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Current treatment regimens for gastric cancer are not adequate. Cancer stem cells (CSCs) may be a key driving factor for growth

and metastasis of this tumor type. In contrast to the conventional clonal evolution hypothesis, CSCs can initiate tumor formation,

self-renew, and differentiate into tumor-propagating cells. Because gastric cancer can originate from CSCs, it is necessary to review

current targets of signaling pathways for CSCs in gastric cancer that are being studied in clinical trials. These pathways are known to

regulate the self-renewal and differentiation process in gastric CSCs. A better understanding of the clinical results of trials that target

gastric CSCs will lead to better outcomes for patients with gastric cancer. Cancer 2017;123:1303-12. VC 2017 The Authors. Cancer pub-

lished by Wiley Periodicals, Inc. on behalf of American Cancer Society. This is an open access article under the terms of the Creative

Commons Attribution NonCommercial License, which permits use, distribution and reproduction in any medium, provided the original

work is properly cited and is not used for commercial purposes.
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EPIDEMIOLOGY OF GASTRIC CANCER
In the United States, it was estimated that 24,590 people were diagnosed with gastric cancer and 16,980 were diagnosed
with esophageal cancer in 2015 and that 26,310 men and women died from upper gastrointestinal tumors.1 Globally, gas-
tric and gastroesophageal junction (GEJ) cancers are the second leading cause of death. The highest incidence of gastric/
GEJ cancers is observed in Eastern Asia, Central and Eastern Europe, and South America.2,3

RISK FACTORS FOR GASTRIC/GEJ CANCERS
Several risk factors have been identified for gastric cancer, including Epstein-Barr virus, Helicobacter pylori infection, obesi-
ty, and dietary factors, such as red meat and pickled food consumption. There is a distinct familial risk for gastric cancer,
and studies have demonstrated that the risk is higher for siblings than for parents and offspring.4 A high salt intake has
been identified as a risk factor for gastric cancer in case-control studies.5 Red and processed meat intake was associated
with a 43% increase in the risk for gastric cancer.6 Epstein-Barr virus-encoded small RNA has been detected in up to
17.9% of patients with gastric cancer.7 H. pylori infection is associated with increased incidence of gastric cancer and mor-
tality, and the risk of mortality from gastric cancer was 6-fold higher in a population infected with H. pylori than in those
with no infection.8 A body mass index >30 kg/m2 was associated with a greater than 2-fold increased risk of esophageal
and gastric adenocarcinoma.9 In the United States, there are currently no screening recommendations for gastric/GEJ can-
cers; however, surveillance should be conducted by endoscopy 1 year after the removal of adenomatous polyps and then
no more frequently than at 3-year to 5-year intervals.10

CURRENT CLINICAL PRACTICE GUIDELINES AND TREATMENT FOR GASTRIC CANCER
Treatment choices for gastric cancer are based on clinical stage and overall health.11 Patients with no distant metastases
(M0 disease) usually require multimodality treatment, which may include surgery, radiation, and chemotherapy, and
should preferably be evaluated by a multidisciplinary team.11 When distant metastases are present (M1 disease), treatment
options include systemic chemotherapy, clinical trial, or palliative/best supportive care.11

For patients with locally advanced, unresectable, or metastatic disease, preferred first-line chemotherapy regimens
are based on a platinum compound and a fluoropyrimidine doublet or triplet combination.11 Patients with human
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epidermal growth factor receptor 2 (HER2-neu) overex-
pression should receive trastuzumab in addition to che-
motherapy. Preferred second-line regimens include:
ramucirumab and paclitaxel, docetaxel, paclitaxel, irinote-
can, or ramucirumab.11

Cytotoxic chemotherapy can reduce tumor burden,
but its effect is usually transient, because resistance to che-
motherapy lies mainly in the cancer stem cell (CSC) pop-
ulation.12 Even when a complete radiologic response is
observed, CSCs are still present and eventually lead to tu-
mor regrowth.12 Therefore, targeting CSCs is a rational
approach to preventing tumor regrowth and the develop-
ment of resistance.12 The combination of standard che-
motherapy and anti-CSC therapy may more efficiently
eliminate both CSCs and non-CSC tumor cells. In addi-
tion, the use of both standard chemotherapy and anti-
CSC therapies may improve the efficacy of standard che-
motherapy and reduce the likelihood of acquired chemo-
therapy resistance.13

