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1. Introduction

The myriad forms of cancer are responsible for a large percent-
age of disease burden that is increasing as populations age
and lifestyle choices impact on health. Research and treatment
cost, as well as loss of workforce productivity, make cancer one
of the most economically and socially important diseases. Im-
proved early screening, advanced diagnostics, and new drug
therapies have made significant, sometimes spectacular, im-
provements in outcomes for some forms of cancer, whereas
others, such as lung and pancreatic cancers, have stubbornly
resisted breakthrough treatments.

The front-line nonsurgical treatments for most cancers in-
volve chemotherapy or radiotherapy, which selectively kill rap-
idly dividing cells. The difference in response between normal
and malignant cells is often quite low, resulting in serious side
effects when normal cells are injured by the drug or radiother-
apy. Even for cases in which the treatment appears to elimi-
nate the tumors, they can subsequently return and be ex-
tremely difficult to treat. As the therapeutic window is low and
it is generally not possible to completely kill all tumor cells, se-
lection pressure on rapidly dividing tumor cells provides a driv-
ing force for the development of drug resistance. It is usually
the reoccurrence of these drug-resistant tumors that ultimately
kills the patient, because the increased doses of drugs needed

to affect the secondary tumors are too toxic toward normal
cells.

Although tumor stem cells (an older term now largely sup-
planted by the term cancer stem cells (CSCs)) have been stud-
ied since the 1970s, interest in their role in cancer initiation,
progression, and treatment has grown rapidly since 2000. A
search of the ISI Web of Knowledge using the topic “tumor
stem cell OR cancer stem cell OR tumor stem cell” has shown
a very rapid increase in publications since 2005 (Figure 1).

2. Cancer Stem Cell Hypothesis

Although chemotherapy can kill the majority of cells within
most tumors, a small population of cells, thought to be CSCs,
is drug resistant. This is because most chemotherapies target
rapidly dividing cells, and CSCs, like other adult stem cells
(ASCs), are largely quiescent. Upon the release of cytokines,
heat-shock proteins, etc. , these stem cells divide and produce
progenitor cells. Progenitor cells differentiate into new mature
tumor cells with a chemoresistant phenotype. Patients at this
stage will not respond to chemotherapeutic treatment and de-
velop new tumors (Figure 2). The mechanism of chemoresist-
ance involves low cell turnover rate, the overexpression of ABC
transporter proteins that promote rapid and effective efflux of
drugs out of cells, detoxification enzymes (e.g. , aldehyde dehy-
drogenase, ALDH), and activation of the DNA checkpoint re-
sponse.[1]

The relatively recent appreciation that aberrant stem cells
may be the engines that drive different types of cancers pro-
vides a tantalizing new paradigm for developing more effec-
tive cancer therapies.[3] There is growing evidence for the role

Cancers are among the most important and most difficult to
treat diseases of the 21st century. Conventional therapies in-
clude surgery, immunotherapy, and radiotherapy, as well many
forms of drug treatments such as tamoxifen and Gleevec. How-
ever, these forms of treatment often do not eradicate the
cancer stem cells, only managing to decrease the size of the
tumor, allowing the cancer to return. The cancer stem cell hy-
pothesis stipulates that malignancy is maintained through self-
renewal of cancer stem cells (CSCs), which generate rapidly di-
viding progeny that comprise the tumors, and that are largely
untouched by conventional therapies. Evidence for the central
role of CSCs in many tumors has provided a paradigm shift in

the way cancer chemotherapy may be addressed. Recent dis-
coveries regarding the nature of the stem cell niche, and the
key signaling pathways involved in stem cell self-renewal and
differentiation from regenerative medicine, have provided key
information that facilitates selective targeting of CSCs by
small-molecule drugs. The growing body of biochemical
knowledge on the nature of CSCs, and differences between
them and normal adult stem cells essential for maintaining or-
ganisms, has augmented the increasing number of small mole-
cules shown to control normal and aberrant stem cells. Here,
we review small-molecule approaches to the selective target-
ing of CSCs.
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that these slowly cycling CSCs play in providing the residual
population that seeds new tumor growth after their progeny
has been depleted by cancer treatments.[4–7]

To understand the potential impact and opportunities of this
cancer stem cell hypothesis, one needs to understand the differ-
ence between normal ASCs and CSCs.[8] The former play an es-
sential role in maintaining the function of all higher organ-
isms.[9] These cells are multipotent, meaning they can be in-
structed to differentiate into a limited number of progenitor
and fully differentiated somatic cells, unlike embryonic stem
cells (ESC) and induced pluripotent stem cells (iPS cells), which
can differentiate into any type of cell. ASCs provide an organism
with the ability to replace tissues that are damaged or lost,
such as blood, immune, skin, lung, and gut epithelial cells. If the
tissue regeneration properties provided by ASCs is lost or com-
promised, permanent damage or lethal outcomes often result.

CSCs have similarities to normal stem cells[10–12] in that they
also have the ability to self renew, produce phenotypically di-
verse progenitor cells with extensive proliferative potential,
and have the capacity to proliferate at a variable rate.[12] CSCs
have the ability to differentiate into various cell types depend-
ing on the tissue of origin.[7, 13–15] Thus, the tumor repeats the
evolutionary organization of the normal tissue, but in an aber-
rant manner. Solid tumors arise in organs that contain stem
cell populations.[16] The presence of CSCs may be a useful indi-
cator of prognosis,[7] although this may be tumor dependent.
Hence a clear understanding of how cancer emerges and the
role of CSCs is vital for the development of more effective new
therapies.[7]

Prior to the development of the cancer stem cell hypothesis,
cancer was regarded as a multistep process influenced by the
many epigenetic and genetic changes that transformed
normal cells into malignant tumors.[12, 17–19] This led the way for
major advances in the understanding of the process of tumori-
genesis, but not to a dramatic improvement in the outcomes
of patients with many forms of cancer.

