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Abstract

Epithelial stem cells are critical for tissue generation during development and for repair following
injury. In both gestational and postnatal stages, the highly branched and compartmentalized
organization of the lung is maintained by multiple, resident stem/progenitor cell populations that
are responsible for the homeostatic maintenance and injury repair of pulmonary epithelium.
Though lung epithelial injury in the absence of oncogenic mutation is more commonly expressed
as chronic lung disease, lung cancer is the most common form of death worldwide and poses a
highly significant risk to human health. Cancer is defined by the cell of origin, responsible for
initiating the disease. The Cancer Stem Cell Hypothesis proposes that cancer stem cells, identified
by stem-like properties of self-renewal and generation of differentiated progeny, are responsible
for propagating growth and spread of the disease. In lung cancer, it is hypothesized that cancer
stem cells derive from several possible cell sources. The stem cell-like resistance to injury and
proliferative potentials of bronchioalveolar stem cells (BASCs) and alveolar epithelial type I1 cells
(AEC2), as well as cells that express the cancer stem cell marker glycoprotein prominin-1
(CD133) or markers for side populations make them potential reservoirs of lung cancer stem cells.
The abnormal activation of pathways that normally regulate embryonic lung development, as well
as adult tissue maintenance and injury repair, including the Wnt, Hedgehog (Hh) and Notch
pathways, has also been identified in lung tumor cells. It is postulated that therapies for lung
cancer that specifically target stem cell signaling pathways utilized by lung cancer stem cells
could be beneficial in combating this disease.
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1. Introduction

Stem cells, which are critical for the generation and regeneration of all tissues, are defined
by their undifferentiated phenotype. Stem cells divide both symmetrically and
asymmetrically, with the mode of propagation dependent on cell type, differentiation status,
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niche context and requirements of the tissue dependent on the stem cell pool in question.
Symmetrical division, as occurs in the intestinal crypts, produces identical daughter cells
that supply the pool needed to generate the rapidly turned over tissue of the gut epithelium
[1,2,3]. In the distal embryonic lung, the distribution of molecules that specify polarity,
including the Notch-binding protein Numb, appears to drive the stem cell decision to divide
symmetrically or asymmetrically [4]. Asymmetric division is the method by which stem
cells generate both undifferentiated and differentiated offspring during development and in
multiple, differentiated tissues. The stem cell ability to self-renew in order to produce an
adequate supply of cells that are identical to the cell of origin and to each other allows them
to be conserved for future use in tissue repair [2,5,6]. The stem cell ability to differentiate
into specialized cells when exposed to certain experimental and physiological conditions
defines their role in tissue regeneration [5,6,7].

In adult organisms, tissue specific stem cells are found throughout the body. The ability to
differentiate into a variety of cell types as needed allows the replenishment of damaged or
aged cells that is required to withstand normal wear and tear [5,6,7,8]. Each stem cell
division involves a decision to self-renew or differentiate. The transcription factors Oct4,
Sox2 and Nanog regulate factors that inhibit differentiation and promote self-renewal [5].
Stem cell self-renewal and differentiation are regulated by multiple protein signaling
pathways. Pathways of note include the WNT, Hedgehog (Hh), and Notch signaling
cascades [8,9]. These signaling pathways are essential in development during
embryogenesis and in the regulation of stem-cell function in adult organs. Stem cells play a
critical role in the homeostatic maintenance of functional epithelium. Within adult organs,
stem cell activity is specific to discrete compartments of functioning organs. This is
particularly true in the highly branched and specialized structures that make up the lung.

2. Lung Development: Role of Lung Stem Cells in Function and
Homeostasis

The embryonic lung develops from a small stem cell population originating from the
laryngotracheal groove, leading to the morphogenesis of the intricate branched structure of
the bronchial and alveolar epithelium [10]. Following birth, the lung alveolar epithelium
plays a vital role in gas exchange. Lung function is supported by the combined efforts of the
highly vascularized, extraordinarily large surface area within alveoli that facilitate gas
exchange via alveolar epithelial type 1 cells (AEC1), the specialized alveolar epithelial type
2 cells (AEC2) that produce the surfactant that regulates surface tension and the balance of
other tissues, both rigid and elastic, that along with the chest infrastructure create the forces
necessary to inhale and exhale. Specialized cells within the large proximal airways, the
distal airways and alveoli are responsible for the repair of damaged epithelial tissue within
these lung compartments. When compared to an organ that features rapid turnover, such as
the gastrointestinal tract, lung exhibits a much slower rate of cell replacement and many
fewer actively dividing cells can be identified under normal conditions. After damage has
been inflicted on the alveolar lung epithelium, which is especially vulnerable to injury, cell
populations responsible for maintenance and repair increase their rate of proliferation to
restore homeostasis [11,12].

