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Course objectives
Understand key concepts in cancer research


• How cancer arises and progresses (a multidisciplinary 
perspective)


Genomics, Signal transduction, Microenvironment, 
Metabolism, Lineage plasticity, Immunology


• How cancer is treated


• How cancer is studied in the lab and clinic (from mouse to 
human)



Which of the following diseases claimed the most lives in 2017

HIV/AIDS Tuberculosis

Malaria Cancer



Question: what is cancer?



Hallmarks of Cancer: a unifying framework

The Hallmarks of Cancer. Hanahan and Weinberg, Cell 2000



Lecture outline:

1. Some cancer epidemiology


2. Cellular and tissue origins of cancer


3. Cancer is a progressive disease


4. Genetic mutations are prerequisite for cancer formation


5. Viral origins of cancer lead to the discovery of 
oncogenes


6. Clonal evolution theory of mutations and cancer

Oncogenes and the origins of cancer



1. Some cancer epidemiology



Cancer is the second leading cause of death

Provisional Mortality Data—United States, 2022 Ahmad, 
FB, et al., MMWR Morb Mortal Wkly Rep 2023

1 in 4 dies of cancer



Cancer deaths are declining



New drugs are developed every year



Risk factors are changing



Early onset cancer is increasing



2. Cellular origins of cancer



Documented by ancient Egyptians


Approached scientifically by Hippocrates of ancient Greece

Going back a few thousand years . . . 

https://greekreporter.com/2022/06/09/how-was-cancer-treated-in-ancient-greece-2/
Franquet, et al., Radiographics, 1993

• Karkinoma (Karkinos = crab)


• Understood benign versus malignant


• Cancer thought to be foreign invasion until 19th century



Histology changed our understanding of cancer

https://www.sciencephoto.com/media/1046296/view/19th-century-microscope

Histology: the study of 
microscopic structures of tissues


Histopathology: the microscopic 
study of diseased tissues

Hematoxylin and Eosin (H&E): 
staining of tissue sections



From where does cancer arise?
Uterus (endometrium) Gallbladder KidneyLung bronchiole

What do all these tissues have in common?

Ducts of breast, prostate, pancreas

Villi and crypts of small intestine and colon Epidermis (skin!)

Hepatocytes of the liver

Lining of mouth, esophagus, stomach, bladder, ovary, cervix, etc.

The Biology of Cancer, 3rd edition. Robert Weinberg



Pre-cancer

Metaplasia: “beyond growth”, replacement of one differentiated cell type 
with another differentiated cell type not normally associated with a tissue

The Biology of Cancer, 3rd edition. Robert Weinberg



Pre-cancer

Neoplasia: “new growth”, broad term for benign/malignant growths

Hyperplasia: “excessive growth”, thickening or increasing size

The Biology of Cancer, 3rd edition. Robert Weinberg

Dysplasia: “abnormal growth”, cytologically and structurally abnormal

Squamous 

neoplasia of cervix



Cancers of the epithelia (carcinomas)
90% of all cancer, 80% of deaths

Ductal carcinoma in situ (breast)

Invasive ductal carcinoma (breast)

Invasive lobular carcinoma (breast)

The Biology of Cancer, 3rd edition. Robert Weinberg



Cancers of the blood (hematologic)
8-10% of all cancer, 7% of deaths

Leukemias: blood cancer, circulating “liquid tumors”

Myelomas: blood cancer, develops in bone marrow

Lymphomas: blood cancer, solid tumors localized to 
lymphoid tissues (e.g., thymic lymphoma)

Thoracic Pathology: A Volume in the High Yield Pathology Series 1st Edition, Aliya N. Husain
The Biology of Cancer, 3rd edition. Robert Weinberg
By The original uploader was VashiDonsk at English Wikipedia.



Cancers of bone and soft tissue (sarcomas)
~1% of all cancer, <1% of deaths

Rare, but some forms extremely aggressive, minimal treatment options

15-20% of childhood cancer

Derive from mesenchymal cell types (bone/cartilage, connective tissues, 
lymphatic and blood vessels, fat, muscle)

The Biology of Cancer, 3rd edition. Robert Weinberg

Osteosarcoma Liposarcoma
Dedifferentiated 

spindle cell sarcoma



Cancers of nervous system (neuroectodermal)
1.3% of all cancer, 2.5% of deaths
Form from components of central and peripheral nervous system:

https://emedicine.medscape.com/
article/283252-overview

The Biology of Cancer, 3rd edition. Robert Weinberg

Glioblastoma



Other notable cancers of unique cell types

The Biology of Cancer, 3rd edition. Robert Weinberg

Melanoma: cancer arising from pigment 
producing cells in skin (melanocytes)

Small cell lung cancer: likely arise from endodermal stem cells of lung

Transdifferentiate into neuroendocrine (secretory)-like cells

Teratomas: arise from diploid germ cell precursors, retain embryonic 
stem cell pluripotency

Teeth!

Ingale, Y, et al., Case Rep Dent, 2013



3. Cancer is a progressive disease    
    (a histopathological perspective)



Cancer is a progressive disease
Oral squamous cell carcinoma progression

Poh, CF, et al., JCDA, 2008



Cancer is a progressive disease

Colon adenocarcinoma

Vogelstein, B, et al. Science 2013



Cancer is a progressive disease

Pancreatic ductal adenocarcinoma

Iacobuzio-Donahue, Gut 2012



4. Genetic mutations drive cancer



Cancer is a disease of mutations to our DNA


• Those that we are born with (germline)


• Those that occur after birth (somatic)

Cancer is a “genetic disease”

Hereditary cancers

• Familial component noted since the 1600s


• Retinoblastoma


• Lynch Syndrome


• Familial Adenomatous Polyposis (FAP)


• Many others



• Cancer is a disease of mutations to our DNA


• Those that we are born with (germline)


• Those that occur after birth (somatic)

Cancer is a “genetic disease”



Sources of mutations

Exo

PCNAMutL

MutS

MutL

MutS
Exo

PCNA

Polδ

DNA mismatch repair



Exogenous chemical and environmental (carcinogens)


• Carcinogens (benzo-A-pyrene in cigarettes)


• UV light from the sun


• Dietary


• Viruses, bacteria

Sources of mutations

Endogenous


• Defects in DNA repair mechanisms (e.g., DNA mismatch repair)


• Replication errors during cell division (DNA breaks, aneuploidy)


• Metabolism within cell (reactive oxygen species)



Earliest evidence of abnormal DNA in cancer

• Abnormal numbers of chromosomes (aneuploidy)

Peter Duesberg/UC Berkley

• Observed over 100 years ago (before we knew what is DNA)!



