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Key facts about cancer
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New estimates worldwide
19.3 million cases and

10 million cancer deaths in 2020

Second leading cause of death
after cerebrovascular diseases



Cancer prognosis evaluation

ü Tumors are classified according to their organ of origin (breast, liver, kidney, bones)

ü Search for molecular markers allow to precise the spontaneous pronostic or are     
predictive of an answer to a treatment
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ü Pathological examination to establish the TYPE, GRADE and STAGE of the tumor

STAGES     represented as Roman numerals
TNM classification followed by a number from 0 (no cancer), I to IV, X impossiblity to evaluate
T: size of the tumor
N: putative regional lymph node invasion
M: distant metastases

GRADES written in Arabic numerals
Differentiation, nuclear and cytoplasmic abnormalities, number of mitoses, extension of necrosis... 

Example : the Gleason score to grade prostate cancer

TYPES
Carcinoma (epithelial Hssue), Sarcoma (connecHve Hssue), Lymphoma and Leukemia (blood cells),
Neuroblastoma (embryonic Hssue), ...



Paoli et al., BBA 2013

- carcinogenesis in the primary site

- hyperproliferation

- hypoxic environment 

- sustained angiogenesis

- crosstalk with parenchymal, stromal, endothelial and inflammatory cells

- migration and invasiveness

- intravasation into the bloodstream

- cell survival in the blood and lymphatic vessels

- extravasation from the circulation

- metastatic niche in which cancer cells should adapt

- growth of the invading cells in the new site 

Cancer: a multistep process

4 AB Int. M1

primary tumor metastase



Compton, Cancer: The Enemy from Within, Springer Ed., 2020 pp 25-48

Cancer: a multistep process
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Three sequential steps



Cancer: a multigenic and multifactorial disease

ü Heredity
ü Genotoxic agents
ü Radiations
ü Viruses

ü Cytokines
ü Growth factors
ü Hormones

ü Epigenetics
ü Gene amplification
ü Chromosomal rearrangements
ü Loss of heterozygosity
ü Oncogene activation
ü Inhibition of tumor suppressor genes
ü Expression of novel genes

(cytoskeleton or cell adherence proteins)

Modified from S. Dufort, M1 Science du vivant 2008

Ini$a$on Promotion Progression Metastasis

Hyperplasia / clonal selection / genomic instability InvasionDNA damage
Point mutations
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up to 10 or 20 years

Predispose the cell to
malignant transformation



Transformed cells acquire new properties

ü Immortality

ü Decreased sensitivity to growth suppressors

ü Increased resistance to cell deaths

ü Sustained proliferative signaling

ü Decreased cell-cell and cell-matrix interactions

ü Avoiding immune destruction

ü ...

Sequential mutations induce
new cell properties
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normal cell

transformed cell

limited number of replications
limited growth factor signal accepted

mortal

unlimited number of replications

unlimited number of replications
immortalization

unlimited number of  replication
immortalization

enhanced proliferation

increased telomerase activity

loss of cell cycle suppressors
and protection against apoptosis

excessive proliferative signal

s

hTERT,

SV40
large T,

H-v12Ras,

Trois changements du génome, dans le bon ordre et survenant sur des 
gènes spécifiques, suffisent pour transformer une cellule normale en 

cellule cancéreuse

Les cellules n’acceptent pas facilement les mutations
transformantes

Normalement les cellules « choisissent » de mourir (apoptose) plutôt 
que d’accepter les altérations somatiques qui s’accumulent dans leur 
génome. En d’autres termes, dans la majorité de cas, les cellules 
altérées sont sacrifiées à la survie de l’organisme. 

Leurs moyens de défense sont les suivants:
- perte de contact avec leur voisine/matrice apoptose
- endommagement de l’ADN arrêt de prolifération
- défauts dans la réplication de l’ADN arrêt de prolifération
- absence de réparation de l’ADN apoptose
- signaux de prolifération excessifs sénescence ou apoptose
- perte de télomères sénescence or apoptose

Example :
Three specific gene modifications are sufficient to 

convert a normal cell into a transformed one
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The Hallmarks of 
Cancer
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Etiology of cancer : a genetic disease

All cancers arise from changes in genes (mutations) but NOT all are inherited

Differentiating hereditary from sporadic cancers



Hereditary versus Sporadic cancers
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Cancer that occurs in people who do not have a family
history of that cancer or an inherited change in their

DNA that would increase their risk for that cancer

Inherited cancer syndromes are caused
by mutations (changes) in certain genes

passed from parents to children

Hereditary cancer Sporadic cancer

ü Virus
ü Pollutant exposure
ü Tobacco, Alcohol
ü Sunlight
ü Radiations
ü Aging

Generally has a later onset
Higher risk



 
 Ź Principales prédispositions génétiques et principaux gènes associés 
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PRÉDISPOSITIONS GÉNÉTIQUES PRINCIPAUX GÈNES ASSOCIÉS 

SYNDROME SEINS-OVAIRES BRCA1, BRCA2, PALB2, RAD51 

SYNDROME DE LYNCH MLH1, MSH2, MSH6, PMS2, EPCAM 

ADÉNOMES HYPOPHYSAIRES FAMILIAUX AIP 

ATAXIE-TÉLANGIECTASIE ATM, MRE11A 

CANCER GASTRIQUE DIFFUS FAMILIAL CDH1 

CARCINOME PAPILLAIRE RÉNAL HÉRÉDITAIRE FH, MET 

HYPERPARATHYROÏDISME CDC73, CASR 

MALADIE DE COWDEN PTEN, PIK3CA, AKT1 

MALADIE DE FANCONI FANC 

MALADIE DE VON HIPPEL-LINDAU VHL 

MÉLANOME MALIN FAMILIAL CDKN2A, MITF, BAP1, POT1, CDK4 

NÉOPLASIES ENDOCRINIENNES MEN1, RET, CDKN1B 

NEUROFIBROMATOSES NF1, NF2, LZTR1, SMARCB1, SPRED1, SMARCE1 

PHÉOCHROMOCYTOME-PARAGANGLIOME HÉRÉDITAIRE SDH, TMEM127, MAX, EPAS1 

POLYPOSES ADÉNOMATEUSES FAMILIALES APC, MUTYH, POLE, POLD1, NTHL1 

RÉTINOBLASTOME RB1 

SYNDROME DE BIRT-HOGG-DUBÉ FLCN 

SYNDROME DE BLOOM BLM 

SYNDROME DE CARNEY PRKAR1A, ARMC5 

SYNDROME DE GORLIN PTCH1, PTCH2, SUFU 

SYNDROME DE LI-FRAUMENI TP53, CHEK2 

SYNDROME DE NIJMEGEN NBN 

SYNDROME DE PEUTZ-JEGHERS STK11 

SYNDROME DE POLYPOSE JUVÉNILE BMPR1A, SMAD4 

SYNDROME DE WERNER WRN 

XERODERMA PIGMENTOSUM XP 
  

 
 

Mutations that you have
inherited from your parents

Hereditary cancers
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ü Familial adenomatous polyposis
Colon cancer

ü Breast cancer

Both are transmitted in an autosomal dominant pattern
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Hereditary cancers : the case of BRCA genes

Weinberg, The Biology of Cancer  Garland Science, Taylor & Francis Group, LLC 2014

546 Chapter 12: Maintenance of Genomic Integrity and the Development of Cancer

tumors as well as endometrial, stomach, ovarian, and urinary tract carcinomas in 
addition to their 80% lifetime risk of developing colon carcinomas.

!e increased cancer susceptibility of the HNPCC patients can be traced back to the 
accelerated rate with which tumor progression proceeds in their colons: while the 
adenoma-to-carcinoma progression is estimated to require 8 to 10 years in the gen-
eral population (see Section 11.2), the genetic instability a"icting the cells of HNPCC 
patients allows this step to occur in only 2 to 3 years. Indeed, because their adeno-
mas progress so quickly to carcinomas, these premalignant growths have a relatively 
short lifetime and are therefore not found in signi#cant numbers in the colons of these 
patients. !e responsible genes were discovered through clever genetic sleuthing 
(Supplementary Sidebar 12.6).

!e majority (85–90%) of HNPCC cases result from germ-line mutations in the genes 
encoding two important mismatch repair proteins, MSH2 and MLH1. Mutant germ-
line alleles of two other MMR genes, MSH6 and PMS2, are involved in a small propor-
tion (~15%) of these cases; however, two other MMR genes (PMS1, MSH3), which have 

Table 12.1 Human familial cancer syndromes due to germ-line defects in DNA repair

Name of syndrome Name of gene Cancer phenotype Enzyme or process affected

HNPCC/Lynch (4–5 genes)a colonic polyposis mismatch repair enzymes

XPb (8 genes)b UV-induced skin cancers nucleotide-excision repair

ataxia telangiectasia (AT)c ATM leukemia, lymphoma response to dsDNA breaks

AT-like disorderc MRE11 lung, breast cancers dsDNA repair by NHEJ

Familial breast, ovarian cancer BRCA1, BRCA2,d 
BACH1, RAD51C

breast, ovarian, prostate 
carcinomas

homology-directed repair of dsDNA 
breaks

Werner WRN sarcomas, other cancers exonuclease and DNA helicase,e 
replication

Bloom BLM leukemias, lymphomas, 
solid tumors

DNA helicase, replication

Fanconi anemia (13 genes)f AML, diverse carcinomas repair of DNA cross-links and ds breaks

Nijmegen breakageg NBS mostly lymphomas processing of dsDNA breaks, NHEJ

Li–Fraumeni TP53 multiple cancers DNA damage alarm protein

Li–Fraumeni CHK2 colon, breast carcinomas kinase signaling DNA damage

Rothmund–Thomson RECQL4 osteosarcoma DNA helicase

Familial adenomatosis MYH colonic adenomas base-excision repair

Familial breast cancer PALB2 breast cancer dsDNA repair by HR

aFive distinct MMR genes are transmitted as mutant alleles in the human germ line. Two MMR genes—MSH2 and MLH1—are commonly involved in 
HNPCC; two other MMR genes—MSH6 and PMS2—are involved in a small number of cases; in addition, there is elevated risk of developing tumors 
of the prostate, ureter, ovary, connective tissues, and brain; a fifth gene, PMS1, may also be involved in a small number of cases.
bXeroderma pigmentosum; at least eight distinct genes, seven of which are involved in NER. The seven genes are named XPA through XPG. An eighth 
gene, XPV, encodes DNA polymerase Ș.
cAtaxia telangiectasia, small number of cases.
dMutant germ-line alleles of BRCA1 and BRCA2 together may account for ~5% of all breast cancers and 10–20% of identifiable human familial 
breast cancers.
eAn exonuclease digests DNA or RNA from one end inward; a DNA helicase unwinds double-stranded DNA molecules.
fThirteen genes have been cloned and at least thirteen complementation groups have been demonstrated. Complementation group J encodes the 
BACH1 protein, the partner of BRCA1. A number of the products of the FANC genes form a complex that interacts with BRCA1 and its partners; 
BRCA2 associates with BRCA1 (and FANCD1 = BRCA2). Homozygous absence of either the RAD51C, FANCD1 (= BRCA2), FANJ (= BACH1), or FANCN 
(= PALB2) gene leads to Fanconi anemia, while lack of only one gene copy leads to breast cancer and/or susceptibility thereto.
gThe NBS1 protein (termed nibrin) forms a physical complex with the Rad50 and Mre11 proteins; all three are involved in repair of dsDNA breaks. The 
phenotypes of patients with Nijmegen breakage syndrome are similar but not identical to those suffering from AT.

