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SUMMARY

Cancer is driven by genetic and epigenetic alterations that allow cells to overproliferate and
escape mechanisms that normally control their survival and migration. Many of these alter-
ationsmap to signaling pathways that control cell growth and division, cell death, cell fate, and
cell motility, and can be placed in the context of distortions of wider signaling networks that
fuel cancer progression, such as changes in the tumor microenvironment, angiogenesis, and
inflammation.Mutations that convert cellular proto-oncogenes to oncogenes can cause hyper-
activation of these signaling pathways, whereas inactivation of tumor suppressors eliminates
critical negative regulators of signaling. An examination of the PI3K-Akt and Ras-ERK path-
ways illustrates how such alterations dysregulate signaling in cancer and produce many of the
characteristic features of tumor cells.
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1 INTRODUCTION

The development of cancer involves successive genetic and
epigenetic alterations that allow cells to escape homeostatic
controls that ordinarily suppress inappropriate prolifera-
tion and inhibit the survival of aberrantly proliferating cells
outside their normal niches.Most cancers arise in epithelial
cells, manifesting as carcinomas in organs such as the lung,
skin, breast, liver, and pancreas. Sarcomas, in contrast, arise
from mesenchymal tissues, occurring in fibroblasts, myo-
cytes, adipocytes, and osteoblasts. Nonepithelial tumors
can also develop in cells of the nervous system (e.g., glio-
mas, neuroblastomas, and medulloblastomas) and hema-
topoietic tissues (leukemia and lymphoma).

In solid tumors, these alterations typically promote
progression from a relatively benign group of proliferating
cells (hyperplasias) to a mass of cells with abnormal mor-
phology, cytological appearance, and cellular organization.
Aftera tumorexpands, the tumorcore loses access tooxygen

and nutrients, often leading to the growth of new blood
vessels (angiogenesis), which restores access to nutrients
and oxygen. Subsequently, tumor cells can develop the abil-
ity to invade the tissue beyond their normal boundaries,
enter the circulation, and seed new tumors at other loca-
tions (metastasis), the defining feature of malignancy (Fig.
1). This linear sequence of events is clearly an oversimplifi-
cation of complex cancer-associated events that proceed in
distinctways in individual tumors andbetween tumor sites;
however, it provides a useful framework in which to high-
light the critical role of dysregulated signaling in processes
associated with the initiation and progression of cancer.

The root cause of cancer is usually genetic or epigenetic
alterations in the tumorcells (see below). Progression of the
cancer, however, is associated with a complex interplay
between the tumor cells and surrounding non-neoplastic
cells and the extracellular matrix (ECM). Moreover, the
tumor cells develop several well-defined features (Hanahan
and Weinberg 2000; Solimini et al. 2007). In addition to
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Figure 1. Cancer progression.
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increased cell proliferation, these include resistance to
apoptosis and other forms of cell death, metabolic changes,
genetic instability, induction of angiogenesis, and increased
migratory capacity. Dysregulation of cellular signal trans-
duction pathways underlies most of these characteristics.

Here, we describe how tumor cells co-opt signaling
pathways to allow them to proliferate, survive, and invade
other tissues.Tocoverall of the signalingmolecules involved
and their myriad contributions to cancer would require an
entire textbook (Weinberg 2013). We therefore focus pri-
marily on two pathways—Ras-ERK (Morrison 2012) and
PI3K-Akt signaling (Hemmings and Restuccia 2012)—that
play central roles in multiple processes associated with can-
cer, while highlighting the involvement of some other key
signaling molecules.

2 MUTATIONS AS THE CAUSE OF CANCER

Most tumors arise as a consequence of genetic alterations to
cellular genes, which may be inherited or arise spontane-
ously—for example, as a result of DNA damage induced
by environmental carcinogens or mutations arising from
replication errors. These alterations confer a selective ad-
vantage to the cells, which together with changes in the
microenvironment, promote tumor growth and progres-
sion. Some are gain-of-function mutations, producing so-
called oncogenes that drive tumor formation. Others inac-
tivate tumor suppressor genes that normally ensure that
cells do not proliferate inappropriately or survive outside
their normal niche.

Tumors can possess tens to hundreds or even thousands
of mutations, but many of these are merely so-called “pas-
sengers.” Typically only two to eight are the “driver muta-
tions” that cause progression of the cancer (Vogelstein et al.
2013). These may be point mutations (such as G12V Ras),
deletions (as seen with PTEN), inversions, or amplifica-
tions (as seen with Myc). Large-scale rearrangements also
occur—for example, the BCR-ABL fusions involving chro-
mosomes 9 and 22, which are associated with several leu-
kemias and generate an oncogenic version of the tyrosine
kinase Abl. Loss of heterozygosity due to gene conversion
or mitotic recombination between normal and mutant pa-
rental alleles is another source of genetic alterations that
drive cancer. This often affects tumor suppressors such as
the retinoblastoma protein (pRB) and p53 (encoded by the
TP53 gene in humans).

Changes in the methylation state of promoters of genes
that impact cancer can also play an important role in on-
cogenesis (Sandoval and Esteller 2012; Suva et al. 2013).
Indeed, epigenetic silencing is more common than muta-
tional silencing for some genes—for example, the cyclin-
dependent kinase (CDK) inhibitor (CKI) p16 (also known

as CDKN2A or INK4a) and the mismatch repair (MMR)
enzyme MLH1. Silencing of MMR enzymes can lead to
additional genetic changes because it affects proteins that
prevent errors by repairing DNA. Conversely, several mu-
tations associated with cancer affect epigenetic regulators
that influence multiple cellular programs—for example,
DNMT1 and TET1, which control DNA methylation,
and the histone-modifying enzymes EZH2, SETD2, and
KDM6A are deleted or mutated in cancer (Delhommeau
et al. 2009; Ley et al. 2010; Wu et al. 2012). Interestingly,
mutations in the metabolic enzymes isocitrate dehydroge-
nase (IDH) 1 and IDH2may promote cancer by generating
an “oncometabolite” not present in normal cells that in-
hibits certain chromatin-modifying enzymes (see below)
(Ward and Thompson 2012a).

Finally, in a minority of cancers, infectious agents are
the triggers. A few human cancers are triggered by viruses
that encode genes that promote tumorigenesis through
activation of oncogene pathways or inactivation of tumor
suppressors. The human papilloma virus, which is associ-
ated with cervical and head and neck cancers, encodes a
protein, E6, that promotes degradation of p53, while an-
other viral protein, E7, inactivates pRB and CKIs, among
other effects (Munger and Howley 2002). In hepatocellular
carcinoma caused by hepatitis B virus, by contrast, it is not
clear whether viral proteins themselves are oncogenic, viral
integration promotes expression of nearby cellular onco-
genes, or cancer is simply a consequence of persistent liver
injury and inflammation (Seeger et al. 2013). Epstein–Barr
virus (also known as human herpesvirus 4) produces a
protein called LMP1 that acts as a constitutively active tu-
mor necrosis factor (TNF) receptor, engaging a plethora of
signaling pathways, including NF-kB, JNK/p38, PI3K, and
ERK (Morris et al. 2009). An extreme case of a transmissi-
ble cancer is that affecting the Tasmanian devil. All tumors
are derived from a founder tumor and are transmitted as
allografts from devil to devil during intraspecies facial bit-
ing (Murchison et al. 2012; Hamede et al. 2013).

2.1 Cancer-Causing Mutations Affect Signaling
Pathways

We can connect the genetic alterations in cancer cells with
signaling pathways that control processes associated with
tumorigenesis and place these in the context of distortions
of wider signaling networks that fuel cancer progression. In
each case, the result is dysregulated signaling that is not
subject to the normal control mechanisms.

