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Pushing tumor cells towards a malignant phenotype: Stimuli
from the microenvironment, intercellular communications and
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The tumor microenvironment produces different types of stimuli capable of endowing tumor cells with an aggressive behavior
that is characterized by increased motility, invasiveness and propensity to metastasize, gain of a tumor-initiating phenotype,
and drug resistance. The following classes of stimuli have been reported to promote such a malignant phenotype: (i) solid- or
fluid-induced stress; (ii) altered composition of the extracellular matrix; (iii) hypoxia and low pH; (iv) innate and adaptive
immune responses; (v) antitumor drugs. The simultaneous presence of more than one of these stimuli, as likely occurs in
vivo, may lead to synergistic interactions in the induction of malignant traits. In many cases, the gain of a malignant phenotype is not the result of a direct effect of the stimuli on tumor cells but, rather, a stimulus-promoted cross-talk between tumor
cells and other cell types within the tumor microenvironment. This cross-talk is mainly mediated by two classes of molecules:
paracrine factors and adhesion receptors. Stimuli that promote a malignant phenotype can promote additional outcomes in
tumor cells, including autophagy and cell death. We summarize here the available evidence about the variables that induce
tumor cells to take one or the other of these roads in response to the same stimuli. At the end of this review, we address
some unanswered questions in this domain and indicate future directions of research.
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The Malignant Phenotype
Primary human tumors are characterized by unlimited replicative potential and genomic instability.1,2 Over a large number of cell divisions this leads to genetic diversity, thereby
promoting the propensity of tumor cells to respond to microenvironmental factors with an increased degree of phenotypic
plasticity.2 This explains why, during primary growth, some
tumor cells can acquire traits that endow them with a malignant phenotype, that leads to increased tumor cell motility,
invasiveness and propensity to metastasize, gain of a tumorinitiating phenotype and drug resistance. In many cases,
tumor cells undergo coordinated expression of these traits.3
In particular, epithelial-to-mesenchymal transition (EMT)
leads to the acquisition of a phenotype that encompasses all
these traits. EMT is characterized by down-regulation of epithelial markers and up-regulation of mesenchymal markers.4
These changes lead to loss of cell polarity and adhesion, and
gain of motile characteristics. As a result, EMT promotes the
detachment of cells from the primary tumor, facilitating their
migration and metastatic dissemination.4 Experimental evidence also suggests a strong link between EMT, drug resistance,4,5 and acquisition of a tumor-initiating phenotype.6–9 It
is to note, however, that EMT is not an “all-or-nothing”
event, but manifests over a spectrum of phenotypic and functional changes,10–14 and is also a transient condition that can
revert once the affected tumor cells home to sites of
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metastatic seeding.15 Thus, malignant traits may become
detectable in a non-concerted fashion.
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Stimuli that Promote a Malignant Phenotype
Tumor cells can become more aggressive as a result of
genetic changes16,17 or in response to extrinsic factors and
deriving from the tumor microenvironment. By reviewing the
literature, we have identiﬁed the following stimuli (Table 1):
(i) solid- ﬂuid-induced stress; (ii) altered composition of the
extracellular matrix (ECM); (iii) hypoxia and low pH; (iv)
innate and adaptive immune responses; (v) antitumor drugs.
All these stimuli originate from the tumor microenvironment,
although one of them (antitumor drugs) is administered
exogenously. Their common denominator is that they represent various forms of cellular stressors. In the following, we
discuss available evidence for their role as promoters of
malignant traits.
Solid- and fluid-induced stress

Most solid tumors are characterized by high interstitial ﬂuid
pressure (IFP) owing to increased vascular permeability and
lymphatic impairment,63 by elevated solid pressure due to
uncontrolled proliferation of tumor cells in a conﬁned
space,63 and by interstitial ﬂow owing to abnormal pressure
differentials between tumor and surrounding normal tissue.64
These abnormalities, which generally coexist, have negative
consequences on the uptake and penetration of antitumor
drugs65–67 and, in addition, promote the acquisition of malignant traits by tumor cells. Thus, elevated solid stress inhibits
apoptosis,19 induces mammary carcinoma cells to acquire an
invasive phenotype,20 promotes EMT21 and alters the composition of the ECM.22 The level of IFP correlated with metastatic dissemination and treatment resistance in patients with
human cervical carcinoma.18 Abnormal interstitial ﬂow promoted glioma cell invasion.64 Most recently, ﬂuidic stream
has been reported to induce EMT in ovarian cancer nodules.
This was driven in part by a posttranslational up-regulation
of epidermal growth factor receptor expression and
activation.24
Altered composition of the ECM

Solid tumors possess an abnormal ECM characterized by a
network of connective tissue molecules, like collagen ﬁbers,
denser than in normal tissues.23 This renders tumors stiffer
than normal tissues, thereby causing alterations of the
mechanical properties of the tumor stroma that are conducive to a malignant phenotype.68,69 Indeed, increased stiffness
of the ECM was found to alter cell–cell and cell–matrix interactions, and to induce hyaluronan synthesis and expression
of genes involved in invasion and metastasis.22,25–27 A stiffer
ECM may cause elevation of integrin-mediated cytoskeletal
tension in malignant breast tissue which, in turn, can drive
focal adhesions, disrupt adherens junctions, perturb tissue
polarity28 and promote invasion and metastatic dissemination.29 Experiments performed with an artiﬁcial ECM allow-
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ing microfabrication of channels of deﬁned wall stiffness and
geometry showed that human glioma cells migrate faster in
ECM with elevated stiffness and narrow channels. This
behavior was attributed to increased polarization of cellstroma traction forces.30
Altered composition of tumor stroma can induce a malignant phenotype also by activating intracellular signaling pathways. Thus, collagen-induced activation of the nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-jB)31
and autocrine transforming growth factor (TGF)-b signaling
in non-small cell lung cancer (NSCLC) cell lines32 promoted
EMT. Elevated production of hyaluronan, another major
component of the tumor stroma, induced EMT and drug
resistance in NSCLC33 and human breast cancer cells34
through binding to its receptor, CD44.34,70
From a clinical perspective, high breast tissue density was
associated with a greater than fourfold increased risk of
developing breast carcinoma, making it one of the greatest
independent risk factors for breast cancer.71
Hypoxia and low pH

Proliferation of tumor cells forces blood vessels apart and
reduces delivery of oxygen to vessel-distant tumor cells. This
leads to activation of anaerobic glycolysis and accumulation
of metabolic products, such as lactic and carbonic acid, which
lower the extracellular pH.72,73 Thus, hypoxia and low pH
are often concomitant. Hypoxia, however, can be present at
physiologic pH,74 and aerobic glycolysis in tumors (the Warburg effect) can lead to accumulation of metabolites that
lower pH in the absence of hypoxia.75 Both hypoxia and low
pH can contribute to the acquisition of a malignant phenotype, and the simultaneous presence of both has synergistic
effects in several tumor types.76–79
In the presence of an acidic extracellular pH, protons
were shown to diffuse from the proximal microenvironment of breast and colon cancer xenografts into adjacent
normal tissues where they caused tissue remodeling that
favored local invasion.43 An acidic pH promoted invasiveness, metastatic dissemination and drug resistance in several melanoma xenografts.44 In addition, expression of
proton pumps that enhance extracellular acidosis was
increased in chemoresistant human epidermoid and prostate cancer cells and upon administration of chemotherapeutic drugs.80
Regarding hypoxia, many of its effects are due to reactive
oxygen species35-dependent up-regulation of the transcription
factors hypoxia-inducible factor (HIF)-1 and 2a, which lead
to the expression of many genes, including genes encoding
paracrine factors.81–83 Thus, hypoxia and HIFs promote
tumor angiogenesis, accelerate tumor growth, motility and
invasion, formation of premetastatic niches and metastatic
dissemination,36,37 induce resistance to radiation and chemotherapy,38,39 genetic instability40–42 and EMT.35 Hypoxia can
induce EMT and the accompanying malignant traits also in
hematological malignancies, like multiple myeloma.84
C 2013 UICC
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Class

Subclass

Consequences (examples)

Reference

Mechanical stress

High IFP

 Promotion of metastatic dissemination and treatment resistance

18

High solid stress

 Inhibition of apoptosis
 Induction of mammary carcinoma cells to acquire an invasive
phenotype
 Promotion of EMT
 Up-regulation of adhesion molecules and induction of hyaluronan
synthesis
 Promotion of glioma cell invasion
 Promotion of EMT in ovarian cancer nodules

