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ABSTRACT

Cancer stem cells are the cancer cells that have abilities to self-renew, differentiate into defined progenies, and
initiate and maintain tumor growth. They also contribute to cancer metastasis and therapeutic resistance, both of
which are the major causes of cancer mortality. Among the reported makers of the cancer stem cells, CD133 is
the most well-known marker for isolating and studying cancer stem cells in different types of cancer. The
CD133"e" population of cancer cells are not only capable of self-renewal, proliferation, but also highly meta-
static and resistant to therapy. Despite very limited information on physiological functions of CD133, many
ongoing studies are aimed to reveal the mechanisms that CD133 utilizes to modulate cancer dissemination and
drug resistance with a long-term goal for bringing down the number of cancer deaths. In this review, in addition
to the regulation of CD133, and its involvement in cancer initiation, and development, the recent updates on
how CD133 modulates cancer dissemination, and therapeutic resistance are provided. The key signaling path-
ways that are upstream or downstream of CD133 during these processes are summarized. A comprehensive
understanding of CD133-mediated cancer initiation, development, and dissemination through its pivotal role in
cancer stem cells will offer new strategies in cancer therapy.

1. Introduction

CD133 is a glycosylated transmembrane protein, encoded by
PROM1 “Prominin-1”. It has five transmembrane domains across the
plasma membrane with an extracellular NH, terminus and an in-
tracellular COOH terminus. The physiological functions of CD133, so
far, are mainly reported in retinal development. PROM1 mutations are
harbored in the populations suffering from retinitis pigmentosa, ma-
cular degeneration and cone-rod retinal dystrophy (Maw et al., 2000;
Michaelides et al., 2010; Permanyer et al., 2010; Yang et al., 2008;
Zhang et al., 2007). In addition, reduced adhesion abilities and in-
creased cell damages were detected in the peripheral endothelial cells
that harbor CD133 missense mutation (Arrigoni et al., 2011).

CD133 is originally discovered in the human hematopoietic stem
and progenitor cells (Miraglia et al., 1997; Yin et al., 1997). Accumu-
lating evidence indicated a presence of the high protein levels of CD133
in numerous types of cancer. The highly expressed CD133 predicts poor
outcomes of cancer patients of ovarian cancer, colorectal cancer,
prostate cancer, rectal cancer, lung cancer, and glioblastoma (Horst
et al., 2009b; Merlos-Suarez et al., 2011; Ong et al., 2010; Silva et al.,
2011; Artells et al.,, 2010; Hurt et al., 2008; Saigusa et al., 2009;
Zeppernick et al.,, 2008; Zhang et al., 2008; Alamgeer et al., 2013;
Huang et al., 2015; Wu et al., 2014). This is because cancer cells that
express high levels of CD133 are more metastatic and resistant to
chemotherapy and radiation therapy. Given that CD1337 cells are
capable of self-renewal, proliferation and differentiation into different
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Fig. 1. Transcription factors that regulate
PROM1 gene expression. (A) Reported tran-
scription factors positively regulate PROM1I
gene expression. P1-P5 are the promoter re-
gions of PROM1. (B) Transcription factor p53
represses PROM1 gene expression by recruiting
histone deacetylase 1 (HDAC1) that removes
acetyl groups from lysine residues of the
chromosome. Deacetylation of lysines in-
creases the binding between the histones and
DNA, thus preventing transcription of PROM1.
NICD: intracellular domain of Notch; HIF: hy-
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types of cells (Hemmati et al., 2003; Singh et al., 2003, 2004; Yin et al.,
1997), known as stem cell properties, CD133% cancer cells are cancer
stem cells (CSCs). In addition to CD133, other general cancer stem cell
markers include CD44 and aldehyde dehydrogenaselAl (ALDH1A1l).
Heterogeneous populations of the CSCs are present among different
types of cancer according to their protein expression profiles. For ex-
ample, pancreatic cancer stem cells express high levels of CD133, CD44,
CD24, epithelial-specific antigen (ESA), ALDH1A1, CXCR4, DCLK-1 and
BMI-1, while lung cancer stem cells have increased expression of
ALDH1A1, ABCG2, CD90, CD117 and epithelial cellular adhesion mo-
lecule (EpCAM) (Hardavella et al., 2016; Proctor et al., 2013; Rao and
Mohammed, 2015; Wang et al., 2014).

The CD133 expression is regulated by Notch, p53, hypoxia-inducing
factor (HIF) and signal transducer and activator of transcription 3
(STAT3) in cancer (Fig. 1). It has been demonstrated that the in-
tracellular domain of Notch 1 directly bound to the RBP-Jx site of the 5
promoter region of PROMI to regulate CD133 transcription (Konishi
et al., 2016). Knockdown of Notchl or treatment of Notch inhibitors
decreased CD133 expression in cultured gastric cancer and melanoma
cells (Konishi et al., 2016; Kumar et al., 2016). There are 5 different
promoters, including promoter 1 (P1) to promoter 5 (P5) in the 5°
untranslated region of CD133 for alternatively splicing variants. HIF
increased the promoter activity of PROM1 through its direct binding to
the P5 region of PROM1 where it interacted with ETS transcription
factors such as Elkl (Ohnishi et al., 2013). Recently, it has been re-
ported that STAT3 activated by IL-6 can turn on the PROM1 gene
through upregulation of HIF transcription in liver cancer cells (Won
et al., 2015). In human lung cancer cells cultured at a hypoxia condi-
tion, binding of OCT4 and SOX2 to the P1 region of PROMI was re-
quired for HIF-induced CD133 expression (lida et al., 2012), revealing
another mechanism that HIF modulates CD133 expression in addition
to the P5 region of PROMI1. Transcription factor p53 negatively reg-
ulates mRNA and protein levels of CD133 by directly binding to the P5
region of PROM1, and subsequent recruitment and activation of histone
deacetylase 1 (HDAC1) (Park et al., 2015). Activation of HDACI re-
moved the acetyl groups from lysine residues of the chromosome, and
subsequently increased the binding between the histones and DNA, thus
preventing transcription of PROM1.

This review provides the current updates on how CD133 regulates
different stages of cancer development, including initiation, progression
and advancement (metastasis) especially through transcription factors
and cell signaling. In addition, recent findings on the mechanisms that
CD133 utilizes to enhance cancer cells resistances to therapeutic
treatments are also summarized for offering some insights into a po-
tential modulation on CD133 and its mediated signaling for a ther-
apeutic development purpose.

poxia inducing factor; IL-6: interleukin 6; the
\l« J« dashed line of a flag: deacetylated lysine.
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2. CD133 in cancer initiation

Cancer-initiating cells possess tumor-initiating capacity which is
one of the characteristics of CSCs. CSCs are believed to be a major
source of cancer-initiating cells during cancer onset. A major body of
evidence has demonstrated that the isolated CD133" cancer cells from
patients are capable of forming cancers in immune-comprised xenograft
mice, implicating the involvement of CSCs in cancer initiation. When
using the renal capsule transplantation in immunodeficient mice to
identify human colon cancer initiating cells, only CD133™" colon cancer
cells can initiate tumor growth in vivo, but not CD133"~ colon cancer
cells (O’brien et al., 2007). It suggested that CD133™ colon cancer cells
are the colon cancer initiating cells. Furthermore, colon cancer-in-
itiating cells are enriched in CD133* cancer cells than in all colon
cancer cells. Similarly, using an in vivo serial transplantation of human
ovarian tumors into immunocompromised mice to identify ovarian
tumor-initiating cells, CD133 was revealed as an ovarian CSC marker
(Curley et al., 2009). In addition to recapitulating the parental het-
erogeneous cancer phenotype, the isolated CD133* ovarian tumor cells
have a higher tumor-forming ability in vivo as compared to the CD133 ™
ovarian tumor cells.

