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Timescales of cellular and organic effect

Timescale involved between the breakage of chemical bonds and the 
biological effect may be hours to years, depending on the type of 
damage.

Early effects. If cell kill is the result, it may happen in hours to days, when 
the damaged cell attempts to divide (early effect of radiation). This can 
result in early tissue reactions (deterministic effects) if many cells are 
killed.

Late effects. If the damage is oncogenic (cancer induction), then its 
expression may be delayed for years (late effect of radiation).
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Cellular damage and cell death

Radiations damage cells in many ways, and in particular it can induce cell 
death. 

Other consequences include:

• destruction of proteome (proteome: set of active proteins)
• deleterious mutations

• cancer
• senescence

• destruction of cellular membranes
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Effects of irradiation:

• Division delay: The cell is delayed in going through division.
• Apoptosis: The cell dies before it can divide.
• Reproductive failure: The cell dies when attempting the mitosis.
• Genomic instability: High frequency of mutations.
• Mutation: The cell survives but contains a mutation.
• Transformation: The mutation leads to a transformed phenotype and 

possibly carcinogenesis.
• Senescence: The cell fails in performing some functions.
• Bystander effects: An irradiated cell may send signals to neighboring 

unirradiated cells and induce genetic damage in them.
• Adaptive responses: The irradiated cell becomes more radio-resistant.
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Lethal damage

• Lethal damage, which is irreversible, irreparable and leads 
to cell death.

• Sublethal damage, which can be repaired in hours unless 
additional sublethal damage is added that eventually leads 
to lethal damage.

• Potentially lethal damage, which can be manipulated by 
repair when cells are allowed to remain in a non-dividing 
state.
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Cell death: apoptosis and necrosis, clonogenic death

Apoptosis, is synonymous with programmed cell death, which implies the 
existence of a genetic program of cell death. Apoptosis is believed to account 
for most cell death during development and in normal adult tissue turnover, 
and it can also be induced experimentally by various biological, chemical, or 
physical agents. 

Necrosis, in contrast, is a passive degenerative phenomenon and is observed in 
a tissue subjected to direct toxic or physical injury-such as hyperthermia, 
hypoxia, and ischemia or to complement-mediated lysis.

Clonogenic death occurs when cells lose the ability to proliferate (usually it 
takes two or three further generations until cells stop all proliferation).
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Short interlude on morphogenesis
(tumors have no defined morphogenesis)



Thalidomide

Thalidomide is an immunomodulatory drug and the prototype of 
the thalidomide class of drugs. Initially it was used as a sedative. 
Today, thalidomide is used mainly as a treatment of certain 
cancers (multiple myeloma) and of a complication of leprosy.



The Thalidomide children
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This 4-cm mature cystic teratoma of the ovary was found incidentally at the time of Caesarean section and removed. 
Like most ovarian teratomas (and unlike those of the testis) this one was benign, showing only mature tissues 
microscopically. In addition to the obvious cutaneous structures (giving rise to the hair seen here), histologically 
there was abundant neuroglia and even one neuron. Central nervous system tissue is very common in mature 
teratomas. (from Wikipedia)
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François Jacob (17 June 1920 – 19 April 
2013) was a French biologist who, 
together with Jacques Monod, 
originated the idea that control of 
enzyme levels in all cells occurs through 
regulation of transcription.

The dream of every cell is 
to become two cells.
(François Jacob)



Edoardo Milotti - Radiobiology 13
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

The hallmarks of cancer
(from Hanahan & Weinberg, Cell 144 (2011) 646) 
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The hallmarks of cancer
(from Hanahan & Weinberg, Cell 144 (2011) 646) 

Cancer can be viewed as 
a problem of 
uncontrolled cell growth
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Gene modifications linked to cancer
(from Vogelstein et al., Nature 408 (2000) 307)

Oncogenes. These are analogous to the accelerators in a car. 

Oncogenes stimulate appropriate cell growth under normal conditions, as 
required for the continued turnover and replenishment of the skin, 
gastrointestinal tract and blood, for example. 

A mutation in an oncogene is tantamount to having a stuck accelerator: even 
when the driver releases his foot from the accelerator pedal, the car continues to 
move. Likewise, cells with mutant oncogenes continue to grow (or refuse to die) 
even when they are  receiving no growth signals. 