19–24

Increased stiffness
of the stroma

 Alteration of cell–cell and cell–matrix interactions, induction of
hyaluronan synthesis and expression of genes involved in invasion
and metastasis
 Elevation of integrin-mediated cytoskeletal tension in malignant
breast tissue ! disruption of adherens junctions, perturbation of
tissue polarity
 Promotion of tumor cell invasion and metastatic dissemination

22,25–29

Narrow channels
in artificial
ECM mimicking
tumor stroma

 Faster migration of tumor cells

30

Elevated density
of individual
stroma components

 Collagen-induced activation of NF-jB and TGF-b signaling promoting EMT in NSCLC cell lines
 Elevated hyaluronan production inducing EMT and drug resistance

31–34

Hypoxia

 Promotion of tumor angiogenesis, accelerated tumor growth, motility and invasion, formation of premetastatic niches and metastatic
dissemination, induction of resistance to radiation and chemotherapy, genetic instability, and EMT

35–42

Acidic extracellular pH

 Induction of tissue remodeling favoring local invasion
 Induction of invasiveness, metastatic dissemination and drug
resistance in melanoma xenografts
 Recruitment of myeloid-derived suppressor cells (MDSC) promoting
escape from immune surveillance, inducing neo-angiogenesis and
stromal remodeling

43–45

Cytotoxic drugs

 Induction of drug resistance in surviving tumor cells
 Induction of paracrine factors promoting a malignant phenotype
through recruitment of monocytes

46–49

Ionizing radiation

 Induction of tumor-initiating cell surface and embryonic stem cell
(TLR) markers, capacity to self-renew, and generation of differentiated progeny, mesenchymal phenotype
 Angiogenesis inhibitors accelerating tumor growth and metastasis
formation, increasing frequency of tumor-initiating cells through
induction of hypoxia, increasing lymphatic and distant metastasis
formation
 Anti-VEGF antibody bevacizumab inducing malignant traits through
the induction of paracrine factors recruiting myeloid cells and promoting EMT in an autocrine manner

50–56

Inflammatory stimuli
engaging Toll-like receptors

 Listeria monocytogenes and Helicobacter pyloripromoted growth of
gastric carcinoma through TLR2 and TLR4 signaling
 Engagement of TLR4 promoting tumor growth and inducing
chemoresistance
 Single-stranded RNAs engaging TLR7/8, inhibiting apoptosis,
increasing tumor cell survival and chemoresistance

57–59

Sterile inflammation

 Promotion of tumor growth and metastatic dissemination by highmobility group protein B1 (HMGB1)

60

Antigen-specific
immune responses

 Induction of EMT, stem cell properties, and drug resistance
 Promotion of metastasis formation by regulatory T cells

61,62

Abnormal interstitial
flow/fluidic stream
Altered ECM

Hypoxia and low pH

Antitumor drugs

Biological drugs

Innate and adaptive
immune responses

C 2013 UICC
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Antitumor drugs

Chemotherapeutic drugs are a mainstay in tumor therapy. It
may appear paradoxical, therefore, that they represent also
efﬁcient tools to promote a malignant phenotype. As to the
mechanism whereby chemotherapeutics induce malignant
traits, it has been shown that head and neck cancer cells46
and cells of the prostate cancer microenvironment85 surviving
treatment with cytotoxic drugs played an important role
through the secretion of drug-induced paracrine factors. In
lung carcinoma cells, the drug resistance and antitumor
effects induced by chemotherapy depended on different intracellular signaling pathways,86 with drug resistance being
mediated by paracrine factors released from tumor-associated
macrophages and tumor cells. Release of paracrine factors
mediating drug resistance can be the result of a complex
interaction between different players. As an example, two
chemotherapeutics (gemcitabine and 5-ﬂuorouracil) caused
lysosomal release of cathepsin B from tumor cells, which
induced activation of the inﬂammasome, release of interleukin (IL)-1b and IL-1b-induced release of IL-17 from CD4positive T cells. IL-17 then acted as ﬁnal effector in the
induction of chemotherapy resistance.47 Drug-induced paracrine factors can promote a malignant phenotype also
through the recruitment of cells, like monocytes, as it has
been described for mouse mammary and human breast cancer cells.48,49
Also non-chemotherapeutic drugs, including ionizing radiation and biologics, can promote gain of malignant traits.
Thus, NSCLC cells surviving radiation, expressed markers of
tumor-initiating cells and embryonic stem cells. These cells
were able to self-renew, generate differentiated progeny and
had a mesenchymal phenotype.50 Angiogenesis inhibitors
accelerated tumor growth and metastasis formation in
murine models,51 increased the frequency of tumor-initiating
cells in human breast cancer xenografts through induction of
intratumoral hypoxia52,53 and increased lymphatic and distant metastasis formation in mouse models of pancreatic cancer and glioblastoma.54 The anti-vascular endothelial growth
factor (VEGF) antibody bevacizumab induced malignant
traits in a mouse model of pancreatic cancer through the
induction of paracrine factors that recruited myeloid cells55
and promoted EMT.56 In a large number of cancer cell lines,
resistance of B-Raf-mutant melanoma to Raf inhibitors was
shown to be due to stromal cell secretion of hepatocyte
growth factor (HGF) and activation of its speciﬁc receptor
MET.87,88
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noma through TLR2 and TLR4 signaling, respectively.57
Engagement of TLR4 promoted growth and induced chemoresistance in cells from ovarian cancer patients and ovarian
cancer cell lines.58 Single-stranded RNAs engaged TLR7/8,
leading to up-regulation of the anti-apoptotic protein B cell
lymphoma gene-2, increased tumor cell survival and chemoresistance in malignant lung tissues and human lung cancer
cell lines.59 Tumor-secreted and exosome-transported microRNA (miR)-21 and miR-29a bound to human TLR8 on
immune cells, thereby triggering an inﬂammatory response
that ultimately promoted tumor growth and metastatic
dissemination.89
Also sterile inﬂammation90 that ensues as a result of acute
or chronic cell damage due to exogenous (e.g., trauma) or
endogenous insults (e.g., chronic inﬂammatory diseases,
ischemia, etc.) has been shown to induce malignant traits.91
Induction of malignant traits by sterile inﬂammatory
responses is largely mediated by proteins called “alarmins,”
which are either released upon necrotic cell death or actively
secreted by myeloid cells.90
Regarding adaptive immune responses, CD4-positive,
immunosuppressive regulatory T cells and chronically
stimulated CD8-positive effector T cells can produce cytokines that induce tumor cells to undergo EMT, acquire
tumor-initiating cell properties and enhance resistance to
drugs and radiation.61 Another study reported that regulatory T cells promoted metastasis formation in rat mammary
carcinomas through release of the receptor activator of NFjB ligand.62

Interactions Between Different Players Involved in
the Promotion of a Malignant Phenotype
Different stimuli acting in concert

In a tumor, several of the non-genetic factors that act as
stimuli in promoting a malignant phenotype are present at
the same time. Thus, as already discussed, hypoxia is often
accompanied by low pH, and increased solid stress may cause
collapse of tumor blood vessels and, consequently, hypoxia.
One may ask which are the consequences of different stimuli
acting in concert. Available data suggest the possibility of
synergistic interactions. Thus, concomitance of hypoxia and
low pH synergistically promote gain of malignant traits.76
Synergistic interactions were also documented between
altered ECM composition and tumor hypoxia that maximized
tumor progression and cooperated to drive metastatic
dissemination.92
Stimuli stimulating each other

Innate and adaptive immune responses

Both innate and adaptive immune responses can promote a
malignant phenotype. Regarding innate immune responses,
Toll-like receptors (TLR) are known to play a key role as
sensors for the recognition of invading pathogens. Infectious
agents like Listeria monocytogenes and Helicobacter pylori
have been shown to promote tumor growth of gastric carci-

Although each of the ﬁve classes of stimuli that we have
listed can promote a malignant phenotype, individual stimuli
can also induce one or more stimuli belonging to other
classes. As already mentioned, solid stress can generate
hypoxia as well as modify the composition of the tumor
microenvironment by increasing tumor cell synthesis of hyaluronan.22 Figure 1a shows a schematic view of the
C 2013 UICC
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types, such as vascular endothelial cells,93 cells of bone marrow origin (including tumor-associated macrophages94 and
myeloid-derived suppressor cells [MDSC]49, mesenchymal
stem cells (MSC),95 myoﬁbroblastic cancer-associated ﬁbroblasts (CAF)96,97 and others. The interplay between these
cells and tumor cells can be very complex, as has been shown
in breast cancer models.98