Transplantation of the non-tumorigenic human embryonic kidney
(HEK) 293 cells that stably express CD133 into SCID mice resulted in
tumor formation (Canis et al., 2013). It clearly showed that CD133 is
sufficient to initiate tumorigenesis. Overexpression of CD133 in cul-
tured human pancreatic cancer cell line MIA PaCa-2 that has 0.1%
endogenous CD133 upregulated several gene expressions associated
with stemness (Nomura et al., 2015). These upregulated stemness genes
include KITLG, LIN28B, ¢-MYC, KLF4, GLI1, SOX2, NANOG, SIRT1,
POUSF1, and CXCR4. Moreover, the MIA PaCa-2 cells that ectopically
express high levels of CD133 were greatly tumorigenic as a very low
number of the cells (10 or 1000 cells) was able to induce tumor for-
mation in athymic nude mice. In several pancreatic cancer cell lines as
well as human PDAC patient xenografts, FACS sorted CD133* popu-
lation was DCLK1"8" and acetylated a-tubulin™&" (Bailey et al., 2014).
In addition to forming tumor sphere structures in vitro, these cells had
an increased tumor-initiating ability as judged by the number of cells
implanted into immunodeficient mice that develop cancer.

In head and neck cancer initiating cells (HNCIC), knockdown of
CD133 reduced the stemness gene expressions of OCT4 and NANOG,
enhanced epithelial differentiation and promoted apoptosis (Chen
et al., 2011b). In addition, these effects were also observed in the tumor
tissues from the shCD133 derived xenograft mice, indicating that
CD133 initiates tumor formation via upregulation of cell stemness and
downregulation of cell differentiation as well as cell death. Using tumor
sphere formation ability as an indicator of cancer stemness, shCD133
lentivirally infected-NHCICs decreased cancer stemness through in-
activation of Src signaling.
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Primary heterogeneous glioblastoma can be derived from either
CD133" or CD133~ CSCs. These two types of glioblastoma CSCs al-
though possess distinct features of growth and differentiation, both of
them were able to induce tumor formation at a comparable level in
nude mice (Beier et al., 2007). Between these two types, SOX2 was the
most up-regulated stemness gene in the CD133™* glioblastoma cells and
controlled tumorigenesis of this disease (Song et al., 2016). Knockdown
of SOX2 hindered CD133 " -mediated tumor formation abilities in vivo.
Activation of Notch has been reported in glioblastoma CSCs (Castro
et al., 2006; Stockhausen et al., 2010). Blockade of Notch through its
gene silencing or a y secretase inhibitor suppressed the glioblastoma
tumor formation in the xenograted mice (Fan et al., 2010). In addition,
this Notch inhibition decreased several CSC markers including CD133,
nestin, Bmil and OLIG2.

3. CD133 in cancer development and progression

In a xenograft mouse model, the size of tumor derived from the high
CD133*% HEK293 cells is dramatically larger than that from the low
CD133" HEK293 cells (Canis et al., 2013), suggesting that a role of
CD133 in regulating cell growth during cancer development. Over-
expression of CD133 increased cell proliferation, cell cycle progression
and telomerase activity in pancreatic cancer AsPC-1 cells (Weng et al.,
2016), suggesting that CD133 promotes tumor progression through
upregulation of cell growth. Pancreatic intraepithelial neoplasia
(PanIN) are precursors of pancreatic ductal adenocarcinoma (PDAC),
the most common form of pancreatic cancer. Enrichment of DCLK1 and
acetylated a-tubulin in the FACS-sorted CD133™" population of PDAC
cells was reported (Bailey et al., 2014). Expression of CD133, DCLK1
and CD44 were present in PanIN cells of oncogenic Kras®'?® mouse
pancreas (Fig. 2, (Bailey et al., 2014; Delgiorno et al., 2014; Liou et al.,
2017)). However, these 3 CSC markers were expressed in different
subpopulations of murine PanIN cells (Fig. 2), suggesting a diverse CSC
population during PDAC development. Knockout of DCLK1 specifically
in the pancreas reduced Kras®'?"-induced PanIN formations and the
size of the formed PanlIN lesions (Westphalen et al., 2016). To-date, the
function of CD133 and CD44 on PanIN development remains unclear.

Medulloblastoma in Group 3 is the most common malignant pe-
diatric brain cancer that has an upregulation of c-MYC and persist ac-
tivation of STAT3. The enriched CD133% cancer cells of medullo-
blastoma in Group 3 promote tumor growth through activation of
STAT3 when implanted in the mouse brains of NOD/SCID (Garg et al.,
2017). Moreover, blockade of activated STAT3 through shSTAT3 len-
tivirus to knock down STAT3 or STAT3 inhibitors significantly reduced
the tumor burden of the mouse brain that is caused by CD133% me-
dulloblastoma cells. Likewise, activation of STAT3 signaling has been
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reported in the CD133* /ALDH " cell population of human colon cancer
(Lin et al., 2011). Furthermore, inhibition of STAT3 by short hairpin
RNA or pharmacological compounds, Stattic and LLL12 in this popu-
lation decreased cancer cell metabolic activity, CD133 protein level and
gene expressions that are associated with cell proliferation including
cyclin D1, survivin, Bcl-2, and Notch. The STAT3 inhibition also led to a
smaller size of the CD133" /ALDH *-generated xenograft tumors. A
higher expression of hormone gastrin precursor was detected in human
colorectal cancer cells that have high CD133 (Ferrand et al., 2009).
Furthermore, in xenografted mice, implantation of the CD133Msh/
CD44"5" /progastrin™®® cells resulted in bigger tumors than the
CD133°"/CD44"°" /progastrin'®” cells due to the upregulation of JAK2,
STAT3, ERK, and Akt.

4. CD133 and its signaling in cancer metastasis

A little more than a decade ago after discovering CD133 as a marker
of brain tumor stem cells, accuVmulating evidence suggested that
CD133 modulates cancer cell invasion, metastasis and drug resistance
in many types of cancer (Fig. 3).

In metastatic ovarian cancer, increased mRNA expression of CD133
is regulated by transcription factor ARID3B. Knockdown of CD133 in
ARID3B overexpressed cancer cells leads to quicker tumor-caused
deaths in the xenograft mice as compared to these of CD133"ARID3B*
cancer cells (Roy et al., 2018). In addition, overexpressed CD133 pro-
motes the attachment of ovarian adenocarcinoma cells including Kur-
amochi, OVCA429 and Skov3IP cells to mesothelial cells in vitro and
the mesothelium in ex vivo.

The CD133 expression has been associated with increased lymph
node metastasis, upregulated expression of vascular endothelial growth
factor C and a lower 5-year survival rate in pancreatic cancer patients
(Maeda et al., 2008). CD133" cancer cells selected from cultured
human pancreatic cancer cell lines KP-2 and SUIT-2 showed elevated
anchorage-independent growth as compared to the CD133 ™~ population
in the same cell lines, implicating that CD133 promotes cancer cell
transformation, invasiveness, and metastasis (Moriyama et al., 2010).
In addition, CXCR4 was highly expressed in these CD133 " isolated cells
and knockdown of CXCR4 by small interfering RNA diminished CD133-
mediated cell migration and invasion. Similarly, as compared to the
CD133%/CXCR4~ cells isolated from a highly metastatic pancreatic
cancer cell line L.3.6 pl, CD133" /CXCR4 ™" cells from the same parental
cells were able to intravasate into the portal vein in a xenograft mouse
model (Hermann et al., 2007). Treating L3.6 pl generated xenograft
tumors with a CXCR4 inhibitor AMD3100 completely abolished pan-
creatic cancer metastasis.

