Chapter 8
Lung Cancer Stem Cells

Gavitt A. Woodard and David M. Jablons

Abstract Lung cancer remains the leading cause of cancer mortality and novel
therapies are desperately needed to treat metastatic and recurrent disease. The can-
cer stem cell hypothesis is based on data that within each tumor there is a small
sub-population of cancer stem cells that display the stem cell properties of self-
renewal, pluripotency, a high proliferative capacity, and the ability to resist chemo-
therapy and radiation. These cancer stem cells are a likely cause of tumor resurgence
after initial response to treatment and are an important therapeutic target. Distinct
populations of epithelial cells in the airway and lung have been identified as the
cells of origin for the major types of lung cancer: adenocarcinoma, squamous cell
cancer, and small cell lung cancer. As we develop new therapies that target these
cancer stem cell populations important work is underway to identify reliable cancer
stem cell markers and to better understand the major pathways that fuel cancer stem
cells. There is great interest in developing antibodies and small molecule inhibitors
to the Wnt, Sonic Hedgehog, and Notch pathways to target cancer stem cells in lung
and other malignancies, and multiple new drugs are in various stages of clinical tri-
als. Lung cancer stem cells are a promising therapeutic target and important work
remains to be done to better understand the role that lung cancer stem cells play in
tumor development and recurrence.
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Hedgehog * Notch

1 Introduction: The Cancer Stem Cell Model in Lung
Cancer

Lung cancer remains a highly aggressive cancer and is the leading cause of cancer-
related mortality in the United States and worldwide with an overall 5 year survival
rate of 19.3 % (Howlader et al. 2013). Only 20 % of lung cancer patients are
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surgical candidates at the time of presentation and 30-50 % of these early-stage
tumors will recur following a complete surgical resection (Kelsey et al. 2009). Once
patients have developed metastatic disease, only 15 % will be alive after 1 year and
there are virtually no long term survivors (Groome et al. 2007). This highlights the
importance of developing treatment strategies that target the mechanisms leading to
tumor invasion and metastasis. For patients with more advanced disease, platinum
based chemotherapy, targeted kinase inhibitors, and radiation can result in dramatic
responses; however, almost all of these tumors recur within 2-3 years (Lin et al.
2014).

A stem cell is defined by high proliferative capacity, ability for self-renewal, and
multipotency in producing daughter cells of varying types. The cancer stem cell
(CSC) model is based on clinical and experimental data that a subpopulation of
tumor cells displays stem cell like properties including the capacity for self-renewal,
differentiation, and the ability to resist cell death from chemotherapy and radiation.
Not all cancer cells posses these traits, nor do all cancer cells have the ability to
generate a metastasis or a new tumor as cancer cells may be found circulating in the
blood of patients who do not always develop metastases (Reya et al. 2001). CSCs
have the unique ability to support new growth in xenograft models, whereas other
cell populations from the same tumor are unable to repopulate a tumor in the same
growth environment. The CSC model has mounting evidence in hematologic malig-
nancies and solid tumors. CSC were first demonstrated in lung cancer in 1982 by
Carney et al. who showed that a subpopulation of cells from adenocarcinoma and
small cell lung cancer (SCLC) had stem cell-like properties, were able to form colo-
nies in agar, and grow new tumors in athymic nude mice (Carney et al. 1982).

The CSCs give rise to highly proliferative progenitor cells which produce the
differentiated cells that define the histologic type of lung cancer. Standard chemo-
therapy and radiation target the more rapidly dividing differentiated cells and can
melt away the bulk of a tumor. However the CSCs divide at a lower rate and have
additional mechanisms to resist chemotherapy. Treatment may result in a significant
reduction in tumor bulk, but the remaining small number of CSCs has the capacity
to eventually repopulate the tumor. Developing therapies that target these CSCs is
crucial in preventing cancer recurrence.

2 Pulmonary Histology

In the tracheal and bronchial epithelia, endogenous stem cells in make up just 0.06—
1.3 % of all proliferating cells, a smaller number than in the epithelia of the gut or
skin where there is a much higher rate of cell turnover and epithelial repopulation
(Snyder et al. 2009). The relative quiescence of pulmonary stem cells has made
them more challenging to identify and isolate than stem cells in other tissues.
Research using xenograft models of airway injury has identified cells throughout
the airway that are responsible for repairing epithelial damage. By further investi-
gating these cells, distinct cell populations in the lung have been identified that
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display the properties of self-renewal, proliferation, and multipotency that define a
stem cell.

2.1 Lung Development

Lung development in humans begins during the fourth week of embryogenesis with
structures arising from the laryngotracheal groove. The trachea splits ventrally from
the foregut by forming tracheoseophageal ridges which then fuse to create the tra-
cheoseophageal septum. Caudal to this process the lung bud appears and divides
into a right and left bronchial bud. In the fifth week the right and left primary bron-
chial buds divide into secondary buds, which will ultimately form the five lobes of
the lungs, and then into tertiary buds which are the basis for the 19 lung segments in
the fully developed Iung. From this point through the sixteenth week, the lung will
continue to grow and develop its major anatomic structures. Alveoli do not begin to
form until after the 16th week when the bronchi become well vascularized and
enlarged. The terminal airway structures continue to grow and mature until the 26th
week of embryogenesis when the blood-air barrier is created. The alveoli saccules
develop at the end of each terminal bronchiole and specialized alveolar cells for gas
exchange and surfactant production develop (Schoenwolf et al. 2009).

The stem cell pathways Wingless type (Wnt), Sonic Hedgehog (Shh), and Notch,
which will be discussed later, play important highly conserved roles in embryogen-
esis and in maintaining endogenous lung stem cells. During gestation Wnt regulates
lung epithelial and mesenchymal development (Morrisey 2003). Mice knockouts
have shown that specifically Wnt-2, Wnt-5a, and Wnt-7b are crucial for proper lung
maturation (Yamaguchi et al. 1999; Shu et al. 2002). The critical role of the Shh
pathway in lung development in mice has been extensively studied, but compara-
tively less is known about its role in human lung development. Zhang et al. (2012)
demonstrated Shh in human lung development has many similarities with murine
lung development. Shh is expressed in the developing lung epithelium, as are the
Shh receptors Ptchl and Smo and the Shh signaling effectors Glil, Gli2, and Gli3.
Notch signaling, which plays a role in cell fate decisions, is present early in devel-
opment at the time of the lung epithelial buds (Tsao et al. 2008). These pathways are
integral to normal lung development, cell maintenance, and injury repair, and repre-
sent important potential lung CSC targets.