Examples are Ras, activated in pancreatic and colon cancers, and Bcl-2, activated 
in lymphoid tumours. 
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Gene modifications linked to cancer/ctd.
(from Vogelstein et al., Nature 408 (2000) 307)

Tumour-suppressor genes. When the accelerator is stuck to the floor, the driver 
can still stop the car by using the brakes. 

Cells have brakes, too, called tumour-suppressor genes. These keep cell numbers 
down, either by inhibiting progress through the cell cycle and thereby preventing 
cell birth, or by promoting programmed cell death (also called apoptosis). 

Just as a car has many brakes (the foot pedal, handbrake and ignition key), so too 
does each cell. When several of these brakes are rendered non-functional through 
mutation, the cell becomes malignant. 

Examples are the gene encoding the retinoblastoma protein, inactivated in 
retinoblastomas, p53, and p16INK4a, which inhibits cyclin-dependent kinases and is 
inactivated in many different tumours. 
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Gene modifications linked to cancer/ctd.
(from Vogelstein et al., Nature 408 (2000) 307)

Repair genes. Unlike oncogenes and tumour-suppressor genes, repair 
genes do not control cell birth or death directly. They simply control the rate of 
mutation of all genes. 

When repair genes are mutated, cells acquire mutations in oncogenes and 
tumour-suppressor genes at an accelerated rate, driving the initiation and 
progression of tumours. 

In the car analogy, a defective repair gene is much like having a bad mechanic. 
Examples are nucleotide-excision- repair genes and mismatch-repair genes, whose 
inactivation leads to susceptibility to skin and colon tumours, respectively. 
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Ataxia-telangiectasia (also Louis–Bar syndrome) 

Ataxia is a neurological sign consisting of lack of voluntary coordination of muscle 
movements. 

Telangiectasia denotes the presence of small dilated blood vessels near the surface 
of the skin or mucous membranes, measuring between 0.5 and 1 millimeter in 
diameter.

A-T is caused by a defect in the ATM gene which is responsible for managing the 
cell’s response to multiple forms of stress including double-strand breaks in DNA. 

In simple terms, the protein produced by the ATM gene recognizes that there is a 
break in DNA, recruits other proteins to fix the break, and stops the cell from 
making new DNA until the repair is complete
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A-T matters because it shows us what happens when the DNA repair system is 
malfunctioning, and therefore it mimics the accumulation of heavy DNA damage in 
normal individuals.

There is substantial variability in the severity of features of A-T between affected individuals, 
and at different ages. The following symptoms or problems are either common or important 
features of A-T:

• Ataxia (difficulty with control of movement) that is apparent early but worsens in school to 
pre-teen years

• Oculomotor apraxia (difficulty with coordination of head and eye movement when shifting 
gaze from one place to the next)

• Involuntary movements
• Telangiectasia (dilated blood vessels) over the white (sclera) of the eyes, making them 

appear bloodshot. Telangiectasia may also appear on sun-exposed areas of skin.
• Problems with infections, especially of the ears, sinuses and lungs
• Increased incidence of cancer (primarily, but not exclusively, lymphomas and leukemias)
• Delayed onset or incomplete pubertal development, and very early menopause
• Slowed rate of growth (weight and/or height)
• Drooling particularly in young children when they are tired or concentrating on activities
• Dysarthria (slurred, slow, or distorted speech sounds)
• Diabetes in adolescence or later
• Premature changes in hair and skin 
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Note: homeostasis in cells
Homeostasis is the property of a system in which variables are regulated so that 
internal conditions remain stable and relatively constant. 

Examples of homeostasis include the regulation of temperature and the balance 
between acidity and alkalinity (pH). It is a process that maintains the stability of the 
human body's internal environment in response to changes in external conditions.