Silencing of CD133 in CapanlM9 cells that have high levels of

Fig. 2. Cancer stem cell markers in PanIN lesions of mouse pancreas. Expression of cancer stem cell markers CD133 and CD44 in the PanIN1A lesions of
p48°%:Kras®'?P mice at the age of 14 weeks is evaluated by immunohistochemistry (A, B). In addition, tuft cells which express acetylated a-tubulin and possess
cancer stem cell properties are also present in the PanIN lesions. (C) The H&E stain for visualizing PanIN1A structures in the same area shown in A and B. Scale bar:

50 pm.
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Fig. 3. Signaling pathways mediated by CD133 to mod-
ulate cancer metastasis. Reported cell signaling activated by
CD133 or through CD133 to modulate cancer metastasis. These
signaling pathways either regulate epithelial-mesenchymal
transition (EMT) or cell migration. In the events that lead to
cell migration, CD133 immunoprecipitates with either EGFR or
Src to activate Akt and FAK respectively. In addition, CD133
l physically interacts with HDAC6, a-tubulin, and [-catenin
leading to activation of the Wnt signaling.

a-tubulin

B-catenin
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endogenous CD133 inhibits Capan1M9-induced lung and liver metas-
tases in mice possibly through downregulation of genes that modulate
epithelial-mesenchymal transition (EMT) process such as Slug and N-
Cadherin (Ding et al., 2014). Moreover, ERK and Src inhibitors atte-
nuated expression of CD133 and N-Cadherin in Capan1M9 cells, sug-
gesting that activation of ERK and Src signaling leads to increased levels
of CD133 as well as N-Cadherin. It also has been shown that ectopically
expressed CD133 induced EMT and more invasive cells of MIA PaCa-2
through activation of NF-kB (Nomura et al., 2015). Furthermore, either
silencing of PROM1 by shRNA technique or inhibition of NF-xB acti-
vation by introduction of an IKK[3 mutant or by a pharmacological BAY
11-7085 treatment, all of them abolished CD133 mediated invasiveness
of MIA PaCa-2 cells. Recently, it has been demonstrated that activation
of NF-kB by CD133 was mediated by cytokine IL-1( that can be secreted
from either CD133" CSCs or tumor-associated macrophages (Nomura
et al., 2018). Overexpression of CD133 in pancreatic cancer AsPC-1
cells promoted cancer cell migration, invasion and angiogenesis (Weng
et al., 2016). Furthermore, CD133 was immunoprecitated with EGFR.
Knockdown of EGFR reduced CD133-mediated activation of Akt.
Treating AsPC-1 cells with the EGFR inhibitor Gefitinib reversed the
effect on cancer cell migration induced by ectopically expressed CD133.

As mentioned previously in the cancer initiation section, all colon
cancer initiating cells purified from a xenograft NOD/SCID mouse
model expressed CD133 (O'Brien et al., 2007). Of note, it has been
shown that upon using the lineage tracing technique to track en-
dogenous CD133" cells in a transgenic mouse model during the de-
velopment of colon cancer metastasis, CD133 is expressed in the colon
cancer epithelium (Shmelkov et al., 2008). It suggested a role of CD133
in the initiation of colon cancer metastasis. Knockdown of CD133 in
SW620 human colon cancer cells impaired cell migration through re-
duced phosphorylations of Src-focal adhesion kinase (FAK) and this is
due to a failure of forming a complex of CD133, Src, and FAK (Liu et al.,
2016). Furthermore, the interaction between CD133 and Src is required
for CD133-induced cell motility by activation of Src downstream target
FAK.

A large body of evidence demonstrated that activation of Wnt sig-
naling is involved in controlling the malignant features of CSC through
increased EMT, which leads to cancer invasion and metastasis (Katoh,
2017; Webster et al., 2015; Zhan et al., 2017). Knockdown of CD133 by
the virally delivered short hairpins of RNA in human metastatic mela-
noma FEMX-I cells impeded cell motility and their ability to form
spheroids (Rappa et al., 2008). In addition, downregulation of CD133 in
FEMX-I cells resulted in increased expression of several Wnt inhibitors
such as DKK1. Besides plasma membrane, CD133 is also localized at

intracellular compartments such as Golgi apparatus and extracellular
membrane vesicles. It has been shown that shCD133 expressing FEMX-1
cells produced less CD133 containing lipid droplets (Rappa et al.,
2013). In addition, decreased nuclear (3-catenin was detected in these
cells, suggesting a reduced activation of Wnt signaling. These data
implicated that CD133-containing membrane vesicles are involved in
the activation of Wnt signaling to promote cancer metastasis of mela-
noma. It has been demonstrated that in several types of cancer cells,
histone deacetylase HDAC6 can physically interact with CD133 at the
endosomes, a-tubulin, and B-catenin to form a tertiary complex (Mak
et al., 2012). The stabilized (3-catenin then translocated to the nucleus
where it interacts with TCF/LEF transcription factors to upregulate
gene expressions that modulate cancer cell migration and metastasis.
Blockade of this tertiary complex formation by inhibiting HDAC6 leads
to cancer cell differentiation via a deacetylation of a-tubulin, protea-
somal degradation of B-catenin and endocytosis of CD133 followed by
its lysosomal degradation. In colon cancer, CD133 and nuclear [-ca-
tenin are biomarkers for disease progression and patient survival (Horst
et al., 2009a). Treating CD133 expressing colon cancer HT29 and DLD1
cells with celecoxib reduced both CD133 expression and Wnt activation
(Deng et al., 2013). Celecoxib inhibits TCF/LEF transcription factor
activities and suppresses Wnt/p-catenin targeted gene expressions of
cyclin D1 and survivin (Tang et al., 2018). Loss of E-Cadherin expres-
sion at membranes not only impairs cell-cell adhesion but also has in-
creased accumulation of nuclear p-catenin. Nuclear E-Cadherin was
reported to be a negative regulator of Wnt pathway-induced cell inva-
siveness in CD133" lung cancer cells (Su et al., 2015). It reduced the
Wnt/ (3-catenin mediated transcriptional activity via disruption of the
interaction between f-catenin and TCF4 transcription factor.

CD44 is another cancer stem cell gene and cell adhesion molecule
commonly associated with CD133" cells in cancer metastasis such as
gastric cancer, colorectal cancer, prostate cancer, and liver cancer
(Chen et al., 2011a; Eaton et al., 2010; Hou et al., 2012; Huang et al.,
2012; Wakamatsu et al., 2012). Among them, colorectal cancer is the
best reported cancer type for the presence of the CD133"/CD44* po-
pulation in the metastatic site liver at an early stage of the disease.
Several lines of evidence suggested that between CD133 and CD44,
CD44 is the major player in tumor cell migration and invasiveness
because of its regulation on extracellular matrices, whereas CD133
controls tumorigenic ability. However, for the malignant tumor cells
that enable to metastasize to other sites require both properties.
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5. Potential of targeting CD133 in cancer therapy

Several lines of evidence have suggested CD133 as a prognostic
marker in many types of cancers including breast cancer, lung cancer,
gastric cancer, colorectal cancer and so on (Alamgeer et al., 2013; Horst
et al., 2009b; Ishigami et al., 2010; Wu et al., 2014; Xia, 2017). In
addition to cancer initiation, development, and metastasis, CD133 also
enhances therapeutic resistance including chemo drugs and radiation.
Overexpression of CD133 in a head and neck squamous cell carcinoma
(HNSCC) cell line rendered the cells insensitive to 5-FU- or cisplatin-
induced cell death (Lee et al., 2017). Furthermore, the CD133%
HNSCCs were arrested at the GO/G1 phase of the cell cycle in response
to 5-FU and cisplatin treatment. Similarly, ectopic expression of CD133
in rat C6 glioma cells increased the drug resistance of camptothecin and
doxorubicin via upregulation of p-glycoprotein 1 (multidrug resistance
protein 1/MDR1) transcription and ABC transporter activity
(Angelastro and Lame, 2010). It has been shown that CD133™" cells
FACS-sorted from the Ewing’s sarcoma family tumor (ESFT) cell line
STA-ET-8.2 according to the CD133 expression are more resistant to
chemotherapeutic agents including doxorubicin, etoposide, and vin-
cristine than CD133~ STA-ET-8.2 cells (Jiang et al., 2010). In cultured
human gastric cancer cells, knockdown of CD133 rendered cells more
sensitive to 5-FU induced cell death (Song et al., 2018; Zhu et al.,
2014). This increased cell death effect was through downregulation of
phosphatidylinositol-3 kinase activity and its downstream targets, in-
cluding Akt, p-glycoprotein and BCL-2, and upregulation of Bax.
Blockade of this pathway via the PI3K/Akt inhibitor LY294002 in
CD133-expressed gastric cancer cells has the same effect as shCD133-
expressed cells in response to 5-FU treatment. It suggested that CD133
promotes 5-FU drug resistance through activation of PI3K/Akt in gastric
cancer. Colorectal cancer cells that are CD133"&"/CD44"8" survived
better than CD133!°"/CD44°" cancer cells after exposure to a high
dose of gamma irradiation (Sahlberg et al., 2014). In addition, Akt
expression was higher in the CD133%8"/CD44"¢" cells as compared to
the CD133°"/CD44"°" cancer cells. Knockdown of Aktl but not Akt2
abolished CD133 expression in the colorectal cancer cells without af-
fecting CD44 expressions. It implicated a role of Aktl in modulating
radiation resistance of colorectal cancer through upregulation of
CD133.