The cross-talk between different cell types within the tumor
microenvironment that leads to the acquisition of malignant
traits is largely mediated by paracrine factors and adhesion
receptors.
A large number of paracrine factors, of
diverse chemical nature, including peptides (e.g., thymosin
b4),102 chemokines,58 cytokines,103 growth factors,104
enzymes like matrix metalloproteinases (MMP),8 lysyl oxidase,105 furin,106 cathepsins,107 nitric oxide,108 lactate and
ketone bodies100 and fatty acids,99 have been reported to
mediate the cross-talk between different cell types of the
tumor microenvironment (Tables 2 and 3). IL-6,109,110 tumor
necrosis factor (TNF)-a,111 TGF-b,112,113 chemokine (C–C
motif) ligand (CCL) 9,114 chemokine (C–X–C motif) ligand
(CXCL) 1/2,49 CXCL1098 and CXCL12115 are among the
most frequently reported cytokines and chemokines,
respectively.
An emerging class of paracrine factors involved in the
promotion of malignant traits is alarmins. Thus, HMGB1,
and members of the calgranulin family like S100A8/A9, has
been shown to promote accelerated tumor growth, metastatic
dissemination, establishment of a premetastatic niche and
induction of chemoresistance in several different models of
solid tumors like hepatocellular carcinoma, gastric cancer and
mesothelioma.49,60,91,116–119
Some paracrine factors can synergize in the induction of
malignant traits, as it has been shown for TGF-b1 and TNFa.120 Moreover, paracrine factors can also induce the synthesis of other molecules that contribute to a malignant phenotype, like TGF-b and IL-1b in the induction of hyaluronan
in NSCLC cell lines.33
Overall, the network of paracrine factors acting as mediators of malignant traits appears highly redundant, and experimental evidence obtained with cell lines from different solid
tumor types supports this view.121
Paracrine factors.

Figure 1. Interactions promoting a malignant phenotype and alternative roads. (a) The cartoon depicts the interactions between different stimuli that have been reported to promote a malignant
phenotype, and between these stimuli and tumor cells. Bold
arrows indicate the direction of the effects on tumor cells. Thin
arrows indicate the interactions between stimuli. Examples of
these interactions are given in the text. (b) Model to explain how
tumor cells can acquire a malignant phenotype, undergo autophagy or cell death in response to the same stimulus/cellular stressor. Tumor cells may acquire a malignant phenotype in response
to one of the cellular stressors listed in the text, and an undefined
stimulus X. The interaction between these two factors leads to activation of Hedgehog signaling and/or inhibition of AMPK signaling.
Alternatively, tumor cells can undergo autophagy in response to
the same cellular stressor and an undefined stimulus Y (e.g., nutrient starvation?). These modifications are accompanied by activation of AMPK signaling and/or inhibition of Hedgehog signaling.
Eventually, tumor cells undergo cell death when the cellular stressor exceeds a given threshold of intensity and/or duration.

interactions between the different classes of stimuli in promoting a malignant phenotype.
Cross-talk between different cell types in the promotion of
a malignant phenotype

Promotion of a malignant phenotype, while depending in
many cases on the presence of either one or more of the
stimuli that we have described, is generally the result of a
cross-talk between tumor cells and other cell types of the
tumor microenvironment (Table 2): that is, mesenchymal cell
C 2013 UICC
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Integrins and other adhesion receptors. Altered composi-

tion of the ECM is accompanied by up-regulation of adhesion molecules18 and adhesion receptors, like integrins.122
Integrins link ECM components with intracellular cytoskeletal components and elicit intracellular signaling when
clustered or ligand-occupied. There is now considerable evidence that the altered composition and expression of adhesion molecules and integrins may contribute to the induction
of a malignant phenotype. Thus, it has been reported that
solid stress up-regulates the expression of b1 integrin and
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The go-between: paracrine factors and adhesion receptors

Stimulation of mouse
macrophage cell line
RAW 264.7

Activation of NF-jB in cells of
the prostate cancer
microenvironment

Chemotherapeutic drugs
(mitoxantrone, docetaxel)

Inflammatory stimulus
(lipopolysaccharide)

Doxorubicin killing cancer cells
and inducing TNF-a production
by endothelial and other
stromal cells

Chemotherapeutic drug
(doxorubicin)

Coculture of
estrogen receptor-positive
BCCs with CAFs

Activation of the
inflammasome
in MDSCs

Chemotherapeutic drugs
(gemcitabine, 5-fluorouracil)

Antitumor drugs
(tamoxifen, doxorubicin)

Cell-free conditioned medium
containing the chemokine
CCL2 derived from hypoxic
mammary tumor cells

Hypoxia

Activation of MSCs

Recruitment of MSCs

Hypoxia

Chemotherapeutic drugs
(platinum analogs)

Step 1

Stimulus

Stimulation of lung cancer
cells in combination with
TGF-b

Up-regulation of TP53-induced
glycolysis and apoptosis
regulator in BCCs

Induction of L-Lactate and
ketone bodies in CAFs
Induction of various
proinflammatory cytokines,
including TNF-a and IL-1b

Polyunsaturated fatty acids
acting on tumor cells

Paracrine activation of the
canonical Wnt program in
tumor cells

Proinflammatory
cytokine-mediated
enhancement of
TGF-b-induced EMT

Induction of drug resistance
in BCCs

Induction of resistance to a
broad spectrum of
chemotherapeutic agents

Attenuation of the effects of
cytotoxic chemotherapy
in vivo, promotion of tumor
cell survival and disease
progression

Induction of chemoresistance
and priming for survival in
metastatic sites

TNF-a enhancing CXCL1/2
expression in cancer cells,
thereby amplifying the
CXCL1/2-S100A8/9 loop

101

100

99

85

49

47

36

Creation of premetastatic
niche and increased
metastatic burden

Induction of resistance to
chemotherapy and
promotion of tumor growth

98

Reference

Enhancement of invasion and
metastasis formation of
BCCs to the lungs and
lymph nodes. Further
recruitment of MSCs

Effect

IL-1b inducing secretion of
IL-17 by CD4-positive T cells

Increased bone marrowderived cell infiltration
(predominantly CD11b1/
Ly6Cmed/Ly6G1 and CD32/
NK1.11 cells) into the lung
in the absence of a primary
tumor

BCCs-induced expression of
CXCL10, CCL5, and VEGF
receptor 1 in MSCs

Step 3

Induction of polyunsaturated
fatty acids, 12-oxo-5,8,10heptadecatrienoic acid and
hexadeca-4,7,10,13tetraenoic acid (16:4(n-3))

Secretion of a spectrum of
proteins including WNT16B

Cancer cells overexpressing
CXCL1/2 attract
CD11b1Gr11 myeloid cells
producing chemokines,
including S100A8/9

IL-1b secretion due to
lysosomal permeabilization
and release of cathepsin B,
its binding to the
inflammasome and
caspase-1 activation

Injection of mice with the
conditioned medium

MSCs augmenting HIF activity
and inducing expression of
CXCR3, CCR5, and placental
growth factor in breast
cancer cells (BCC)

Step 2

Table 2. Cross-talk between different tumor cells types: participating cell types and paracrine mediators (selected examples)
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Table 3. Paracrine factors as mediators of a malignant phenotype
Classes of mediators

Individual mediators
(examples)

References

Peptides

Thymosin b4

102

Chemokines

CCL9

114

Cytokines

Alarmins

Enzymes

CXCL1/2

49

CXCL12

115

TGF-b

113

IL-6

93

TNF-a

111

HMGB1

60

Calgranulins

49

MMPs

8

Another class of adhesion receptors that inﬂuence acquisition of a malignant phenotype is cadherins. EMT is typically
accompanied by down-regulation of E-cadherin, an epithelial
marker, and up-regulation of N-cadherin, a mesenchymal
marker. Interestingly, modulation of the expression of these
cadherins is not a mere reﬂection of the transition, but contributes actively to EMT. Thus, ectopic E-cadherin expression
inhibited invasion of melanoma cells by down-regulating
invasion-related adhesion receptors, melanoma cell adhesion
molecule and integrin b3, and induced apoptosis in melanoma cells in vitro.130 Up-regulation of N-cadherin, conversely, enhanced expression of ﬁbroblast growth factor
receptor, resulting in EMT and stem/progenitor like
properties.131