• Whole chromosome gains


• Whole chromosome losses


• Deletions/amplifications of smaller regions


• Rearrangements (e.g., translocations)


• Catastrophic changes all at once (chromothripsis: Greek 
for chromosome “shattering”)

Earliest evidence of abnormal DNA
Aneuploidy



Carcinogens are mutagens

Bruce Ames

The Ames test (1970s):

Test in laboratory mice

Test in cells (originally bacteria)



Carcinogens are mutagens

https://en.wikipedia.org/wiki/Ames_test

The Ames test (1970s):



Carcinogens are mutagens . . . well mostly!

Which of these cancer risk factors mutate and which promote?



Mutations are not enough: the initiator/
promoter model



Known and suspected promoting agents

Which of these are associated with inflammation?



Air pollution (PM2.5) is a cancer promoter
Promoting agents 


     e.g., Particulate Matter measuring ≤ 2.5 μm (PM2.5)

Hill, W, et al., Nature, 2023



Mechanisms of promoting agents 
remains very poorly understood

Hallmarks of Cancer: New Dimensions. Hanahan, Cancer Discovery 2022



Back to mutations . . . 



How do mutations cause cancer?

Oncogenes

Tumor  
suppressors



Tumorigenesis is a multistep process characterized by 
alterations in oncogenes and tumor suppressor genes

Oncogenes

Tumor Suppressor

Genes



5. Viral origins of cancer lead  
    to the discovery of oncogenes



Viral oncogenes and cancer

Simatou, A, et al., Mol & Clin Onc, 2020



Rous Sarcoma Virus (RSV): an important 
clue to the molecular cause of cancer



Identification of the Src oncogene
Src gene sequence present in Rous Sarcoma Virus (RSV), not in 
related avian leukosis virus (ALV)



Identification of the Src proto-oncogene



Viral oncogenes result from uptake of host DNA 
in viral genome



Weinberg - The Biology of Cancer (2014)

106 Chapter 4: Cellular Oncogenes

strategy depended on several experimental advances, including the development 
of an e!ective gene transfer procedure. Additionally, appropriate cancer cells from 
which to extract DNA and suitable recipient cells needed to be identi"ed.

In 1972, a highly e!ective gene transfer procedure, soon termed transfection, was 
developed. #is procedure, which made possible the introduction of naked DNA mol-
ecules directly into mammalian cells (Figure 4.1), was based on co-precipitation of 
DNA with calcium phosphate crystals. For reasons that remain poorly understood to 
this day, these co-precipitates could overcome the natural resistance of cells to tak-
ing up foreign genetic material. Cells of the NIH 3T3 cell line, derived originally from 
mouse embryo "broblasts, turned out to be especially adept at taking up and integrat-
ing into their genomes the foreign DNA introduced in this fashion.

#e "nal issue to be settled before this experimental plan could proceed was the 
identity of the donor cancer cells from which DNA would be prepared. Here the 
researchers were working blind. It was not clear whether all types of cancer cells pos-
sessed transforming genes like the src oncogene borne by RSV. Also, it was not known 
whether a cellular transforming gene—a cellular oncogene—that had been responsi-
ble for transforming a normal epithelial cell into a carcinoma cell would also be able 
to function in the unfamiliar intracellular environment of connective tissue ("brob-
lastic) cells, like that of the NIH 3T3 cells. #ere were yet other possible problems. For 
example, an oncogene that was responsible for transforming normal human cells into 
cancer cells might fail to transform normal mouse cells because of some interspecies 
incompatibilities.

With these concerns in mind, researchers chose donor tumor cells derived from 
mouse "broblasts. #ese particular cancer cells originated with mouse "broblasts 
of the C3H10T1/2 mouse cell line that had been treated repeatedly with the potent 
carcinogen and mutagen 3-methylcholanthrene (3-MC), a known component of coal 
tars. Importantly, these cells bore no traces of either tumor virus infection or activated 
endogenous retroviral genomes. Hence, any transforming oncogenes detected in the 
genome of these cells would, with great likelihood, be of cellular origin, that is, mutant 
versions of normal cellular genes.

In 1978–1979, DNAs extracted from several such 3-MC–transformed mouse cell lines 
were transfected into cultures of NIH 3T3 recipient cells, yielding large numbers of 
foci after several weeks. #e cells plucked from the resulting foci were later found to 
be both anchorage-independent and tumorigenic (see Table 3.2). #is simple experi-
ment proved that the donor tumor DNA carried one or several genetic elements that 
were able to convert a non-tumorigenic NIH 3T3 recipient cell into a cell that was 
strongly tumorigenic.

DNA extracted from normal, untransformed C3H10T1/2 cells was unable to induce 
foci in the NIH 3T3 cell monolayers. #is di!erence made it highly likely that previous 

Figure 4.1 Transfection of DNA of 
transformed cells The procedure of 
transfection can be used to detect 
oncogenes in the DNA of cancer cells. 
DNA is extracted from cancer cells (pink) 
growing in a Petri dish. (For simplicity, 
the double-stranded DNA is depicted 
as single lines.) DNA is then introduced 
into a phosphate buffer. When calcium 
ions are added, a co-precipitate of DNA 
and calcium phosphate crystals is formed 
(pink and purple). These crystals are 
added to a monolayer culture of normal 
cells (green). The calcium phosphate 
crystals facilitate the uptake of DNA 
fragments by cells. If a transforming gene 
(oncogene) is present in the donor DNA, 
it may become incorporated into the 
genome of one of the recipient cells and 
transform the latter. This transformed cell 
will now proliferate, and its descendants 
will form a clump (focus, blue) of cells 
that is visible to the naked eye. Injection 
of these cells into a host mouse and 
resulting tumor formation can be used to 
confirm the transformed state of these 
cells.

chemically
transformed

mouse fibroblasts

DNA normal
mouse

fibroblasts

formation of a
focus of morphologically

transformed cells
injection of

morphologically
transformed cells into

mouse host

DNA
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tumor

transfection using
calcium phosphate

co-precipitation procedure

Robert Weinberg

Identification of H-ras proto-oncogene



Transformation of mouse cells by human tumor DNA 

Weinberg - The Biology of Cancer (2014)
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exposure of normal C3H10T1/2 cells to the 3-MC carcinogen had altered the genomes 
of these cells in some way, resulting in the creation of novel genetic sequences that 
possessed transforming powers. In other words, it seemed likely that the 3-MC car-
cinogen had converted a previously normal C3H10T1/2 gene (or genes) into a mutant 
allele that now could function as a transforming oncogene when introduced into NIH 
3T3 cells.

