal transduction components? Does the level of Wnt

activation effect the degree of RAS degradation? What is the baseline degradation rate of
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RAS? Is there a threshold? Does it matter if RAS is mutated? What net function will result?

And while some wet lab experiments might approach answers to the questions, a

quantitative in silico and dynamic approach will bring a fuller and richer understanding of

cellular function and perhaps, more solid predictions of outcome when therapies are applied.

Quantitative and dynamic models are representations of biological function at the nanoscale

level and include both time and spatial aspects (133). In constructing such models, one

typically begins with a network diagram of a signal transduction pathway or some portion

thereof. In the instances described here, expected crosstalk will be needed. There are no

limitations in size, but initially, confining the model is a good start. Following this,

parameters need to be assigned and include but not limited to, protein concentrations,

binding affinities, reaction rates, and diffusion constants. These details are found

experimentally and are frequently reported already. When that is not the case, estimations

can be made and the range of estimations can be scanned to help constrain the model. It is

important to note that these models follow the Laws of Mass Action and therefore consider

there are random molecular collisions occurring in the cell as if it were a well-stirred test

tube.

Once parameters are defined, ordinary differential equations can be programmed into

commercially available software and are the basis of simulations. Partial differential

equations can take into account spatial aspects of biological function, such as transport

across and diffusion to membranes (134). Results from simulations can be compared to

existing literature and the model can be adjusted. Laboratory validation will be key to a

successful (useful) model.

The earliest models constructed in this fashion revealed unexpected and emergent properties

(135). For example, MAPK signaling is bistable, which implies that there are two separate

cell states with different configurations of pathway components (e.g. phosphorylation

states), but both architectures equally reach a steady state. This kind of information may be

essential for understanding drug action. For instance, which configuration will be affected

by a drug? Does it matter for therapy? Other emergent properties followed from dynamic

modeling including ultrasensitivity (defined as the large changes in output following small

changes in input) and robustness (defined as the ability to maintain unaltered function even

in the instance of changing stimuli). It has been shown that ultrasensitivity is intricately

related to protein levels (136) and robustness depends on coupling (137). Only dynamic

modeling, which captures time and space, will reveal fundamental systems properties.

Surely, new emergent properties are to be found as this is an infant field.

Applying Dynamic Modeling to CSC Plasticity

CSC plasticity may be modeled. If plasticity means differences in cell state such as

tumorigenic vs. nontumorigenic cells, then quantitative dynamic modeling may capture the

switch. If the EMT phenomenon is a representative shift, then it is expected that gene

expression programs are altered and new proteins are expressed and other nonessential ones

repressed. However, it is not simply the existence of proteins that define the transition, but

rather the function of each protein, its post-translational modifications, and the spatial and
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temporal context in which it acts. Sufficient literature exists to build these models, set them

in motion, and define outcomes. Importantly, the in silico model could be validated in the

laboratory in an iterative process.

This is just one example of what may underlie the concept of plasticity. Another view could

take into account what now seems to be fundamental to all cells: the ability to dedifferentiate

and redifferentiate to new cell types, i.e. iPS cells. It is likely that what drives CSCs are

signal transduction pathways that promote long-term survival in normal adult stem cells and

the replicative potential that aids tissue repair. It follows then, that the differentiated cell has

lost, at least for the short term, some of these functions. Bearing in mind that a CSC may

derive from anywhere along the continuum of stem cell to differentiated cell, it is likely to

be an admixture of a normal stem cell phenotype and a differentiated cell phenotype. In

silico modeling of cellular differentiation and its connection to cell survival and proliferation

is another approach to understand CSCS. As with EMT, the epigenetic and genetic changes

associated with this type of plasticity may not be sufficient to predict tumorigenic vs.

nontumorigenic function.

Applying Dynamic Modeling to CSC Prognosis

Because CSCs are heterogeneous even within tumors, may vary in proportion, and shift

phenotype given a multiplicity of stimuli, it is not likely a single biomarker will provide a

high degree of prognostic value. Here, dynamic modeling, may offer improved indicators.