CANCER STEM CELLS
CSCs are characterized by their ability to generate tumor
cells with different phenotypes.14 CSC populations ac-
count for a small proportion of the tumor bulk and usu-
ally remain quiescent for extended periods of time.14

CSCs are resistant to conventional therapies like chemo-
therapy and radiation because of activation of prosurvival
and antiapoptotic pathways, overexpression of drug ef-
flux pumps, and increased DNA repair capacity. Further-
more, chemotherapy and radiation can induce stemness
genes in cancer cells, converting non-CSCs to CSC-like
cells. These cells may remain after chemotherapy or radi-
ation therapy and may be responsible for relapse after
treatment.14

There are 3 primary models of tumor heterogeneity
(Fig. 1). The clonal evolution model was the first to be de-
scribed.15 In this model, cancer cell populations evolve
progressively during tumorigenesis because of inherited
genetic and epigenetic changes. The acquisition of accu-
mulating mutations leads to the growth of novel cell pop-
ulations. The second model, the classical CSC model,
proposes that cancer cells within a given tumor exist in
different states of stemness or differentiation.15 In this
model, CSC to non-CSC differentiation is a unidirection-
al process. The most tumorigenic cells reside at the top of
the cellular hierarchy. These cells divide to generate iden-
tical CSCs (self-renewal) and can also undergo asymmet-
ric division to create non-CSCs with limited tumorigenic
and metastatic potential. Finally, the plastic CSC model

describes a model in which bidirectional conversion exists
between non-CSCs and CSCs.15

A unified model of clonal evolution and CSC theory
attempts to account for solid tumor heterogeneity and tu-
morigenesis. In this unified approach, the originating
CSC that sustained the first oncogenic mutation is pro-
posed to give rise to subclones with self-renewal capabili-
ties. These subclones then accumulate epigenetic and
genetic changes over time. Each different CSC subclone
gives rise to intermediate progenitors that lack self-
renewal capabilities. A subset of these progenitors follows
a model of tumor cell plasticity and bidirectional conver-
sion between non-CSC and CSC states. This conversion
between nontumorigenic and tumorigenic cell states is
likely modulated by microenvironmental stimuli and en-
dogenous transcription factors.16 This model suggests
that the tumor cell is a dynamic state with highly adapt-
able CSCs and non-CSCs that are capable of transient
evolution and plasticity.16

CSCs in Gastric Cancer

Gastric CSCs were first described in 2007 by Yang et al.17

The telomerase expression in the gastric stem cells studied
was up-regulated by exposure to a chemical carcinogen (1
methyl-3 nitro-1 nitrosoguanidine [MNNG]) or H. pylori
culture products. Unlike normal human cells or tissue,
most human tumors demonstrate telomerase activity. Tel-
omerase activation is significantly different between tu-
mor tissue and noncancerous gastric tissue.

There are several proposed mechanisms by which H.
pylori may interact with CSCs. It may induce CSC-like
properties to promote the development of gastric cancer
by the up-regulation of NANOG and octamer-binding
transcription factor 4 (Oct4) through Wnt/b-catenin
signaling, cytotoxin-associated gene A (CagA)-induced
shatterproof 2 (SHP2) dysfunction, activation of bone
morphogenetic protein/transforming growth factor-b sig-
naling, down-regulation of sonic Hedgehog signaling,
and recruitment of mesenchymal stem cells through inter-
leukin 6 (IL-6) and IL-8 or bone marrow-derived stem
cells by means of chronic inflammation and C-X-C che-
mokine receptor type 4 (CXCR-4) expression.18,19 It has
also been demonstrated that H. pylori infection up-
regulates aquaporin-3 (AQP3) in gastric cancer and that
ACP3 increases the expression of cluster of differentiation
44 (CD44 [a cell-surface glycoprotein]) through the Wnt/
glycogen synthase kinase 3b/b-catenin signaling pathways
and promotes CSC-like properties in gastric cancer
cells.20
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It has been demonstrated that, because of chronic in-
flammation caused by H. pylori infection, bone marrow-
derived cells (BMDCs) repopulate the gastric mucosa and
may contribute to carcinogenesis.21 It is believed that
BMDCs differentiate in the gastric mucosa by cell-cell fu-
sion with local gastric epithelial cells and induce CSCs.
However, the majority of dysplastic lesions do not arise
from BMDCs.21 More studies are needed to fully under-
stand the pathogenesis of gastric CSCs.