Given that CD133 plays a pivotal role in regulating cancer metas-
tasis and therapeutic resistance and that both of cancer metastasis and
drug resistance are the major contributors to cancer death, targeting
CD133 in cancer patients who have metastatic disease would be the
best strategy to bring down the death toll of cancer. To directly tar-
geting CD133 in cancer cells, specifically blockade or knockdown of
CD133 can be achieved by its neutralizing antibodies, small molecule
inhibitors, and short hairpins of CD133. In addition to contributing to
cancer death as mentioned previously, CD133 is also present in the
normal tissue stem cells and circulating endothelial progenitors, both of
which repair the damaged tissues (Brossa et al., 2018; Handgretinger
and Kuci, 2013; Li, 2013; Miraglia et al., 1997; Yin et al., 1997).
Therefore, it is crucial for a therapeutic strategy to specifically target
the CD133" CSCs than other CD133™ stem cells. There are several
reported approaches to specifically target CD133-expressing cancer
cells in vitro, in animal models, and in clinical trials. These methods are
to use CD133-drug conjugates, asymmetric bispecific antibodies or the
T cells that express chimeric antigen receptors of CD133 (CART-
CD133).

5.1. CD133-drug conjugates to selectively target CD133-expressing tumors

Pancreatic, gastric and intrahepatic cholangiocarcinoma cells have
higher levels of CD133 as compared to normal epithelial cells. Treating
Hep3B liver cancer cells and KATO III gastric cancer cells with a cy-
totoxic drug monomethyl auristatin (MMAF) that is conjugated with a
murine anti-human CD133 antibody resulted in caspase activation and
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subsequent apoptosis (Smith et al., 2008). One of the mechanisms
mediated by the CD133-MMAF conjugates to kill these gastric and liver
CSCs is through lysosomes. The in vitro effect of CD133-MMAF con-
jugates was verified in Hep3B xenografted SCID mice that anti-CD133-
MMAF treatment delayed tumor growth in vivo. Another invention
includes to conjugate anti-CD133 monoclonal antibody to nanoparticles
that were loaded with anti-cancer drug paclitaxel. It has been shown
that treating Caco-2 cells that highly expressed CD133 with CD133-
targeted paclitaxel compounds reduced tumor initiating cells as judged
by the mammosphere formation and soft-agar colony formation assays
(Swaminathan et al., 2013). Furthermore, CD133-targeted paclitaxel
compounds had a better effect on inhibiting cancer growth in the breast
cancer MDA-MB-231 xenograft mice as compared to paclitaxel treat-
ment.

5.2. Asymmetric bispecific antibodies to selectively target CD133-expressing
tumors

Use of asymmetric bispecific antibodies is another newly developed
method to specifically target CSCs in therapeutics. It has been reported
that asymmetric bispecific antibodies that consist monomers of CD133
monoclonal antibody and a single chain of humanized OKT3 antibody
selectively induced cell death in CD133"" colorectal cancer cells via
engaging T cell activation to the CSCs of colorectal cancer (Zhao et al.,
2015).

5.3. CAR T cells that selectively target CD133-expressing tumors

Genetic engineering of the T cells of the cancer patients to express
chimeric antigen receptors (CAR) that bind to cancer cells is another
immunotherapy strategy that can target CD133 expressing CSCs. CART-
CD133 treatment has been tested in CD133"#" glioblastoma stem cells
in vitro and in an orthotopic tumor model in vivo (Zhu et al., 2015).
Furthermore, when CD133-CAR T cells contacted by the patient derived
glioblastoma stem cells, an induced senescence of the activated T cells
was detected as judged by an upregulation of CD57, a T cell aging
maker. This effect is specifically mediated by the patient-derived
CD57™" CSCs. So far, the mechanisms that these CD57 " glioblastoma
CSCs utilize to render the activated T cells senescent remains unclear. In
a case report from a clinical trial, a metastatic cholangiocarcinoma
patient who received therapy of CART-EGFR followed by CART-CD133
responded to the CART cocktail treatment (Feng et al., 2017). In the
most recently reported phase I clinical trial for CART-CD133 therapy,
23 patients with metastatic and CD133" tumors of hepatocellular
carcinoma, pancreatic cancer or colorectal cancer were repeatedly
given CART-CD133 infusions (Wang et al., 2018). No severe cytotoxi-
city was observed among these patients, and 21 of them had no de-
tectable de novo tumor cells after CART-CD133 treatments. In addition,
the immunohistochemistry results of the post-treated biopsied tissues
from these patients indicated a complete elimination of CD133* CSCs,
which resulted in an average 5-month progression free survival of the
cancer patients.

In addition to directly eliminating CD133% CSCs, another alter-
native is to decrease CD133 expression in CSCs through modulation of
the signaling molecules that regulate CD133 transcription and expres-
sion. Other feasible targets are the CD133 downstream signaling mo-
lecules that mediate metastasis and multi-drug resistance. Of note, in-
direct targeting CD133 via the cell signaling molecules can be highly
specific to cancer types due to the unique cell environment in each type
of cancer.

6. Summary
Tumor metastasis and therapeutic resistance account for the ma-

jority of cancer-related deaths. Both properties are enhanced in a small
population of CD133M8" cancer cells, known as cancer stem cells with
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abilities of self-renewal, tumor initiation, and pluripotency. Therefore,
targeting cancer stem cells, such as CD133"" cell populations remains
one of top interest to combat fatalities of cancer patients. Elevated
expression of CD133 resulted in increased tumor-initiating ability,
tumor progression, metastasis, therapeutic resistance, and cancer re-
currence in numerous types of cancer. Targeting CSC population so far
remains certain challenges because of its heterogeneity. It would be of
most importance to evaluate if the blockade of CD133 alternatively
results in selections for other cancer stem cell markers that could
compensate the loss of CD133, and what the final outcome of cancer
metastasis as well as drug resistance is in animal models capitulating
human cancers.

Funding

This work was supported by the NIH Grant G12MD007590 and by
the 2017 AACR-Bayer Innovation and Discovery Grant 17-80-44-LIOU.

Competing interests

The author declares no competing interests on publication of this
article.

Ethics approval and consent to participate

All animal experiments were approved by the Atlanta University
Center IACUC committee (protocol #: 17-20) and performed in ac-
cordance with relevant institutional and national guidelines and reg-
ulations.

References

Alamgeer, M., Ganju, V., Szczepny, A., Russell, P.A., Prodanovic, Z., Kumar, B., Wainer,
Z., Brown, T., Schneider-Kolsky, M., Conron, M., Wright, G., Watkins, D.N., 2013. The
prognostic significance of aldehyde dehydrogenase 1A1 (ALDH1A1) and CD133 ex-
pression in early stage non-small cell lung cancer. Thorax 68, 1095-1104.

Angelastro, J.M., Lame, M.W., 2010. Overexpression of CD133 promotes drug resistance
in C6 glioma cells. Mol. Cancer Res. 8, 1105-1115.

Arrigoni, F.I., Matarin, M., Thompson, P.J., Michaelides, M., Mcclements, M.E., Redmond,
E., Clarke, L., Ellins, E., Mohamed, S., Pavord, 1., Klein, N., Hunt, D.M., Moore, A.T.,
Halcox, J., Sisodiya, S.M., 2011. Extended extraocular phenotype of PROM1 muta-
tion in kindreds with known autosomal dominant macular dystrophy. Eur. J. Hum.
Genet. 19, 131-137.

Artells, R., Moreno, 1., Diaz, T., Martinez, F., Gel, B., Navarro, A., Ibeas, R., Moreno, J.,
Monzo, M., 2010. Tumour CD133 mRNA expression and clinical outcome in surgi-
cally resected colorectal cancer patients. Eur. J. Cancer 46, 642-649.