At !rst, it seemed quite di"cult to determine whether the donor tumor cells carried 
a single oncogene in their genomes or several distinct oncogenes that acted in con-
cert to transform the recipient cells. Careful analysis of the transfection procedure 
soon resolved this issue. Researchers discovered that when cellular DNA was applied 
to a recipient cell, only about 0.1% of a cell genome’s worth of donor DNA became 
established in the genome of each transfected recipient cell. #e probability of two 
independent, genetically unlinked donor genes both being introduced into a single 
recipient cell was therefore 10–3 × 10–3 = 10–6, that is, a highly unlikely event. From this 
calculation they could infer that only a single gene was responsible for the transforma-
tion of NIH 3T3 cells following transfection of donor tumor cell DNA. #is led, in turn, 
to the conclusion that years earlier exposure of normal C3H10T1/2 mouse cells to the 
3-MC carcinogen had caused the formation of a single mutant oncogenic allele; this 
allele was able, on its own, to transform both the C3H10T1/2 cells and, later on, the 
recipient NIH 3T3 cells into which this allele was introduced by gene transfer.

#ese transfection experiments were highly important, in that they provided strong 
indication that oncogenes can arise in the genomes of cells through mechanisms that 
have no apparent connection with viral infection. Perhaps human tumor cells, which 
likewise appeared to arise via nonviral mechanisms, also carried transfectable onco-
genes. Would human oncogenes, if present in the genomes of these cells, also be able 
to alter the behavior of mouse cells?

Both of these questions were soon answered in the a"rmative. DNAs extracted from 
cell lines derived from human bladder, lung, and colon carcinomas, as well as DNA 
from a human promyelocytic leukemia, were all found capable of transforming recipi-
ent NIH3T3 mouse !broblasts (Figure 4.2). #is meant that the oncogenes in these 
cell lines, whatever their nature, were capable of acting across species and tissue 
boundaries to induce cell transformation.

Transfection leads to discovery of oncogenes

high magnification low magnification high magnification

TBoC2 b4.03/4.02

Figure 4.2 Transformation of mouse cells by human tumor 
DNA The introduction via transfection of various human tumor 
DNAs into NIH 3T3 cells yielded foci of transformants. Seen at 
low magnification (middle) is a focus generated by transfection 
of DNA from the T24 human bladder carcinoma cell line. At high 
magnification the transformed cells within this focus (left), like 

many transformed fibroblasts, are spindle-shaped, refractile, and 
piled up densely on one another. At the same magnification, the 
cells in the surrounding monolayer of untransformed NIH 3T3 cells 
(right), like normal fibroblasts, have wide, extended cytoplasms 
and are not piled on one another. (From M. Perucho et al., Cell 
27:467–476, 1981.)



Identification of H-ras proto-oncogene

Robert Weinberg

Harvey Rat Sarcoma virus oncogene (mutant Hras) identified in a 
human bladder cancer cell line

Nature, 1982



Proto-oncogenes can be activated 
by mutations and amplifications

Activating point mutations Gene amplifications (Erbb2/Her2)

Where do you think proto-oncogenic mutations tend to occur? 
What type of function is being selected for?



Additional hallmarks cooperate with 
driver oncogenes



More proto-oncogenes traced from 
viral oncogenes

The Biology of Cancer, 3rd edition. Robert Weinberg



Philadelphia Chromosome
First consistent chromosomal alteration (translocation) 
associated with cancer (leukemias) (1960)



Question: are oncogenes/oncogenic mutations 
dominant or recessive?





6. Clonal evolution theory of cancer



Cancer is a multi-step process



Cancer is a multi-step process

Vogelstein, B, et al. Science 2013

Colorectal cancer:



But also epigenetic and environmental changes . . .



Next up: Tumor suppressors and their 
dysregulation in cancer!





Representative TSGs

Sherr - Cell (2004)
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Table 1. Representative Tumor Suppressor Genes

Gene Function Familial Cancer Association Other Major Tumor Types

p53 Transcription factor Li-Fraumeni syndrome !50% of cancers
RB Transcriptional corepression Retinoblastoma Many
INK4a (p16) Cdk inhibitor (RB activation) Melanoma Many
ARF Mdm2 antagonist (p53 Melanoma Many

activation)
APC Wnt/Wingless signaling Familial adenomatous Colorectal cancer

polyposis
PTCH Hedgehog signaling (receptor) Basal cell nevus (Gorlin) Medulloblastoma, basal cell carcinoma,

syndrome rhabdomyosarcoma
SMAD4/DPC4 TGF-" signaling (Transcription Juvenile polyposis Pancreatic and colon cancer

factor) (hamartomas)
PTEN Lipid phosphatase Cowden syndrome Glioblastoma, endometrial, thyroid, and

(phosphoinositide prostate cancers
metabolism)

TSC1,2 GTPase activating protein Tuberous sclerosis Renal cell carcinoma (rare),
complex (mTOR inhibition) (hamartomas) angiofibromas

NF1 GTPase activating protein for Neurofibromatosis Sarcomas, gliomas
Ras

WT1 Transcription factor Wilm’s tumor
MSH2 and MLH1 DNA mismatch repair Hereditary nonpolyposis Endometrial, gastric, ovarian, bladder

colorectal cancer cancer
(Lynch syndrome)