Gastric CSC Markers

Specific cellular markers have been used to identify, isolate
and therapeutically target CSCs.21-23 Several potential
gastric CSC markers have been identified. These include
cluster of differentiation 44 (CD44, and its variants);
CD24/CD44; CD54/CD44; CXCR4; epithelial cell ad-
hesion molecule (EpCAM)/CD44; aldehyde dehydroge-
nase 1 (ALDH1); CD90; CD71-negative; CD133;
CD166; leucine-rich, repeat-containing, G-protein–
coupled receptor 5 (LGR5), Oct4; and sex-determining
region Y-box 2 (Sox2). Table 1 lists examples of the CSC
markers that have been studied in gastric cancer.24-35

When CSCs are positive for several of these markers, the
cells display a phenotype of tumorigenicity and chemore-

sistance. For instance, Nguyen and colleagues observed
that CD44 and ALDH are the most specific biomarkers
for detecting and isolating tumorigenic and chemoresist-
ant gastric CSCs independent of the histologic classifica-
tion of the tumor.25

Other phenotypes conferred by CSC markers in-
clude hierarchical organization, with the presence of a
small population of tumorigenic cells that give rise to a
larger population of phenotypically diverse, nontumori-
genic cells, and tumor cell invasion. CD133-positive
CSCs have demonstrated resistance to traditional chemo-
therapies,36,37 and quantitative polymerase chain reaction
analyses indicate that high CD133 expression is a marker
for a poor prognosis.34 In addition, CD44 is expressed in
up to 80% of primary gastric cancer resection specimens
and is associated with more advanced clinicopathologic
features and a poorer prognosis.21 CD44 expression also
denotes a subpopulation of gastric cancer cells in which
Hedgehog signaling pathway proteins are up-regulated
and also promote chemotherapy resistance and thus a
poorer prognosis.21,38 A variant of CD44 (CD44v8-10)
was identified as the predominant CD44 variant exp-
ressed in gastric cancer cells and contributes to tumor ini-
tiation, possibly through enhancing oxidative stress

Figure 1. Primary models of cancer stem cells (CSCs) and tumor heterogeneity are illustrated.
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defense.39 It has also been demonstrated that CD44 and
CD133 expression in gastric cancers is associated with sta-

tistically significant histology for intestinal-type tumors
and that CD44v5 is significantly associated with Signet

ring histology.21 However, markers of CSCs have limita-
tions, in that some CSC populations do not express these

markers, whereas non-CSC cancer cells may express
them. For this reason, the markers can be used to identify

CSC-rich subpopulations (stemness-high) but might not
be able to isolate all CSCs.23

Several preclinical studies have indicated that tar-

geting markers of CSCs may be an effective approach to
treating gastric cancer. For instance, 2 anti-LGR5 anti-

body-drug conjugates effectively induced cytotoxicity in
LGR5-high gastrointestinal cancer cells, but not in

LGR5-negative or LGR4-knockdown cancer cell
lines.35 In another preclinical study, all-trans retinoic

acid down-regulated the expression of CSC markers
CD44 and ALDH and of stemness genes, including

Kruppel-like factor 4 (Klf4) and Sox2.40 In mouse xeno-
graft models, 2 weeks of daily all-trans retinoic acid

treatment were sufficient to inhibit gastric tumor pro-
gression in vivo.40

A clinical study has demonstrated the potential for

targeting CSC markers in gastric cancer.41 A variant form
of CD44 (CD44v) reportedly interacts with xCT, a

cysteine-glutamate transporter subunit that maintains
high levels of intracellular-reduced glutathione (GSH),

which helps to defend the cell against oxidative stress. Sul-
fasalazine (SSZ) is an inhibitor of xCT and can suppress

the survival of CD44v-positive stem-like cancer cells both
in vitro and in vivo. Eleven patients were enrolled in a

dose-ranging study and received daily SSZ doses from
8 to 12 g daily given 4 times daily with 2 weeks as 1 cycle.
Among the 8 patients in that study who had CD44v-
positive cells in their pretreatment biopsies, the CD44v-
positive cancer cell population was reduced in the post-
treatment biopsies of 4 patients. Intratumoral GSH levels
were also decreased in 2 patients. Thus, SSZ may be a
promising treatment for targeting CSCs in gastric
cancer.42

CSC SIGNALING PATHWAYS
Because CSCs are resistant to traditional chemotherapy
treatments,13 the cellular pathways that drive stemness
represent another rational target for therapy. There are
several molecular signaling pathways known to be in-
volved in the induction and maintenance of stemness in
both normal and cancer cells.