The cancer stem cell hypothesis originated from the ob-
served similarities between teratocarcinomas (teratomas) and
the developing fetus noted about a century ago. An essential
characteristic of cancer is the unlimited capacity of cancer cells
to divide. The self-renewal mechanism in normal cells responds
to feedback that senses the populations of mature cells and
regulates the rate of stem and progenitor division. This orderly
process is disrupted in cancerous cells. Advanced tumor cells
undergo aberrant differentiation, as they do not have the abili-
ty to become terminally differentiated.[20]

CSCs were first identified definitively by Bonnet and Dick in
acute myeloid leukemia (AML).[21] It was originally thought that
CSCs make up only a very small proportion of cells in
tumors,[7, 22–26] but recent studies have suggested that CSCs
may not always be the limiting population. There tends to be
a correlation between the number of CSCs and the aggressive-
ness of the cancer.[7] Recent evidence suggests that cancer
cells are organized in a way that a small number of stem cells
become the source of many partially or fully differentiated
cells that constitute the bulk of the tumor.[27] In tumors this dif-
ferentiation becomes characteristically uncontrolled. The origin
of stem cells is an extremely complex topic that does not have
a clear consensus amongst experts, and is therefore not dis-
cussed here.

As cancers are now viewed increasingly as stem cell diseas-
es,[12] small-molecule drug therapy may be able to selectively
kill or otherwise modulate the fate of CSCs, striking at the core
of the disease process. Consequently, the identification, biolog-
ical studies, and discovery of selective, small-molecule modula-
tors of CSCs from many forms of cancer are increasing rapidly.

Strategies for efficient identification of ASCs and CSCs are
important for monitoring the progress of cancer therapy and
for evaluating new therapeutic approaches.[28, 29] It is clearly es-
sential to distinguish between normal ASC and CSC pheno-
types to identify the CSC of origin for targeting and selective
killing. This is a complex topic, as many cell-surface markers
are common to both normal stem cells and CSCs, because

Figure 1. Growth in the number of papers describing research on the topic
of cancer stem cells or equivalent entities.

Figure 2. A tumor contains cancer cells and CSCs. Chemotherapy removes
cancer cells, but is ineffective against CSCs. After remission, the remaining
CSCs re-form the tumor, resulting in relapse. (Adapted from Saini and Shoe-
maker).[2]
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CSCs originate from normal stem cells.[12, 30] Cell-surface markers
for these populations are similar, but some markers are differ-
entially expressed in the two cell types. For example, breast
CSCs are characterized by the expression of CD44, but lack
CD24 (CD44+CD24�). They also lack the epithelial specific anti-
gen, ESA (ESA+Lin�). CD44 is a cell-adhesion molecule that is
expressed in breast CSCs.[1, 31] and ESA is involved in cell signal-
ing, migration, proliferation, differentiation, and oncogenesis.[32]

Normal breast stem cells are characterized by the CD24 med

marker.[12] Identifying CSCs for all cancers in which they are in-
volved and discovering selective markers for them are impor-
tant research activities still to be completed.

3. Approaches to Selective CSC Targeting

Ablett et al.[27] reiterated that standard cancer therapies target
the bulk of the tumor, but not the CSC population and only
decrease the size of the tumor. Thus, the importance of devel-
oping agents that target the CSCs in a tumor cannot be over-
emphasized. However, selective CSC targeting is difficult, and
many obstacles must be overcome before effective therapies
can emerge.

3.1. Barriers to differential CSC therapy

As ASCs play an essential role in the maintenance of tissues,
they possess a number of properties that increase their robust-
ness and resistance to mutation and damage. As CSCs are
thought to derive from ASCs, they are unfortunately also well
equipped to cope with many of the adverse conditions that
therapies may attempt to generate for them.

Stem cells are largely quiescent, except when they receive
instructions to produce more somatic cells in response to cir-
cumstances such as hemorrhage or epithelial cell loss or
damage. Consequently, they spend much time in G0 phase,
and are relatively untouched by chemotherapy or radiotherapy
that targets the rapidly dividing tumor cell progeny.[33] The spe-
cialized niches in which ASCs or CSCs reside are also relatively
hypoxic, meaning that reactive oxygen species (ROS) that
could damage them are in relatively low abundance.

CSCs often express high levels of resistance factors, such as
ABC transporter proteins like P-glycoproteins (P-gps). Finally,
they also have excellent DNA repair mechanisms that amelio-
rate the effects of radiotherapy or mutagenic chemotherapeu-
tic agents used in cancer treatment.

3.2. Approaches targeting CSCs

Selective targeting of CSCs requires knowledge of the differen-
ces between normal stem cells and CSCs.[34] Ablett et al. sum-
marized three important ways in which CSCs may be targeted:
1) targeting components of the CSC niche, 2) targeting resist-
ance mechanisms, or 3) inhibition of self-renewal signaling
pathways, thereby inducing differentiation or apoptosis.[27]

These strategies should decrease the capacity of CSCs to self-
renew and repopulate the tumor. Concomitant use of tradi-
tional therapies should further reduce cancer recurrence rates.

Additional targeting approaches have been suggested, includ-
ing the induction of CSC differentiation and eliminating CSCs
selectively.

3.2.1. Targeting the CSC microenvironment

Like normal adult stem cells, CSCs are profoundly influenced
by the stem cell niche in the tumor.[35] This suggests that selec-
tive targeting of the niche could be a useful strategy for con-
trolling cancers. However, this requires a better understanding
of how normal ASCs interact with, and are controlled by, their
niches.

The niche is defined as the area where stem cells reside and
is responsible for the maintenance of stem cell properties such
as the undifferentiated state, as well as the process of self-re-
newal. The niche is a heterogeneous population of stem cells
plus neighboring differentiated cells. The heterogeneity of the
population is necessary for control of the pathways that assist
in the determination of stem cell fate. As CSCs reside in their
own unique niche, the pathways they use to maintain self-re-
newal and the ability to differentiate are at least partly a result
of the environment where the CSCs reside. There is evidence
of remodeling of normal ASC niches when they become aber-
rant through the production of dominant proliferation-promot-
ing signals.[12] This altered environment is a critical factor,[36] as
it determines the extent and rate of cancer progress. The de-
fault pathway for stem cells is differentiation,[35] and the elimi-
nation of the support cells in the niche will promote this out-
come.