Oncogenic mutations can cause the affected genes to
be overexpressed (e.g., gene amplification) or produce mu-
tated proteins whose activity is dysregulated (e.g., point
mutations, truncations, and fusions). Examples include
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proteins involved in signaling pathways that are com-
monly activated in many physiological responses, such as
growth factor receptor tyrosine kinases (RTKs; e.g., the epi-
dermal growth factor receptor, EGFR), small GTPases (e.g.,
Ras), serine/threonine kinases (e.g., Raf andAkt), cytoplas-
mic tyrosine kinases (e.g., Src and Abl), lipid kinases (e.g.,
phosphoinositide 3-kinases, PI3Ks), as well as nuclear
receptors (e.g., the estrogen receptor, ER). Components of
developmental signaling pathways, such asWnt, Hedgehog
(Hh), Hippo, and Notch can also be affected, as can
downstream nuclear targets of signaling pathways—for
example, transcription factors (e.g.,MycandNF-kB), chro-
matin remodelers (e.g., EZH2), and cell cycle effectors (e.g.,
cyclins).

Alternatively, deletions and other mutations can inac-
tivate negative regulators that normally function as tumor
suppressors. Indeed, one of the most commonly mutated
genes in cancer is the tumor suppressor p53, the so-called
“guardian of the genome.” p53 is a critical hub that con-
trols cell proliferation and stress signals such as apoptosis
and DNA damage responses (see below). pRB and CKIs
such as p16 are other tumor suppressors whose mutation
deregulates the cell cycle. Many tumor suppressors func-
tion as negative regulators of cytoplasmic signaling—for
example, the adenomatous polyposis coli protein (APC) is
a negative regulatorof theWnt pathway, and the lipid phos-
phatase PTEN is a negative regulator of the PI3K-Akt
pathway.

It is worth noting that hyperactivated oncogene path-
ways can also induce a state of irreversible cell cycle arrest
termed senescence (Gorgoulis and Halazonetis 2010; Var-
gas et al. 2012). This is believed to represent a fail-safe
mechanism to inhibit proliferation caused by aberrant ac-
tivationof oncoproteins innormal cells and is accompanied
by changes in cellular structure, chromatin organization,
DNAdamage, cytokine secretion, and gene expression.On-
cogenic transformation requires alterations that abrogate
senescence, such as loss of p53 or PTEN.

2.1.1 The PI3K-Akt and Ras-ERK Pathways as
Examples of Oncogenic Signaling Pathways

Many of the genes commonly mutated in cancer encode
components or targets of the PI3K-Akt and Ras-ERK path-
ways (Fig. 2). Ordinarily these pathways are transiently
activated in response to growth factor or cytokine signaling
and ligand occupancy of integrin adhesion receptors, but
genetic alterations can lead to constitutive signaling even in
the absence of growth factors. The PI3K-Akt pathway can
be activated through amplification or activating muta-
tions affecting several PI3K-Akt-pathway proteins—the
type I PI3K isoformPIK3CA (p110a), Akt, and the adaptor

protein PIK3R1—or through deletion or inactivating mu-
tations in the phosphatases that hydrolyze PI3K prod-
ucts such as phosphatidylinositol 3,4,5-trisphosphate
(p1p3)—the PTEN and INPP4B tumor suppressors. Fur-
ther downstream, mutations in the tumor suppressors
TSC1 and TSC2 hyperactivate signaling bymTORC1 (Lap-
lante and Sabatini 2012), an important target of PI3K-Akt
signaling. Similarly, the Ras-ERK pathway is activated by
mutations in Ras, or its downstream target Raf, that cause
constitutive activation of these proteins or by inactivation
of GTPase-activating proteins (GAPs), such as NF1 (Ci-
chowski and Jacks 2001), DAB2IP (Min et al. 2010), and
RASAL2 (McLaughlin et al. 2013), that stimulate the
hydrolysis of GTP bound to Ras, which leads to its inacti-
vation. The transcription factorMyc is an important down-
stream target of Ras-ERK signaling and many other
pathways. It is frequently amplified oroverexpressed in can-
cer; interestingly, Myc can not only bind to promoter re-
gions of genes but also enhance transcriptional elongation
of polymerase II, thus extending its effects beyond genes
with Myc-binding sites in their promoters. Myc can thus
serve as a universal amplifier of expressed genes rather than
merely binding topromoters and initiating transcriptionde
novo (Rahl et al. 2010; Lin et al. 2012; Nie et al. 2012).

Oncogenic mutations, amplification, or gene fusions
involving upstream tyrosine kinases lead to constitutive
signaling through both the Ras-ERK and PI3K-Akt path-
ways. RTKs including EGFR, ErbB2, fibroblast growth
factor receptor (FGFR), and platelet-derived growth fac-
tor receptor (PDGFR) are mutated or amplified in a vari-
ety of cancers. Similarly, oncogenic mutations in G-
protein-coupled receptors (GPCRs) can also activate these
pathways.

Finally, it is important to recognize that deregulated
synthesis of growth factors themselves plays an important
role in many cancers. Inappropriate synthesis of growth
factors by cells expressing the appropriate receptor can
generate an autocrine loop driving signaling. This can
also be achieved through cleavage and release of anchored
soluble growth factors by surface ADAM proteases, which
are activated downstream from oncogenic signaling path-
ways (Turner et al. 2009). Alternatively, the growth factor
may be synthesized by a neighboring cell (paracrine stim-
ulation). In both cases, signaling via the Ras-ERK and
PI3K-Akt pathways may be increased.

3 DYSREGULATION OF CELLULAR PROCESSES
BY ONCOGENIC SIGNALING

How, then, does dysregulation of cellular signaling drive
cancer progression and produce the characteristic features
of tumor cells mentioned above? Below we discuss the role
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of signal transduction in cancer-associated processes, sur-
veying themajor signals involved and focusing onRas-ERK
and PI3K-Akt signaling to illustrate how their targets in-
fluence the behavior of the tumor cells.

4 CELL PROLIFERATION

Excessive cell proliferation is a feature of most cancers.
Limited availability of growth factors or nutrients, contact
inhibition, and other feedback mechanisms ensure that
the pathways that regulate proliferation (see Fig. 3) are
normally tightly controlled. As outlined above, however,

mutations in proto-oncogenes and tumor suppressors or
inappropriate synthesis of ligands/receptors can hyperac-
tivate these pathways, leading to activation of the cell cycle
machinery.Note that signaling targets that represent critical
components of cell cycle control mechanisms can also un-
dergo genetic alterations in cancer; for example, the genes
encoding cyclin D, cyclin E, and CDK4 are amplified in
certain cancers and the G1 restriction point inhibitor
pRB and p16 can be deleted or mutated as well.

The Ras-ERK and PI3K-Akt pathways are impor-
tant regulators of normal cell proliferation and thus their
constitutive hyperactivation can lead to excessive prolifer-
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Figure 2. The Ras-ERK and PI3K pathways.
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ation. One important target of the Ras-ERK pathway is
Myc, which is phosphorylated by ERK; this leads to its
stabilization by suppression of ubiquitylation (Sears et al.
2000). Myc stimulates cell proliferation by inducing nu-
merous genes that promote cell proliferation, including
those encoding G1/S cyclins, CDKs, and the E2F-family
transcription factors that drive the cell cycle (Duronio and
Xiong 2013). In addition, it represses expression of vari-
ous cell cycle inhibitors (e.g., CKIs), blocks the activity of
transcription factors that promote differentiation (see be-
low), induces genes that enhance translation, and shifts
cells to anabolic metabolism. ERK also phosphorylates
numerous other transcription factors important for cell
proliferation. Elk1, for example, in combination with the
SRF transcription factor, induces the immediate early
gene FOS, whose product is also stabilized by ERK phos-
phorylation (Murphy et al. 2002). FOS, also an oncogene,
encodes a component of the transcription factor AP1,
which regulates many genes involved in cell proliferation.

