Thai J Pharmacol; Vol. 43: No. 1, 2021

21

REVIEW ARTICLE

Cancer Stem Cells, the Cellular Signaling, and Potential Therapeutic
Targets in Lung Cancer
Nattamon Hongwiangchan1, Pithi Chanvorachote2, Sucharat Tungsukruthai3
1

2

3

Graduate Program of Pharmaceutical Science and Technology, Faculty of Pharmaceutical Science,
Chulalongkorn University, Bangkok, Thailand
Department of Pharmacology and Physiology, Faculty of Pharmaceutical Science, Chulalongkorn
University, Bangkok, Thailand
Doctor of Philosophy Program in Interdisciplinary Pharmacology, Graduate School, Chulalongkorn
University, Bangkok, Thailand
Received: 11 May 2021; Revised: 27 May 2021
Accepted: 1 June 2021

Abstract
Recent studies in the field of cancer cell biology have pointed out that the
cancer cells having stem cell property in tumor may contribute aggressive phenotypes
of cancers. A limited population of cancer cells exhibiting high ability to generate
new tumor named “cancer stem cells (CSCs)” has garnered significant attention in
these years and was linked with the initiation of primary tumor and cancer cells as
well as the successful establishment of metastatic tumors. Based on the theory that
stem cells preserve their ability to generate the new clones with different cell lineages
because of their pluripotency, CSCs similarly exert its tumorigenicity. Besides,
CSCs were shown to highly resist to currently used anticancer drugs and have
augmented ability to metastasis. It is worthy highlighted that the CSCs that survive
after chemotherapeutic treatment are believed to be the cause of disease relapse.
Taken together, these evidences have supported the development of CSC- based
targeted therapy. This review aimed at describing the fundamental information
regarding the role of CSCs in lung cancer and its cellular signaling that may benefit
the understanding and support the development of CSC-targeting research.
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Introduction
Studies have revealed that tumor contains several cancerous cells exhibiting
heterogeneity. In termed of stem cell property, similar to the normal tissue, it is
known that the stem cells are located at the top of tissue organization and these stem
cells exhibiting self- renewal capacity and differentiation are responsible for the
generation of cells in the tissue. Likewise, in tumor tissue, the cancer stem cells
( CSCs) having self- renewal and differentiation abilities have been discovered and
accepted as a dominant driver of cancer malignancy.
It was demonstrated that this unique cancer cell population possessing stem
cell signals are important for cancer initiation, progression, and disease relapse. 1
In lung cancer, cancer stemness (CS) is described to be pivotal phenomena relating
to cancer recurrence, drug resistance, and poor prognosis. 2 Several studies have
pointed out that certain stem cell-associated signals including those that control cell
survival and proliferation have across-talk effects with cellular stem cell functions.
Interestingly, various cell signals were demonstrated to be essential for CSC
maintenance; therefore, the identified signals controlling CSCs could be targets for
CSC-targeting therapy. As CSCs and their underlying signals were believed to drive
cancer aggressive behaviors, the use of small molecule inhibitors may attenuate the
stemness in the tumor and benefit the clinical outcome.
Regarding CSC biology, it was known that survival pathways including c-Myc
and Akt pathways play essential roles in controlling CSC behaviors, properties, and
maintenance. Therefore, CSC- targeting therapy is highlighted as a novel cancer
therapy. Since, Akt has been long implicated in several aspects facilitating tumor
growth, survival and resistance in various types of cancer. 3,4 PI3K/ Akt signaling
pathway is important in prostate cancer stem- like cell maintenance and targeting
PI3K was proposed to be helpful for treatment of prostate cancer via eliminating the
prostate cancer stem-like cells. 5 The essential role of Akt signaling pathway in lung
cancer was also demonstrated.6 Role of c-Myc on CSCs has been intensively revealed.
Myc is a family of regulator genes and proto- oncogenes which has been recognized
as an essential regulator of CSCs. 7 A recent study revealed that overexpression of
c-Myc resulted in an activation of numerous downstream genes, leading to conventional
therapy-resistance in CSCs. c-Myc stability has been demonstrated to be a key factor
determining its cellular activities and was shown to be regulated via PI3K/ Akt
pathway. 8,9 Swords et al. 10 demonstrated that when Akt pathway was disrupted,
c-Myc was rapidly decreased as a result of destabilization and enhanced degradation.
Besides, recent research has revealed the important impact of Akt/GSK3β pathway in
regulation of c-Myc stability and ubiquitin-proteasomal degradation.11 Akt signaling
pathway not only regulates the stabilization of c- Myc but also affects the cellular
function of this protein.12
Lung cancer
Lung cancer is a cancer that initiates in the lungs and is one of the leading
causes of death worldwide.13 Every year, over 1.8 million of lung cancer patients have
been diagnosed. 14 It is caused by bronchial mucosa cells that have been irritated for
a long time, so it may be called a bronchogenic carcinoma. In 2018, 2.09 million of
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new cases and 1.76 million of deaths have been reported. The cancer incidence and