Example: the levels of many enzymes are regulated homeostatically by the equilibrium 
between production and destruction

dS
dt

=α − βS

rate of change of 
substance S

fixed 
production rate

destruction rate 
proportional to 
amount of substance

Seq =
α
β

at equilibrium the total rate of 
change vanishes, and the amount of 
substance is dynamically fixed
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The p53 tumor suppressor has been termed “the
Guardian of the Cell.” It is not essential for life—mice
that are deficient in this protein are born seemingly nor-
mal—but it is essential in its role of protecting an organ-
ism from rogue cells. p53 guards two gates: a gate to life
and a gate to death. Sensing damage to DNA, p53 can ini-
tiate two processes to isolate the damaged cell and prevent
its uncontrolled growth. It can halt cell division, freezing
the cell at the G1 checkpoint of the cellular cycle. The cell
is unable to reproduce, and its damaged genome is safely
isolated. p53 can also initiate a more permanent solution:
programmed cell death, or apoptosis.

p53 tumor suppressor acts as transcriptional activator,
controlling the expression of a variety of genes important
in cell cycle regulation and apoptosis. p53, composed of
four identical subunits, binds to a specific site on the
DNA, and interacts with transcription interaction factors,
leading to the initiation of transcription by RNA poly-
merase II. p53 itself is present at extremely low levels in
most cells, and has a life span of mere minutes. These low
levels allow the action of p53 to be genetically controlled.
Levels may be raised quickly by synthesis of more p53,
and high levels are quickly reduced when synthesis
abates. The induction of p53 has a hair-trigger: even a sin-
gle double-stranded break of the DNA has been predicted
to be enough.

As one might expect, disruption of a process with
such an important function will have dire consequences.
Approximately half of all cases of human cancer may be
attributed to a defective p53 protein. Most of these are
caused by missense mutations in the p53 gene, changing
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p53 tumor suppressor. For those who think of proteins as uniformly
compact and globular, the structure of p53 will come as a surprise. It is
composed of four identical chains, bound together to form a flexible,
four-armed starfish. Each chain folds into three structured domains,
connected by long, flexible linkers. At the tip of each arm is an activa-
tion domain, which binds to the transcriptional machinery and activates
gene expression. This domain also binds to the regulatory protein
MDM2. At the center of each arm is the largest domain, the globular
DNA-binding domain that binds specifically to the target DNA site.
These DNA-binding domains are the sites of most of the cancer-causing
mutations observed in p53. At the center of the tetramer, the four chains
interlock, forming a strong Celtic knot that ties the molecule together.
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The p53 network. Activation of the network (by stresses such as DNA damage, ultraviolet light and oncogenes) stimulates enzymatic 
activities that modify p53 and its negative regulator, MDM2. This results in increased levels of activated p53 protein. The expression of 
several target genes is then activated by binding of the activated p53 to their regulatory regions. These genes are involved in processes 
that slow down the development of tumours. For example, some genes inhibit cell-cycle progression or the development of blood 
vessels to feed a growing tumour; others increase cell death (apoptosis). A negative feedback loop between MDM2 and p53 restrains 
this network. Many other components of this network, not shown here, have been identified. Similarly, p53 activation results in a 
variety of other effects, including the maintenance of genetic stability, induction of cellular differentiation, and production of 
extracellular matrix, cytoskeleton and secreted proteins. The components of the network, and its inputs and outputs, vary according to 
cell type. p53 is a highly connected ‘node’ in this network. It is therefore unsurprising that the loss of p53 function is so damaging, and 
that such loss occurs in nearly all human cancers. (adapted from Vogelstein et al., Nature 408 (2000) 307)
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(adapted from Vogelstein et al., Nature 408 (2000) 307)

p53 – a tumour suppressor – is an important player in the ATM/ATR network; what 
happens when it is inactivated? 

malfunctioning of 
the homeostatic 
regulation of p53
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have been portrayed as reasonably homogeneous cell popula-
tions until relatively late in the course of tumor progression,
when hyperproliferation combined with increased genetic
instability spawn distinct clonal subpopulations. Reflecting
such clonal heterogeneity, many human tumors are histopatho-
logically diverse, containing regions demarcated by various
degrees of differentiation, proliferation, vascularity, inflamma-
tion, and/or invasiveness. In recent years, however, evidence
has accumulated pointing to the existence of a new dimension
of intratumor heterogeneity and a hitherto-unappreciated
subclass of neoplastic cells within tumors, termed cancer stem
cells (CSCs).

Although the evidence is still fragmentary, CSCs may prove to
be a common constituent of many if not most tumors, albeit
being present with widely varying abundance. CSCs are defined
operationally through their ability to efficiently seed new tumors
upon inoculation into recipient host mice (Cho and Clarke, 2008;
Lobo et al., 2007). This functional definition is often comple-
mented by including the expression in CSCs of markers that
are also expressed by the normal stem cells in the tissue-of-
origin (Al-Hajj et al., 2003).