2.2 Cell Diversity

The lung epithelium has many important functions including warming inspired air,
performing gas exchange, and defending against pathogens. The epithelium is
exposed to a number of insults during normal respiration. The crucial role of main-
taining the integrity of the epithelium is performed by airway stem or progenitor
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cells. The epithelium in the proximal portion of the upper airways and trachea is a
pseudostratified epithelium consisting of ciliated, Clara, and goblet cells. More dis-
tally in the smaller airways and bronchioles the epithelial cells become more colum-
nar. There is an increased number of Clara cells, with basal cells and rare
neuroendocrine cells found at intervals between the columnar cells.

Within the terminal alveoli, the pneumocytes that comprise the alveolar wall are
the alveolar type 1 (AT1) cells, alveolar type 2 (AT?2) cells, and macrophages. The
squamous AT1 cells are responsible for the structure of the alveolar wall and pro-
vide the surface for gas exchange. Cuboidal AT?2 cells produce surfactant, a phos-
pholipid and protein mixture which lowers the surface tension and facilitates gas
exchange. These AT2 cells are responsible for repairing and repopulating the AT
cells after injury (Desai et al. 2014).

2.3 Injury Response

During lung development, epithelial branching leads to distinct functional zones
along the airway. Within each zone there is a unique cellular composition and set of
local progenitor stem cells responsible for repopulating each area. These regional
stem cells reside in discrete areas known as the stem cell niche within each portion
of the airway. Recognizing these populations is important for CSC research as these
endogenous stem cells may be the cells of origin in many cancers and there is insight
to be gained from the pathways and mechanisms that confer stem cell properties.

Identifying the cells and stem cell niche in the lung has posed a challenge as the
respiratory tract undergoes relatively slower cell turnover rates compared with other
systems like the gastrointestinal tract and skin. Therefore the endogenous stem cells
populations in the adult lung have been identified via a series of mouse injury mod-
els. In the trachea and upper airways the submucosal glands harbor the basal cells
which repair and repopulate damaged tissue. A subpopulation of basal cells has
been shown to behave like stem cells in response to injury. Borthwick et al. (2001)
used the cell surface marker keratin-5 to label for a pluripotent population of tra-
cheal basal cells. Later, Rock et al. (2009) confirmed this finding by labeling kera-
tin-5 and using lineage tracing to demonstrate subsequently labeled Clara and
ciliated cell populations in a steady state of airway maintenance, demonstrating that
the basilar cells have an important role in tracheal and upper airway maintenance
and repair. In addition there was an increase in the number of labeled cells following
airway damage, suggesting that the basal cells were the progenitors of cells used for
airway repair. In contrast, ciliated cells have been shown to be terminally differenti-
ated and unable to self-renew (Rawlins et al. 2007). In addition to keratin-5, human
lung basal cells can be purified using the surface markers ITGA6 and NGFR, and
those purified cells are capable of self-renewal and generating luminal daughter
cells in vitro (Rock et al. 2009). Collectively, these data suggest that basal cells act
as the stem cell of the proximal upper airway.
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More distally, the stem cell niches are the branch points of the smaller airways
and the bronchoalvoelar duct junctions (BADIJs) where the bronchi become alveoli.
To identify the stem cells of the BADJ, many experiments have been performed to
elucidate which cells display stem cell-like properties. Marked neuroepithelial bod-
ies (NEBs) are found in the BADJ. The NEB consists of two cell types: “variant”
Clara cells which express Clara cell secretory protein (CCSP) and pulmonary neu-
roendocrine cells which are marked by calcitonin gene-related peptide (CGRP)
(Giangreco et al. 2007). Cells that express both surface markers CCSP and CGRP
proliferate within the NEB during embryogenesis, airway maintenance, and repair.
The “variant” Clara cells, defined by the surface protein CCSP, were identified by
Reynolds et al. (2000) by exposing mice to naphthalene, a chemical that causes
selective Clara cell death. In the presence of naphthalene Clara cells were destroyed,
however “variant” Clara cells showed up-regulated activity and were able to subse-
quently repair airway damage (Giangreco et al. 2002).

AT? cells produce surfactant and can therefore be recognized by secretory vesi-
cles that containing surfactant protein C (SP-C) (Desai et al. 2014). At the BADJ,
Giangreco et al. (2002) identified a population of bronchioalveolar stem cells which
mark positive for CCSP and SP-C. These CCSP+ SP-C+ cells were shown to be the
predominant proliferative cell population following bronchiolar damage and had
the ability to differentiate into Clara, AT1, and AT2 cells. In addition, the CCSP+
cells at the BADJ retained their function even outside of the NEB microenviron-
ment. There are likely multiple possible progenitor cell populations at the
BADJ. Other interesting data has shown that SP-C negative cells are capable of
regenerating AT?2 cells following injury, indicating another potential alveolar pro-
genitor stem cell population (Chapman et al. 2011).

Unfortunately, not all evidence on CCSP+ cells has been consistent. CCSP+
labeled populations have been shown to repopulate damaged AT?2 cells following
influenza or bleomycin-induced alveolar damage (Zheng et al. 2013) but not after
naphthalene or oxygen exposure (Rawlins et al. 2009). Other cell populations may
be active under these circumstances and more investigation is needed to identify
additional repair mechanisms.

In mouse models, there are data that the important role of maintaining epithelial
integrity is performed by committed Clara and AT2 progenitors with Clara cells
repopulating the ciliated cell populations, and AT?2 cells giving rise to lost AT1 cells
in the alveoli (Rawlins et al. 2009; Evans et al. 1976). However, in humans data
shows that the airway epithelium is maintained not by these specific subpopula-
tions, but by a large number of progenitor basal cells which divide as necessary to
maintain and repair the airway without pre-programmed stem cells (Teixeira et al.
2013).

These endogenous stem cell populations play a crucial role in repairing and
maintaining airway epithelial integrity. In chronic lung disease compromise of the
airway stem and progenitor cell populations is seen in chronic obstructive pulmo-
nary disease and asthma (Staudt et al. 2014). Conversely, inappropriate up-regulation
of these stem cells is implicated not only in lung cancer but in other diseases like
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idiopathic pulmonary fibrosis where there are increases in the Wnt/B-catenin stem
cell pathway (Chilosi et al. 2003).

3 Models of Cancer Development from Progenitor Stem
Cells

There are two theories of tumorigenesis linking stem cells to cancer. In one theory
endogenous stem cells are present long enough over a lifetime to accumulate a
series of genetic mutations which ultimately become oncogenic and lead to devel-
opment of a cancer. The other theory is based on the idea that cancers develop from
a differentiated, restricted progenitor cell which through oncogenic mutations,
acquires more mutations and ultimately these mutations confer the stem cell proper-
ties of self-renewal, pluripotency and immortality. There is evidence to support both
theories and most likely tumors develop as a combination of these two mechanisms
and continue to evolve with natural selection favoring the survival of cells with the
most oncogenic, proliferative mutations.