It is hypothesized that the slower cell turnover rate within the lung decreases the likelihood
of producing mutations that are essential to the formation of malignancies [13,14,15]. More
common manifestations of lung epithelial cell injury are chronic lung diseases in which the
lung is repeatedly damaged over time, such as chronic obstructive pulmonary disease
(COPD) or obliterative bronchitis (OB). Both diseases lead to changes in the lung cellular
environment, including changes in immune cell number and function, which leads to release
of inflammatory cytokines. The damage produced by repeated inflammation has a
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significant impact on the resident cell populations responsible for the regulation and repair
of epithelium [11,12,16,17,18]. It is hypothesized that homeostatic repair, and the necessary
increase in mitosis required for restoration of homeostatic conditions within the lung, will
increase the probability of carcinogenic mutations occurring within cell populations. These
mutations can therefore accumulate to the point where carcinogenic changes occur and lung
cancer develops [14,16,19].

3. Lung Cancer: Environmental and Genetic Influences

Despite the slow rate of distal lung epithelial cell turnover and the propensity for human
lung tissue to scar rather than regenerate, lung cancers are prevalent, most probably due to
the self-inflicted insults of smoking and passive insults due to atmospheric toxins and
carcinogens. The correlation between inflammation and carcinogenesis has been
substantiated by a number of studies. Cigarette smoking is known to produce an
inflammatory response within the lung. The carcinogens found in cigarette smoke have a
significant effect on the resident cell population and the microenvironment of the lung
epithelium. The chemicals and reactive oxygen species (ROS) generated by cigarette smoke,
especially of the side stream (secondary) variety, inflict damage on the lung through DNA
damage, the impairment of the normal cellular function of epithelial cells and alterations in
gene expression, which, individually and combined, can result in an inflammatory response.
The cytokines activated during inflammatory episodes can remain within the lung and are
considered the proximate, underlying cause of chronic pulmonary inflammation which, in
combination with specific mutations in specific types of proliferation-competent initiating
cells, has been implicated in the development of lung cancers [20,21,22,23,24].

Lung cancer is the most common cause of cancer-related death worldwide, responsible for
approximately 1 million deaths per year [16,19,25]. Lung cancers are classified into
histological categories based on the initiating cell type. The two main groups are small cell
lung cancer (SCLC) and non small cell lung cancer (NSCLC), accounting for approximately
18% and 80% of occurrence respectively. SCLC is the more aggressive and potentially
lethal form of the disease, while NSCLC is much more common and metastasizes at a
slower rate [14,16,19,25,26]. The 5-year survival rate in the U.S. is approximately 15% for
NSCLC and less than 5% for SCLC. Within the NSCLC classification, there are three sub
categories: adenocarcinoma (AC), squamous cell carcinoma (SCC), and Large cell lung
carcinomas (LCLC) [16,19,26], which appear to be mainly epithelial (bronchial, airway or
alveolar) in origin. In contrast, the cells that make up the most common types of SCLC
exhibit dense, neurosecretory granules, indicating a very different type of cell involved in
the initiation for this tumor, namely the airway neuroendocrine cells. In addition to tumors
of the lung that arise from lung cells, the highly vascularized lung is also a preferential site
for metastatic growth of tumor cells of extra-pulmonary origin, including, but not limited to,
breast cancers and melanomas.

Within the main categories of lung cancer there are a large number of tumor sub-types now
recognized. In addition, individual lung tumors can be highly heterogeneous, in that the
tumor mass can be made up of cells along a continuum of undifferentiated to well
differentiated phenotypes. The lung can also give rise to heterogeneous tumors that show
less variation in differentiation status but are made up of mixtures of cell types. These
observations make it difficult to conceive of a limited number and type of initiating cells,
but instead indicate more complex tumor initiating events, where a tumor-promoting
environment activates multiple cell types or, alternatively, in which initiating cells with a
broad potential for differentiation are activated. The highly compartmentalized nature of the
lung, in which specialized cell populations can be found distributed amongst proximal and
distal structures, as well as airway and alveolar parenchyma and the distinctive progenitor
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populations that maintain these tissues, may contribute to the heterogeneity observed in lung
cancers.