Adapted in part from B. Alberts et al., Molecular Biology of the Cell, 5th ed. New York: Garland Science, 2008. Also from E.R. Fearon, Science 
278:1043–1050, 1997.

BRCA1
BReast Cancer 1

BRCA2
BReast Cancer 2
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The most well-known genes
linked to breast cancer risk



Weinberg, The Biology of Cancer  Garland Science, Taylor & Francis Group, LLC 2014

Loss of BRCA1 partners affects
checkpoint controls in the cell cycle

and homologous recombination

Loss of BRCA1 partners
affects homology-directed

repair of dsDNA breaks 555

that is shut down in virtually all somatic cell types. In the absence of this heterochro-
matization, a variety of repeat sequences that are normally shut down now become 
expressed, leading to widespread genetic destabilization as a downstream e!ect. "e 
recent discovery of this BRCA1 function reveals how poorly we understand why and 
how BRCA1 loss leads to breast, ovarian, and prostate carcinoma development.

12.11 !e karyotype of cancer cells is often changed through 
alterations in chromosome structure

Long before the subtleties of DNA damage and its repair were recognized, aberrant 
karyotypes were known to be present in cancer cells, indeed, for almost a century. "e 
triradial and quadriradial metaphase chromosomes seen in cells lacking BRCA1 or 
BRCA2 function are examples of these aberrations (see Figure 12.30). Stepping back 
for a moment from these particular aberrations, we can recognize that two distinct 
classes of karyotypic abnormalities can be seen in cancer cells: changes in the struc-
tures of individual chromosomes, and changes in chromosome number that have no 
e!ect on chromosome structure.

One frequent deviation from the normal diploid karyotype involves an increase 
or decrease in the number of speci#c chromosomes. On occasion, through various 
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Figure 12.33 BRCA1, BRCA2, and their partners (A) The BRCA1 
and BRCA2 proteins act, at least in part, as scaffolds to assemble a 
cohort of other DNA repair proteins into large physical complexes. 
Once assembled, these multiprotein complexes aid in the repair 
of dsDNA breaks, usually via homology-directed repair (HR). For 
example, one exon of the BRCA2 gene encodes eight copies of a 
“BRC domain” (not shown); these aid in the recruitment of multiple 
RAD51 molecules, which form filaments and coat ssDNA strands 
as part of the HR process illustrated in Figure 12.31. The MRN 
complex, composed of MRE11, Rad50, and Nbs1, appears able to 
recognize the end created by a dsDNA break and to activate ATM 
kinase function in response. BRCA1 acts in different situations 
and locales (see panel B) as a scaffold for a variety of alternative 
partners, not all of which are concomitantly bound to BRCA1; 
for this reason, this image depicts a single complex that never 

exists in a living cell. Moreover, this image does not capture the 
full complexity of BRCA1-associated proteins. For example, in the 
hydroxyurea-induced nuclear spots containing stalled replication 
forks (see Figure 12.29A), additional proteins have been discovered 
beyond those depicted, including MDC1, RPA32, Ȗ-H2AX, RNF8, 
RNF168, 53BP1, FANCD2, and FANC1. (B) The loss of different 
partners of BRCA1 specifically affects different checkpoint controls 
in the cell cycle, in addition to compromising the processes of 
homologous recombination and homology-directed repair (HR). This 
illustrates the central role that BRCA1 plays as a scaffolding for a 
diverse array of proteins mediating a variety of processes involving 
DNA function. The checkpoint controls ensure that a cell halts 
before either S or M phase of the cell cycle if its genome carries 
significant unrepaired lesions, such as DSBs (see Figure 8.4).  
(A and B, courtesy of R.A. Greenberg and D.M. Livingston.)

Cancer cells often have altered karyotypes
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Hereditary cancers : the case of BRCA genes

Half of sporadic breast carcinomas carry inactive BRCA1 gene copies, silenced through promoter methylation
This gene suffers the same fate in ~40% of sporadic epithelial ovarian carcinomas

Act as scaffolds to assemble a cohort
of other proteins into large complexes



The Hallmarks of Cancer
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Emerging Hallmarks and enabling characteristics due to research progress

Hanahan and Weinberg, Cell 2011

Yet other distinct attributes of cancer cells have been
proposed to be functionally important for the development of
cancer andmight therefore be added to the list of core hallmarks
(Negrini et al., 2010; Luo et al., 2009; Colotta et al., 2009). Two
such attributes are particularly compelling. The first involves
major reprogramming of cellular energy metabolism in order to
support continuous cell growth and proliferation, replacing the
metabolic program that operates in most normal tissues and
fuels the physiological operations of the associated cells. The
second involves active evasion by cancer cells from attack and
elimination by immune cells; this capability highlights the dichot-
omous roles of an immune system that both antagonizes and
enhances tumor development and progression. Both of these
capabilities may well prove to facilitate the development and
progression of many forms of human cancer and therefore can
be considered to be emerging hallmarks of cancer. These
enabling characteristics and emerging hallmarks, depicted in
Figure 3, are discussed individually below.

An Enabling Characteristic: Genome Instability
and Mutation
Acquisition of themultiple hallmarks enumerated above depends
in large part on a succession of alterations in the genomes of
neoplastic cells. Simply depicted, certain mutant genotypes
confer selective advantage on subclones of cells, enabling their
outgrowth and eventual dominance in a local tissue environment.
Accordingly, multistep tumor progression can be portrayed as
a succession of clonal expansions, each of which is triggered
by the chance acquisition of an enabling mutant genotype.
Because heritable phenotypes, e.g., inactivation of tumor
suppressor genes, can also be acquired through epigenetic
mechanisms such asDNAmethylation and histonemodifications
(Berdasco and Esteller, 2010; Esteller, 2007; Jones and Baylin,
2007), some clonal expansions may well be triggered by nonmu-
tational changes affecting the regulation of gene expression.

The extraordinary ability of genome maintenance systems to
detect and resolve defects in the DNA ensures that rates of
spontaneous mutation are usually very low during each cell
generation. In the course of acquiring the roster of mutant genes
needed to orchestrate tumorigenesis, cancer cells often
increase the rates of mutation (Negrini et al., 2010; Salk et al.,
2010). This mutability is achieved through increased sensitivity
to mutagenic agents, through a breakdown in one or several
components of the genomic maintenance machinery, or both.
In addition, the accumulation of mutations can be accelerated
by compromising the surveillance systems that normally monitor
genomic integrity and force genetically damaged cells into either
senescence or apoptosis (Jackson and Bartek, 2009; Kastan,
2008; Sigal and Rotter, 2000). The role of TP53 is central here,
leading to its being called the ‘‘guardian of the genome’’ (Lane,
1992).
A diverse array of defects affecting various components of the

DNA-maintenance machinery—often referred to as the ‘‘care-
takers’’ of the genome (Kinzler and Vogelstein, 1997)—have
been documented. The catalog of defects in these caretaker
genes includes those whose products are involved in (1) detect-
ing DNA damage and activating the repair machinery, (2) directly
repairing damaged DNA, and (3) inactivating or intercepting
mutagenic molecules before they have damaged the DNA
(Negrini et al., 2010; Ciccia and Elledge, 2010; Jackson and
Bartek, 2009; Kastan, 2008; Harper and Elledge, 2007; Friedberg
et al., 2006). From a genetic perspective, these caretaker genes
behavemuch like tumor suppressor genes, in that their functions
can be lost during the course of tumor progression, with such
losses being achieved either through inactivating mutations or
via epigenetic repression. Mutant copies of many of these care-
taker genes have been introduced into the mouse germline and
result, predictably, in increased cancer incidence, supporting
their potential involvement in human cancer development
(Barnes and Lindahl, 2004).

Figure 3. Emerging Hallmarks and Enabling
Characteristics
An increasing body of research suggests that two
additional hallmarks of cancer are involved in the
pathogenesis of some and perhaps all cancers.
One involves the capability to modify, or repro-
gram, cellular metabolism in order to most effec-
tively support neoplastic proliferation. The second
allows cancer cells to evade immunological
destruction, in particular by T and B lymphocytes,
macrophages, and natural killer cells. Because
neither capability is yet generalized and fully vali-
dated, they are labeled as emerging hallmarks.
Additionally, two consequential characteristics of
neoplasia facilitate acquisition of both core and
emerging hallmarks. Genomic instability and thus
mutability endow cancer cells with genetic alter-
ations that drive tumor progression. Inflammation
by innate immune cells designed to fight infections
and heal wounds can instead result in their inad-
vertent support of multiple hallmark capabilities,
thereby manifesting the now widely appreciated
tumor-promoting consequences of inflammatory
responses.