Bailey, J.M., Alsina, J., Rasheed, Z.A., Mcallister, F.M., Fu, Y.Y., Plentz, R., Zhang, H.,
Pasricha, P.J., Bardeesy, N., Matsui, W., Maitra, A., Leach, S.D., 2014. DCLK1 marks a
morphologically distinct subpopulation of cells with stem cell properties in pre-
invasive pancreatic cancer. Gastroenterology 146, 245-256.

Beier, D., Hau, P., Proescholdt, M., Lohmeier, A., Wischhusen, J., Oefner, P.J., Aigner, L.,
Brawanski, A., Bogdahn, U., Beier, C.P., 2007. CD133(+) and CD133(-) glioblastoma-
derived cancer stem cells show differential growth characteristics and molecular
profiles. Cancer Res. 67, 4010-4015.

Brossa, A., Papadimitriou, E., Collino, F., Incarnato, D., Oliviero, S., Camussi, G.,
Bussolati, B., 2018. Role of CD133 molecule in wnt response and renal repair. Stem
Cells Transl. Med. 7, 283-294.

Canis, M., Lechner, A., Mack, B., Zengel, P., Laubender, R.P., Koehler, U., Heissmeyer, V.,
Gires, O., 2013. CD133 induces tumour-initiating properties in HEK293 cells. Tumour
Biol. 34, 437-443.

Castro, D.S., Skowronska-Krawczyk, D., Armant, O., Donaldson, 1.J., Parras, C., Hunt, C.,
Critchley, J.A., Nguyen, L., Gossler, A., Gottgens, B., Matter, J.M., Guillemot, F.,
2006. Proneural bHLH and Brn proteins coregulate a neurogenic program through
cooperative binding to a conserved DNA motif. Dev. Cell 11, 831-844.

Chen, K.L., Pan, F., Jiang, H., Chen, J.F., Pei, L., Xie, F.W., Liang, H.J., 2011a. Highly
enriched CD133(+)CD44(+) stem-like cells with CD133(+ )CD44(high) metastatic
subset in HCT116 colon cancer cells. Clin. Exp. Metastasis 28, 751-763.

Chen, Y.S., Wu, M.J., Huang, C.Y., Lin, S.C., Chuang, T.H., Yu, C.C,, Lo, J.F., 2011b.
CD133/Src axis mediates tumor initiating property and epithelial-mesenchymal
transition of head and neck cancer. PLoS One 6, e28053.

Curley, M.D., Therrien, V.A., Cummings, C.L., Sergent, P.A., Koulouris, C.R., Friel, A.M.,
Roberts, D.J., Seiden, M.V., Scadden, D.T., Rueda, B.R., Foster, R., 2009. CD133
expression defines a tumor initiating cell population in primary human ovarian
cancer. Stem Cells 27, 2875-2883.

Delgiorno, K.E., Hall, J.C., Takeuchi, K.K., Pan, F.C., Halbrook, C.J., Washington, M.K.,
Olive, K.P., Spence, J.R., Sipos, B., Wright, C.V., Wells, J.M., Crawford, H.C., 2014.
Identification and manipulation of biliary metaplasia in pancreatic tumors.
Gastroenterology 146 233-44 e5.

International Journal of Biochemistry and Cell Biology 106 (2019) 1-7

Deng, Y., Su, Q., Mo, J., Fu, X., Zhang, Y., Lin, E.H., 2013. Celecoxib downregulates
CD133 expression through inhibition of the Wnt signaling pathway in colon cancer
cells. Cancer Invest. 31, 97-102.

Ding, Q., Miyazaki, Y., Tsukasa, K., Matsubara, S., Yoshimitsu, M., Takao, S., 2014.
CD133 facilitates epithelial-mesenchymal transition through interaction with the
ERK pathway in pancreatic cancer metastasis. Mol. Cancer 13, 15.

Eaton, C.L., Colombel, M., Van Der Pluijm, G., Cecchini, M., Wetterwald, A., Lippitt, J.,
Rehman, 1., Hamdy, F., Thalman, G., 2010. Evaluation of the frequency of putative
prostate cancer stem cells in primary and metastatic prostate cancer. Prostate 70,
875-882.

Fan, X., Khaki, L., Zhu, T.S., Soules, M.E., Talsma, C.E., Gul, N., Koh, C., Zhang, J., Li,
Y.M., Maciaczyk, J., Nikkhah, G., Dimeco, F., Piccirillo, S., Vescovi, A.L., Eberhart,
C.G., 2010. NOTCH pathway blockade depletes CD133-positive glioblastoma cells
and inhibits growth of tumor neurospheres and xenografts. Stem Cells 28, 5-16.

Feng, K.C., Guo, Y.L, Liu, Y., Dai, H.R., Wang, Y., Lv, H.Y., Huang, J.H., Yang, Q.M., Han,
W.D., 2017. Cocktail treatment with EGFR-specific and CD133-specific chimeric
antigen receptor-modified T cells in a patient with advanced Cholangiocarcinoma. J.
Hematol. Oncol. 10 (4).

Ferrand, A., Sandrin, M.S., Shulkes, A., Baldwin, G.S., 2009. Expression of gastrin pre-
cursors by CD133-positive colorectal cancer cells is crucial for tumour growth.
Biochim. Biophys. Acta 1793, 477-488.

Garg, N., Bakhshinyan, D., Venugopal, C., Mahendram, S., Rosa, D.A., Vijayakumar, T.,
Manoranjan, B., Hallett, R., Mcfarlane, N., Delaney, K.H., Kwiecien, J.M., Arpin, C.C.,
Lai, P.S., Gomez-Biagi, R.F., Ali, A.M., De Araujo, E.D., Ajani, O.A., Hassell, J.A.,
Gunning, P.T., Singh, S.K., 2017. CD133(+) brain tumor-initiating cells are depen-
dent on STAT3 signaling to drive medulloblastoma recurrence. Oncogene 36,
606-617.

Handgretinger, R., Kuci, S., 2013. CD133-positive hematopoietic stem cells: from biology
to medicine. Adv. Exp. Med. Biol. 777, 99-111.

Hardavella, G., George, R., Sethi, T., 2016. Lung cancer stem cells-characteristics, phe-
notype. Transl. Lung Cancer Res. 5, 272-279.

Hemmati, H.D., Nakano, I., Lazareff, J.A., Masterman-Smith, M., Geschwind, D.H.,
Bronner-Fraser, M., Kornblum, H.I., 2003. Cancerous stem cells can arise from pe-
diatric brain tumors. Proc. Natl. Acad. Sci. U. S. A. 100, 15178-15183.

Hermann, P.C., Huber, S.L., Herrler, T., Aicher, A., Ellwart, J.W., Guba, M., Bruns, C.J.,
Heeschen, C., 2007. Distinct populations of cancer stem cells determine tumor
growth and metastatic activity in human pancreatic cancer. Cell Stem Cell 1,
313-323.

Horst, D., Kriegl, L., Engel, J., Jung, A., Kirchner, T., 2009a. CD133 and nuclear beta-
catenin: the marker combination to detect high risk cases of low stage colorectal
cancer. Eur. J. Cancer 45, 2034-2040.

Horst, D., Kriegl, L., Engel, J., Kirchner, T., Jung, A., 2009b. Prognostic significance of the
cancer stem cell markers CD133, CD44, and CD166 in colorectal cancer. Cancer
Invest. 27, 844-850.

Hou, Y., Zou, Q., Ge, R., Shen, F., Wang, Y., 2012. The critical role of CD133(+)CD44(+/
high) tumor cells in hematogenous metastasis of liver cancers. Cell Res. 22, 259-272.

Huang, M., Zhu, H., Feng, J., Ni, S., Huang, J., 2015. High CD133 expression in the
nucleus and cytoplasm predicts poor prognosis in non-small cell lung cancer. Dis.
Markers 2015 986095.

Huang, X., Sheng, Y., Guan, M., 2012. Co-expression of stem cell genes CD133 and CD44
in colorectal cancers with early liver metastasis. Surg. Oncol. 21, 103-107.