4. Cancer and Cancer Stem Cells

Cancer is described as a disease of unregulated proliferation of abnormal cells eventually
leading to the invasion of surrounding tissues. Cancer is identified by its origin, or the type
of cell that first suffered oncogenic mutation. As the disease progresses, uncontrolled
cellular growth produces lesions comprised of abnormal tissues called tumors. Tumors are
comprised of a heterogeneous population of cells [27,28]. Among this varied cell population
are tumor forming cells, which possess stem cell like properties and behaviors. What
separates these cells from the remaining tumor cells is that only these tumor initiating cells
contribute to tumor growth and are able to form additional tumors. Since the characteristics
of these tumor cells are similar to those of stem cells, these cells have been termed cancer
stem cells (CSCs). Cancer stem cells are capable of unrestricted self-renewal and
multipotent differentiation [27,28,29]. The American Association of Cancer Research has
stated that the definition of a cancer stem cell is “a cell within a tumor that possesses the
capacity to self-renew and to cause the heterogeneous lineages of cancer cells that comprise
the tumor.” [30]

Results of comparisons of normal tissue stem cells to cancer stem cells have shown that the
behaviors of metastatic cancer cells are similar in many ways to the behaviors of somatic
stem cells. Due to these similarities, it has been proposed that cancer stem cells, in fact, arise
from stem cells [6,31,32]. The Cancer Stem Cell Hypothesis suggests that cancer cells arise
from stem cells, progenitor cells, or differentiated cells that have been reprogrammed to a
less differentiated state, all of which have then been transformed by mutations. This
transformed cell is capable of self-renewal, can differentiate into a variety of cells, and is
therefore capable of fueling the continuous growth and spread of the disease [6,33,34].

5. Evidence for Lung Cancer Stem Cells

Because of the highly compartmentalized nature of the lung, multiple epithelial cell types,
from the trachea to the distal airways, have been designated putative lung progenitors due to
their stem/progenitor cell-like responses to injury. Studies that have delved into the
behaviors and characteristics of these populations have identified limited, local progenitors
that can repopulate injured tissue following experimental injury [12,35,36,37]. In addition,
AEC2 have been characterized as a limited, epithelial progenitor for the alveolus, in that
they have been hypothesized to be the progenitor of AEC1, the cell responsible for gas
exchange in the alveolus [38]. More recently, a novel, less differentiated cell located in the
bronchioalveolar duct junction called the bronchioalveolar stem cell (BASC) has been
hypothesized to act as an injury-responsive, limited progenitor for the distal airway-alveolar
epithelium [12,13,39,40]. BASCs were first identified by their response to oncogenic K-ras
overexpression. The rapid expansion of BASCs due to constitutive K-ras signaling led to
studies which defined BASC involvement in lung cancer tumorigenesis [41,42]. K-ras is an
oncogenic protein that promotes proliferation. Investigators found that long term activation
of K-ras expression in BASCs led to tumors composed of cells that expressed both Clara cell
and AEC2 markers, that is, Clara cell secretory protein (CCSP) and surfactant protein C
(SP-C) respectively. Although the identity of BASCs as a progenitor for AEC2 and, more
particularly, airway cells is still controversial [43], several studies have shown that cancer
cells carrying the distinctive combination of markers present in BASCs can be isolated from
lung tumors. The appearance of these double positive tumorigenic cells suggested that
BASCs could be responsible for adenocarcinoma formation [11,14,26,41,42].

Cancer Lett. Author manuscript; available in PMC 2014 September 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lundin and Driscoll

Page 5

More recent investigations have provided evidence for additional, possible cells of origin for
adenocarcinomas. One study used K-ras activation in three distal lung epithelial cell types:
BASCs, Clara cells and AEC2, resulting in hyperproliferation of all three cell types. Further
stimulation produced adenocarcinomas within the alveoli that contained cells positive for
SP-C expression only, indicating that AEC2 can produce tumors upon K-ras induction.
However, in this same study, K-ras activation failed to produce tumors within the
bronchioalveolar duct junction. These results expand the pool of potential stem/progenitor-
like distal lung initiating cell types and challenge the concept that mutated BASCs could
play a singular, cancer stem cell-like role in the initiation of adenocarcinomas [44].

