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Abstract

In an increasing number of cancers, tumor populations called cancer stem cells (CSCs) or tumor
initiating cells have been defined in functional assays of self-renewal and tumor initiation. Moreover,
recent work in several different cancers has suggested the CSC population as a source of chemo- and
radiation-therapy resistance within tumors. Work in glioblastoma and breast cancers supports the
idea that CSCs may possess innate resistance mechanisms against radiation- and chemotherapy-
induced cancer cell death, allowing them to survive and initiate tumor recurrence. Several resistance
mechanisms have been proposed, including amplified checkpoint activation and DNA damage repair
as well as increased Wnt/B-Catenin and Notch signalling. Novel targeted therapies against the DNA
damage checkpoint or stem cell maintenance pathways may sensitize CSCs to radiation or other
therapies. Another important category of cancer therapies are anti-angiogenic and vascular targeting
agents which are also becoming integrated in the treatment paradigm of an increasing number of
cancers. Recent results from our laboratory and others support a role for CSCs in the angiogenic
drive as well as the mechanism of anti-angiogenic agents. Identifying and targeting the molecular
mechanisms responsible for CSC therapeutic resistance may improve the efficacy of current cancer
therapies.

Introduction

Increasing evidence supports tumors as complex heterogeneous organ-like systems with a
hierarchical cellular organization, rather than simply as collections of homogeneous tumor
cells. Normal stem cells can replicate to populate an organ during normal organogenesis and
tumors initiate when cells develop an unrestricted capacity for sustained proliferation. In both
scenarios the initiating cell, whether a normal stem cell or a tumorigenic cell, retains the
capacity to generate diverse progeny at various levels of differentiation, from uncommitted
pluripotent stem cells to committed progenitor cells to fully differentiated senescent descendent
cells. In this way, the tumor cell population itself is heterogeneous, adding to the heterogeneity
provided by the immune, stromal and vascular cells that are also present in tumors. Some of
the cells within the “aberrant” cancer organ?, the tumor, have the potential for continued
proliferation, despite the frequent differentiated phenotype displayed by the majority of the
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tumor cells. The phylogeny of these tumor cells thus suggests the existence of a cell population
that retains the ability to self-renew while also often possessing the capacity to generate progeny
that differentiate. In other words, this leads us to hypothesize the existence of cancer stem cells
(CSCs), alternately called tumor initiating cells and stem-like cancer cells, within tumors that
are responsible for tumorigenesis as well as maintenance of the tumor bulk.

Many advanced cancers recur despite the use of chemotherapeutic and radiation modalities
that initially lead to therapeutic responses. For example, irradiation of glioblastomas (GBMs)
can lead to significant radiographic responses, yet these tumors invariably recur and lead to
patient death. Frequently, glioblastomas recur in a nodular pattern suggesting a clonal or
polyclonal source of recurrent tumor cells that are able to withstand conventional cytotoxic
therapies, including radiation therapy, to cause recurrence of disease. Furthermore, recurrent
tumors also demonstrate heterogeneity within the tumor cell population with regards to the
presence of both CSCs and non-CSCs as well as in histological and cytogenetic differences?,
suggesting that the CSCs that populated the original tumor may have withstood the treatments
to repopulate the recurrent tumor even after the bulk of the tumor has been removed by resection
or chemoradiation therapy?.

The idea of CSCs as being the source of post-therapeutic tumor recurrence is not a new one®.
Indeed, scientists in the late nineteenth century proposed that a rare population of cells with
stem-like properties may be the source of tumors®’. As technologies improved, people began
noticing that cancers contained cells that differed in their abilities to proliferate in colony
formation assays® and spleen repopulation assays®-11, suggesting that there may be sub-
populations of cells with varied self-renewal capacity. The advances in technology through the
1980s and 1990s allowed for more efficient separation of cells based on cell marker phenotypes,
leading to the prospective identification of normal hematopoietic stem cells in 198812, More
recently, Bonnet and Dick!2 validated the theoretical existence of tumorigenic stem cells in
cancers with the identification of a population of primitive leukemic cells resembling
hematopoietic stem cells that could give rise to acute myelogenous leukemia with multi-lineage
differentiation in immunodeficient mice. Subsequently, improvements in the ability to
prospectively isolate stem-like cells have generated evidence that a variety of solid tumors
contain similar stem-like tumor cells. Though sometimes only present in very small numbers
in human tumors, CSCs have the ability to generate tumors that recapitulate the original tumor
when xenotransplanted into in animals, whereas the remaining non-CSC tumor bulk most often
cannot*1415 The most substantiated CSC selection methods have been developed for
leukemias!3, central nervous system tumors including glioma6-20, and breast cancer?!, but
similar selection techniques appear to be applicable to other tumors, with accumulating
evidence for existence of a CSC subpopulation in tumors of the colon?2:23, pancreas??,
prostate2®, melanoma?®, liver?” and head and neck?8.