In lung cancer this has been explored by attempting to link different histologic
types of lung cancers with specific endogenous stem cell populations. Using mouse
models of lung cancer, researchers have identified likely cells of origin and potential
stem cells targets for the major histologic types of lung cancer. Different histologic
types of lung cancer generally develop centrally or peripherally along the airway
and each type of cancer shares characteristics with the lung stem cell population
found within each of these anatomic areas (Giangreco et al. 2007).

3.1 Adenocarcinoma

Non-small cell lung cancer (NSCLC) is a broad grouping of primary lung tumors
including adenocarcinoma, squamous cell carcinoma, and large cell neuroendocrine
carcinoma which combined comprise 80 % of all lung and bronchus tumors
(Howlader et al. 2013). Adenocarcinoma is the most common form of NSCLC and
lung cancer overall, accounting for 38 % of all newly diagnosed lung cancers (Travis
2011). Recent advancements in targeted therapies for adenocarcinoma with specific
tyrosine kinase inhibitors and targeted antibodies have led to modest improvements
in survival times for certain subgroups of patients; however, additional therapeutic
strategies are desperately needed (Yang et al. 2014; Rossi et al. 2014). In particular,
therapies which target the quiescent and chemotherapy resistant stem cell popula-
tion within each tumor would be a useful adjunct to current therapies that target
more rapidly dividing cells.

In identifying the cells of origin in lung adenocarcinoma, much research has
utilized K-ras mutated xenograft models. Approximately 25 % of human lung
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adenocarcinomas have an activating K-ras mutation. These mutations are seen more
commonly in smokers and are predictive of chemotherapy resistance and poor prog-
nosis (Riely et al. 2008). Transgenic mouse models with activating K-ras mutations
have been used to induce lung adenocarcinoma development, and used to identify
the adenocarcinoma stem cells of origin. Xu et al. (2012) have demonstrated that
lung hyperplasia, a precursor to cancer, originates from AT2 cells, terminal bron-
chial Clara cells, and putative bronchoalvoelar stem cells. However, only hyperplas-
tic AT2 cells in the distal lung actually progress into lung adenocarcinoma. There is
other evidence that Clara cells or AT?2 cells are the originators of adenocarcinoma
since lung adenocarcinomas frequently co-express the markers CCSP and SP-C
which are co-expressed by Clara or AT2 cells (Giangreco et al. 2002). Based on
current information, the stem cell origin of adenocarcinomas is mostly the Clara or
AT?2 cells found at the BADJ.

3.2 Squamous Cell Lung Cancer

The second most common type of lung cancer is squamous cell carcinoma (SCC)
which accounts for 30 % of all NSCLC. SCC is recognized by the histologic char-
acteristics of keratin pearls and intercellular bridges (Linnoila 1990). SCC in the
lung is thought to develop through a process of dysplastic changes over several
years similar to the way that squamous cell cervical cancer develops. The lung stem
cell most likely linked to SCC is the basal cell since SCCs tend to develop in areas
with the highest basal cell concentration at the submucosal gland duct junctions and
at intracartilaginous borders. SCC likely occur as basal cell hyperplasia develops
into metaplasia, to dysplasia, and ultimately to carcinoma in situ and invasive SCC
disease (Jeremy George et al. 2007). Throughout this progression the squamous
cells have been shown to maintain a basal cell phenotype and have persistent kera-
tin-5 expression (Barth et al. 2000).

3.3 Small Cell Lung Cancer

Small cell lung cancer (SCLC) is distinct from NSCLC and is characterized by
rapidly dividing cells, early development of widespread metastasis, and markedly
worse survival outcomes (Elias 1997). Based on the most recent National Cancer
Institute’s data, SCLC comprises only 11 % of all new lung cancer diagnoses
(Howlader et al. 2013). Outcomes in SCLC are so poor the disease is not staged by
standard TNM criteria but by grouping patients into limited-stage and extensive-
stage categories. Outcomes have remained poor over the past several decades with
only 4.6 % of all patients remain alive 2 years following diagnosis. In the 40 % of
patients that present with more favorable limited-stage disease there is still only a
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10 % 5-year survival rate (Govindan et al. 2006). While most patients with SCLC
will initially respond to chemotherapy and radiation, disease recurrence remains a
major problem (Stupp et al. 2004).

SCLC has long been considered to arise from neuroendocrine cells as a more
aggressive form of a carcinoid tumor of the lung. Phenotypically, SCLC cells have
neuroendocrine characteristics and exhibit dense neurosecretory granules. They
express the neural cell adhesion molecule synaptophysin and calcitonin gene-related
peptide (CGRP). CGRP is also expressed by neuroendocrine cells in the NEB,
implicating those neuroendocrine cells as the stem cells of origin for
SCLC. Genetically, 70 % of SCLCs have a mutation or loss of heterozogosity in
RbI and p53 (Meuwissen and Berns 2005). Sutherland et al. (2011) demonstrated
that SCLC arises most frequently from the NEB when Rb/ and p53 are knocked out
in Clara, AT2, and neuroendocrine cells of transgenic mice. Of those three cell
types, neuroendocrine cells were the most easily transformed into SCLC and Clara
cells were the most resistant. These data suggest that the SCLC cells of origin may
be not only neuroendocrine cells, but a small number of AT2 and an even rarer
population of Clara cells that also have the potential to develop into SCLC.

4 Identification of Lung Cancer Stem Cells

The ability to correctly identify and isolate CSCs is crucial for ongoing research and
development of potential therapeutics. In order to classify the cell as a CSC, the
isolated cells must display the properties of extensive proliferation and self-renewal
in in vitro experiments. Thus far, most CSC research has used cells identified by
surface proteins detected using flowcytometry, magnetic bead isolation, fluorescent
protein tagging, and immunostaining.

4.1 Surface Markers

The best studied surface marker in lung cancer stem cells is CD133 (prominin-1 or
AC133), which was first described in human hematopoietic stem cells (Miraglia
et al. 1997). In lung cancer CD133* cells have been identified in both SCLC and
NSCLC tumors. CD133* cells are rarely found in normal lung tissue but are seen
more commonly in lung tissue in the process of regeneration. In both SCLC and
NSCLC, CD133* cells have been shown to possess stem cell properties of pluripo-
tency, self-renewal, and immortality. Eramo et al. (2008) showed that both SCLC
and NSCLC CD133* cells were able to grow indefinitely in media in vitro. They
also demonstrated that SCLC and NSCLC CD133* cells were able to generate phe-
notypically identical tumors in immunocompromised mice and were able to self-
renew and generate unlimited progeny of non-tumorigenic cells in the same
xenograft model. Bertolini et al. (2009) showed that injection of a purified pool of
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CD133* cells, but not CD133" cells, into immunodeficient mice led to tumor devel-
opment. And compared with CD133" cells, CD133* cells had higher expression of
the genes involved in stemness, adhesion, motility, and drug efflux.

