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Abstract

Conventional anti-cancer therapy often fails to provide a complete cure.
There is hope that study of Cancer Stem Cells (CSCs) will contribute to
change this. CSCs have been identified in hematological malignancies, and
as a concept CSCs continue to gain acceptance as a small subpopulation of
tumor cells in tumors that are capable of self-renewal and differentiation. They
maintain distinct properties that facilitate tumor initiation, growth, and the ability
to metastasize. Tumor drug resistance, disease aggressiveness, and recurrence
have been linked to the tumor microenvironment and the involvement of CSCs’
properties such as its surface proteins (e.g., CD133, CD44, and CDA49f),
aldehyde dehydrogenase-1 activity, and aberrant developmental signaling
pathways (e.g., Wnt, Notch, Hedgehog, and Hippo). This review focuses on the
role of these signaling pathways in CSC biology, its implications for solid tumors,
and the significance of potentially targeting Hippo for effective CSC elimination
or suppression, including using novel nanotechnology-based drug delivery
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systems as a functional platform for therapeutic improvement.
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Introduction

A theoretical model being used to account for the numerous
challenges facing conventional cancer therapies, including labeling
solid tumor malignancies as incurable, is the presence of specific
tumor cell subpopulations in Cancer Stem Cell (CSC) theory. Action
of these subpopulations of cells potentially drives tumor perpetuation,
recurrence, and resistance to the damaging effects of traditional anti-
cancer therapies. With the initial identification and success of CSCs in
the treatment of leukemia, a parallel proposal that acknowledges the
emergence of CSCs in solid tumors may play a rewarding part in the
development and management of novel, targeted therapies designed
to eradicate this subpopulation of cells [1]. Specific targeting of CSCs
that selectively inhibit vital segments of various intrinsic signaling
or specific cell surface markers is under preclinical and clinical
investigation to provide researchers and clinicians with additional
targets to increase therapy success and patient survival. Current
investigative focus is on the role of CSCs in solid tumor progression,
resistance to chemotherapy, disease relapse as well as the potential of
targeting CSCs in the management of solid tumor.

Solid vs. Hematologic Malignancies

Solid tumors exist as abnormal tissue masses that grow in areas
of the body other than the blood, bone marrow, or lymphatic cells
and are usually devoid of any form of liquid or cysts. Such cancers
in advanced stages of the disease may still gain the ability to spread
to other organs through the process of metastatic tumor growth.
Solid tumors are usually classified based on the cell type from which
they originate [2]. About 80% of all cancers are commonly made
up of tumors arising in tissues that include breast, colon, lung,
ovary, and prostate [3], with the four basic tumor sites such as the

breast, colorectal, lung, and prostate accounting for about 60% of
all cancer cases in the United States [4]. Other solid tumors that
occur less frequently but still show relatively high mortality rates are
glioblastoma multiform and pancreatic ductal adenocarcinoma [3].

Hematological malignancies have been described as rare
malignant disorders with deaths from lymphoid, hematopoietic, and
related tissues. They account for about 6.2% of all deaths and have
benefitted from new treatments obtained from prolific research
and development centered mainly on such malignancies relative to
solid tumors. Generally, it is much easier to obtain peripheral blood
specimens of malignant cells from patients with hematological
malignancies than to obtain specimens from solid tumors occurring
in different body locations [5].

Solid Tumors and Heterogeneity

Solid tumors often develop properties that make them resistant to
the current cytotoxic therapies available including chemotherapy and
thereby render the majority of metastatic solid tumors incurable [6].
Based on physiology, solid tumors are made up of cancer cells and
stromal cells and differ from normal tissues in a significant number
of ways, mostly due to differences in vasculature. Unlike the regular,
ordered vasculature of normal tissues, blood vessels occurring in
tumors often present highly abnormal, distended capillaries with leaky
walls and sluggish flow, and tumor growth requires the continuous
growth of new vessels, called angiogenesis [7]. Cells within the solid
tumor subpopulation have been found to display unmistakable
functional diversity stemming from events of hyper-proliferation
and increased genetic volatility that results in distinctive regions
within the tumor with varied extents of proliferation, differentiation,
vascularity, inflammation [8], and invasive capabilities. Tumors
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possessing heterogeneous tissues with abundant, phenotypically, and
functionally distinct cell subpopulations also have different capacities
to grow, metastasize, and develop drug resistance. Heterogeneity is
therefore a defining feature of solid tumors [9,10].