Hedgehog Pathway

The Hedgehog signaling cascade plays a major role in
many processes, such as cell differentiation and organ for-
mation during normal vertebrate embryonic develop-
ment.42 The Hedgehog pathway becomes inactive in
most adult tissues, but it regulates adult stem cells and is
involved in tissue maintenance and repair. Activation of
the Hedgehog signaling pathway plays an important role
in the pathogenesis of various types of cancers, including
cancers of the skin, mammary gland, brain, lung, and
prostate. Basal cell carcinoma, a form of skin cancer, has
been associated with disruptions in Hedgehog signaling.
Mutations in the genes PTCH and SMO, which code for

TABLE 1. Examples of Potential Gastric Cancer Stem Cell Biomarkers

Cell-Surface Marker Phenotype of Marker-Positive CSCs Reference(s)

CD44 Tumorigenicity, spheroid formation, chemoresistance Takaishi 200924

CD24/CD44 Tumorigenicity Nguyen 201625

CD54/CD44 Tumorigenicity, hierarchical organization Chen 201226

CD44/CD166/ALDH Tumorigenicity, chemoresistance Nguyen 201625

CXCR4 Tumorigenicity, chemoresistance Fujita 201527

EpCAM/CD44 Tumorigenicity, phenotypical heterogeneity, chemoresistance Han 201128

ALDH1 Tumorigenicity, phenotypical heterogeneity Katsuno 201229

CD90 Tumorigenicity, trastuzumab-reduced CD90-positive population Jiang 201230

CD71-negative Tumorigenicity, chemoresistance, tumor cell invasion Ohkuma 201231

CD133 Poorly differentiated gastric cancer, independent prognostic factor Jiang 2012,32 Hashimoto 2014,33 Chen 201634

LGR5 Tumorigenicity Gong 201635

Oct4 Tumorigenicity, tumor progression Chen 201634

Sox2 Well or moderately differentiated gastric cancer Chen 201634

Abbreviations: ALDH, aldehyde dehydrogenase; ALDH1, aldehyde dehydrogenase 1; CD133, cluster of differentiation 133 (a pentaspan membrane glycopro-

tein); CD166, activated leukocyte cell adhesion molecule (ALCAM); CD24, heat-stable antigen CD24; CD44, cellular protein; CD54, intercellular adhesion mole-

cule 1; CD71, transferrin receptor protein; CD90, Thy-1 cell surface antigen; CSC, cancer stem cells; CXCR4, C-X-C chemokine receptor type 4; EpCAM,

epithelial cell adhesion molecule; LGR5, leucine-rich repeat-containing G-protein coupled receptor 5; Oct4, octamer-binding transcription factor 4; Sox2, sex-

determining region Y-box 2.
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Patched and Smoothened proteins, respectively, were ob-
served in patients with this disease.43

NANOG Pathway

The NANOG transcription factor cooperates with signal
transducer and activator of transcription 3 (STAT3) to
transcribe stemness genes required for pluripotency. In
embryonic stem cells, STAT3 forms a complex with
NANOG, which translocates to the nucleus to transcribe
genes required for maintaining pluripotency. The
NANOG gene is expressed in a variety of cancers, and its
expression correlates with poor survival in patients with
cancer. Many studies suggest that NANOG enhances the
defined characteristics of CSCs and may function as an
oncogene to promote carcinogenesis.44

STAT3 Pathway

STAT proteins are located in the cytoplasm in resting
(quiescent) cells as inactive proteins. Phosphorylation of a
specific tyrosine residue is essential for STAT activation.
The STAT family includes proteins STAT1, STAT3,
STAT4, STAT5a, STAT5b, and STAT6. STAT3 is ex-
cessively active in many cancers and plays a major role in
tumor growth and metastasis.45 Evidence supports the
finding that STAT3 activation plays a critical role in each
step of metastasis, including cellular proliferation, inva-
sion, migration, and angiogenesis. Malignant transfor-
mation of cells by various protein tyrosine kinases,
oncogenes, and viruses is mediated through STAT3 acti-
vation. In addition, it has been demonstrated that activa-
tion of the downstream phosphorylated STAT3
transcription factor pathway is facilitated by IL-17 and
also that IL-17 is positively correlated with the transfor-
mation of quiescent gastric CSCs into invasive gastric
CSCs.46 STAT3 signaling is associated with the up-
regulation of cyclin D1 and cMyc expression, contribut-
ing to accelerated cell-cycle progression. In addition,
STAT3 signaling provides survival signals and suppresses
apoptosis in cancerous cells. STAT3 also has a crucial role
in cellular migration, which is required for cell invasion
and cancer metastases. STAT3 signaling is required for
cell motility. Depletion of STAT3 reduces the rate of cel-
lular migration. STAT3 activation protects tumor cells
from immune surveillance and increases the number of
surviving tumor cells that invade distant organs. Targeting
STAT3 activation inhibits tumor growth and metastasis,
both in vitro and in vivo, without affecting normal cells,
thus suggesting that STAT3 could be a valid molecular
target for cancer therapy.47