Lysyl oxidase

105

Become Aggressive, Rest or Die: A Difficult Choice

Furin

106

It is noteworthy that the same stimuli that promote a malignant phenotype can also cause tumor cell death or autophagy. Autophagy is a lysosomal degradation pathway that
allows cells to cope with stressors by destroying damaged
proteins and organelles.132 It can be considered as a defensive
response promoting tumor cell survival.133 Examples of stimuli that can promote both cell death and malignant traits are
solid stress, low pH, hypoxia and chemotherapeutics.86,134–137
Examples of stimuli that can induce autophagy include
hypoxia, genotoxic stress and low pH.132,138–140 Thus, similar
stimuli can induce tumor cells to become aggressive (promotion of a malignant phenotype), enter a resting state (autophagy) or undergo cell death. It is of obvious interest to
elucidate the variables that dictate tumor cells to take one
road or another in response to the same stimulus. In the following, we will brieﬂy summarize the available evidence.
An important variable that may dictate the choice between
different modes of responses is the intensity of the stimulus.
In several instances it has been observed that cell death can
ensue when the stimulus is strong; when the stimulus is
moderate, the cell can acquire a malignant phenotype. Thus,
high solid stress suppressed cell proliferation and induced
apoptotic or necrotic death of breast and lung cancer
cells,134,135 while lower solid stress led to gain of malignant
traits in breast cancer cells.21
A second variable is the duration of the stimulus. One of
the effects of transient exposure to low pH in the tumor
microenvironment was the induction of anergy in
melanoma-associated T cells, but a longer exposure to the
same low pH led to apoptotic cell death.136
A third variable depends on the way tumor cells and/or
cells of the tumor microenvironment respond to the same
stimulus. As already discussed, the same stimulus may induce
death of tumor cells and secretion of paracrine factors promoting malignant traits in cells of the tumor
microenvironment.48,49
Eventually, another variable is related to the ability of a
given cell type to deliver a deadly hit or promote the acquisition of malignant traits. Thus, antigen-speciﬁc lymphocytes

Cathepsins

107

Nitric oxide

108

Lactate and ketone bodies

100

Fatty acids

99

other genes involved in glioblastoma and breast cancer cell
invasion.27 Increased stiffness of the tumor stroma was
accompanied by enhanced b1 integrin expression and metastatic outgrowth in a model of breast cancer.123 Adhesion of
small cell lung cancer cells to ECM enhanced tumorigenicity
and conferred resistance to chemotherapeutic agents as a
result of b1 integrin-stimulated tyrosine kinase activation
suppressing chemotherapy-induced apoptosis.124 Stiffening of
the ECM led to integrin clustering, increased invasion of a
premalignant mammary epithelium,125 and enhanced growth
of experimental breast cancer.28 Fibrosis associated with deposition of type I collagen induced breast cancer cells to form
proliferative metastatic lesions mediated by b1 integrin.126
Not surprisingly, interactions between paracrine factors
and adhesion receptors have been described in the induction
of a malignant phenotype. Thus, interaction between b3
integrin and TGF-b receptor II facilitated TGF-b-mediated
oncogenic signaling, EMT and metastasis in models of
human breast cancer.127,128 Others had previously shown that
TGF-b-induced EMT is dependent on functional b1
integrin.129
When considering the role of integrins in the promotion
of a malignant phenotype, a contradictory aspect becomes
apparent: overexpression of integrins enhances adhesion of
tumor cells to the ECM, yet it promotes gain of malignant
traits, such as metastatic dissemination, which require
enhanced motility. Increased adhesion, however, may be considered as a ﬁrst step, which is followed by loss of tumor cell
polarity and adhesion, allowing tumor cells to gain enhanced
motility along a stiffer ECM with narrower channels,31
thereby leading to faster migration, invasion and metastatic
dissemination.
C 2013 UICC
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may differentiate either into cytotoxic cells that kill antigenpositive tumor cells, or into immunosuppressive cells that
promote gain of a malignant phenotype.61
Regarding the choice between induction of a malignant
phenotype and autophagy, recent evidence suggests that these
two modes of responses correlate with the activation of different intracellular signaling pathways and gene expression
programs. For example, activation of Hedgehog signaling has
been shown to promote the acquisition of malignant
traits,141,142 while its inhibition favored autophagy.143 Activation of 50 adenosine monophosphate-activated protein kinase
(AMPK), conversely, reduced tumor cell invasion and release
of paracrine factors,74 suppressed EMT induction in nonneoplastic renal tubular epithelial cells144 and promoted
autophagy in response to genotoxic stress133 and nutrient
starvation.132 Inhibition of AMPK, conversely, allowed tumor
cells to maintain energy production under nutrient deprivation, preserve cytoskeletal dynamics and activate the cell
motility effector focal adhesion kinase, thereby inducing
enhanced tumor cell invasion and metastatic dissemination.145 Thus, it appears that tumor cells are skewed toward a
malignant phenotype upon inhibition of AMPK signaling,
whereas active signaling promotes autophagy.132,146
On the basis of this knowledge, we propose the following
model to explain how tumor cells can be induced to take one
of the three roads (Fig. 1b). According to this model, the
combination of a cellular stressor and a second stimulus
(indicated in the ﬁgure as X or Y) promotes a malignant
phenotype or autophagy, respectively. In a variant of this
model (not shown in the ﬁgure), one response (e.g., gain of a
malignant phenotype) may be the result of the cellular stressor(s) acting alone, whereas the other response (e.g., autophagy) is the result of a cellular stressor acting in concert with
a second stimulus. According to both variants of the model,
promotion of a malignant phenotype can be the result of
activation of Hedgehog signaling and/or inhibition of AMPK
signaling, whereas the reverse may apply for the promotion
of autophagy. In both cases, tumor cell death would ensue
when the intensity or duration of the stimuli exceeds a
threshold level.
Of note, Vismodegib, an inhibitor of Hedgehog signaling,
has recently gained approval for the treatment of advanced
basal cell carcinoma,147 although results from clinical trials in
other more common types of solid tumors have been disappointing.148 According to the model that we have proposed,
one possibility to explain these negative results is that inhibition of Hedgehog signaling may promote the induction of
autophagy, thereby favoring the survival of tumor cells and
their resuming growth after a period of quiescence.

Stimuli promoting a malignant phenotype

deserve further investigation. In the following, we indicate
those that we feel are most relevant to foster our understanding in this ﬁeld.
As already mentioned, tumor cells can acquire a malignant phenotype as a result of tumor-associated genomic
instability. This can lead to the overexpression of molecules
(e.g., chemokines, cytokines and their receptors, regulators of
apoptosis) that can directly promote a malignant phenotype,
bypassing the requirement for external stimuli.17,149 Little
information, however, is available regarding the relevance of
one or the other, or both mechanisms (i.e., genetic vs. microenvironmental) in promoting a malignant phenotype in individual tumors and different tumor types. Remarkably, the
tumor microenvironment itself constitutes a signiﬁcant
source of genetic instability. Thus, hypoxia and other adverse
conditions of the tumor microenvironment are associated
with the induction of mutagenesis, numerous types of DNA
damage, fragile sites and gene ampliﬁcation as well as dysregulation of DNA repair pathways.150,151 This suggests the
possibility of synergistic interactions and positive feed-back
loops between the two mechanisms in inducing malignant
traits. Clearly, more information on this aspect is desirable.
A second issue is as to whether the stimuli that we have
listed and the malignant traits that are promoted by these
stimuli are relevant for all tumor types. Although the stimuli
and related phenotypic changes discussed in this review seem
to involve the most commonly investigated tumor types of epithelial origin, there are clear differences between different
tumor types regarding the impact of individual phenotypic
changes to the overall malignant behavior and therapeutic
response. For example, pancreatic adenocarcinoma has a
prominent ECM that is very rich in hyaluronan and highly
resistant to drug penetration152; breast cancer has a signiﬁcant
fraction of the stroma consisting of ﬁbroblasts153; tissue elasticity and hydraulic conductivity vary depending on tumor.154
Eventually, malignant traits may differ not only depending on
the tumor type, but also within individual tumor types
depending on their location155 and tumor size.156
Finally, regarding the stimuli that can promote a malignant phenotype, we have included in our classiﬁcation those
that have been reported in the literature for tumors. However, changes similar to those that characterize a malignant
phenotype can take place also in normal cells. Thus, EMT
can be driven in normal cells not only by the same stimuli
that we have described for tumor cells (e.g., hypoxia),157,158
but also by stimuli that have not yet been reported for tumor
cells, like angiotensin II, aldosterone, albumin,144 nickel159
and inducers of ER stress.160,161 It would be interesting to
test whether some of these other stimuli may also contribute
to the induction of a malignant phenotype in tumor cells.