Concept of Cancer Stem Cells

A model established as a cellular mechanism that contributes
to heterogeneity in the majority of the different solid tumor cancer
types is the Cancer Stem Cell (CSC) model. This was a direct result
of the initial identification of leukemia-initiating stem cells by
Bonnet and Dick for acute myeloid leukemia. They discovered that
the cells were capable of establishing the disease in Non-Obese
Diabetic/Severe Combined Immunodeficiency or Severe Combined
Immunodeficiency (NOD/SCID or SCID) mice [9]. This model
postulates that there is a hierarchical organization of cells from which
only a small portion or subset becomes responsible for indefinitely
driving and sustaining tumorigenesis and establishing the cellular
heterogeneity inherent in the primary tumor [10]. This subset of
cells, the CSCs, has been found to share many characteristics with
normal stem cells including the ability to self-renew and give rise
to differentiated progeny. There is growing evidence to suggest
that CSCs can play a major role in cancer initiation, progression,
resistance, recurrence, and metastasis of some selected cancers [11].
Tumors that do not follow a CSC model may also contain tumor-
initiating cells, but these cells do not exhibit stem cell-like properties.

Thequiescentnatureof CSCsisdirectlyassociated withandrelevant
to cancer therapy. Accumulating evidence indicates that diverse solid
tumors that are resistant to chemotherapy possess quiescent CSCs.
Through the activity of intrinsic and extrinsic protective mechanisms
that help with their maintenance and longevity, CSCs often confer
tumor resistance to conventional chemotherapy and contribute
to disease relapse when treatment is discontinued. This indicates
the need to understand such mechanisms and to develop novel
approaches that target this dormancy to therapeutically manipulate
and ultimately develop strategies to permanently eliminate this
population of cells. By specifically targeting these mechanisms, the
dormant CSCs may potentially become activated and hence rendered
susceptible to therapy [12].

Clinical Significance of Cancer Stem Cells

The concept of CSCs has drawn much attention because it provides
an explanation for the development of resistance in solid tumors to
current non-surgical cancer therapies, primarily chemotherapy and
radiotherapy, by displaying similar phenotypes as multidrug-resistant
cells that favor the expression of drug efflux transporters [13] and
activation of anti-apoptotic signaling pathways [14]. This eventually
leads to tumor relapse [10,11]. The concept continues to influence
current approaches to cancer research and therapy [15]. It differs
from the classical clonal evolution model because that theory typically
lacks any form of association with a hierarchical organization [9].
Although current cancer therapies can kill the bulk of cancer cells and
enhance the length of survival after diagnosis of cancer, often these
therapies are unable to wipe out the CSCs. The CSCs survive and give
rise to new tumors and metastases, resulting in disease relapse. Such
recurring tumors increase in malignancy, metastasize at a much faster
rate, and become resistant to previously used therapeutic drugs [15].

Yet, solid tumors have been found to exhibit plasticity and a dynamic
phenotype such that targeting and eradication of solely CSCs without
also eliminating other non-CSCs may still not result in a complete
cure. This is mainly due to the increased ability of CSC tumor cells
to reverse their phenotype from non-CSCs to become CSCs under
certain conditions. For cancer therapy to be successful, both bulk
non-CSCs as well as CSCs must be eradicated [16].

Biological Properties of Cancer Stem Cells

The CSC model continues to gain support and understanding
due to many revolutionary research reports. An example is the use
of aberrant embryonic signaling pathways by CSCs, a main focus of
this review as a critical piece for maintaining tumor self-renewal. So
far, research on CSCs has been done primarily using cancer cell lines,
xenograft, and tissue samples from patients. Since the initial isolation
of CSCs in solid tumors after their identification in breast cancer in
2003 by Al-Hajj and colleagues [17]. CSCs have also been isolated
in a variety of other solid tumors including glioblastoma, gastric,
lung, melanoma, prostate, and ovarian [18-23]. Each type of tumor
produced CSCs that shared typical features such as the ability to
propagate tumors and resistance to chemotherapies.