death rates have increased considerably compared to 2012. Smoking is still the major
risk factor of this cancer. 15 Most lung cancer patients have not shown any obvious
symptoms in the initial stages. There are signs indicating the occurrence of the
disease when there are more cancer growths, including chronic cough, chest pain,
fatigue, shortness of breath, pain while breathing or coughing, and weight loss. Some
of rare symptoms may occur such as wheezing, changes in fingertip and nail shape,
high fever, difficult swallowing, hoarseness, and swelling of face and neck.16
There are various risk factors for lung cancer including air pollution, genetic
factor, and tobacco smoking. These factors are the causes of cancer development. 16
Air pollution, both indoor and outdoor, acquires more than 30% of the causes of lung
cancer.17 The release of chemicals (SO2, NOx, CO, and heavy metals) to the air and
particulate matter (PM) are considered important causes of air pollution and directly
affect the respiratory system.18 In Taiwan, PM 2.5 was found to affect adenocarcinoma
lung cancer incidence and the survival of patients. 19 Factors that cause cancer may
come from external factors, but sometimes internal factors can also affect cancer risk
such as genetic factors. If the family has a history of lung cancer, it will enhance the
risk of disease as well. 16 Genetic variation in the 5p15. 33 TERT- CLPTM1L region
affects lung cancer risk in non- smokers. 20 Mutation of the epidermal growth factor
receptor ( EGFR) can induce cancer and the EGFR mutation in NSCLC patients is
more common in female ( over 40% ) than male ( less than 15% ) . Many research
works have reported that tobacco smoking may be the major cause of this cancer,
with the risks of 90% and 60% for male and female, respectively. 21 In the smoking
patients, the predicted prognosis is poorer than the non- smoking ones. 22 Tobacco
smoke contains many carcinogenic compounds (such as polyaromatic hydrocarbons,
N- nitrosamines, acetaldehyde) that can cause lung cancer in smokers as well as
secondhand smokers.23
There are 2 subtypes of lung cancer: small cell lung cancer (SCLC) and nonsmall cell lung cancer ( NSCLC) , which accounts for approximately 15% and 85%
of all lung cancers, respectively.24 NSCLC, the main type of lung cancer, is categorized
into 3 subtypes, including squamous cell lung carcinoma ( 25- 30% ) which has a
strong relationship with smoking, large-cell lung carcinoma (5-10%) which starts in
the middle of the lungs and can spread into nearby lymph nodes, and lung adenocarcinoma ( 40% ) which is a key type of lung cancer. Lung adenocarcinoma has a
slow growth rate compared to other types of lung cancer and can be detected before
it spreads outside the lungs.25
There are many options to cure lung cancer based on the cancer type, stage,
and patient's condition. The first treatment is surgical treatment, which is suitable for
patients with stage I and II lung cancer that does not spread to lymph nodes. 26 The
second one is non- surgical treatment such as targeted therapy, chemotherapy, and
immunotherapy. For NSCLC, the driver mutations are an important part of NSCLC
diagnosis. A previous study showed that 50% of NSCLC patients had oncogenic
drivers, and targeted therapy could improve their overall survival. This is the reason
why FDA approved tyrosine kinase inhibitors (TKI), one type of targeted therapeutic
drugs, for NSCLC treatment. However, the targeted therapy of SCLC has not yet
been approved by the FDA. For immunotherapy, immune checkpoint inhibitors (ICIs)
can be used in combination with chemotherapy. 24 The last treatment is radiotherapy
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which is very essential in lung cancer treatment and is used in palliative care. It can
improve therapeutic response via a combination of immunotherapeutic agents and
radiation.27
CSCs and their role in lung cancer
Stem cells are specialized cells that have the ability to self- renew and
differentiate into several different types of cells. Even with a small population, stem
cells are essential for replenishing aging cells and repairing damaged tissues. 28 CSCs
are a small population inside the tumors holding stemness characters which promote
tumor initiation, tumor cell metastasis and tumor recurrence. Currently, CSCs are a
key factor contributing to low rate of successful treatments. 29 Available chemotherapeutic drugs induce programmed cell death in normal cancer cells but not in
CSCs. 30 Other than that, CSCs show several characteristics like normal pluripotent
stem cells including self-renewal, specific gene expression and protein markers, and
the signaling pathways. 31 These characteristics point out that CSCs are associated
with tumor development and progression. In addition, previous research reported
that the intrinsic and the extrinsic alterations in the tumor microenvironment, together
with the mutations and the epigenetic regulations, are involved and responsible for
CSC development. 32 CSCs are a small sub- population of cells within tumors that
possess the same characteristics as normal stem cells (NSCs). CSCs have the ability
to initiate tumor formation, widespread proliferation, and become resistant to cancer
chemotherapeutic drugs. 31 The overall contributions of CSCs on chemotherapeutic
drug resistance and cancer relapse are concluded in Figure 1.33