For example, a quiescent CSC may require certain survival pathways functioning and by

modeling, could be found to be more stable than ones subject to various degrees of

regulation. Furthermore, because of the complexity, several biomarkers may be needed to

offer prognostic value. This is to say, a systems wide approach that takes connectivity within

a changing internal milieu into account may be useful. This would be an advance over static

measures from gene expression or immunohistochemistry.

Applying Dynamic Modeling to CSC Therapy

Identifying molecular targets

Once an in silico model is developed and validated, it can be the basis of many aspects of

drug discovery and development. For example, using the methods represented in Figure 4B,

mathematical representations of drug inhibition (EC50 values or dissociation constants (Kd))

can be inserted prior to a simulation run. The desired outcome could be evaluated. Thus, of

the pictured MAPK pathway, one can ask whether it is better to inhibit ERK1/2 or MEK. To

provide a deeper understanding of the system, parameters can be altered including but not

limited to mutants with continuous activity (e.g. mutant RAS), variable levels of growth

factors, and even interactions with nearby cellular components. Furthermore, if the model is

sufficiently well developed, the desired outcome (cell death) may be determined. Or in other

words, apoptosis pathways could similarly be modeled, connected to the pathway of interest

and interrogated to determine if modulating the presumptive molecular targets brings the

desired outcome. While this type of systems analysis would not be unique to CSCs, it is

presumed that certain pathways may be in a different architecture that leads to
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tumorigenicity. In sum, quantitative dynamic modeling can aid in the selection of molecular

targets prior to costly experimentation.

Defining drug mechanism of action

With a lead drug candidate in hand, computational modeling may be another tool that helps

unravel its mechanism of action. This would also hold true for molecular probes. Our recent

work with a small molecule probe, SC-1, offered an opportunity to interrogate an in silico

MAPK pathway as it raised questions on paradoxical findings (63). SC-1 promoted CSC

characteristics in colon tumor lines and its presumptive molecular targets are RasGAP and

ERK1/2. If RasGAP alone is inhibited, MAPK signaling would be expected to be on and if

ERK1/2 alone is inhibited, MAPK signaling would be expected to be off. This was further

complicated by the fact that MAPK signaling promotes tumorigenesis but is also understood

to promote differentiation. Therefore, a computational model (138) was interrogated to

determine the net signaling effect due to the differential action on two molecular targets by a

molecular probe with known binding affinities. In general, laboratory results verified a time

course of decreasing protein levels of phospho-ERK1/2 after exposure to SC-1 (Figure 5,

see (63) and unpublished results). It is important to note that some aspects of the model were

not verified by laboratory results and an iterative process will be necessary to fine-tune the

model. This example is illustrative and computational modeling predicting drug MOA has

been attempted before where a theoretical inhibitor was modeled to inhibit NFκ-B signaling

(139).

The iterative process necessary to align the in silico model with laboratory results depends

on the parameters and limits residing in the differential equations utilized. In the example

shown here (Figure 5), the quantitative aspects were derived from a previously published

study evaluating the MAPK pathway and its role in regulating both proliferation and

differentiation in the pheochromocytoma cell line, PC12 (138). Notably, the protein

expression levels, rates of reactions, and other parameters of the pathway components may

not reflect the colon tumor line HT29 used in this study. Therefore, initial follow-up

laboratory studies can include evaluation of these measurements which can then be

reinserted into the in silico model. Alternatively, a wide range of parameters can be easily

substituted in the model to determine if any one predicts the laboratory results. Of course, if

the adjusted parameter predicts the laboratory result, it too, would need to be confirmed

experimentally. While in some respects, the process described here is not very different from

hypothesis driven studies, the adjustments made in the in silico model may eliminate some

hypotheses and point the investigator into more promising areas of study. Importantly, the in

silico model may predict unexpected results that are only apparent when systems are

functioning together and are beyond human intuition.