There is interesting data to suggest that CD133* cells are more resistant to che-
motherapy and therefore can evade standard treatments and later repopulate tumor
bulk as a mechanism for tumor recurrence. Bertolini et al. (2009) have also shown
that cisplatin treatment can reduce the size of lung tumors in mice xenotransplanted
with lung cancer stem cells. However the cells that remain following treatment are
universally CD133* suggesting that the population of cells resistant to chemother-
apy are the CSC. This may explain why following a complete radiographic remis-
sion patients will later present with tumor regrowth and widespread metastasis,
produced by a handful of remaining CSC. In vitro treatment of lung cancer cells
with cisplatin enriches for CD133* cells, and cisplatin treatment of lung cancer
xenografts spares subpopulations of CD133* ABCG" cells and CD133* CXCR4*
cells. CD133* cells express high levels of ABCG2, implying possible overlap with
side population cells, as well as the embryonic stem cell markers Oct-4 and Nanog
(Eramo et al. 2008). NSCLC patients whose cancers are CD133* have a tendency
towards shorter progression-free survival after treatment with a platinum-containing
chemotherapy regimen (Bertolini et al. 2009).

Similar evidence was provided by Levina et al. (2008) who showed that treat-
ment of lung cancer cell lines with cisplatin, etoposide and doxorubicin enriched for
CD133* expression and the side population phenotype. Following treatment the
resulting cells were more tumorigenic when xenotransplanted into immunodeficient
mice. Also of note, the cells that were able to survive chemotherapy contained two
to threefold higher levels of human angiogenic and growth factors cytokines. These
data indicate that traditional chemotherapy kills many cancer cells and shrinks
tumor bulk but leaves behind a chemotherapy-resistant, aggressive CSC population.
This suggests that chemotherapy in face selects for the survival of the most onco-
genic cells with a higher expression of genes that promote tumor growth and
metastasis.

While CD133 is a promising marker, not all human lung cancers have a popula-
tion of CD133* cells (Bertolini et al. 2009) and there is data that CD133~ cells from
human lung cancer cell lines are also capable of producing tumors in a xenograft
model (Meng et al. 2009). In addition, there has not yet been a consistently proven
prognostic correlation between CD133* cells and survival (Salnikov et al. 2010). A
recent meta-analysis of 13 different studies found that CD133 expression was not
associated with disease free survival but was associated with shorter overall survival
(Wang et al. 2014).

Another well studied stem cell surface marker is CD44, a transmembrane glyco-
protein found in about half of NSCLC tumors and in particular in squamous cell
NSCLC (Leung et al. 2010). Of note and unlike CD133, CD44* cells have not been
observed in SCLC cell lines (Qiu et al. 2012). Like CD133* cells, CD44* cells are
also enriched for stem-cell like properties. CD44* cells from lung cancer cell lines
are able to initiate tumor growth in nude mice and perform in vivo differentiation by
growing tumors containing both CD44* and CD44" cells. Isolated CD44" cells and



208 G.A. Woodard and D.M. Jablons

not CD44~ cells express the pluripotency genes OCT-4/POUS5SF1, NANOG, and
SOX2. CD44* cells also display resistance to cisplatin treatment in vitro with less
apoptosis than CD44- cells (Leung et al. 2010).

As a prognostic marker, high CD44 expression in human NSCLC has been cor-
related with more advanced regional lymph node metastasis (Ko et al. 2011).
However, there is mixed data that CD44* expression has prognostic significance. In
squamous cell cancer, some studies have shown that CD44 expression is an inde-
pendent marker for better overall survival in squamous cell lung cancer (Sterlacci
et al. 2014) but others have shown that there is no correlation between CD44* cells
and survival (Ko et al. 2011). There is also conflicting data regarding CD44 express-
ing adenocarcinomas, with some data that high CD44 expression is an independent
negative prognostic marker (Ko et al. 2011) and another study which showed that
patients with CD44* adenocarcinomas have longer overall survival (Leung et al.
2010).

CD166 is another marker that enriches for cells with stem-cell properties. It has
been shown that in immunocompromised mice, transplantation of CD166* cells can
create tumors with heterogeneous cell compositions that mirror that of the primary
tumor. CD166 expression may be a poor prognostic indicator as CD166* cells over-
express glycine decarboxylase, which has been shown to correlate with worse sur-
vival prognosis in NSCLC (Zhang et al. 2012).

Urokinase-type plasminogen activator (uPA) and its receptor uPAR/CD87 are
regulators of extracellular matrix degradation and are important for cell migration
and invasion. In cancer uPA it is a strong predictor of poor outcomes. In SCLC cell
lines, uPAR* cells have been shown to have enhanced clonogenic activity and mul-
tidrug resistance in vitro (Gutova et al. 2007) and in vivo are tumorigenic in athymic
nude mice (Qiu et al. 2012). Cancer cells that are uPAR™" also co-express other CSC
surface markers including CD133, CD44, and MDR1 (Qiu et al. 2012; Gutova et al.
2007).

4.2 Side Population Cells

In addition to surface markers, CSC can be identified by functional attributes. In the
course of studying lung cancer cells with flowcytometry, an incidentally found side
population (SP) phenotype of cancer cells was repeatedly seen on flowcytometry
(Fig. 8.1). This SP cell population has an ATP-binding cassette (ABC) family trans-
porter cell membrane protein which pumps out the fluorescent nuclear dye Hoechst
33342. By pumping out the nuclear dye these SP cells appear as a side population
to the reminder of the tumor on cell sorting and can be isolated from the rest of the
tumor. SP has been detected in studies of SCLC and NSCLC cell lines. In squamous
cell cancer SP cells have higher rates of proliferation and greater clonogenic ability
in vitro, and a significantly lower concentration of isolated SP cells compared with
non-SP cells are capable of producing tumors when xenotransplanted into immuno-
compromised mice (Loebinger et al. 2008). Isolated SP cells are multipotent and
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Fig. 8.1 Side population cells. The cancer stem cell side population cells have an ABC transporter
cell membrane protein which pumps out the fluorescent nuclear dye Hoechst 33342 and separates
these rare cancer stem cells (red circle) from the majority of the tumor cell population (yellow
circle) on flow cytometry. These cells make up less than 1 % of all tumor cells. Side population
cells have been identified from both lung cancer cell lines (/eft) and from fresh lung cancer surgical
specimens (right).

produce both SP and non-SP cells in culture. It has been shown in vitro invasion
assays that SP cells also have a higher potential for invasiveness than non-SP cells
(Ho et al. 2007).