CSC niches are situated in physiologically limited environ-
ments that maintain the balance between differentiation and
self-renewal.[12, 37, 38] CSCs largely undergo uncontrolled prolifer-
ation that result in deregulation or alteration of the normal
ASC niche by strong proliferation-promoting signals.[12, 38] There
is increasing evidence for the idea that CSC niches utilize cell-
signaling pathways traditionally used to maintain homeostatic
processes such as inflammation, epithelial–mesenchymal tran-
sition (EMT), hypoxia, and angiogenesis. Stem cell niches are
often located in anatomical regions characterized by hypoxic
conditions, as they require low levels of oxygen to minimize
the damage caused by DNA oxidation.[36] Hypoxia is a major
stimulant of angiogenesis:[36] the formation of new blood ves-
sels from a pre-existing vascular network that is typical during
development, growth, and wound healing in normal healthy
individuals. The tumor microenvironment, specifically the an-
giogenic processes that occur within a tumor, encourages CSC
propagation. The hypoxic environment of some tumors has
been used in cancer therapy.[12] Gene therapy vectors, whose
expression is activated by hypoxia, have also been developed.
These allow the therapeutic targeting of hypoxic niches, and
potentially the elimination of CSCs.[39] The use of treatments
that rely on hypoxic microenvironments may be required at
the appropriate stage of the cancer to ensure and/or maximize
success.

Miyake et al.[40] demonstrated in 1990 that anti-CD44 inhibits
the growth of murine bone marrow progenitors in vitro by
preventing them from interacting with hyaluronic acid in the
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extracellular matrix.[27] CD44 has subsequently attracted much
interest as a CSC-targeting agent in a variety of cancers.

The microenvironment of CSCs is very complex and needs
to be better understood. Elucidating the underlying niche sig-
naling will provide valuable insight into how to destroy CSCs
without affecting the essential regenerative capacity of normal
stem cells.

3.2.2. Cell loss and cell renewal

The differences in the baseline mitotic activity of the various
tissues reflect the relationship between cell loss and cell birth.
The mitosis in the stem cell compartment and symmetry of
cell division is coupled to the rate of cell loss and the signals it
receives in response to events such as hemorrhage and epithe-
lial damage. This is an essential mechanism that maintains the
process of tissue mass homeostasis, as shown in Figure 3. The

mitotic activity in the stem cell compartment is balanced
against the mass of tissues generated, for example, muscle
and liver, when cells divide in response to injury. In the adult
brain, however, there is little or no proliferative activity other
than in the hippocampal dentate gyrus and the subventricular
zone. At the other extreme, in the blood, epidermis, olfactory
epithelium, and gastrointestinal tract where the lifespan of
cells is short, cells are replaced on a continual basis.[20]

The inverse relationship between tissue mass and cell birth
is an actively regulated process, so that increasing cell loss is
accompanied by an increase in cell division. Drugs that can
manipulate this balance may play a role in selectively decreas-
ing the CSC compartment.

3.2.3. Targeting resistance mechanisms

One of the most important barriers to overcome in cancer
treatment is that of resistance to chemotherapy. Resistance
arises from several factors: that CSCs are quiescent, have high
levels of ABC transporters, and a great capacity for DNA repair.
CSCs have an unusually high expression of proteins constitut-
ing a “self-defense system” against xenobiotics: the ATP-bind-
ing cassette (ABC) transporters such as the breast cancer resist-
ance protein BCRP-ABCG2 and multidrug resistance-1 (ABCB1/
MDR1).[41] Perez-Plascencia and Duenas-Gonzalez reported that
chemotherapy resistance may also be due to epigenetic
changes that provide the driving force for expression of this
phenotype.[42] Thus, epigenetic therapy could reverse these re-
sistance-associated changes and thus sensitize tumors to che-
motherapy.

3.2.4. Differentiation therapy

Differentiation therapy involves inducing the differentiation of
cancer cells, thus preventing further proliferation. Since the
1980s, attempts have been made to treat various cancers with
differentiation-inducing drugs, thus establishing the prelimina-
ry theoretical foundation for subsequent clinical therapy.[12, 43, 44]

The only successful therapy is the use of an all-trans-retinoic
acid (ATRA), which facilitates the remission of acute promyelo-
cytic leukemia (APL) by inducing promyelocytic differentia-
tion.[12] The majority of patients undergo remission with
a long-term survival rate of 75 %.[45] This form of treatment
does not eliminate the leukemic clone and is thus used with
other chemotherapeutic agents including an anthracycline
drug, to provide higher survival rates. Maintenance therapy
with ATRA and low doses of chemotherapy further decreases
the incidence of relapse. When used with arsenic trioxide (ATO)
it achieves better rates of remission as well as survival in newly
diagnosed APL than with monotherapy, thus making APL a cur-
able disease.[46]

Despite the fact that many differentiation-inducing drugs
have been used to combat cancer, some cancer cells do not
differentiate. This is partially due to the presence of abnormal
chromatin-modification enzymes that act to keep cancer cells
in the cycling phase. In this case, effective differentiation can
be induced by agents that are able to convert abnormal chro-
matin-modifying enzymes into normal enzymes, thereby allow-
ing cancer cells to undergo differentiation.[12]

3.2.5. Elimination therapy

Elimination therapy involves the elimination of CSCs based on
the specific characteristics of those cells. Many different ap-
proaches that target CSC elimination have been developed,
some promising for cancer therapy. These include antigen-
based therapeutic products that target different aspects of
CSC development and growth, hypoxia-induced expression of
anti-cancer agents, and epigenetic therapy.

