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Abstract During the past decade, a growing body of
evidence has implied that cancer stem cells (CSCs) play an
important role in the development of gastric cancer (GC).
The notion that CSCs give rise to GC and may be
responsible for invasion, metastasis, and resistance to
treatment has profound implications for anti-cancer ther-
apy. Recent major advances in the rapidly evolving field of
CSCs have opened novel exciting opportunities for devel-
oping CSC-targeted therapies. Discovery of specific
markers and signaling pathways in gastric CSCs (GCSCs),
with the perfecting of technologies for identification, iso-
lation, and validation of CSCs, may provide the basis for a
revolutionary cancer treatment approach based on the
eradication of GCSCs. Emerging therapeutic tools based on
specific properties and functions of CSCs, including acti-
vation of self-renewal signaling pathways, differences in
gene expression profiles, and increased activity of telo-
merase or chemoresistance mechanisms, are developing in
parallel with advances in nanotechnology and bioengi-
neering. The addition of GCSC-targeted therapies to cur-
rent oncological protocols and their complementary
application may be the key to successfully fighting GC.
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Gastric carcinogenesis and the cancer stem cell (CSC)
hypothesis

Immense progress has been made in unraveling the intri-
cate carcinogenesis and molecular heterogeneity of stom-
ach carcinoma, but there has been little improvement in
clinical outcome of the disease. Despite the declining
incidence, gastric cancer (GC) remains a worldwide health
problem with significant mortality that has not decreased
[1, 2]. An obvious lack of efficient therapies emphasizes
the need for the development of novel treatment
modalities.

Genetic factors, Helicobacter pylori infection, dietary
constituents, increased salt intake, carcinogens or their
precursors such as nitrates in food, and smoking have all
been implicated in the carcinogenesis of GC [3-7]. The
introduction and evolution of the cancer stem cell (CSC)
hypothesis have profoundly affected our perspective with
regard to neoplastic disease. Compelling evidence indicates
that cancer arises only from a small subpopulation of cells
that possess the ability of self-renewal and indefinite pro-
liferation which drives tumorigenesis [8—11]. CSCs retain
the capacity to give rise to a hierarchy of phenotypically
diverse progeny [12]. In addition to their undifferentiated
nature, CSCs are endowed with relative resistance to
apoptosis and the propensity to spread early. The CSC
hypothesis suggests that cells capable of initiating and
promoting tumor growth and metastasis are rare. However,
recent studies have shown that under more permissive,
modified xenotransplantation assay conditions, the
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detectable frequency of tumorigenic cells dramatically
increases [13, 14].

To date, there is neither definition of CSCs in solid
tumors nor a defined cluster of specific markers that spe-
cifically target cells meeting the criteria for CSCs in a
certain type of tumor [15]. Although we cannot exclude the
possibility of fully differentiated cells undergoing malig-
nant transformation, experimental evidence supports the
stem cell origin of most cancers. CSCs have been identified
in breast, colorectal, and pancreatic cancer [10, 16, 17].
Recent evidence suggests that a small population of Lgr5+
cells found in the stomach and small intestine of mice is
capable of forming long-lived organoids in culture [18].
Deletion of the APC gene in these scarce but rapidly
cycling cells results in constitutive activation of the Wnt
pathway and leads to the rapid and progressive develop-
ment of adenomas [18, 19].

Gastric cancer stem cells and their origin

Gastric carcinoma has been suggested to contain and be
driven by a subset of cells that display stem cell properties.
Based on this progressive comprehension, putative gastric
cancer stem cells (GCSCs) could generate multiple dif-
ferent types of cells within a carcinoma and fuel tumor
growth and heterogeneity [20, 21].

The origin of GCSCs has not yet been conclusively
elucidated. GCSCs, tumor-initiating cells in the stomach,
may be organ specific and arise from malignant transfor-
mation of normal stem cells (SCs) residing in stomach
glands or from more differentiated progenitor cells that
suffer oncogenic mutations and subsequently reactivate
stemness-related properties. Because of their long lifespan
and infinite proliferation, SCs are susceptible to mutations
and epigenetic influences that alter their predetermined
fate, converting them into a source for malignant clones
[12, 15, 22]. Using mitochondrial DNA (mtDNA) muta-
tions as a marker of clonal expansion, McDonald and
coworkers provided evidence that human gastric body units
were clonal and contained multiple SCs, where each unit
and associated differentiated progeny contained an identi-
cal, mutated mtDNA genotype. They demonstrated the
expansion of mutations within both normal mucosa and
gastric mucosa showing intestinal metaplasia, thus pro-
viding a model of field cancerization in the human stomach
[23].