Multiple kinases in the ribosomal S6 kinase (RSK),
mitogen- and stress-activated kinase (MSK), and mito-
gen-activated protein kinase (MAPK)-interacting kinase
(MNK) families are also phosphorylated by ERK, and these
kinases, in turn, phosphorylate transcription factors that
regulate cell cycle progression—for example, Fos andCREB
(Roux and Blenis 2004). MSKs represent the predominant
kinases responsible for the nucleosomal response involving
phosphorylation of histone H3 at S10, which is commonly
induced by mitotic stimuli (Soloaga et al. 2003). MNKs
play an important role regulating translation following mi-
togenic stimulation by phosphorylating the translation ini-
tiation factor eIF4E, and loss of the MNK phosphorylation
site completely abrogates its ability to transform cell lines
or promote tumors in animal models (Soloaga et al. 2003).
Activation of RSK family members by ERK also leads to
activation of the mTORC pathway through TSC2 phos-
phorylation and relief of mTORC inhibition. In addition,
RSK regulates translation by phosphorylating eIF4B, which
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increases its interaction with the translation initiation fac-
tor eIF3. The promotion of translation by these mecha-
nisms is important for cell growth and, consequently, cell
proliferation.

PI3K-Akt signaling controls cell proliferation at various
levels. Akt regulates cell growth during cell cycle progres-
sion by controllingmTORC1. It inhibits the GAPactivity of
the TSC1–TSC2 complex toward Rheb, thus allowing
GTP-bound Rheb to activate mTORC1. This then phos-
phorylates eIF4-binding protein, releasing the eIF4E cap-
binding factor and allowing it to bind mRNAs, and p70
RSK. This promotes increased protein synthesis, which is
critical for enhanced cell growth during cell cycle progres-
sion (Richardson et al. 2004). Akt also phosphorylates the
kinase GSK3, inhibiting its catalytic activity. Phosphoryla-
tion of cyclin D and Myc by GSK3 targets them for degra-
dation; thus, inhibition of this kinase by Akt causes
stabilization of these important cell cycle regulators (Diehl
et al. 1997; Sears et al. 2000).

In addition, Akt inhibits several cell cycle inhibitors,
such as the CKIs p27 (also known as KIP1) and p21 (also
known as CIP1); phosphorylation leads to their sequestra-
tion in the cytoplasm by 14-3-3 proteins. In the case of
p27, phosphorylation also targets it for degradation. Akt-
mediated phosphorylation of p21 prevents it from form-
ing a complex with proliferating cell nuclear antigen
(PCNA) to inhibit DNA replication, reduces its binding
to CDK2/CDK4, and attenuates its inhibitory activity to-
ward CDK2 (Rossig et al. 2001). Furthermore, Akt blocks
FoxO-dependent transcription of cell cycle inhibitors
such as p27 and RBL2 (retinoblastoma-like protein 2)
(Burgering and Medema 2003). It also phosphorylates
and activates MDM2 (Ogawara et al. 2002), a ubiquitin
ligase that promotes degradation of p53, thereby releasing
a key brake on the cell cycle. Later on in the cell cycle, Akt
can regulate several enzymes involved in the G2/M transi-
tion (Xu et al. 2012b).

Phosphorylation and consequent inhibition of GSK3
by Akt may, in certain contexts, lead to stabilization and
nuclear translocation of the Wnt target b-catenin (Haq
et al. 2003; Korkaya et al. 2009; Ma et al. 2013), a transcrip-
tional regulator whose degradation would otherwise be
promoted by GSK3 (Polakis 2001; Korkaya et al. 2009).
This leads to induction of b-catenin target genes that reg-
ulate proliferation, including those encoding Myc and cy-
clin D. Akt can also phosphorylate b-catenin directly,
causing its dissociation from cadherin cell–cell adhesion
complexes (see below), thus increasing the pool of b-cat-
enin available and its transcriptional activity (Fang et al.
2007).

Numerous other signaling pathways can of course
drive cell proliferation in cancer. Cytokine and RTK signal-

ing, for example, activate STAT3, which stimulates synthesis
of Myc and cyclin D (Harrison 2012). Notch, Wnt/b-cat-
enin, and Hedgehog, all of which have been implicated in
cancer, also induceMyc and cyclin D (see below). Similarly,
the transcription factor NF-kB, which can be activated by
TNF and various other signals, also targets cyclin D ex-
pression. Cyclin E is induced by several of these signals.
Estrogen signaling (see Sever and Glass 2013) stimulates
cell proliferation via activation of the ERa

·

subtype, which
induces cyclin D and Myc. Disruption of the balance be-
tween ERa and ERb or mutations in ERa that yield trun-
cated proteins or activated proteins can dysregulate this
pathway (Thomas and Gustafsson 2011; Li et al. 2013;
Robinson et al. 2013; Toy et al. 2013). Note that signaling
through ERs and the androgen receptor (AR) is coupled to
and enhanced by Ras-ERK and PI3K-Akt signaling (Cas-
toria et al. 2004; Renoir et al. 2013). Growth factor stimu-
lation (e.g., EGF and insulin-like growth factor, IGF) and
mutations that activate these pathways increase prolifera-
tion of ER/AR-dependent tumors. In addition, these ste-
roid receptors form cytoplasmic complexes with Src and
PI3K, which leads to activation of their downstream effec-
tors, and ERK can phosphorylate ERa, which causes its
activation in the absence of ligand and stimulation of cell
proliferation.

The tumor suppressors that normally hold proliferative
signaling in check are obviously also critical. Furthest
downstream, pRB normally directly inhibits the transcrip-
tional activity of the E2F proteins until it is deactivated
through phosphorylation by CDKs. p53, in contrast, nor-
mally blocks cell proliferation in response to stress sig-
nals such as DNA damage by inhibiting CDK activity via
induction of CKIs. Consequently, mutations in this tumor
suppressor deregulate cell proliferation under potentially
dangerous, cancer-promoting conditions. The CKIs them-
selves directly inhibit CDKs and are also inactivated by
mutation in many cancers, p16 being the most common
example. Further upstream are pathway-specific tumor
suppressors, such as the Ras-GAP NF1 and APC, which
blockWnt/b-catenin signaling (by promotingGSK3phos-
phorylation and, consequently, ubiquitin-dependent de-
struction of b-catenin). In each case, mutation of the
tumor suppressor removes an important brake, allowing
cells to proliferate despite signals that would ordinarily
restrain them. The Hippo pathway plays a critical role in
regulating contact inhibition of proliferation (Harvey and
Hariharan 2012), and disruption of this pathway, which
suppresses the transcriptional coactivator YAP, is emerging
as a key tumor suppressor pathway in many cancers (Har-
vey et al. 2013; Lin et al. 2013; Yu andGuan 2013). The Ras-
ERK and PI3K-Akt pathways intersect with Hippo pathway
components to inactivate its tumor suppressive activity
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(O’Neill and Kolch 2005; Kim et al. 2010; Collak et al.
2012).

5 CELL SURVIVAL

Cell death functions as a homeostatic mechanism that nor-
mally controls cell number. It is also a built-in cancer-pro-
tection mechanism that is activated during initial stages of
oncogenesis because of stresses associated with unbalanced
proliferative signals, excessive cell proliferation, loss of an-
chorage to natural niches, etc. Mutations that disable cell-
death signaling can thus play an important role in cancer.
Overexpression of the antiapoptotic protein Bcl2, for ex-
ample, can occur as a consequence of chromosomal rear-
rangements in B lymphocytes, and this contributes to
follicular lymphoma by preventing cells from undergoing
apoptosis. p53 also regulates apoptosis, both by inducing
transcription of proapoptotic regulators and binding di-
rectly to the proapoptotic protein Bax (Green and Llambi
2014). Loss of this tumor suppressor throughmutation can
therefore contribute to cancer by reducing cell death, as
well as disabling normal cell cycle control. Other cell death
regulators that are mutated in cancer include the proapo-
ptotic proteins Puma and Bok (which are frequently delet-
ed) and the antiapoptotic proteinsMcl1 and Bcl-xL (whose
genes are amplified).