SP cells are significantly more resistant to chemotherapy in assays in vitro and
are more capable of maintaining a large colon formation than non-SP cells in the
setting of chemotherapy (Ho et al. 2007). The increased ABC transporters that
remove Hoechst dye from SP cells and provide a mechanism for the SP cell’s rela-
tive chemoresistance, and this is further proven by data that SP cells can be sensi-
tized to chemotherapy by blocking the ABC transporter with verapamil (Loebinger
et al. 2008). Studies of SP cells suggest that they are more quiescent than other
tumor cells as they have higher levels of telomerase and have less mini-chromosome
maintenance 7, a marker of proliferation (Ho et al. 2007).

4.3 Aldehyde Dehydrogenase

Aldehyde dehydrogenase (ALDH) is involved in early stem cell development where
it oxidizes retinol to retinoic acid (Chute et al. 2006). ALDH has been recognized as
a stem cell marker in multiple studies. Jiang et al. (2009) showed that ALDH1* cells
were able to self-renew, had proliferative tumorigenic potential in in vivo studies,
and showed resistance to chemotherapy. ALDH1* cells have been shown to overlap
with cells that express the stem cell marker CD133 but there is limited other data to
suggest that these stem cells markers occur within the same cell population. ALDH
activity is associated in particular with squamous histology (Moreb et al. 2007).
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High ALDHI protein expression has been associated with poor prognosis in early
NSCLC (Jiang et al. 2009; Sullivan et al. 2010). This may be partially explained by
work by Moreb et al. (2008) who showed that if ALDH protein was inhibited by
siRNA, tumor cells had a reduced ability to proliferate and migrate in vitro.

A single, universal marker for lung cancer stem cells has yet to be identified. The
current surface makers, SP cell type, and ALDH lack sensitivity and specificity for
consistently selecting cells with stem cell properties. Akunuru et al. (2012) have
demonstrated that non-SP, CD133-, ALDH™ cells can produce SP, CD133*, and
ALDH?" cells in culture, exhibiting the phenotypic switching from a non-cancer
stem cell type to a cancer stem cell phenotype. This study and the relative paucity
of data showing overlap between the currently identified stem cell surface markers
cast some doubt over the accuracy of our current methods to identify stem cell
populations and better markers for lung cancer stem cells are needed.

5 Stem Cell Pathways and Molecular Targets

The properties which enable endogenous stem cells to perform their crucial role in
normal tissue repair also serve as protective mechanisms against cell death. Stem
cells have ABC transporter proteins which lead to rapid toxin and drug efflux as
well as high levels of anti-apoptotic proteins. CSCs share these properties which
confer an increased resistance to traditional chemotherapy and radiation. In addi-
tion, most chemotherapy agents work by targeting rapidly proliferating cells and for
this reason may be less effective against the CSCs which are more quiescent in
nature. Without eliminating the CSCs, these cells remain in the body as a small but
potent tumor reservoir that can ultimately repopulate a cancer recurrence.

For this reason CSCs are important, if not the most important therapeutic target
and research into treatments which target the CSC specific signaling pathways such
as Wingless type (Wnt), Sonic Hedgehog (Shh), and Notch is of interest in lung and
other cancers (Takebe and Ivy 2010). Targeted therapies to block these pathways
poses a challenge as these are the same signaling pathways used by normal prolif-
erating cells and there are protective cross-talk mechanisms between pathways that
preserve their important role.

5.1 Whnt Pathway

Wingless type (Wnt) glycoproteins are a highly conserved family of 19 secreted
signaling molecules that bind to cell surface receptors and regulate downstream
gene expression (Angers and Moon 2009). The Wnt pathway plays a crucial role in
embryogenesis, lung development, and endogenous stem cell regulation. During
embryogenesis and development Wnt proteins control cell fate determination and
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direct the development of the cardiovascular, pulmonary, renal, and central nervous
systems (Grigoryan et al. 2008). Later in life the Wnt pathway regulates tissue self-
renewal, including the renewal of hair follicles, intestinal crypts, and bone growth
plates (Clevers 2006; Andrade et al. 2007). Deregulated Wnt signaling has been
shown in a large variety of cancers including hepatocellular carcinoma, hepatoblas-
toma, colorectal cancer, acute and chronic myelogenous leukemia, multiple
myeloma, gastric cancer, Wilms’ tumor, and NSCLC (He et al. 2005a). Wnt signal-
ing has been shown to promote stem cell self-renewal in hematopoietic stem cells
(Reya et al. 2003). Wnt pathway activation, specifically B-catenin signaling, has
been shown to be required for cancer stem cells to maintain their tumorigenic poten-
tial (Malanchi et al. 2008). The Wnt pathway is therefore an important potential
target to eliminate or inhibit cancer stem cell growth.

In the canonical pathway, a Wnt ligand binds to a Frizzled (Fz) receptor or an
LDL-receptor related protein (LRP) on the cell surface. This activates one of three
intracellular Dishevelled (Dvl) proteins, Dvl-1, Dvl-2, or DvI-3, which then inhibit
glycogen synthase kinase-3p (GSK-3$). When Dvl inhibits GSK-3p, it prevents
GSK-3p from phosphorylating p-catenin. In the presence of Wnt signaling free
[-catenin stabilizes, accumulates in the cytosol, and ultimately translocates to the
nucleus. There p-catenin interacts with either p300 or cyclic AMP response element-
binding protein (CBP) and with members of the T-cell factor-lymphocyte enhancer
factor (TCF/LEF) family of transcriptional factors which activate target genes
including Myc, Cyclin D1, TCF-1, PPAR-6, MMP-7, Axin-2, CD44, Cox2 (Takebe
et al. 2011; Mazieres et al. 2005). On the cell’s surface 10 different Fz receptors
have been identified providing multiple Wnt-Fz receptor combinations that can
subtlety modify the downstream effects of Wnt (Schulte and Bryja 2007). Wnt has
also been shown to be active in at least two noncanonical pathways by activating
calmodulin kinase II and protein kinase C in the Wnt/Ca** pathway and by activat-
ing Jun N-terminal kinase in the planar cell polarity pathway (Veeman et al. 2003).