Gastric adenocarcinoma may also originate from
another recently proposed candidate, bone marrow-derived
cells (BMDCs) [6, 20, 24]. Adult BMDCs have been
considered to show a fair amount of plasticity, and they are
considered capable of giving rise to not only blood ele-
ments and marrow stroma but also many different cell
lineages when summoned to a site of chronic inflammation

@ Springer

or injury [24, 25]. Houghton and coworkers demonstrated
that BMDCs recruited by chronic Helicobacter infection
and engrafted in gastric mucosa may subsequently undergo
neoplastic transformation through a metaplasia/dysplasia/
carcinoma sequence. They showed that severe chronic
inflammation in a C57BL/6 mouse model induced migra-
tion of BMDCs and repopulation of gastric glands. BMDCs
later transformed into GC lineages. The study confirmed
that most metaplasia, dysplasia, and cancer were donor
derived [24]. Although further findings suggested that
BMDCs might be the source of different tumor types [26],
no subsequent study confirmed that BMDCs are capable of
initiating gastric cancer. A recent study has proposed that
CSC may ensue from the fusion of a local or bone marrow-
derived adult SC with a differentiated cell, if the accu-
mulated genetic aberrations are sufficient for proliferative
fusion [27, 28]. It was found that chronic inflammation,
which represents a major risk factor for GC, vigorously
promotes fusion of BMDCs with resident SCs [29, 30].

The possibility of a dynamic equilibrium between CSCs
and non-CSCs within a tumor is based on the plasticity
fueled by intensive crosstalk between numerous molecular
pathways responsible for SC properties and epithelial—
mesenchymal transition (EMT). It has been suggested that
CSCs can shift into non-CSCs under the influence of
microenvironmental signals and through epigenetic mod-
ulations that are reversible and prompt in action [31].
Recently, it has been proposed that CSCs do not represent a
definable subpopulation of cells but a highly dynamic state
in which only a small number of cells are present at an
observed moment of time, and where the results of cell-
sorting assays for SC properties may only represent a
snapshot of the current cell conditions [15]. Current
experimental protocols do not offer the possibility to elu-
cidate whether CSCs represent a permanent or shifting
functional state.

Epithelial-mesenchymal transition (EMT) can generate

GCSCs

EMT, a multistep process by which epithelial cells acquire
a fibroblastoid phenotype through loss of intercellular
contacts and cytoskeleton reorganization, is based on
molecular alterations in pathways closely associated with
the maintenance of SC properties [32-34]. EMT is con-
sidered to be a crucial step in the dissemination of cancer
because it contributes to its progression through cell
invasion and metastasis [33, 35, 36]. Stationary CSCs that
sustain tumor growth may also give rise to a special type of
cells that are able to undergo transient EMT and acquire a
migratory phenotype in addition to stemness [37]. The
concept of “migrating CSCs” contributes to the explana-
tion why metastases often recapitulate the evolution of
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primary tumors [37]. Recent findings strongly suggested
that EMT is tightly intricate with acquisition of the CSC
phenotype and notorious hallmarks of cancer, including
invasiveness, distant dissemination, chemoresistance and
radioresistance, and occurrence of minimal residual disease
after therapy [38, 39].

A recent study has indicated that the propensity of GC
cells to metastasize is associated with mesenchymal tran-
sition phenotype, decreased E-cadherin, and increased
vimentin and matrix metalloproteinase 2 expression [40].
Moreover, a study that included 276 clinical specimens of
primary GC suggested that the expression of EMT-related
proteins was associated with CSC-like properties. A phe-
notype marked by positivity to Snail-1, vimentin, CD44,
and loss of E-cadherin expression correlated with aggres-
sive clinical features of GC and predicted disease-free
survival. Interestingly, the expression of mesenchymal
markers in lymph node metastasis was repressed and epi-
thelial phenotype restored [41]. This finding is consistent
with mesenchymal-epithelial transition, which is suggested
to anchor circulating CSCs to the metastatic site, although
the role of this process in metastatic dissemination is still a
matter of debate [35].

Identification and characterization of GCSCs

The crucial step necessary to develop new therapeutic
strategies focused on tumor-initiating cells in GC is the
molecular characterization of GCSCs [42]. Within the past
few years, exciting improvements in experimental tech-
niques have allowed the isolation of tumor cell populations
expressing specific surface markers. Current approaches to
validate putative CSCs include the detection of SC markers,
efflux analysis of DNA-binding Hoechst dye, and xeno-
transplantation assays that remain the gold standard to assess
the potential of CSCs for self-renewal and tumorigenicity [8,
15, 33]. In addition, cells can be tested for their in vitro
clonogenicity using a sphere-forming assay in a nonadherent
culture, a serum-free medium containing epidermal growth
factor and fibroblast growth factor 2 [43].

Significant difficulties in identification and isolation of
GCSCs arise from the paucity of putative specific markers for
GCSCs. Up to the present, the specificity of practically every
explored marker has remained uncertain because accumulat-
ing evidence offers heterogeneous results, with even some-
what controversial findings resulting from very similar study
designs, materials, and methods [21, 42-49] (Fig. 1).