It is of no small concern that in a variety of tumors, CSCs seem to be particularly resistant to
conventional chemo- and radiation therapies compared with the more differentiated cells in
the non-CSC compartment. Furthermore, the CSCs seem to be particularly adept in stimulating
angiogenesis to promote tumor growth and increase overall tumor aggressiveness both before
and after therapy. In fact, there is an increasing body of evidence suggesting that
radioresistance, chemotherapy resistance, and angiogenesis in these CSCs in humans could
partially explain tumor recurrence in advanced or aggressive tumors treated with radiation.

Evidence for Radiation Resistance in Cancer Stem Cells

Radiation therapy remains the most effective non-surgical intervention for glioblastomas,
though these tumors invariably recur after radiation therapy to result in patient death. Therefore,
determination of the mechanisms of radioresistance in these tumors and others could lead to
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advances in the treatment of cancer. In our studies of radioresistance in glioblastomas?, we
utilized short term cell cultures derived from primary human tumor specimens and xenografted
tumors to investigate radiation responses in cell populations enriched for CSCs versus non-
CSCs. This system allows us to bypass the many disadvantages involved in use of high-passage
established cell lines, as serum-containing media induces differentiation. We showed that the
population of cells enriched for glioma CSCs was dramatically increased by irradiation and
that irradiated CSCs have survival advantages relative to the non-CSC population. CSCs are
then able to give rise to tumors that have both CSCs and more differentiated non-CSCs.
Radioresistant tumors displayed an increased percentage of CD133+ cells than the parent cell
population. Furthermore, radiation had little effect on the ability of CSCs to regrow tumors.

We speculated that the CSC-enriched cell population might avoid radiation-induced cell death
through activation of DNA damage repair mechanisms. Indeed, the non-CSCs had higher levels
of apoptosis following irradiation relative to the CSC population. Radiation caused equal levels
of damage to all cancer cells but CSCs repaired the damage more rapidly than non-stem cancer
cells. Cancer cells, like all cells, respond to DNA damage through the activation of complex
detection and repair mechanisms. The DNA damage and replication checkpoint includes ataxia
telangiectasia mutated (ATM) and the checkpoint kinases, Chk1 and Chk2, that become
activated upon genotoxic stress to initiate cell cycle arrest and attempted repair or apoptosis if
the damage is too great. CSCs activate the DNA damage checkpoint more readily than matched
non-stem cells. In fact, the CSCs display a basal activation of the checkpoint, indicating that
they are primed to respond to genomic insults. Inhibition of the Chk1/2 kinases with a small
molecule inhibitor disrupted the radioresistance of CSC-enriched cells in an in vitro colony
formation assay and in in vivo tumor growth, suggesting that an intact Chk1/2 response is
critical to the radioresistance of glioblastoma CSCs. Hence, this Chk1/2 response could develop
into a worthwhile target in efforts to develop agents able to sensitize CSCs to radiation therapy
(Figure 1a, b). Notably, the checkpoint proteins Chk1 and Chk2 and the rest of the DNA damage
response cascade may contribute to tumor initiation, as activation of the DNA damage
checkpoint occurs early in tumorigenesis3%:31, However, it is probable that these CSCs employ
more than one mechanism of cell survival after radiation, due to the multiple cellular changes
caused by radiation, such as DNA damage and reactive oxygen species formation. Several
studies using breast cancer cell lines have made efforts to examine other potential
radioresistance mechanisms in CSC populations.