In lung cancer multiple mechanisms of increased Wnt activation have been identi-
fied. Uematsu et al. (2003a) demonstrated Dvl overexpression as one mechanism by
which the Wnt pathway can be activated in NSCLC. Another studies showed that
Wnt-1 and Wnt-2 are overexpressed in both NSCLC cell lines and in primary tumor
tissue (He et al. 2004; You et al. 2004b). Other Wnt proteins such as Wnt-7a and
Whnt-5a appear to behave as tumor suppressors. Wnt-7a is down-regulated in most
lung cancer cell lines and primary tumor samples (Calvo et al. 2000). During develop-
ment Wnt-7a functions via a non-canonical f-catenin independent pathway in devel-
oping human limbs (Kengaku et al. 1998). In lung cancer Wnt-7a appears to activate
the canonical Wnt pathway, but does not directly target TCF-LEF transcriptional
activity. It has been shown to positively regulate the epithelial-mesenchymal transi-
tion (EMT) marker E-cadherin expression in lung cancer cells (Ohira et al. 2003).
Like Wnt-7a, Wnt-5a activates a non-canonical pathway in development, the Wnt/
Ca** pathway. In some cancers Wnt-5a is up-regulated and associated with increased
tumor invasion, including the development of lung metastasis in sarcoma (Saitoh
etal. 2002; Nakano et al. 2003). However, in hematopoietic malignancies Wnt-5a acts
as a tumor suppressor and its role in primary NSCLC has not been studied.
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The expression of downstream proteins in the canonical Wnt pathway is an area
of ongoing research in NSCLC. Dvl-3 is overexpressed in 75 % of NSCLC tumor
samples compared with autologous matched normal tissues from the same patient.
Deletion of the PDZ protein binging domain of Dvl blocks Dvl activity and sup-
presses tumorigenesis in pleural malignant mesothelioma (Uematsu et al. 2003b).
Data regarding f-catenin are more controversial. Mutations in the f-catenin gene
are rare in lung cancer cell lines and in primary lung tumor tissue (Sunaga et al.
2001; Shigemitsu et al. 2001; Ueda et al. 2001). In NSCLC increased expression of
[-catenin is associated with a high proliferative index but is unexpectedly associated
with a better prognosis (Hommura et al. 2002). Other independent studies have cor-
roborated this finding by showing that reduced f-catenin expression is associated
with a better lung adenocarcinoma prognosis (Retera et al. 1998; Kase et al. 2000).
These data may reflect B-catenin’s involvement in the Wnt pathway and as a
cadherin-mediated cell adhesion component implying a complex, multifacited role
in NSCLC which is not yet fully understood (Barker et al. 2000).

Given the importance of the Wnt pathway in maintaining cancer stem cells there
are a number of experimental agents in development to inhibit Wnt signaling with
promising results. In vitro apoptosis can be induced if either Wnt-1 or Wnt-2 is
inhibited by siRNA or a monoclonal antibody. Extracellular Wnt inhibition with
monoclonal antibodies to Wnt and the Fz receptor has shown antitumor activity
in vitro (He et al. 2005b; You et al. 2004a). And in vivo anti-Wnt-1 and anti-Wnt-2
monoclonal antibodies are also able to suppress tumor grown in a mouse model (He
et al. 2004; You et al. 2004b). These results are promising but these monoclonal
antibodies have not yet been tested in humans.

The highly conserved gene Wnt inhibitory factor-1 (WIF-1) has been shown to
be down regulated in several cancers including prostate, breast, bladder, and lung
(Wissmann et al. 2003). Mazieres et al. demonstrated that WIF-1 expression is
down-regulated in 83 % of human NSCLC tumor specimens and proposed a
mechanism of hypermethylation of CpG islands in the functional WIF-I promoter
region (Mazieres et al. 2004).

Endogenous secreted frizzled-related proteins (sFRP) modulate Wnt signaling
by competing with Wnt ligand binding to the Fz receptors and have been shown to
be down-regulated in colon, gastric, and breast cancer. In lung cancer, Lee et al.
(2004) demonstrated that SFRP are down-regulated in NSCLC and mesothelioma
cell lines and that 80 % of mesothelioma tissue specimens have hypermethylation
of the sSFRP gene promoter. Dvl is another important therapeutic target for Wnt
pathway inhibition. In lung cancer cell lines, targeted inhibition of Dvl-1, DvI-2, or
Dvl-3 decreases B-catenin expression, decreases TCF-dependent gene transcription,
and inhibits tumor cell growth (Uematsu et al. 2003a).

IGC-001 (Institute for Chemical Genomics) is a small molecule that interrupts
f-catenin binding to transcriptional cofactor CBP. In colon cancer cell lines ICG-
001 results in apoptosis in cancer cells but spares the normal colon epithelial cells
(Emami et al. 2004). Intracellular inhibitors NSC668036 (Sigma-Aldrich) and FJ9
are two other compounds in development which target the PDZ domain of Dvl and
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inhibit both the canonical and non-canonical Wnt pathways (Fujii et al. 2007; Shan
et al. 2005). Chen et al. have identified two additional small molecule inhibitors that
block the Wnt pathway in vivo via different mechanisms. One small molecular is a
membrane-bound acyltransferse small molecule Porcupine inhibitor, which is
essential for Wnt synthesis, and the other small molecule inhibits the destruction of
Axin, which suppresses Wnt activity (Chen et al. 2009).

5.2 Sonic Hedgehog Pathway

The Sonic Hedgehog (Shh) pathway is best known for its role in embryogenesis
where it controls the migration, polarity, differentiation, proliferation, and transfor-
mation of progenitor cells (Varjosalo and Taipale 2008). If unregulated, thoses cel-
lular processes also give the Shh pathway a significant role in carcinogenesis and
the transformation of adult stem cells into CSCs. Activated Shh has been implicated
in tumorigenesis and metastasis in multiple types of cancers including lung, brain,
breast, prostate, and skin. In the canonical Shh pathway, the absence of the Shh
ligand leads the transmembrane receptor Patched (Ptch) to inhibit the transmem-
brane receptor Smoothened (Smo). Inhibited Smo causes cleavage of Gli to the
N-terminal repressor form. Therefore when Shh binds to Ptch, the inhibitory effect
on Smo is released and active full length Gli is transported into the nucleus and
Glil, Gli2, and Gli3 transcription factors activates transcription of Gli-dependent
target genes such as Glil, Ptchl, cyclinDl and Wnt (Hooper and Scott 2005;
Huangfu and Anderson 2006; Altaba et al. 2007; Mullor et al. 2001). Glil activates
Shh target genes, Gli2 has a role in both gene activation and repression and Gli3
represses target gene transcription. The balance between activation and repression
by the three forms of Gli appears to control Shh downstream signaling (Altaba et al.
2007).