Control of proapoptotic regulators (e.g., Bim and Bad)
and antiapoptotic regulators (e.g., Bcl2 and Mcl1) in nor-
mal cells ensures that cells undergo apoptosis in the absence
of appropriate signals supplied by growth factors or the
tissue microenvironment. Hyperactivation of signaling by
oncogenic mutations in the Ras-ERK and PI3K-Akt path-
ways, however, disrupts the balance in favor of antiapo-
ptotic signals, thus contributing to tumor cell survival and
abnormal expansion of the cells beyond normal tissue
boundaries.

ThePI3K-Akt andRas-ERKpathways regulate cell death
in multiple ways (Fig. 4) (review Cagnol and Chambard
2010; Zhang et al. 2011). Akt itself intervenes at several steps
in apoptotic signaling from death receptors. It phosphory-
lates forkhead-family transcription factors such as FoxO3A,
which leads to their cytoplasmic sequestration by 14-3-3
proteins, thereby blocking induction of death ligands
(e.g., FasL and TRAIL) and the proapoptotic Bcl2-family
member Bim. Akt and the ERK-regulated kinase RSK
also phosphorylate the proapoptotic Bcl2-family protein
Bad, another target for sequestration by 14-3-3 proteins.
In addition, Akt phosphorylates and thereby activates
the apoptosis inhibitor XIAP. Akt also activates NF-kB,
which regulates multiple survival factors, including ant-
iapoptotic proteins (Bcl2, BCLxl, and Mcl1) and the intra-
cellulardeath receptor inhibitorFLIP(ShenandTergaonkar

2009). Last, Akt-induced ubiquitylation anddegradation of
p53 suppresses p53-induced apoptosis (Ogawara et al.
2002).

ERK phosphorylates Bim and the NF-kB inhibitor
IkBa (Ghoda et al. 1997), which targets them for degrada-
tion. In addition, RSK phosphorylates the caspase-9 scaf-
folding protein APAF, which impedes the ability of
cytochrome c to nucleate apoptosome formation and acti-
vate the downstream caspases that drive apoptosis (Kim
et al. 2012).

6 CELL METABOLISM

Cell growth needs to be coordinated with metabolic pro-
cesses involved in the synthesis of macromolecules. Thus,
growth factor pathways that regulate both normal and
tumor cells impinge on metabolic pathways to program
cells to meet the increased need for synthesis of macromol-
ecules to produce new daughter cells (Ward and Thompson
2012b). Activation of oncogenes and loss of tumor sup-
pressors can directly regulate components of metabolic
pathways even in the absence of growth factors and, there-
by, produce similar metabolic alterations (Fig. 5).

The most common metabolic alteration in cancer cells
is increased glucose uptake and glycolysis. At first glance,
this might appear a disadvantage because glycolysis gener-
ates less ATP than oxidative phosphorylation; however, it
allows cells to redirect carbon skeletons from glycolysis to
anabolic reactions, such as the pentose phosphate pathway,
which leads to nucleotide synthesis and regulates redox
homeostasis. These also include the serine/glycine synthe-
sis pathway, which generates several amino acids and char-
ges tetrahydrofolate with a methyl group that is used in
pyrimidine synthesis and leads to generation of S-adeno-
sylmethionine, the methyl donor for multiple cellular
methyltransferase reactions and methylation of essential
molecules such as DNA, RNA, proteins, phospholipids,
creatine, and neurotransmitters. Cancer cells show in-
creased glutamine uptake and glutaminolysis to support
oxidative phosphorylation and biosynthesis of proteins,
lipids, and nucleic acids. They also up-regulate lipid syn-
thesis by redirecting citrate from the Krebs cycle to fatty
acid synthesis.

The PI3K-Akt pathway targets numerous substrates to
promote these metabolic changes (Plas and Thompson
2005). Regulation of glucose transport and hexokinase by
Akt promotes glycolysis, leading to generation of nucleo-
tides and amino acids necessary for cell growth (Engelman
et al. 2006). Akt2 regulates glucose transport through mul-
tiple mechanisms. Regulation of the glucose transporter
GLUT4 by Akt2 is critical for circulating glucose homeo-
stasis. The Akt substrate AS160 plays an undefined role
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in insulin-stimulated GLUT4 translocation and glucose
transport through its Rab-GTPase-activating domain (Mii-
nea et al. 2005), and phosphorylation of the protein synip
by Akt2 triggers its dissociation from the trafficking regu-
lator syntaxin 4 and assembly of a protein complex that
mediates translocation of GLUT4 vesicles to the plasma
membrane (Yamada et al. 2005). Akt2 also regulates tran-
scription, accumulation (Barthel et al. 1999; Jensen et al.
2010), and trafficking of GLUT1, which is the principle
glucose transporter expressed in most cell types (Wieman
et al. 2007). Phosphorylation of TSC2 by Akt affects meta-
bolism through mTORC1-mediated regulation of glycoly-
sis; however, the mechanism of regulation is not known.
mTORC1 may regulate glycolysis by increasing translation

of glycolytic enzymes or their transcriptional regulators,
such as Myc (Kim et al. 2004; Sutrias-Grau and Arnosti
2004). Other Akt targets activated by phosphorylation are
hexokinase II, whose association with mitochondria is in-
creased (Roberts et al. 2013), and 6-phosphofructo-2-ki-
nase/fructose-2,6-bisphosphatase (Novellasdemunt et al.
2013). Both stimulate glycolysis.

mTORC1 signaling leads to increased synthesis of the
transcription factor hypoxia-inducible factor (HIF1).HIF1
induces glycolytic enzymes and lactate dehydrogenase
(LDH-A), providing another means of stimulating glycol-
ysis. In addition, it induces pyruvate dehydrogenase kinase
(PDK), which inhibits pyruvate dehydrogenase (PDH) in
the mitochondrion and thereby reduces flux from glycol-
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ysis into the Krebs cycle. mTORC1 can also stimulate py-
rimidine biosynthesis via S6K1 (Ben-Sahra et al. 2013; Na-
kashima et al. 2013).

Akt/mTORC1 promotes lipid synthesis by activating
the transcription factor sterol-response-element-binding
protein 1 (SREBP), a key regulator of lipid synthesis that
is required for tumorigenicity (Bakan and Laplante 2012;
Jeon and Osborne 2012; Guo et al. 2013). Loss of SREBP
uncouples fatty acid synthase activity from stearoyl-CoA-
desaturase-1-mediated desaturation. Another direct target
of Akt is ATP-citrate lyase (ACL), an enzyme that converts

citric acid to acetyl-CoA, which is required for fatty acid,
cholesterol, and isoprenoid synthesis. mTORC1 also regu-
lates amino acid uptake by stimulating translocation of
amino acid transporters from intracellular vesicles to the
plasma membrane (Berwick et al. 2002; Edinger and
Thompson 2002).

Another family of Akt targets that affect cellular and
organismal metabolism is FoxO transcription factors.
These are negatively regulated by Akt phosphorylation,
which causes their sequestration in the cytoplasm by 14-
3-3 proteins. Programs regulated by FoxO transcription
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factors that increase the cellular capacity for oxidative me-
tabolism are thus shut off by active Akt.

Ras-ERK signaling exerts many of its effects on metab-
olism via Myc. Myc regulates glucose uptake, glycolysis,
and the pentose phosphate pathway (Ying et al. 2012)
and induces synthesis of glutamine transporters and the
enzyme glutaminase (GLS), which converts glutamine into
glutamate that can bemetabolized inmitochondria (Miller
et al. 2012; Dang 2013). It also induces enzymes involved in
nucleotide and amino acid synthesis.