Wnt/b-Catenin Pathway

The Wnt/b-catenin pathway has been identified as 1 of
the pathways for CSC renewal.48 Wnt ligands are
produced from cells in the stem cell microenvironment,
serving as a self-renewal signal for the stem cells. Wnt sig-
naling is reportedly involved in a process called
epithelial-to-mesenchymal transition (EMT). Because
the CSC population represents the only cells that propa-
gate tumors, it can be extrapolated that CSCs are respon-
sible for tumor metastases. EMT is 1 of the crucial, early
steps in the invasion-metastases cascade and has been as-
sociated with a poor clinical outcome. Epithelial cells
that undergo EMT acquire CSC-like phenotypes.49

CSC AGENTS IN CLINICAL DEVELOPMENT
FOR GASTRIC CANCER
Residual CSCs that survive standard chemotherapy and
radiation are sufficient for cancer recurrence. Because
CSCs are considered a source of metastasis, combination
therapy with agents that target CSCs along with standard
chemotherapy may have a profound impact on the man-
agement of gastric cancer.

The rationale for targeting CSCs in gastric/GEJ can-
cers was first described in a study evaluating CTCs that
expressed CD44, which is thought to be a gastric CSC
marker.50 In that study, CTCs were identified in 27 of 45
patients. The presence of CTCs was significantly associat-
ed with lymph node metastases, distant metastases, and
disease recurrence. Of the 27 patients who had CTCs, 19
had CD44-positive CTCs, indicative of CSCs. Those
who had CD44-positive CTCs were more likely to devel-
op metastases and recurrence. In addition, patients with
recurrent disease and those with CD44-positive cells had
higher CTC counts. In 13 of 19 patients who had CD44-
positive CTCs, recurrent disease developed, and the time
to recurrence was shorter than in those who had CD44-
negative CTCs.50 Thus, identifying and targeting a subset
of CTCs could be clinically useful in patients with gastric/
GEJ cancers. Two agents targeting CSC pathways have
been studied in gastric/GEJ cancer: vismodegib and napa-
bucasin (also known as BBI608).

Vismodegib is an oral, small-molecule antagonist of
the Hedgehog pathway (Fig. 2), which is activated in gas-
tric/GEJ tumors. Preclinically, Hedgehog inhibitors have
demonstrated a reduction in gastroesophageal tumor
growth, cell motility, and invasiveness. Vismodegib is cur-
rently approved for basal cell carcinoma51 and has been
combined with leucovorin, fluorouracil (5-FU), and oxa-
liplatin (FOLFOX) in the treatment of gastric/GEJ can-
cers, as described below.52
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Napabucasin is an orally administered STAT3 in-
hibitor (Fig. 3). It inhibits CSC self-renewal and induces
cell death in CSCs. Napabucasin targets the STAT3, b-
catenin, and NANOG signaling pathways and inhibits
the critical genes necessary for maintaining stemness. Tar-
geting STAT3 activation with napabucasin has produced
antitumor and antimetastatic activity in both in vitro and
in vivo models of cancer without affecting normal cells,
suggesting that STAT3 could be a valid molecular target
for cancer therapy.53,54

Vismodegib in Clinical Trials
of Gastric/GEJ Cancers

Vismodegib combined with FOLFOX has been studied
in a randomized, double-blind, phase 2 clinical trial in
patients with advanced gastric and GEJ carcinomas (Na-
tional Clinical Trials identifier NCT00982592; www.
clinicaltrials.gov).52 In total, 124 patients with untreated,
metastatic, or locally advanced gastric or GEJ adenocarci-
noma were randomized 1:1 to receive either FOLFOX
(oxaliplatin 85 mg/m2, leucovorin 200 mg/m2, and 5-
FU bolus 400 mg/m2 plus 5-FU infusion 2400 mg/m2