Tumor-initiating potential of side population cells
in gastric cancer

The so-called side population (SP), identified and isolated
by the ability to efflux Hoechst 33342 dye, has been

proposed as a potential source of SCs or even CSCs [50—
52]. It was found that SP cells isolated from human
gastrointestinal tract cancer cell lines show overexpres-
sion of ATP-binding cassette (ABC) transporters associ-
ated with chemoresistance and overexpression of
epithelial and mesenchymal markers linked with stemness
[53]. However, the isolation of SP cells does not auto-
matically enrich for CSCs, because SP-negative cells
show an equal capacity to induce tumors in immuno-
compromised mice when compared with SP-enriched
cells [21, 54].

Nevertheless, recent findings have provided new con-
vincing evidence that GCSCs reside within the SP fraction,
as indicated by overexpression of drug efflux proteins,
enhanced chemoresistance, and proof of tumorigenicity in
xeno-transplantation experiments [55-57]. The detection of
differences in the expression of markers between SP and
non-SP cells could provide a clue toward the identification
of important CSC markers, which may act as therapeutic
targets.

Resistance of CSCs to cancer therapy

Conventional oncological treatments target bulk tumor
cells, but are not as effective on undifferentiated CSCs
[12, 15]. This minor fraction of cancer cell population
evades chemotherapeutic action and regenerates hetero-
geneous cancer lineages [58, 59]. The resistance of
CSCs to currently available therapies may be explained
by numerous mechanisms, including the quiescence of
CSCs and the location of some CSCs within hypoxic
niches [33, 58-60]. A fraction of CSCs that remain
quiescent is not susceptible to therapy that relies on
cell-cycle arrest, thus affecting proliferation [61]. HIF1a
induced in a hypoxic environment inherent with cancer
can decrease the proliferation rate of CSCs via c-Myc
inhibition [62].

Stemness-related characteristics also involve multidrug
resistance as a result of high expression of ABC trans-
porters that effectively pump drugs out of the cell and
overexpression of antiapoptotic proteins, including Bcl-2,
Bcl-X, Flip, and inhibitor of apoptosis family members
such as Survivin [33, 61, 63]. Moreover, resistance to
specific therapy may result in enrichment of CSCs during
antineoplastic treatments, as seen with cyclophosphamide
treatment of colorectal cancer [64], which renders CSCs
better equipped to evade death caused by cell damage.
Tumor-initiating cells may also have enhanced DNA-repair
mechanisms [63, 65].

Because CSCs are considered the main culprits
responsible for the failure of contemporary anticancer
therapy, there is a great, obvious, and critical need to
develop efficient CSC-targeted treatment approaches.
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Fig. 1 Identification and
characterization of gastric
cancer stem cells (GCSCs).
Validation of putative GCSCs
includes detection of stem cell
markers, efflux analysis of
DNA-binding Hoechst dye, and
testing of in vitro clonogenicity
using a sphere-forming assay in
nonadherent culture and
xenotransplantation
experiments that remain the
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Cancer stem cell-targeted therapies

Conventional therapies offer only limited success in
stomach carcinoma treatment. Despite significant pharma-
cological progress and the recent introduction of novel
therapeutic modalities, prognosis for patients with
advanced-stage disease remains poor [1, 2, 66]. In addition,
lack of selectivity may cause severe damage to normal
tissues and further deteriorate quality of life. A notion that
solid cancers arise from CSCs has had fundamental and
profound implications for anticancer therapy. Targeted
elimination of GCSCs that give rise to cancer cells and
sustain tumor growth is proposed as one of the most
promising paths in fighting malignant disease [31, 33, 44,
58].

Estimation of drug efficacy in current models is largely
based on diminishing the tumor size. However, dramatic
shrinkage and ablation of the majority of cancer cells does
not reflect long-term treatment benefits. Tumor-initiating
cells remain unaffected by cytostatic or cytotoxic agents
and give rise to relapse after a period of apparent remis-
sion. A new progressive pharmacological approach is
mandatory to efficiently target CSCs to prevent relapse or
metastasis. However, methodological difficulties fetter the
development of CSC-targeted therapies. First of all, there is
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a lack of relevant assays to identify and isolate CSC sub-
types from cancer bulk cells. Cancer cell lines represent the
major tool in the extremely demanding process from target
recognition to effectiveness assessment of discovered drugs
in preclinical settings. However, the predictive value of
drug efficacy based on in vitro observations is quite poor
and cannot be translated in an acceptable manner into
clinical settings [31, 67].