Antigen-based immune therapy, which is based on the
body’s natural immune response to cancer, is administered in

Figure 3. Tissue homeostasis is maintained by inhibitory substances that are
secreted from mature cell types. GDF8 and GDF11 feedback into the stem
cell pool affects either or both of the quiescent and the actively dividing
cells or the differentiating progenitors. Other signaling pathways that pro-
mote self-renewal include Sonic Hedgehog (Shh), Wnt, and Notch (Adapted
from Tsai[20]).
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the form of monoclonal antibody therapy or vaccines. As well
as the valuable role of vaccines in priming the immune system
against infectious diseases, vaccines may also mobilize an
immune response to malignant tumors. For a vaccine to target
CSCs, the origin of the CSC must be known. For example, tar-
geting hemangioblasts as the cellular source of leukemic trans-
formation in CML, instead of hematopoietic stem/progenitor
cells, is more successful in terms of targeting the CSCs of
origin.[12, 47]

4. Drugs That Directly and Selectively Target
Cancer Stem Cells

4.1. High-throughput screening approaches

Salinomycin was one of the first small molecules found to se-
lectively modulate CSCs. Based on the stem cell hypothesis,
Gupta et al. targeted CSCs using a high-throughput screening

approach to identify agents that specifically eradicate epithelial
CSCs.[8, 48] They found that salinomycin decreased the propor-
tion of CSCs by >100-fold relative to commonly used breast
cancer drugs.[48] It inhibited mammary tumor growth in vivo,
increased epithelial differentiation of tumor cells, and caused
loss of expression of breast CSC genes. Riccioni et al.[49] subse-
quently showed that salinomycin, already known to be
a highly selective potassium ionophore, also acts as a potent
inhibitor of multidrug-resistance gp170. Other potent gp170
inhibitors such as nigericin and abermectin are also CSC inhibi-
tors. Salinomycin was shown by Wang to rupture lung cancer
ALDH-positive tumorospheres and kill CSCs.[50] Germain et al.
also conducted experimental studies to identify selective
small-molecule inhibitors of breast CSCs using high-through-
put screening. They discovered a class of acylhydrazones that
are selective for breast CSCs.[51] Several subsequent studies
have further elucidated the effect of salinomycin on the Wnt/
b-catenin pathway, and ABC drug transporters, and selective
targeting of CSCs.[52–57]

Following the success of high-throughput screening experi-
ments of Gupta et al. several other research groups have
adopted this approach to discover additional classes of small
molecules that can selectively kill CSCs (reviewed by

Wurdak,[58] and Andrews).[59] Hothi et al. screened a diverse li-
brary of 2000 compounds to identify agents that inhibit glial
stem cells (GSCs).[60] Their screen identified 78 compounds, 47
of which were clinically approved for other medical indications.
This group included anti-neoplastics, antibacterials, antihel-
minthics, cardiotonics, and compounds with undetermined ac-
tivity. Most hits from the screen were active in the sub-micro-
molar range against GSCs. One of the most potent and promis-
ing compounds from the screen was disulfiram, a metal-com-
plexing agent that forms a proteosomal inhibitory complex
that induces apoptosis. It showed a potent inhibitory concen-
tration of 31 nm, further potentiated by copper.

The National Institutes of Health (NIH) Molecular Libraries
Small Molecule Repository (MLSMR) library of 300 718 com-
pounds was screened by Germain et al. to identify small mole-
cules that selectively kill breast SCSs. They also identified acyl-
hydrazones and cinnamide analogues as promising leads, and
reported structure–activity relationships for these classes. One
of the most potent and selective acylhydrazones was the 2,4,6-
trichloro analogue 7 j with an EC50 value against breast CSCs of
1 mm and a selectivity index of almost 25. They subsequently
identified a class of phenylcinnamides that showed a similar
potency and selectivity for breast CSCs. The para-substituted
phenyl cinnamides 19 d and 19 g exhibited EC50 values of 2.0
and 0.7 mm and selectivity indexes over control cells of 32 and
53, respectively.

High-throughput screening approaches were used to discov-
er selective agents for ovarian CSCs. Mezencev et al. screened
825 compounds from the Mechanistic Set chemical library [De-
velopmental Therapeutics Program (DTP)/National Cancer Insti-
tute (NCI)] against ovarian cancer CSCs.[61] They found 32 com-
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pounds that selectively inhibit CSCs and used a self-organized
map (SOM) to classify them into eight mechanism-related
classes. Five of the compounds had confirmatory testing per-
formed and displayed growth inhibition (GI50) values of: 8-
azaadenosine (NSC72961), 104 nm ; shikoccin (NSC302979),
814 nm ; gloxazone (NSC82116), <1 nm ; NSC673622, 865 nm ;
and NSC243928, 832 nm.

Zhang et al. explored the role of topoisomerase I inhibition
in selective killing of breast CSCs using high-throughput
screening approaches.[62] They screened the Library of Pharma-
ceutical Active Compounds (LOPAC), which includes 1280
known bioactive small molecules, to identify compounds that
selectively target breast CSCs. They discovered five small mole-
cules that preferentially inhibit the growth of CSC-like cells :
A77636 (9.7-fold), rottlerin (3.0-fold), b-lapachone (1.4-fold),
CGP-74514A (1.3-fold), and C-14 linker dequalinium analogue,
DECA-14 (1.3-fold).

b-Lapachone is a potent inhibitor of topoisomerase I
(Topo I). Zhang et al. observed high Topo I expression in breast
CSC-like cells and primary breast cancers. They found other
Topo I inhibitors from different chemical classes, camptothecin,
topotecan, NSC725776, and NSC743400, that also selectively
targeted CSC-like cells, suggesting that Topo I might be an at-
tractive therapeutic target.

Smith and co-workers used high-throughput screening to
identify compounds that selectively target patient-derived neu-
roblastoma (NB) CSC-like tumor-initiating cells (TICs) while
sparing normal pediatric stem cells.[63] They screened the stem
cells against 4383 compounds from the LOPAC 1280-com-
pound library, the Prestwick Chemical Library and the Spec-
trum Collection. They identified two therapeutic candidates.
DECA-14 (also found by Zhang et al.[62]) and rapamycin, as NB
TIC-selective agents. Both compounds induced TIC death at
nanomolar concentrations in vitro, significantly reduced NB
xenograft tumor weight in vivo, and dramatically decreased
self-renewal or tumor initiation capacity in treated tumors. The
selectivity between TICs and normal pediatric stem cells could
be exploited to identify novel, potentially less toxic therapies.

