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Selective anticancer strategies via intervention of the
death pathways relevant to cell transformation
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Apoptosis is an important physiological process that promotes tissue homeostasis by eliminating unnecessary or
malfunctioning cells. Abnormality in this process contributes to tumorigenesis, as well as the resistance to cancer treatment
by radiation and chemotherapy. Restoration of normal apoptosis would not only promote cancer cell death and halt tumor
progression, but also increase the response to many current cancer therapies. Although apoptosis induction is an important
principle of currently used radiation and chemotherapy treatment, uncovering the mechanisms that govern this process, and
which are lost during transformation, represents an important direction for realizing improved therapies for the future. This
article first briefly reviews aspects of current discovery strategies for new anticancer therapeutics based on intervening in cell
death pathways, and then discusses in more detail several cancer-relevant death pathways, which are disabled during
transformation and which can be targeted therapeutically. These include anoikis/cell adhesion; energy metabolism and the
unfolded protein response. Finally, we introduce a new concept, which utilizes cancer-specific apoptosis induced by oncolytic
viruses. The discussion of these topics involves novel targets, compounds and virotherapy.
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Death Pathways and Novel Cancer Therapies

Cell death and cancer therapy. Escaping apoptotic cell
death resulting in unregulated cell proliferation and eventual
tumor development is considered one of the hallmarks of

oncogenic cell transformation. Cancer cell resistance to

radiation and chemotherapy, two apoptosis-inducing

treatments, usually occurs as a result of genetic defects in

apoptosis signaling pathways and tumor microenvironments

where apoptosis is suppressed. Apoptosis is characterized

by certain morphological changes, for example, membrane

blebbing, nuclear chromatin condensation, DNA fragmenta-

tion and apoptotic body formation, and is controlled precisely

by a set of well-characterized signaling pathways, which can

be induced by either external or internal stimuli.1 Extracellular

stimuli are the specific ligands that bind to the death

receptors (DRs) on the cell surface and lead to cell death.

Intracellular apoptotic stimuli result from stress conditions, for

example, exposure to genotoxic agents, detachment,

hypoxia or nutrient deprivation, which induces specific

intracellular signals leading to apoptosis or even necrosis.

The central cellular organelle for intrinsic apoptosis is the
mitochondrion, controlling cell fate to either necrosis or
apoptosis. Both apoptotic pathways converge downstream
with the activation of caspases 3 and 7 to irreversibly commit
cells to apoptosis. Present cancer drugs are usually
apoptosis inducers, mainly via intrinsic pathways. Future
goals involve achieving greater specificity for cancer cells in
attacking these pathways. Necrosis is now also recognized
as a programmed cell death mode but, in contrast to
apoptosis, operating through less clearly defined pathways.
Although the ultimate role of necrosis in cancer therapy is
less clear, the relationship between the two modes of death
appears to be interchangeable depending on the
physiological state of cells. Given these observations, it is
even more important to pursue a greater understanding of
cell death pathways in order to achieve the goal of improved
cancer treatments.

Death receptor-induced apoptosis. The external signals,
tumor necrosis factor-a (TNF-a), FasL and TRAIL (TNF-
related apoptosis-inducing ligand), are well-known ligands for
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the DRs located on the cell surface, and their binding
instantly transduces death signals into cells. Usually, these
extrinsic apoptotic signals lead to apoptosis via caspase 8
directly or a mitochondria-mediated pathway (see below).
Both tumor necrosis factor receptor and Fas pathways are
important components of normal immune functions. Although
their activation could also potentially eliminate proliferating
cancer cells, the toxic side effects on normal cells limit the
development of such therapies. In fact, soluble TNF-a and
Fas administered systemically were shown to cause severe
toxicity, and TNF-a has only been approved for the
combination treatment by isolated limb perfusion of soft
tissue sarcoma.2

However, recent studies on the third member of the DR
family, namely TRAIL receptors (TNF-related apoptosis-
inducing ligand receptor (TRAIL-R)1, 2, 3, 4), have generated
exciting opportunities for cancer cell-specific treatment.
TRAIL-R1 or DR4, and TRAIL-R2 or DR5 are best known
for their involvement in apoptosis. TRAIL binds to its receptor
DR4 or DR5 and induces apoptosis via the caspase 8
pathway, similar to Fas. Preclinical studies have shown that
TRAIL selectively induces apoptosis in several types of tumor
cells but not in normal cells. The mechanism of such cancer-
selective apoptosis is not fully understood as TRAIL receptors
are constitutively expressed in many normal cells, although
two decoy TRAIL receptors (DcR1 and DcR2) exist on the cell
surface and can bind to TRAIL without induction of down-
stream apoptosis signals. The differential expression of these
decoy receptors in cancer cells versus normal cells might
contribute to a selective induction of apoptosis mediated by
TRAIL. Currently, there has been considerable effort directed
toward developing anticancer therapies targeting the TRAIL-
induced apoptotic pathway.3,4 For example, lexatumumab, a
human agonistic monoclonal antibody to TRAIL receptor, just
entered phase II clinical trials.5 Recombinant TRAIL is also
being tested in a phase I clinical trial.6

In addition to TRAIL or TRAIL antibodies, agents which
enhance TRAIL-mediated signals could also be considered as
a therapy for cancers resistant to TRAIL but yet apoptosis
competent. The discovery of agents or gene targets (apop-
tosis suppressors) can be illustrated by the following
experimental scheme. First, the cancer cell lines resistant to
TRAIL-mediated apoptosis, for example, A2058 melanoma
and AsPC1 pancreatic cancer cell lines, used as experimental
models for phenotypic selection or screening,7 can be
sensitized to TRAIL-induced apoptosis in the presence of a
candidate agent, or when the apoptotic repressor is silenced.
Apoptosis activation triggered by TRAIL should produce a
rapid and synchronous apoptotic response that is favorable
for detection and isolation of apoptotic cells by simple
apoptosis readouts (see below).7 In the case of discovery of
apoptotic repressor targets, combinatorial gene inactivations
are usually performed, in which RNAi/ribozyme libraries can
be introduced to the TRAIL-resistant cancer cells followed by
TRAIL treatment.7,8 The siRNA/ribozyme sensitizing these
cancer cells to the TRAIL-induced apoptosis can be identified
leading to the discovery of their targeted apoptotic suppres-
sors. If pooled RNAi or ribozyme libraries are introduced into
the cell populations, the apoptotic cells can be detected in or
isolated from the nonapoptotic cells by FACS (fluorescence-

activated cell sorting). Thus, the genes whose silencing
sensitizes cancer cells to TRAIL-induced apoptosis can be
identified from the isolated apoptotic cell population as
demonstrated in the identification of IGFBP3 as an apoptosis-
inducing gene target.7