In addition to the Shh pathway, non-canonical Gli activation independent of Shh,
has been shown in many cancer cells types, (Lauth and Toftgard 2007; Mimeault
and Batra 2010) and there is evidence for Gli activation independent of Shh, stimu-
lated by other oncogenic signaling pathways such as transforming growth factor f
(TGF-p), epidermal growth factor receptor (EGFR), RAS and AKT/PI3K pathways
(Guo and Wang 2009; Schnidar et al. 2009; Pasca di Magliano et al. 2006; Stecca
et al. 2007). As Gli transcription factors constitute the final effectors of the Shh
pathway and are implicated in multiple other oncogenic signaling pathways, they
represent an important downstream target for potential cancer therapeutics (Lauth
and Toftgard 2007).

The Shh pathway contains many potential CSC therapeutic targets and drug
development is an area of active research. The first Shh pathway inhibitor identified
was cyclopamine (11-deoxojervine), a plant-derived steroidal alkaloid that binds to
and deactivates Smo (Taipale et al. 2000). Park et al. (2011) have shown that Shh
signaling is involved in SCLC development in genetically engineered mice and that
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Shh inhibition can help prevent tumor recurrence. It has also been shown that inhi-
bition of Shh signaling in SCLC with the Smo antagonist cyclopamine leads to loss
of tumorigenicity (Watkins et al. 2003). Cyclopamine remains the only naturally
derived compound but there are a growing number of synthetic small molecules
designed to inhibit the Shh pathway at different points.

Vismodegib (GDC-0449, Genentech) is a Smo inhibitor approved by the
U.S. Food and Drug Administration to treat adult patients with basal cell carcinoma
(Ng and Curran 2011; LoRusso et al. 2011; Sekulic et al. 2012; Dlugosz et al. 2012).
Response rates in the phase I clinical trial in metastatic or locally advanced basal
cell cancer were encouraging, with over half of patients having at least a partial
response. Common side effects of vismodegib include dysgeusia, hair loss, nausea,
vomiting, anorexia, dyspepsia, weight loss, hyponatremia, and fatigue. A quarter of
patients experienced adverse events including fatigue, hyponatremia, muscle spasm
and atrial fibrillation and only one of 33 paitents developed a major dose limiting
toxicity of grade 3 lymphopenia (Von Hoff et al. 2009). Vismodegib is currently
being investigated in clinical trials to treat other types of cancer including ovarian,
pancreatic, colorectal, and lung cancer due to its ability to selectively target Shh
signaling (Ng and Curran 2011; Agarwal et al. 2011). In SCLC vismodegib is in
clinical trials in combination with cisplatin and etoposide (ClinicalTrials.gov 2014).

Another small molecule Smo inhibitor is BMS-833923, X1.139 (Bristol-Myers
Squibb). BMS-833923 has completed phase I clinical trials in combination with
carboplatin and etoposide as a treatment for SCLC. It is also being tested as part of
a multidrug regimen in multiple myeloma and metastatic gastric and esophageal
cancers (ClinicalTrials.gov 2014). Infinity Pharmaceuticals has developed a
cyclopamine-derived inhibitor Shh inhibitor IPI-926 (Infinity Pharmaceuticals)
which is in clinical trials for advanced-stage solid tumors and metastatic pancreatic
cancer. Early clinical trial data in patients with basal cell carcinoma showed that
IPI-926 is well tolerated and nearly a third of patients experienced a partial or com-
plete clinical response (Jimeno et al. 2013). Multiple phase 2 trials are currently
underway testing IPI-926 alone or in combination with other agents in for a myriad
of advanced-stage malignancies (ClinicalTrials.gov 2014). In addition to the direct
effect on Gli transcription factors there is emerging evidence that Shh signals have
some control over the architecture of the stromal microenvironment. In a mouse
model of pancreatic cancer IPI-926 improved access of chemotherapy agents poten-
tially via this mechanism (Olive et al. 2009).

Other potential emerging therapies which have shown effects in in vitro testing
include Robotnikinin, a small molecule that binds to extracellular Shh, and small
synthetic molecules called Hedgehog Protein Inhibitors (HPI) 1-4 which inhibit
downstream Gli activation through different mechanisms (Stanton et al. 2009).
HPI-1 has been shown to inhibit activation of Glil and Gli2, HPI-2 and HPI-3 both
inhibit Gli2, and HPI-4 inhibits formation of cilia when Smo is active and therefore
prevents activation of Gli transcription factors (Hyman et al. 2009). Ongoing inves-
tigation into Shh is likely to elucidate other mechanisms by which this pathway
drives cancer cell growth and uncover additional therapeutic targets.
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5.3 Notch Pathway

The Notch pathway regulates cellular proliferation and differentiation via cell-to-
cell communication and has a highly conserved role in determining cell fate during
embroygenesis. It also plays a critical role in cellular proliferation, differentiation,
apoptosis, hematopoiesis, breast development, colorectal epithelial maturation,
immune regulation, and neural stem cell survival (Artavanis-Tsakonas et al. 1999).

When a Notch ligand pairs with a receptor on an adjacent cell it results in a coor-
dinated cell-to-cell communication. In mammals, the membrane-bound Notch
ligands are either Delta-like ligands 1, 3, and 4, or Jagged ligands 1 and 2 which are
structurally distinct. These membrane ligands interact with four transmembrane,
heterodimer Notch receptors 1, 2, 3, and 4 which contain multiple epidermal growth
factor-like domains (EGF). The affinity of the ligand for the receptor depends on the
EGF domain fucosylation by Fringe proteins Lunatic, Radical, and Maniac (Takebe
et al. 2011). After Notch ligand-receptor binding the receptor undergoes a confor-
mational change that exposes a site to proteolytic cleavage by metalloprotease
which releases an extracellular fragment and cleavage by y—secretase which releases
an active Notch intracellular domain (NICD) fragment into the cytoplasm (Gordon
et al. 2007). NICD then modulates Notch-specific gene expression by undergoing
nuclear translocation and binding to the translocation initiation complex.

In endogenous stem cells, activated Notch signaling guides asymmetric cell divi-
sion and retains stem cell viability (Artavanis-Tsakonas et al. 1999). In the healthy
mouse lung, suppression of Notch signaling by knocking out hairy and enhancer of
split I (Hes1), increases the number of cells which differentiate into neuroendocrine
cells and decreases the number of cells which become Clara cells (Ito et al. 2000).
Constitutive activation of Notch in mice leads to delayed differentiation and accu-
mulation of distal airway stem cells (Dang et al. 2003).