Figure 1. CSC biology and contribution to metastasis and disease relapse.
CSCs ( red) can self- renew and are developed in cancer to form tumor
bulk ( blue) . When the tumor grows, cells have a limited capacity for
growth or all cells may form disseminated malignancies. Therefore, cells
are resistant to drugs, leading to cancer recurrence.
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In 2012 in the United States, there were 226,160 patients diagnosed with lung
cancer and 160,340 deaths were reported.34 Although the diagnosis and treatment of
lung cancer have been advanced over the past decade, the prognosis remains poor
due to its resistance to therapy, rapid tumor growth, and its ability to spread.35 CSCs
are responsible for the aggressive phenotypes of lung carcinoma. CSCs express stem
cell markers in lung cancer including CD133, CD44, ALDH, Oct4, and Nanog. 36
Moreover, it is important to be able to distinguish between NSCLC and SCLC on
the basis of CSC characteristics, which is responsible for treatment strategies and
prognosis.37
CSC markers
CSCs are a potential driving force of initiating new tumors and progression
of cancer because of the self- renewal, drug resistance, metastasis, and cancer
recurrence. 38 Up- regulation of specific stem cell protein markers including CD133
and ALDH1A1 are related to tumorigenesis and chemoresistance properties of CSCs.39
CD133 CD133 is a common marker of lung CSCs. 40 It is a cell surface
glycoprotein that consists of 5 transmembrane domains and 2 large glycosylated
extracellular loops. 41 The findings from previous research indicated that CD133+
cells had significantly higher abilities for self-renewal, cancer initiation, and chemoresistance features when compared to CD133− cells. 42 Moreover, previous research
also found CD133+ cells with CSC character in SCLC cell lines. Therefore, CD133
can be represented as a major lung CSC marker.43 High expression of CD133 protein
is linked to poor prognosis in NSCLC patients, since the expression of CD133 is
correlated with higher cancer stage in lung cancer.40
Aldehyde dehydrogenase ( ALDH) Another marker used to identify and
isolate the CSCs is ALDH. ALDH is an intracellular enzyme that regulates the
cell differentiation of NSCs. 44 It is involved in detoxification process and drug
resistance in stem cells. 45 One of the members of the ALDH family is ALDH1, a
cytosolic isoenzyme. The expression of ALDH1 in lung cancer cells indicated highly
tumorigenic and cancer cell cloning properties.46 Moreover, expression of ALDH1A1
in CSCs displayed chemotherapy and epidermal growth factor receptor tyrosine
kinase inhibitors (EGFR-TKI) resistance.47
Transcription factors
Increases in expressions of transcription factors such as Nanog, Sox2, and
Oct4 were observed in CSCs. These transcription factors play a key role in pluripotency and self-renewal activities.The overexpressions of these markers that affects
proliferation property and self- renewal were observed in CSCs rather than in
embryonic stem cells (ESCs) or normal cells.48 Transcription factors of stemness can
modulated the stem phenotype such as self- renewal and pluripotency in NSCs and
CSCs. Sox2, Nanog and Oct4 are commonly transcriptional factors that mediate CSC
properties in various cancers, including lung cancer.49,50 Oct4/Sox2/Nanog complex
recruits important transcriptional factors to induce stemness-regulating proteins. 51
It was demonstrated that epidermal growth factor receptor ( EGFR) , an important
growth factor receptor dominantly found in the lungs and other aggressive cancers,
plays a critical role in initiation and maintaining the cellular signals, leading to the
inductions of stem cell transcription factors (Figure 2).52
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Figure 2. Role of EGF in regulating survival molecules on stemness transcriptional
factor complex.