Intrinsic (mitochondrial) death pathways
The mitochondrion is a central organelle controlling cell
death. Mitochondria are the major energy production
organelles of cells and have also long been recognized as
central players in cell death, including apoptosis and
necrosis. These two death modes can interchange
depending on factors that are not completely understood,
although recent studies have implicated that certain
physiological states, for example, intracellular energy store
are involved. Mitochondria sense apoptotic signals for
example, DNA damage, ischemia and oxidative stress, and
initiate cell death by causing permeability changes in the
mitochondrial outer membrane (OM). Mitochondrial
membrane permeabilization (MMP) leads to the release of
apoptogenic proteins for example, cytochrome c (Cyt c) from
the intermembrane space (IMS) of the mitochondria into
cytosol. Cyt c together with apoptosis protease-activating
factor 1 and pro-caspase 9 form a complex that promotes
caspase 9 activation and triggers the activation of the
downstream caspases, leading to apoptosis. MMP is
regarded as a ‘point of no return’ in the apoptotic pathway.
Although OM permeabilization can be monitored by
immunoblot detection of IMS proteins (e.g., Cyt c, AIF and
so on.) in cytosol or nucleus, mitochondrial inner membrane
(IM) permeabilization is usually detected by mitochondrial
membrane potential (DCm) changes. Mitochondrial morpho-
logic changes (e.g., fusion, fission and ultrastructural
changes including cristae remodeling) are specifically
related to mitochondrial functional change in response to
environmental influences, for example, stress signaling.
Mitochondrial fission is a sign of incipient apoptosis.
Strategies targeting mitochondria for cancer
therapy. Impaired MMP have been associated with
cancers and cancer drug resistance, and can result from
neoplastic genetic mutations affecting MMP regulators or
structural proteins of the mitochondrial permeability transition
pore complex (PTPC). Several approaches targeting
mitochondria for cancer therapy have been taken
(Figure 1). These include those that directly target the IM,
Bcl-2 family proteins, PTPC and respiration complexes. At
present, more than 20 compounds targeting mitochondria to
prompt cancer cell apoptosis are being tested. Several small
molecules elicit cancer cell death by targeting mitochondria
via direct or indirect interactions with PTPC.9 Betulinic acid
(BA) has been shown to selectively kill tumor cells and cause
MMP that can be blocked by cyclosporine A, which binds to
mitochondrial cyclophilin and suppresses MMP, suggesting
action through PTPC. BA is also being tested clinically as a
potential cancer therapeutic.10 Arsenite, or other oxidizing
agents that deplete glutathione, can antagonize Bcl-2,
permeabilize the mitochondrial membrane and result in
cancer cell death. It is now a widely used treatment for
promyelomonocytic leukemia.11 Lonidamine induces
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permeabilization of mitochondrial membranes and is also
under clinical evaluation (glioma phase II).12

It has been reported that transformed cancer cells or tumors
seem to have higher DCm.13–15 Disruption of DCm can
perturb ionic and volumetric homeostasis, and impact
mitochondrial functions such as Caþ þ signaling and oxida-
tive phosphorylation (OXPHOS). Assays based on mitochon-
drial dye visualization via flow cytometry, microscopy or UV or
fluorescence detection (even by plate reader for high
throughput screening (HTS)) have been described to discover
agents that affectDCm.16,17 Using these approaches, a group
of structurally related compounds has been identified that
cause apoptosis. These compounds, for example, Rhodamine
123, are characterized by delocalized positive charge or
delocalized lipophilic cations (DLCs). DLCs were found to
target mitochondria, which were driven to a negative DCm.18

F16 is a compoundwith such structural characteristics andwill
preferentially accumulate in cancer cell mitochondria, and it
also interacts with PTPC. This causes depolarization of IM
and results in selective apoptosis of cancer cells and
antitumor activity. This type of mitochondriotoxic agent may
represent a new anticancer strategy with less toxicity.
Strategies targeting Bcl-2 family proteins. Among the
molecules involved in mitochondria-induced cell death, Bcl-2
family proteins have drawn the most attention as potential
targets for anticancer therapy. The Bcl-2 family is composed
of proapoptotic (e.g., Bax and Bak containing BH1–3
domains (Bcl-2 homology domain) and Bik, Bid, Bad, Noxa,
Puma containing only BH3 domain) and antiapoptotic
members (e.g., Bcl-2, Bcl-xL, Bcl-w, A1, Mcl-1 and Bcl-B
containing BH1-3 domains). The antiapoptotic Bcl-2 family
proteins antagonize Bax and Bak’s function. Upon apoptotic
stimulation, the BH3-only proteins insert their BH3 domain
(an a-helix) into a hydrophobic groove of the antiapoptotic
Bcl-2 proteins, resulting in the release of Bax and Bak.
Oligomerization of Bax and Bak would then affect
mitochondrial integrity, promote the release of Cyt c and
induce apoptosis.

Bcl-2 and Bcl-xL are overexpressed in many human
cancers, and are also believed to be involved in drug
resistance. Suppressing their functions or expression pro-
motes tumor cell death and sensitizes tumor cell to radiation or
chemotherapy. Novel agents downregulating Bcl-2 are being
tested in preclinical studies and clinical trials for cancer
treatment. These include: the combination treatment of
Genasense (Genta Inc., antisense oligonucleotides targeting
Bcl-2, also called G3139, or oblimersen) and dacarbazine for
treatingmelanoma; SPC2996, an LNA-basedRNAantagonist
of Bcl-2 by Santaris Pharma for chronic lymphocytic leukemia
(in phase I/II clinic trial); ABT-737, a small-molecule BH3
mimics targeting Bcl-2, Bcl-xL and Bclw;19 and A-385358
(Abbott Lab),19 a small-molecule inhibitors of Bcl-xL with
promising in-vivo results in several animal cancer models.
Strategies targeting IAPs. As described above, MMP-
mediated activation of caspases eventually leads to
apoptosis. Caspase activation is tightly controlled by the
inhibitors of apoptosis proteins (IAPs), a family of structurally
related proteins. Eight members have been identified in
mammals, including neuronal apoptosis inhibitory protein
(also BIR-containing gene 1/BIRC1; X-linked inhibitor of
apoptosis (XIAP/MIHA/hILP/BIRC4/ILP-1); cellular IAP1/
Human IAP2 (c-IAP1/HIAP2/MIHB/BIRC2); cellular IAP2/
Human IAP1 (c-IAP2/HIAP1/MIHC/API2/BIRC3); testis-
specific IAP (Ts-IAP//hILP2/BIRC8/ILP-2); BIR-containing
ubiquitin conjugating enzyme (BRUCE/Apopllon/BIRC6);
survivin (TIAP/BIRC5) and Livin (KIAP/ML-IAP/BIRC7).20

IAPs are structurally similar. They contain one or more 70–80
amino-acid Baculovirus IAP repeat (BIR) domains char-
acterized with C(X)2C(X)6W(X)3D(X)5H(X)6 core sequence
that is required for interaction with caspases. Upregulation of
IAP proteins has been observed in many cancers, which
contributes to resistance to apoptosis. Targeting IAPs
promotes cancer cell apoptosis via activation of caspases,
or increases susceptibility to chemotherapy agents, which
has thus been explored for cancer therapeutics.
Survivin is overexpressed in many tumors (e.g., neuro-

blastomas, pancreatic cancer, prostate cancer, gastric
cancer, colorectal cancer, hepatoma, breast cancer, lung
cancer, bladder cancer, melanomas, B-cell lymphomas and
esophageal cancers), whereas absent in most adult tissues.
Its expression is also correlated with poor prognosis,
increased rates of treatment failure and relapse. The
differential expression offers treatment selectivity. Antisense
oligodeoxynucleotides (AS-ODNs) targeting survivin induce
apoptosis, sensitize NSCL cells to etoposide, and are
currently under clinical evaluation (phase I, Eli Lilly).21 Cancer
vaccines targeting tumor-specific survivin are also currently
under clinical evaluations (phase I) using survivin peptides or
survivin-directed autologous cytotoxic T lymphocytes.
Although the role in cancer prognosis is less clear, XIAP is