Grinshtein et al. screened a small library of 143 protein
kinase inhibitors and identified a novel target, Polo-like
kinase 1 (PLK1) for selectively reducing neuroblastoma CSCs.[64]

Treatment with PLK1 siRNA or low-nanomolar concentrations
of PLK1 inhibitors BI 2536 or BI 6727 were cytotoxic to NB CSCs,
whereas the inhibitors were cytotoxic for normal pediatric
neural stem cells only at 2–3 orders of magnitude higher con-
centrations. BI 2536 significantly inhibited TIC tumor growth in
a xenograft model.
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4.2. Regulators of the EMT

The epithelial–mesenchymal transition (EMT) is a reversible de-
velopmental process that induces cells to convert from the epi-
thelial into the mesenchymal state, resulting in a large change
in cellular and molecular properties.[65] Overexpression of pivo-
tal regulators of the embryonic EMT genetic program may be
sufficient to efficiently drive the ontogeny of the breast CSC
molecular signature. This EMT-CSC model has implications for
cancer treatment. Several reports have shown that CSCs and
cancer cell products of EMT are more resistant to conventional
cancer drugs than non-CSC or nonmesenchymal counter-
parts.[8] Metformin, an antidiabetic drug, decreased the expres-
sion of ZEB1, TWIST1, and SNAI2, key drivers of the EMT.[66] It
also impeded the formation of mammospheres of tumor cells
at nontoxic concentrations. Vazques-Martin et al.[67] further
showed that metformin modulates energy metabolism in
breast cancer and decreases the inflammatory responses in
breast CSCs responsible for poor prognosis. A landmark study
by Hirsch et al.[68] showed that tumor-forming, self-renewing
breast CSCs are exquisitely sensitive to metformin. Whereas
low doses of metformin failed to significantly affect cell viabili-
ty in the non-stem population of differentiated breast cancer
cells, these concentrations of metformin selectively killed
breast CSCs (as defined by the CD44+/CD24�/low phenotype).

Aalaoui-Jamali et al.[69] reviewed small molecules that are un-
dergoing clinical trials for targeting CSCs. Drugs that modulate
the EMT, apart from metformin, include the p160-rho associat-
ed coiled-coil kinase (ROCK) inhibitor Y-27632 that, as well as

hindering EMT, also blocks cell differentiation and reduces
apoptosis. They also described the CSC-selective activities of
two Notch inhibitors, RO4929097 and MK-0752, the Hsp90 in-
hibitor CUDC-305, and the SOX17 expression inducer cymarin.

4.3. Off-label effects of clinically registered drugs

The role of small molecules in controlling stem cell fate was re-
viewed by Lyssiotis et al.[70] More specifically, Zhang et al.[71] re-
viewed existing registered small-molecule drugs and drug can-
didates that also showed efficacy as stem cell fate modulators,
not solely as CSC-selective drugs. A significant number of small
molecules have been shown to drive stem cell self-renewal, dif-
ferentiation, and very recently reprogramming to the induced
pluripotent state (iPS). Lyssiotis et al. described eight small
molecules that inhibit the growth of glioblastoma multiforme
(GBM), a very aggressive and deadly form of human brain
cancer driven by CSCs, via a range of mechanisms. Clinically
registered drugs, such as paroxetine, sertraline, indatraline, and
rimcazole, target neurotransmitter transporters in GBM CSCs.
Two closely related compounds, HU-210 and JWH-133, are can-
nabinoid agonists that decrease the efficiency of GBM CSCs in
initiating glioma formation in vivo.

Sachlos and co-workers similarly found that the antipsychot-
ic drug thioridazine impairs somatic CSCs responsible for leu-
kemic disease while having no effect on normal blood SCs.[72]

They reported that thioridazine antagonizes dopamine recep-
tors expressed by CSCs. Thioridazine, at both 1 and 10 mm,
had a significant impact on inducing differentiation in neoplas-
tic human pluripotent SCs over normal human pluripotent SCs.

Trifluoperazine, another antipsychotic drug structurally relat-
ed to thioridazine, showed significant selective inhibition of
lung CSCs and useful effects on lung tumors in vivo.[73] This
drug was identified using CMap,[74] a collection of genome-
wide transcriptional expression data from cultured human cells
treated with bioactive small molecules and simple pattern-
matching algorithms that find functional connections between
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drugs, genes, and diseases through common gene-expression
changes. Yeh et al.[73] demonstrated that trifluoperazine pos-
sesses anti-CSC properties, by showing that it suppresses ex-
pression of stemness-associated markers such as CD133, c-Myc,
and b-catenin, while modulating apoptotic factors, including
Bax, Bad, Bcl-2, and caspases.

4.4. Inhibitors of signaling pathways

Stefanachi et al. recently published a comprehensive review of
the major signaling pathways that have been exploited to
ameliorate chronic myeloid leukemia.[75] This disease is driven
by a constitutively active tyrosine kinase, BCR-ABL, that is re-
sponsible for leukemic cell growth, proliferation, and survival
driven by the dysregulation of a large number of signal-trans-
duction pathways. The success of BCR-ABL inhibitors as CML
therapies has been tempered by problems of disease persis-
tence or relapse arising from mutations. CSCs are dysregulated
in a number of signaling pathways such as the Sonic Hedge-
hog (Shh), Notch, and Wnt pathways. These pathways are
promising targets for novel anticancer drugs, as they play an
important role in carcinogenesis and drug resistance. Stefana-

chi et al. listed several modulators of these pathways that may
be useful in selectively eradicating CSCs in CML. The natural
products resveratrol, curcumin, and epicatechingallate inhibit
the Wnt pathway, whereas RO4929097 and MK-0752 are Notch
pathway inhibitors. Shh has been shown to be inhibited by cy-
clopamine, vismodegib, and LDE 225.

