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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 CD133high population of cancer cells are not
only capable of self-renewal, proliferation, but also highly metastatic 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 pathways 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.
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Introduction

CD133 is a glycosylated transmembrane protein, encoded by PROMI “Prominin-1". It has
five transmembrane domains across the plasma membrane with an extracellular NH,
terminus and an intracellular 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, macular 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 increased 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). Accumulating 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 CD133*
cells are capable of self-renewal, proliferation and differentiation into different types of cells
(Hemmati et al., 2003, Singh et al., 2003, Singh et al., 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
(ALDH1AL). Heterogeneous populations of the CSCs are present among different types of
cancer according to their protein expression profiles. For example, 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 molecule
(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 intracellular domain of Notch 1 directly bound to the RBP-Jx site of
the 5” promoter region of PROM1 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 EIk1 (Ohnishi et al., 2013). Recently, it has been
reported 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 condition, binding of OCT4 and SOX2 to the P1 region of PROM1
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was required for HIF-induced CD133 expression (lida et al., 2012), revealing another
mechanism that HIF modulates CD133 expression in addition to the P5 region of PROMI.
Transcription factor p53 negatively regulates 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 HDAC1 removed 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 potential modulation on CD133 and its
mediated signaling for a therapeutic development purpose.

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-initiating 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 heterogeneous 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 cultured 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, c-MYC, KLF4, GLI1, SOX2,
NANOG, SIRT1, POU5F1, 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 formation in athymic nude mice. In several
pancreatic cancer cell lines as well as human PDAC patient xenografts, FACS sorted
CD133* population was DCLK 19" and acetylated a-tubulin®idh (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.
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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
inactivation of Src signaling.

Primary heterogeneous glioblastoma can be derived from either CD133* or CD133~ CSCs.
These two types of glioblastoma CSCs although 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.

2. CD133in 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.
Overexpression 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®12D 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®12P-induced PanIN
formations and the size of the formed PanIN 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 pediatric brain cancer that has
an upregulation of c-MYC and persist activation of STAT3. The enriched CD133* cancer
cells of medulloblastoma 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 shSTATS3 lentivirus to knock down STAT3 or STAT3 inhibitors
significantly reduced the tumor burden of the mouse brain that is caused by CD133*
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medulloblastoma cells. Likewise, activation of STAT3 signaling has been 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 population 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 CD133"9"/CD44N 3N/ progastrinhidh cells resulted in
bigger tumors than the CD133!°%/CD44!%W/progastrin!oW cells due to the upregulation of
JAK2, STAT3, ERK, and Akt.

3. 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, accumulating 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
promotes the attachment of ovarian adenocarcinoma cells including Kuramochi, 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 L3.6pl, 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 L3.6pl generated xenograft tumors with a CXCR4 inhibitor
AMD3100 completely abolished pancreatic cancer metastasis.

Silencing of CD133 in Capan1M9 cells that have high levels of endogenous CD133 inhibits
Capan1M9-induced lung and liver metastases 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 attenuated expression of
CD133 and N-Cadherin in Capan1M9 cells, suggesting 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
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through activation of NF-xB (Nomura et al., 2015). Furthermore, either silencing of PROM!1
by shRNA technique or inhibition of NF-xB activation by introduction of an IKKp 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-
xB by CD133 was mediated by cytokine IL-1p 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 endogenous
CD133" cells in a transgenic mouse model during the development 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 reduced
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 signaling 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 melanoma
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 DKKZ1. 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 B-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 melanoma. It has been demonstrated that in several types of
cancer cells, histone deacetylase HDACG6 can physically interact with CD133 at the
endosomes, a-tubulin, and B-catenin to form a tertiary complex (Mak et al., 2012). The
stabilized B-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 HDACS6 leads to
cancer cell differentiation via a deacetylation of a-tubulin, proteasomal degradation of p-
catenin and endocytosis of CD133 followed by its lysosomal degradation. In colon cancer,
CD133 and nuclear B-catenin are biomarkers for disease progression and patient survival
(Horst et al., 2009a). Treating CD133 expressing colon cancer HT29 and DLD1 cells with
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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 expression at
membranes not only impairs cell-cell adhesion but also has increased accumulation of
nuclear p-catenin. Nuclear E-Cadherin was reported to be a negative regulator of Wnt
pathway-induced cell invasiveness in CD133* lung cancer cells (Su et al., 2015). It reduced
the Wnt/ B-catenin mediated transcriptional activity via disruption of the interaction between
B-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., 20114, 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* population 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.