the most potent IAP in suppressing caspase activation and
apoptosis. XIAP siRNA induces apoptosis or sensitization to
etoposide, doxorubicin, TRAIL and taxane, also seen for
XIAP-AS-ODNs. XIAP-AS-ODNs combined with either vino-
relbine or radiation delayed tumor establishment and caused
tumor regression in NSCL xenograft model. XIAP-AS-ODNs
(AEG35156) is currently being tested in phase I/II clinical
studies.
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Figure 1 Cancer cell energy metabolism and potential drug intervention. High-
energy demand by cancer cells are met via glycolysis (preferentially in many tumors
with poor prognosis) and mitochondria oxidative phosphorylation. Different
dependence on either of these two processes (i.e., glycolic tumors versus oxidative
phosphorylation tumors) would likely respond to treatment differently. Inhibition of
energy generation via blocking glycolysis (e.g., 2-deoxyglucose (2DG)) or disturbing
the function of mitochondria respiratory chain (e.g., antimycin A, oligomycin) are
being considered as new approaches against cancers via targeting energy
production machineries
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Smac binds most IAPs via the N-terminal four amino acids
of the mature Smac protein (Ala-Val-Pro-Ile) and functions as
an IAP inhibitor. The peptide and small-moleculemimics (e.g.,
peptides with unnatural amino acids, modified oxazoline
molecule and polyphenylureas) of the IAP-binding peptides
have been explored as potential therapeutics with encoura-
ging efficacy data in preclinical models.
The role of p53 in response to stressors and strategies for
directly targeting mutant p53. P53, a classic tumor
suppressor, is important in cell-cycle arrest and apoptosis.
It protects the integrity of the genome by removing DNA-
damaged cells via apoptosis and avoiding mutation
accumulation. P53 is also involved in many other stress
responses, for example, cell adhesion-regulated cancer cell
transformation and metastasis, and energy stress signaling
(see below). Approximately 50% of human cancers have
mutated p53, rendering them insensitive to genotoxic
stressors induced by chemotherapy agents and radiation
therapy, and other stressors. Early clinical attempts as well
as recent studies have demonstrated the feasibility of
restoring p53 activity to sensitize cancer cells to apoptosis
induced by chemotherapy.22 Indeed, gene therapy treatment
delivering wild-type p53 via a replication-defective adenoviral
vector into a cancer with mutated p53 was used to sensitize
tumors to radiation therapy. The combination treatment of
head and neck cancer via this wild-type p53 delivery and
radiation has demonstrated clinical efficacy in reducing tumor
progression. This treatment has been approved by the
Chinese State Food and Drug Administration, the first gene
therapy protocol gaining regulatory approval in the world. In
addition, small-molecule drugs for example, PRIMA-1 and
CP-31398, have also been shown to halt tumor growth by
increasing p53 activity. The regained p53 function caused by
PRIMA-1 is likely achieved through partial restoration of the
configuration of the misfolded p53, and is thus suitable for
tumors with mutated p53.23 In contrast, a compound called
nutlins increases cellular p53 activity by disrupting the
interaction between p53 and its inhibitor MDM2,24 making it
suitable for treating tumors expressing low levels of p53. This
compound is proven effective in reducing tumor progression
in animal models.
The strategies targeting DNAmethylation. Epigenetic control of
gene expression by DNAmethylation has a great impact on cell
proliferation and differentiation. Hypermethylation of promoter
regions results in specific suppression of gene expression,
including the expression of tumor suppressors, which could
promote cancer development. Conversely, demethylation of
DNA may enhance cell apoptosis or reduce cell growth. This
concept has been proven by a recently approved anticancer
drug decitabine for the treatment of myelodysplastic syndrome.
Decitabine (Dacogen; MGI Pharma) is a nucleoside analogue
that inhibits DNA methylation.25 It demethylates the p73
promoter and induces reexpression of p73, thus activating the
caspase cascade and leading to leukemic myeloid cell death.26

DNA hypermethylation in tumor cells may be involved in
resistance to interferon (INF)-induced apoptosis, and inhibition
of DNA methylation may also enhance the therapeutic effect of
INF. Treatment of cancer cells with specific DNA demethylating
nucleoside analogue was shown to augment the effect
of INF.27

Cell-based assays for intrinsic apoptosis studies. Cell-based
assays can also be devised to screen for new drugs or drug
targets involving intrinsic apoptotic pathways to sensitize
tumors to existing chemotherapies. The concept of a
screening/selection process is essentially the same as for
extrinsic apoptosis screening described above, except that
cancer cell lines relatively resistant to the intrinsic apoptosis-
inducing stimuli (e.g., reduced serum level and DNA-
damaging chemotherapy drugs) are used, and a specific
intrinsic stimulation is used for synthetic lethality. For
example, if an RNAi library is used in the screening, the
silenced genes in these apoptotic cells may be identified and
can serve as potential drug targets to restore the response of
cancer cells to specific chemotherapy; similarly, if compound
library screening is used, candidate small-molecule
sensitizers for chemotherapy can be identified for potential
novel combination therapy.
With regard to the readout of cell death, two basic types of

methods have been commonly used in either screening or in
confirmation experiments. First, quantitations based on cell
survival: staining of DNA (e.g., DAPI and propidium iodide;
vital staining of mitochondrial oxidative enzymes (e.g.,
alamarBlue, WST-1 and so on.) and vital readout of
intracellular ATP levels. Second, direct measurements of
apoptosis based on apoptotic cellular and biochemical
phenotypes: caspase activity (usually caspase 3, 7);28

TUNEL activity by ELISA and FACS (quantify DNA fragmen-
tation); direct visualization of DNA fragmentation by gel
electrophoresis or annexin V staining via FACS. Many of
these assays have been used for drug screening and
commercial kits for screening are available. There are also
other biochemical, morphological and cell biological assays
that can be used in conjunction with the above approaches to
fully characterize the cellular fates of cancer cells, including
cell-cycle analysis, apoptotic cell morphology, Trypan blue
staining, release of LDH.
The above discussion pertains to the relationship of

apoptosis to cancer therapy in general terms. However, the
ability to intervene in apoptotic pathways in amanner, which is
specific to cancer cell survival and growth is of critical
importance to deriving novel anticancer agents with greater
efficacy and safety than existing agents. Therefore, we
discuss in greater detail recent discovery efforts, which target
three selected pathways that are highly relevant to cancer cell
and solid-tumor survival. Examples of the discovery methodo-
logy used in cell-based assays and experimental models are
also discussed.

Cancer Drug (Target) Discovery in Cell
Adhesion-Anoikis Pathways

Anchorage-independent growth, cell adhesion and
anoikis. Anchorage-independent growth is a hallmark of
cell transformation and is important in cancer cell invasion
and metastasis. Normal cells survive and proliferate by
adhering to extracellular matrix (ECM), via ECM-dependent
inhibition of apoptosis (Figure 2). These nontransformed
cells respond to detachment from ECM by disruption of the
actin skeleton (amorphosis), leading to cell rounding and the
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triggering of anoikis (apoptosis) via activation of proapoptotic
Bcl-2 family proteins and the mitochondria-mediated
apoptotic pathway (see above). Anchorage-independent
growth of tumor cells is largely attributed to reduced anoikis
through suppression of these pathways. Anoikis or
amorphosis is also an important checkpoint for cancer cell
metastasis, because cancer cells need to overcome loss of
adhesion during the metastasis process (Figure 2).29 In
addition, cell adhesion is also important in drug resistance,
which has been demonstrated via Bcl-xL and Akt
antiapoptotic pathways.13 As anoikis resistance is a rather
unique property of cancer cells, adhesion and/or anoikis
pathways are considered useful targets for cancer
intervention with improved specificity over conventional
chemotherapies. In fact, interference of cell adhesion via
targeting cell–ECM or cell–cell interaction is currently being
evaluated in clinical trials for cancer therapy.
Receptors mediating cell adhesion are mainly composed of