ATM DNA damage sensor (protein Ataxia telangiectasia Lymphoreticular malignancies
kinase) (T-cell lymphoma)

NBS1 DNA repair, S phase checkpoint Nijmegen breakage Lymphoreticular malignancies
control syndrome (T cell

lymphoma)
CHK2 Protein kinase (G1 checkpoint Li-Fraumeni syndrome

control)
BRCA1, BRCA2 DNA repair Familial breast and ovarian

cancer
FA genes DNA repair, S phase checkpoint Fanconi Anemia Acute myelogenous leukemia
VHL E3 ligase recognition factor for Von Hippel-Lindau Renal cell carcinoma, cerebellar

HIF# syndrome hemangiosarcoma

type p53 gene can transform cells in culture” (Finlay et and even oncogene activation (Prives, 1998) (Figure 1).
In turn, p53 orchestrates a global transcriptional re-al., 1988). Moreover, the formation of oligomeric com-
sponse that either counters cell proliferation or, moreplexes between the wild-type and mutant p53 proteins
dramatically, induces apoptosis. Its reputation as a tu-raised the possibility that the mutationally inactivated
mor suppressor is secure, as p53 is now recognized toforms might act in a transdominant manner to inhibit the
be the singly most frequently inactivated gene in humanfunction of the wild-type protein (as they can!) (Eliyahu et
cancers (Olivier et al., 2002).al., 1988; Hinds et al., 1989). Finlay and coworkers (1989)

concluded this chapter with their landmark paper dem-
onstrating that p53 can act as a suppressor of transfor- RB, the First “Classic” Tumor Suppressor
mation. Backing up a bit, the cardinal features of tumor suppres-

Recognizing that p53 was deleted in human colorectal sion were first exemplified in studies of retinoblastoma
cancers, analysis of the second p53 allele in tumor cells and Wilm’s tumor before p53 was identified. Alfred
showed that it had sustained mutations, implicating p53 Knudson’s perspective as a pediatrician and cancer ge-
loss as a driving force (Baker et al., 1990). Mutations of neticist sparked his interests in childhood malignancies
p53 were soon documented in many other forms of in which hereditary features were manifest. He articu-
sporadic cancer and were revealed to be a causative lated the idea that retinoblastoma might be caused by
genetic factor in patients with the familial Li-Fraumeni two mutations, one of which might be inherited through
cancer susceptibility syndrome (Malkin et al., 1990). In- the germ line (Knudson, 1971, 1973). Families transmit-
triguingly, the demonstration that p53 is a sequence- ting such mutations would manifest a pattern of domi-
specific DNA binding protein was made only later (Kern nant inheritance, so that affected children would de-
et al., 1991). The wild-type protein was soon revealed velop disease early in life that frequently affected both
to be induced by DNA damage and to cause G1 phase eyes. In nonhereditary cases requiring two de novo mu-
arrest, suggesting that p53 performs a cell cycle “check- tations, the disease would be rare, develop later, and
point” function that guards cells against genotoxic insult be unilateral almost without exception. In 1976, several
(Kastan et al., 1991). We now appreciate that p53 is a groups, Knudson’s among them, used banding tech-
homotetrameric transcription factor that is activated in niques to demonstrate interstitial deletions of chromo-
response to many forms of cellular stress, including some 13q14 in retinoblastoma, leading to speculation

that “the RB gene” might reside at this locus (Knudsonirradiation, hypoxia, drug-induced genotoxic damage,



Knudson’s Two Hit Hypothesis

Alfred G. Knudson Jr.

Weinberg - The Biology of Cancer (2014)



RB and p53 Regulate Cell Cycle Checkpoint 
Controls 

Sherr - Cell (2004)
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metabolism and replication and whose expression is
required to enable cells to enter the DNA synthetic (S)
phase of the cell cycle (Nevins, 2001; Trimarchi and
Lees, 2002). When bound at E2F-responsive promoters,
RB family proteins help to repress gene expression by
recruiting histone deacetylases and chromatin-remod-
eling factors to these loci (Harbour and Dean, 2000).
By contrast, phosphorylation of RB family proteins by
mitogen-activated, cyclin-dependent kinases cancels
RB-mediated repression. Importantly, this provides a
signaling pathway linking extracellular cues to the mo-
lecular apparatus that controls the initiation of DNA repli-
cation in mammalian cells (Weinberg, 1995) (Figure 1).
Loss of RB weakens these controls, dissociating the
cell cycle machinery from extracellular signals, dampen-
ing the ability of proliferating cells to exit the division
cycle, and compromising the execution of RB-depen-
dent differentiation programs in certain tissues.

INK4a-ARF: Regulating RB and p53
Figure 1. RB and p53 Regulate Cell Cycle Checkpoint Controls Given the roles of RB and p53 in tumor suppression, it
Mitogenic signals activate cyclin D-dependent kinases, which phos- would be expected that other gene products that act
phorylate RB and RB family proteins (p107 and p130) to facilitate epistatically to regulate their expression or functions
entry into S phase (top). The Cdk2 inhibitor, p27Kip1, expressed at might also be frequent targets of deregulation in cancerhigh levels in quiescent cells, is phosphorylated by cyclin E-Cdk2

cells. Prominent among these is the INK4 family of Cdkin late G1 phase and degraded as cells enter S phase. Constitutive
inhibitors, which block the ability of the cyclin D-depen-oncogenic signals can activate the INK4a/ARF locus. By antagoniz-

ing the activity of cyclin D-dependent kinases, p16INK4a activates RB dent kinases, Cdk4 and Cdk6, to phosphorylate and
and prevents entry into S phase. Mdm2 is a p53-inducible gene that thereby inactivate RB’s growth suppressive functions.
normally acts to terminate the p53 response. The p14ARF protein The founding member, p16INK4a (Serrano et al., 1993) is
inhibits Mdm2 to induce p53, leading either to p53-dependent apo- inactivated in cases of familial melanoma (Kamb et al.,ptosis or to induction of the Cdk2 inhibitor p21Cip1, inhibition of cyclin

1994) and has since been found to be disabled in manyE/Cdk2, and RB-dependent cell cycle arrest. As cells exit the division
tumor types (Ruas and Peters, 1998). Intriguingly, thecycle, p27Kip1 is stabilized and reaccumulates. DNA damage signals

activate p53 via ARF-independent pathways. INK4a locus encodes a second, structurally and func-
tionally unrelated protein that is also a potent tumor
suppressor. Two alternative transcripts, initiated at sep-
arate promoters and incorporating sequences from dis-et al., 1976; Francke and Kung, 1976; Noel et al., 1976).