Hurt, E.M., Kawasaki, B.T., Klarmann, G.J., Thomas, S.B., Farrar, W.L., 2008. CD44 +
CD24(-) prostate cells are early cancer progenitor/stem cells that provide a model for
patients with poor prognosis. Br. J. Cancer 98, 756-765.

Iida, H., Suzuki, M., Goitsuka, R., Ueno, H., 2012. Hypoxia induces CD133 expression in
human lung cancer cells by up-regulation of OCT3/4 and SOX2. Int. J. Oncol. 40,
71-79.

Ishigami, S., Ueno, S., Arigami, T., Uchikado, Y., Setoyama, T., Arima, H., Kita, Y.,
Kurahara, H., Okumura, H., Matsumoto, M., Kijima, Y., Natsugoe, S., 2010.
Prognostic impact of CD133 expression in gastric carcinoma. Anticancer Res. 30,
2453-2457.

Jiang, X., Gwye, Y., Russell, D., Cao, C., Douglas, D., Hung, L., Kovar, H., Triche, T.J.,
Lawlor, E.R., 2010. CD133 expression in chemo-resistant Ewing sarcoma cells. BMC
Cancer 10, 116.

Katoh, M., 2017. Canonical and non-canonical WNT signaling in cancer stem cells and
their niches: cellular heterogeneity, omics reprogramming, targeted therapy and
tumor plasticity (Review). Int. J. Oncol. 51, 1357-1369.

Konishi, H., Asano, N., Imatani, A., Kimura, O., Kondo, Y., Jin, X., Kanno, T., Hatta, W.,
Ara, N., Asanuma, K., Koike, T., Shimosegawa, T., 2016. Notch1 directly induced
CD133 expression in human diffuse type gastric cancers. Oncotarget 7, 56598-56607.

Kumar, D., Kumar, S., Gorain, M., Tomar, D., Patil, H.S., Radharani, N.N.V., Kumar,
T.V.S,, Patil, T.V., Thulasiram, H.V., Kundu, G.C., 2016. Notch1-MAPK signaling axis
regulates CD133(+) cancer stem cell-mediated melanoma growth and angiogenesis.
J. Invest. Dermatol. 136, 2462-2474.

Lee, J., Park, M., Ko, Y., Kim, B., Kim, O., Hyun, H., Kim, D., Sohn, H., Moon, Y.L., Lim,
W., 2017. Ectopic overexpression of CD133 in HNSCC makes it resistant to commonly
used chemotherapeutics. Tumour Biol. 39 1010428317695534.

Li, Z., 2013. CD133: a stem cell biomarker and beyond. Exp. Hematol. Oncol. 2, 17.

Lin, L., Liu, A., Peng, Z., Lin, H.J., Li, P.K,, Li, C,, Lin, J., 2011. STAT3 is necessary for
proliferation and survival in colon cancer-initiating cells. Cancer Res. 71, 7226-7237.

Liou, G.Y., Bastea, L., Fleming, A., Doppler, H., Edenfield, B.H., Dawson, D.W., Zhang, L.,
Bardeesy, N., Storz, P., 2017. The presence of Interleukin-13 at pancreatic ADM/
PanliN lesions alters macrophage populations and mediates pancreatic tumorigenesis.
Cell Rep. 19, 1322-1333.

Liu, C, Li, Y., Xing, Y., Cao, B., Yang, F., Yang, T., Ai, Z., Wei, Y., Jiang, J., 2016. The
interaction between Cancer stem cell marker CD133 and src protein promotes focal
adhesion kinase (FAK) phosphorylation and cell migration. J. Biol. Chem. 291,
15540-15550.

Maeda, S., Shinchi, H., Kurahara, H., Mataki, Y., Maemura, K., Sato, M., Natsugoe, S.,
Aikou, T., Takao, S., 2008. CD133 expression is correlated with lymph node


http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0005
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0005
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0005
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0005
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0010
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0010
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0015
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0015
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0015
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0015
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0015
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0020
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0020
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0020
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0025
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0025
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0025
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0025
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0030
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0030
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0030
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0030
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0035
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0035
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0035
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0040
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0040
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0040
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0045
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0045
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0045
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0045
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0050
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0050
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0050
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0055
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0055
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0055
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0060
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0060
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0060
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0060
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0065
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0065
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0065
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0065
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0070
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0070
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0070
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0075
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0075
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0075
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0080
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0080
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0080
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0080
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0085
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0085
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0085
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0085
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0090
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0090
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0090
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0090
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0095
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0095
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0095
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0100
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0100
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0100
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0100
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0100
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0100
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0105
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0105
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0110
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0110
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0115
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0115
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0115
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0120
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0120
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0120
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0120
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0125
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0125
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0125
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0130
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0130
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0130
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0135
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0135
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0140
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0140
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0140
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0145
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0145
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0150
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0150
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0150
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0155
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0155
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0155
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0160
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0160
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0160
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0160
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0165
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0165
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0165
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0170
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0170
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0170
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0175
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0175
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0175
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0180
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0180
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0180
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0180
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0185
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0185
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0185
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0190
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0195
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0195
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0200
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0200
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0200
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0200
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0205
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0205
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0205
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0205
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0210
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0210

G.-Y. Liou

metastasis and vascular endothelial growth factor-C expression in pancreatic cancer.
Br. J. Cancer 98, 1389-1397.

Mak, A.B., Nixon, A.M., Kittanakom, S., Stewart, J.M., Chen, G.I., Curak, J., Gingras, A.C.,
Mazitschek, R., Neel, B.G., Stagljar, 1., Moffat, J., 2012. Regulation of CD133 by
HDACG6 promotes beta-catenin signaling to suppress cancer cell differentiation. Cell
Rep. 2, 951-963.

Maw, M.A., Corbeil, D., Koch, J., Hellwig, A., Wilson-Wheeler, J.C., Bridges, R.J.,
Kumaramanickavel, G., John, S., Nancarrow, D., Roper, K., Weigmann, A., Huttner,
W.B., Denton, M.J., 2000. A frameshift mutation in prominin (mouse)-like 1 causes
human retinal degeneration. Hum. Mol. Genet. 9, 27-34.

Merlos-Suarez, A., Barriga, F.M., Jung, P., Iglesias, M., Cespedes, M.V., Rossell, D.,
Sevillano, M., Hernando-Momblona, X., Da Silva-Diz, V., Munoz, P., Clevers, H.,
Sancho, E., Mangues, R., Batlle, E., 2011. The intestinal stem cell signature identifies
colorectal cancer stem cells and predicts disease relapse. Cell Stem Cell 8, 511-524.

Michaelides, M., Gaillard, M.C., Escher, P., Tiab, L., Bedell, M., Borruat, F.X., Barthelmes,
D., Carmona, R., Zhang, K., White, E., Mcclements, M., Robson, A.G., Holder, G.E.,
Bradshaw, K., Hunt, D.M., Webster, A.R., Moore, A.T., Schorderet, D.F., Munier, F.L.,
2010. The PROM1 mutation p.R373C causes an autosomal dominant bull’s eye ma-
culopathy associated with rod, rod-cone, and macular dystrophy. Invest. Ophthalmol.
Vis. Sci. 51, 4771-4780.

Miraglia, S., Godfrey, W., Yin, A.H., Atkins, K., Warnke, R., Holden, J.T., Bray, R.A.,
Waller, E.K., Buck, D.W., 1997. A novel five-transmembrane hematopoietic stem cell
antigen: isolation, characterization, and molecular cloning. Blood 90, 5013-5021.

Moriyama, T., Ohuchida, K., Mizumoto, K., Cui, L., Ikenaga, N., Sato, N., Tanaka, M.,
2010. Enhanced cell migration and invasion of CD133+ pancreatic cancer cells co-
cultured with pancreatic stromal cells. Cancer 116, 3357-3368.

Nomura, A., Banerjee, S., Chugh, R., Dudeja, V., Yamamoto, M., Vickers, S.M., Saluja,
AK., 2015. CD133 initiates tumors, induces epithelial-mesenchymal transition and
increases metastasis in pancreatic cancer. Oncotarget 6, 8313-8322.