The glycolytic enzyme pyruvate kinase is of particular
interest in cancer cells. Although glycolysis rates are usual-
ly much higher than in noncancer cells, most cancer cells
produce an alternative splice form of pyruvate kinase
(PKM2) that is less active than the enzyme (PKM1) found
inmost terminally differentiated cells (VanderHeiden et al.
2009). PKM1 remains active undermost physiological con-
ditions, but PKM2 can be turned off by signaling via tyro-
sine kinases, including the upstream RTKs in the Ras-ERK
and PI3K-Akt pathways (Christofk et al. 2008; Hitosugi
et al. 2009) and reactive oxygen species (ROS) (Anastasiou
et al. 2011). Cancer cells can thus redirect the flux of gly-
colytic intermediates into anabolic pathways for ribose,
serine, and glycine production or production of NADPH
and glutathione needed to combat oxidative stress. PKM2
can also enter the nucleus and play a role in gene expression
(Luo et al. 2011; Gao et al. 2012). However, deletion of
PKM2 accelerates rather than impairs breast tumor forma-
tion, which indicates that it is the ability to turn off PKM2
activity that is most critical for tumor growth (Israelsen
et al. 2013).

Clearly oncogene activation or loss of tumor suppres-
sors such as PTEN and NF1 can drive these metabolic
changes by dysregulating PI3K-Akt and Ras-ERK signal-
ing. Other tumor suppressors also control cell metabolism,
however. p53, for example, down-regulates glycolysis by
inducing TIGAR, an enzyme that decreases the levels of
the glycolytic activator fructose 2,6-bisphosphate. It also
stimulates expression of SCO2,which is required for assem-
bly of cytochrome c oxidase and promotes oxidative phos-
phorylation. Loss of p53 may therefore contribute to the
glycolytic phenotype of cancer cells. p53 also regulates
glutaminase 2, a metabolic enzyme that controls produc-
tion of glutamate, which is converted to a-ketoglutarate
for mitochondrial respiration and, importantly, glutathi-
one, a critical cellular antioxidant (Hu et al. 2010; Suzuki
et al. 2010). Loss of p53 leads to increased levels of ROS
and oxidative damage. p53 also regulates the mevalonate
pathway that controls cholesterol synthesis and generates
intermediates needed for protein geranylgeranylation
and farnesylation. Drugs that target this pathway to con-
trol cholesterol/cardiovascular disease have been shown

to suppress tumor growth (Shibata et al. 2004; Kubatka
et al. 2011).

Similarly, loss of the tumor suppressor LKB1 can lead to
metabolic alterations. LKB1 activates AMP-activated pro-
tein kinase (AMPK), which acts as a cellular energy regu-
lator and inhibits mTORC1 (Hardie 2012). Loss of LKB1
relieves this inhibition, allowingmTORC1 to promote pro-
tein synthesis and lipogenesis. Activators of AMPK, such as
metformin, are currently being used in diabetes and cancer
therapy.

Finally, mutations associated with cancer can lead to
the elevation of metabolites uniquely elevated in cancer
cells (Kaelin and McKnight 2013). For example, mutations
in IDH1 and IDH2 result in the production of 2-hydrox-
yglutarate (2HG), a metabolite not present at significant
levels in normal cells. 2HG inhibitsa-ketoglutarate-depen-
dent enzymes such as the TET family, which regulate DNA
methylation, and Jumonji C domain histone demethylases.
This leads to epigenetic dysregulation that can drive tumor-
igenesis. Other oncometabolitesmay include succinate and
fumarate, whose levels can increase because ofmutations in
succinate dehydrogenase and fumarate hydratase. Both can
inhibit the activity of prolyl hydroxylases that control HIF
levels, leading to induction of PDK and the other glycolytic
enzymes mentioned above.

7 CELL POLARITY AND MIGRATION

As tumors progress toward malignancy, the cancer cells
frequently become more migratory and develop the capac-
ity to invade surrounding tissue. This is usually accom-
panied by changes in adhesion, cell polarity, cytoskeletal
dynamics, and morphology. Migration is regulated by
growth factors, chemokines, adhesion receptors, and other
stimuli (Vicente-Manzanares andHorwitz 2011;Devreotes
and Horwitz 2014), many of which are targets for dysregu-
lated signaling in cancer. The PI3K-Akt and Ras-ERK path-
ways regulate migration and invasion through multiple
downstream effectors, including the following (Cain and
Ridley 2009):

1. Rho-family GTPases (RhoA, Rac1, Cdc42, ARF6),
which control cytoskeletal regulators such as WAVE/
WASP-family members, the Arp2/3 complex, formins,
the actomyosin contractile machinery, the kinase LIMK,
and cofilins (Raftopoulou and Hall 2004);

2. Integrins and associated matrix adhesion proteins (e.g.,
FAK, paxillin, and calpains) (Devreotes and Horwitz
2014);

3. Extracellular proteases, which degrade ECM proteins,
facilitating tumor cell invasion by creating space for cells
to move and reducing adhesive contacts that may con-
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strain them, and also release various bioactivemolecules
anchored in the ECM (see below);

4. Cell–cell adhesion complexes, whose components are
regulated through modulation of their stability or pro-
tein interactions that affects the strength of adhesion;

5. Transcription factors such as AP1 and Ets2 that regulate
expression of many proteins that control migration/po-
larity, including matrix metalloproteinases (MMPs),
plasminogen activator, cadherins, and actin regulators.

As with other processes regulated by oncoprotein sig-
naling, the outcome of alterations in these pathways is
highly context and isoform dependent. For example, Akt1
specifically suppresses migration in many contexts through
inhibition of ERK, the transcription factor NFAT, TSC2, or
phosphopalladin-induced actin bundling, whereas Akt2
promotes migration through regulation of integrin expres-
sion and effects on the epithelial–mesenchymal transition
(EMT) (see below; Chin and Toker 2011). Similarly, some
isoforms of ERK target RSK to promote cell motility and
invasion by altering transcription and integrin activity,
whereas others impair cell motility and invasion through
effects on the actin cytoskeleton (Sulzmaier and Ramos
2013).

Polarity proteins are critical regulators of tissue archi-
tecture. Three protein complexes play central roles in con-
trolling polarity: Scribble, Par, and Crumbs complexes.
Through multiple interactions, components of these path-
ways control signaling pathways that regulate cell polarity
and tissue organization. Dysregulation of these pathways is
common in tumors and, in some contexts, involves alter-
ations in Ras-ERK and PI3K-Akt signaling. For example,
Scribble inhibits ERK activation by functioning as a scaf-
fold to link it with the protein phosphatase PP1g (Dow
et al. 2008; Nagasaka et al. 2013). Loss of Scribble enhances
invasion stimulated by H-Ras (Shaikh et al. 1996) and
tumor formation promoted by Ras and Myc (Wu et al.
2010). Similarly, loss of the polarity protein Par3 leads to
increased invasion in several tumor models (Iden et al.
2012; McCaffrey et al. 2012; Xue et al. 2013) through mul-
tiple pathways, including PKC-dependent activation of
JAK/STAT3 signaling. This induces expression of a metal-
loproteinase, MMP9, with subsequent destruction of the
ECM and invasion (McCaffrey et al. 2012), and increased
Rac activation, leading to decreased cell–cell adhesion
(Xue et al. 2013).

Loss of cell polarity is often coupled to cell proliferation
because the loss of cell adhesion molecules relieves contact
inhibition. One example is the cytoskeletal protein merlin
(also known as neurofibromin 2), a tumor suppressor that
regulates the Hippo pathway and whose loss is well known

to cause increased cell proliferation. Polarity signaling is
also coupled to metabolism.