Patients with familial tumors who carried constitutional tinct first exons (designated 1! and 1"), are each spliced
to common downstream exon sequences that are trans-chromosome 13q14 deletions were observed to have a

50% reduction of esterase D activity in their normal cells lated in alternative reading frames. Whereas the tran-
script that contains exon-1! sequences specifies p16INK4a,but no remaining activity in their tumor cells, indicating

that esterase D and RB were closely linked. One such the mRNA incorporating exon-1" sequences encodes
the alternative reading frame (ARF) protein, designatedpatient had no detectable deletion of chromosome

13q14 in her normal cells but had a missing chromosome p14ARF in humans and p19Arf in the mouse (Quelle et al.,
1995). Equally surprising, the ARF protein activates p5313 in her tumor (Benedict et al., 1983). Hence, surrogate

marker analysis had detected a submicroscopic first by binding directly to the p53 negative regulator Mdm2
and protecting p53 from Mdm2-mediated degradationhit, and subsequent loss of chromosome 13 had likely

inactivated the second RB allele. Using restriction frag- (Sharpless and DePinho, 1999; Sherr, 2001) (Figure 1).
Thus, one locus encodes two proteins, p16INK4a andment length polymorphisms, Cavenee et al. (1983) local-

ized the affected region much more precisely and, im- p14ARF, that functionally interface with RB and p53, re-
spectively. Despite their intimate linkage, the two genesportantly, were able to formally conclude that inherited

and sporadic cases of retinoblastoma lost the same are independently regulated, targeted differentially by
various signals, and separately silenced and mutated incritical allelic sequences. Using probes from the region,

the RB gene was soon cloned (Friend et al., 1986). various forms of cancer. We still do not understand what
purported selective advantage might have led to theirWe now recognize that RB is part of a gene family

that includes two other members, p107 and p130, which economy of gene organization during evolution, particu-
larly since deletions involving INK4a-ARF simultane-collectively corepress genes that regulate programs

governing cell cycle progression, apoptosis, and differ- ously compromise the functions of both RB and p53.
The INK4a-ARF promoters respond to sustained hy-entiation. Like p53, the RB family proteins exert much

of their growth suppressive control during the G1 phase perproliferative signals. As a singular example, constitu-
tive and simultaneous activation of multiple signalingof the cell division cycle. RB family proteins physically

interact with transcription factors, the best character- pathways by oncogenic Ras induces both Ink4a and
Arf, thereby activating both Rb and p53 and arrestingized of which are the E2Fs. These play key roles in

coordinately regulating many genes required for DNA cell proliferation (Serrano et al., 1997). In contrast, the



Cell cycle–dependent phosphorylation of RB 

295

termed protein phosphatase type 1 (PP1). !is removal of phosphate groups, in turn, 
sets the stage for the next cell cycle and thus for a new cycle of pRb phosphorylation.

!e fact that pRb hyperphosphorylation occurs in concert with passage through the R 
point provided the "rst hint that this protein is the molecular governor of the R-point 
transition. An additional, critical clue came from the discovery in 1988 of physical 
interactions between DNA tumor virus–encoded oncoproteins and pRb. Recall that 
DNA tumor viruses are able to transform cells and do so through the use of virus-
encoded oncoproteins. Unlike the oncoproteins of RNA tumor viruses such as RSV, 
the DNA tumor viruses employ oncoproteins that have little if any resemblance to the 
proteins that exist naturally within uninfected cells (see Sections 3.4 and 3.6).

Cell cycle modulation of pRb phosphorylation

M

G1

G2

S

dephosphorylation

hyperphosphorylation
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hypophosphorylation
CDK4/6D

CDC2B

CDC2A

CDK2A

CDK2E

R point

extent of pRb
phosphorylation

Figure 8.19 Cell cycle–dependent 
phosphorylation of pRb The 
phosphorylation state of pRb (red circle) 
is closely coordinated with cell cycle 
advance. As cells pass through the  
M/G1 transition, virtually all of 
the existing phosphate groups are 
stripped off pRb, leaving it in an 
unphosphorylated configuration. As 
cells progress through G1, a single 
phosphate group is attached as any one 
of 14 different phosphorylation sites (by 
cyclin D-CDK4/6 complexes), yielding 
hypophosphorylated pRb. However, 
when cells pass through the restriction 
(R) point, cyclin E–CDK2 complexes 
phosphorylate pRb on at least 12 more 
sites, placing it in a hyperphosphorylated 
state. Throughout the remainder 
of the cell cycle, the extent of pRb 
phosphorylation remains constant until 
cells enter into M phase.

Sidebar 8.3 Phosphorylation of CDK 
molecules also controls their activity 
An additional level of control placed on 
the cell cycle clock machinery can be 
traced to the covalent modi"cations of 
the CDK molecules themselves. More 
speci"cally, CDKs must be phosphor-
ylated at speci"c amino acid residues in 
order to be active (see Figure 8.7). At the 
same time, inhibitory phosphorylations 
of other amino acid residues must be 
removed. !e stimulatory phosphoryla-
tions are imparted by a serine/threonine 
kinase termed CAK (for CDK-activating 
kinase). CAK itself is a cyclin–CDK com-
plex, which phosphorylates the activa-
tion loops (often called T-loops) of CDKs 
(see Figure 8.7), causing them to swing 
out of the way of the catalytic clefts of 
these serine/threonine kinases.