Nanog Nanog is a critical transcription factor in maintaining the capacity of
self-renewal of ESCs in the development of embryo.53 In lung cancer patients with
overexpression of this protein, the prognosis is worsened. Therefore, Nanog protein
is used as a key predictor in the lung cancer prognosis.54 Nanog can control the
self-renewal and cell potency of ESCs. In addition, the combination of Nanog with
other proteins including Oct4, Sox2 and Lin28 may be used to induce effective
reprogramming process in fibroblasts to provide the induced pluripotent stem cells
(iPSCs) (Figure 3).55 Nanog does not only regulate self-renewal and induce pluripotent
stem cells but also displays a role in the regulation of ESC cell cycle. Previous research
showed that overexpression of Nanog protein expedited S-phase entry of ESC
clones. In physiological conditions, the C-terminal of Nanog bound to CDK6 and
CDC25A at regulatory region, which mediated S-phase entry.56 Moreover, NanogP8
was more expressed in T-cell acute lymphoblastic leukemia and the knockdown of
NanogP8 could suppress proliferation of cells and self-renewal, and induce apoptosis
and cell cycle arrest via p53 pathway.57 In addition, downregulation of Nanog caused
G0/G1 cell cycle arrest and reduced cyclin E expression and STAT3 in breast cancer
cell line.58 Nanog is also important in controlling ESC cell cycle. Therefore, the
investigation of Nanog expression in lung cancer stem cells may be useful for the
development of new therapies.
Sox2 Sox2 ( sex determining region Y- box 2) is a stem cell transcription
factor. Up-regulation of Sox2 is currently reported in various types of lung carcinoma
such as SCLC, squamous cell lung carcinoma and lung adenocarcinoma.52 Spheroid
formation and CSC apoptosis are regulated by Sox2 protein level.59 Previous research
found that Sox2 plays a role in the repair the pluripotent of iPSCs and ESCs. In
addition, Sox2 has been accepted as a powerful oncogene in numerous cancers, where
it controls CSCs and is functionally related to hallmarks of cancer.60
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Figure 3. Role of Nanog in controlling self-renewal and pluripotency of stem cells.