658 Cell 144, March 4, 2011 ª2011 Elsevier Inc.

number and thus maintenance of normal tissue architecture and
function. Cancer cells, by deregulating these signals, become
masters of their own destinies. The enabling signals are
conveyed in large part by growth factors that bind cell-surface
receptors, typically containing intracellular tyrosine kinase
domains. The latter proceed to emit signals via branched intra-
cellular signaling pathways that regulate progression through
the cell cycle as well as cell growth (that is, increases in cell
size); often these signals influence yet other cell-biological prop-
erties, such as cell survival and energy metabolism.
Remarkably, the precise identities and sources of the prolifer-

ative signals operating within normal tissues were poorly under-
stood a decade ago and in general remain so. Moreover, we still
know relatively little about the mechanisms controlling the
release of these mitogenic signals. In part, the understanding
of these mechanisms is complicated by the fact that the growth
factor signals controlling cell number and position within tissues
are thought to be transmitted in a temporally and spatially regu-
lated fashion from one cell to its neighbors; such paracrine
signaling is difficult to access experimentally. In addition, the
bioavailability of growth factors is regulated by sequestration in
the pericellular space and extracellular matrix, and by the actions
of a complex network of proteases, sulfatases, and possibly
other enzymes that liberate and activate them, apparently in
a highly specific and localized fashion.
The mitogenic signaling in cancer cells is, in contrast, better

understood (Lemmon and Schlessinger, 2010; Witsch et al.,
2010; Hynes and MacDonald, 2009; Perona, 2006). Cancer cells
can acquire the capability to sustain proliferative signaling in
a number of alternative ways: They may produce growth factor
ligands themselves, to which they can respond via the expres-
sion of cognate receptors, resulting in autocrine proliferative
stimulation. Alternatively, cancer cells may send signals to stim-
ulate normal cells within the supporting tumor-associated
stroma, which reciprocate by supplying the cancer cells with
various growth factors (Cheng et al., 2008; Bhowmick et al.,
2004). Receptor signaling can also be deregulated by elevating
the levels of receptor proteins displayed at the cancer cell

Figure 1. The Hallmarks of Cancer
This illustration encompasses the six hallmark
capabilities originally proposed in our 2000 per-
spective. The past decade has witnessed
remarkable progress toward understanding the
mechanistic underpinnings of each hallmark.

surface, rendering such cells hyperre-
sponsive to otherwise-limiting amounts
of growth factor ligand; the same
outcome can result from structural alter-
ations in the receptor molecules that
facilitate ligand-independent firing.
Growth factor independence may also

derive from the constitutive activation of
components of signaling pathways oper-
ating downstream of these receptors,
obviating the need to stimulate these
pathways by ligand-mediated receptor

activation. Given that a number of distinct downstream signaling
pathways radiate from a ligand-stimulated receptor, the activa-
tion of one or another of these downstream pathways, for
example, the one responding to the Ras signal transducer,
may only recapitulate a subset of the regulatory instructions
transmitted by an activated receptor.
Somatic Mutations Activate Additional Downstream
Pathways
High-throughput DNA sequencing analyses of cancer cell
genomes have revealed somatic mutations in certain human
tumors that predict constitutive activation of signaling circuits
usually triggered by activated growth factor receptors. Thus,
we now know that !40% of human melanomas contain
activating mutations affecting the structure of the B-Raf protein,
resulting in constitutive signaling through the Raf to mitogen-
activated protein (MAP)-kinase pathway (Davies and Samuels
2010). Similarly, mutations in the catalytic subunit of phosphoi-
nositide 3-kinase (PI3-kinase) isoforms are being detected in
an array of tumor types, which serve to hyperactivate the PI3-
kinase signaling circuitry, including its key Akt/PKB signal
transducer (Jiang and Liu, 2009; Yuan and Cantley, 2008). The
advantages to tumor cells of activating upstream (receptor)
versus downstream (transducer) signaling remain obscure, as
does the functional impact of crosstalk between the multiple
pathways radiating from growth factor receptors.
Disruptions of Negative-Feedback Mechanisms that
Attenuate Proliferative Signaling
Recent results have highlighted the importance of negative-
feedback loops that normally operate to dampen various types
of signaling and thereby ensure homeostatic regulation of the
flux of signals coursing through the intracellular circuitry (Wertz
and Dixit, 2010; Cabrita and Christofori, 2008; Amit et al.,
2007; Mosesson et al., 2008). Defects in these feedback mech-
anisms are capable of enhancing proliferative signaling. The
prototype of this type of regulation involves the Ras oncoprotein:
the oncogenic effects of Ras do not result from a hyperactivation
of its signaling powers; instead, the oncogenic mutations
affecting ras genes compromise Ras GTPase activity, which

Cell 144, March 4, 2011 ª2011 Elsevier Inc. 647

Hanahan and Weinberg, Cell 2000

Six hallmarks capabilities Ten hallmarks capabilities

TargePng these pathways has improved survival dramaPcally in most cancers
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The Hallmarks of Cancer

therapies. For example, the deployment of apoptosis-inducing
drugs may induce cancer cells to hyperactivate mitogenic
signaling, enabling them to compensate for the initial attrition
triggered by such treatments. Such considerations suggest
that drug development and the design of treatment protocols
will benefit from incorporating the concepts of functionally
discrete hallmark capabilities and of the multiple biochemical
pathways involved in supporting each of them. Thus, in partic-
ular, we can envisage that selective cotargeting of multiple
core and emerging hallmark capabilities and enabling character-
istics (Figure 6) in mechanism-guided combinations will result in
more effective and durable therapies for human cancer.

CONCLUSION AND FUTURE VISION

We have sought here to revisit, refine, and extend the concept of
cancer hallmarks, which has provided a useful conceptual
framework for understanding the complex biology of cancer.

The six acquired capabilities—the hallmarks of cancer—have
stood the test of time as being integral components of most
forms of cancer. Further refinement of these organizing princi-
ples will surely come in the foreseeable future, continuing the
remarkable conceptual progress of the last decade.
Looking ahead, we envision significant advances during the

coming decade in our understanding of invasion andmetastasis.
Similarly, the role of aerobic glycolysis in malignant growth will
be elucidated, including a resolution of whether this metabolic
reprogramming is a discrete capability separable from the core
hallmark of chronically sustained proliferation. We remain
perplexed as to whether immune surveillance is a barrier that
virtually all tumors must circumvent, or only an idiosyncrasy of
an especially immunogenic subset of them; this issue too will
be resolved in one way or another.
Yet other areas are currently in rapid flux. In recent years, elab-

orate molecular mechanisms controlling transcription through
chromatin modifications have been uncovered, and there are

Figure 6. Therapeutic Targeting of the Hallmarks of Cancer
Drugs that interfere with each of the acquired capabilities necessary for tumor growth and progression have been developed and are in clinical trials or in some
cases approved for clinical use in treating certain forms of human cancer. Additionally, the investigational drugs are being developed to target each of the
enabling characteristics and emerging hallmarks depicted in Figure 3, which also hold promise as cancer therapeutics. The drugs listed are but illustrative
examples; there is a deep pipeline of candidate drugs with different molecular targets and modes of action in development for most of these hallmarks.

668 Cell 144, March 4, 2011 ª2011 Elsevier Inc.

Hanahan and Weinberg, Cell 2011

The mitogen-activated protein kinases
(MAPK)/extracellular signal-regulated
kinases (ERK) pathway (sometimes
called RAS-RAF-MEK-ERK pathway)
plays a crucial role in this hallmark

Antigrowth signals are under the
control of two proteins, namely,
retinoblastoma (pRb) and P53,
often lost or mutated in cancer cells

Programmed cell death-1 (PD-1)
is a checkpoint protein expressed
on the surface of activated T cells.
Its binding to PD-L1 that most
cancer cells express in a large
amount allows cancer cells to
evade the immune system

Telomerase is a specialized
reverse transcriptase
enzyme capping the
chromosome ends, the
overexpression of which
prevents telomere
shortening, resulting in
immortality

Inflammatory cells present in
the tumor environment can
provide the malignant cells
with growth factors and other
hallmark-facilitaOng
mechanisms, involving
cytokines and proteases

Downregulation or loss of E-cadherin is one of the
features of epithelial-to-mesenchymal transition
(EMT)
Dysregulation of HGF/c-Met signaling has emerged as
a key player in the invasion and metastasis

Vascular endothelial growth factor (VEGF) family
and its receptors (VEGFR) are the main players in
neoplasticvascularization, and their expression can
be triggered by hypoxia.

Poly (ADP-ribose)
polymerase (PARP) plays a
vital role in repairing single-
strand DNA damage in the
stabilization of the genome

Unbalanced equilibrium
of pro- versus anti-
apoptotic Bcl-2 proteins
acts as a barrier to
apoptosis

As they utilize anaerobic
glycolysis which produce
less energy, cancer cells
upregulate glucose
transporters, mainly Glut-1,
to increase glucose
transportation to the
cytoplasm

Al-Bedeary et al., Iraqi J. Hemat. 2020

Main proteins or pathways are dysregulated in the carcinogenesis process
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Gene$c muta$ons in
genes involved in the control

of gene expression
(epigene'c modifiers)

ious epigenetic processes contribute to regulating the ge-
nome and can become deregulated in cancer.

2 THE IMPORTANCE OF CHROMATIN
TO CANCER

Despite the major advances in understanding the key mo-
lecular lesions in cellular control pathways that contribute
to cancer, it is true that microscopic examination of nuclear
structure by a pathologist remains a gold standard in cancer
diagnosis. The human eye can accurately discern changes in
nuclear architecture, which largely involve the state of chro-
matin configuration, and definitively diagnose the cancer
phenotype in a single cell. Foremost in the cues used by

pathologists are the size of the nucleus, nuclear outline, a
condensed nuclear membrane, prominent nucleoli, dense
“hyperchromatic” chromatin, and a high nuclear/cyto-
plasmic ratio. These structural features, visible under a mi-
croscope (Fig. 2), likely correlate with profound alterations
in chromatin structure and function, with resultant chang-
es in gene expression states and/or chromosome stability.
Linking changes observable at a microscopic level with
the molecular marks discussed throughout this collection
remains one of the great challenges in cancer research.
In this article, we review epigenetic marks that are abnor-
mally distributed in cancer cells, typified by changes in
DNA cytosine methylation at CpG dinucleotides, changes
in histone modifications, nucleosomal composition (i.e.,
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Figure 1. Genetic mutations of epigenetic modifiers in cancer. The drawing shows the input of epigenetic processes
in specifying gene expression patterns. Recent whole-exome sequencing studies show that mutations in various
classes of epigenetic modifiers are frequently observed in many types of cancers, further highlighting the cross talk
between genetics and epigenetics. Examples of some, but not all, of these mutations are illustrated here and listed in
Table 2. The mutations of epigenetic modifiers potentially cause genome-wide epigenetic alterations in cancer, but,
save for isocitrate dehydrogenase (IDH) mutations as discussed in the text, these have yet to be shown on a genome-
wide scale. Understanding the relationship of genetic and epigenetic changes in cancer will offer novel insights for
cancer therapies. MBDs, methylcytosine-binding proteins; PTM, posttranslational modification. (Adapted from
You and Jones 2012.)

S.B. Baylin and P.A. Jones
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The Cancer Genome Atlas, a database of crucial genomic changes in 33 different cancers
https://cancergenome.nih.gov/

The cBio Cancer Genomics Portal is a web-based platform which offers access to 5000 tumor samples
from 20 various cancer studies

http://www.cbioportal.org/
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254 Chapter 7: Tumor Suppressor Genes

data in this !gure reinforce the point that tumor suppressor genes as well as caretaker 
genes undergo hypermethylation. Perhaps the most important lesson taught by this 
!gure is the pervasiveness of promoter methylation during the development of a wide 
variety of human cancers.