four families of cell-surface proteins: integrins, cadherins,
selectins and immunoglobulins. Integrins have been found to
play important roles in carcinogenesis, and therefore are the
most intensively studied for cancer treatment.30 Integrins are
transmembrane heterodimers of a and b subunits, and the
combination of different isoforms of each subunit can form a
total of 24 integrin dimers with different ligand-binding
specificities. The interaction of integrins with ECM proteins
such as fibronectin triggers a series of cellular signaling
events to regulate cancer cell survival, proliferation and
migration. Intervention in integrin-mediated cell adhesion
can be achieved by either targeting the receptor itself or by
targeting the intracellular signaling molecules involved in
integrin pathways. Several drug approaches are currently
being evaluated for potential clinical application based on
inhibition of cell-adhesion pathways: specific antibody for
avb3 integrins, small-molecule antagonists of integrin receptor
and arginine-glycine-aspartic acid (RGD) peptides/pepti-
demimetics. RGD is found in several important integrin
ligands belonging to ECM proteins, and the peptides contain-
ing RGD can potentially bind to integrin and interfering with
cell adhesion.
Intracellular signaling proteins downstream of integrins can

also be targeted. ErK and PI3K are well-known kinase targets

for cancer therapy as they are not only important for cancer
cell proliferation, but also play crucial roles in integrin-induced
cell adhesion. Inhibitors of these enzymes are currently being
evaluated in the clinic. Integrin-linked kinase (ILK) represents
a novel integrin pathway, which is emerging as a promising
cancer target.31,32 ILK is a unique intracellular adapter that
links the cell-adhesion receptors, integrins and growth factors
to the actin skeleton and cellular signaling pathways. ILK
expression is found to be elevated in different cancers, and
inhibition of ILK reduces cancer progression.
Cadherin signaling-mediated cell–cell interaction is also

found to be an important player in cancer cell metastasis and
invasion. In particular, E-cadherin is believed to have an
inhibitory function on cancer cell invasion due to the fact that
loss of E-cadherin is associated with epithelial cancer
metastasis and malignancy. However, increasing evidence
also suggests a ‘cadherin switching’ mechanism in certain
metastatic cancers, in which normal functional E-cadherin is
maintained, but N-cadherin levels are upregulated. These
studies imply that N-cadherin could be an attractive
potential cancer target for prevention or inhibition of tumor
metastasis.33

Cell-based assays for anchorage-dependent and -indepen-
dent growth. One of the requirements for drug discovery
based on these pathways is a robust phenotype assay.
First, conventional cell growth assays allow cell growth
in liquid culture where cells are attached to the vessels. This
two-dimensional monolayer culture mimics cell attachment to
ECM (cell–ECM adhesion) and measures anchorage-
dependent cell growth. Various formats and readouts, for
example, 96-well and colony formation formats, are commonly
used to screen and/or confirm targets and agents for inhibition
of cell growth.34,35 Second, by detaching and reattaching cells
to the ECM (e.g., fibronectin), one can also directly assess
intergrin-mediated adhesion properties of cancer cells under
different treatments by directly quantitating the attached
versus detached cells using common cell quantitation
methods.36,37 Third, growth of multicellular aggregates in
three dimensions (spheroid) has also been devised, where
cancer cells attach to each other via cadherin-dependent
junctions (cell–cell adhesion) and more closely mimic tumor
growth in vivo than a two-dimensional system. This spheroidal
growth is usually more resistant to apoptosis induced by
chemotherapy than the same cells grown under cell–ECM
conditions,38 as the interior of spheroids may mimic the
hypoxic and hypoglycemic microenvironment seen in solid-
tumor interior.39 Therefore, spheroid growth has been used to
test the effects of agents on cadherin-mediated adhesion and
signaling, and as a predictor of inhibition of solid-tumor
growth.39 Fourth, soft agar growth is a classic anchorage-
independent growth assay where cancer cells proliferate in
semisolid soft agar and form colonies. The size and number of
colonies can be used as a measurement of transformation
(anchorage-independent growth) potential. Soft agar growth is
viewed as the closest mimic of in-vivo tumorigenicity among
the in-vitro assays. Soft agar colony-based testing can be
automated.35 A 96-well soft agar assay can also be readily
applied to HTS of cancer targets or anticancer agents.34 Fifth,
anoikis can also be directly assessed for cancer cells by direct
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for cell proliferation and survival
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and quantitative measurement of apoptosis of cells after
detachment.40

HeLa/HeLaHF transformation cell pair system. Another
important tool for discovering targets involved in anoikis-
related pathways is a robust and relevant experimental
cancer system. HeLa, a cervical adenocarcinoma cell line, is
a classic experimental cancer cell line broadly used in
oncology research over the past half century. It shows strong
transformed phenotypes, including anchorage-independent
growth in vitro and tumorigenesis in vivo. HeLaHF is a
revertant variant isolated from HeLa cells following exposure
to the mutagen EMS by Zarbl and colleagues.41 HeLaHF
demonstrates a ‘nontransformed’ phenotype exhibited by the
appearance of flat and nonrefractile morphology, significantly
decreased growth in soft agar, and loss of in-vivo
tumorigenicity. We have also confirmed that the phenotypic
difference between the HeLa and HeLaHF cell pair in
transformation is largely due to their difference in anoikis
levels.42 Cell fusion studies indicated that the transformation
reversion likely results from the activation of tumor
suppressor(s).41 As HeLa and HeLaHF constitute an
‘isogenic cell pair’ with distinct and readily measurable
transformation phenotypes, the pair is an ideal system for
identification of genes involved in HeLa-cell transformation
(anchorage-independent growth). Many of the genes that are
expressed differentially in this cell pair could be interesting
candidate targets for cancer therapeutics, if they play similar
roles in other cancer systems.

Discovery of genes involved in HeLaHF cell anoikis by
functional genomic approaches
The role of the p53 pathway in anoikis in
HeLaHF. Expression profiling analysis coupled with
functional studies based on either loss-of-function (LOF) or
gain-of-function can be used to identify new gene targets and
pathways involved in anoikis-related cellular transformation
of the HeLa cell system. Zarbl and colleagues noticed that
p53 proteins were stabilized in HeLaHF cells and that several
genes in the p53-mediated pathway were also differentially
expressed between the HeLaHF and HeLa cell pairs as
detected by expression profiling. These include IGFBP3 and
DKK1, which are overexpressed in the revertant HeLaHF
cells. When IGFBP3 and DKK1 transgenes were
overexpressed in transformed HeLa cells, these
researchers observed that the tumorigenicity was
effectively suppressed, suggesting that the p53 pathway is
causally involved in HeLa transformation. We provided
further evidence through p53 silencing experiments that
p53 downregulation reduced anoikis in HeLaHF cells, and
increased anchorage-independent growth by10-fold.42 The
involvement of p53 in anchorage-independent growth is
consistent with its known role in cell–ECM interactions such
as integrin signaling. Integrin-mediated survival signaling is
only effective in p53-deficient cancer cells, and cancer cells
with wild-type p53 are able to undergo apoptosis in response
to this cell–ECM interaction-initiated signal.43,44 Thus, for
cancer cells to survive and grow in an anchorage-
independent manner, inactivation of p53 is important to
prevent cell anoikis. The role of p53 in anchorage-

independent growth is not only seen in HeLa/HelaHF cell
pairs, but also demonstrated in other cell systems, including
HCT116 colon cancer cells and the MCF-7 breast cancer cell
line35,43,44 (Li et al., unpublished data), where inactivation of
p53 increased the proliferation rate for anchorage-
independent growth.35