CSCs were initially implicated in the pathogenesis of hemato-
poietic malignancies (Reya et al., 2001; Bonnet and Dick, 1997)
and then years later were identified in solid tumors, in particular
breast carcinomas and neuroectodermal tumors (Gilbertson and
Rich, 2007; Al-Hajj et al., 2003). Fractionation of cancer cells on
the basis of displayed cell-surface markers has yielded subpop-
ulations of neoplastic cells with a greatly enhanced ability, rela-
tive to the corresponding majority populations, to seed new
tumors upon implantation in immunodeficient mice. These

Figure 4. The Cells of the Tumor Microenviron-
ment
(Upper) An assemblage of distinct cell types constitutes
most solid tumors. Both the parenchyma and stroma of
tumors contain distinct cell types and subtypes that
collectively enable tumor growth and progression.
Notably, the immune inflammatory cells present in tumors
can include both tumor-promoting as well as tumor-killing
subclasses.
(Lower) The distinctive microenvironments of tumors. The
multiple stromal cell types create a succession of tumor
microenvironments that change as tumors invade normal
tissue and thereafter seed and colonize distant tissues.
The abundance, histologic organization, and phenotypic
characteristics of the stromal cell types, as well as of the
extracellular matrix (hatched background), evolve during
progression, thereby enabling primary, invasive, and then
metastatic growth. The surrounding normal cells of the
primary and metastatic sites, shown only schematically,
likely also affect the character of the various neoplastic
microenvironments. (Not shown are the premalignant
stages in tumorigenesis, which also have distinctive
microenvironments that are created by the abundance
and characteristics of the assembled cells.)

often-rare tumor-initiating cells proved to share
transcriptional profiles with certain normal
tissue stem cell populations, motivating their
designation as stem-like.
The origins of CSCs within a solid tumor have

not been clarified and indeedmaywell vary from
one tumor type to another. In some tumors, normal tissue stem
cells may serve as the cells-of-origin that undergo oncogenic
transformation to yield CSCs; in others, partially differentiated
transit-amplifying cells, also termed progenitor cells, may suffer
the initial oncogenic transformation thereafter assuming more
stem-like character. Once primary tumors have formed, the
CSCs, like their normal counterparts, may self-renew as well
as spawn more differentiated derivatives; in the case of
neoplastic CSCs, these descendant cells form the great bulk of
many tumors. It remains to be established whether multiple
distinct classes of increasingly neoplastic stem cells form during
inception and subsequent multistep progression of tumors, ulti-
mately yielding the CSCs that have been described in fully devel-
oped cancers.
Recent research has interrelated the acquisition of CSC traits

with the EMT transdifferentiation program discussed above
(Singh and Settleman, 2010; Mani et al., 2008; Morel et al.,
2008). Induction of this program in certain model systems can
induce many of the defining features of stem cells, including
self-renewal ability and the antigenic phenotypes associated
with both normal and cancer stem cells. This concordance
suggests that the EMT program not onlymay enable cancer cells
to physically disseminate from primary tumors but also can
confer on such cells the self-renewal capability that is crucial
to their subsequent clonal expansion at sites of dissemination
(Brabletz et al., 2005). If generalized, this connection raises an
important corollary hypothesis: the heterotypic signals that
trigger an EMT, such as those released by an activated, inflam-
matory stroma, may also be important in creating and maintain-
ing CSCs.

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

have been portrayed as reasonably homogeneous cell popula-
tions until relatively late in the course of tumor progression,
when hyperproliferation combined with increased genetic
instability spawn distinct clonal subpopulations. Reflecting
such clonal heterogeneity, many human tumors are histopatho-
logically diverse, containing regions demarcated by various
degrees of differentiation, proliferation, vascularity, inflamma-
tion, and/or invasiveness. In recent years, however, evidence
has accumulated pointing to the existence of a new dimension
of intratumor heterogeneity and a hitherto-unappreciated
subclass of neoplastic cells within tumors, termed cancer stem
cells (CSCs).

Although the evidence is still fragmentary, CSCs may prove to
be a common constituent of many if not most tumors, albeit
being present with widely varying abundance. CSCs are defined
operationally through their ability to efficiently seed new tumors
upon inoculation into recipient host mice (Cho and Clarke, 2008;
Lobo et al., 2007). This functional definition is often comple-
mented by including the expression in CSCs of markers that
are also expressed by the normal stem cells in the tissue-of-
origin (Al-Hajj et al., 2003).