Points to Consider for the Future
In this review, we have proposed a classiﬁcation of stimuli
from the tumor microenvironment that promote a malignant
phenotype. Although our knowledge in this ﬁeld has
expanded considerably over the last decade, many issues

Conclusions
Research on stimuli from the tumor microenvironment that
induce malignant traits is raising increasing interest. We have
proposed a tentative classiﬁcation of these stimuli, and
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Expanding knowledge in this ﬁeld appears especially desirable
because of the signiﬁcant fallout that this would entail in the
diagnosis and therapy of cancer. In fact, research aimed at
the identiﬁcation of drugs that inhibit either the stimuli promoting a malignant phenotype or their effects appears a
promising opportunity for new antitumor therapies. Some
approaches are already being pursued162–164 and it is likely
that this stream of research will be expanded considerably in
forthcoming years.
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Morel A-P, Lièvre M, Thomas C et al. Generation of breast cancer stem cells through
epithelial-mesenchymal transition. PLoS One
2008;3:e2888.
Giannoni E, Bianchini F, Masieri L et al. Reciprocal activation of prostate cancer cells and
cancer-associated ﬁbroblasts stimulates
epithelial-mesenchymal transition and cancer
stemness. Cancer Res 2010;70:6945–56.
Salnikov AV, Liu L, Platen M et al. Hypoxia
induces EMT in low and highly aggressive pancreatic tumor cells but only cells with cancer
stem cell characteristics acquire pronounced
migratory potential. PLoS One 2012;7:e46391.
Yao Z, Fenoglio S, Gao DC et al. TGF-b IL-6
axis mediates selective and adaptive mechanisms
of resistance to molecular targeted therapy in
lung cancer. Proc Natl Acad Sci USA 2010;107:
15535–40.
Wicki A, Lehembre F, Wick N et al. Tumor
invasion in the absence of epithelialmesenchymal transition: podoplanin-mediated
remodeling of the actin cytoskeleton. Cancer
Cell 2006;9:261–72.
Blazer DG, III, Kishi Y, Maru DM et al. Pathologic response to preoperative chemotherapy: a
new outcome end point after resection of
hepatic colorectal metastases. J Clin Oncol 2008;
26:5344–51.
Christiansen JJ, Rajasekaran AK. Reassessing
epithelial to mesenchymal transition as a prerequisite for carcinoma invasion and metastasis.
Cancer Res 2006;66:8319–26.
Cicchini C, Laudadio I, Citarella F et al. TGF-binduced EMT requires focal adhesion kinase
(FAK) signaling. Exp Cell Res 2008;314:143–52.
Tsai JH, Donaher JL, Murphy DA et al. Spatiotemporal regulation of epithelial-mesenchymal

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

C 2013 UICC
Int. J. Cancer: 135, 1265–1276 (2014) V

transition is essential for squamous cell carcinoma metastasis. Cancer Cell 2012;22:725–36.
Bernards R, Weinberg RA. A progression puzzle.
Nature 2002;418:823.
Staller P, Sulitkova J, Lisztwan J et al. Chemokine receptor CXCR4 downregulated by von
Hippel–Lindau tumour suppressor pVHL.
Nature 2003;425:307–11.
Hompland T, Ellingsen C, Øvrebï KM et al
Interstitial ﬂuid pressure and associated lymph
node metastasis revealed in tumors by dynamic
contrast-enhanced MRI. Cancer Res 2012;72:
4899–908.
Helmlinger G, Netti PA, Lichtenbeld HC et al.
Solid stress inhibits the growth of multicellular
tumor spheroids. Nat Biotechnol 1997;15:778–83.
Tse JM, Cheng G, Tyrrell JA et al. Mechanical
compression drives cancer cells toward invasive
phenotype. Proc Natl Acad Sci USA 2012;109:
911–6.
Gjorevski N, Boghaert E, Nelson CM. Regulation of epithelial-mesenchymal transition by
transmission of mechanical stress through epithelial tissues. Cancer Microenviron 2012;5:29–
38.
Koike C, McKee TD, Pluen A et al. Solid stress
facilitates spheroid formation: potential involvement of hyaluronan. Br J Cancer 2002;86:947–
53.
Ronnov-Jessen L, Petersen OW, Bissell MJ. Cellular changes involved in conversion of normal
to malignant breast: importance of the stromal
reaction. Physiol Rev 1996;76:69–125.
Rizvi I, Gurkan UA, Tasoglu S et al. Flow induces epithelial-mesenchymal transition, cellular
heterogeneity and biomarker modulation in 3D
ovarian cancer nodules. Proc Natl Acad Sci USA
2013;110:E1974–83.
Goetz JG, Minguet S, Navarro-Lerida I et al.
Biomechanical remodeling of the microenvironment by stromal caveolin-1 favors tumor invasion and metastasis. Cell 2011;146:148–63.
Engler AJ, Sen S, Sweeney HL et al. Matrix elasticity directs stem cell lineage speciﬁcation. Cell
2006;126:677–89.
Demou ZN. Gene expression proﬁles in 3D
tumor analogs indicate compressive strain differentially enhances metastatic potential. Ann
Biomed Eng 2010;38:3509–20.
Paszek MJ, Zahir N, Johnson KR et al. Tensional homeostasis and the malignant phenotype. Cancer Cell 2005;8:241–54.
Butcher DT, Alliston T, Weaver VM. A tense
situation: forcing tumour progression. Nat Rev
Cancer 2009;9:108–22.
Pathak A, Kumar S. Independent regulation of
tumor cell migration by matrix stiffness and

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

conﬁnement. Proc Natl Acad Sci USA 2012;109:
10334–9.
Medici D, Nawshad A. Type I collagen promotes epithelial-mesenchymal transition through
ILK-dependent activation of NF-kappaB and
LEF-1. Matrix Biol 2010;29:161–5.
Shintani Y, Maeda M, Chaika N et al. Collagen
I promotes epithelial-to-mesenchymal transition
in lung cancer cells via transforming growth
factor-beta signaling. Am J Respir Cell Mol Biol
2008;38:95–104.
Chow G, Tauler J, Mulshine JL. Cytokines and
growth factors stimulate hyaluronan production:
role of hyaluronan in epithelial to
mesenchymal-like transition in non-small cell
lung cancer. J Biomed Biotechnol 2010;2010:
485468.
Bourguignon LYW, Spevak CS, Wong G et al.
Hyaluronan-CD44 interaction with protein
kinase C promotes oncogenic signaling by the
stem cell marker Nanog and the production of
microRNA-21, leading to down-regulation of
the tumor suppressor protein PDCD4, antiapoptosis, and chemotherapy resistance in breast
tumor cells. J Biol Chem 2009;284:26533–46.
Shimojo Y, Akimoto M, Hisanaga T et al.
Attenuation of reactive oxygen species by antioxidants suppresses hypoxia-induced epithelialmesenchymal transition and metastasis of pancreatic cancer cells. Clin Exp Metastasis 2013;30:
143–54.
Sceneay J, Chow MT, Chen A et al. Primary
tumor hypoxia recruits CD11b1/Ly6Cmed/
Ly6G1 immune suppressor cells and compromises NK cell cytotoxicity in the premetastatic
niche. Cancer Res 2012;72:3906–11.
Rohwer N, Lobitz S, Daskalow K et al. HIF1alpha determines the metastatic potential of gastric cancer cells. Br J Cancer 2009;100:772–81.
Comerford KM, Wallace TJ, Karhausen J et al.
Hypoxia-inducible factor-1-dependent regulation
of the multidrug resistance (MDR1) gene. Cancer Res 2002;62:3387–94.
Muranen T, Selfors LM, Worster DT et al. Inhibition of PI3K/mTOR leads to adaptive resistance in matrix-attached cancer cells. Cancer Cell
2012;21:227–39.
Kondo A, Safae R, Mishima M et al. Hypoxiainduced enrichment and mutagenesis of cells
that have lost DNA mismatch repair. Cancer
Res 2001;61:7603–7.
Braunstein S, Karpisheva K, Pola C et al. A
hypoxia-controlled cap-dependent to capindependent translation switch in breast cancer.
Mol Cell 2007;28:501–12.
Huang LE, Bindra RS, Glazer PM et al.
Hypoxia-induced genetic instability-a calculated

Mini Review

identiﬁed paracrine factors and integrins as two main classes
of mediators that are involved in the promotion of a malignant phenotype. Acquisition of a malignant phenotype is one
of the possibilities a tumor cell has to respond to stressors,
being autophagy or cell death the other two. We have also
proposed some variables that promote induction of cell death
rather than malignant phenotype, and identiﬁed two signaling pathways (Hedgehog and AMPK) that preferentially promote a malignant phenotype and autophagy, respectively.