over 48 hours) every 14 days plus vismodegib 150 mg
daily; or FOLFOX plus placebo daily. Responses were
assessed every 8 weeks (according to the Response Evalu-
ation Criteria in Clinical Trials [RECIST] 1.1). The pri-
mary endpoint was progression-free survival, and the
secondary objectives were overall survival, the response
rate, and toxicity. The median progression-free survival
in an intent-to-treat population for the FOLFOX plus

vismodegib and FOLFOX plus placebo cohorts was 11.5
(95% confidence interval [CI], 8.5-14.4 months) and
9.3 months (95% CI, 6.7-11.9 months), respectively (P
5 .34), and the median overall survival was 12.2 months
(95% CI, 10.2-14.3 months) and 13.9 months (95% CI,
11.5-16.3 months), respectively (P 5 .48). The most
common grade 3 or higher toxicities with the combina-
tion FOLFOX plus vismodegib versus FOLFOX plus
placebo were neutropenia (50% vs 31.7%, respectively),
neuropathy (23.1% vs 14.3%, respectively), fatigue
(15.4% vs 9.5%, respectively), thrombosis (13.5% vs
11.1%, respectively), anemia (9.6% vs 9.5%, respective-
ly), hypokalemia (9.6%vs 4.8%, respectively), and nausea
(7.7% vs 9.5%, respectively). In general, the addition of
vismodegib to FOLFOX did not improve antitumor ac-
tivity over FOLFOX alone in this biomarker-unselected
population with advanced gastric/GEJ carcinoma.52 A
biomarker analysis of cell lines from that trial was con-
ducted to determine whether a subset of patients could
potentially derive benefit with combination vismodegib
and FOLFOX treatment.38

Yoon et al examined 97 available tumor samples
from patients in the phase 2 trial described above for
CD44-expressing cells.38 Those authors observed that
CD44-positive cells in gastric cancer cell lines had up-
regulation of Hedgehog pathway proteins. Two patients
in the FOLFOX plus vismodegib group had a complete
response, and these 2 patients had median CD44 expres-
sion rates that were significantly higher compared with
those who had a partial response, stable disease, and

Figure 2. Inhibiting the hedgehog (HH) signaling pathway
with vismodegib is illustrated. Binding of an HH protein to
the transmembrane receptor patched 1 (PTCH1) prevents
PTCH1-mediated inhibition of signaling by the transmem-
brane protein smoothened (SMO), leading to activation of
the GLI family of transcription factors and the regulation of
target genes. Vismodegib inhibits the HH pathway by binding
to SMO.

Figure 3. Inhibiting the signal transducer and activator of
transcription 3 (STAT3) signaling pathway with napabucasin
is illustrated. STAT proteins are located in the cytoplasm in
resting cells as inactive proteins. Phosphorylation of a spe-
cific tyrosine residue is essential for STAT activation. Once ac-
tivated, STAT dimerizes, leading to its translocation into the
nucleus, which then leads to the initiation of transcription.
Napabucasin inhibits the STAT3, b-catenin (b-CAT), and
NANOG signaling pathways and inhibits the critical genes
necessary for maintaining stemness.
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progressive disease (P 5 .001). In the FOLFOX-alone
group, high CD44 expression was associated with de-
creased survival; whereas, in the FOLFOX plus vismode-
gib group, high CD44 expression was associated with
improved survival. Thus, these in vitro data indicate that a
subset of patients who have tumor cells with high CD44
expression may have improved survival with a combina-
tion of chemotherapy plus vismodegib over chemotherapy
alone.38 In these patients with high CD44-expressing tu-
mor cells, Hedgehog pathway inhibition with vismodegib
(or another Hedgehog inhibitor) potentially may reverse
chemotherapy resistance in a select patient population.

Napabucasin in Clinical Trials
of Gastric/GEJ Cancers

Napabucasin combined with paclitaxel was studied in a
phase 1, open-label study in Japan (JapicCTI-142420) in
6 patients with gastric cancer.55 Napabucasin 480 mg
twice daily was administered in combination with pacli-
taxel 80 mg/m2 weekly on days 1, 8, and 15 of each 28-
day study cycle until patients developed disease progres-
sion or unacceptable toxicity. Of the 6 patients enrolled, 3
had previously received taxane therapy. Two patients
achieved a partial response, including 1 who maintained a
response for more than 7.5 months. Two additional
patients achieved stable disease that lasted 2.8 months or
nonprogressive disease that lasted 7.5 months. Diarrhea
was the most common adverse reaction, but it was only
grade 1 (mild) in all 6 patients. Grade 1 anorexia also was
observed in 2 patients. No other severe side effects were
observed. In that study, napabucasin plus weekly paclitax-
el was safely administered at full dose with promising effi-
cacy signals.55