Tumorigenic subpopulation of CSCs has also been distinguished
from the bulk non-CSC tumor population using a variety of common
markers reported in the literature for solid tumors. It has been shown
that specific cell populations of CSCs exist in different cancers and
may be identified and characterized by specific cell surface markers
that depend on the type of cancer. Although no universal CSC
markers are known, various cell surface markers present either singly
or in combination with other markers have proven to be useful
tools for distinguishing between CSC and non-CSC populations in
both established cell lines and human samples [24]. Common cell
surface markers for CSC isolation include specific phenotypes or the
expression pattern of cell-surface proteins that include but are not
limited to CD44, CD49f, and CD133, in addition to cellular activities
such as aldehyde dehydrogenase activity.

CSCs in Breast Cancer

Among the different surface cell markers that demonstrate the
existence of CSCs in solid tumors, CD44 and CD133 have received
the most consideration with regard to both mesenchymal and
epithelial tumors and have been implicated in therapeutic drug
treatment resistance. Transmembrane glycoprotein CD44 functions
as an extracellular matrix receptor for cell adhesion and binds
extracellular elements including the glycosaminoglycan hyaluronic
acid. This marker assists in the attachment of CSCs to the matrix and
has been linked with the proliferation and metastasis of malignant
tumor cells [17]. Based on the findings of the pioneering study using
a NOD/SCID mice model, breast cancer was established as the first
solid malignancy to express CSCs when Al-Hajj et al. identified
CD44*CD24 " as a cell subpopulation that maintained a significantly
elevated tumor-initiating capability [17]. Only a few number of cells
with this phenotype provoked tumor formation that recapitulated the
phenotypic heterogeneity of the primary tumor when the cells were
implanted into NOD/SCID mice. Conversely it was confirmed that
other phenotypically diverse cells carried different surface markers,
although none of those cells retained the ability to form tumors [17].
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Results from additional studies strengthened the role of CD44*CD24
low population as critical proponents in breast cancer metastasis [25].

CSCs in Brain Cancer

Glioblastoma multiform stem cells have demonstrated tumor-
initiating abilities and have also been found to model highly invasive
tumors that are extremely resistant to radiation and hence evade
DNA damage following orthotopic implantation [26]. CD133 is a
pentaspan transmembrane glycoprotein that was initially isolated
from hematopoietic stem cells. It is restricted to membrane
protrusions and microvilli and has been used in the identification of
CSCsin brain, colon, liver, and other solid malignancies and sarcomas
[27,28]. After identification of the CD44 marker in breast cancer cells,
CD133 was used to identify cells with tumor-initiating capabilities in
various solid malignancies. Results from Singh et al. [29] showed that
by using CD133 as a cell surface marker CSCs could be characterized
and isolated to prove their existence in human brain malignancies
such as glioblastoma multiforme using NOD/SCID mice models.
They reported that while as few as 100 CD133* cells could produce a
tumor that phenocopied the patient’s original tumor, 10°CD133" cells
engrafted but did not produce the same response.

An example of promising therapeutic potential in conjunction
with current therapeutics for glioblastoma are results that showed
that targeting pluripotency transcription factors SOX2, OCT4, and/
or Nanog homeobox and their combination may be a way to achieve
optimal management of glioma [30].

CSCs in Colon Cancer

A study in human colorectal adenocarcinoma cell lines HT29 and
Caco2 to determine a novel but functional CSC cell surface marker
for colorectal cancer showed that CD49f, also known as integrin a6
(ITAGAG®6) and that functions as a laminin receptor for cell adhesion,
is important for identification of CSCs in colorectal cancer. CD49f*
cells localized in cell fractions of CD44" and CD133* such that
CD133* and CD44" cells that were negative for CD49f exhibited no
tumorigenic activity, and highly tumorigenic cells could be enhanced
in samples that had higher CD49f expression [31-35]. Ultimately,
CD49f expression was found to be associated with tumor cell invasion
and metastasis by means of integrin-mediated cell signaling [32-35].