However, p53 apparently only contributes partially to the
enhanced anoikis in HeLaHF cells based on the two
observations. First, the near-complete silencing of p53 was
insufficient to reactivate the full transformation potential of
HeLaHF to the levels of HeLa cells, suggesting that additional
factors must be involved in HeLaHF reversion. Second, the
gene expression changes induced by p53 silencing in
HeLaHF cells only constitute a small portion of the gene
pools that are differentially expressed between HeLa and
HeLaHF cell pairs. In this regard, other genes that are also
involved in the transformation reversion have been identified
from the comparative gene-profiling data. Using a similar
approach, a novel gene putative HeLa tumor suppressor that
promotes the transformation reversion from HeLa to HeLaHF
via a p53-independent pathway was also identified.42

Pathways that are important in maintaining HeLa-cell
transformation. The identification of tumor suppressor
genes that are overexpressed in HeLaHF cells may
elucidate the mechanisms underlying the reduced
tumorigenecity of HelaHF. However, the discovery of
‘oncogenes’, rather than tumor suppressor genes, can be
more interesting as they are more likely to be useful cancer
targets. Among the genes upregulated in HeLa cells were the
well-known oncogenes, for example, polo-like kinase (PLK),
survivin, chemokine receptor CXCR4 (also see below). The
causal roles of PLK45 and CXCR4 (Ke et al., unpublished
data) in HeLa-cell transformation have been confirmed,
which are consistent with previous published studies of
these genes using different experimental systems.
Interestingly, three members of the Nur factor subfamily of

nuclear receptors, NR4A1, NR4A2 and NR4A3, are all
upregulated in transformed HeLa cells as compared to
nontransformed HeLaHF cells, suggesting potential onco-
genic properties. RNAi-mediated silencing of any of these
members in HeLa cells promotes apoptosis or enhanced
anoikis (reduced anchorage-independent growth), as well as
reduced tumorigenicity40,46 (Ke et al., unpublished data),
consistent with report by other researchers.47 It is also
important to point out that the opposite effect exerted by this
family of receptors, a proapoptotic role, has also been
extensively reported and reviewed.48 In particular, a recent
report has also linked the proapoptotic property to human
leukemia.49 Nuclear receptor family proteins are considered
to be highly targetable by small molecules. As a matter of fact,
it was recently reported that modulators for this family of
receptors have been identified, suggesting the potential of
targeting these receptors for novel therapies.50

Anoikis is a typical response to cell detachment, so it is not
surprising that proteins functioning in cell-adhesion pathways
are involved in HeLaHF reversions. Indeed, the differential
expression of genes in the HeLa and HeLaHF cell pairs
demonstrates that the expression of the known adhesion
signal genes is found to be upregulated in HeLaHF, including
tyrosine kinases such as Fyn and Fak (which are also proto-
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oncogenes) as well as integrins (Figure 2). RNAi experiments
confirmed the causal role of Fyn in HeLa42 and A205851

transformation. The expression profiling also identified an
orphan G-protein-coupled receptor belonging to the adhesion
GPCR subfamily, GPR56. The mutations in GPR56 have
been associated with bilateral frontoparietal polymicrogyria, a
rare neurological disease that affects brain development,52

which results from the lack of surface expression the mutant
proteins.53,54 RNAi-mediated silencing of GPR56 resulted in
increased anoikis and reduced anchorage-independent
growth of HeLa and other cancer cells, whereas cDNA
overexpression resulted in increased focus formation in the
mouse fibroblast NIH3T3 cell line.37 More significantly, when
GPR56 silencing was induced in vivo in several xenograft
tumor models, significant tumor responses (including tumor
regression) were observed, suggesting the potential of
targeting GPR56 in cancer therapies.
Silencing of GPR56 in the A2058 melanoma cell line

affected the expression of a number of downstream genes. Of
particular interest are those genes known to be involved in the
integrin-mediated signaling and cell-adhesion pathways, such
as Fak, Fyn and integrins.37 The role of GPR56 in cancer-cell
adhesion was further confirmed by the observation that
GPR56 silencing also reduced cell adhesion to the ECM,
which is consistent with the observed increase in anoikis and
reduction in anchorage-independent growth phenotypes
(Figure 2). This involvement of GPR56 is consistent with an
earlier report.55 The oncogenic potential and the apparent
absence of physiological defects in adult human tissues
lacking GPR56, along with the ‘druggable’ nature of GPCR
family proteins, make GPR56 an attractive drug target. It is
important also to point out that GPR56 was also recently
implicated in cell adhesion but with an opposite effect to that
observed in several different experimental systems.56

Besides gene expression profiling-based discovery
schemes, combinatorial gene silencing has also become a
common approach used to identify targets. Essentially,
libraries of either ribozyme,7,57,58 RNAi8,59,60 or even cDNA,
can be utilized for combinatorial gene silencing using the
nontransformed HeLaHF cells to discover gene targets
involved in HeLa-cell transformation/anoikis resistance. As
an example the human ortholog of the Drosophila ppan gene
and integral membrane protein 2B (a protein implicated in
mitochondrial mediated apoptosis7,58), where many aspects
of this technology have been previously described and
reviewed.

Treatment Strategies Targeting Energy Metabolism
Pathways of Cancer Cells

Elevated energy demand, particularly met by increased
glycolysis, is a hallmark of transformation. Tumors have
significant higher demand for energy than normal tissues in
order to survive and grow. Glycolysis, the anaerobic
breakdown of glucose into ATP, is a preferred method to
meet the demand for high rates of ATP production in cancer
cells, in contrast to normal cells that mainly rely on
respiration, or OXPHOS. It has recently been found that
mitochondrial OXPHOS was inversely correlated to glycolytic

activity, as demonstrated by positron emission tomography
(PET).61 Significantly enhanced anaerobic glycolysis, or
the Warburg effect, is also considered an important
characteristic of many cancer cells, reflected by both the
increased activities of the glycolytic enzymes (e.g.,
hexokinase II (HK II), PFK I, pyruvate kinase) and the
glucose transporter (e.g., Glut-1). This is exploited for tumor
diagnosis by imaging the uptake of radioactive fluorine-18
deoxy-D-glucose (also a glucose analogue) using PET. The
enhanced uptake of FDG by tumors as shown by PET, in
contrast to normal tissues, not only quantifies and confirms
the different degrees of glycolysis increase in different
tumors (‘glycolytic’ versus ‘OXPHOS’ tumors), but also
increasingly serves to functionally monitor tumor
progression and tumor response to therapy, as compared
to the traditional imaging techniques for example, computed
tomography (CT scan), which are based solely on anatomical
as opposed to functional readouts. Although it is still unclear
whether changes in energy metabolism are the cause or the
result of cell transformation, targeting the underlying
biochemical pathways represents a new opportunity for
cancer intervention. High glycolytic dependency has been
associated with poorer prognosis and poorer responses to
treatment. Furthermore, tumors with different energy
metabolic characteristics, either glycolytic or OXPHOS,
likely respond differently to treatments targeting energy
metabolism. Using PET/CT could potentially guide such
treatments as a personalized approach, although this
concept remains to be tested in the clinic.