In a phase 1b dose-escalation study (National Clini-
cal Trials identifier NCT01325441; www.clinicaltrials.
gov), patients with advanced solid tumors received napa-
bucasin plus weekly paclitaxel.56 In total, 24 patients re-
ceived continuous oral administration of escalating doses
of napabucasin in combination with paclitaxel 80 mg/m2

weekly for 3 of every 4 weeks of a 28-day cycle. Napabu-
casin was received by 3 patient dose cohorts of 200 mg
twice daily, 400 mg twice daily, and 500 mg twice daily.
Treatment continued until disease progression, unaccept-
able toxicity, or other discontinuation criteria were met.
Of the 24 patients enrolled, 5 had gastric or gastric/GEJ
tumors. Of those 5 patients, 3 had tumor regression
(reductions of 45%, 48%, and 24%), 2 had prolonged
stable disease for >5 months, and the median
progression-free survival was 23 weeks for the cohort
with gastric/GEJ cancers. The most common adverse

events included grade 1 or 2 diarrhea, abdominal cramps,
nausea, and vomiting. Four patients experienced grade 3
events related to therapy, including diarrhea, dehydra-
tion, and weakness. In this study, napabucasin plus week-
ly paclitaxel was safely combined and produced
antitumor activity across several tumor types, particularly
in patients who had gastric and GEJ adenocarcinoma.56

A phase 1b/2 extension study (National Clinical
Trials identifier NCT01325441; www.clinicaltrials.gov)
of napabucasin combined with paclitaxel was conducted
in patients with advanced gastric and GEJ adenocarcino-
ma.57 All patients received daily, continuous napabucasin
480 mg twice daily or 500 mg twice daily plus weekly pac-
litaxel 80 mg/m2 for 3 of every 4 weeks in a 28-day cycle.
Objective tumor response assessments occurred every
8 weeks. In total, 46 patients were treated on the study,
and 35 were evaluated for response according to the pro-
tocol, including 19 who had received taxanes in the meta-
static setting and 16 who had received no prior taxanes for
metastatic disease. In addition, 10 patients (22%) had re-
ceived 1 line of prior therapy, 16 (35%) had received 2
prior lines of therapy, and 20 (43%) had received �3 pri-
or lines of therapy. On average, patients had received 2.4
lines of prior therapy, with an overall response rate of
15% for all 46 patients. Of the 35 patients who could be
evaluated per protocol, the overall response rate was 20%,
the disease control rate was 71%, the median progression-
free survival was 14.6 weeks, and the median overall sur-
vival was 34 weeks. In 6 evaluable patients who had not
previously received a taxane in the metastatic setting and
who had received 1 prior line of therapy, an objective re-
sponse rate of 50% was observed. In heavily pretreated
patients, including those who had failed an average of
more than 2 lines of prior therapies and who had not pre-
viously received a taxane in the metastatic setting (n 5

16), the objective response rate was 31% in the per-
protocol population. The disease control rate was 75%,
the median progression-free survival was 20.6 weeks, and
the median overall survival was 39.3 weeks. The most
common adverse events were grade 1 to 2 diarrhea, nau-
sea, vomiting, and abdominal pain. Grade 3 adverse
events included vomiting, diarrhea lasting �5 days, fa-
tigue, abdominal and gastrointestinal pain, nausea, dehy-
dration, anorexia, white blood cell decrease, and acute
kidney injury. Results from the study indicate that napa-
bucasin plus weekly paclitaxel is well tolerated in patients
with advanced gastric/GEJ cancer, and activity was ob-
served even in heavily pretreated patients.57 Continued
evaluation of the combination of napabucasin and pacli-
taxel in patients with gastric/GEJ cancer who received
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only 1 prior line of therapy is currently underway in the
phase 3 BBI608 Plus Weekly Paclitaxel to Treat Gastric
and Gastroesophageal Junction Cancer (BRIGHTER)
study, as described below.