Some subpopulations of epithelial cells in tumors, par-
ticularly those at tumor margins, undergo at least a partial
EMT. EMTs are associated with various normal physiolog-
ical processes—for example, wound healing, gastrulation,
and branchingmorphogenesis (Birchmeier andBirchmeier
1995). This developmental process is orchestrated by mul-
tiple highly coordinated pathways induced by combina-
tions of different factors, including transforming growth
factor b (TGFb), TNF, Wnt, Notch, and some growth fac-
tors. EMT is characterized by a loss of apical-basal polarity,
down-regulation of E-cadherin cell–cell adhesion mole-
cules, adoption of a more fibroblast-like appearance, and,
in some contexts, acquisition of stem- or progenitor-cell
phenotypes and anchorage independence, properties that
would enhance the cell’s ability to invade other tissues and
initiate tumors at distant sites.

The Ras-ERK and PI3K-Akt pathways drive the EMT in
certain contexts, generally under conditions in which these
pathways are hyperactivated together with other pathways
implicated in EMT (e.g., TGFb, Wnt, andNotch signaling)
(Larue and Bellacosa 2005). Multiple transcription factors,
such as Snail, Slug,Twist, andZEB,play critical roles driving
EMT, and these are regulated by ERK and Akt. For exam-
ple, Akt can phosphorylate the IkB kinases that regulate
NF-kB, a transcription factor that induces Snail. Akt also
phosphorylates and inactivates GSK3, which normally pro-
motes ubiquitin-dependent degradation of Snail (Doble
and Woodgett 2007); Akt activation will therefore increase
Snail stability, further promoting EMT. In addition, Akt2
phosphorylates HNRNP E1, a protein that promotes trans-
lational elongation on EMT-promoting transcripts such as
those encoding interleukin-like EMTinducer and the adap-
tor protein DAB2 (Hussey et al. 2011). AP1, which is regu-
latedby theRas-ERKpathway, canalso induce transcription
factors that promote EMTas well as other gene expression
programs that control phenotypic changes associated with
EMT. These include up-regulation of specific integrin het-
erodimers (e.g.,a5b1 andaVb6), vimentin, and fibronectin
and down-regulation of cytokeratin, polarity proteins (e.g.,
Crumbs, PATJ, LGL), and E-cadherin, all of which support
cell motility. Interestingly, the polarity protein Scribble
maintains cell–cell junctions by suppressing ERK (which
stimulates ZEB1) as described above (Elsum et al. 2013;
Nagasaka et al. 2013). Dysregulation of both Ras-ERK and
PI3K-Akt signaling thus has the potential to play an impor-
tant role in cancer progression by promoting adoption of
an invasive phenotype.

Finally, it is important to note that EMT is not essential
for invasion and tumor cell dissemination. Tumor cells can
migrate as epithelial sheets within tissues (as occurs during
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wound healing) or invade by pushing through tissue bor-
ders (e.g., basement membrane).

8 CELL FATE AND DIFFERENTIATION

Dysregulation or co-option of developmental signaling
pathways is a feature of many cancers. This can disrupt
the balance between cell proliferation and differentiation,
alter cell fate, and/or inappropriately induce morphoge-
netic programs such as the EMT (see above) that promote
metastasis. Although some oncogenes can directly regulate
the developmental state of cells, it is generally believed that
cancer progression requires a self-renewing population of
“stem-cell-like” cells. These may be induced into a stem-
cell-like state by an oncogene(s), or a normal stem/progen-
itor cell may be the cell-of-origin that sustains the succes-
sive mutations that lead to malignancy.

The simplest examples of cancers with dysregulated
development are perhaps hematopoietic malignancies in
which a differentiation program is stalled before the cells
reach their nonproliferative differentiated state. For ex-
ample, in acute promyelocytic leukemia, a form of acute
myelocytic leukemia, myeloblasts fail to differentiate into
mature white blood cells because of a translocation that
leads to synthesis of a fusion protein combining sequenc-
es from a protein called PML and the retinoic acid recep-
tor (RAR). The PML-RAR fusion protein represses RAR-
target genes that normally drive differentiation, thereby
inactivating the RAR signaling that normally controls
this. Subsequently, additional mutations cause overprolif-
eration of the undifferentiated myeloblasts. Inappropriate
Wnt signaling has a similar effect in colon cancer. Ordi-
narily, Wnt signaling via b-catenin (see Nusse 2012)
maintains enterocytes in an undifferentiated state in co-
lon crypts but is inactivated by APC-induced degradation
of b-catenin as cells move up toward the luminal surface
of the intestine. Mutation of the APC tumor suppressor
in colon cancer, however, means b-catenin is not de-
stroyed and can maintain cells in an undifferentiated state
as they move away. Further mutations can then drive
neoplasia.

Developmental signals can also drive cancer progres-
sion because they stimulate inappropriate cell proliferation
(see above). Mutations that activate Notch, for example,
contribute to acute lymphocytic leukemia because Notch
signaling (Kopan 2012) can stimulate the cell cycle and also
inhibits apoptosis in T cells. Importantly, Notch functions
as a tumor suppressor in some other tissues. In others, the
concentration of Notch dictates its growth suppressive
or stimulatory effects (Mazzone et al. 2010), which illus-
trates the importance of the signaling context. Activation
of the Hedgehog signaling pathway (see Ingham 2012) by

mutations in the Patched receptor occurs in basal cell car-
cinomas and medulloblastomas and again drives cell pro-
liferation. Hedgehog signaling is also hyperactivated via
autocrine loops in many tumors that affect tissues derived
from the embryonic gut.

Given that the Ras-ERK and PI3K-Akt signaling path-
ways are activated by growth factors such as EGF, IGF, and
fibroblast growth factor (FGF), which play major roles in
control of cell fate, they can thus be considered develop-
mental signaling pathways that are hijacked in cancer. Sig-
naling by FGF4/8, for example, activates the Ras-ERK
pathway to drive EMT during gastrulation and the Ras-
ERK pathway is recapitulated in several cancers (Thiery
2002). The context is important, however; signaling by
FGF has the potential to affect cell proliferation, apoptosis,
and migration (see above), as well as angiogenesis (see
below), but it can also have tumor suppressive effects,
maintaining cells in a differentiated, nonproliferative state.
For example, whereas FGFR2 is up-regulated in gastric
cancers, its expression is reduced in bladder and prostate
cancer (Turner and Grose 2010).

9 GENOMIC INSTABILITY

Genomic instability is a common characteristic of cancer
cells. Aneuploidy and large-scale DNA rearrangements are
frequently observed, and many cancers display elevated
mutation rates. Ordinarily, a variety of cellular enzymes
repair DNA damage, and checkpoint signaling ensures
that DNA replication and cytokinesis are arrested in divid-
ing cells until potentially damaging errors are corrected.
Alternatively, checkpoint signaling can induce senescence
orapoptosis so that affected cells donotpasson these errors.
Whether genomic instability is a cause or a consequence of
cancer is still debated, but it clearly reflects a failure of
checkpoint signaling and/or DNA repair mechanisms.

DNA damage signals are relayed by the kinases ATM,
ATR, Chk1, and Chk2, which stimulate p53, stall the cell
cycle, and activate the DNA repair machinery (Rhind and
Russell 2012). Downstream of p53, the CKI p21 is induced,
and this can halt DNA polymerase if DNA replication
has already begun. If the damage cannot be repaired and
checkpoint signaling persists, p21 and p53 will induce
cells to senesce or undergo apoptosis (see above). Clearly,
mutation or epigenetic silencing of these tumor suppres-
sors or upstream kinases can inactivate checkpoint signal-
ing, allowing DNA damage to persist and potentially fuel
cancer progression. Indeed, ATM and Chk2 mutations are
seen in familial leukemias and colon/breast cancers, re-
spectively, and proteins involved in DNA repair itself are
also often mutated—for example, MMR enzymes and
BRCA1/2.
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The mitotic checkpoint (also known as the spindle
assembly checkpoint) ensures that when a cell divides
each daughter receives a full complement of chromosomes.
A complex containing the proteins Bub1, Bub3, and
Mad1-3 monitors attachment of chromosomes to the mi-
totic spindle, relaying checkpoint signals that block chro-
mosome segregation and subsequent cytokinesis. Once
paired, sister chromatids are all attached to microtubules
emanating from opposite poles, the signal is switched off,
and cells can move from metaphase into anaphase and,
ultimately, cytokinesis can proceed (Rhind and Russell
2012). Inactivation of this checkpoint pathway has the
potential to lead to aneuploidy, and mutations in Mad1/
2 and Bub1 have been observed in cancer (Schvartzman
et al. 2010).