6. Lung Cancer Stem Cells as a Reservoir for Disease and Metastasis

In addition to being highly responsive to proliferative stimuli, BASCs and a subset of AEC2
are also resistant to damage and injury and continue to proliferate within the epithelium
during repair following lung damage [39,45,46,47,48,49,50,51,52]. This is an additional,
critical characteristic for both normal tissue and cancer stem cells. In the case of lung cancer,
cells that are resistant to injury could serve as a stem cell-like reservoir for generating
additional tumors. In addition to BASC and AEC2, recent work has shown that both SCLC
and NSCLC contain cells that express the glycoprotein prominin-1 (CD133), a cancer stem
cell marker, which is essential for tumor cell propagation and metastasis [14,18,19,51,53].
The proliferative capacity of CD133-positive cells is still undetermined. However, it is
hypothesized that these cells could serve as a reservoir for generating more cancer cells that
are capable of tumorigenesis, leading to metastasis [18,49,51,53,54].

Numerous mechanisms have been demonstrated in specific cell types that can promote the
stem cell-like ability to resist injury. Studies indicate that CSC resistance to apoptosis may
be due to the upregulation of the ATP binding cassette transporters (ABCG2) and
dysfunction of the p53 tumor suppressor gene. ABCG2, also referred to as the breast cancer
resistance protein (BCRP), is an important drug resistance transporter within the ATP
binding cassette. Since many of the commonly used chemotherapy drugs are known to bind
to the transporter, ABCG2 is suggested as being directly involved in CSC drug resistance.
The loss of function of the p53 gene, which induces programmed cell death in response to
DNA corruption, could also be responsible for the tumorigenicity and the proliferation
potential of CSCs. Studies have found a overexpression of ABCG2 and the mutation of p53
leading to loss or missexpression within both primary tumors and in several carcinoma cell
lines, as well as in CD133+ cells, though investigations into the specific mechanisms
responsible for the injury-resistant phenotype are still ongoing [55,56,57,58,59].

CSC populations are commonly isolated and enriched using cell surface markers such
CD133. However, a cell population found within tumors and present within human
carcinoma cell lines has also been identified due to its ability to expel Hoechst dyes, which,
during the definitive fluorescence-activated cell sorting (FACS) protocols originally used to
differentiate hematopoietic stem cells populations, produces a Hoechst negative population.
Hoechst negative cells comprise what is referred to as side population (SP) cells [60,61,62].
Using SP assays that focus on the overexpression of certain cell surface pumps which
exclude Hoechst dye 33342, SP cells have been isolated from a number of tissues in addition
to the hematopoietic compartment, including from lung tissue and from a variety of tumors.
It has been observed that SP cells posses minimal self-renewal and differentiation
capabilities in vitro. However, in studies where pure SP and non-SP cell populations were
isolated using Hoechst 33342 staining followed by FACS, and cells from both populations
were cultured for 6 weeks and then reanalyzed, investigators noted that the SP cell
population was multipotent, capable of producing both SP and non-SP cells. In contrast, the
non-SP cell population was found to be incapable of generating multiple cell types [62,63].
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In addition, SP cells isolated from human SCLC and NSCLC cell lines were capable of
forming tumor spheres in vitro and/or had an higher tumorigenicity in vivo, indicating that
CSCs could be present within the side population. These stem cell-like characteristics and
the oncogenic capabilities observed suggest that SPs could also be an additional source of
lung cancer stem cells [61,62,63].

7. Lung Cancer Stem Cells as Therapeutic Targets

Identifying CSCs within lung tumors provides a focus for a wide range of possible
treatments and therapies that specifically target stem-like cells. Several possible therapeutic
targets unique to these cells include the repair or correction of dysfunctional signaling
cascades, including altered Wnt, Hedgehog, and Notch pathways [53]. These signaling
pathways play vital roles in lung development and in the regulation of stem cell self-renewal
and may play a role in the initiation of tumorigenesis when mutated, by causing
dysregulation of the process of stem cell renewal and directed and appropriate
differentiation.

The canonical and non-canonical Wnt signaling pathways play vital roles in embryogenesis
and homeostatic maintenance of adult tissues. Wnt proteins are critical for the regulation of
differentiation, self-renewal, and cellular migration of stem cells [9,53,64,65]. Investigators
have identified nineteen different Wnt proteins that perform specific roles in mammalian
tissue development and maintenance, including several that are specific to the lung. Further
investigation has led to the hypothesis that the Wnt signaling cascade also plays a significant
role in oncogenic transformation of lung cancer stem cells [9,53,66,67], as multiple studies
have shown a dysfunction in Wnt pathway regulation within certain cancers. In NSCLC, the
expression of Wntl and Wnt2 are upregulated within lung tumors. Wntl and Wnt2 are
considered proto-oncogenes but are also critical for cell differentiation and development
during embryogenesis. In contrast, investigators have discovered that Wnt-7a, a possible
tumor suppressor, is downregulated in these same cells, providing the growth advantage that
is a hallmark of cancer cells [9,66,67,68].