The Wnt/B-catenin pathway has recently been implicated in the radiation resistance in
mammary progenitor cells as well as cells expressing CSC markers in breast cancer cell lines.
Woodward et al. showed in a murine mammary epithelial cell (MEC) culture that radiation
treatment results in enrichment for the stem- and progenitor cell-containing side population,
and particularly augments the stem cell antigen (Sca) positive compartment of the side
population cells®2. Wnt-induced mammary hyperplasias (from MMTV-driven Wnt-1
transgenic mice) show an increased side population relative to matched controls, and MECs
from mice with a conditionally stabilized p-catenin allele showed a higher proportion of side
population cells after radiation than matched controls. Interestingly, Sca* side population cells,
but not Sca- cells, had high levels of activated p-catenin by flow cytometry after irradiation.
The same group also determined a role for the Wnt/p-catenin pathway in radioresistance of
CSCs in an immortalized mammary gland cell line33. In this system, overexpression of f-
catenin in the Sca* cells enhanced self-renewal in a mammosphere formation assay and
expression of a dominant negative B-engrailed decreased self-renewal. Intriguingly, these
alterations affected the total levels of survivin, an anti-apoptotic protein that is upregulated in
these cells after irradiation. No knockdown analysis of survivin was completed, so it is difficult
to say that it is definitely the mediator of radioresistance in these Sca™ cells, but it is interesting
as a subject for further study. These studies on Wnt/B-catenin signalling provide an insight as
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to another possible mechanism for CSC radioresistance, but await confirmatory animal and
clinical studies.

Because radioresistance in CSCs may occur via concurrent but distinct mechanisms, these data
regarding Wnt/B-catenin involvement in cell survival and self-renewal after irradiation
correlate with the concept that CSCs have amplified DNA damage repair mechanisms through
Chk1/2 activation, as shown by Bao et al2?. Normal stem cells activate the Wnt/p-catenin
signalling axis during development34, and several lines of research in non-CSC systems suggest
that activation of the Wnt/p-catenin pathway promotes DNA damage tolerance. For example,
Ku70 and PARP-1 compete with B-catenin for binding to the transcription T-cell factor 4
(Tcf-4), which is the downstream mediator for many of the effects caused by activation of the
Wnt/B-catenin pathway3®. When DNA is damaged, PARP-1 is modified to prevent its
interaction with Tcf-4, thus allowing Ku70 to bind in a complex with B-catenin to activate the
Whnt pathway cellular effects. Therefore, DNA damage may enhance p-catenin activity. In light
of this, while possibly promoting the ability of CSCs to survive extensive DNA damage until
lethal damage can be repaired, the Wnt/p-catenin pathway promotes genomic instability in
colon cancer3® and may promote conversion of non-tumorigenic stem cells to glioma CSCs
through the destabilization of the genome3’. This signalling axis could play its role by allowing
radiated cells to tolerate DNA damage, while the Chk1/2 kinases cause cell cycle arrest until
lethal DNA damage can be repaired. Alternatively, these pathways could both promote
genomic instability while allowing tumor cells to survive after irradiation, thus accelerating
the rate of genetic change in the tumor.

Other pathways have also been implicated as playing roles in CSC radioresistance. Phillips et
al.38 showed that CSC-enriched mammosphere cultures of established breast cancer cell lines
showed decreased sensitivity to radiation in clonogenic assays relative to adherent cells from
the same line, while the numbers of the CSCs in the culture increased in response to fractionated
radiation. The levels of reactive oxygen species were reduced in the mammosphere cultures,
indicating higher levels of radical scavengers in these CSC-enriched cultures. Interrogation of
a possible role of the Notch signalling axis on this radioresistance revealed a modest induction
of Jagged-1 expression on the surface of non-adherent CSC-enriched cells after fractionated
radiation as well as increases in the levels of activated Notch-1 in the culture media of CSC-
enriched cells, indicating that altered activity in the Notch pathway may partially explain the
apparent radioresistance present in the CSC fraction. Though this study showed a correlation
between the levels of Jagged and activated Notch-1 and radiation treatment, more in depth
interrogation might reveal whether this pathway is either necessary or sufficient for CSC
radioresistance. The Hedgehog-Glil pathway has been implicated in human glioma CSC self-
renewal and tumorigenicity, so it is conceivable that this pathway could be involved in CSC-
mediated tumor recurrence after radiation therapy3®. In unfractionated glioma cultures,
epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors such as the multitargeted
kinase inhibitor ZD6474 and AG1478 have been shown to block radiation and chemoradiation
resistance, respectively, in the tumor bulk*%41 and a dominant negative form of EGFR can
enhance radiosensitivity in glioma cell lines*2. CSCs require EGF for maintenance in culture,
so it is entirely possible that a pathway downstream of EGFR may contribute to CSC
radioresistance. In fact, loss of the tumor suppressor PTEN, which has reduced activity in many
tumors due to silencing or mutation and which functions to oppose EGFR-mediated signalling
through the Akt kinase, has been shown in mouse embryonic stem cells to prevent cell cycle
arrestin response to radiation by restricting Chk1 to the cytoplasm, ultimately leading to genetic
instability*3.
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CSCs and Chemotherapy Resistance