Within a given tumor, multiple genes seem to be shut down by promoter methylation. 
For example, in an analysis of the methylation status of eight critical cancer-related 
genes in the genomes of 107 non-small-cell lung carcinomas (NSCLCs), 37% had at 
least one of these gene promoters methylated, 22% had two promoters methylated, 
and 2% carried !ve of the eight gene promoters in a methylated state. "e decision to 
analyze these particular genes involved, by necessity, some arbitrary choices, and we 
can imagine that there were dozens of other hypermethylated genes in these cancer 
cell genomes whose inactivation contributed in various ways to cancer formation.

"e cell-physiologic consequences of promoter methylation are nicely illustrated by 
the actions of retinoic acid. In a number of epithelial cell types, retinoic acid is a potent 
inducer of cell cycle arrest and even di#erentiation. It has been used, for example, 
in attempts to halt the further proliferation of breast cancer cells. However, the great 
majority of these cancer cells are found to have silenced, by promoter methylation, 
the RARȕ2 gene, which encodes a critical retinoic acid receptor. Without expression of 
this receptor, the breast carcinoma cells are unresponsive to retinoic acid treatment, 
so they avoid growth arrest and continue to thrive in the presence of this agent.

As described above, the methylation of CpGs in promoters acts to attract histone 
deacetylase (HDAC) molecules, which proceed to recon!gure nearby chromatin pro-
teins, placing them in a state that is incompatible with transcription (see Section 1.8). 
Use of an inhibitor of HDACs, termed trichostatin A (TSA), reverses this deacetylation, 
thereby returning the chromatin to a state that permits transcription. Hence, treat-
ment of breast cancer cells with TSA causes reactivation of RARȕ2 gene expression 
and restores their responsiveness to the growth-inhibitory e#ects of retinoic acid. "is 
result shows clearly that promoter methylation acts via histone deacetylation to pro-
mote cancer. At the same time, it suggests a therapy for breast carcinomas by con-
comitant treatment with trichostatin A and retinoic acid.

7.9 Tumor suppressor genes and proteins function in 
diverse ways

Earlier we read that the tumor suppressor genes and their encoded proteins act 
through diverse mechanisms to block the development of cancer. Indeed, the only 
characteristic that ties these genes and their encoded proteins together is the fact that 
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Figure 7.18 Methylation of multiple 
genes within tumor cell genomes This 
three-dimensional bar graph summarizes 
measurements of the methylation state 
of the promoters of 12 different genes 
(p16INK4A, p15INK4B, p14ARF, p73, APC, 
BRCA1, hMLH1, GSTP1, MGMT, CDH1, 
TIMP3, and DAPK) that are known or 
presumed to play an important role 
in suppressing the development of 
human tumors. Methylation status was 
determined by the methylation-specific 
PCR technique (see Supplementary 
Sidebar 7.4). The methylation state 
of each of these promoters has been 
studied in the DNAs of 15 different 
tumor types. The height of each bar 
indicates the proportion of tumors of a 
given type in which a specific promoter 
has undergone methylation. All of 
these promoters are unmethylated (or 
methylated to an insignificant extent) in 
normal tissues. (Adapted from M. Esteller 
et al., Cancer Res. 61:3225–3229, 2001.)

Esteller, Cancer Res. 2001

Promoter hypermethylation of genes playing important roles in processes encompassing tumor
suppression, cell cycle regulation, apoptosis, DNA repair, and metastastic potential

Hypermethyla'on signature specific of each cancer types

Epigenetic reprogramming
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Shen and Laird 2013). In this regard, 60% of all gene pro-
moters have CpG islands, most of which are not DNA
methylated at any time in normal development or in adult
cell renewal systems (Jones and Baylin 2007; Baylin and
Jones 2011; Shen and Laird 2013). This lack of methylation
is fundamental to the more open chromatin states, and
active, or ready to be activated, expression status of these
genes (Jones and Baylin 2007; Baylin and Jones 2011; Shen
and Laird 2013). The fact that methylated CpG island pro-
moters are so prevalent in cancers (!5%–10% of CGI
genes) and are known to directly contribute to carcinogen-
esis has led to new possibilities in the area of epigenetic
therapy—that is, where epigenetic changes are targeted

for therapeutic reversal, as discussed further in Section 9
(Egger et al. 2004; Spannhoff et al. 2009; Kelly et al. 2010;
Bernt et al. 2011; Daigle et al. 2011; Dawson et al. 2012;
Azad et al. 2013).

It should be noted that 5mC commonly occurs in the
gene body of active genes and functional ramifications in
this region may often be opposite to presence of this mod-
ification in promoters (Jones 2012; Kulis et al. 2012; Shen
and Laird 2013). Thus, rather than being associated with
repression of transcription, gene body DNA methylation
may facilitate transcriptional elongation and enhance gene
expression (Fig. 4) (Jones 2012; Kulis et al. 2012; Shen
and Laird 2013). Interestingly, DNMT3A somatic muta-
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Figure 4. Chromatin structural changes in cancer cells. (A) In a typical cell, a CpG-island-containing active gene can
be recognized by virtue of a nucleosome-depleted promoter, absence of promoter DNA methylation, but marked by
H3K4me3 surrounding the promoter and histone acetylation along the locus. Gene body CpG methylation often
can be observed. Nongenic regions flanking an active gene are frequently marked by repressive epigenetic marks,
such as H3K9me3 and 5mC. (B) The cancer epigenome is characterized by simultaneous global losses in DNA
methylation (gray shading), interspersed with silenced genes that have abnormal gains of DNA methylation and
repressive histone modifications in CpG island promoter regions. These silenced genes may be hypomethylated in
their gene body, similar to surrounding chromatin. The hypomethylated regions can have an abnormally open
nucleosome configuration and acetylated histone lysines. Conversely, abnormal DNA hypermethylation in promot-
er CpG islands of silenced genes is associated with nucleosomes positioned over the transcription start sites.
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the incorporation of histone variants), and nucleosome
positioning.

Understanding what the pathologist’s visible cellular
phenotype means will require researchers to link it to the
relationship between nuclear organization, chromatin
structure, molecular marks, and genome function. This is
an exciting new domain of research only touched on in this
article, but it is likely toyield important contributionsto our
understanding of cancer initiation and progression, thanks
to the continued advances in technologies, such as chromo-

some conformation capture (see Dekker and Misteli 2014),
epigenome-wide mapping studies, massive parallel se-
quencing, genome tethering techniques, and advanced
fluorescence microscopy modeling (Bernstein et al. 2010;
Cancer Genome Atlas Research Network 2013b; Garraway
and Lander 2013; Reddy and Feinberg 2013).

One of the most recent exciting developments in the
understanding of normal and cancer epigenomes comes
from the results of whole-exon sequencing, whole-genome
sequencing, genome-wide DNA methylation and chroma-
tin analyses, and RNA expression approaches, which all
supersede previous genome-wide analyses (Bernstein et
al. 2010; Jones 2012; Cancer Genome Atlas Research Net-
work 2013b; Garraway and Lander 2013; Reddy and Fein-
berg 2013). We, therefore, now recognize that epigenetic
control involves not only canonical coding genes, but also
noncoding RNA (ncRNA), microRNAs (miRNAs), and
other regions that provide important genome regulatory
function (Bernstein et al. 2010; Jones 2012; Cancer Genome
Atlas Research Network 2013b; Garraway and Lander 2013;
Reddy and Feinberg 2013). Thousands of solid and liquid
tumors have been analyzed, showing, as introduced above,
that there is an unexpected plethora of mutations in genes
that control the function of the epigenome (Fig. 1; Table 2)
(Baylin and Jones 2011; Dawson et al. 2011; You and Jones
2012; Garraway and Lander 2013; Shen and Laird 2013;
Timp and Feinberg 2013; Audia and Campbell 2014). Im-

Figure 2. Chromatin structural changes in cancer cells. These two
photomicrographs were taken from a patient with a squamous cell
carcinoma of the skin. The left panel shows normal epidermal cells
within one millimeter of the contiguous tumor shown at the same
magnification on the right. The chromatin, which stains purple as a
result of its affinity to hematoxylin, appears much more coarse and
granular in the cancer cells than in normal epidermis. Such changes
in the staining characteristics of chromatin are used by pathologists
as diagnostic criteria for cancer.

Table 2. Continued

Process Gene Function Tumor type Alteration

BRG1 (SMARCA4) ATPase of BAF Lung, rhabdoid, medulloblastoma Mutation, low expression
(Wilson and Roberts 2011)

BRM (SMARCA2) ATPase of BAF Prostate, basal cell carcinoma Mutation, low expression (Sun
et al. 2007; de Zwaan and
Haass 2010)

ARID1A
(BAF250A)

BAF subunit Ovarian clear cell carcinomas, 30%
of endometrioid carcinomas,
endometrial carcinomas

Mutation, genomic
rearrangement, low
expression (Jones et al. 2010;
Guan et al. 2011)

ARID2 (BAF200) PBAF subunit Primary pancreatic adenocarcinomas Mutation (Li et al. 2011)
BRD7 PBAF subunit Bladder TCC Mutation (Drost et al. 2010)
PBRM1 (BAF180) PBAF subunit Breast tumors Mutation (Varela et al. 2011)
SRCAP ATPase of SWR1 Prostate Aberrant expression

(Balakrishnan et al. 2007)
P400/Tip60 ATPase of SWR1, acetylase

of SWR1
Colon, lymphomas, head and neck,

breast
Mutation, aberrant expression

(Mattera et al. 2009)
CHD4/5 ATPase of NuRD Colorectal and gastric cancer, ovarian,

prostate, neuroblastoma,
hematopoietic

Mutation (Bagchi et al. 2007;
Kim et al. 2011; Wang et al.
2011)

CHD7 ATP-dependent helicase Gastric and colorectal Mutation (Wessels et al. 2010)

Adapted from You and Jones 2012.
MDS, myelodysplastic syndromes; AML, acute myeloid leukemia; ICF, immunodeficiency, centromere instability, and facial anomalies; SNPs, single-

nucleotide polymorphisms; TCC, transitional cell carcinoma; HCC, hepatocellular carcinoma; RCCC, renal clear cell carcinoma; TET, ten-eleven translocation;
NuRD, nucleosome remodeling and deacetylation.

S.B. Baylin and P.A. Jones
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Sustained proliferation

Cancer cells produce their own growth signals
Overexpression of receptors, in particular growth factor receptors like EGF

Ligand independant signaling via constitutively active EGFR
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About half of human tumors have mutant Ras oncogene

Sustained proliferation
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unfolding of proteins and reduced protein synthesis in
the cell, and an adaptor protein known as TNF receptor
associated factor 2 (TRAF2) dissociates from procas-
pase-12, resulting in the activation of the latter [22].