Equally important are the e#ects of 
inhibitory phosphorylations a#ecting 

CDK2 and CDC2, which are removed by 
a class of phosphatases called CDC25A, 
-B and -C. While the e#ects of these en-
zymes in G1, S, and G2 are poorly under-
stood, it is clear that they play critical 
roles in triggering the G2/M transition: 
cyclin B, which has lingered during G2 
in the cytoplasm, moves into the nu-
cleus just before the G2/M transition; 
phosphorylations of a threonine and a 
tyrosine residue that are located near 
the ATP-binding site of CDC2 and in-
hibit kinase activity are then removed 
by CDC25 phosphatases, enabling the 
rapid activation of B–CDC2 complexes 
that proceed to trigger entrance into M 
phase. CDC25A and CDC25B are over-
expressed in some cancers, and there 
is evidence from mouse models of can-
cer development that their overexpres-
sion may lead to acceleration of tumor 
development.
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340 Chapter 9: p53 and Apoptosis: Master Guardian and Executioner

!e same genotoxic (that is, DNA-damaging) agents and physiologic signals that pro-
voked p53 increases were already known from other work to act under certain condi-
tions in a cytostatic fashion, forcing cells to halt their advance through the cell cycle, 
a response often called “growth arrest.” In other situations, some of these stressful 
signals might trigger activation of the apoptotic (cell suicide) program. !ese obser-
vations, when taken together, showed a striking parallel: toxic agents that induced 
growth arrest or apoptosis were also capable of inducing increases in p53 levels. 
Because such observations were initially only correlations, they hardly proved that 
p53 was involved in some fashion in causing cells to enter into growth arrest or apop-
tosis following exposure to toxic or stressful stimuli.

!e de"nitive demonstrations of causality came from detailed examinations of p53 
functions. For example, when genotoxic agents, such as X-rays, evoked an increase in 
cellular p53 levels, the levels of the p21Cip1 protein (see Section 8.4) increased subse-
quently; this induction was absent in cells expressing mutant p53 protein. !is sug-
gested that p53 could halt cell cycle advance by inducing expression of this widely 
acting CDK inhibitor (Figure 9.9A). Indeed, the long-term biological responses to 
irradiation were often a#ected by the state of a cell’s p53 gene. !us, cells carrying 
mutant p53 alleles showed a greatly decreased tendency to enter into growth arrest 
or apoptosis when compared with wild-type cells that were exposed in parallel to this 
stressor (see Figure 9.9B).

!ese various observations could be incorporated into a simple, unifying mechanistic 
model: p53 continuously receives signals from a diverse array of surveillance systems. 
If p53 receives speci"c alarm signals from these monitors, it calls a halt to cell prolif-
eration or triggers the apoptotic suicide program (see Figure 9.8).
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Figure 9.8 p53-activating signals and 
p53’s downstream effects Studies 
of p53 function have revealed that a 
variety of cell-physiologic stresses can 
cause a rapid increase in p53 levels. 
The resulting accumulated p53 protein 
then undergoes post-translational 
modifications and proceeds to induce 
a number of responses. A cytostatic 
response (“cell cycle arrest,” often 
called “growth arrest”) can be either 
irreversible (“senescence”) or reversible 
(“return to proliferation”). DNA repair 
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proteins that antagonize blood vessel 
formation (“block of angiogenesis”). As 
an alternative, in certain circumstances, 
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Figure 9.9 p53 and the radiation 
response Exposure of cells to X-rays 
serves to strongly increase p53 
levels. (A) Once it is present in higher 
concentrations (8, 24 hours) and 
is functionally activated via various 
covalent modifications (not measured 
here), p53 induces expression of the 
p21Cip1 protein (see Section 8.4). p21Cip1 
acts as a potent CDK inhibitor of the 
cyclin–CDK complexes that are active in 
late G1, S, G2, and M phases and can 
thereby halt further cell proliferation at 
any of these phases of the cell cycle. 
The actin protein is included in all three 
samples as a “loading control” to 
ensure that equal amounts of protein 
were added to the three gel channels 
prior to electrophoresis. (B) Thymocytes 
(leukocytes derived from the thymus) 
of wild-type mice show an 80% loss 
of viability relative to untreated control 
cells during the 25 hours following 
X-irradiation (green), while thymocytes 
from p53+/– heterozygous mice (with 
one wild-type and one null allele) show 
almost as much loss of viability (red). 
In contrast, thymocytes prepared from 
p53–/– homozygous mutant mice exhibit 
less than a 5% loss of viability during 
this time period (blue). In all cases, 
the loss of viability was attributable to 
apoptosis (not shown). (A, courtesy of 
K.H. Vousden. B, from S.W. Lowe et al., 
Nature 362:847–849, 1993.)
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Figure 2. Tumor Suppressor Proteins Regulating Ligand-Mediated Signaling Pathways

The tumor suppressor proteins APC, PTCH, Smad4/DPC4, PTEN, TSC1,2, and p53 depicted in different images are highlighted by gray shading.
(A) Wnt signaling. In the absence of Wnt ligand (left image), !-catenin binds to a destruction complex containing APC, Axin, and GSK-3!.
Phosphorylation of !-catenin facilitates its recognition by a unbiquitin-conjugating E3 ligase (SCFTRCP) that targets it for proteasomal degradation.
When Wnt binds to its receptor (right image), signaling via Frizzled and Disheveled prevents !-catenin phosphorylation and destruction. Import
of !-catenin and its binding to TCF/LEF transcription factors induces expression of Wnt target genes (adapted from Polakis, 1997; Fearnhead
et al., 2001). Inactivation of APC mimics the effects of the Wnt signal.
(B) Hedgehog signaling. Most of the molecules involved in transmitting the hedgehog (Hh) signal have been genetically identified in Drosophila,
and some as yet have no counterparts in mammalian cells. In the absence of Hh (left image), the Patched receptor (PTCH) negatively regulates
Smoothened (Smo). The Ci transcription factor in flies (homologous to three GLI genes in mammals) is tethered by the kinesin-like molecule,
Costal-2, to a microtubule-anchored cytoplasmic complex. Following its phosphorylation by protein kinase A (PKA), Ci is recognized by a
Slimb-containing ubiquitin E3 ligase and degraded. It is inferred that Gli is subject to similar control. A fragment of Ci is imported into the
nucleus where it binds to DNA to repress target genes. Binding of Hh to Patched relieves suppression of Smo, disrupts the cytoplasmic
complex, and stabilizes Ci/GLI. Hh signaling also antagonizes a suppressor of the Fused kinase (SuFu), leading to phosphorylation (P) of
different components and facilitating Ci/GLI activation (adapted from Murone et al., 1999). Loss of PTCH constitutively activates the pathway.
(C) TGF-! signaling. Binding of TGF-! to type I (RI) and type II (RII) receptors triggers phosphorylation (P) of RII and its serine-threonine
protein kinase activity. Receptor (R)-Smads 2 and 3 are phosphorylated and relieved from negative regulation by SARA. The R-Smads bind
Smad4 to form a complex that is imported into the nucleus and mediates expression of TGF-!-responsive genes. Specificity is dictated by
other DNA binding factors (BF) and by either coactivators or corepressors (CO) that determine the nature of the transcriptional response
(adapted from Siegel and Massagué, 2003). Disruption of SMAD4/DPC4 renders cells resistant to inhibition by TGF-!.
(D) Phosphoinositide 3-kinase (PI3K) signaling. PI3K, which is activated via many growth factor receptors, catalyzes the conversion of
phosphatidylinositol (4,5) bis-phosphate [PI(4,5)P2] to PI (3,4,5)P3. The activity of PI3K is opposed by the PTEN lipid phosphatase. PI(3,4,5)P3