Akt has been implicated in multiple aspects of DNA
damage responses and genome instability (Xu et al.
2012a). It can inhibit homologous recombinational repair
through direct phosphorylation of the checkpoint proteins
Chk1 and TopBP1 or indirectly through recruitment of
resection factors such as RPA, BRCA1, and Rad51 to sites
of double-stranded breaks (DSBs) in DNA. Akt is also ac-
tivated by DSBs in a DNA-dependent protein-kinase- or
ATM/ATR-dependent manner and, in some contexts, can
contribute to radioresistance by stimulating DNA repair by
nonhomologous end joining. In addition, Akt also inhibits
association of BRCA1 with DNAdamage foci. As discussed
above, dysregulation of the PI3K-Akt pathway suppresses
apoptosis throughmany effectors, thus promoting survival
of cells with DNAdamage. Because Ras-ERK signaling also
inhibits apoptosis, it too could promote survival of dam-
aged cells. Hyperactivation of Ras-ERK signaling has been
shown to lead to genomic instability, although the molec-
ularmechanism is unclear (Saavedra et al. 1999). Akt there-
fore modifies both the response to and repair of genotoxic
damage in complex ways that are likely to have important
consequences for the therapy of tumors showing deregula-
tion of the PI3K-Akt pathway.

The tumor suppressor PTEN can also regulate chromo-
some stability, independently of its 3′-phosphatase activity.
PTEN regulates the expression of the DNA repair protein
RAD51, and loss of PTEN causes extensive centromere
breakage and chromosomal translocations (Toda et al.
1993; Liu et al. 2008; Kopan 2012).

Myc overexpression can induce genomic instability. In
mammalian cells and Drosophila, overexpression of Myc

increases the frequency of chromosomal rearrangements
(Prochownik and Li 2007; Greer et al. 2013). Multiple
mechanisms have been associated with such genomic rear-
rangements, including ROS-induced DSBs, suppression of
checkpoints that prevent replication of damagedDNA, and
telomere clustering.

10 THE TUMOR MICROENVIRONMENT

So far, we have primarily considered how signaling within
cancer cells themselves is dysregulated in cancer. However,
cancer progression (at least in solid tumors) also depends
on the ECM, blood vessels, immune cells, and noncancer-
ous cells such as fibroblasts in the tumor microenviron-
ment, all of which communicate with cancer cells by
subverted signaling mechanisms (Fig. 6). Many of the
changes in the tumor microenvironment during cancer
progression mimic changes that occur during wound heal-
ing and/or developmental processes. As tumors evolve, the
complexity of their “ecosystem” increases; reciprocal para-
crine and juxtacrine interactions between populations of
neoplastic cells as well as tumor cells and nonneoplastic
cells within the microenvironment control cellular signal-
ing pathways in both positive and negative fashions. Dis-
secting the roles of individual signaling pathways in these
ecosystems is complex because it is difficult to distinguish
cell-autonomous and non-cell-autonomous activities.

10.1 The ECM

The ECM is a scaffold that physically supports tissues and
provides a substrate for cell adhesion andmigration, as well
as a source of bioactive molecules. Far from a static struc-
ture, it is constantly being remodeled, and its composition
plays a critical role in control of cell behavior. Fibronectin,
laminin, collagen, and various other ECM components
serve as ligands that activate integrin signaling. Integrin
signaling leads to activation of canonical pathways such
as Ras-ERK, PI3K-Akt, and Src signaling, as well as other
proteins—for example, the tyrosine kinase FAK, a scaffold
that links integrins with cytoskeletal proteins, adaptors,
and enzymes that transduce signals from matrix adhesion
complexes. FAK also regulates p53 and members of the
miR-200 family of microRNAs, which control apoptosis
and epithelial phenotype (Keely 2011).

Heparin sulfate proteoglycans (HSPGs) in the ECM
modulate signaling by associating with various ligands
and acting as coreceptors (e.g., for FGF and FGFR). In
addition, the ECM actively sequesters a variety of growth
factors, including TGFb, vascular endothelial growth fac-
tor (VEGF), and platelet-derived growth factor (PDGF),
which can be liberated and/or activated by MMPs. Colla-
gens can also be digested and remodeled by proteinases to
enhance tumor cell motility.

The ECM changes as cancer progresses (Lu et al. 2011).
It stiffens as large quantities of ECM are deposited by can-
cer-associated fibroblasts (see below) and collagen fibers
become more cross-linked by lysyl oxidases secreted by
stromal cells. This increases contractility of the cells, which
further fuels stiffening. The changes in stiffness of the ECM
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promote cell migration and integrin signaling through reg-
ulation of Rho family GTPases and other pathways, which
synergize with oncogene-activated Ras-ERK and PI3K-Akt
pathways to promote invasive growth and cell survival
(Keely 2011).

Other changes to the ECM include increased levels of
molecules such as tenascin C, a proteoglycan common
around developing blood vessels that is induced during
inflammation and promotes angiogenesis. MMPs are also
up-regulated. These stimulate signaling in various ways
and, by degrading the ECM, clear a path for cell migration.
Indeed, genes encoding endogenous inhibitors of MMPs
such as TIMP3 are known to be targets for hypermethyla-
tion in some cancers. HSPGs are also overproduced in
cancer and may potentiate oncogenic signaling by FGF,
Wnt, and Hedgehog.

10.2 Angiogenesis

Like all tissues, tumors require a blood supply. They ac-
quire this by inducing proliferation and assembly of endo-
thelial cells to form new blood vessels (angiogenesis), co-
opting pathways that usually function in wound healing.
Central to angiogenesis are signals such as VEGF, PDGF,
FGFs, interleukin (IL) 8, and angiopoietin. The PI3K-Akt
pathway regulates the induction of angiogenesis as well as
vessel integrity (Karar and Maity 2011). Synthesis and se-
cretion of VEGF by cancer cells is induced by HIF1. As
mentioned above, HIF1 levels are increased by PI3K-Akt
signaling, and hyperactivation of this pathway thus plays an
important role in angiogenesis. HIF1 activity can be con-
trolled by the von Hippel–Lindau (VHL) protein, a sub-
unit of an E3 ligase that promotes its ubiquitin-dependent
degradation under normoxic conditions when it is pro-
line hydroxylated by proline hydroxylases (see Ward and
Thompson 2012b), or through translational control. VHL
functions as a tumor suppressor and inactivating VHLmu-
tations occur in a variety of cancers. The PI3K-Akt pathway
also modulates the production of other angiogenic factors,
such as nitric oxide and angiopoietins. Constitutive endo-
thelial activation of Akt1 has been shown to induce the
formation of structurally abnormal blood vessels.

Following its secretion, VEGF is sequestered in the
ECM and cannot exert its effects on endothelial cells until
it is released byMMPs such as MMP9. These are produced
by monocytes and macrophages in the tumor microenvi-
ronment (see below), which underscores the importance of
immune cells in angiogenesis and existence of the wider
signaling network that involves cancer cells, immune cells,
and endothelial cells.