Aldehyde Dehydrogenase 1 Activity

Aldehyde Dehydrogenases (ALDHs) are a group of cytoplasmic
enzymes responsible for the oxidization of toxic aldehydes to
carboxylic acids during metabolism of alcohol, and their activity is
usually used as a marker for the identification of high-risk patients
with either lung or breast cancer. This detoxification function is
critical for stem cell durability and is the most probable explanation
for the evident resistance that CSCs exhibit to chemotherapies that
produce toxic aldehyde intermediates [36]. A study done on normal
and malignant mammary epithelial cells using the ALDEFLOUR
assay to assess the presence and proportion of cells that exhibited
ALDH enzymatic activity showed that cells isolated from normal
mammary epithelial cells expressing the stem/progenitor cell marker
ALDH activity also had phenotypic and functional characteristics
of mammary stem cells. This was also the case for ALDEFLUOR-
positive cells isolated from human breast tumors containing the CSC

subpopulation unlike ALDEFLOUR-negative cells. Using a NOD/
SCID mice model, it was confirmed that for ALDH1-positive breast
tumors, there was a greater chance for the CSCs’ subpopulation
to acquire the same defining properties of normal stem cells that
conferred tumor aggressiveness such as the ability to self-renew, an
elevated potential to proliferate, and chemoresistance [37].

CSCs’ Microenvironment

Similar to normal stem cells, CSCs also depend on their
microenvironment because it affects their activity. For CSCs, the
microenvironment acts as a source of protection and allows for
the preservation of their quiescent and undifferentiated states in
tissues. This protective and supportive niche helps CSCs escape the
effects of cytotoxic agents for chemotherapy and retain the ability to
differentiate and proliferate. Within this niche the CSCs interact with
other cell types including inflammatory cells, vascular endothelial
cells, and fibroblasts, all of which are commonly present in non-
epithelial stromal cells of solid tumors. Evidence has also shown that
the niche is a structure with specific features that not only contain a
diversity of cells but also cytokine and signaling pathways [38-41].

Another contributing factor to the heightened tumorigenicity
and multidrug resistance potential of CSCs presented by the
microenvironment is the depletion of oxygen supply to tumors. There
have been some reports that point to CSCs exploiting ways to survive
hypoxic conditions. This feature activates transcriptional factors
called Hypoxia-Inducible Factors (HIF) by regulating the expression
of certain target genes that affect the development and proliferation of
cancer cells, regulate apoptosis, and promote blood vessel formation
[42,43]. The HIFs, once activated, have the ability to up-regulate
genes and molecules in a number of signaling pathways involved in
the maintenance of the microenvironment including the PI3K/Akt/
mTOR signaling pathway. HIFs also stimulate the action of certain
enzymes that aid in DNA repair, which promotes tumor growth and
aggressiveness and results in poorer clinical outcome [44].

Signaling Pathways in CSCs

For CSCs the process of self-renewal and differentiation has
been described as one that involves various signaling pathways. It
becomes critical then to develop therapeutic strategies directed at
inhibiting such CSC survival pathways with the intention of mainly
targeting CSCs for elimination. In numerous cancer types, the
aberrant embryonic signaling pathways identified and specifically
associated with the regulation of CSCs include but are not limited
to the Wnt/B-catenin, Notch, Hippo, and Hedgehog. When the Wnt
signaling pathway is turned on, the transcription factor p-catenin,
which is usually deactivated and bound in a phosphorylated state in
the cytoplasm, becomes dephosphorylated and can move into the
nucleus of the cell. Once in the nucleus, certain target genes necessary
for maintaining homeostasis of tissues and that play a critical role
in embryogenesis and cancer development become activated [45].
Notch is another signaling pathway where inappropriate activation
has been linked to the metastatic potential of CSCs and therapeutic
drug resistance. It is also involved in angiogenesis, stimulates
proliferation, and regulates self-renewal by restricting differentiation
and apoptosis and ultimately promotes the survival of CSCs. There
has been some preclinical success and progression into clinical

Submit your Manuseript | www.austinpublishinggroup.com

J Stem Cell Res Transplant 3(1): id1023 (2016) - Page - 03



Mousa SA

Austin Publishing Group

Table 1: Targeted signaling pathways Notch and Hedgehog and corresponding therapeutic drugs in clinical trials targeting cancer stem cells (Hippo signaling pathways

are still in the preclinical stage).