recruits the AKT (PKB) kinase to the plasma membrane where it undergoes phosphorylation by PDK1 (not shown) and activation. AKT
phosphorylates substrates that foster cell cycle progression, cancel apoptosis, and facilitate translation of capped mRNAs. The tuberous
sclerosis complex [TSC1 (hamartin) and TSC2 (tuberin)] antagonizes the function of a G protein (Rheb, not shown) whose activity is required
for activity of the mTOR kinase and its ability to promote translation (adapted from Sulis and Parsons, 2003; Tee et al., 2003). Loss of PTEN
upregulates signaling.

of hundreds of target genes that can coordinately re- apoptosis. The direct phosphorylation of Smad proteins
by ligand-activated TGF-! receptors facilitates the as-strain epithelial cell proliferation (Siegel and Massagué,

2003). This endows TGF-! with the ability to govern sembly of heterooligomeric Smad transcription factor
complexes that bind, together with other specificity fac-complex biological effects, including tissue morphogen-

esis, angiogenesis, cell migration and adhesion, and tors, to the promoters of TGF-!-responsive genes. This
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Figure 3. Tumor Suppressors Involved in the DNA Damage Response

(A) MSH complexes recognize replication errors resulting in single nucleotide (left) or di/trinucleotide (right) mismatched pairing and recruit
MLH complexes that excise mispaired nucleotides, leading to repair (adapted from Chung and Rustgi, 2003).
(B) Double-strand DNA breaks activate the ATM and ATR kinases, which phosphorylate numerous substrates involved in both checkpoint
control and DNA repair. Phosphorylation of p53 and Mdm2 induce G1 phase arrest. NBS1 phosphorylation inhibits late origin firing and
prevents progression through S phase. Phosphorylation of Cdc25C inhibits the activity of cyclin B/Cdk1 to prevent entry into mitosis.
Phosphorylation of NBS1 and BRCA1 trigger their recruitment to DNA damage foci to facilitate homologous and nonhomologous modes of
DNA repair. Activation of BRCA1 also induces p53 (not shown) (adapted from Kastan and Lim, 2000).
(C) DNA crosslinks activate the Fanconi anemia complex (consisting of the Fanc A, C, E, F, and G proteins) which ubiquitylate Fanc D2, enable
its interaction with BRCA2 (equivalent to Fanc D1), and facilitate repair via homologous recombination (adapted from D’Andrea and Grompe,
2003). As indicated, NBS1 enters into complexes with MRE11 and RAD50, whereas BRCA1 binds to BRCA2, which interacts with the RecA
homolog RAD 51.

that also includes the DNA-dependent protein kinase in homologous recombination and nonhomologous end
joining, respectively, two distinct processes used to re-DNA-PKCS; each of these plays distinct roles in re-

sponses to DNA damage. Following DNA double-strand pair DNA breaks (Figure 3B). Inherited BRCA1 and
BRCA2 mutations are associated with familial breastbreakage, ATM phosphorylates a number of proteins

(including p53, CHK2 kinase, NBS1, BRCA1, and and ovarian cancers, requiring somatic loss of function
of the second allele for tumors to arise. Familial syn-FANCD2) to initiate both cell cycle checkpoint re-

sponses and DNA repair processes (Figure 3B). Activa- dromes account for 5%–10% of all breast cancer cases
and are typified by early adult onset and a predispositiontion of virtually all of the ATM kinase in a cell can be

induced by very few double-strand DNA breaks, im- to multicentric and bilateral disease. Although most fa-
milial breast cancers are due to mutations of one of theplying either that ATM is upregulated in response to

global damage-induced changes in chromosome struc- two BRCA genes, such tumors can also arise in Li-
Fraumeni patients and in those with inherited PTEN defi-ture or through some other amplifying mechanism (Bak-

kenist and Kastan, 2003). In turn, activation of the ATM ciency (see above). The exact biochemical functions of
the BRCA proteins remain unclear, although a physicalsubstrates p53, CHK2, and NBS1 inhibits cell prolifera-

tion, presumably allowing cells an opportunity to repair association of BRCA1 with BRCA2 and the binding of
the latter to RAD51 (a bacterial RecA homolog) at chro-damaged DNA. Indeed, CHK2, like p53, is inactivated

in some Li-Fraumeni families (Bell et al., 1999), whereas mosomal foci of DNA damage strongly implicate the
complex in repairing double-strand breaks by homolo-NBS1 is mutated in the Nijmegen breakage syndrome, a

disease that closely mimics ataxia telangiectasia (Shiloh gous recombination (Scully and Livingston, 2000; Jasin,
2002). Whether BRCA genes are also required for nonho-and Kastan, 2001). Although ATR controls a broader

spectrum of DNA damage responses than does ATM, mologous end joining remains controversial.
Strikingly, mutations of BRCA genes have not beenboth ATR and CHK1 are essential genes and, hence,

not tumor suppressors. observed in sporadic breast or ovarian cancers. If BRCA
loss confers only a weak selective advantage to certainHomozygous mutations in ATM and NBS1 predispose