CSCs were initially implicated in the pathogenesis of hemato-
poietic malignancies (Reya et al., 2001; Bonnet and Dick, 1997)
and then years later were identified in solid tumors, in particular
breast carcinomas and neuroectodermal tumors (Gilbertson and
Rich, 2007; Al-Hajj et al., 2003). Fractionation of cancer cells on
the basis of displayed cell-surface markers has yielded subpop-
ulations of neoplastic cells with a greatly enhanced ability, rela-
tive to the corresponding majority populations, to seed new
tumors upon implantation in immunodeficient mice. These

Figure 4. The Cells of the Tumor Microenviron-
ment
(Upper) An assemblage of distinct cell types constitutes
most solid tumors. Both the parenchyma and stroma of
tumors contain distinct cell types and subtypes that
collectively enable tumor growth and progression.
Notably, the immune inflammatory cells present in tumors
can include both tumor-promoting as well as tumor-killing
subclasses.
(Lower) The distinctive microenvironments of tumors. The
multiple stromal cell types create a succession of tumor
microenvironments that change as tumors invade normal
tissue and thereafter seed and colonize distant tissues.
The abundance, histologic organization, and phenotypic
characteristics of the stromal cell types, as well as of the
extracellular matrix (hatched background), evolve during
progression, thereby enabling primary, invasive, and then
metastatic growth. The surrounding normal cells of the
primary and metastatic sites, shown only schematically,
likely also affect the character of the various neoplastic
microenvironments. (Not shown are the premalignant
stages in tumorigenesis, which also have distinctive
microenvironments that are created by the abundance
and characteristics of the assembled cells.)

often-rare tumor-initiating cells proved to share
transcriptional profiles with certain normal
tissue stem cell populations, motivating their
designation as stem-like.
The origins of CSCs within a solid tumor have

not been clarified and indeedmaywell vary from
one tumor type to another. In some tumors, normal tissue stem
cells may serve as the cells-of-origin that undergo oncogenic
transformation to yield CSCs; in others, partially differentiated
transit-amplifying cells, also termed progenitor cells, may suffer
the initial oncogenic transformation thereafter assuming more
stem-like character. Once primary tumors have formed, the
CSCs, like their normal counterparts, may self-renew as well
as spawn more differentiated derivatives; in the case of
neoplastic CSCs, these descendant cells form the great bulk of
many tumors. It remains to be established whether multiple
distinct classes of increasingly neoplastic stem cells form during
inception and subsequent multistep progression of tumors, ulti-
mately yielding the CSCs that have been described in fully devel-
oped cancers.
Recent research has interrelated the acquisition of CSC traits

with the EMT transdifferentiation program discussed above
(Singh and Settleman, 2010; Mani et al., 2008; Morel et al.,
2008). Induction of this program in certain model systems can
induce many of the defining features of stem cells, including
self-renewal ability and the antigenic phenotypes associated
with both normal and cancer stem cells. This concordance
suggests that the EMT program not onlymay enable cancer cells
to physically disseminate from primary tumors but also can
confer on such cells the self-renewal capability that is crucial
to their subsequent clonal expansion at sites of dissemination
(Brabletz et al., 2005). If generalized, this connection raises an
important corollary hypothesis: the heterotypic signals that
trigger an EMT, such as those released by an activated, inflam-
matory stroma, may also be important in creating and maintain-
ing CSCs.

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

The tumor microenvironment
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Supplementary Figure 3. OFDI angiography across tumor types and sites. (a) A human breast cancer cell line (MDA-MB-
361HK) growing in the mammary fat pad window chamber model of a female SCID mouse. Large avascular regions are notable 
in the vascular image (top) and reflected in the topographically diffuse tumor microstructure (bottom). (b) Tumor vasculature of 
a human colorectal adenocarcinoma (LS174T) implanted in the dorsal skinfold chamber of a SCID mouse (top). Non-viable 
tissue is evident within the tumor nodules on cross-section (lighter regions) in the tissue scattering intensity image (bottom). (c) 
Angiography of a subcutaneous orthotopic human breast tumor xenograft (MDA-MD-231BR) imaged by the skin flap 
preparation. (d) Limited vasculature of the human soft-tissue sarcoma (HSTS-26T) growing orthotopically in the dorsal skinfold 
chamber. (e) Simultaneous vascular and lymphatic imaging of a tumor and nearby normal tissue in the ear of a nude mouse, a 
commonly utilized model in the study of tumor-associated lymphatics. Scale bars, 500 μm. 
  