Anti-inflammatory agents have often shown cancer-preven-
tative or therapeutic effects. The cyclooxygenase (COX) inhibi-
tor sulindac exhibits weak anticancer effects, but has signifi-
cant side effects common to COX inhibitors. A derivative, phos-
phosulindac (PS), shows much better selective inhibition of

breast CSCs, higher anticancer properties, and is safer.[76] PS im-
pairs mammosphere formation and markedly suppresses the
expression of CSC-related genes. Conspicuously, PS halved the
number of tumors initiated by CSCs in immunodeficient mice,
and inhibited by almost 90 % the growth of already formed
breast cancer xenografts, reducing the proportion of CSCs in
them. The strong inhibitory effect against breast cancers is
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due, at least in part, to targeting CSCs through a signaling
mechanism involving Wnt signaling.

The function of the Notch pathway in hematopoiesis has
also been reviewed by Sandy et al.[77] They reiterate the impor-
tant role of Notch signaling in the biology of cancer-initiating
cells in several malignancies, including breast cancer. There ap-
pears to be a comfortable therapeutic window between the ef-
fects of Notch inhibition on CSCs and its effects on normal
HSCs. Other non-hematopoietic consequences of Notch inhibi-
tion, such as gastrointestinal toxicity, need to be taken into
consideration however. Small-molecule Notch antagonists have
also been used for breast cancer therapy. Human breast cancer
is maintained through a minor subpopulation of breast-tumor-
initiating cancer cells that are resistant to traditional methods
of treatment such as chemotherapy, radiotherapy, immuno-
therapy and drug therapy. The role of Notch signaling and g-
secretase inhibitors in breast CSCs was recently summarized
comprehensively by Pannuti et al.[78]

Rotili et al.[79] showed that a series of SIRT1/2 inhibitors in-
cluding sirtulin and the benzamide, anilide, and 4-(2-phenyl-
propyl)thio analogues showed huge apoptosis induction in
colorectal and GBM CSCs. The SIRT2-selective inhibitor AGK-2,
salermide (2 b), and several related analogues 4 b, 5 a, 5 b, and
6 c showed low-micromolar toxic concentrations against these
two CSCs. Sirtuins (class III HDACs, SIRT1–7) are histone/protein
deacetylases (HDACs) that play a critical role in the regulation

of cell processes such as apoptosis, energy metabolism, and
aging. Very recently the targeting of self-renewal has received
an impetus with the discovery of small-molecular inhibitors of
BMI-1, a gene that lies at the heart of the self-renewal machi-
nery of stem cells.[80]

Kreso et al.[81] showed that the BMI-1 inhibitor PTC-209
blocks tumor growth and metastasis in the absence of system-
ic toxicity, illustrating the feasibility of targeting colon cancer,
and by implication, cancers more widely, via the self-renewal
signaling pathway. Down-regulation of BMI-1 by PTC-209 in-
hibits the ability of self-renewal in colorectal CSCs and results
in the abrogation of their tumorigenic potential.

Compounds that target the EGFR/ErbB family of tyrosine kin-
ases have also shown useful selective activity against CSCs.[82]

Abhold et al. investigated the role of EGFR as a regulator of
“stemness” in head and neck squamous cell carcinoma. Activa-
tion of EGFR increased the formation of tumorospheres, sug-
gesting increases CSC activity. Conversely, EGFR inhibitors such
as gefinitib decreased the expression of CD44, BMI-1, Oct-4,
NANOG, CXCR4, and SDF-1 genes and decreased tumoro-

sphere formation. CSCs derived from head and neck squamous
cell cancers possessed a lower invasive capacity and became
more sensitive to cisplatin. Levina et al.[83] similarly showed
that antagonists of the stem cell factor (SCF)/c-Kit pathways
could selectively impede the proliferation of CSCs in non-
small-cell lung cancer. Traditional anticancer drugs such as cis-
platin eliminate tumor cells, but not CSCs. Combined with a c-
Kit antagonist such as imatinib (Gleevec), growth of both pop-
ulations of cells could be prevented.

Carra et al.[84] showed that sorafenib reduces the prolifera-
tion of GBM cultures by inhibiting PI3K/Akt and MAPK path-
ways involved in gliomagenesis. Sorafenib induces apoptosis

by down-regulation of the survival factor Mcl-1. It exhibits a se-
lective action on glioblastoma stem cells, causing down-regula-
tion of the stemness markers nestin, Olig2 and Sox2.

Targeting of telomerases in CSCs has been described by
Saini and Shoemaker.[2] Sustained telomerase function is neces-
sary for CSCs that proliferate indefinitely. Thus, anti-telomerase
agents are expected to target tumor cells as well as CSCs. They
list several prototype drugs, RHPS4, BIBR 1532, BIBR 1591, tar-
geted to telomerases.

Ginestier et al. identified gene sets and pathways associated
with retinoid signaling as important in regulating breast
CSCs.[85] They used an ALDH marker to identify CSCs. ALDH is
a detoxifying enzyme that oxidizes intracellular aldehydes, and
is implicated in early differentiation of stem cells by oxidizing
retinol to retinoic acid (RA). RA regulates the transcription of
various target genes through its interaction with the retinoic
acid receptor (RAR) and retinoic X receptor (RXR). Thus RA ini-
tiates cellular differentiation, and all-trans-retinoic acid (ATRA)
has been used in therapy to induce the differentiation of AML
cells. As discussed above, ALDH is a marker for breast CSCs,
and RA signaling controls stem cell differentiation; therefore,
Ginestier et al. postulated that retinoid signaling modulated by
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ALDH could interfere with the self-renewal and differentiation
program of breast CSCs in a clinically useful way. They showed
that ATRA reduced tumorosphere formation, whereas the RAR
inhibitor diethylaminobenzaldehyde (DEAB) increased primary
tumorosphere formation relative to controls.

Glucogen synthase kinase 3 (GSK3) inhibition is effective for
the treatment of myeloid leukemias.[86] In vivo administration
of a selective GSK3 inhibitor, BIO, suppressed tumor formation
by K562 cells in immunodeficient recipient mice.[87] BIO treat-
ment of primary AML cells prior to transplantation also im-
paired their repopulating ability. The potential of GSK3 inhibi-
tors on a wide spectrum of AML was demonstrated in a recent
study that identified GSK3a as a potential target in multiple
AML subtypes. These results suggested that GSK3 inhibitors
might be able to target leukemic cells while enhancing normal
stem cell functions.