1274

43.

44.

45.

Mini Review

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

mechanism underlying tumor progression. J Mol
Med 2007;85:139–48.
Estrella V, Chen T, Lloyd M et al. Acidity generated by the tumor microenvironment drives
local invasion. Cancer Res 2013;73:1524–35.
Martinez-Zaguilan R, Seftor EA, Seftor RE et al.
Acidic pH enhances the invasive behavior of
human melanoma cells. Clin Exp Metastasis
1996;14:176–86.
Huber V, De Milito A, Harguindey S et al. Proton dynamics in cancer. J Transl Med 2010;8:57.
Poth KJ, Guminski AD, Thomas GP et al. Cisplatin treatment induces a transient increase in
tumorigenic potential associated with high
interleukin-6 expression in head and neck squamous cell carcinoma. Mol Cancer Ther 2010;9:
2430–9.
Bruchard M, Mignot G, Derangère V et al.
Chemotherapy-triggered cathepsin B release in
myeloid-derived suppressor cells activates the
Nlrp3 inﬂammasome and promotes tumor
growth. Nat Med 2013;19:57–64.
Nakasone ES, Askautrud HA, Kees T et al.
Imaging tumor-stroma interaction during chemotherapy reveals contributions of the microenvironment to resistance. Cancer Cell 2012;21:
488–503.
Acharyya S, Oskarsson T, Vanharanta S et al. A
CXCL1 paracrine network links cancer chemoresistance and metastasis. Cell 2012;150:165–78.
Gomez-Casal R, Bhattacharya C, Ganesh N
et al. Non-small cell lung cancer cells survived
ionizing radiation treatment display cancer stem
cell and epithelial-mesenchymal transition phenotypes. Mol Cancer 2013;12:94.
Ebos JM, Lee CR, Cruz-Munoz W et al. Accelerated metastasis after short-term treatment with
a potent inhibitor of tumor angiogenesis. Cancer
Cell 2009;15:232–9.
Conley SJ, Gheordunescu E, Kakarala P et al.
Antiangiogenic agents increase breast cancer
stem cells via the generation of tumor hypoxia.
Proc Natl Acad Sci USA 2012;109:2784–9.
Maione F, Capano S, Regano D et al. Semaphorin 3A overcomes cancer hypoxia and metastatic dissemination induced by antiangiogenic
treatment in mice. J Clin Invest 2012;122:1832–
48.
Paez-Ribes M, Allen E, Hudock J et al. Antiangiogenic therapy elicits malignant progression of
tumors to increased local invasion and distant
metastasis. Cancer Cell 2009;15:220–31.
Shojaei F, Wu X, Malik AK et al. Tumor refractoriness to anti-VEGF treatment is mediated by
CD11b1Gr11 myeloid cells. Nat Biotechnol
2007;25:911–20.
Carbone C, Moccia T, Zhu C et al. Anti-VEGF
treatment-resistant pancreatic cancers secrete
proinﬂammatory factors that contribute to
malignant progression by inducing an EMT cell
phenotype. Clin Cancer Res 2011;17:5822–32.
Huang B, Zhao J, Shen S et al. Listeria monocytogenes promotes tumor growth via tumor cell
toll-like receptor 2 signaling. Cancer Res 2007;
67:4346–52.
Kelly MG, Alvero AB, Chen R et al. TLR-4 signaling promotes tumor growth and paclitaxel
chemoresistance in ovarian cancer. Cancer Res
2006;66:3859–68.
Cherﬁls-Vicini J, Platonova S, Gillard M et al.
Triggering of TLR7 and TLR8 expressed by
human lung cancer cells induces cell survival

Stimuli promoting a malignant phenotype

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

and chemoresistance. J Clin Invest 2010;120:
1285–97.
Dong YD, Cui L, Peng CH et al. Expression and
clinical signiﬁcance of HMGB1 in human liver
cancer: knockdown inhibits tumor growth and
metastasis in vitro and in vivo. Oncol Rep 2013;
29:87–94.
Santisteban M, Reiman JM, Asiedu MK et al.
Immune-induced epithelial to mesenchymal
transition in vivo generates breast cancer stem
cells. Cancer Res 2009;69:2887–95.
Tan W, Zhang W, Strasner A et al. Tumourinﬁltrating regulatory T cells stimulate mammary cancer metastasis through RANKL-RANK
signalling. Nature 2011;470:548–53.
Stylianopoulos T, Martin JD, Snuderl M et al.
Coevolution of solid stress and interstitial ﬂuid
pressure in tumors during progression: implications for vascular collapse. Cancer Res 2013;73:
3833–41.
Munson JM, Bellamkonda RV, Swartz MA.
Interstitial fow in a 3D microenvironment
increases glioma invasion by a CXCR4dependent mechanism. Cancer Res 2013;73:
1536–46.
Marcucci F, Corti A. How to improve exposure
of tumor cells to drugs—promoter drugs
increase tumor uptake and penetration of effector drugs. Adv Drug Deliv Rev 2012;64:53–68.
Marcucci F, Corti A. Improving drug penetration to curb tumor drug resistance. Drug Discov
Today 2012;171:1139–47.
Marcucci F, Bellone M, Rumio C et al.
Approaches to improve tumor accumulation
and interactions between monoclonal antibodies
and immune cells. mAbs 2013;5:34–46.
Provenzano PP, Inman DR, Eliceiri KW et al.
Collagen density promotes mammary tumor initiation and progression. BMC Med 2008;6:11.
Imamichi Y, Menke A. Signaling pathways
involved in collagen-induced disruption of the
E-cadherin complex during epithelialmesenchymal transition. Cells Tissues Organs
2007;185:180–90.
Liu CM, Chang CH, Yu CH et al. Hyaluronan
substratum induces multidrug resistance in
human mesenchymal stem cells via CD44 signaling. Cell Tissue Res 2009;336:465–75.
McCormack VA, dos Santos Silva I. Breast density and parenchymal patterns as markers of
breast cancer risk: a meta-analysis. Cancer Epidemiol Biomarkers Prev 2006;15:1159–69.
Swietach P, Patiar S, Supuran CT et al. The role
of carbonic anhydrase 9 in regulating extracellular and intracellular pH in three-dimensional
tumor cell growths. J Biol Chem 2009;284:
20299–310.
Cairns RA, Harris IS, Mak TW. Regulation of
cancer cell metabolism. Nat Rev Cancer 2011;11:
85–95.
Fitzgerald JP, Nayak B, Shanmugasundaram K
et al. Nox4 mediates renal cell carcinoma cell
invasion through hypoxia-induced interleukin 6and 8- production. PLoS One 2012;7:e30712.
Vander Heiden MG, Cantley LC, Thompson
CB. Understanding the Warburg effect: the metabolic requirements of cell proliferation. Science
2009;324:1029–33.
Boyer MJ, Tannock IF. Regulation of intracellular pH in tumor cell lines: inﬂuence of microenvironmental conditions. Cancer Res 1992;52:
4441–7.

77.
78.

79.

80.

81.