Basically, there are two main approaches in the attempt
to eradicate CSCs: their elimination or their induced dif-
ferentiation [68, 69]. The aim of differentiation therapy is
for CSCs to lose their self-renewal capacity, which would
make tumor growth unsustainable. This loss may be
achieved by agents that affect cancer cell differentiation,
such as retinoic acid and drugs causing epigenetic modi-
fications. Application of all-trans retinoic acid (ATRA)-
based induction therapy followed by chemotherapy has
made acute promyelocytic leukemia a curable disease [70].
In vitro, retinoic acid effectively induces differentiation in
embryonic cells, teratocarcinomas, and melanomas; how-
ever, retinoid treatment of solid tumors such as prostate or
liver cancer has yielded limited results [68]. Recent find-
ings suggest that ATRA can reduce sphere-forming
capacity in breast cancer cell lines [71]. In addition,
treatment with bone morphogenetic proteins reportedly
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Fig. 2 Possible approaches for targeting gastric cancer stem cells
(GCSCs). GCSCs may be responsible for the failure of conventional
therapeutic modalities for gastric carcinoma. They possess a self-
renewal capacity and the ability to give rise to multiple heterogeneous
cancer cell lineages and are considered to be the culprit for metastasis
and cancer relapse after treatment. Addition of GCSC-targeted
therapies to current oncological protocols and their complementary
application may bring significant clinical benefits. The aim of

decreased the CD133+4 population of putative glioblastoma
SCs by forcing them to differentiate into astrocytes [72].

Elimination therapy is aimed at targeted extermination
of the SC pool of cancer cells. Various therapeutic strate-
gies may be used to achieve this goal and concurrently
avoid nonspecific toxicity and deleterious side effects of
conventional therapy. Most of these developing approaches
are based on specific properties of CSCs, including acti-
vation of self-renewal and stemness-maintaining signaling
pathways, differences in gene expression profiles, and
increased activity of telomerase or chemoresistance
mechanisms (Fig. 2).

GCSCs targeting based on drug carriers tailored
for CSC markers

These therapies are based on differential expression of
specific surface markers in tumor cell subpopulations that
are enriched for CSCs. The era of high-throughput tech-
niques and personalized medicine has accelerated the dis-
covery of fresh and promising therapeutic platforms [73].
Emerging anticancer strategies are based on the develop-
ment of nanocarriers that can bind multiple drugs and
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differentiation therapy is for GCSCs to lose their self-renewal
capacity, making tumor growth unsustainable. Elimination therapy is
directed at targeted extermination of GCSCs and is based on the
specific functions and properties of GCSCs, including activation of
self-renewal and stemness-maintaining signaling pathways, differ-
ences in gene expression profiles, and increased activity of telomerase
or chemoresistance mechanisms

molecules, which can selectively and efficiently target
cancer cells, especially CSCs.

Aptamers, the nonimmunogenic and nontoxic small
oligonucleic acid molecules that can specifically bind to a
desired site and penetrate cancer cells, are expected to help
in overcoming the disadvantages of conventional chemo-
therapy [74, 75]. The first RNA aptamer against a CSC
surface marker has recently been identified. Shigdar and
coworkers [75] have isolated an aptamer against epithelial
cell adhesion molecule (EpCAM), a putative marker of
CSCs. The synthesized ligand specifically interacts with
EpCAM-expressing cancer cells derived from human gas-
tric, colorectal, and breast cancer and is actively internal-
ized upon this interaction.

Targeted delivery of cytotoxic agents potent in the
picomolar range using monoclonal antibodies is a prom-
ising concept currently undergoing preclinical develop-
ment or clinical evaluation for treatment of many forms of
cancer. Antibody—drug conjugates (ADCs) exert great
specificity and may be considered tumor-activated pro-
drugs because the toxicity is triggered only within the
tumor cells upon binding of ADCs to corresponding anti-
gens, followed by internalization and lysosomal processing
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and cleavage of drug—antibody linkers [76, 77]. Conjuga-
tion of calicheamicin to hu3s193 antibody directed against
Lewis y antigen (CD174), which is overexpressed on
gastric carcinomas [78] as well as carcinomas of the colon,
breast, lung, prostate, and ovary, demonstrated antitumor
activity in vivo and caused growth arrest of xenografted
gastric carcinomas for at least 100 days [79]. The first
clinical trials of humanized antibody hu3s193 in patients
with advanced epithelial cancer confirmed high selectivity
in tumor targeting and favorable pharmacokinetics [80].
Targeting tumor cells positive for putative CSC-related
markers with ADCs has the potential to eliminate CSCs as
well as tumor cells without stem-like properties positive for
a designated antigen. Smith and coworkers investigated the
ability of ADCs to selectively target CD1334 cells bound
to bear CSC properties, although the CD133 surface mar-
ker is not restricted to CSCs. A murine anti-human CD133
monoclonal antibody was conjugated to the highly cyto-
toxic drug monomethyl auristatin F, which induced apop-
tosis in cancer cells with a high level of CD133 expression.
This step led to inhibition of GC cell growth in both
in vitro and in vivo conditions [45].