Most cytotoxic therapies used for cancer therapy damage DNA or disrupt mitosis to induce
cell death in highly proliferative tumor cells. The apparent resistance of CSCs to radiation-
induced DNA damage toxicity suggests that perhaps CSCs may also play a role in mediating
chemotherapy resistance in tumors. Indeed there have been several studies implicating CSCs
as being chemoresistant in a variety of different cancers. Recently, it was reported that a
subpopulation of pancreatic cancer cells functionally resemble stem cells and also have a strong
resistance to gemcitabine both in vitro and in vivo**. Recent data suggests that preferential Akt
activity may confer chemotherapy resistance to hepatocellular carcinoma CSCs*®. One group
found that CSCs from gliomas display marked resistance to several chemotherapeutic agents
(temozolamide, carboplatin, VP16 and Taxol) relative to the non-CSC population*6. Colon
cancer stem cells, which were shown to have baseline resistance to cell death induced by 5-
fluorouracil or oxaliplatin treatment, can be chemosensitized by an interleukin-4 blocking
antibody, suggesting that autocrine stimulation of IL-4 receptors on CSCs may contribute to
their chemoresistant phenotype®’ and could be manipulated in efforts to sensitize CSCs to
cytotoxic chemotherapies (Figure 1c, d).

Both normal stem cells and CSCs commonly express drug pumps such as ATP-binding cassette
(ABC) transporters, including multidrug resistance transporter 1 (MDR1) and breast cancer
resistance protein (BCRP). Leukemic side population cells, which are enriched for CSCs, have
an amplified ability to pump chemotherapeutic drugs like daunorubicin and mitoxantrone out
of the cell, suggesting that increased drug removal ability may contribute to the
chemoresistance of cancer stem cells*8, and stem-like neuroblastoma cells displayed a similar
ability to pump mitoxantrone, resulting in increased cell survival*®. Specifically, the ABC
transporters BCRP and MDR1 have been implicated in specifically expelling
chemotherapeutic agents from cells and thus may mediate chemoresistance when expressed
by CSCs. MDR1 has been shown to remove vinblastine®® and paclitaxel®!, while BCRP
prevents accumulation of imatinib mesylate®2, topotecan®® and methotrexate®*.

In addition to possessing an increased capacity for drug efflux, CSCs also express molecular
metabolic mediators like aldehyde dehydrogenase 1 (ALDHZ1) that have been shown to confer
resistance to cyclophosphamide in normal stem cells®>. ALDH1 activity is amplified in
leukemic CSCs and thus may have implications for the resistance of these cells to
chemotherapeutic agents such as cyclophosphamide®. ALDH1 is expressed by breast CSCs
and is associated with a poor prognosis®’ suggesting that chemotherapy resistance mechanisms
expressed by CSCs may directly impact patient outcome. Furthermore, cellular sensitivity to
chemotherapeutic agents relies upon cell cycle kinetics that will permit lethal cellular damage
in highly proliferative cells. Normal stem cells cycle less frequently than the more differentiated
transit-amplifying cells (thus, the designation of normal stem cells as label retaining). CSCs
from acute and chronic myelogenous leukemias are relatively quiescent®8:59, contributing to
therapeutic resistance. Similar results have not been confirmed in CSCs derived from solid
tumors. The rapid proliferation of solid tumor CSCs described in ex vivo assays is likely not
representative of the in vivo proliferative index as CSCs are cultured with high levels of growth
factors in most assays, but, it is probable that the least differentiated tumor populations mimic
normal stem cells with a relatively slow rate of renewal contributing to the ability of these cells
to resist chemotherapeutic agents that depend on specific cycles or on rate of cycle completion.
Ultimately, the chemoresistance displayed by the CSCs in a variety of tumors as a result of
increased drug efflux, metabolic alterations and cell cycle kinetics highlights the need for
development of CSC radiation and chemotherapy sensitization techniques and compounds that
will allow these resistant populations to be eradicated to prevent recurrence of disease.
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CSCs and Angiogenesis