4. 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 vincristine 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, including Akt, p-
glycoprotein and BCL-2, and upregulation of Bax. Blockade of this pathway via the
PI3K/Akt inhibitor LY 294002 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/AKkt in gastric cancer. Colorectal
cancer cells that are CD133M9"/CD44Ngh survived better than CD133!°W/CD441°W cancer
cells after exposure to a high dose of gamma irradiation (Sahlberg et al., 2014). In addition,
Akt expression was higher in the CD133M9"/CD44N9h cells as compared to the CD13310W/
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CD441ow cancer cells. Knockdown of Aktl but not Akt2 abolished CD133 expression in the
colorectal cancer cells without affecting 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 metastasis 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 targeting 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).

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 111 gastric
cancer cells with a cytotoxic drug monomethyl auristatin (MMAF) that is conjugated with a
murine anti-human CD133 antibody resulted in caspase activation and 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
conjugates 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
treatment.

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 CD133M9" colorectal cancer cells via engaging T
cell activation to the CSCs of colorectal cancer (Zhao et al., 2015).
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CAR T cells that selectively target CD133-expressing tumors:

Summary

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 CD133Migh
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
cytotoxicity was observed among these patients, and 21 of them had no detectable 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 alternative is to decrease CD133
expression in CSCs through modulation of the signaling molecules that regulate CD133
transcription and expression. Other feasible targets are the CD133 downstream signaling
molecules that mediate metastasis and multi-drug resistance. Of note, indirect 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.

Tumor metastasis and therapeutic resistance account for the majority of cancer-related
deaths. Both properties are enhanced in a small population of CD133M3" cancer cells, known
as cancer stem cells with abilities of self-renewal, tumor initiation, and pluripotency.
Therefore, targeting cancer stem cells, such as CD133M9" 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 recurrence 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.
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Ewing’s sarcoma family tumors

E twenty-six

fluorescence-activated cell sorting
focal adhesion kinase
glioma-associated oncogene homolog 1
histone deacetylase 1

human embryonic kidney
Hypoxia-inducible factor

head and neck cancer initiating cells
head and neck squamous cell carcinoma
IxB kinase B

interleukin 1 B

interleukin 6

Janus kinase 2

ligand for the protein kinase KIT
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KLF4 Kruppel like factor 4
LIN28B Lin-28 homolog B
MDR1 multidrug resistance protein 1
NF-xB nuclear factor x-B
OCT4 octamer-binding transcription factor 4
OLIG2 oligodendrocyte transcription factor 2
PanIN pancreatic intraepithelial neoplasia
PDAC pancreatic ductal adenocarcinoma
PI3K phosphoinositide 3 kinase
RBPJx recombination signaling binding protein for immunoglobulin kappa J
SCID severe combined immunodeficiency
SIRT1 sirtuin 1
SOX2 SRY (sex determining region Y)-box 2
STAT3 signal transducer and activator of transcription 3
TCF/LEF T-cell factor/lymphoid enhancer-binding factor
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Figure 1. Transcription factors that regulate PROM1 gene expression.
(A) Reported transcription factors positively regulate PROMI gene expression. P1-P5 are

the promoter regions of PROM1. (B) Transcription factor p53 represses PROMI gene
expression by recruiting histone deacetylase 1 (HDAC1) that removes acetyl groups from
lysine residues of the chromosome. Deacetylation of lysines increases the binding between
the histones and DNA, thus preventing transcription of PROM1. NICD: intracellular domain
of Notch; HIF: hypoxia inducing factor; IL-6: interleukin 6; the dashed line of a flag:
deacetylated lysine.
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A B
Figure 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°Te:KrasC12D 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 pum.
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Figure 3. Signaling pathways mediated by CD133 to modulate 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 physically interacts with HDACS, a.-tubulin, and p-catenin leading to
activation of the Wnt signaling.

1duosnuepy Joyiny

1duosnuely Joyiny

Int J Biochem Cell Biol. Author manuscript; available in PMC 2020 January 01.



	Abstract
	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
	References
	Figure 1.
	Figure 2.
	Figure 3.