ADCs may be used in combination with chemotherapy
or radiotherapy, which eliminates bulk tumor cells and
leaves the targeted CSCs more accessible to ADCs [45,
76]. This strategy has already proven to be clinically
beneficial in the treatment of acute myeloid leukemia,
where the addition of gemtuzumab ozogamicin to cytotoxic
chemotherapy improved disease-free and overall survival
[81]. ADC- and nanocarrier-based approaches have already
produced tangible benefits in cancer research and will
certainly represent attractive tools in the treatment of GC
and other solid neoplasms.

Targeting self-renewal pathways

Strategies targeting self-renewal pathways directed at
elimination of CSCs are based on extensive similarities
between normal SCs and CSCs: these include targeting of
stemness-related signaling pathways such as Hedgehog
(Hh), Notch/Delta, Wnt/B-catenin, JAK/STAT, and trans-
forming growth factor (TGF)-, which have been widely
implicated in CSC maintenance [15, 58, 82].

It is well known that inflammation caused by Helico-
bacter pylori infection and consecutive elevation of pro-
inflammatory cytokines such as interferon (INF)-gamma,
tumor necrosis factor (TNF)-a, and interleukin (IL)-1B
play a pivotal role in the development of GC [83]. Chronic
stimulation in response to various harmful stimuli and
subsequent repair and regeneration processes activate tis-
sue progenitor cells through developmental signaling
pathways. Deregulation in homeostatic mechanisms that
govern tissue repair and SC self-renewal may lead to
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cancerous growth [84]. Inhibitors of signaling pathways
most likely employed in maintenance of the self-renewal
capacity and perpetual proliferation of CSCs have emerged
as an important new class of therapeutic agents.

Hedgehog pathway

Hh molecules (Sonic, Indian, and Desert Hedgehog) are
important signaling proteins that play critical roles in the
development and differentiation of many tissues and
maintenance of adult SCs and CSCs [85, 86]. Hh signaling
is involved in the differentiation of gastric progenitor cells
into mucous cells and parietal cells during the gastric ulcer
repair process [85]. A loss of gastric tissue homeostasis
resulting in Correa sequence is associated with the
impairment of Sonic Hedgehog (Shh) within the acid-
secreting glands in atrophic gastritis and intestinal meta-
plasia [87, 88]. The loss of parietal cells and a higher
luminal pH associated with H. pylori chronic infection
decreases Shh signaling, essential for restitution of dam-
aged gastric mucosa from SCs [88, 89]. However, loss of
Shh alone is not sufficient to cause parietal cell atrophy and
trigger GC [90]. In fact, GC is associated with increased
Shh signaling [88, 91]. Lee and coworkers [92] have
recently demonstrated in vitro that late reactivation of Shh
by H. pylori infection selects the gastric epithelial cells
resistant to apoptosis, which is associated with carcino-
genesis in settings of atrophic gastritis and deregulated
proliferation.

Reappearance of Shh during gastric carcinogenesis
needs to be further clarified. High levels of Shh found in
GC may be caused by repopulation of the gastric mucosa
by SCs, which possibly includes the recruitment of bone
marrow-derived mesenchymal stem cells (BM-MSCs) as a
part of the inflammatory response [24, 88]. BM-MSCs
were found to possess the property of spontaneous trans-
formation [93], whereas the Hh pathway was recognized as
the key factor for growth and proliferation of these spon-
taneously transformed MSCs in vivo [94]. MSC-like cells
have been isolated from both human GC and adjacent
noncancerous tissue [95].

Several studies showed that cyclopamine treatment of
GC cell lines inhibited cell growth, especially in cell lines
that expressed high levels of SMO, an important down-
stream protein in the Hh pathway [2, 96]. Cyclopamine, a
specific inhibitor of Hh signaling, decreased the number of
cells with the pit phenotype [96]. A recent study showed
that cyclopamine significantly inhibited the differentiation
of mucous cells and parietal cells during the gastric
regeneration process; however, it did not affect their pro-
liferation [85]. Further clues elucidating abnormal Shh
signaling in the maintenance of GCSCs arose from a study
by Song and coworkers, who isolated tumor sphere cells
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that showed an increased self-renewal capacity and che-
moresistance, expressed CSC-related markers (CD44,
CD24, and CD133), and had higher tumorigenic capacity
in vivo. The expression of Shh pathway target genes (Ptch
and Glil) was significantly higher in the isolated cells.
Blocking the Shh pathway with cyclopamine decreased the
self-renewing properties and enhanced sensitivity to che-
motherapeutic agents [97].