3. Apoptosis and carcinogenesis
Cancer can be viewed as the result of a succession of
genetic changes during which a normal cell is trans-
formed into a malignant one while evasion of cell death
is one of the essential changes in a cell that cause this
malignant transformation [32]. As early as the 1970’s,
Kerr et al had linked apoptosis to the elimination of
potentially malignant cells, hyperplasia and tumour pro-
gression [8]. Hence, reduced apoptosis or its resistance
plays a vital role in carcinogenesis. There are many ways
a malignant cell can acquire reduction in apoptosis or
apoptosis resistance. Generally, the mechanisms by
which evasion of apoptosis occurs can be broadly divi-
dend into: 1) disrupted balance of pro-apoptotic and
anti-apoptotic proteins, 2) reduced caspase function and
3) impaired death receptor signalling. Figure 2

summarises the mechanisms that contribute to evasion
of apoptosis and carcinogenesis.

3.1 Disrupted balance of pro-apoptotic and anti-apoptotic
proteins
Many proteins have been reported to exert pro- or anti-
apoptotic activity in the cell. It is not the absolute quan-
tity but rather the ratio of these pro-and anti-apoptotic
proteins that plays an important role in the regulation
of cell death. Besides, over- or under-expression of cer-
tain genes (hence the resultant regulatory proteins) have
been found to contribute to carcinogenesis by reducing
apoptosis in cancer cells.
3.1.1 The Bcl-2 family of proteins
The Bcl-2 family of proteins is comprised of pro-apop-
totic and anti-apoptotic proteins that play a pivotal role
in the regulation of apoptosis, especially via the intrinsic
pathway as they reside upstream of irreversible cellular
damage and act mainly at the mitochondria level [33].
Bcl-2 was the first protein of this family to be identified
more than 20 years ago and it is encoded by the BCL2

Figure 2 Mechanisms contributing to evasion of apoptosis and carcinogenesis.

Wong Journal of Experimental & Clinical Cancer Research 2011, 30:87
http://www.jeccr.com/content/30/1/87
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new blood vessels. During the initial 
stages of tumor development, cancer 
cells rely on passive diffusion for 
gas exchange and the transport of 
nutrients. Once tumors reach 1–2 
mm3 in volume, insuffi cient oxygen 
and a build-up of metabolic waste 
results in the tumor microenvironment 
becoming hypoxic and acidic. To 
overcome this, tumors must develop 
their own blood supply. A hypoxic 
tumor microenvironment leads to 
the activation of hypoxia-inducible 
factors — transcription factors critical 
for coordinating cellular responses 
to low O2. Vessel sprouting is a 
common mechanism used by tumors 
to co-opt existing blood vessels and 
induce the growth of new vessels. 
Specifi cally, hypoxia-inducible 
factors initiate vessel sprouting 

by instructing endothelial cells to 
secrete proangiogenic factors such as 
platelet derived growth factor (PDGF), 
epidermal growth factor (EGF) and 
VEGF. In an autocrine and paracrine 
fashion, VEGF stimulates migration 
of endothelial cells to form new blood 
vessel lumens. Next, endothelial cells 
secrete proteins to form new basement 
membranes. Blood vessels in the 
tumor microenvironment often fail to 
achieve the fi nal stages of maturation, 
resulting in leaky vasculature.

Endothelial cells are also critical 
in promoting cancer cell migration, 
invasion and metastasis. They are 
highly plastic in nature and can 
change cell fate. During tumor 
progression, endothelial cells undergo 
what is called the ‘endothelial–
mesenchymal transition’ to become 

cancer-associated fi broblasts. This 
transition is organized by TGF-E 
and bone morphogenetic protein 
(BMP), and leads to loss of cell-to-
cell connections, detachment and 
elongation, enhanced migration and 
loss of endothelial properties. Cancer-
associated fi broblasts are critical in 
stimulating migration and invasion of 
tumor cells (see below). Metastasis 
is a multistep process that involves 
translocation of cancer cells from 
the primary tumor microenvironment 
to distant locations. Tumor cells 
must fi rst escape the primary tumor 
site and enter the vasculature in a 
process known as intravasation. 
During intravasation, tumor cells 
adhere to endothelial cells and this 
interaction changes the endothelial 
barrier, allowing tumor cells to migrate 
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Figure 2. Defi ning the role of stromal cells in promoting cancer progression. 
Cancer cells recruit stromal cells from neighboring tissue during tumorigenesis. In the tumor microenvironment, stromal and cancer cells are in a 
dynamic relationship promoting the cancer progression. The stromal cell composition varies between tumor types but includes endothelial cells, 
fi broblasts, adipocytes and stellate cells. The tumor microenvironment orchestrates angiogenesis, proliferation, invasion and metastasis through the 
secretion of growth factors and cytokines.

Anderson and Simon, Curr. Biol. 2020
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The tumor microenvironment orchestrates angiogenesis, proliferation, invasion and 
metastasis through the secretion of growth factors and cytokines
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EMT and increased motility and invasiveness
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The Epithelial to Mesenchymal Transition (EMT)

Weinberg, The Biology of Cancer  Garland Science, Taylor & Francis Group, LLC 2014

660 Chapter 14: Moving Out: Invasion and Metastasis

Like E-cadherin, the N-cadherin that is produced in its stead participates in homophilic 
interactions, that is, binds to other molecules of the same type displayed by nearby 
cells. Consequently, the N-cadherin molecules expressed on the surface of a carci-
noma cell that has undergone an EMT increase the a!nity of this cancer cell for the 
stromal cells that normally display N-cadherin, notably the "broblasts in the stroma 
underlying the epithelial cell layer. #is association seems to help invading carcinoma 
cells insert themselves amid stromal cell populations. Precisely the same dynamics 
have been proposed to explain how melanomas develop: normal melanocytes express 
E-cadherin, which binds them to the keratinocytes around them; melanoma cells—
the transformed derivatives of melanocytes—express N-cadherin, which facilitates 
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earlier discussion in Section 13.3 of epithelial–stromal interactions, where we argued 
that cancer cells co-opt entire wound-healing programs in order to acquire an acti-
vated stroma.)

!e normal and pathological versions of the EMT involve, in addition to changes in 
shape and the acquisition of motility, fundamental alterations in the gene expression 
pro"les of cells (Table 14.2). Expression of E-cadherin and cytokeratins—hallmarks of 
epithelial cell protein expression—is repressed, while the expression of vimentin, an 
intermediate "lament component of the mesenchymal cell cytoskeleton, is induced 
(Figure 14.15). Epithelial cells that have undergone an EMT often begin to make 
"bronectin, an extracellular matrix protein that is normally secreted only by mesen-
chymal cells such as "broblasts. At the same time, expression of a typical "broblastic 
marker—N-cadherin—is often acquired in place of E-cadherin.

Of all these proteins, the transmembrane E-cadherin molecule plays the dominant 
role in in#uencing epithelial versus mesenchymal cell phenotypes. Recall our ear-
lier encounters with E-cadherin and its role in enabling epithelial cells to adhere to 
one another (see Figures 6.26A and 13.12). In normal epithelia, the ectodomains of 
E-cadherin molecules extend from the plasma membrane of one epithelial cell to 
form complexes with other E-cadherin molecules protruding from the surface of an 
adjacent epithelial cell. !is enables homodimeric (and higher-order) bridges to be 
built between adjacent cells in an epithelial cell layer, resulting in the adherens junc-
tions that are so important to the structural integrity of epithelial cell sheets.

!e cytoplasmic domains of individual E-cadherin molecules are tethered to the actin 
"bers of the cytoskeleton via a complex of Į- and ȕ-catenins (see Figure 14.14D) and 
other ancillary proteins. !e actin cytoskeleton, for its part, provides tensile strength 
to the cell. Hence, by knitting together the actin cytoskeletons of adjacent cells, E-cad-
herin molecules help an epithelial cell sheet resist mechanical forces that might oth-
erwise tear it apart. Once E-cadherin expression is suppressed, many of the other cell-
physiologic changes associated with the EMT seem to follow suit. Some experiments 
indicate that simply by suppressing the expression of the E-cadherin protein, cells 
acquire a mesenchymal morphology and increased motility.

!e pivotal role of E-cadherin in the acquisition of malignant cell phenotypes is fur-
ther supported by observations indicating that the CDH1 gene, which speci"es E-cad-
herin, is repressed by promoter methylation in many types of invasive human carci-
nomas (see Table 7.2) and in others by certain transcriptional repressors; this gene 
can also be inactivated by reading-frame mutations. For example, an analysis of 26 
human breast cancer cell lines indicated that 8 had mutations that led to inactivation 
of E-cadherin gene expression, 5 had truncating mutations in the E-cadherin reading 
frame, while 3 had in-frame deletions resulting in the expression of mutant E-cadherin 
molecules at the cell surface. By now, loss of E-cadherin expression or expression of 
mutant E-cadherin proteins has been documented in advanced carcinomas of the 
breast, colon, prostate, stomach, liver, esophagus, skin, kidney, and lung. And mutant 
germ-line alleles of the CDH1 gene result in familial gastric cancer (see Table 7.1).

Additionally, in studies of several types of carcinoma cells that had lost E-cadherin 
expression, re-expression of this protein (achieved experimentally by introduction of 
an E-cadherin expression vector) strongly suppressed the invasiveness and metastatic 
dissemination of these cancer cells. Together, these diverse observations indicate that 
E-cadherin levels are key determinants of the biological behavior of epithelial cancer 
cells and that the cell-to-cell contacts constructed by E-cadherins impede invasive-
ness and hence metastasis.

!e replacement of E-cadherin by N-cadherin during the EMT (see Figure 14.15B) is 
also seen during gastrulation in early embryogenesis. Moreover, hepatocyte growth 
factor (HGF) promotes the E- to N-cadherin switch in cultured epiblast cells (which 
derive from the embryonic ectodermal cell layer); in this way, it induces an EMT and 
enables emigration of muscle and dermal precursor cells from the primitive dermo-
myotome—the collection of epithelial-like cells located in the somites of early verte-
brate embryos. In the context of cancer pathogenesis, HGF potently induces motile 
and invasive behavior in carcinoma cells.