Prescribing precision therapy

It is expected that whole genome sequencing, gene expression studies, either those utilizing

microarray analysis or RNA sequencing of tumors, and proteomic and metabolic evaluations

will define network models for patients prior to decisions about therapies that will uniquely

target that tumor. But, these network building efforts only provided a static view of active

cellular processes, are inferred, and will not reflect any perturbations by drugs or stimuli
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(e.g. autocrine or paracrine growth factors and metabolites). Furthermore, inferred networks

cannot account for dose levels, drug affinity, or unexpected downstream consequences that

result when pathways interact. In silico modeling of a patient’s tumor holds promise as this

author can envision a desktop application for oncologists which allows input of selected

therapies at selected doses for certain time courses for a particular patient.

Predicting drug resistance mechanisms

The onset of drug resistance (whether slowly or rapidly) by some of today’s molecularly

targeted therapies (e.g. imantinib and vemurafenib) demonstrates the need to predict

crosstalk resulting from treatment with single agents or in combination with others. For

example, in two months time, patients relapse while being treated with vemurafenib for late

stage melanoma (mediated by mutant BRAF) despite significant tumor regression (140,141).

As mentioned above, perturbation of a dynamic and quantitative model might allow the

appearance of drug resistance mechanisms not otherwise predicted from a linear cascade of

signal transduction. It would be interesting to determine if different isoforms of RAF

affected drug resistance, does the amount of protein effect outcome, and would inhibiting

MEK and ERK result in feedback loops rather than induction of apoptosis. At present,

simple in silico models addressing these types of questions can be readily developed and

validated.

Conclusion

Tumor heterogeneity, as defined by CSCs, is one barrier that impedes successful prognosis

and therapy for precision medicine in oncology. Furthermore, the underlying mechanisms of

heterogeneity, including both clonal evolution and cellular plasticity, indicate a need to

consider the complexity of tumor progression. To adequately describe abnormal signal

transduction pathways of both intratumoral and intertumoral heterogeneity will require

significant computing power. A systems biology approach may uncover unexpected bundles

of prognostic markers based on functioning pathways, not static moments. And equally

important, perturbation with drug imposes another shifting aspect and computational

modeling may point to more durable outcomes.
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ABBREVIATIONS

ALDH1 Aldehyde dehydrogenase 1

CSC(s) Cancer stem cell(s)

EGFR Epidermal growth factor receptor

EMT Epithelial mesenchyme transition
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FGF Fibroblast growth factor

GPCR G protein coupled receptor

GSK3β glycogen synthase kinase 3β

HH Hedgehog

IGF Insulin-like growth factor

iPS Induced pluripotent stem (cells)

LGR5 Leucine rich repeat G protein coupled receptor

LIF Lymphocyte inhibitory factor

LRP5/6 Low density lipoprotein receptor-relate protein 5

MAPK MAP kinase

PDGF Platelet derived growth factor

TACE TNFα converting enzyme

TME Tumor microenvironment

VEGF Vascular endothelial growth factor
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Figure 1.
Laboratory Methods Evaluating CSCs. A. Surface Antigen Expression. A population of tumor cells is labeled with fluorescent

antibody to antigens associated with stem-like activity. Frequently, two or more antigens may define CSC subpopulations (142).

Common markers include CD44, CD24, CD133, and Epcam (CD326). B. Sphere Forming Assay. A population of tumor cells in

placed in culture with defined media including certain growth factors (e.g. EGF, FGF) and no serum and sphere formation is

evaluated. It is distinct from floating clusters of cells. If the spheres are aggregated and replated, propagation and reformation

confirms the presence of CSCs (143). C. Colony Forming Assay. The ability to form colonies a clonal level in soft agar is a

measure of tumorigenicity and therefore is considered useful in identifying CSC (144). It is thought that the cell division that

occurs is frequently associated with differentiation and therefore, the larger the colony the less differentiated the initiating cell