Nomura, A., Gupta, V.K., Dauer, P., Sharma, N.S., Dudeja, V., Merchant, N., Saluja, A.K.,
Banerjee, S., 2018. NFkappaB-mediated invasiveness in CD133(+) pancreatic TICs is
regulated by Autocrine and paracrine activation of IL1 signaling. Mol. Cancer Res. 16,
162-172.

O’brien, C.A., Pollett, A., Gallinger, S., Dick, J.E., 2007. A human colon cancer cell cap-
able of initiating tumour growth in immunodeficient mice. Nature 445, 106-110.

Ohnishi, S., Maehara, O., Nakagawa, K., Kameya, A., Otaki, K., Fujita, H., Higashi, R.,
Takagi, K., Asaka, M., Sakamoto, N., Kobayashi, M., Takeda, H., 2013. Hypoxia-in-
ducible factors activate CD133 promoter through ETS family transcription factors.
PLoS One 8, e66255.

Ong, C.W., Kim, L.G., Kong, H.H., Low, L.Y., Iacopetta, B., Soong, R., Salto-Tellez, M.,
2010. CD133 expression predicts for non-response to chemotherapy in colorectal
cancer. Mod. Pathol. 23, 450-457.

Park, E.K., Lee, J.C., Park, JW., Bang, S.Y., Yi, S.A., Kim, B.K., Park, J.H., Kwon, S.H.,
You, J.S., Nam, S.W., Cho, E.J., Han, J.W., 2015. Transcriptional repression of cancer
stem cell marker CD133 by tumor suppressor p53. Cell Death Dis. 6, €1964.

Permanyer, J., Navarro, R., Friedman, J., Pomares, E., Castro-Navarro, J., Marfany, G.,
Swaroop, A., Gonzalez-Duarte, R., 2010. Autosomal recessive retinitis pigmentosa
with early macular affectation caused by premature truncation in PROM1. Invest.
Ophthalmol. Vis. Sci. 51, 2656-2663.

Proctor, E., Waghray, M., Lee, C.J., Heidt, D.G., Yalamanchili, M., Li, C., Bednar, F.,
Simeone, D.M., 2013. Bmil enhances tumorigenicity and cancer stem cell function in
pancreatic adenocarcinoma. PLoS One 8, €55820.

Rao, C.V., Mohammed, A., 2015. New insights into pancreatic cancer stem cells. World J.
Stem Cells 7, 547-555.

Rappa, G., Fodstad, O., Lorico, A., 2008. The stem cell-associated antigen CD133
(Prominin-1) is a molecular therapeutic target for metastatic melanoma. Stem Cells
26, 3008-3017.

Rappa, G., Mercapide, J., Anzanello, F., Le, T.T., Johlfs, M.G., Fiscus, R.R., Wilsch-
Brauninger, M., Corbeil, D., Lorico, A., 2013. Wnt interaction and extracellular re-
lease of prominin-1/CD133 in human malignant melanoma cells. Exp. Cell Res. 319,
810-819.

Roy, L., Bobbs, A., Sattler, R., Kurkewich, J.L., Dausinas, P.B., Nallathamby, P., Cowden
Dahl, K.D., 2018. CD133 promotes adhesion to the ovarian Cancer Metastatic niche.
Cancer Growth Metastasis 11 1179064418767882.

Sahlberg, S.H., Spiegelberg, D., Glimelius, B., Stenerlow, B., Nestor, M., 2014. Evaluation
of cancer stem cell markers CD133, CD44, CD24: association with AKT isoforms and
radiation resistance in colon cancer cells. PLoS One 9, e94621.

Saigusa, S., Tanaka, K., Toiyama, Y., Yokoe, T., Okugawa, Y., Ioue, Y., Miki, C., Kusunoki,
M., 2009. Correlation of Cd133, Oct4, and Sox2 in Rectal cancer and their association
with distant recurrence after chemoradiotherapy. Ann. Surg. Oncol. 16, 3488-3498.

Shmelkov, S.V., Butler, J.M., Hooper, A.T., Hormigo, A., Kushner, J., Milde, T., St Clair,
R., Baljevic, M., White, 1., Jin, D.K., Chadburn, A., Murphy, A.J., Valenzuela, D.M.,
Gale, N.W., Thurston, G., Yancopoulos, G.D., D’angelica, M., Kemeny, N., Lyden, D.,
Rafii, S., 2008. CD133 expression is not restricted to stem cells, and both CD133 +
and CD133- metastatic colon cancer cells initiate tumors. J. Clin. Invest. 118,
2111-2120.

Silva, L.A., Bai, S., Mclean, K., Yang, K., Griffith, K., Thomas, D., Ginestier, C., Johnston,
C., Kueck, A., Reynolds, R.K., Wicha, M.S., Buckanovich, R.J., 2011. Aldehyde de-
hydrogenase in combination with CD133 defines angiogenic ovarian cancer stem
cells that portend poor patient survival. Cancer Res. 71, 3991-4001.

Singh, S.K., Clarke, L.D., Terasaki, M., Bonn, V.E., Hawkins, C., Squire, J., Dirks, P.B.,
2003. Identification of a cancer stem cell in human brain tumors. Cancer Res. 63,
5821-5828.

Singh, S.K., Hawkins, C., Clarke, 1.D., Squire, J.A., Bayani, J., Hide, T., Henkelman, R.M.,
Cusimano, M.D., Dirks, P.B., 2004. Identification of human brain tumour initiating
cells. Nature 432, 396-401.

International Journal of Biochemistry and Cell Biology 106 (2019) 1-7

Smith, L.M., Nesterova, A., Ryan, M.C., Duniho, S., Jonas, M., Anderson, M., Zabinski,
R.F., Sutherland, M.K., Gerber, H.P., Van Orden, K.L., Moore, P.A., Ruben, S.M.,
Carter, P.J., 2008. CD133/prominin-1 is a potential therapeutic target for antibody-
drug conjugates in hepatocellular and gastric cancers. Br. J. Cancer 99, 100-109.

Song, S., Pei, G., Du, Y., Wu, J., Ni, X., Wang, S., Jiang, B., Luo, M., Yu, J., 2018.
Interaction between CD133 and PI3K-p85 promotes chemoresistance in gastric
cancer cells. Am. J. Transl. Res. 10, 304-314.

Song, W.S., Yang, Y.P., Huang, C.S., Lu, K.H., Liu, W.H., Wu, W.W,, Lee, Y.Y., Lo, W.L.,
Lee, S.D., Chen, Y.W., Huang, P.I., Chen, M.T., 2016. Sox2, a stemness gene, regulates
tumor-initiating and drug-resistant properties in CD133-positive glioblastoma stem
cells. J. Chin. Med. Assoc. 79, 538-545.

Stockhausen, M.T., Kristoffersen, K., Poulsen, H.S., 2010. The functional role of Notch
signaling in human gliomas. Neuro Oncol. 12, 199-211.

Su, Y.J., Chang, Y.W., Lin, W.H., Liang, C.L., Lee, J.L., 2015. An aberrant nuclear loca-
lization of E-cadherin is a potent inhibitor of Wnt/beta-catenin-elicited promotion of
the cancer stem cell phenotype. Oncogenesis 4, e157.

Swaminathan, S.K., Roger, E., Toti, U., Niu, L., Ohlfest, J.R., Panyam, J., 2013. CD133-
targeted paclitaxel delivery inhibits local tumor recurrence in a mouse model of
breast cancer. J. Control. Release 171, 280-287.

Tang, Y., Berlind, J., Mavila, N., 2018. Inhibition of CREB binding protein-beta-catenin
signaling down regulates CD133 expression and activates PP2A-PTEN signaling in
tumor initiating liver cancer cells. Cell Commun. Signal 16, 9.

Wakamatsu, Y., Sakamoto, N., Oo, H.Z., Naito, Y., Uraoka, N., Anami, K., Sentani, K., Oue,
N., Yasui, W., 2012. Expression of cancer stem cell markers ALDH1, CD44 and CD133
in primary tumor and lymph node metastasis of gastric cancer. Pathol. Int. 62,
112-119.

Wang, J., Li, Z.H., White, J., Zhang, L.B., 2014. Lung cancer stem cells and implications
for future therapeutics. Cell Biochem. Biophys. 69, 389-398.