Strategies targeting cancer cell energy metabolisms
Strategies directly targeting glycolysis. Glycolysis occurring
in the cytosol is one of the two main sources of cellular
ATP production. Targeting glycolysis directly is therefore
a straightforward approach to disrupting the energy
metabolism of tumor cells for antitumor activity. There are
several approaches that have been taken, including inhibiting
glycolytic enzymes and glucose transporters and induction of
release of HK II from the mitochondrial receptor (VPAC)
(Figure 1). The compound 2-deoxyglucose (2DG) is an
antimetabolite and a glycolysis inhibitor that is also
preferentially taken up by tumors, similar to the uptake of
glucose. 2DG has been shown to cause cancer cell
apoptosis in vitro and to also further upregulate Glut-1,62

mimicking glucose deprivation. However although it alone
seems to have very little antitumor activity, its combination
with other chemotherapies, for example, adriamycin and
Taxol, demonstrated antitumor activity in animal models,63

and possibly in patients. One of the advantages of 2DG over
many other conventional treatments is that it is considered
a nontoxic agent and may potentially offer better quality of
life than other cytotoxic agents. Clinical studies have
demonstrated that it was well tolerated (4200mg per kg)
and seems to have clinical benefits as combination therapies
with radiation and chemotherapies.64 A chemotherapy drug
conjugated to glucose is also being tested (Threshold
Pharmaceuticals Inc.) to take advantage of the increased
glucose uptake by tumor for specific targeting of chemo-
therapy. HK inhibitors, for example, 3-bromopyruvate, have
been shown to have impressive activity against liver
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cancers.65 Phloretin, a Glut-1 inhibitor, was shown to
suppress glucose uptake by 60% and sensitize cancer cells
to daunorubicin, suggesting yet another antitumor scheme.
Targeting pathways sensitizing cancer cells to glycolytic
suppression. An alternative approach to exploit glycolysis
inhibition for cancer therapy is to identify agents that can
further sensitize cancer cells under glycolytic inhibition. It has
been hypothesized that glycolysis inhibition-mediated
cytotoxicity is partially mediated by disrupting thiol
metabolism and causing metabolic oxidative stress (see
below). It was proposed that a strategy of inhibiting
hydroperoxide metabolism may sensitize cancer cells to
glucose deprivation and 2DG, for example, suppression of
GCL.66 It is also interesting to consider that Gleevec
(imatinib), a kinase inhibitor, significantly reduces glucose
uptake by the treated tumor, implicating a role of glycolysis
inhibition in the action of Gleevec.67,68 Pyrvinium pamoate,
an antihelminthic medicine, was recently reported to have
selective toxicity for cancer cells under conditions of glucose
deprivation in vitro.39 This selectivity was apparently exerted
in vivo as reflected in the killing of pancreatic cancer cells
within the tumor interior, where lower glucose levels can be
expected.
Targeting OXPHOS via proteins that reside on the
IM. Another important site of cellular energy production is
the mitochondrion. Respiratory chain components are
located on the IM, which produces the majority of ATP that
cells need. There are five complexes that are responsible for
respiration and energy production (I, II, III, IV and ATP
synthase (V). Targeting each component of this essential
bioenergetic process has been considered for cancer
therapy, including the use of antimycin A analogs, which
inhibit complex III; rotenone, which targets complex I,69 and
oligomycin, which targets ATP synthase or complex V. All of
these agents have been shown to have antitumor activity. It
is conceivable that combination treatment involving the
targeting of glycolysis and mitochondrial energy metabolism
would be a potent and synergistic approach. However, the
therapeutic margin achieveable using these agents would
have to be large enough to avoid toxicities due to inhibition of
energy metabolism in normal tissues. As mentioned above,
mitochondria also play a key role in regulating cell death. A
therapeutic strategy for cancer that could unite the cell death
and bioenergetic abnormalities of tumor cells could provide
for a novel and powerful treatment.

Strategies for Targeting Stress Responses in Solid
Tumors

Hypoxia and hypoglycemia are two important characteristics
of solid tumors. Intratumoral heterogeneity is a common
characteristic of solid tumors (Figure 3). Poor vascularization
results in insufficient perfusion within solid tumors. The
interior of solid tumors is usually deprived of oxygen and
nutrients, for example, amino acids and glucose.
Hypoglycemia is further enhanced by a greater demand for
glucose as an energy source by cancer cells. The
consequences of these tumor microenvironments include
inhibition of glycolysis and OXPHOS that result in insufficient

production of ATP and an increase in the production of
reactive oxygen species (ROS). These stresses on
mitochondria contribute to apoptosis or necrosis of cancer
cells inside the solid tumor. This effect is the very basis of
antiangiogenic therapy for solid tumors, for example, Avastin
(an anti-VEGF monoclonal antibody) (Figure 3). To adapt to
these stress conditions, cancer cells in the tumor interior
often become dormant via several protective mechanisms,
including the unfolded protein response (UPR) and HIF-1a
(hypoxia-induced factor-1a) gene upregulation (see below)
and HK II, Glut-1,3, VEGF and AM (adrenomedullin) gene
upregulation, to counter stress effects and avoid cell death.
In addition, the dormant interior is also more resistant to
chemotherapies that usually require O2 and active cell
division, constituting an important mechanism of treatment
resistance and rendering poor therapy outcome of solid
tumors. However, understanding the mechanisms of these
stress responses could also represent new intervention
opportunities.

HIF-1a, AMPK and mTOR are involved in stress
responses in solid tumors. HIF-1a is a transcription
factor responsible for upregulating angiogenic factors (e.g.,
VEGF) to promote vascularization within tumors and
upregulating glycolytic enzymes (see above) and glucose
transporter (e.g., Glut-1) to increase ATP production, thus
countering the stresses. An important response to hypoxia is
the activation of HIF1a via stabilization, which subsequently
induces downstream gene expression to counter the hypoxic
stresses. The activation of HIF-1a has increasingly been
recognized as a common consequence of many human
neoplastic mutations, and is also considered an important
characteristic of solid tumors within the hypoxic loci. Thus,
targeting HIF1a becomes yet another tumor specific
treatment approach against solid tumors.70

Another key molecule for sensing intracellular energy
supply is AMP-activated protein kinase (AMPK).71 It is
activated via phosphorylation when the cellular AMP/ATP
ratio increases, for example, when there is a lack of energy
due to a reduction in levels of glucose, amino acids and
oxygen. AMPK downregulates the TSC–mTORpathways and
also activates p53, resulting in cell growth arrest or apoptosis.
In fact, AMPK is found to be activated in the hypoxic and
hypoglycemic solid-tumor microenvironment,72 suggesting a
protective mechanism of AMPK and its importance to tumor
survival. However, whether or how regulating AMPK can
benefit cancer treatment remains to be seen. Nevertheless,
AMPK agonists, for example, the antidiabetic drug TZDs,
were found to have anticancer activity in animal models in
concert with downregulation of the mTOR pathway, suggest-
ing yet another approach to target energy metabolism-related
transformation pathways.73 The mTOR pathway is well-
known for its mediation of cells responses to nutrients.
Activation of the mTOR pathway promotes cell proliferation
and inhibits cell death. Targeting mTOR-mediated energy
metabolic pathways has long been investigated as an
antitumor strategy. This concept is also supported by the fact
that the prototypic mTOR inhibitor rapamycin has demon-
strated antitumor activity in certain human cancers. The first
mTORinhibitor to be approved for cancer is temsirolimus
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(Torisel), which was approved in 2007 for end-stage renal cell
carcinoma. The pTEN–mTOR pathway is also involved in the
growth signaling responses stimulated by extracellular growth
factors for example, IGF and EGF, adding yet another
dimension to the antitumor potential of mTOR inhibition.74