!e EMT and loss of E-cadherin expression

Table 14.2 Cellular changes 
associated with an epithelial–
mesenchymal transition

Loss of

Cytokeratin (intermediate 
filament) expression

Tight junctions and epithelial 
adherens junctions involving 
E-cadherin

Epithelial cell polarity

Epithelial gene expression 
program

Acquisition of

Fibroblast-like shape

Motility

Invasiveness

Increased resistance to apoptosis

Mesenchymal gene expression 
program including EMT-inducing 
transcription factors

Mesenchymal adherens junction 
protein (N-cadherin)

Protease secretion (MMP-2,  
MMP-9)

Vimentin (intermediate filament) 
expression

Fibronectin secretion

PDGF receptor expression

Įvȕ6 integrin expression

Stem cell-like traits

A well polarized epithelial cell is converted into a non-polarized cell that
gains migratory and invasive properties to become a mesenchymal stem cell
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Illustration of the loss of cell-cell junctions following
ectopic expression of the Twist transcription factor,

which mimicks Epithelial to Mesenchymal Transition (EMT)

661!e EMT and loss of E-cadherin expression

Figure 14.14 Epithelial–mesenchymal transition at the invasive edge of a tumor 
(A) In the Rip-Tag transgenic mouse model of pancreatic islet carcinogenesis (see Figure 
13.36), neoplastic cells undergo an EMT that enables them to invade the surrounding 
exocrine pancreas (Ex). Carcinoma cells at the far right continue to reside in an epithelial state 
(E), exhibit E-cadherin staining (green), and in many places exhibit overlapping ȕ-catenin 
staining (red). The overlap of these two proteins, indicating their co-localization in adherens 
junctions, appears as yellow. Those carcinoma cells that have undergone an EMT and become 
more mesenchymal (M) have lost E-cadherin staining and show greatly increased levels of 
cytoplasmic ȕ-catenin staining. Nuclei are stained blue with DAPI. (B) Colon carcinoma cells 
at the invasive edge of a primary human tumor undergo changes in gene expression and 
the localization of certain proteins. While E-cadherin (brown) is strongly expressed on the 
plasma membranes of cells in the core of a primary tumor, where it forms adherens junctions 
(left panel) that delineate the associations between adjacent cells, its expression decreases 
substantially in individual invasive cells at the edge of this tumor (pink arrows, right panel) 
and is no longer localized to their plasma membranes, indicating that it no longer participates 
in forming adherens junctions. (C) At the same time, tumor cells in the center of this colon 
tumor (dashed lines, left side) express ȕ-catenin (dark red) under their plasma membranes and 
diffusely throughout the cytoplasm, while tumor cells at the invasive edge (right side) show 
intense ȕ-catenin staining in their nuclei. (D) The ectodomain of E-cadherin displayed by an 
epithelial cell dimerizes with the ectodomain of a second E-cadherin molecule displayed by 
an adjacent epithelial cell (left). Calcium ions, which are essential for the normal secondary 
structure and rigidity of the ectodomains, are shown as red balls. At the same time, the 
cytoplasmic tail of E-cadherin is linked via ȕ-catenin and several other molecules to the actin 
cytoskeleton. ȕ-Catenin also functions in the cytoplasm as a key intermediary in the Wnt 
signaling pathway (see Section 6.10). Loss of E-cadherin from the plasma membrane liberates 
ȕ-catenin molecules, which may then accumulate in the cytoplasm and, under the influence of 
Wnt-initiated signals, migrate to the nucleus and associate with Tcf/LEF and other transcription 
factors, thereby inducing expression of genes orchestrating the EMT program. (A, from  
M. Herzig et al., Oncogene 26:2290–2298, 2007. B, courtesy of T. Brabletz. C, courtesy of 
T. Brabletz and T. Kirchner. D, from T.A. Graham et al., Cell 103:885–896, 2000, courtesy of 
H.J. Choi and W.I. Weis; and from E. Parisini et al., J. Mol. Biol. 373:401–411, 2007.)
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Figure 14.15 Biochemical changes 
accompanying the EMT As discussed 
later, EMT programs can be induced by 
several pleiotropically acting transcription 
factors. Shown here are the effects 
of expressing the Twist transcription 
factor in MDCK (Maden–Darby canine 
kidney) cells, which are widely used to 
study epithelial cell biology. (A) These 
immunofluorescence analyses indicate 
that expression of epithelial markers, 
specifically E-cadherin, ȕ-catenin, and 
Ȗ-catenin, is repressed, while expression 
of mesenchymal markers, specifically 
vimentin and fibronectin, is induced 
by ectopic expression of Twist. Note 
that in epithelial cells that have not 
been induced to enter into an EMT, 
E-cadherin, ȕ-catenin, and Ȗ-catenin 
are located at the interfaces between 
adjacent cells, where they form adherens 
junctions. While functional studies 
indicate the activation of transcription by 
nuclear ȕ-catenin in mesenchymal cells, 
this is usually difficult to observe  
by immunofluorescence because 
ȕ-catenin accumulates only to low 
steady-state levels in the nucleus.  
(B) Immunoblots confirm the results 
of immunofluorescence, but in a more 
quantitative fashion. Lysates of control 
MDCK cells are analyzed in the left 
channels, while lysates of MDCK cells 
forced to express Twist are analyzed 
in the right channels. ȕ-Actin, whose 
expression is unaffected by the EMT, is 
used here as a control to ensure that 
equal amounts of cell lysate have been 
analyzed in all cases. Į-SMA, Į-smooth 
muscle actin. (A and B, from J. Yang et 
al., Cell 117:927–939, 2004.)

Expression of epithelial markers, specifically E-

cadherin, β-catenin, and γ-catenin, is repressed,

while expression of mesenchymal markers, 

specifically vimentin and fibronectin is induced

(A) Immunofluorescence
(B) Western blot
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them to upregulate Mac-1, the receptor for intercellular
adhesion molecule-1 (ICAM-1) that is expressed in acti-
vated endothelium [59]. Monocytes that adhere and then
invade the arteriolar wall subsequently promote collateral
artery growth by producing cytokines such as tumour
necrosis factor-α and basic fibroblast growth factor [60].
Studies of collateral growth in rabbits have shown that,
although prevention of monocyte adhesion (e.g. using anti-
bodies to ICAM-1) delays arteriogenesis, infusion of
MCP-1 or survival factors for monocytes (e.g. granulo-
cyte–macrophage CSF) accelerate the process [57].
Although VEGF has also been shown to stimulate collat-
eral growth, it now appears as though this positive effect
of VEGF on arteriogenesis may be due principally to its
effect on activating monocytes, stimulating their adhesion
to the endothelium and their transmigration through it [61].

Although the large ‘feeding vessels’ that supply tumour
vascular beds represent a potentially useful target for anti-
cancer therapies, the exact mechanisms by which they are
formed and recruited remains unknown. Again, the partici-
pation of monocytes/macrophages in this process has
never been examined; however, given their importance in
collateral formation, it is clear that they have the capability
to play a considerable role. These issues are being
actively pursued in our laboratory.

Conclusion
The recruitment of monocytes, macrophages and other
inflammatory cells to a tumour appears to be a common
denominator for the major processes involved in tumour
development and progression (Fig. 1). Inflammatory cells
contribute to tumour angiogenesis by supplying proangio-
genic growth factors, cytokines and proteases. They also
contribute factors that promote the formation and enlarge-
ment of intratumoural or peritumoural lymphatic vessels,
eventually allowing a tumour to metastasize to distant
organs. Finally, they may also play a critical role in arterio-
genesis by promoting the growth of the larger vessels that
supply the expanding capillary bed, feeding the rapidly
growing tumour mass.

Is the recruitment of inflammatory cells a good target for
cancer therapy? It is important to keep in mind that
macrophages and other inflammatory cells, despite their
proangiogenic and protumour effects, may also participate
in antitumour immunosurveillance. The answer to this

question will probably depend on the type of tumour, on
the stage at which inflammatory cells provide the greatest
contribution during tumour progression, and on the nature
of their influence (tumour-promoting or inhibitory).
However, it could be speculated that simultaneously tar-
geting the proarteriogenic effects of macrophages and the
proangiogenic functions of endothelial cells may lead to
synergistic antitumour effects, and exploration of this pos-
sibility is therefore warranted.
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Figure 1

Inflammatory cells are recruited by tumours and play a supporting role
during tumour progression, promoting tumour expansion by stimulating
angiogenesis and arteriogenesis, and tumour metastasis through
lymphangiogenesis. bFGF, basic fibroblast growth factor; CSF, colony-
stimulating factor; MCP, macrophage chemoattractant protein; MMP,
matrix metalloprotease; TGF, transforming growth factor; TNF, tumour
necrosis factor; VEGF, vascular endothelial growth factor.
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In normal vessels,
endothelial cells are
Sghtly connected by

stable cell-cell juncSons

Tumor vessels are characterized by endothelial cell sprouting, disruption of
endothelial cell junctions, loss of pericyte coverage and increased vessel

leakiness, resulting in intravasation of tumor cells1750 R. Lugano et al.

1 3

disruption of the blood brain barrier and thereby renders the 
tumor sensitive to chemotherapy [117]. Proteins that are up-
regulated in tumor vessels alter vascular function, and may 
constitute new targets for therapy as discussed further below.

Growth factor and chemokine signaling 
in tumor angiogenesis

A large number of pro-angiogenic factors and their cognate 
receptors are known to promote vessel formation in tumors, 
including vascular endothelial growth factor (VEGF), 

fibroblast growth factor 2 (FGF-2), platelet derived growth 
factor (PDGF), angiopoietins, ephrins, apelin (APLN) and 
chemokines. These factors are often expressed simultane-
ously, effectively co-operating at different stages of tumor 
angiogenesis. The main functions and features of the most 
prominent pro-angiogenic factors are discussed briefly below.

Vascular endothelial growth factors (VEGF)

The vascular endothelial growth factor family consists of 
five secreted proteins, VEGF (also referred to as VEGF-A), 

Fig. 2  Morphological and functional characteristics of tumor vessels 
as compared to normal vessels. a Normal vessels display an organ-
ized and hierarchical branching pattern of arteries, veins, and capil-
laries. In healthy vessels, endothelial cells are supported by basal 
membrane and pericytes coverage and they are tightly connected by 
stable cell-cell junctions. b Tumor vessels are morphologically and 
functionally different from normal vessels. In response to persis-
tent and imbalanced expression of angiogenic factors and inhibitors, 
tumor vessels display an unorganized network lacking of a hierar-

chical vessel division. Tumor vessels are characterized by reduced 
blood flow, endothelial cell sprouting, disruption of endothelial cell 
junctions, loss of pericytes coverage and increased vessel leaki-
ness resulting in increased tissue hypoxia and intravasation of tumor 
cells. Moreover, tumor endothelial cell basal membrane is abnormal, 
including loose associations with endothelial cells and variable thick-
ness. c Tumor vessel abnormalization shown by immunofluorescent 
staining for the vessel marker CD31 (green) in an orthotopic synge-
neic mouse model of glioma growing in the brain

Lugano et al., Cell. Mol. Life Sci. 2020

Hostile tumor microenvironment
that fuel cancer progression
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Polarity: functional,
morphological, and
structural cell
organization along a
preferential axis,
defined by external
and/or internal signals
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Direction
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Figure 3
The polarized microtubule network of migrating cells. Abbreviations: MAP, microtubule-associated protein;
N, nucleus.

front-rear polarity axis of the cell, which implies that microtubule functions must also be
organized in a polarized manner. The actin cytoskeleton, which also contributes to different
and sometimes opposite phenomena at the front and rear of the cell, forms local structures that
function independently of one another. In contrast, microtubules form a single network that
spreads throughout the cytoplasm from the leading edge to the rear edge. The continuity of
the network is essential for long-range intracellular traffic. Microtubules reach both the donor
and acceptor compartments, and microtubule-associated motors carry the cargoes. Integrin
endocytosis and recycling occur toward the cell front and maintain a polarized distribution of
integrins. Thus, the whole microtubule network must be polarized to allow polarized trafficking
of molecules and membranes and to simultaneously bear antagonist properties that participate in
either protrusion, focal adhesion turnover, or cell contractility.