Targeted inhibition of the Hh pathway carries great
potential to prevent and treat GC as well as many other types
of human cancers [98]. Optimal results are expected from the
combined use of Hh inhibitors and cytotoxic drugs because
stomach carcinoma is associated with complex deregulation
of the Hh pathway, including constitutive activation of the
Hh pathway and autocrine and paracrine Hh signaling [99].
Several Hh antagonists are undergoing clinical evaluation
and have shown satisfactory efficacy and safety up date,
particularly in the treatment of basal cell carcinoma and
medulloblastoma, both of which are associated with con-
stitutive activation of the Hh pathway. The first identified Hh
pathway inhibitor, cyclopamine, has been upstaged by a new
generation of small molecules that inactivate SMO and have
higher potency and more favorable bioavailability and
pharmacokinetic profile [98]. The synthetic Hh inhibitor
GDC-0449 is available for oral use and is in the advanced
phase of clinical evaluation for the management of several
solid cancers [98]. Robotnikinin, a small molecule that binds
extracellular Shh, has recently been shown to effectively
inhibit Shh signaling in vitro [100]. Hh-blocking antibodies
that prevent the binding of Hh to PTCH-like 5E1 are also
available [99]. Some drug candidates that act downstream of
SMO successfully blocked tumor growth in a xeno-trans-
plantation model through inhibition of GLI-mediated tran-
scription [101]. Although GC has been unequivocally linked
to Hh overexpression, and Hh inhibitors have been proven
successful in blocking tumor growth in preclinical settings,
anti-Hh compounds have not yet been tested in human
subjects suffering from GC. Nevertheless, favorable results
from clinical studies of other cancers and rapid improve-
ments in the pharmacological properties of novel Hh
antagonists would have far-reaching effects on GC therapy.

Notch pathway

The Notch signaling pathway is suggested to have critical
significance in SC self-renewal and is involved in cell fate
determination of progenitors [102, 103]. Aberrant Notch
signaling is found to be oncogenic in many types of human
cancers, including lung, breast, and ovarian cancer as well
as leukemia and others [104-106].

A study that investigated the expression of Notch-rela-
ted genes (Notchl,2,3, Hesl,2,3, Hathl) in eight GC cell
lines suggested the role of the canonical Notch pathway in

the carcinogenesis of GC. It was found that Hath1 is one of
the transcriptional regulators for the gastric mucin genes
MUCS5AC and MUC6, which are markers of a chief cell
lineage. That finding implied that possible loss of Hathl
expression may result in disruption of gastric cell differ-
entiation and promotion of cancer development in the
stomach [107]. A recent study has shown that Notchl
activity in GC is controlled by the epigenetic silencing of
the Delta-likel ligand [108]. In addition to GC cell lines, a
recent study included surgical and endoscopic specimens
of primary GC and recognized the link between Notchl
activation and intestinal phenotypes of gastric lesions.
Notch2 correlated with nuclear labeling of Hesl, the
product of the Notch target gene Hes. GC cell lines that
expressed Notch2 and Hes1 did not express Notchl [109].

Gamma-secretase inhibitors antagonize Notch signaling
via blocking of Notch receptor cleavage. Their use in the
treatment of cancers with impaired Notch signaling is
being investigated as a promising therapeutic strategy
[110]. Combination therapy with glucocorticoids offers
new opportunities to overcome side effects, including
severe gastrointestinal toxicity precipitated by gamma-
secretase inhibitors [111]. However, evaluation of the
effects of two specific gamma-secretase antagonists in two
GC cell lines resulted in neither growth arrest nor cell
death, although Hesl expression was decreased [109]. The
multifaceted qualities of Notch molecules and great vari-
ations in their biological functions suggest the need to
assess the status of Notch signaling in every different
tumor type and even subtype [109]. Notchl inhibition was
found to be associated with diffuse-type stomach cancer
[108, 109]. Therefore, application of Notch antagonists
may theoretically be useless or have very limited effects.
This finding emphasizes the importance of an accurate
diagnosis of carcinoma subtype and precise molecular
characterization to identify patients who can benefit from
anti-Notch therapy [112]. Although inhibition of proteo-
lytic activation of Notch signaling has so far failed to
evince significant anticancer effects in GC, the data are
quite scant and further studies are required.

Affecting the pathways involved in the maintenance of
normal and CSC anticancer agents may cause irreversible
damage to healthy tissue, raising the question of safety in
application of stemness-targeted drugs. Recent findings
have suggested that there may be a therapeutic window that
allows the development of therapies to eliminate CSCs
without damaging normal SCs [67, 113]. CSCs may
employ the same pathways in sustaining self-renewal
properties, but with totally different effects of their loss.
Yilmaz and coworkers investigated the effect of deletion of
Pten, regulated by Notchl, on leukemia-initiating cells and
normal adult hematopoietic SCs in mice. They observed a
mechanistic difference between CSCs and normal SCs,
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with Pten deletion leading to myeloproliferative disease
and, on the other hand, causing depletion of hematopoietic
SCs, which were unable to maintain themselves in the
absence of Pten. Rapamycin (sirolimus), a macrolide
immunosuppressant drug, inhibits the mTOR pathway,
which is activated in downstream Pten signaling. Admin-
istration of rapamycin to Pren-deleted mice resulted in
restoration of hematopoietic SCs and depletion of leuke-
mia-initiating cells [113]. In addition, Fan et al. observed
selective vulnerability to drugs inhibiting the Notch path-
way of stem-like cells in embryonal brain tumors. They
found that Notch blockade inhibited tumor engraftment by
a significant decrease in CD133+ cells and abrogation of
SP cells [114].