The UPR prevents apoptosis induced by stress. The
UPR consists of the signaling networks responding to
aberrant protein folding in the endoplasmic reticulum (ER)
(Figure 4). It involves the expression of protein chaperones
and folding catalysts that maintain the physiological balance
between folding demand and capacity of the ER. Hypoxia,
hypoglycemia and genotoxic agents (e.g., chemotherapy
agents like doxorubicin, etoposide) all induce the UPR,
although the underlying mechanisms are yet to be fully
elucidated). The UPR functions as a major protective
mechanism under ER stress, and is usually a transient
event. However, chronic exposure to ER stress induces
CHOP expression and increases the production of ROS
leading to cell death.75

Glucose-regulated protein 78 (GRP78), an ER chaperone
molecule and also known as immunoglobulin heavy chain-
binding protein, is a key molecule in the UPR with two
functional domains: an N-terminal ATPase domain and a
C-terminal polypeptide-binding domain. The binding affinity of
GRP78 with polypeptides depends on the association with
ATP or ADP at its ATPase domain. The ATP-bound form has
a lower affinity for unfolded proteins, whereas the ADP-bound
form has higher peptide-binding affinity. Ectopic expression
of GRP78 in human gastric carcinoma cells resulted in
enhanced resistance to apoptosis induced by celecoxib, a
nonsteroidal antiinflammatory drug (Cox-2 inhibitor) that was
able to induce apoptosis in cancer cells. Conversely, silencing
of GRP78 via RNAi or antisense DNA sensitize cancer cells to
cis-platin-induced apoptosis. Three mechanisms have been
proposed for the antiapoptotic role of GRP78. First, GRP78,
as a major ER chaperone, alleviates the accumulation of

unfolded protein in ER and reduces apoptotic signaling.
Second, GRP78 regulates ER Ca2þ storage and reduces
Ca2þ overloading in mitochondria.76 Third, GRP78 physically
binds to caspase 12 and inactivates its activity,76,77 although
the significance of this is controversial as the caspase-12
activity has been found absent in many human cells.
In addition to GRP78, several other key signal molecules in

UPR, for example, XBP-1, PERK and ATF4, have also
demonstrated their antiapoptotic properties. Cells with a
PERK deletion mutation (PERK�/�) were more sensitive to
hypoxia-induced cell death than thewild-type cells, correlating
with increased caspase 12 activation. Stable expression of
dominant-negative PERK in HT29 colorectal carcinoma cells
also increases apoptosis.

Evidences for UPR involvement in solid-tumor
development. Increasing evidence indicates a critical role
for the UPR in tumor development, progression and
resistance to chemotherapeutic agents. This involvement is
apparently HIF-1 independent. The importance of GRP78 in
tumor growth has been supported by several observations.
Overexpression of GRP78 has been found in many human
tumors, for example, aggressive breast cancer,78,79 gastric
cancer,80 lung cancer,81 hepatocellular carcinoma82 and
prostate cancer.83 Furthermore, this upregulation is also
correlated to the aggressive malignant phenotype and the
poor prognosis post treatments. GRP78 is also found to
contribute to the switch of energy metabolism from
respiratory to glycolysis in hypoxic- and glucose-deprived
solid tumors,84,85 a hallmark for cancer progression. Jamora
et al.86 showed that downregulation of GRP78 resulted in
impaired tumor formation, or rapid tumor regression as
demonstrated in a mouse fibrosarcoma xenograft model. The
PERK-eIF2a pathway also plays a positive role in tumor
growth as the transformed cells lacking PERK and eIF2a
function form tumors that grow B6-fold slower than
those with a functional PERK-eIF2a pathway.87 ATF4, a

Figure 3 Heterogenic microenvironment of solid tumors and novel therapeutics targeting the hypoxic/hypoglycemic tumor interiors
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downstream target of PERK, has also been associated with
the development of many solid tumors.
Tumormetastasis occurs through a complex series of steps

and requires many acquired cancer-specific properties, for
example, invasion, migration, angiogenesis and adaptation to
adverse host environment (stresses). Emerging evidences
also point to the association of GRP78 with tumor metastasis.
Increased GRP78 levels are detected in metastatic tumor
cells.88,89 The receptor-recognized form of the proteinase
inhibitor a2-macroglobulin (a2M) was found to physically
associate with GRP78 and activate Pak-2-dependent signal-
ing. Because activation of Pak-2 promotesmigration of cancer
cells, this observation suggests that GRP78 may facilitate
tumor metastasis through this a2M–PAK-2 pathway.90

Furthermore, the angiogenic cytokines VEGF and IL-8/
CXCL8 was found to be responsive to nutrient deprivation
(e.g., glucose) and ER stresses.91

Overexpression of the XBP-1was also observed in colorectal
carcinomas and adenomas.92 The direct involvement in solid-
tumor growth was first demonstrated from the functional study
on Ire1/XBP-1 pathway. Cancer cells containing a homozygous
deletion mutation of XBP-1 gene showed impaired survival
under hypoxia. These XBP-1�/� cells also failed to form tumors
in animals. Experiment using a human tumor xenograft
expressing an XBP-1s-luciferase fusion protein demonstrated
the expression of spliced active XBP-1s was detected in all
tumors including small ones,93 suggesting that the ER stresses
persistent throughout tumor growth, and the Ire1/XBP-1
pathway plays a critical role in solid-tumor progression.

Evidence for the role of the UPR in drug resistance of
solid tumors. Activation of the UPR, for example, induction
of GRPs was found to induce resistance to adriamycin (or
doxorubicin). GRP78 can specifically bind and inactivate
caspase 7, a downstream inducer of apoptosis activated by
many anticancer chemotherapy reagents.94 Examination of a
panel of human breast cancer cells revealed that the
expression levels of GRP78 positively correlates with their
resistance to various drug-treatment regimens, including
adriamycin and etoposide.84 In addition, cells expressing a
mutant GRP78 deficient in binding to caspase 7 showed
increased sensitivity to etoposide-induced killing.
Anticancer agents targeting pre-existing blood vessels or

new vessel formation in tumors represent new classes of
anticancer therapeutics and show promise in delaying tumor
progression. However, this class of agents may also enhance
glucose and oxygen deprivation within the solid tumors that
could trigger unintentional prosurvival UPR. Using the human
breast cancer xenograft model, Dong et al.84 showed that the
vascular targeting agent, combretastatin A4P, or the anti-
angiogenic agent, contortrostatin, inducesGRP78 in surviving
tumor cells. Suppression of GRP78 by lentiviral vector
expression-specific siRNA sensitizes etoposide-induced cell
death. Lee and colleagues recently examined the expression
of GRP78 from archival tumor specimen from breast cancer
patients treated with adriamycin. They found that the degree
of GRP78 expression is well associated with the ‘time of
recurrence’. This result suggests that GRP78 can be used as
a predictor for chemo-responsiveness,95 and an improved
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clinical efficacy can also be achieved through a combination of
the agents targeting UPR with current chemotherapies and/or
antiangiogenic agents.