Oct4 Oct4 (octamer- binding transcription factor 4) is one of the CSC
transcription factors. It is an essential regulator of ESC fate. Cancer cells are similar
in appearance to early embryonic cells, with common characteristics including
deathless, undifferentiated, and invasive. 61 Dysregulation of overexpressed proteins
during the embryonic stage can cause development of cancer. Oct4 is specifically
expressed in the ESCs and a large amount is needed to maintain self-renewal of ESCs.
This means that Oct4 is a main regulator of pluripotency in mammalian development.62
A previous study has shown that the expression of Oct4 was a critical factor in keeping
CSC characters in lung cancer with CD133+ cells and suppression on Oct4 expression
inhibited stemness phenotypes and metastasis feature in CSCs of lung cancer cells.42
CSC signaling pathways
Current research reported that CSCs have various similar characters to NSCs
including self-renewal and differentiation. They also share many major pathways to
remain their survivals. 63 CSCs have been reported to show various properties of
embryonic or stem cell tissue and cancer development pathways including Wnt,
Hedgehog, and Notch which have been well-maintained as self-renewal property of
stem cell.64 So, activation of these signaling pathways may give a significant role in
the extension of CSCs and therefore resistant to drug.65
Wnt signaling pathway Wnt signaling is one of the key regulators of tissue
morphogenesis throughout embryogenesis, with the support of 19 Wnt proteins,
2 co-receptors, 10 Frizzled (Fz) receptors, and numerous non-Fz receptors. In addition,
Wnt pathway regulates a wide range of functions that include stem cell survival and
maintenance stem cell properties. To activate the Wnt/β-catenin pathway, a Wnt ligand
binds to the receptor ( Fz receptor) on the cell surface and LRP5/ 6 co- receptor and
further forms Wnt- Fz- LRP6 complex. Fz can recruit Dvl and cause the phosphorylation of LRP5/ 6 and Axin recruitment. The interaction of Wnt and Fz receptor
results in the arrest of Axin- mediated phosphorylation of β- catenin and causes
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translocation of β-catenin into the nucleus to create complexes with TCF/LEF which
further activates the target genes.66
Previous studies have reported that the Wnt signaling has more relationship
with stem cells. 67 Previous evidence suggested that the activation of Wnt/ β-catenin
signaling increased the drug resistance to IFN- α/ 5- FU combination therapy. 68
Furthermore, the translocation of the β-catenin into the nucleus induces the activation
of target genes in cancer such as MYC (Figure 4).69
Canonical Notch signaling Notch signaling is an essential pathway in
developmental programs and differentiation.70 Notch signaling can be activated when
ligand binding occurs, resulting in release of Notch intracellular domain (NICD) via
the function of two proteolytic cleavages (ADAM and γ-secretase complex). NICD
is transferred into the nucleus and then binds to CSL transcription factor, leading to
activation of various downstream target genes of Myc, Nanog, Oct4, and Sox2.
These are pertinent to self-renewal (Figure 5).71,72
Hedgehog pathway The Hedgehog ( Hh) signaling pathway is an important
pathway for various organ development during embryogenesis such as lungs, heart,
and gastrointestinal tract, via the control of proliferation and differentiation.73,74 The
essential proteins in the Hh signaling pathway include Hh ligands, a transmembrane
protein Smoothened ( Smo) , and Glis1- 3 transcription factors that regulate the
activation or suppression of the pathway.75
For the activation of Hh pathway, three mammalian counterparts, sonic
hedgehog (Shh), Indian hedgehog (Ihh) and desert hedgehog (Dhh) bind to Patched
1 (Ptch1) and allow it to leave from the cell surface. Then, Smo moves into the cilium
and activate Gli transcription factors. In this system, Gli activator forms enter the
nucleus and induce the Hh target genes transcription. In addition, when ligands are
absent, Ptch1 is still located in the cilium and blocks Smo entry. Gli transcription
factors exist in repressor forms that interrupt transcription process of target genes.73

Figure 4. Wnt/β-catenin signaling cascade.
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Figure 5. Schematic of Notch signaling.