Nature Medicine: doi:10.1038/nm.1971
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where I0 is the initial pixel intensity relative to background,
C is the background constant, and L is the characteristic
penetration length [the distance (x) at which I!C decreases
to half I0]. Values for the characteristic penetration length,
at which the intensity of doxorubicin decreases to half its
value adjacent to blood vessels, were in the range of 40 to
50 Am (Table 1). The consolidated data sets for each tumor
were significantly different (P < 0.0001; F test). The
characteristic penetration length (L) for the 16C tumor
was significantly shorter than for either the PC-3 or EMT6
tumors, with no difference between the PC-3 and EMT6
tumors. The perivascular fluorescence intensities (I0) for

each tumor type were all statistically different from each
other (P < 0.05).

Discussion

Composite images of PC-3, 16C, and EMT6 tumors
illustrating drug distribution relative to blood vessels and
regions of chronic hypoxia (Fig. 2) reveal steep gradients for
doxorubicin from perfused vessels. Hematoxylin staining of
the same images show that a large fraction of apparently
viable cells is not exposed to the drug following a single i.v.
treatment, even when administered at high doses. Although

Fig. 2. Representative three-color composite images showing the perivascular distributionof doxorubicin (blue) in relation toblood vessels (red) andhypoxic regions (green)
in tissue sections from PC-3,16C, and EMT6 tumors. Bar,100 Am.

Distribution of Doxorubicin in Tumors

www.aacrjournals.org Clin Cancer Res 2005;11(24) December15, 20058785

Research. 
on July 5, 2013. © 2005 American Association for Cancerclincancerres.aacrjournals.org Downloaded from 
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Representative three-color composite images showing the perivascular distribution of doxorubicin (blue) in relation to blood vessels (red) and hypoxic 
regions (green) in tissue sections from PC-3, 16C, and EMT6 tumors. Bar, 100 µm. 
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Mulstistage model of colorectal cancer 
The human intestine
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In the epidemiology of colorectal cancer, k ≈ 5 or 6

p onset of illness at age a( ) ≈ bak

this constant incorporates all 
the biological parameters

number of stages

32

Mulstistage model of colorectal cancer
A simple mathematical model



Edoardo Milotti - Radiobiology

Normal mutation rate is low, ~ 10-9 per base, per division.

This means that in a 1000 base-long gene, the mutation rate is u ≈ 
10-6 per division. 

Then the probability that in d divisions the gene is not mutated, is 

and therefore, the probability that it is mutated is 

p no mutation in gene( ) ≈ 1− u( )d

p gene is mutated( )

= p at least one mutation in gene( ) ≈1− 1− u( )d

33
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Then, if there are N compartments with m cells each that are at risk 
of reaching the critical mutation level, the probability that no cell 
reaches this critical level is

and finally, the probability of the onset of illness is  

p
no cell in the N  compartments 
reaches the critical level 
of mutations

⎛

⎝
⎜

⎞

⎠
⎟ = 1− 1− 1− u( )d⎡⎣ ⎤⎦

k{ }Nm

p onset of illness after d  divisions( ) =

= p
at least one cell in the N  
compartments reaches the 
critical level of mutations

⎛

⎝
⎜

⎞

⎠
⎟ = 1− 1− 1− 1− u( )d⎡⎣ ⎤⎦

k{ }Nm
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p onset of illness after d  divisions( ) = 1− 1− 1− 1− u( )d⎡⎣ ⎤⎦
k{ }Nm

≈1− 1− du[ ]k{ }Nm

≈ Nm du( )k

Since d ≈ a/T (where T is the duplication time)

p onset of illness at age a( ) ≈ Nm a
T
u⎛

⎝⎜
⎞
⎠⎟
k

= Nmuk

T k

⎛
⎝⎜

⎞
⎠⎟
ak = bak
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from P .Calabrese and D. Shibata, “A simple algebraic cancer equation: calculating how cancers 
may arise with normal mutation rates”, BMC Cancer 10 (2010) 3
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the skin, with the surface area of the body generally con-
sidered to scale at approximately b ¼ 1.5 (see [40], assuming
the BMI relationship of b ¼ 2 linking height and body
weight). This value leads to an expected HR10 of 1.09, a
value that is significantly exceeded by both male and
female melanoma estimates in figure 2. It is also exceeded
by the non-melanoma estimates in both sexes from the