Clinical use of anti-angiogenic agents for neoplastic diseases has accelerated in recent years,
with over 40 currently in clinical trials for various types of cancers®. Anti-angiogenic agents
such as bevacizumab (Avastin) have shown promise as part of a combination therapy regimen
in several advanced cancers, including colon cancer®® and glioblastoma®2. Moreover, several
agents that were originally developed as blocking EGFR (erlotinib, cetuximab, vandetanib)
have recently been shown to have an inhibitory effect on angiogenesis by blocking the vascular
endothelial growth factor (VEGF) receptor or by inhibiting pro-angiogenic protein
secretion®0. Thus, it seems as if the clinical success of several widely used and studied
compounds may relate to inhibition of vascular growth in tumors. There are several theories
regarding the clinical mechanism of anti-angiogenic drug benefit. One possibility is that anti-
angiogenics simply destroy the vascular structure of the tumor, promoting profound tumor
hypoxia and nutrient deprivation. Alternatively, it has been proposed that anti-angiogenics may
transiently “normalize” the tumor vasculature, making it more efficient in delivering oxygen
and drugs®3. In addition, it appears as if some cancers may express VEGF receptors as well,
raising the possibility that anti-VEGF therapies like bevacizumab actually have direct anti-
tumor effects. Understanding the mechanism of anti-angiogenic agents will permit their
optimal clinical use.

Interestingly, CSCs contribute to tumor angiogenesis. We have found that CSCs produce much
higher levels of VEGF in both normoxic and hypoxic conditions than the non-CSC population,
and this CSC-mediated VEGF production leads to amplified endothelial cell migration and
tube formation in vitro84. When we supplemented these endothelial migration and tube-
formation assays with the VEGF-blocking antibody bevacizumab, the in vitro endothelial cell
behaviors were blocked. Moreover, in vivo administration of bevacizumab potently inhibited
the growth, vascularity, and hemorrhage of xenografts derived from CSCs while no effects
were seen on xenografts from non-CSCs. A VEGF-overexpression glioma model has recently
provided supportive evidence for this as well by showing that glioblastoma CSCs
overexpressing VEGF produce larger, more vascular and highly hemorrhagic tumors°.

It appears that while angiogenesis in tumors derives significantly from CSC-secreted VEGF,
CSCs themselves depend on the presence of vascular niches. Calabrese et al.%6 confirmed that
CSCs generate VEGF and other factors to induce angiogenesis, but also showed that CSCs
themselves are dependent on factors created by the vasculature itself (Figure 2a). In this way,
CSCs mimic normal stem cells, which also seem to be dependent on vascular niches and factors
secreted by the vasculature87:68, Factors like leukaemia inhibitory factor (LIF), brain derived
neurotrophic factor (BDNF) and pigment epithelial derived factor (PEDF) have been
implicated in normal stem cell maintenance®’, so these factors may also regulate endothelium-
derived CSC niche maintenance. Thus, CSCs and angiogenesis can positively feed-back on
each other to promote tumor development and maintenance and represents an area of tumor
biology that could be clinically manipulated to provide anti-tumor effects (Figure 2b).