Wnt/f-catenin pathway

The Wnt signaling pathway has been recognized as pivotal
in tissue repair and SC renewal within the niche. In car-
cinogenesis, the canonical Wnt pathway is implicated in
maintenance and proliferation of CSCs and induction of
EMT, thus linking the following two crucial points of
cancer progression: the very existence of CSCs and
acquisition of the mesenchymal phenotype required for
dissemination [84, 115]. Wnt aberrant activation was also
linked to the development of gastric adenocarcinoma.
Mutations in the [B-catenin gene are common in GCs
showing nuclear B-catenin expression [116]. Chronic per-
sistent inflammation and associated tissue regeneration, as
seen in H. pylori infection of the stomach, evoke tran-
scriptional activation of the canonical Wnt network [117].
Transduction of canonical Wnt signals is exerted through
Frizzled family receptors and LRP5 and LRP6 coreceptors
downstream to the [P-catenin signaling cascade [118].
Recently, Cai and Zhu [119] suggested that the Wnt/B-
catenin pathway bears essential significance for the self-
renewal of cancer stem-like cells in human GC.

Small molecules that target B-catenin-dependent Wnt
signaling cascade as well as anti-Wnt antibodies are
awaiting translation into clinical practice [117, 119]. Sal-
inomycin, an antibiotic widely used in poultry farming,
was identified as a potent inhibitor of CSCs [120]. The
potency of salinomycin is based on the suppression of Wnt/
B-catenin signal transduction. Salinomycin selectively
abolished CSCs in breast cancer and induced apoptosis in
chronic lymphocytic leukemia cells with an aberrant Wnt
signaling cascade [115, 120]. In GC, salinomycin has been
reported to be highly effective against the CSC fraction of
the tumor population. Zhi and colleagues observed that
ALDH-high cells displayed CSC properties, including high
expression of Sox2, Nanog, and Nestin, increased colony
formation, and higher chemoresistance compared with
ALDH-low cancer cells. These putative GCSCs showed
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significantly higher sensitivity to salinomycin in vitro
[121].

Anti-telomerase therapy

Shortening of telomeres triggers replicative senescence or
apoptosis [122]. Tumor cells overcome this limitation by
reactivation of telomerase, RNA template-dependent DNA
synthase, which provides them with a selective growth
advantage [123, 124]. Increased telomerase activity
underlies the potential of CSCs to proliferate indefinitely
and sustain immortality. Several anti-telomerase agents are
currently in clinical trials for treatment of solid neoplasms
and are speculated to efficiently target CSCs [63, 123].

Tankyrase 1 has been recognized as one of the telomere-
specific binding proteins that contribute to maintenance of
telomerase length. Findings of a recent study have implied
that concomitant inhibition of tankyrase 1 and telomerase
has a synergistic effect on telomere length shortening in the
SGC-7901 GC cell line. Coinhibition of telomerase activity
and tankyrase 1 thus emerged as a rational anticancer
therapeutic approach [125]. Treatment of human GC AGS
lines with glycoprotein isolated from Laminaria japonica
downregulated telomerase activity and human telomerase
reverse transcriptase (WTERT) expression [126], which is
high in GC [127]. In addition, this glycoprotein decreased
prostaglandin E, synthesis and effectively induced apop-
tosis in cancer cells, which made it a candidate for further
anticancer research [126].

ABC transporters

Overexpression of detoxifying enzymes and efflux pumps
may allow cancer cells to evade the cytotoxic action of
pharmaceuticals, thus worsening treatment outcomes [33,
61, 128]. Genes such as ABCG2 and ABCBI/MDRI
encoding for ABC transporters that efficiently eliminate
various xenobiotics from normal SCs are also found to be
expressed in many tumor cells that exhibit stem-like
properties [51, 52]. If used in combination with chemo-
therapy, selective inhibition of ABC transporters could be
beneficial, especially in eradication of multidrug-resistant
cancer cells [67, 129, 130]. However, inhibition of ABC
transporters is likely to have significant side effects,
including toxic action on normal SCs. It also affects blood—
brain barrier maintenance, where these transmembrane
proteins play an important role [128].

Regulating the CSC microenvironmental niche
SCs in normal gastric mucosa are thought to populate the

proliferative zone in the neck—isthmus region [6, 131].
Crypts in the stomach may act as niches for SCs, where
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surrounding structures and arising interactions contribute to
the maintenance of stem/progenitor cell proliferation and
differentiation [23, 131]. It has been suggested that CSCs
reside only in designated conditioned compartments with
an adequate cancer cell-stroma interface [23, 132]. The
specialized CSC niche may be provided by more differ-
entiated cancer cells and stromal cells; therefore, CSCs
may not be limited by topology of the tumor and can be
found anywhere in the tumor mass [133]. Inability to
reproduce the effects of the niche compartment is one of
the most important obstacles in translating results from
in vitro experiments to animal models [15, 132].