Signaling Pathway Type of Cancer Drug Trial Phase Identifier Sponsor
Notch Breast MKO0752 | NCT00106145 Merck
Pancreatic MKO0752 1,1 NCT01098344 Cancer Research UK
Renal cell R0O4929097 1] NCT01141569 University Health Network, Toronto
Leukemia PF-03084014 | NCT00878189 Pfizer
Hedgehog Solid tumors GDC-0449 | NCT00968981 Genentech
Colorectal GDC-0449 Il NCT00636610 Genentech
Hematologic PF04449913 | NCT00953758 Pfizer
Basal cell BMS833923 | NCT00670189 Bristol-Myers Squibb
Medulloblastoma LDE225 | NCT00880308 Novartis

Working hypothesis for the role of YAP and the Hippo pathway during tumor progression and
metastasis.
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Figure 1: Working hypothesis for the role of YAP and the Hippo pathway during tumor progression and metastasis. The activation of the Hippo pathway by changes
in cell density, cell shape, and cell adhesion leads to phosphorylation of the Hippo kinases (MST1/2 in mammals), which in combination with the adaptor protein Sav
phosphorylate LATS1/2 kinases and their partner, MOB. The LATS/MOB complex then phosphorylates the transcriptional coactivator YAP and thereby represses
YAP activity by promoting both cytoplasmic sequestration via 14-3-3 proteins and proteasomal degradation. Our results show that inhibiting the ability of the Hippo
pathway to repress YAP results in increased YAP/TEAD-dependent gene expression, which influences both tumor growth and metastasis by enhancing processes
that occur at both the primary tumor and at the metastatic site. A close homolog of YAP, TAZ, is regulated in a similar fashion by the Hippo pathway and likely

Original Figure P1 from John M. Lamar et al. PNAS 2012; 109:14732-14733, copyright 2012 by National Academy of Sciences.

phase for evaluation with agents that specifically target the Notch
pathway (Table 1), but not for the Wnt pathway, which has proven
to be a challenging target [46]. The Hippo signaling pathway has
been described as one that regulates organ development and tissue
regeneration through corresponding events that tend to affect cell
proliferation, differentiation, and apoptosis by means of a kinase
cascade in response to mechano-sensory and cell polarity inputs [47].

Role of Hippo as a Tumor Suppressor
Pathway

Although this pathway was initially discovered in the fruit fly
Drosophila through studies that aimed to discover regulators of tissue
growth, it has been an immense contribution to present knowledge
of mammalian Hippo signaling (Figure 1). At the core of this
evolutionally conserved phosphorylation kinase cascade in mammals
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are four components, namely the STE 20-like protein kinase 1
(MST1 and MST2) [48-51], the Salvador 1 (SAV1 or WW45) [52,53],
MOBKLIA and MOBKLIB (together referred to as Mob1), and the
large tumor suppressor homologues (LATS1 and LATS2) [54-56].
MST1/2 kinases physiologically form a complex with the adapter
protein SAV1 on activation by upstream regulators. The complex
in conjunction with Mobl further phosphorylates and activates
the downstream kinases LATS1/2. This results in inhibition of the
homologous transcription co-activators Yes-associated protein or
YAP and TAZ. These transcription factors are translocated from the
nucleus and remain sequestered in the cytoplasm [57] by interacting
with 14-3-3 proteins causing its proteasomal degradation and
repression of growth [58].

Under conditions where Hippo pathway is rendered inactive,
the YAP/TAZ transcription factors do not become phosphorylated
by LATS1/2, and this allows the accumulation of YAP/TAZ in the
nucleus. There they interact with the DNA binding proteins TEAD
belonging to the TEA domain family members. The interaction
results in transcription of specific target genes associated with the
regulation of differentiation, cell cycle, and apoptosis [59,60]. YAP/
TAZ can also bind other transcriptional factors including Smadl [61],
Smad2/3 [62], Smad7 [63], RUNX1/2 [64], p63/p73 [65], and ErbB4
[66,67] to produce similar results. The deregulation in part or whole
of the pathway can cause tumorigenesis because it adversely affects
the development of organs and the maintenance of homeostasis of
adult organs [56].

With the knowledge gained from studies using knockdown
mice models, the role of Hippo signaling in tumor suppression has
been correlated with various human cancers stemming from the up-
regulation of either of the transcriptional factors YAP or TAZ. It has
been found that tumor formation is the result of the uninterrupted
over expression of YAP [68]. Up-regulation and nuclear localization
of YAP levels were determined in a number of different cancers [69-
71], and it has also been revealed that mechano-transduction and
YAP expression are a necessary requirement for the maintenance and
generation of cancer-associated fibroblasts [72]. This information
also provided details of the association between the over expression
of the transcription factor TAZ and cell lines for non-small cell lung
cancer and breast cancer cells [73,74].