In human lung cancer cell lines, Chen et al. (1997) have shown elevated levels of
Notch transcripts and Westhoff et al. (2009) reported possible oncogenic mutations
in Notch1 receptor in NSCLC. However, there is other data to show that Notch may
have a tumor suppressor effect in squamous epithelial in mice and in human myeloid
cancers (Nicolas et al. 2003; Klinakis et al. 2011). These data that the Notch path-
way can play both an oncogenic and tumor suppressor role suggest that the Notch
pathway is complex. While further investigation is needed to better understand its
role, Notch signaling remains an attractive potential therapeutic target.

Research by Moreb et al. (2008) demonstrated that ALDH1* cells express Notch
pathway transcripts and that inhibition of the Notch pathway with y—secretase
inhibitors led to a reduction in ALDH1* cells. Osanyingbemi-Obidi et al. (2011)
showed inhibiting Notch3 with y—secretase suppressed clonogenic survival in cell
lines and that this clonogenic survival could be restored by reintroducing the Notch3
receptor domain. y—secretase inhibitors decrease tumor growth and the number of
CD133* glioma stem cells in human glioma xenografts (Fan et al. 2006). Early stud-
ies of y—secretase inhibitors in rodent models showed excessive toxicity and
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therefore researchers are currently working to develop more specific inhibitors of
the Notch transcriptional complex (Imbimbo 2008).

There are clinical trials underway to test novel Notch inhibitors in many malig-
nancies including NSCLC (ClinicalTrials.gov 2014). The primary focus thus far has
been on inhibiting y—secretase mediated Notch cleavage. MKO0752 (Merck) is a y—
secretase inhibitor which has been tested in the treatment of T-cell acute lympho-
blastic leukemia. It was found to have dose limiting toxicity of gastrointestinal
globet cell hyperplasia and secretory diarrhea, however these toxic effects have
been shown to be reduced in a mouse model with co-administration of glucocorti-
coids (Real and Ferrando 2009).

5.4 Transcription Factors

In addition to the central role that the Wnt, Shh, and Notch pathways play in lung
cancer stem cells, many niche factors and interactions with other signaling path-
ways have been shown to play an important part in maintaining a cancer stem cell
phenotype. The transforming growth factor-p (TGF-f) family of cytokines has been
shown along with Wnt, Shh, and Notch to induce EMT, the complex process by
which cells down-regulate E-cadherin, lose their adhesive properties and cell polar-
ity, and gain invasive and migratory properties (Massague 2008). The EMT process
and loss of E-cadherin allows some cancer stem cells to become metastatic and has
been associated with tumor metastasis and poor prognosis (Kim et al. 2009; Mareel
et al. 1997). TGF-f interaction maintains stem cell characteristics in cells which
have undergone EMT and may be a therapeutic target in eliminating metastatic
cancer stem cells (Bailey et al. 2007).

Another transcription factor which has been shown to play a role in cancer stem
cells is Octamer-binding transcription factor 4 (Oct-4). Oct-4 is a homebox
transcription factor that is crucial for embryonic stem cell self-renewal along with
Nanog and Sox2. There is also mounting evidence for its use as a stem cell marker.
In NSCLC there is data to shows that Oct-4 regulates stem cell activity in CD133*
cells (Chen et al. 2008). Ectopic expression of Oct-4 and Nanog, another homebox
transcription factor, increases the percentage of lung adenocarcinoma cells that are
CD133*, enhances drug resistance, and promotes epithelial-mesenchymal transfor-
mation. Oct-4 is present in high grade tumors and is a negative prognostic marker of
lung adenocarcinoma survival (Chiou et al. 2010). Chen et al. (2008) demonstrated
that siRNA knockdown of Oct-4 reduces clonogenicity and increases sensitivity to
chemotherapy in CD133* cells. CSCs maintain their stem cell properties by up-
regulating certain highly conserved cell development and fate determination path-
ways. Inhibiting these pathways with novel therapies is a highly promising area of
research. Chemotherapy that targets the resistant CSC population at the core of a
tumor would be incredibly useful in the treatment of lung cancer and other
malignancies.



8 Lung Cancer Stem Cells 217

6 Conclusion

The treatment of lung cancer remains challenging with dismal survival outcomes
over the past several decades despite advances in chemotherapy and medical care.
Lung cancer stem cells are the crucial target in developing new therapeutic strate-
gies. The combined stochastic model of cancer stem cells explains mechanisms of
tumor development from local endogenous stem cell populations within the airway,
and provides mechanisms for tumor metastasis and recurrence. Within each lung
cancer resides a small population of cancer stem cells that maintain the properties
of self-renewal, pluripotency, immortality, and chemotherapy resistance. These
lung cancer stem cells produce large numbers of progeny cells that comprise the
bulk of a tumor. Current lung cancer chemotherapy eliminates the non-stem tumor
cells and generates radiographic responses. However, CSCs possess mechanisms
that prevent apoptosis and have been shown to survive these standard treatments.
The remaining small number of potent lung CSCs over time repopulates a tumor
leading to cancer recurrence with cells that have been selected for a phenotype that
is even more oncogenic, treatment resistant, and aggressive.

There are significant challenges in developing treatments that target cancer stem
cells. The first barrier is accurately identifying and successfully isolating lung can-
cer stem cells from human cancers into an in vitro research environment. Great
progress has been made in identifying surface markers and sorting methods to iso-
late subpopulations of cells such as CD133*, CD44* and the SP cells that exhibit
stem-cell properties. However no universal stem cell marker has been identified and
the variety of stem cell markers that have been discovered are not consistently co-
expressed on the same cell.

As we continue to work towards improved methods of cancer stem cell identifi-
cation there has been promising early work in exploring stem cell signaling pathways
and discovering possible therapeutic targets. Wnt, Shh, and Notch signaling path-
ways all play important roles in embryogenesis and have been shown to be crucial
regulators of cancer stem cell activities. Developing therapies that inhibit these can-
cer stem cells pathways remains tricky as they are highly conserved and used by
endogenous stem cells in their normal function of tissue maintenance and repair.
Multiple Wnt, Shh, and Notch inhibitors are in various stages of development. The
Shh pathway Smo inhibitor vismodegib (Genentech) is already approved for meta-
static or recurrent locally advanced basal cell carcinoma with further studies cur-
rently underway to expand its application to multiple other solid tumors, including
atrial as a combined therapy in lung cancer with cisplatin and etoposide. As research
into cancer stem cell pathways and potential drug targets continues to expand we
can expect to see multiple new agents designed to target lung cancer stem cells.
Understanding and eliminating cancer stem cells remains a promising and exciting
area of research and a crucial component in the future treatment of lung cancer.
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