Active Hh signaling can potentially cause cancer treatment failure by reducing
chemotherapeutic responses or actively creating more aggressive and therapy-resistant
tumors. Previous research reported that treatment of glioma CSCs with an Hh
inhibitor led to the reduction of cell proliferation, cell existence, and self- renewal,
along with the decrease in the expression level of the stem cell genes including Sox2,
Nanaog, and Oct4.76
c-Myc regulates CSC properties
c-Myc is the target gene in Wnt pathway. It plays a critical role in an oncogenic
switch. For example, after suppression of β- catenin/ TCF- 4 activity in colorectal
cancer cells, the decrease in c- Myc gene expression led to the transcription of p21,
resulting in differentiation and triggering G1 arrest.77
Notch signaling can activate PI3K/Akt signaling pathway78 and c-Myc
transcription. A recent research reported that in CRC cell lines, the activation of the
Notch pathway by mastermind-like protein (MAML)-1 could transcriptionally bind
to c-Myc and cyclin D1.79 Myc and cyclin D1 are related to the progression of the
cell cycle. The suppression of Notch pathway may involve in inhibition of the cell
cycle progression, causing anticancer effect.80-82
Moreover, self-renewal in colorectal CSCs is dependent on the Hedgehog‐
GLI via connection with the Wnt pathway.83 GLI-1 can reduce the expression of cMyc and suppress the cell proliferation.84 It indicates that c-Myc transcription factor
is important in CRC therapy.
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c-Myc maintains the chemoresistance
c- Myc protein has a significant role in drug resistance. The overexpression
of c- Myc triggers downstream genes which are related to cell cycle regulation and
genomic instability. 85- 87 Several chromosomal abnormalities occur when c- Myc
induces genomic instability such as elevation of elements, centromere and telomere
fusions, DNA double strand breaks, and genetic mutation. 87- 90 In addition, the
aggregation of genomic instability increases the susceptibility of tumor cells to DNAdamaging agents.91,92
Akt/c-Myc signaling pathway in CSCs
PI3K/ Akt signaling pathway is important to cancer cell differentiation, cell
proliferation, and cell survival under both physiological and pathological conditions.93
Previous research showed that activation of the PI3K/ Akt signaling pathway led to
epithelial mesenchymal transition ( EMT) and enhanced CSC phenotypes involved
in prostate cancer radioresistance.94 PI3K/Akt pathway is significant for prostate CSC
maintenance and that targeting PI3K signaling may be beneficial in prostate cancer
treatment by eliminating prostate CSCs. 5 Myc is characterized as a regulator genes
and proto-oncogenes which encode important nuclear transcription factors. As c-Myc
has been recognized as an essential regulator of CSCs. 7 Swords et al. demonstrated
that when Akt pathway was disrupted, c- Myc was found to be rapidly decreased as
a result of destabilization and enhanced degradation. 10 Not only stability of the
protein requires Akt/ mTOR activity, but c- Myc cellular function was shown to
depend on Akt activity.12 A previous study indicated that threonine 308 (Thr308) and
serine 473 (Ser473) were the two main sites of Akt phosphorylation. The activation
of Thr308 phosphorylation may increase the Akt enzymatic activity.95 Recent research
have revealed the important impact of Akt/ GSK3β pathway in regulation of c- Myc
stability and ubiquitin- proteasomal degradation. The phosphorylation at Threonine
58 ( Thr58) and serine 62 ( Ser62) of c- Myc is significant for c- Myc ubiquitinproteasomal degradation.11
Conclusion
CSCs among cancer cell population drive carcinogenesis, disease progression,
metastasis, and drug resistance. Importantly, the survived subpopulation possessing
CSC characteristics after cancer treatment renders disease relapse. In order to
completely control cancer, it is quite essential to understand the basis mechanisms
regulating and maintaining CSCs. Several survival and stem cell regulatory pathways
have been identified to be critical factors for CSC function and maintenance and
these cell signals were co-related with the prognosis of cancers. Inhibition of CSCs,
whether it be alteration of CSC markers or inhibition of CSC signaling pathways,
may be a possible alternative for lung cancer treatment under such circumstances.
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