Mutations and hypermethylation of upstream molecules of the
core kinase proteins have been shown in some cases to produce
malignant tumors. Genetically modified Merlin*/- mice have
been found to develop malignant tumors such as hepatocellular
carcinomas, lung adenocarcinomas, and fibrosarcomas. Merlin is
a protein that functions upstream of Hippo cascade and induces
the phosphorylation of LATS1/2 [75]. It is established that the
consequences of deregulation or interruption of Hippo signaling
activities clearly result in human cancers. Yet unlike in the case of the
up-regulation of YAP/TAZ and its consequences, only a few germline
and somatic mutations of Hippo signaling components have been
identified [60,76,77]. This suggests that pharmacological inhibition
of YAP and/or TAZ activity may be novel routes for anti-cancer
therapeutic intervention.

A number of studies on gene expression profiling have shown
the relevance of the transcription factors YAP/TAZ in CSCs by
shedding more light on how elevated CSC subpopulations in breast

cancer tissues overlap with gene expression induced by the YAP/
TAZ transcriptional factors [78]. YAP regulation has also been linked
to this pathway through the regulatory action of miRNA-29 family
because it inhibits the tumor suppressor PTEN, which then acts as
an antagonist of PI3K, the upstream activator of mTOR. Eventually,
by inactivating the PI3K/mTOR pathway, the activity of CSCs could
be affected by Hippo signaling [79]. A study on the PI3K/mTOR
pathway showed enhancement and reinforcement of breast CSCs
obtained when the pathway was activated via knocking down PTEN
[80].

For any therapeutic intervention to be successful, potentially
targeting genes that are usually kept under control by the Hippo
pathway should be a reasonable approach. So far the sole pre-clinical
lead compound that targets Hippo signaling comes from studies
addressing the YAP/TAZ interaction with the TEAD transcription
factors [81]. However, other compounds have also been found
to have potential for inhibiting transcriptional activity of YAP
in vitro, such as verteporfin, which was found to be reasonably
effective at blocking mouse YAPI-overexpression and is clinically
used as a photosensitizer in photocoagulation therapy for macular
degeneration [82]. Simvastatin is another drug that has been found
to decrease nuclear activity of YAP, which interferes with protein
geranylgeranylation and therefore arrests growth [83].

Role of Hedgehog Signaling

Activation of the Hedgehog signaling pathway leads to an
increase in pro-angiogenesis factors, cyclins, and anti-apoptotic
along with a decrease in apoptotic genes. Additionally, several reports
demonstrated that the activation of Hedgehog pathway leads to
increased fibrogenesis and carcinogenesis in many tissues including
pancreatic tissue [84]. Furthermore, activation of Hedgehog signaling
pathway regulates Epithelial-Mesenchymal Transition (EMT) in
pancreatic cancer stem-like cells, which is implicated in pancreatic
and non-small cell lung tumor progression, metastasis, and resistance
[85,86]. Hedgehog signaling pathway has been also implicated in
other types of cancer stem cell stemness and carcinogenesis including
bladder, breast, and prostate cancer [87-89]. These data support
the potential in targeting the Hedgehog signaling pathway in the
management of various types of cancer (Table 1).

Impact of Nanotechnology in Targeting CSCs

A critical problem faced by most oncologists is the maintenance
and preservation of non-cancerous host cells from the cytotoxic
effects of conventional chemotherapeutic agents. A truly curative
therapy would be one that targets not only the bulk of cancer cells
but also CSCs. Thus there has been an increase in the drive to identify
compounds that will provide a more effective action on CSCs but cause
fewer side effects. There is also the need to develop new strategies for
the administration of such novel compounds. With only a few drugs
in our therapeutic arsenal that have demonstrated selective, high
efficacy against CSCs such as salinomycin, it is important to focus on
targeting CSCs in tumors. It would be beneficial to specifically target
molecules in the Hippo pathway, which would also function precisely
to eliminate CSCs. Nanomedicine and its drug delivery approaches
are one avenue of great promise for targeting drug-resistant CSCs
[42].
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Nanotechnology makes the incorporation of multiple
therapeutic, sensing, and target agents into delivery systems possible.
Some of these include liposomes for the delivery of water-soluble
drugs, dendrimers, gold nanoparticles, quantum dots, and micelles
for water-insoluble drugs. The sizes of nano-materials used for
loading target chemotherapeutic agents usually range between 1
and 100nm. Strategies for the construction of such anti-cancer
nanoparticle complexes include encapsulation and covalent or non-
covalent binding of components that facilitate the recognition or
identification of the location of the cancer to deliver a therapeutic
dose of an agent to kill the tumor cells [90-92]. Successful examples
of approved nanomedicine for cancer therapy include liposomal
doxorubicin Doxil®, albumin-bound paclitaxel Abraxane®, and
PEG-L-Asparaginase Oncaspar®, all of which have been reported to
have exceptional accumulation in tumors either by passive or active
targeting [93].