On the basis of encouraging anticancer activity using
the combination of napabucasin with paclitaxel in
patients with gastric/GEJ adenocarcinoma in early phase
trials, a phase 3 trial is being conducted. This trial—the
BRIGHTER trial—is a randomized, double-blind, place-
bo-controlled trial of napabucasin plus weekly paclitaxel
versus placebo plus weekly paclitaxel in patients with ad-
vanced, previously treated gastric/GEJ adenocarcinoma
(National Clinical Trials identifier NCT02178956;
www.clinicaltrials.gov).58 Enrolled patients must have
failed 1 previous line of therapy that contained a fluoro-
pyrimidine/platinum doublet for unresectable gastric/
GEJ carcinoma. Patients are to be randomized to receive
napabucasin 480 mg or placebo twice daily continuously
plus weekly paclitaxel 80 mg/m2 for 3 of every 4 weeks.
Treatment will continue until disease progression, death,
intolerable toxicity, or patient or investigator decision to
stop. The primary endpoint is overall survival in the gen-
eral study population. Secondary endpoints include
progression-free survival, the objective response rate, the
disease control rate, overall survival progression-free sur-
vival in a predefined biomarker (b-catenin)-positive sub-
population, and safety. Twenty-eight patients had been
randomized as of January 2015, and recruitment is ongo-
ing at multiple sites in North America, Europe, Australia,
and Japan.58 The goal of the BRIGHTER trial is to deter-
mine whether napabucasin plus paclitaxel as second-line
therapy will extend survival compared with paclitaxel
alone and whether a biomarker-selected patient popula-
tion exhibits improved efficacy with the combined treat-
ment versus chemotherapy alone.

DISCUSSION AND CONCLUSIONS
Worldwide, gastric cancer is the most frequent malignan-
cy; and, because of the high recurrence rate, it is the sec-
ond leading cause of cancer mortality.2 Although many
improvements have been made in the early diagnosis and
surgical treatment of gastric cancer, patient prognosis
remains poor. The major cause of death from gastric can-
cer is the inability to detect and prevent metastasis. Be-
cause of the resistance of CSCs to chemotherapy and
radiation, the few that persist after standard chemotherapy
and radiation are sufficient for cancer recurrence. Target-
ing CSCs by blocking or modifying the signaling path-
ways characteristic of these cells holds the promise of
preventing disease metastasis and relapses. However, the

development of CSC inhibitors will require a better un-
derstanding of key connections in the stem cell signaling
network.

To date, there are very limited clinical data on the
use of CSC pathway inhibitors in gastric/GEJ cancer.
Two agents, vismodegib and napabucasin, have been
studied. Data from a trial comparing FOLFOX plus vis-
modegib versus FOLFOX alone did not suggest an added
benefit with the combination; however, post hoc analyses
using CD44 as a biomarker for CSCs demonstrated more
activity in tumor samples that had increased CD44 ex-
pression. Conversely, data from phase 1 and 2 studies of
napabucasin suggest that targeting CSC signaling path-
ways by STAT3 inhibition may hold promise. A phase 3
study—the BRIGHTER trial in refractory gastric can-
cer—is currently underway.58 This study will provide de-
finitive data on whether napabucasin will add a clinical
benefit to paclitaxel in the studied patient population.

It is hypothesized that patients who would benefit
most from agents that target CSCs have tumors that ex-
hibit up-regulation of the CSC signaling pathways. Pre-
clinical studies suggest that gastric tumors expressing the
CSC marker CD44 are associated with up-regulation of
the Hedgehog pathway and with a worse outcome.50 A
biomarker study of tumor samples from a phase 2 study
with vismodegib plus FOLFOX in gastric cancer con-
firmed these findings.38 Further study of phase 2 tumor
samples revealed that, when tumors were selected for posi-
tive CD44 expression, the combination of vismodegib
and FOLFOX produced increased activity over FOLFOX
alone.38 Thus, a study of combined chemotherapy plus a
CSC pathway inhibitor in patients with gastric cancer
who are biomarker-selected to have high expression of
CD44 tumor cells might be warranted. On a larger scale,
biomarker analyses are being conducted in the
BRIGHTER study and hopefully will help to clarify
whether a subset of patients with gastric cancer whose
tumors overexpress b-catenin will further benefit from the
addition of napabucasin to chemotherapy.

The BRIGHTER study and other ongoing studies
in various malignancies may demonstrate a benefit from
targeting CSCs in combination with chemotherapy. In
addition, the identification and further validation of bio-
markers that better identify patients who have up-
regulated CSC pathways should be prioritized during
clinical development. Future incorporation of these spe-
cific biomarkers into clinical trials may help identify pa-
tient subpopulations that are most likely to respond to the
combination of chemotherapy and the CSC inhibitor
class of drugs.
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