Hallett et al.[88] found that inhibitors of Wnt/b-catenin signal-
ing eradicated breast CSCs in vitro and in vivo and hence pro-
vide viable methods for the development of antagonists for
breast cancer treatment. They showed that antagonists such as
PKF118-310 target breast CSCs irreversibly. This inhibitor also
dramatically increased the survival of tumor-bearing mice rela-
tive to control. Small molecules that target other basic path-
ways underlying aberrant CSC behavior were also described by
Allsopp et al.[89] Overexpression of the polycomb group protein

enhancer of zeste homologue 2 (EZH2) occurs in malignancies
such as prostate cancer, breast cancer, and GBM. Disruption of
EZH2 by the S-adenosylhomocysteine hydrolase inhibitor 3-
deazaneplanocin A (DZNep) strongly impairs CSC self-renewal
in vitro and tumor growth in vivo for GBM.

Pal et al.[90] reviewed inhibitors of breast CSCs and listed the
HDAC inhibitor LBH589 (panobinostat) as a CSC-specific agent
under clinical trial for cancer. The dual metalloproteinase inhib-
itors TM-1 and TM-5 have been shown to be highly selective
for tumor cells and CSCs in the sub-micromolar range.[91] They
also exhibited no toxicity toward non-malignant cells even at
high concentrations. Mezil and co-workers[91] showed that the
most active compound, TMI-1, mediates its selective effects by
caspase-dependent apoptosis. It exhibited ED50 values be-
tween 0.6 and 12.5 mm in 34 of 40 diverse tumor cell lines.

4.5. Natural products

Apart from salinomycin, other natural products have also pro-
vided valuable lead compounds that selectively target CSCs.
Burnett et al. reviewed the potential for natural products
screening to identify agents that selectively inhibit CSCs.[92]

Several compounds modulated key Wnt, Hedgehog, and
Notch pathways, or interfered with CSC-microenvironment in-
teractions. Dietary isothiocyanate sulforaphane (SF) selectively
eliminates breast CSCs in vitro at concentrations as low as
1 mm. Piperine exhibited little effect in differentiated cells but
prevented metastasis and tumour initiation by inhibiting Wnt
signalling. Treatment of primary AML from human with echino-
mycin in xenograft mice was shown to eliminate virtually all
CSCs, at doses 50 times lower than those tolerable in human
phase II clinical trials.[92] Indole-3-carbinol from cruciferous veg-
etables, and its metabolite diindolylmethane (DIM) showed an-
titumor activities. DIM was subsequently found to be a potent
and selective inhibitor of CSCs in several cell lines.[93] It inhibit-
ed tumorosphere formation at concentrations 30–300-fold
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lower than concentrations causing growth inhibition in paren-
tal cells. It was also an inhibitor of chemoresistance. Canthari-
din, a natural toxin from the blister beetle (and notorious re-
puted aphrodisiac) showed activity against leukemic stem cells
(LSCs).[94] It targets hepatic leukemic factor (HLF), a gene impli-
cated in hematopoeitic stem cell regulation. Cantharidin and
a less toxic derivative, norcantharidin, modulated the expres-
sion of several molecules in the LSC survival pathway, inducing
p53 and apoptosis. Although both compounds were too toxic
to be useful in vivo, their potent in vitro LSC activities and
pathway targeting suggest that analogues would be worth
pursuing. Subsequently, Hsieh et al.[95] investigated additional
signaling pathways modulated by cantharidin and norcanthari-
din. They showed that norcantharidin in particular inhibited
the multidrug-resistance-associated protein 2, suppressed
Sonic Hedgehog and b-catenin pathways, and increased the
proportion of cells in G2/M phase and decreased the propor-
tion in S phase, providing pharmacological potential for treat-
ment of CSCs.

Another natural product, quercetin, was shown to exhibit se-
lective activity against pancreatic CSCs.[96] Quercetin
(3,30,40,5,7-pentahydroxyflavone) is a plant-based flavonoid
occurring in various fruits and vegetables. It is an inhibitor of

the nuclear translocation of b-catenin, downstream of the Wnt
signaling pathway, one of the targets of CSCs. Quercetin is
a well-known antioxidant and is an inhibitor of ABC drug trans-
porters and c-Met processing, playing essential roles in stem
cells. A European patent has also claimed diverse heterosidic
flavonoid derivatives as therapies of stem cell cancers like leu-
kemias. They claim selective CSC action for these natural prod-
ucts, particularly rutin, which targets the GSK3b, Akt, FOX03a
and MnSOD signaling pathways and induce apoptosis.

Recently, two plant-based natural products, parthenolide
and andrographolide, have been shown to kill CSCs responsi-
ble for multiple myeloma, an incurable plasma cell malignancy,
without significant toxicity to HSCs.[97] The dimethylamino pro-
drug of parthenolide, LC-1, has better water solubility and
higher serum bioavailability and has entered phase I clinical
trials. These agents are powerful inhibitors of NFkB activation.

They induce apoptosis in human acute myelogenous leukemia
stem and progenitor cells,[98] and in multiple myeloma cell
lines,[99] without adversely affecting normal hematopoietic
cells. They also overcome the protective effects of the CSC mi-
croenvironment.[100]

4.6. Nanotechnology approaches

The application of nanotechnology to targeting of CSCs has
also accelerated. Vinogradov et al.[101] described the potential
of nanomedicine to target CSCs with drugs, for controlled re-
lease, and delivery of novel gene therapies aimed at CSCs. The
latter involve design of novel siRNA, miRNA, and antisense oli-
gonucleotide therapies against the proteins responsible for
drug resistance and survival of CSCs, via efflux transporters,
anti-apoptotic proteins, and signaling molecules. Table 1 sum-
marizes current nanomedicine approaches to targeting CSCs.