Treatment strategies of solid tumors by targeting the
UPR. In light of the evidence of UPR involvement in solid-
tumor development and drug resistance, targeting UPR
signaling pathways becomes an attractive approach to
explore new novel class of cancer therapeutic agents
against solid tumors.
Targeting GRP78. The ability to reverse malignant
phenotypes of cancer cells by silencing GRP78 via RNAi or
antisense suggests targeting GRP78 as a potential new
anticancer strategy. Indeed, several agents targeting GRP78
have recently been reported. EGCG ((-)-epigallocatechin
gallate), an agent with chemopreventative, anticarcinogenic
and antioxidant properties, was found to directly bind to
GRP78 at its ATP-binding site and inhibit its ATPase
activity.96 The association of EGCG with GRP78
suppresses the formation of the antiapoptotic GRP78-
caspase-7 complex and sensitizes etoposide-induced
cancer cell death. Versipelostatin, a natural product derived
from a bacterium, was initially identified to suppress the
activation of ER chaperones for example, GRP78 and
GRP94 in response to glucose deprivation and sensitize
tumor cell to glucose starvation. Furthermore, versipelostatin
can also suppress tumor growth either alone or in
combination with cisplatin in human stomach cancer
xenograft model.97 GRP78 has been recently found to be
localized to the cancer cell surface (and not in normal
tissues) in addition to the ER. A synthetic chimeric peptide
composed of the GRP78-binding motifs fused with a cell
death-inducing sequence inhibited tumor growth in human
prostate and breast cancer xenograft mouse models.83 This
result demonstrates that GRP78 on tumor cell surfaces can
also be directly targeted for anticancer therapy. Interestingly,
cell-surface GRP78 was shown to be a receptor for Kringle 5
(K5), an antiangiogenesis inhibitor.98 The high-affinity
binding of K5 with GRP78 on proliferating endothelial cells
and stressed tumor cells causes apoptosis, which suggests a
potential anticancer application of recombinant K5.
A reporter system can be a convenient method to discover

agents that downregulate GRP78 as GRP78 is largely
regulated at the transcriptional level. Recently, a cell-based
system stably expressing the luciferase gene under the
control of the GRP78 promoter was described for screening
of downregulators of GRP78. A number of compounds that
selectively inhibit GRP78 expression under ER stress have
been identified, which include verrucosidin, valinomycin and
prunustain A. However, the in-vivo antitumor activity and
mechanism of action of these compounds remain to be
elucidated.
Targeting Ire1/XBP1. The critical role of Ire1/XBP-1 pathway
in tumor cell survival and growth prompts the development
of two approaches for the Ire1/XBP-1-based therapies:
discovering selective inhibitors of Ire1 and screening for
novel agents that downregulate XBP-1 expression using a
reporter system. Feldman and his colleagues recently
identified several compounds that inhibit Ire1-mediated

splicing of XBP-1 while their antitumor activities are still
being investigated.

Cancer Cell-Specific Apoptosis Induced by Oncolytic
Viruses (Virotherapy)

Virotherapy is an exciting new therapeutic approach, which
may potentially be more efficacious and less toxic than
previous cancer therapies. Virotherapy is largely based on
selective replication of certain lytic viruses, either naturally
occurring or engineered, in tumor cells versus normal cells,
leading to lysis of the tumor cells (oncolytic effect). The
inability of these viruses to productively infect normal cells can
be rescued by activation/inactivation of specific gene path-
ways in cancer cells, including Ras activation, p53 inactivation
and Akt signaling activation, depending on the specific
oncolytic viruse. Virotherapy has now been shown to act
through multiple mechanisms, including oncolysis and the
induction of tumor-specific apoptosis.99 Some of these
oncolytic viruses have been tested in human clinical trials
and have demonstrated favorable initial safety and efficacy
profiles.100

One mechanism of host defense against lytic viral infection
is the induction of premature apoptotic cell death preventing
productive infection (spreading). This can occur in several
ways, including an INF response and/or innate immune
responses. Most lytic viruses are equipped with specific
mechanisms for inhibiting infection-aborting apoptosis, in-
cluding herpes simplex virus (HSV),101 and vaccinia virus. For
example, HSV infection initially triggers the apoptosis process
but subsequently one of the viral-encoded proteins (ICPs)
blocks the actual death of the infected cells in supporting the
completion of viral replication.102

Interestingly, deletion of certain of these key viral genes
involved in blocking premature apoptosis prevents the virus
from spreading (productive infection) in normal nontrans-
formed cells and tissues, but has no impact on the virus’ ability
to infect cancer cells, thus converting these viruses into
‘oncolytic’ viruses. The recombinant vaccinia virus with
deletion of the thymidine kinase gene becomes an oncolytic
virus as it replicates in cancer cells but not normal cells.
Adenovirus with its transforming gene E1B deleted cannot
productively infect normal cells with wild-type p53, but can
productively infect cancer cells with LOF of p53.22 The PK
(protein kinase) domain of the HSV-2 ICP-10 gene was
believed to be important in inactivating the ras signaling
pathway of infected cells, which is essential to viral infection.
The deletion of the PK domain renders HSV-2 unable to infect
normal cells, but able to infect human cancer cells with the
activated ras signaling pathway. Thus, recombinant ICP10-
PK(-)HSV-2 is a potent oncolytic virus (FusON2).103,104 In the
case of HSV-1, deletion of the g34.5 gene also disables its
infection in nontransformed cells while maintaining its
capacity to infect cancer cells.105,106

Oncolytic viruses specifically kill tumor cells via viral
mediated cell lysis, a process called oncolysis. Recent studies
demonstrated that certain oncolytic viruses can also specifi-
cally induce apoptosis in some cancer cells both in vitro and
in vivo, while still managing to lead to productive infection, in
contrast to the situations described above. The apoptosis
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seems also to contribute to the enhanced antitumor effect in
vivo.103 One possible explanation is that apoptosis is inhibited
at the early stage of viral infection as designed, but reinduced
at a later stage when the viruses have already replicated. For
instance, Fusogenic HSV-2 oncolytic viruses with deletion of
the ICP10 PK domain were able to induce apoptosis in tumor
cells.103 HSV-1 oncolytic viruses are also found to induce
apoptosis in infected tumor cells.107 Meanwhile, studies have
also indicated that apoptosis is not only induced in the infected
cells, but also in neighboring uninfected tumor cells, a
phenomenon called the bystander effect. This effect can
further enhance the apoptosis elicited by oncolytic
viruses.103,107 However, the mechanism for this bystander
effect is still not clear.
Certain naturally occurring oncolytic viruses can also kill

cancer cells via apoptosis. Newcastle disease virus (NDV) is
an oncolytic virus currently under clinical investigation for
treatment of glioma, and its oncolytic effect has been
attributed to apoptosis, mainly mediated by the mitochon-
dria/caspase-dependent pathways and independent of INF
responses. DR-mediated tumor cell apoptosis is a late event
of NDV infection, demonstrated by the fact that inhibition of
DR suppressed cell apoptosis, whereas it did not affect viral
replication.108 In contrast, reovirus, induces apoptosis via
both DR- and mitochondria-mediated pathways.109 Thus,
although triggering apoptosis is one commonway for oncolytic
viruses to eliminate cancer cells, the underlying pathways
mediated by different viruses may not be the same.
In summary, virotherapy could represent a powerful new

treatment modality for cancer in the near future. Cancer cell-
specific apoptosis induced by oncolytic viruses, although is
just one of the antitumor mechanisms of virotherapy, it is
important in the overall antitumor effect by synergistically
working with other antitumor mechanisms of oncolytic
virotherapy, such as induction of antitumor immunity.
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