82.
83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Wilson WR, Hay MP. Targeting hypoxia in cancer therapy. Nat Rev Cancer 2011;11:393–410.
Goel S, Duda DG, Xu L et al. Normalization of
the vasculature for treatment of cancer and
other diseases. Physiol Rev 2011;91:1071–121.
Carmeliet P, Jain RK. Molecular mechanisms
and clinical applications of angiogenesis. Nature
2011;473:298–307.
Murakami T, Shibuya I, Ise T et al. Elevated
expression of vacuolar proton pump genes and
cellular pH in cisplatin resistance. Int J Cancer
2001;93:869–74.
Giatromanolaki A, Koukourakis MI, Sivridis E
et al. Relation of hypoxia inducible factor 1
alpha and 2 alpha in operable non-small cell
lung cancer to angiogenic/molecular proﬁle of
tumours and survival. Br J Cancer 2001;858:
881–90.
Semenza GL. Targeting HIF-1 for cancer therapy. Nat Rev Cancer 2003;3:721–32.
Mamlouk S, Wielockx B. Hypoxia-inducible factors as key regulators of tumor inﬂammation.
Int J Cancer 2013;132:2721–9.
Azab AK, Hu J, Quang P et al. Hypoxia promotes dissemination of multiple myeloma
through acquisition of epithelial to mesenchymal
transition-like features. Blood 2012;119:5782–94.
Sun Y, Campisi J, Higano C et al. Treatmentinduced damage to the tumor microenvironment promotes prostate cancer therapy resistance through WNT16B. Nat Med 2012;18:1359–
69.
Elsea CR, Roberts DA, Druker BJ et al. Inhibition of p38 MAPK suppresses inﬂammatory
cytokine induction by etoposide, 5-ﬂuorouracil,
and doxorubicin without affecting tumoricidal
activity. PLoS One 2008;3:e2355.
Straussman R, Morikawa T, Shee K et al.
Tumour micro-environment elicits innate resistance to RAF inhibitors through HGF secretion.
Nature 2012;487:500–4.
Wilson TR, Fridlyand J, Yan Y et al. Widespread potential for growth-factor-driven resistance to anticancer kinase inhibitors. Nature
2012;487:505–10.
Fabbri M, Paone A, Calore F et al. MicroRNAs
bind to Toll-like receptors to induce prometastatic inﬂammatory response. Proc Natl Acad Sci
USA 2012;109:E2110–6.
Bianchi ME. DAMPs, PAMPs and alarmins: all
we need to know about danger. J Leukoc Biol
2007;81:1–5.
Jube S, Rivera ZS, Bianchi ME et al. Cancer cell
secretion of the DAMP protein HMGB1 supports progression in malignant mesothelioma.
Cancer Res 2012;72:3290–301.
Erler JT, Weaver VM. Three-dimensional context regulation of metastasis. Clin Exp Metastasis
2009;26:35–49.
Yadav A, Kumar B, Datta J et al. IL-6 promotes
head and neck tumor metastasis by inducing
epithelial-mesenchymal transition via the JAKSTAT3-SNAIL signaling pathway. Mol Cancer
Res 2011;9:1658–67.
Bonde AK, Tischler V, Kumar S et al. Intratumoral macrophages contribute to epithelialmesenchymal transition in solid tumors. BMC
Cancer 2012;12:35.
Shinagawa K, Kitadai Y, Tanaka M et al. Mesenchymal stem cells enhance growth and metastasis of colon cancer. Int J Cancer 2010;127:2323–
33.

C 2013 UICC
Int. J. Cancer: 135, 1265–1276 (2014) V

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Mishra PJ, Mishra PJ, Humeniuk R et al. Carcinoma-associated ﬁbroblast-like differentiation of
human mesenchymal stem cells. Cancer Res.
2008;68:4331–9.
Calon A, Espinet E, Palomo-Ponce S et al.
Dependency of colorectal cancer on a TGF-bdriven program in stromal cells for metastasis
initiation. Cancer Cell 2012;22:571–84.
Chaturvedi P, Gilkes DM, Wong CCL et al.
Hypoxia-inducible factor-dependent breast cancer–mesenchymal stem cell bidirectional signaling promotes metastasis. J Clin Invest 2013;123:
189–205.
Roodhart JM, Daenen LG, Stigter EC et al. Mesenchymal stem cells induce resistance to chemotherapy through the release of platinum-induced
fatty acids. Cancer Cell 2011;20:370–83.
Martinez-Outschoorn UE, Goldberg A, Lin Z
et al. Anti-estrogen resistance in breast cancer is
induced by the tumor microenvironment and
can be overcome by inhibiting mitochondrial
function in epithelial cancer cells. Cancer Biol
Ther 2011;12:924–38.
Kawata M, Konimuna D, Ogami T et al. TGFb-induced epithelial-mesenchymal transition of
A549 lung adenocarcinoma cells is enhanced by
pro-inﬂammatory cytokines derived from RAW
264.7 macrophage cells. J Biochem 2012;151:
205–16.
Huang HC, Hu CH, Tang MC et al. Thymosin
b4 triggers an epithelial-mesenchymal transition
in colorectal carcinoma by upregulating
integrin-linked kinase. Oncogene 2007;26:2781–
90.
Chan DA, Giaccia AJ. Hypoxia, gene |expression, and metastasis. Cancer Metastasis Rev
2007;26:333–9.
Cao Y, E G, Wang E et al. VEGF exerts an
angiogenesis-independent function in cancer
cells to promote their malignant progression.
Cancer Res 2012;72:3912–8.
El-Haibi CP, Bell GW, Zhang J et al. Critical
role for lysyl oxidase in mesenchymal stem celldriven breast cancer malignancy. Proc Natl Acad
Sci USA 2012;109:17460–5.
Bassi DE, Mahloogi H, Lopez De Cicco R et al.
Increased furin activity enhances the malignant
phenotype of human head and neck cancer cells.
Am J Pathol 2003;162:439–47.
Shree T, Olson OC, Elie BT et al. Macrophages
and cathepsin proteases blunt chemotherapeutic
response in breast cancer. Genes Dev 2011;25:
2465–79.
Sebens M€
urk€oster S, Wegehenkel K, Arlt A
et al. Tumor stroma interactions induce chemoresistance in pancreatic ductal carcinoma cells
involving increased secretion and paracrine
effects of nitric oxide and interleukin-1b. Cancer
Res 2004;64:1331–7.
Meads MB, Gatenby RA, Dalton WS. Environment-mediated drug resistance: a major contributor to minimal residual disease. Nat Rev
Cancer 2009;9:665–74.
Huang C, Yang G, Jiang T et al. The effects and
mechanisms of blockage of STAT3 signaling
pathway on IL-6 inducing EMT in human pancreatic cancer cells in vitro. Neoplasma 2011;58:
396–405.
Li C-W, Xia W, Huo L et al. Epithelial–mesenchymal transition induced by TNF-a requires
NF-jB–mediated transcriptional upregulation of
Twist1. Cancer Res 2012;72:1290–300.

112. Huber MA, Azoitei N, Baumann B et al. NF-jB
is essential for epithelial-mesenchymal transition
and metastasis in a model of breast cancer progression. J Clin Invest 2004;114:569–81.
113. Chiba N, Comaills V, Shiotani B et al. Homeobox B9 induces epithelial-to-mesenchymal transition-associated radioresistance by accelerating
DNA damage responses. Proc Natl Acad Sci
USA 2012;109:2760–5.
114. Owens P, Pickup MW, Novitskiy SV et al. Disruption of bone morphogenetic protein receptor
2 (BMPR2) in mammary tumors promotes
metastases through cell autonomous and paracrine mediators. Proc Natl Acad Sci USA 2012;
109:2814–9.
115. Yang L, Huang J, Ren X et al. Abrogation of
TGF beta signaling in mammary carcinomas
recruits Gr-11CD11b1 myeloid cells that promote metastasis. Cancer Cell 2008;13:23–35.
116. Zhan Z, Li Q, Wu P et al. Autophagy-mediated
HMGB1 release antagonizes apoptosis of gastric
cancer cells induced by vincristine via transcriptional regulation of Mcl-1. Autophagy 2012;8:
109–21.
117. Mardente S, Mari E, Consorti F et al. HMGB1
induces the overexpression of miR-222 and
miR-221 and increases growth and motility in
papillary thyroid cancer cells. Oncol Rep 2012;
28:2285–9.
118. Ichikawa M, Williams R, Wang L et al. S100A8/
A9 activate key genes and pathways in colon
tumor progression. Mol Cancer Res 2011;9:133–
48.
119. Hiratsuka S, Watanabe A, Sakurai Y et al. The
S100A8-serum amyloid A3-TLR4 paracrine cascade establishes a pre-metastatic phase. Nat Cell
Biol 2008;10:1349–55.
120. Chuang MJ, Sun KH, Tang SJ et al. Tumorderived tumor necrosis factor-alpha promotes
progression and epithelial-mesenchymal transition in renal cell carcinoma cells. Cancer Sci
2008;99:905–13.
121. Levina V, Su Y, Nolen B et al. Chemotherapeutic drugs and human tumor cells cytokine network. Int J Cancer 2008;123:2031–40.
122. Jones JL, Royall JE, Critchley DR et al. Modulation of myoepithelial-associated a6b4 integrin in
a breast cancer cell line alters invasive potential.
Exp Cell Res 1997;235:325–33.
123. Wendt MK, Taylor MA, Schiemann BJ et al.
Down-regulation of epithelial cadherin is
required to initiate metastatic outgrowth of
breast cancer. Mol Biol Cell 2011;22:2423–35.
124. Sethi T, Rintoul RC, Moore SM et al. Extracellular matrix proteins protect small cell lung cancer
cells against apoptosis: a mechanism for small
cell lung cancer growth and drug resistance in
vivo. Nat Med 1999;5:662–8.
125. Levental KR, Yu H, Kass L et al. Matrix crosslinking forces tumor progression by enhancing
integrin signaling. Cell 2009;139:891–906.
126. Barkan D, El Touny LH, Michalowski AM et al.
Metastatic growth from dormant cells induced
by a col-I-enriched ﬁbrotic environment. Cancer
Res 2010;70:5706–16.
127. Galliher AJ, Schiemann WP. Src phosphorylates
Tyr284 in TGF-b type II receptor and regulates
TGF-b stimulation of p38 MAPK during breast
cancer cell proliferation and invasion. Cancer
Res 2007;67:3752–8.
128. Wendt MK, Schiemann WP. Therapeutic targeting of the focal adhesion complex prevents