The interplay between CSCs, angiogenesis and the tumor vasculature may well impact the
efficacy of radiation. HIF-1 a transcription factor stabilized by hypoxic conditions, increases
the production of VEGF in gliomas as well as a variety of other tumor types and has been
suggested as a factor that regulates a variety of tumor radioresponses. It sensitizes tumor cells
to radiation through induction of ATP metabolism, proliferation and p53 activation but it also
allows endothelial cell survival®®. These complex effects on radiation sensitivity have not yet
been dissected, but we have noted that irradiated CSC-derived tumors are particularly vascular
and hemorrhagic?®, indicating that hypoxia-mediated endothelial cell survival after radiation
may contribute to the angiogenesis and tumor growth noted in post-radiation tumors.
Furthermore, CSCs may be enriched by hypoxic conditions’?, thus stabilizing HIF in these
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cells. These observations suggest that HIF-mediated radioresistance in tumors may be
intimately related to the often hypoxic CSCs, and that targeting the CSCs or their vascular
niche may have a CSC radiosensitizing effect in addition to simply preventing the development
of vascular structures that supply the tumor bulk. In fact, recent clinical studies have showed
enhanced anti-tumor cell effects when anti-angiogenic therapy is combined with
radiation’1-73, Given the evidence for CSC dependence on tumor vasculature, combining
radiation therapy with anti-angiogenic therapies has promise in possibly mediating targeted
anti-CSC effects to promote prolonged recurrence-free survival.

Clinical Applications of CSC Therapeutic Resistance and Angiogenesis

Despite the recent advances in basic science research in the CSC field on the subject of
chemotherapy and radiotherapy resistance, the fact remains that clinicians continue to face the
challenge of recurrent or metastatic cancer despite maximal therapy. As molecular mediators
of therapeutic resistance in CSCs are established, developing clinically useful inhibitors to
target these pathways should be prioritized. It seems reasonable that combining radiation
therapy with an agent that radiosensitizes CSCs, an agent that targets tumor angiogenesis and
an agent that can debulk the mass of the tumor, would be a good approach to rationally
advancing the treatment of solid tumors. For example, use of a radiosensitizing Chk1/2
inhibitor with the anti-angiogenic therapy bevacizumab and the cytotoxic drug temozolamide
could amplify responses in tumors that will be irradiated. Local delivery of therapeutics to
post-resection residual tumor cells through implantation of drug-eluting wafers similar to the
Gliadel wafers used in glioblastoma resection cavities could be helpful in targeting the
radiosensitization and cytotoxic agents to tumors for which drug delivery is a barrier, such as
brain tumors. The potential for targeting CSC populations to prevent recurrence after anti-
tumor therapy as part of a personalized medicine approach is also very promising, as
elimination of the tumor bulk is critical during treatment and this aspect of therapy could be
guided very powerfully by the molecular profile of the overall tumor.

Finally, a word should be said about developing anti-CSC therapies that have minimal or no
effect on normal stem cells. Though stem cells in non-hematopoietic tissues still have poorly
defined roles, they could potentially be critical for mediating tissue responses to injury.
Development of targeted anti-CSC therapies should take this into account and should aim to
affect molecules and pathways that are not crucial for normal stem cell maintenance. The
existence of such a therapeutic window has been suggested by one recent study of normal
hematopoietic stem cells and leukemic CSCs with deletions in the tumor suppressor Pten’4.
The authors demonstrate that while the CSCs and the resultant leukemias are effectively treated
by rapamycin treatment, the proliferation of non-cancerous Pten~ hematopoietic stem cells
is maintained. This indicates the differential sensitivity of normal and cancer stem cells and
suggests strongly that therapies targeting the CSCs without affecting normal stem cells is
possible. Though still in its infancy, it seems likely that the field of CSC therapeutic resistance
could lead to the development of unique targeted agents that may be able to sensitize these
cells to chemotherapy and radiation therapy in order to improve cancer care.
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Figure 1.

CSC-sensitizing agents in radiation therapy and chemotherapy. Tumors contain both CSCs
(pink) and non-stem cancer cells (yellow). CSCs may preferentially survive monotherapy with
ionizing radiation (A) or cytotoxic chemotherapies (C), leading to tumor repopulation and
disease recurrence. Targeting CSC-specific therapeutic resistance mechanisms like Chk1/2
activation (B) or 1L-4 signalling (D) could sensitize tumors to these treatments.
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Figure 2.

Anti-angiogenic agents may target both tumor vasculature formation and CSC niche
maintenance. (A) CSCs generate pro-angiogenic factors to stimulate angiogenesis while the
tumor vasculature aids in maintaining CSC self-renewal and maintenance. (B) Anti-angiogenic
agents like anti-VEGF therapies or low molecular weight kinase inhibitors disrupt angiogenesis
and may also interrupt vascular-derived CSC maintenance cues.
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