Like the Wnt pathways, Hedgehog (Hh) signaling is vital to development during
embryogenesis and maintenance of adult tissues. It has been demonstrated that Hedgehog
signaling plays a critical part in the initiation of inflammation associated with both tissue
repair and oncogenesis [53,68,69]. A key role for the Hh signaling cascade is the regulation
of stem cell fate, which determines whether a cell undergoes differentiation or self-renewal.
The normal function of Hh has led investigators to propose that dysfunctional Hh signaling
is responsible for cell malignancy. Multiple studies have been conducted to examine the
expression of target genes Patched (Ptch) and Glil within the Hh pathway [70,71], as well as
the expression of the Hh ligand Sonic Hedgehog (Shh) [70,71,72]. Data from these studies
indicate that Hh signaling is not activated in normal lung tissues, but is increased in tumor
specimens, indicating abnormal Hh activation or Shh overexpression. In several studies,
while evidence of complete Hh activation was not present in all lung tumors, as indicated by
the lack of Ptch and Glil expression, Shh overexpression was found to be present in most of
the tumor samples, indicating that the Shh ligand may be a useful indicator when screening
for abnormalities within the lung [69,70,71,72,73].

Like Wnt and Hh signaling, the function of the Notch receptors are critical to embryogenesis
and adult tissue maintenance, in that they are responsible for cell self-renewal and the
regulation of cell to cell communication [68,74,75]. Investigators have suggested that
dysfunction of the Notch signaling network through mutations at various receptors can
induce certain forms of carcinoma. Studies have indicated that a form of squamous cell
carcinoma in the lung may result from a gain-of-function mutation of the Notch1 receptor.
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Notch, when functioning properly, is hypothesized to play a role in tumor suppression,
indicating that oncogenesis will increase with Notch dysfunction [76,77]. In loss of function
studies it was observed in vivo that inactivation of the Notch network via Notchl
knockdown led to lung tumor development in mice. These data show a specific role for
Notch1 signaling in lung cancer development. Interestingly, inactivation of other Notch
receptor combinations induced tumors in organs other than lung [68,76,77].

A summary of the dysregulation of the embryonic/repair repair pathways Wnt, Hedgehog
and Notch that have been described in the two main lung tumor types can be found in Table
1. This summary shows that studies to date have found that all three pathways can be
disrupted in NSCLC, while Hedgehog and Notch signaling are most commonly disrupted in
SCLC. These data may reflect some commonality in lung tumor types, with changes in
Hedgehog and Notch signaling observed in the more ubiquitous NSCLC, while disruption of
Whnt signaling is an added change observed mainly in the more lethal SCLC. Studies on the
efficacy of specifically targeting these pathways in lung tumors is ongoing.

8. Conclusions

Ongoing analysis of the initiation and propagation of tumors by cancer stem cells, which are
hypothesized to derive from resident, local epithelial progenitor cell populations, has
provided new insight into the progression of this disease. The stem cell-like resistance to
injury and proliferative potentials of cancer initiating cells appears to contribute to cancer
growth and resistance to treatment. Under normal conditions the lung exhibits a low rate of
cellular turnover, but exposure to conditions produced by chronic inflammation, resulting
from either environmental toxins or injury, can have a significant impact on the
microenvironment of the lung epithelium, thus promoting carcinogenesis. Lung cancer is the
most common cause of cancer-related death worldwide, so identification of the cells of
origin is essential for the ongoing pursuit of effective treatments.

Further research into the validity of BASCs, lung CD133+ cells, lung side population cells
and/or AEC2 cells as stem/progenitor-like sources of lung carcinogenesis is needed to
properly identify these population as lung tumor cells of origin. Identification of a common
cell or limited population of cells of origin may provide information regarding the
mechanisms responsible for the development and spread of lung cancers. The specificity of
dysfunction in components of the Wnt, Hh and Notch pathways, which are critical for
correct lung development, in lung tumor cells has led investigators to pursue targeted
therapies, an approach that could prove beneficial for addressing lung cancers that arise
from stem-like cells.
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Alterations in expression of components of embryonic stem cell pathways in lung tumors

Table 1

Wnt9,66-68 Hh70—72 NOTCH 68,72,76,77
SCLC - 1Shh tPtch 1Glil ThASH1
NSCLC | tWntl tWnt2 {Wnt7a tDvI3 1Shh THES1 TNOTCH1 TNOTCH2
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