Me-Can study (1.25 women, 1.21 men) [24], and the pooled
melanoma/non-melanoma skin cancer estimate from the
Korean study (also 1.25 women, 1.21 men) [25], estimates
that were not included in figure 2. Thus, based on the avail-
able data, skin cancer appears to show a consistent
relationship to height that is too strong to be adequately
described by the cell-number hypothesis in its simplest form.
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Figure 2. A comparison of the observed and predicted effect of height on the risk of specific cancers: the observed hazard ratio (HR10) and 95% confidence interval
linking a 10 cm increase in height to the increased risk of specific cancers, showing only cancers included in at least two of the target studies (for women [22 – 25];
for men [23 – 25]). The vertical lines illustrate: no effect of height (HR10 ¼ 1.00; solid line); the average HR10 predicted from the multistage model based on the
allometry of human height to overall body mass, which is used as a proxy for cell number (dashed line); and (3) the predicted effect based on the expected
extremes of organ cell number allometry to height: linear, b ¼ 1 (lower dotted line); and volumetric, b ¼ 3 (upper dotted line). For data sources, see electronic
supplementary material, table S1.
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If the probability of colon cancer risk grows with the number 
of cells, i.e., with body size, how large is the risk for a whale? 
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All whales should 
have CRC by age 80

Assuming all other parameters are 
equal, larger animals should have a 
greater lifetime risk of developing 
cancer compared with smaller 
organisms. 

Blue dots for mouse, human and 
whale indicate the estimated risk of 
CRC occurring within 90 years of life, 
given the approximate number of 
cells in a human colon, 1000 times 
fewer cells to represent the mouse 
and 1000 times more cells to 
represent the whale. 

The red dot indicates the lifetime risk 
of colon cancer according to the 
American Cancer Society, which is 
approximately 5.3% for men and 
women averaged together.
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However, whales are not more cancer-prone than humans ... 

Why cancer is not actually more frequent in large animals?

More cells means higher rate of potentially dangerous 
mutation events. 

The near-constancy of tumor rate in animals is called Peto’s
Paradox. 
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Cancer deaths on total of all deaths 

• mice in lab conditions: 46%
• dogs: 20%
• humans: 25%
• beluga whale: 18%

Although the number of cells differs by orders of magnitude 
and the lifespan also differs, there are no big differences 
between these values. 
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A list of possible answers to Peto’s paradox

• Lower mutation rates in large animals (better error correction 
mechanisms)

• Redundancy of tumor suppressor genes
• Lower selective advantage of mutant cells
• More efficient immune system
• More sensitive or efficient apoptotic processes
• Increased contact inhibition
• Shorter telomeres
• ... 
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At least one solution to Peto's paradox may have been found. Elephants have 20 copies of 
a gene called p53 (or, more properly, TP53), in their genome, where humans and other 
mammals have only one. The gene is known as a tumour suppressor, and it snaps to action 
when cells suffer DNA damage, churning out copies of its associated p53 protein and either 
repairing the damage or killing off the cell. 
It was found that elephants produce extra copies of the p53 protein, and that elephant blood cells seem exquisitely 
sensitive to DNA damage from ionizing radiation. The animals' cells carry out apoptosis in response to DNA damage at 
much higher rates than do human cells. Instead of repairing the DNA damage, compromised elephant cells seem to 
have evolved to kill themselves to nip nascent tumours in the bud. 
(from Nature News, Oct. 8th 2015, see also https://bmcbiol.biomedcentral.com/articles/10.1186/s12915-017-0401-7
and https://www.pnas.org/content/116/6/1825)

https://bmcbiol.biomedcentral.com/articles/10.1186/s12915-017-0401-7
https://www.pnas.org/content/116/6/1825
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Opportunities offered by professional journals 

Check the interesting list of medical physics journals compiled by Scott Crowe

http://sbcrowe.net/lists/journals/

http://sbcrowe.net/lists/journals/
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https://academic.oup.com/oncolo

https://academic.oup.com/oncolo
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