Wang, Y., Chen, M., Wu, Z., Tong, C., Dai, H., Guo, Y., Liu, Y., Huang, J., Lv, H., Luo, C.,
Feng, K.C., Yang, Q.M,, Li, X.L., Han, W., 2018. CD133-directed CAR T cells for ad-
vanced metastasis malignancies: a phase I trial. Oncoimmunology 7, e1440169.

Webster, M.R., Kugel 3rd, C.H., Weeraratna, A.T., 2015. The Wnts of change: how Wnts
regulate phenotype switching in melanoma. Biochim. Biophys. Acta 1856, 244-251.

Weng, C.C., Kuo, K.K., Su, H.T., Hsiao, P.J., Chen, Y.W., Wu, D.C., Hung, W.C., Cheng,
K.H., 2016. Pancreatic tumor progression associated with CD133 overexpression:
involvement of increased TERT expression and epidermal growth factor receptor-
dependent Akt activation. Pancreas 45, 443-457.

Westphalen, C.B., Takemoto, Y., Tanaka, T., Macchini, M., Jiang, Z., Renz, B.W., Chen, X.,
Ormanns, S., Nagar, K., Tailor, Y., May, R., Cho, Y., Asfaha, S., Worthley, D.L.,
Hayakawa, Y., Urbanska, A.M., Quante, M., Reichert, M., Broyde, J., Subramaniam,
P.S., Remotti, H., Su, G.H., Rustgi, A.K., Friedman, R.A., Honig, B., Califano, A.,
Houchen, C.W., Olive, K.P., Wang, T.C., 2016. Dclk1 defines quiescent pancreatic
progenitors that promote injury-induced regeneration and tumorigenesis. Cell Stem
Cell 18, 441-455.

Won, C., Kim, B.H., Yi, E.H., Choi, K.J., Kim, E.K., Jeong, J.M., Lee, J.H., Jang, J.J., Yoon,
J.H., Jeong, W.1,, Park, I1.C., Kim, T.W., Bae, S.S., Factor, V.M., Ma, S., Thorgeirsson,
S.S., Lee, Y.H., Ye, S.K., 2015. Signal transducer and activator of transcription 3-
mediated CD133 up-regulation contributes to promotion of hepatocellular carci-
noma. Hepatology 62, 1160-1173.

Wu, H., Qi, X.W., Yan, G.N., Zhang, Q.B., Xu, C., Bian, X.W., 2014. Is CD133 expression a
prognostic biomarker of non-small-cell lung cancer? A systematic review and meta-
analysis. PLoS One 9, e100168.

Xia, P., 2017. CD133 mRNA may be a suitable prognostic marker for human breast
Cancer. Stem Cell Investig. 4, 87.

Yang, Z., Chen, Y., Lillo, C., Chien, J., Yu, Z., Michaelides, M., Klein, M., Howes, K.A,, LI,
Y., Kaminoh, Y., Chen, H., Zhao, C., Chen, Y., Al-Sheikh, Y.T., Karan, G., Corbeil, D.,
Escher, P., Kamaya, S., LI, C., Johnson, S., Frederick, J.M., Zhao, Y., Wang, C.,
Cameron, D.J., Huttner, W.B., Schorderet, D.F., Munier, F.L., Moore, A.T., Birch,
D.G., Baehr, W., Hunt, D.M., Williams, D.S., Zhang, K., 2008. Mutant prominin 1
found in patients with macular degeneration disrupts photoreceptor disk morpho-
genesis in mice. J. Clin. Invest. 118, 2908-2916.

Yin, A.H., Miraglia, S., Zanjani, E.D., Almeida-Porada, G., Ogawa, M., Leary, A.G.,
Olweus, J., Kearney, J., Buck, D.W., 1997. AC133, a novel marker for human he-
matopoietic stem and progenitor cells. Blood 90, 5002-5012.

Zeppernick, F., Ahmadi, R., Campos, B., Dictus, C., Helmke, B.M., Becker, N., Lichter, P.,
Unterberg, A., Radlwimmer, B., Herold-Mende, C.C., 2008. Stem cell marker CD133
affects clinical outcome in glioma patients. Clin. Cancer Res. 14, 123-129.

Zhan, T., Rindtorff, N., Boutros, M., 2017. Wnt signaling in cancer. Oncogene 36,
1461-1473.

Zhang, M., Song, T., Yang, L., Chen, R., Wu, L., Yang, Z., Fang, J., 2008. Nestin and
CD133: valuable stem cell-specific markers for determining clinical outcome of
glioma patients. J. Exp. Clin. Cancer Res. 27, 85.

Zhang, Q., Zulfiqar, F., Xiao, X., Riazuddin, S.A., Ahmad, Z., Caruso, R., Macdonald, I.,
Sieving, P., Riazuddin, S., Hejtmancik, J.F., 2007. Severe retinitis pigmentosa
mapped to 4p15 and associated with a novel mutation in the PROM1 gene. Hum.
Genet. 122, 293-299.

Zhao, L., Yang, Y., Zhou, P., Ma, H., Zhao, X., He, X., Wang, T., Zhang, J., Liu, Y., Zhang,
T., 2015. Targeting CD133high colorectal Cancer cells in vitro and in vivo with an
asymmetric bispecific antibody. J. Immunother. 38, 217-228.

Zhu, X., Prasad, S., Gaedicke, S., Hettich, M., Firat, E., Niedermann, G., 2015. Patient-
derived glioblastoma stem cells are killed by CD133-specific CAR T cells but induce
the T cell aging marker CD57. Oncotarget 6, 171-184.

Zhu, Y., Yu, J., Wang, S., Lu, R., Wu, J., Jiang, B., 2014. Overexpression of CD133 en-
hances chemoresistance to 5-fluorouracil by activating the PI3K/Akt/p70S6K
pathway in gastric cancer cells. Oncol. Rep. 32, 2437-2444.


http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0210
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0210
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0215
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0215
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0215
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0215
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0220
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0220
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0220
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0220
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0225
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0225
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0225
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0225
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0230
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0230
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0230
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0230
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0230
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0230
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0235
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0235
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0235
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0240
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0240
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0240
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0245
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0245
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0245
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0250
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0250
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0250
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0250
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0255
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0255
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0260
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0260
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0260
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0260
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0265
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0265
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0265
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0270
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0270
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0270
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0275
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0275
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0275
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0275
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0280
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0280
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0280
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0285
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0285
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0290
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0290
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0290
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0295
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0295
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0295
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0295
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0300
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0300
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0300
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0305
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0305
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0305
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0310
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0310
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0310
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0315
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0315
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0315
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0315
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0315
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0315
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0320
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0320
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0320
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0320
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0325
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0325
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0325
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0330
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0330
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0330
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0335
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0335
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0335
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0335
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0340
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0340
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0340
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0345
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0345
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0345
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0345
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0350
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0350
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0355
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0355
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0355
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0360
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0360
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0360
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0365
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0365
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0365
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0370
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0370
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0370
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0370
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0375
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0375
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0380
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0380
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0380
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0385
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0385
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0390
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0390
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0390
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0390
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0395
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0395
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0395
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0395
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0395
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0395
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0395
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0400
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0400
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0400
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0400
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0400
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0405
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0405
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0405
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0410
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0410
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0415
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0415
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0415
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0415
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0415
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0415
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0415
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0420
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0420
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0420
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0425
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0425
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0425
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0430
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0430
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0435
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0435
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0435
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0440
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0440
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0440
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0440
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0445
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0445
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0445
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0450
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0450
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0450
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0455
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0455
http://refhub.elsevier.com/S1357-2725(18)30236-X/sbref0455

	CD133 as a regulator of cancer metastasis through the cancer stem cells
	Introduction
	CD133 in cancer initiation
	CD133 in cancer development and progression
	CD133 and its signaling in cancer metastasis
	Potential of targeting CD133 in cancer therapy
	CD133-drug conjugates to selectively target CD133-expressing tumors
	Asymmetric bispecific antibodies to selectively target CD133-expressing tumors
	CAR T cells that selectively target CD133-expressing tumors

	Summary
	Funding
	Competing interests
	Ethics approval and consent to participate
	References