Polarized Organization of the Microtubule Network in Migrating Cells
In immobile cells, the microtubule network is radially organized and shows no obvious polarization,
other than the asymmetric distribution caused by the localization of the nucleus relative to the
centrosome, which is generally the main MTOC. By occupying a large space in the cytoplasm, the
nucleus alters the radial array of microtubules emerging from the centrosome. In migrating cells,
the asymmetry of the microtubule network is exacerbated (Figure 3). The major feature of this
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Martoglio et al., 2000; Wang et al., 2004; Keshamouni et al.,
2006; Turhani et al., 2006; Dowling et al., 2007) and is asso-
ciated with chemotherapy resistance, invasive and metastatic
disease.

Cofilin activity is inactivated via phosphorylation by LIM
kinase 1 (LIMK) (Mouneimne et al., 2006). Together, LIMK,
through cofilin inactivation, and phospholipase C (PLC),
through cofilin activation, regulate cofilin in a synchronized
manner to spatially restrict its activity (Mouneimne et al.,
2006). The spatial restriction of cofilin activity is required for

chemotaxis (directed cell movement towards a chemoattract-
ant) as it leads to reorganization of the actin filaments, which
is required for movement towards a chemoattractant such as
a growth factor (Mouneimne et al., 2004; 2006). The role of
cofilin and its regulatory counterparts in chemotaxis high-
lights a possible role for cofilin activity regulation in the
metastatic process. In support of this, it was observed that
components from both the activation and the inactivation
arms of cofilin activity regulation are overexpressed in
numerous invasive carcinomas (Wang et al., 2004; 2007).

Figure 3
Typical protrusive structures in invasive cancer cells. Cancer cell invasive phenotypes involve the formation of typical protrusive structures, such
as plasma membrane blebs, invadopodia or pseudopodia, which are dependent on the nucleation and assembly of filamentous actin. Non-
apoptotic blebs are highly dynamic protrusions in which the plasma membrane bulks out owing to increased hydrostatic pressure on regions of
weak cortical actin (Fackler and Grosse, 2008). The initial, protruding bleb is devoid of detectable F-actin, which becomes repolymerized during
bleb retraction by unknown actin nucleation factors. Ezrin is recruited into the growing bleb, and formins seem to have a role in bleb formation
through mechanisms that still need to be defined (Charras and Paluch, 2008). Invadopodia are actin-rich cellular protrusions that are tailored for
the degradation of the extracellular matrix. The formation of invadopodia relies on N-WASP–Arp2/3-driven actin assembly (Figure 4) and requires
cortactin for invadopodia initiation and stabilization. Pseudopodia of cancer cells are lamellipodia-like structures and depend on the polymerization
and assembly of actin by the WAVE–Arp2/3 nucleation machinery.

BJPCytoskeleton and cancer metastasis

British Journal of Pharmacology (2014) 171 5507–5523 5511

Fife et al., Brit. J. Pharmacol. 2014
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ciation of the process of cell motility, different manners in
which tumour cells migrate and invade, and the role of the
tumour microenvironment. While cell migration is necessary
for numerous biological processes, such as embryonic mor-
phogenesis, immune surveillance and tissue repair, aberrant
control of cell migration promotes progression of many dis-
eases, notably, cancer invasion and metastasis (reviewed in
Yamaguchi and Condeelis, 2007). Broadly speaking, and as
depicted in Figure 2, the process of cell motility can be
broken down into four steps: protrusion, adhesion, contrac-
tion and retraction. Cells initiate cell motility, in response to
an extracellular gradient of growth factors or chemokines, by
polarizing and extending actin polymerization-driven cell
membrane protrusions towards the extracellular cue (Small
et al., 2002; Pollard and Borisy, 2003). The protrusions are
then stabilized by adhesions linking the actin cytoskeleton to
the ECM proteins and actomyosin contraction produces
forces on the substratum. Contraction encourages the disas-
sembly of adhesions at the rear of the cell, allowing retraction
of the trailing cell body towards the direction of cell move-
ment (Ridley et al., 2003). Cell motility (or migration),
encompassing the above four steps, is often studied in a
two-dimensional, planar manner where cells move towards a
chemoattractant on an ECM utilizing filopodial and lamel-
lipodial structures, whereas cell invasion is the movement of
cells into or in a three-dimensional (3D) ECM matrix. Suc-
cessfully crossing many of the physiological barriers to
tumour cell metastasis (such as basement membranes)

requires specialized structures, such as invadopodia and
podosomes (reviewed in Yamaguchi and Condeelis, 2007).
There exist different modes of cell migration, such as mesen-
chymal and amoeboid movement. Mesenchymal motility is
associated with F-actin-rich protrusions where cell morphol-
ogy is elongated, whereas amoeboid motility is a rounded
bleb-associated mode of motility (Sahai and Marshall, 2003).
Although aberrant cell migration promotes metastatic pro-
gression, the tumour microenvironment surrounding the
tumour cells plays a key role in metastatic disease develop-
ment. It is generally accepted that tumours above certain
sizes contain populations of hypoxic cells. While hypoxia can
influence the primary tumour response to drug treatment
and subsequent acquired drug resistance, hypoxia plays a key
role in tumour progression by modulating gene regulation
and expression, such as hypoxia-inducible factor 1 (reviewed
in Chaudary and Hill, 2007). Another aspect of the tumour
microenvironment that has a role in tumour metastasis is
inflammation. Dysregulation of the normal wound healing
processes in cancer can result in an influx of angiogenic
cytokines from nearby immune cells contributing to meta-
static spread (reviewed in Finger and Giaccia, 2010). While
hypoxia and inflammation play key roles in metastasis from
within the primary tumour, the microenvironment of the
‘suitable’ metastatic site plays a critical role in regulating
metastasis (reviewed in Langley and Fidler, 2011). Given the
complicated nature of tumour cell migration and metastasis,
it is not surprising that a complex array of regulatory

Figure 2
The cell cytoskeleton and four steps of cell migration. A cartoon schematic shows a migrating cell (direction of migration is indicated by the arrow).
Four steps of cell migration shown: protrusion, adhesion, contraction, retraction. F-actin is shown in purple (short, branched F-actin at the leading
edge, and long, unbranched F-actin stress fibres at the rear). Microtubules are shown in blue, with ends emanating from the MTOC (yellow circle)
near the nucleus (grey ellipse). Strong and weak focal adhesions are shown as either dark or light green circles respectively. Cytoskeletal regulatory
and associated proteins are shown (myosin II, cofilin/ADF, LIMK, ROCK, stathmin). The gradients of active Rho (orange) and Rac (blue) are shown.
Adapted from Akhshi et al. (2014).

BJPCytoskeleton and cancer metastasis
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Changes in glucose metabolism in cancer cells

Weinberg, The Biology of Cancer  Garland Science, Taylor & Francis Group, LLC 2014
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Figure 2.22 Changes in glucose metabolism in cancer cells 
(A) In most normal nonproliferating cells having access to adequate 
oxygen, glucose is imported into the cells by glucose transporters 
(GLUTs) and then broken down by glycolysis and the citric acid 
cycle. During the last step of glycolysis, pyruvate kinase form M1 
(PK-M1) ensures that its product, pyruvate, is imported into the 
mitochondria, where it is oxidized by pyruvate dehydrogenase (PDH) 
into acetyl CoA for processing in the citric acid cycle. Altogether, 
the mitochondria can generate as much as 36 ATP molecules per 
glucose molecule. (B) In cancer cells, including those with access 
to ample oxygen, the GLUT1 glucose transporter imports large 
amounts of glucose into the cytosol, where it is processed by 
glycolysis. However, as the last step of glycolysis, pyruvate kinase 
M2 (PK-M2) causes its pyruvate product to be diverted to lactate 
dehydrogenase (LDH-A), yielding the lactate that is secreted in 
abundance by cancer cells. Because relatively little of the initially 
imported glucose is metabolized by the mitochondria, as few as 
2 ATPs are generated per glucose molecule. Moreover, many of 
the intermediates generated during glycolysis are diverted toward 

biosynthetic uses. This mode of metabolic regulation resembles the 
metabolic state of normal, rapidly dividing cells, which also divert a 
significant portion of their glycolytic intermediates to biosynthetic 
pathways. Enzymes are in rectangles, glucose metabolites are 
in ovals, low–molecular-weight compounds are in hexagons, 
regulatory proteins are in pentagons. (C) 2-Deoxy-2-(18F)fluoro-D-
glucose positron-emission tomography (FGD-PET) makes it possible 
to visualize tumors in the body that have concentrated large 
amounts of glucose because of the hyperactivity of the GLUT1 
transporter in the associated cancer cells. In the case shown here, 
FDG-PET revealed a small tumor (bright orange; arrow) in the region 
near an ovary of a woman who was under treatment for breast 
cancer but was otherwise without symptoms. X-ray-computed 
tomography (CT) was used at the same time to image the outlines 
of the tissues of this patient. This highly sensitive technology 
provided the first indication of an incipient ovarian cancer in this 
patient. (C, from R.A. Milam, M.R. Milam and R.B. Iyer, J. Clin. 
Oncol. 25:5657–5658, 2007.)