Nanotechnology has so far shown significant promise in the
areas of drug and drug delivery systems development. It has the
potential to offer invaluable advances in not only oncology but also in
many other branches of medicine such as cardiology, immunology,
neurology, endocrinology, ophthalmology, pulmonary, orthopedics,
and dentistry [93]. It has been useful in many nanomedicine
capacities including diagnosing, treating, and preventing disease. It
has also been helpful in regenerative medicine for the improvement
of cell component interactions including the manipulation of cell
proliferation and differentiation, and for cell maintenance and repair
[94]. Given such a wide range of applications, nanotechnology can
improve the bioavailability of an anti-cancer drug and decreases the
levels of toxicity patients experience from chemotherapy [95], thus
helping to overcome conventional therapy limitations by increasing
the efficacy and safety of the delivery system [96].

Nanotechnology-based approaches have been applied to
specifically target CSCs in diverse ways. Nano-carriers can be used to
deliver anti-CSC agents that are insoluble and unstable, to label CSCs
using their biological signatures such as their surface proteins, and
finally as a standalone method to target and eliminate mainly CSCs
without disrupting healthy stem cells [97-100].

and CSCs
exceptionally high amounts of surface proteins such as CD44, Wei et
al. [99] developed nano-gel-drug conjugates as anti-cancer treatment
specifically for drug-resistant tumors and CD44. The main focus for
the design of the Cholesteryl-Hyaluronic Acid (CHA) nano-gel-
drug conjugates was enhancement of different facets of drug delivery
such as the solubility of the drug, its release from the nano-gel once

Because many drug-resistant tumors have

in the cytoplasm, and active tumor targeting. It was demonstrated
that compared to simple HA-drug conjugates, CHA-drug showed
higher affinity for cellular membrane than for CD44 receptors in
drug-resistant cancer cells. This resulted in better cellular uptake and
therefore stronger cytotoxicity of CHA-drug in both cancer cells and
spheroids. They also showed that the CHA nano-gel-drug conjugates,
although simple macromolecular drugs, could effectively be used as
promising contenders for the treatment of CD44-expressing tumors
and to target and eradicate CSCs in an effort to eliminate drug-
resistance to chemotherapy and subdue tumor relapse [99].

Conclusion and Future Prospects

Existence of CSCs in solid malignancies and their critical ability
to undergo self-renewal and differentiation for tumor initiation,
progression, metastasis, recurrence and ultimately maintaining
tumorigenesis has been substantiated. To date various potential
therapeutic agents against CSCs have been determined. These agents
are aimed at the various mechanisms that help CSCs to survive.
Mechanisms that have been targeted include surface biomarkers,
detoxifying enzymes, and DNA repair enzymes. The CSC concept
proposes that for any novel therapeutic agent to be deemed successful,
it must be designed to target and eliminate the entire subpopulation of
CSCs and not just the bulk of cancer cells. With the recent studies on
the Hippo pathway and its exposure as a potential means of targeting
CSCs, it is imperative to get a better understanding of the pathway
and design new strategies for curative purposes. Nanotechnology
may be one such platform.

The application of nanotechnology to drug delivery continues
to have significant impact in medicine with more than 20 successful
nanoparticle therapeutics in clinical use so far. This legitimizes
nanotechnology as a platform that may improve and increase the
therapeutic response of anti-cancer drugs in the effort to reduce
cancer recurrence and treatment resistance. With continued research
and development efforts, nanotechnology, which has already made its
mark in the field of medicine, is expected to have specific impacts in
therapeutic approaches that involve CSCs.
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