(CSC). D. Side Population Assay. Because CSC are thought to be intrinsically drug resistant, one measure in a population of

cells is the ability to extrude drug through ABC transporters such as ABCB5 (145). Tumor cells are incubated with a Hoechst

dye and the subpopulation without fluorescence, but above background levels are considered CSC. E. Limiting Dilution

Tumorigenicity Assay. This is considered the gold standard assay for identifying CSC. As depicted, a population of tumor cells

(presumably containing CSCs) is diluted many 10-fold logs prior to injection reaching levels as low as one to ten cells per

mouse. At any given dilution, the fraction of mice possessing tumors can be used to calculate the ratio of CSCs (5).

Immunocompromised mice are used and the site of injection may vary. Other factors also seem to vary the readout as the use of

highly immunocompromised mice seems to improve tumor formation as does the addition of a commercially available

extracellular matrix such as Matrigel (6).
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Figure 2.
Signaling Pathways. A simplified overview of signal transduction pathways altered in CSCs. In the CSC literature, an emphasis

has been placed on those with a role to play in normal development (Wnt, Hedgehog, Notch). Gene expression that follows

stimulation or activation of a given receptor is shown (e.g., Wnt). In some instances, subsequent crosstalk with particular

pathways is noted (TNF). Additionally, a tumor cell must produce energy and essential metabolites such as nucleotides, fatty

acids, and amino acids as building blocks for maintenance. Oxygen gradients are also crucial and likely vary within any given

region of a tumor. Growth factors, extracellular matrix and hormones are not depicted, but provide a context in which the signal

transduction pathways act.
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Figure 3.
Tumor Heterogeneity. At present, the development of tumor heterogeneity may be three mechanisms. While depicted singly,

some aspects of each may overlap. A. Clonal evolution. Accumulation of sufficient mutations in a differentiated epithelial cell

(green) brings uncontrolled growth. Continuation of this mutational process may be aided by genomic instability while selection

pressure for survival occurs. Different clones result (variable shades of green and blue). B. CSC hierarchy. CSCs are expected to

reside in a niche reflecting their origin, the normal adult tissue stem cell. If this is true, then abnormal self-renewal (hexagonal

blue cell) leads to differentiation of the CSC which then comprises the bulk of the tumor and is nontumorigenic. C. Plastic CSC.

CSCs may derive from normal adult tissue cells (hexagonal blue cell), but as they divide and differentiate, it is also possible that

subsequent progenitor cells may reacquire a more “stem-like” phenotype. This plasticity could explain tumor heterogeneity. The

reversion from a differentiated CSC back to a more “stem-like” phenotype may result from environmental cues or therapy.
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Figure 4.
Systems Biology Approaches. A. Inferential Networks. It is commonplace to evaluate genomic, proteomic and metabolic

findings construct networks of connections. The connections are based on statistical correlations and known networks residing

in databases. Networks like the one depicted here is typically static in nature. (From: http://www.yaneslab.com/research/ with

permission). B. Dynamic Networks. MAPK signaling is illustrated in symbols and from this, mathematical representations of

the biology are determined through assignment of reaction rates and other parameters. Input/output relationships over time can

be graphed and new connections may emerge.
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Figure 5.
Dynamic Modeling and Laboratory Result: Effect of a small molecule probe, which promotes CSC characteristics. on its

molecular target, ERK. A. A dynamic model of MAPK signaling was constructed and included the inhibition of the presumptive

targets (RasGAP and ERK1/2) of SC-1 using in vitro dissociation constants previously determined. B. HT29 colon tumor line

was incubated with SC-1 and phospho-ERK1/2 was determined by western blot over time. The steady decrease of phospho-

ERK1/2 up to 1 hr and the rebound at 4 hrs is reflected in the simulation results. However, the initial increase phospho-ERK1/2

in simulation is not reflected in the laboratory results. Adjustments to the model will be needed.
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