Because of the 
hyperactivity of the 
GLUT1 transporter,
tumors that have 

concentrated large 
amounts of glucose 

can be visualized

Increased
glucose uptake

Fermentation of
glucose to lactate

The Warburg effect

even in the presence of oxygen and fully functioning mitochondria

Altered energy metabolism

34 AB Int. M1



Escape immune damage

35 AB Int. M1

Magazine
ll

Current Biology 30, R905–R931, August 17, 2020 © 2020 Published by Elsevier Inc. R921

The tumor 
microenvironment

Nicole M. Anderson1,2 
and M. Celeste Simon1,2,*

A tumor is not simply a group 
of cancer cells, but rather a 
heterogeneous collection of infi ltrating 
and resident host cells, secreted 
factors and extracellular matrix. Tumor 
cells stimulate signifi cant molecular, 
cellular and physical changes 
within their host tissues to support 
tumor growth and progression. An 
emerging tumor microenvironment is 
a complex and continuously evolving 
entity. The composition of the tumor 
microenvironment varies between 
tumor types, but hallmark features 
include immune cells, stromal cells, 
blood vessels, and extracellular 
matrix. It is believed that the “tumor 
microenvironment is not just a silent 
bystander, but rather an active 
promoter of cancer progression” 
(Truffi  et al., 2020). Early in tumor 
growth, a dynamic and reciprocal 
relationship develops between cancer 
cells and components of the tumor 
microenvironment that supports 
cancer cell survival, local invasion 
and metastatic dissemination. To 
overcome a hypoxic and acidic 
microenvironment, the tumor 
microenvironment coordinates a 
program that promotes angiogenesis 
to restore oxygen and nutrient supply 
and remove metabolic waste. Tumors 
become infi ltrated with diverse 
adaptive and innate immune cells 
that can perform both pro- and anti- 
tumorigenic functions (Figure 1). An 
expanding literature on the tumor 
microenvironment has identifi ed 
new targets within it for therapeutic 
intervention. 

Immune cells
Immune cells are critical components 
of the tumor microenvironment. 
Depending on the context, a 
dichotomy exists in the relationship 
between immune cells and the tumor 
microenvironment: immune cells 
can either suppress tumor growth 
or promote it (Figure 1). Persistent 

tumor cells, cytotoxic T cells also 
suppress angiogenesis through 
the secretion of interferon gamma 
(IFN-J). CD4+ T cells differentiate 
into a variety of subtypes and thus 
coordinate a wide range of immune 
responses within the context of the 
tumor microenvironment. T helper 
1 (Th-1) cells are proinfl ammatory 
CD4+ T cells that support CD8+ cells 
through the secretion of interleukin-2 
(IL-2) and IFN-J. Increased levels 
of Th-1 cells within the tumor 
microenvironment are also associated 
with positive outcomes in many types 
of cancer. Regulatory T cells (Tregs) 
are normally required to suppress 
infl ammatory responses and control 
autoimmunity. In the context of the 
tumor microenvironment, Tregs 
are ubiquitous and promote tumor 
development and progression by 
dampening anti-tumor immune 
responses. For example, Tregs 
secrete IL-2, which modulates NK cell 
homeostasis and function. Additionally, 
Tregs directly support the survival of 
cancer cells through the secretion of 
growth factors, and indirectly through 
interaction with stromal cells such as 
fi broblasts and endothelial cells. The 
immune landscape within the tumor 
microenvironment falls into three 
main categories: immune infi ltrated, 
immune excluded, and immune 
silent. In an immune infi ltrated tumor, 
immune cells (such as cytotoxic T 

Primer infl ammation due to chronic infection 
is a common mechanism underlying 
tumor formation in several types 
of cancer, including colorectal, 
hepatocellular and cervical cancer. 
Broadly, immune cells fall into 
two categories: adaptive immune 
cells and innate immune cells. 
Adaptive immunity is activated by 
exposure to specifi c antigens and 
uses an immunological memory to 
‘evaluate’ the threat and enhance 
immune responses. T cells, B cells 
and natural killer (NK) cells belong 
to the adaptive immune response. 
Innate immunity is a non-specifi c 
defense mechanism that comes 
into play within hours of a foreign 
antigen entering the body. Cells that 
carry out an innate immune response 
include macrophages, neutrophils and 
dendritic cells.  

T cells
Each T cell develops its own T-cell 
receptor (TCR) that recognizes a 
specifi c antigen. Within the tumor 
microenvironment there are several 
distinct populations of T cells that 
infl uence tumorigenesis. Cytotoxic T 
cells (CD8+) detect abnormal tumor 
antigens expressed on cancer cells 
and target them for destruction. The 
presence of cytotoxic T cells in the 
tumor microenvironment is often 
associated with a positive prognosis 
in cancer patients. Aside from killing 

Anti-tumor immune microenvironment Immune suppressive microenvironment

Current Biology

Death
TGF-β

Death

IFN-γ
IL-2

ROS

Neu TNF
IL-6

Death
IFN-γ

APC IFN-γ

VEGF

IL-4
IL-10

TGF-β
Neu MMP-9

VEGF

IL-2

Growth
factors

NK

Treg

CD8+

B

DC

M2

BDC

TH-1

NK

M1

CD8+

Figure 1. Impact of immune cells within the tumor microenvironment. 
The role of immune cells in the tumor microenvironment can be to either suppress tumor forma-
tion (anti-tumor microenvironment) or promote tumorigenesis (immune-suppressive microenviron-
ment). Depending on context and tumor type, immune cells can be either pro- or anti-tumorigenic.

Promote tumorigenesis

Over time, tumor cells evade immunity by :

ü Downregulating antigen presentation

ü Upregulating expression of inhibitory cell surface molecules

that directly kill cytotoxic T cells (PD-L1, FasL)
Binding of PD1 on CD8+ to PD-L1 at the surface of tumor cell inhibits

cytotoxicity of T cells

ü Recruiting regulatory cells to attenuate antitumor immunity
Through the liberation of immunosuppressive cytokines and alterations in

the nutrient content of the tumor microenvironment

ü Inhibiting dendritic cells that can no longer produce proinflammatory

cytokines to attract macrophages or other immune cells

ü Tregs dampen anti-tumor immune responses and secretion of

growth factors



therapies. For example, the deployment of apoptosis-inducing
drugs may induce cancer cells to hyperactivate mitogenic
signaling, enabling them to compensate for the initial attrition
triggered by such treatments. Such considerations suggest
that drug development and the design of treatment protocols
will benefit from incorporating the concepts of functionally
discrete hallmark capabilities and of the multiple biochemical
pathways involved in supporting each of them. Thus, in partic-
ular, we can envisage that selective cotargeting of multiple
core and emerging hallmark capabilities and enabling character-
istics (Figure 6) in mechanism-guided combinations will result in
more effective and durable therapies for human cancer.

CONCLUSION AND FUTURE VISION

We have sought here to revisit, refine, and extend the concept of
cancer hallmarks, which has provided a useful conceptual
framework for understanding the complex biology of cancer.

The six acquired capabilities—the hallmarks of cancer—have
stood the test of time as being integral components of most
forms of cancer. Further refinement of these organizing princi-
ples will surely come in the foreseeable future, continuing the
remarkable conceptual progress of the last decade.
Looking ahead, we envision significant advances during the

coming decade in our understanding of invasion andmetastasis.
Similarly, the role of aerobic glycolysis in malignant growth will
be elucidated, including a resolution of whether this metabolic
reprogramming is a discrete capability separable from the core
hallmark of chronically sustained proliferation. We remain
perplexed as to whether immune surveillance is a barrier that
virtually all tumors must circumvent, or only an idiosyncrasy of
an especially immunogenic subset of them; this issue too will
be resolved in one way or another.
Yet other areas are currently in rapid flux. In recent years, elab-

orate molecular mechanisms controlling transcription through
chromatin modifications have been uncovered, and there are

Figure 6. Therapeutic Targeting of the Hallmarks of Cancer
Drugs that interfere with each of the acquired capabilities necessary for tumor growth and progression have been developed and are in clinical trials or in some
cases approved for clinical use in treating certain forms of human cancer. Additionally, the investigational drugs are being developed to target each of the
enabling characteristics and emerging hallmarks depicted in Figure 3, which also hold promise as cancer therapeutics. The drugs listed are but illustrative
examples; there is a deep pipeline of candidate drugs with different molecular targets and modes of action in development for most of these hallmarks.

668 Cell 144, March 4, 2011 ª2011 Elsevier Inc.
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Figure 1. Targets of approved or investigational pharmacological intervention on signaling pathways 
associated with resistance mechanisms against antineoplastic agents and their associations with the 
hallmarks of cancer. The hallmarks of cancer [91] are sustaining proliferative signaling, evasion of 
growth suppression, avoiding immune destruction, enabling replicative immortality, tumor-
promoting inflammation, activation invasion and metastasis, inducing angiogenesis, genome 
instability and mutation, resisting cell death, and deregulating cellular energetics. The most 
commonly affected signaling pathways in response to cytotoxic or targeted chemotherapeutic agents 
related to specific resistance mechanisms are depicted. For more details, please consult the 
supplementary tables. Adapted from Hanahan and Weinberg (2011) [91]. 

15. Clinical Trials with Combination Regimens Containing Inhibitors of Signaling Pathways 
Related to Drug Resistance 

The concept of increased cell death by blocking the resistance mechanisms that protect cancer 
cells against systemic chemotherapy is relatively simple and intuitive. Similarly, increased cell death 
is to be expected when combining anticancer drugs in a cocktail in which one of its drugs might act 
as an inhibitor of the signaling pathways related to the known resistance mechanisms against one or 
some other anticancer drugs in combination. The general simplest idea of combining cytotoxic and 
targeted chemotherapy is usually attributed for target therapy somehow sensitizing cells to increased 
cytotoxicity (Table 3). Meanwhile, the rationale for combining two targeted drugs might be much 
more variable and require a case-by-case evaluation (Table 4). Most combination studies between 

Figure 1. Targets of approved or investigational pharmacological intervention on signaling pathways
associated with resistance mechanisms against antineoplastic agents and their associations with the
hallmarks of cancer. The hallmarks of cancer [91] are sustaining proliferative signaling, evasion of
growth suppression, avoiding immune destruction, enabling replicative immortality, tumor-promoting
inflammation, activation invasion and metastasis, inducing angiogenesis, genome instability and
mutation, resisting cell death, and deregulating cellular energetics. The most commonly a↵ected
signaling pathways in response to cytotoxic or targeted chemotherapeutic agents related to specific
resistance mechanisms are depicted. For more details, please consult the supplementary tables.
Adapted from Hanahan and Weinberg (2011) [91].

15. Clinical Trials with Combination Regimens Containing Inhibitors of Signaling Pathways
Related to Drug Resistance

The concept of increased cell death by blocking the resistance mechanisms that protect cancer
cells against systemic chemotherapy is relatively simple and intuitive. Similarly, increased cell death
is to be expected when combining anticancer drugs in a cocktail in which one of its drugs might act
as an inhibitor of the signaling pathways related to the known resistance mechanisms against one or
some other anticancer drugs in combination. The general simplest idea of combining cytotoxic and
targeted chemotherapy is usually attributed for target therapy somehow sensitizing cells to increased

Delou et al., Cells 2019
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