Another factor that must be overcome for angiogenesis
to occur is inhibitory signals such as thrombospondin 1

(Tsp1). Tsp1 released by various cells normally keeps an-
giogenesis in check by inducing synthesis of FasL, which
causes endothelial cells to undergo apoptosis (see Green
and Llambi 2014). Tsp1 is induced by p53, but repressed
by Ras, Src, and Myc. It thus represents another control
point in angiogenesis that could be activated by dysregula-
tion of the Ras-ERK pathway. Moreover, the gene that en-
codes Tsp1 is hypermethylated in some cancers.

10.3 Inflammation

Inflammatory cells such as macrophages and neutrophils
constitute the first defense against pathogens, but are also
involved in tissue remodeling and repair. They are recruited
by chemokines secreted by tumor and stromal cells to al-
most all tumors and secrete various molecules that pro-
mote cancer cell proliferation, survival, and migration. In
many respects, the contribution of inflammatory cells to
tumor progression, like that of angiogenesis, recapitulates
their role in wound healing, which also involves these
processes.

Signaling via the transcription factor NF-kB (see New-
ton and Dixit 2012) is important in both cancer cells and
tumor-associated inflammatory cells because it can pro-
mote cell survival and proliferation and stimulates pro-
duction of cytokines such as TNF. Oncogenic mutations
affectingNF-kBor upstream regulators such asMALT1 and
Bcl10 occur in some lymphoid malignancies; however,
in most cancers, NF-kB activity is simply increased by
cytokine signaling. For example, in colon cancer, TNF
produced by macrophages increases NF-kB activity in
intestinal epithelial cells, which promotes cell survival;
meanwhile, other cytokines such as IL6 and IL11 increase
phospho-STAT3 levels (seeHarrison 2012), which promote
cell proliferation. A similar phenomenon occurs in hepa-
tocytes in hepatocellular carcinoma, the most common
form of liver cancer, and prostate cancer (Karin 2009).
NF-kB activation also leads to production of more TNF
and synthesis of prostaglandin E2, which further fuels cell
proliferation and loss of cell polarity.

In addition to cytokines, inflammatory cells secrete
growth factors such as EGF and FGF. These are obviously
important regulatorsofRas-ERKandPI3K-Akt signaling in
cancer cells and will, therefore, dysregulate control of cell
proliferation, cell death, metabolism, and cell migration,
as discussed above. They also lead to production of colo-
ny-stimulating factor 1 (CSF1), a key reciprocal signal that
stimulates macrophages, causing them to produce more
EGF. Immune cells also produce VEGF and MMPs, which
promotes angiogenesis, ECM remodeling, and release of
other bioactive molecules (see above). Importantly, all
these factors participate in paracrine loops involving vari-
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ous immune cells and cancer cells that sustain chronic in-
flammation and promote tumor growth and progression.

Note that cells of the adaptive immune system can also
be involved, producing signals such as IL17 that stimulate
both cancer cells and cells of the innate immune system.
Resident microbiota and pathogenic bacteria in the tumor
microenvironment can also release products that promote
inflammation and immune cell infiltration (Grivennikov
et al. 2012).

10.4 Cancer-Associated Fibroblasts

Fibroblasts are present in most tissues, helping to shape
organs and control the composition of the ECM. They
are activated by tissue injury and, in cancer, produce var-
ious factors that stimulate proliferation and migration of
cancer cells, along with angiogenesis and inflammation.
Release of signals such as TGFb and PDGF bymacrophages
and cancer cells activates fibroblasts, which, in turn, can
release EGF, HGF, IGF, and chemokines such as CXCR12
(also known as stromal-cell-derived factor 1). These can
then further activate Ras-ERK and PI3K-Akt signaling
and other pathways in the cancer cells and drive feedback
loops that amplify this. Cancer-associated fibroblasts are
also responsible for the distinct ECM associated with ad-
vanced carcinomas, which also affects signaling within the
tumor.

The interplay between cancer cells and these different
components of the tumor microenvironment is thus in-
credibly complex and mimics signaling that tissues display
both during development and in normal tissue homeosta-
sis and repair. As cancers metastasize, this extends to other
organs. Different cancers are known to seed secondary tu-
mors in particular tissues. Successful colonization depends
on the cell surface receptors expressed by the cancer cells
and target tissue and the suitability of the microenviron-
ment the latter provides.

11 CONCLUDING REMARKS

Cancer cells show a number of defining characteristics.
Underlying these is a dysregulation of cellular signal trans-
duction induced by the genetic and epigenetic changes that
drive cancer. This affects not only the cancer cells them-
selves, but the wider signaling network that encompasses
other cells, the ECM, blood vessels, and the immune sys-
tem. Indeed,metastatic cancer can be considered a systemic
disease that affects signaling throughout the affected indi-
vidual, and systemic effects are ultimately what kill patients
in cancer.

Pharmacologic and antibody-based inhibitors that
target signaling proteins mutated in tumors or proteins

downstream from these have had significant impact as can-
cer treatments. For example, inhibitors of the nonreceptor
tyrosine kinase Abl and RTK ErbB2 dramatically reduce
patient mortality in chronic myelogenous leukemia and
breast cancer. Other inhibitors, such as those that target
B-Raf, EGFR, and the kinase ALK induce remarkable re-
ductions of tumor volume and extend survival in patients
with melanoma and nonsmall-cell lung carcinomas; how-
ever, the rate of recurrence is high because of the develop-
ment of drug resistance (Gainor and Shaw 2013; Giroux
2013; Holohan et al. 2013; Lito et al. 2013).

The complexity of the cancer signaling network (see
Fig. 6) presents a huge challenge for efforts to develop
such anticancer drugs because of the redundancy of path-
ways that control cell proliferation and survival, crosstalk
between pathways, and feedback inhibition mechanisms
that cause pathway reactivation. The fact that pathways
such as Ras-ERK and Akt-PI3K signaling control so many
characteristics of cancer cells, and that components of these
pathways, or upstream receptors, are so commonlymutated
in a variety of cancers gives reason to be optimistic that
approaches based on targeting them will be successful.
The efficacy of therapies that target these pathways is, how-
ever, limited by multiple factors. For example, rewiring of
signaling pathways is associated with adaptive responses to
inhibition of driver mutations, and this is commonly be-
cause of either loss of feedback inhibition or induction of
stress pathways (Pratilas and Solit, 2010; Rodrik-Outmez-
guine et al. 2011; Lito et al. 2013). Moreover, factors from
the tumor microenvironment may stimulate alternative
pathways that maintain cell viability despite inhibition of
the targeted pathways (Castells et al. 2012; Muranen et al.
2012). Alternatively, there can be selection for rare tumor
cells that contain drug-resistant variants of the targeted
protein or mutations in other pathways that circumvent
the dependency on the targeted pathway, and epigenetic
or stochastic changes in the state of tumor cells can also
activate intrinsic resistance pathways (Holohan et al. 2013;
Holzel et al. 2013).

Further complicating matters is the degree of intra-
tumoral genetic heterogeneity. Recent evidence emerging
from sequencing of single cells and multiple regions of
tumors from individual patients has revealed this is far
greater than previously imagined (Navin et al. 2011; Ruiz
et al. 2011; Ding et al. 2012; Gerlinger et al. 2012; Xu
et al. 2012b; Bashashati et al. 2013) In one study of kidney
tumors, only ≏45% of mutations were detected in all tu-
mor regions. This heterogeneity also contributes signifi-
cantly to intratumoral variation in sensitivity to drugs
targeting signaling proteins mutated in cancer, and means
that single biopsies may not be sufficient to customize
patient treatment.
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Overcoming these challenges will require a deeper un-
derstanding of the nature of resistance mechanisms and
how different cellular signaling programs mediate resistant
states in heterogeneous populations of tumor cells. Com-
bination therapies that target these should increase the
efficacyof targeted therapies. This is a significant challenge,
but one that we feel is not insurmountable.
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