C 2013 UICC
Int. J. Cancer: 135, 1265–1276 (2014) V

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

oncogenic TGF-b signaling and metastasis.
Breast Cancer Res 2009;11:R68.
Bhowmick NA, Zent R, Ghiassi M et al. Integrin
b1 signaling is necessary for transforming
growth factor-b activation of p38MAPK and
epithelial plasticity. J Biol Chem 2001;276:
46707–13.
Hsu MY, Meier FE, Nesbit M et al. E-cadherin
expression in melanoma cells restores
keratinocyte-mediated growth control and
down-regulates expression of invasion-related
adhesion receptors. Am J Pathol 2000;156:1515–
25.
Qian X, Anzovino A, Kim S et al. N-cadherin/
FGFR promotes metastasis through epithelial-tomesenchymal transition and stem/progenitor
cell-like properties. Oncogene 2013; doi: 10.1038/
onc.2013.310.
Sato K, Tsuchihara K, Fujii S et al. Autophagy is
activated in colorectal cancer cells and contributes to the tolerance to nutrient deprivation.
Cancer Res 2007;67:9677–84.
Qiang L, Wu C, Ming M et al. Autophagy controls p38 activation to promote cell survival
under genotoxic stress. J Biol Chem 2013;288:
1603–11.
Diresta GR, Nathan SS, Manoso MW et al. Cell
proliferation of cultured human cancer cells are
affected by the elevated tumor pressures that
exist in vivo. Ann Biomed Eng 2005;33:1270–80.
Cheng G, Tse J, Jain RK et al. Micro-environmental mechanical stress controls tumor spheroid size and morphology by suppressing
proliferation and inducing apoptosis in cancer
cells. PLoS One 2009;4:e4632.
Calcinotto A, Filipazzi P, Grioni M et al. Modulation of microenvironment acidity reverses
anergy in human and murine tumor-inﬁltrating
T lymphocytes. Cancer Res 2012;72:2746–56.
Feng X, Liu X, Zhang W et al. p53 directly suppresses BNIP3 expression to protect against
hypoxia-induced cell death. EMBO J 2011;30:
3397–415.
Hu YL, DeLay M, Jahangiri A et al. Hypoxiainduced autophagy promotes tumor cell survival
and adaptation to antiangiogenic treatment in
glioblastoma. Cancer Res 2012;72:1773–83.
Rouschop KMA, van den Beucken T, Dubois L
et al. The unfolded protein response protects
human tumor cells during hypoxia through regulation of the autophagy genes MAP1LC3B and
ATG5. J Clin Invest 2010;120:127–41.
Marino ML, Pellegrini P, Di Lernia G et al.
Autophagy is a protective mechanism for
human melanoma cells under acidic stress. J
Biol Chem 2012;287:30664–76.
Huber MA, Kraut A, Beug H. Molecular
requirements for epithelial-mesenchymal transition during tumor progression. Curr Opin Cell
Biol 2005;17:548–58.
Takebe N, Harris PJ, Warren RQ et al. Targeting cancer stem cells by inhibiting Wnt, Notch,
and Hedgehog pathways. Nat Rev Clin Oncol
2011;8:97–106.
Jimenez-Sanchez M, Menzies FM, Chang YY
et al. The Hedgehog singalling pathway regulates
autophagy. Nat Commun 2012;3:1200.
Lee JH, Kim JH, Kim JS et al. AMP-activated
protein kinase inhibits TGF-b-angiotensin II-,
aldosterone-, high glucose-, and albumininduced epithelial-mesenchymal transition. Am J
Physiol Renal Physiol 2013;304:F686–97.

Mini Review

1275

Marcucci et al.

Mini Review

1276

145. Caino MC, Chae YC, Vaira V et al. Metabolic
stress regulates cytoskeletal dynamics and metastasis of cancer cells. J Clin Invest 2013;123:2907–20.
146. Schonthal AH. Targeting endoplasmic reticulum
stress for cancer therapy. Front Biosci 2012;4:
412–31.
147. Rudin CM. Vismodegib. Clin Cancer Res 2012;
18:3218–22.
148. Sandhiya S, Melvin G, Kumar SS et al. The
dawn of hedgehog inhibitors: vismodegib. J
Pharmacol Pharmacother 2013;4:4–7.
149. Beroukhim R, Mermel CH, Porter D et al. The
landscape of somatic copy-number alteration
across human cancers. Nature 2010;463:899–905.
150. Bindra RS, Glazer PM. Genetic instability and
the tumor microenvironment: towards the concept of microenvironment-induced mutagenesis.
Mutat Res 2005;569:75–85.
151. Coquelle A, Toldedo F, Stern S et al. A new role
for hypoxia in tumor progression: induction of
fragile site triggering genomic rearrangements
and formation of complex DMs and HSRs. Mol
Cell 1998;2:259–65.
152. Provenzano PP, Cuevas C, Chang AE et al.
Enzymatic targeting of the stroma ablates physical barriers to treatment of pancreatic ductal
adenocarcinoma. Cancer Cell 2012;21:418–29.
153. Orimo A, Gupta PB, Sgroi DC et al. Stromal
ﬁbroblasts present in invasive human breast car-

Stimuli promoting a malignant phenotype

154.

155.

156.

157.

158.

159.

cinomas promote tumor growth and angiogenesis through elevated SDF-1/CXCL12 secretion.
Cell 2005;121:335–48.
Netti PA, Berk DA, Swartz MA et al. Role of
extracellular matrix assembly in interstitial
transport in solid tumors. Cancer Res 2000;60:
2497–503.
Pluen A, Boucher Y, Ramanujan S et al. Role of
tumor-host interactions in interstitial diffusion
of macromolecules: cranial vs. subcutaneous
tumors. Proc Natl Acad Sci USA 2001;98:4628–
33.
Gutmann R, Leunig M, Feyh J et al. Interstitial
hypertension in head and neck tumors in
patients: correlation with tumor size. Cancer Res
1992;52:1993–5.
Brown RE, McGuire MF. Oncogenesis recapitulates embryogenesis via the hypoxia pathway:
morphoproteomics and biomedical analytics
provide proof of concept and therapeutic
options. Ann Clin Lab Sci 2012;42:243–57.
Li GQ, Zhang Y, Liu D et al. PI3 kinase/Akt/
HIF-1a pathway is associated with hypoxiainduced epithelial-mesenchymal transition in
ﬁbroblast-like synoviocytes of rheumatoid arthritis. Mol Cell Biochem 2013;372:221–31.
Wu CH, Tang SC, Wang PH et al. Nickelinduced epithelial-mesenchymal transition by
reactive oxygen species generation and E-

160.

161.

162.

163.

164.

cadherin promoter hypermethylation. J Biol
Chem 2012;287:25292–302.
Zhong Q, Zhou B, Ann DK et al.
Role of endoplasmic reticulum stress in
epithelial-mesenchymal transition of alveolar
epithelial cells: effects of misfolded surfactant
protein. Am J Respir Cell Mol Biol 2011;45:498–
509.
Tanjore H, Cheng DS, Degryse AL et al. Alveolar epithelial cells undergo epithelial-tomesenchymal transition in response to endoplasmic reticulum stress. J Biol Chem 2011;286:
30972–80.
Wang ML, Pan C-M, Chiou S-H et al.
Oncostatin M modulates the
mesenchymal–epithelial transition of lung
adenocarcinoma cells by a mesenchymal stem
cell-mediated paracrine effect. Cancer Res 2012;
72:6051–64.
Shimojo Y, Akimoto M, Hisanaga T et al.
Attenuation of reactive oxygen species by antioxidants suppresses hypoxia-induced epithelialmesenchymal transition and metastasis of pancreatic cancer cells. Clin Exp Metastasis 2013;30:
143–54.
Chua KN, Sim WJ, Racine V et al. A cell-based
small molecule screening method for identifying
inhibitors of epithelial-mesenchymal transition
in carcinoma. PLoS One 2012;7:e33183.

C 2013 UICC
Int. J. Cancer: 135, 1265–1276 (2014) V