Nanoparticulate formulations of useful but very poorly solu-
ble drugs such as curcumin have shown greatly enhanced bio-
availability and efficacy against CSCs.[102] Zhang et al. employed
polymeric self-assembling micelles to deliver a combination of
anticancer drug paclitaxel and salinomycin.[103] The micelles
were targeted to somatostatin receptors overexpressed in
tumors via receptor-mediated endocytosis. The population of
breast CSCs was selectively decreased by the combination
therapy relative to cancer cells.
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4.7. Miscellaneous compounds, peptides, siRNA, CSC niche,
and ECM approaches

Beck et al.[104] used in vitro phage display assays to identify
peptides that bind specifically to glioma stem-like cells (GSCs),
but not to their differentiated counterpart cells. They discov-
ered a small peptide, AQYLNPS, which can target GSCs by
binding to Nestin, penetrating into tumor tissues, and accumu-
lating in Nestin-positive tumor cells in GSC-driven cancers. The
arachidonate 5-lipoxygenase enzyme is also preferentially up-
regulated in GSCs, and inhibited by d,l-nordihydroguaiaretic
acid (Nordy). Wang et al.[105] found that Nordy triggers a differ-
entiation program in GSCs, driving them toward an astrocytic
phenotype that decreases GSC frequency, and inhibits the
growth of xenografted glioma.

Cyclopamine blockade of the Hedgehog (Hh) signaling path-
way, leading to long-term prostate cancer regression without
recurrence, strongly supports the connection between the Hh
pathway and prostate CSCs. Zhou et al. designed a N-(2-hy-
droxypropyl)methacrylamide (HPMA)-based cyclopamine deliv-
ery system as a CSC-selective macromolecular therapeutic with
improved drug solubility and decreased systemic toxicity.[106]

HPMA and N-methacryloylglycylphenylalanylleucylglycyl thiazo-
lidine-2-thione were copolymerized using the reversible addi-
tion–fragmentation chain transfer (RAFT) process.[107] Cyclopa-
mine was covalently attached to the polymer delivery system.
The selectivity of the conjugate toward prostate CSCs was
evaluated using RC-92a/hTERT cells as an in vitro CSC model
that was validated by stem cell marker expression. The conju-
gated cyclopamine retained bioactivity and showed anti-CSC

efficacy as evaluated by decreased stem cell marker
expression and CSC viability.

Baguley reviewed approaches targeting CSCs in
the context of stem cell niches.[108] CSCs compete
with normal stem cells for niches and eventually re-
populate them to become “powerhouses” of the
tumor. Strategies for decreasing the stem cell popu-
lation must target tumor cell niches while sparing
normal stem cell niches. As niches are totally depen-
dent on a good blood supply, Baguley speculated
that agents that block the vascular epithelial growth
factor (VEGF) pathway, such as the humanized anti-
body Avastin or classical anti-angiogenic drugs, may
selectively target CSC niches. Targeting the CSC
niche has been tackled by several groups. Nikitovic
et al. investigated the role of proteoglycan, glycosa-
minoglycan, and hyaluronan interactions with matrix
proteins and cell-surface receptors in regulating key

tumor cell functions in colorectal cancer.[109] CD44 is a marker
for colorectal CSCs. The CD44 structure of cancer cells is differ-
ent from that of normal cells due to alternative splicing and
post-translational modification. This diversification allows the
production of specific targeting agents that could be useful for
both diagnosis and therapy. This could take the form of modi-
fied binding agents (e.g. , PG545) or shRNA against CD44.

5. Conclusions

The realization that CSCs are intimately involved in most, if not
all, forms of cancer has provided a very promising new para-
digm for developing better treatments. This review has shown
the potential for small molecules to be developed or discov-
ered that can selectively modulate CSCs and generate good in
vivo outcomes. The research conducted to date, and that re-
search base is growing rapidly, strongly suggests that CSC tar-
geting is a promising approach. With the appropriate combina-
tion of therapeutic methods, selected in accordance with the
appropriate stage of development, these novel cancer chemo-
therapy approaches will be increasingly useful in the clinic.
However, unless CSCs in the various forms of cancer can be
identified, and effective tumor-specific CSC markers are discov-
ered, effective eradication of the disease may prove impossi-
ble. Additionally, the microenvironment of tumors needs to be
better understood. The structure of CSC niches, differences be-
tween normal ASC and CSC niches, and the underlying signal-
ing mechanisms need to be elucidated. This information will
further our understanding of circulating tumor cell metastases.
This increased knowledge and insight will teach us how to de-
stroy CSCs without affecting the essential renewing capacity of
normal stem cells.

Targeting CSCs alone may not be sufficient to effect cures or
long-term remissions for most cancers. As Chuthapisith et al.[1]

stated, additional agents following chemotherapy may be
needed to eradicate CSCs and their progeny if a good long-
term result is to be achieved. With the appropriate combina-
tion of multiple therapeutic approaches selected in accordance
with the appropriate stage of development, cancer therapies

Table 1. Nanotherapeutic approaches to cancer stem cell (CSC) control.

Organ/tissue Therapeutic approach

Targeting genes active in CSCs
Colon Lipid nano complex of anti-P-gp siRNA + paclitaxel
Brain Liposomes with anti-MGMT siRNA for oral temozolomide therapy
Ovarian Liposome–polycation formulations of anti-P-gp siRNA
Pancreatic Anti-TG-2 siRNA in neutral DOPC liposomes + gemcitabine
Breast Biotin-treated nanoparticles for anti-Pgp, siRNA, and paclitaxel

Destruction of CSCs/niche
Breast Drug-loaded nanoparticles and pulsed ultrasound treatment
Breast Alginate-PVA nanoparticles for chemo- and photodynamic therapy
Melanoma Ag-Au core-hyaluronan shell nanogels for photothermal treatment
Leukemia Indocyanine green-silicate nanoparticles for photodynamic therapy
Brain mAb-vectorized SWNT for hypothermic treatment
Leukemia mAb-functionalized carbon nanotubes
Pancreatic Targeted Au nanoparticles and radio frequency-based therapy
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could be significantly improved. However, until CSCs in all vari-
ous forms of solid organ tumors have been identified, effective
eradication of these diseases may prove impossible.[12] Howev-
er, the cancer stem cell hypothesis and the small-molecule-se-
lective agents discovered to date suggest a bright future for
CSC-targeted approaches to cancer chemotherapy.
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