Regulating various components of the CSC microenvi-
ronment and niche, such as intracellular reactive oxygen
species levels and tumor angiogenesis, has been suggested
as a potential therapeutic approach [134, 135]. When bulk
cancer cells are diminished by chemotherapy, CSCs are left
in awkward situations without necessary nourishment,
which may be sufficient for their extinction [133]. In
addition, BMDCs and MSC-like cells recently isolated
from GC and adjacent noncancerous tissues [95, 136] may
be the source of carcinoma-associated fibroblasts, which
are suspected to promote tumor cell growth, and, along
with MSCs, contribute to the CSC niche [137]. An in-depth
understanding of in vitro/in vivo crosstalk between differ-
ent cell types within the tumor milieu may give rise to
improved anticancer strategies [137, 138].

Small molecule therapeutics, gene therapy

CSC-targeted therapy based on the application of micr-
oRNA is gaining increased attention [33]. MicroRNAs,
small noncoding RNA molecules, and RNA interference
bear the potential to modify gene expression and control
important cellular mechanisms, including EMT, apoptosis,
and cell proliferation [139]. Recent studies demonstrated
that some miRNAs are differentially expressed in GC tis-
sues, and that miRNAs may exert oncogenic, tumor sup-
pressor, or controversial roles in GC [140]. Silencing of
Snail, a potent repressor of the E-cadherin gene and
prominent member of the Wnt network, by stable RNA
interference induced mesenchymal—epithelial transition
that resulted in a dramatic decrease of tumor growth in vivo
[141].

Using genetically engineered SCs with tumor-selective
migration capabilities and expressing suicide genes may
have tremendous therapeutic potential for cancer treatment,
with dramatically improved selectivity [142]. Recently,
genetically engineered SCs with fused gene expression of
cytosine deaminase (CD) and interferon-f have been
designed. Cytosine deaminase metabolizes a nontoxic
5-fluorocytosine into the cytotoxic agent S-fluorouracil,
whereas interferon-f has anticancer effects. These cells

have been shown to migrate toward AGS GC cells and
significantly inhibit their growth because of the synergistic
effect of CD and INF-B genes in the presence of 5-fluo-
rouracil [143].

Current limitations and future perspectives

The research field of GCSCs has been recently marked by
significant achievements. Despite certain breakthroughs,
the road of unraveling the mystery of GCSCs is yet to be
traveled. Rapidly mounting evidence suggests that CSCs
not only sustain tumor growth but also cause relapse after
therapy. However, a reliable set of GCSC markers has not
yet been established, which impedes identification and
isolation of these cells. CSCs may show significant heter-
ogeneity and contain phenotypically different fractions
even in a single cancer type. Being in constant communi-
cation with their niche and surrounding cells, CSCs rep-
resent a very dynamic system that further complicates
CSC-targeted therapy. There is a need to gain a more
complete understanding of the pathways and molecules
that regulate the SC state. Nevertheless, therapy targeting
GCSCs may at least contribute to improving the outcome
of GC patients.

Further research and rapid development of high-
throughput technologies and bioinformatics will allow the
use of molecular signatures of genetic and epigenetic
alterations of CSC-associated molecules as biomarkers for
GC. Drugs blocking signaling pathways required for CSC
maintenance, such as Notch, Hh, or Wnt, will be used to
deplete GCSCs, whereas simultaneous application of tra-
ditional anticancer drugs will allow the debulking of a
larger tumor mass. This combined therapeutic regimen may
target two putative populations of GC, GCSCs, and better
differentiated cells, which will minimize the possibility of
residual tumor-initiating cells. Finally, there is a need to
emphasize the importance of accounting for nonneoplastic
SCs in the development of these promising novel strategies
and discovering valuable therapeutic windows that will
allow employment of anti-CSC agents without deleterious
effects on the normal and vital SCs.

Novel insights in gastric carcinogenesis and a deeper
understanding of the molecular mechanisms and pathways
that regulate GCSCs are paving the highway for extraor-
dinary progress in the battle against stomach carcinoma.
Tumor-initiating cells need to be targeted vigorously to
eradicate malignant disease because they can often be
particularly chemo- and radioresistant. Optimal results will
be achieved with a combination of conventional and CSC-
targeted therapy. A synergistic approach based on simul-
taneous targeting of different yet essential aspects of
cancer’s devastation force (CSC pool, neoangiogenesis,

@ Springer



22

S. Stojnev et al.

resistance to apoptosis) approximates the best available
response to this horrible disease. The addition of GCSC-
targeting therapeutic tools to current protocols and their
complementary application may be the answer to suc-
cessful GC treatment.
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