to lymphomas relatively early in life (Shiloh and Kastan, cell types so that hereditary tumors arise in middle age
or later, there may be little opportunity for sporadic ho-2001). Their involvement most likely reflects the require-

ment for gene rearrangements during early lymphoid mozygous inactivation. Because biallelic BRCA1 loss
activates cell cycle checkpoints that trigger proliferativedevelopment, in which repair errors increase the fre-

quency of chromosomal translocations that are the hall- arrest or apoptosis (Scully and Livingston, 2000), any
tumors that emerge are likely to have acquired mutationsmarks of T and B cell malignancies. ATM is somatically

inactivated in nonfamilial lymphoreticular malignancies, in genes that regulate these processes. Possibly, there
may be a restricted temporal and developmental win-including T cell prolymphocytic leukemia, B-cell chronic

lymphocytic leukemia, and mantle cell lymphoma, fur- dow, during adolescence for example, when epithelial
cells in the breast or ovary that sustain such mutationsther highlighting its role in protecting developing lym-

phocytes from aberrant genomic rearrangements. might not be eliminated (Elledge and Amon, 2002).
Whereas overexpression of cyclin D1 and Her2/Neu,The BRCA genes (in a complex with RAD51) and NBS1

(in a complex with MRE11 and RAD50) play key functions which occurs frequently in sporadic breast cancers, is
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Figure 7.28 HIF-1 and its regulation by pVHL (A) The hypoxia-
inducible transcription factor-1 (HIF-1) is composed of two subunits, 
HIF-1α and HIFβ, both of which are required for its transcription-
activating function. (HIF-2α behaves similarly to HIF-1α.) Under 
conditions of normoxia (above), HIF-1α (blue) is synthesized at a 
high rate and almost immediately degraded. Degradation begins 
when proline hydroxylase (brown), an iron-containing dioxygenase 
enzyme, oxidizes one or two proline residues (P) of HIF-1α to 
hydroxyproline (Hyp) residues (indicated here as hydroxyl groups, 
with panel B showing the oxidation reaction). These hydroxyprolines 
enable the binding of pVHL to HIF-1α, which, together with several 
other proteins (just two shown here, purple, green), tag HIF-1α by 
ubiquitylation, thus marking it for degradation. In contrast, under 
hypoxic conditions (below), proline hydroxylase fails to oxidize the 
two prolines of HIF-1α, which therefore escapes ubiquitylation, 
allowing its levels to increase rapidly. It now can dimerize with 
HIFβ (brown), which is metabolically stable, and the resulting 
heterodimeric transcription factor can proceed to activate expression 

of physiologically important genes, such as the gene specifying 
vascular endothelial growth factor (VEGF, an important inducer 
of angiogenesis; see Chapter 13). α-Ketoglutarate, also known as 
2-oxoglutarate, and oxygen serve as co-substrates in this reaction 
(left). α-Ketoglutarate and closely related metabolic intermediates 
may also serve as regulators of this process, which may explain the 
discovery of mutations in a series of Krebs cycle enzymes that have 
been discovered in human tumors (see Supplementary Sidebar 7.6). 
(Not shown here is an additional site of HIF-1α oxidation that blocks 
association of the HIF-1 transcription factor with p300/CBP, which is 
required for transcriptional activation by this complex.) (C) Shown is 
a ribbon diagram of a portion of HIF-1α after one of its prolines has 
been oxidized (for example, Hyp at residue 564, light green balls). 
This enables a domain of HIF-1α (light blue) to associate with a 
tripartite complex consisting of pVHL (red) and the proteins elongin 
B (purple) and elongin C (green) that ubiquitylates HIF-1α, which 
soon leads to its destruction in proteasomes. (C, from J.-H. Min et 
al., Science 296:1886–1889, 2002.)
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Figure 7.28 HIF-1 and its regulation by pVHL (A) The hypoxia-
inducible transcription factor-1 (HIF-1) is composed of two subunits, 
HIF-1α and HIFβ, both of which are required for its transcription-
activating function. (HIF-2α behaves similarly to HIF-1α.) Under 
conditions of normoxia (above), HIF-1α (blue) is synthesized at a 
high rate and almost immediately degraded. Degradation begins 
when proline hydroxylase (brown), an iron-containing dioxygenase 
enzyme, oxidizes one or two proline residues (P) of HIF-1α to 
hydroxyproline (Hyp) residues (indicated here as hydroxyl groups, 
with panel B showing the oxidation reaction). These hydroxyprolines 
enable the binding of pVHL to HIF-1α, which, together with several 
other proteins (just two shown here, purple, green), tag HIF-1α by 
ubiquitylation, thus marking it for degradation. In contrast, under 
hypoxic conditions (below), proline hydroxylase fails to oxidize the 
two prolines of HIF-1α, which therefore escapes ubiquitylation, 
allowing its levels to increase rapidly. It now can dimerize with 
HIFβ (brown), which is metabolically stable, and the resulting 
heterodimeric transcription factor can proceed to activate expression 

of physiologically important genes, such as the gene specifying 
vascular endothelial growth factor (VEGF, an important inducer 
of angiogenesis; see Chapter 13). α-Ketoglutarate, also known as 
2-oxoglutarate, and oxygen serve as co-substrates in this reaction 
(left). α-Ketoglutarate and closely related metabolic intermediates 
may also serve as regulators of this process, which may explain the 
discovery of mutations in a series of Krebs cycle enzymes that have 
been discovered in human tumors (see Supplementary Sidebar 7.6). 
(Not shown here is an additional site of HIF-1α oxidation that blocks 
association of the HIF-1 transcription factor with p300/CBP, which is 
required for transcriptional activation by this complex.) (C) Shown is 
a ribbon diagram of a portion of HIF-1α after one of its prolines has 
been oxidized (for example, Hyp at residue 564, light green balls). 
This enables a domain of HIF-1α (light blue) to associate with a 
tripartite complex consisting of pVHL (red) and the proteins elongin 
B (purple) and elongin C (green) that ubiquitylates HIF-1α, which 
soon leads to its destruction in proteasomes. (C, from J.-H. Min et 
al., Science 296:1886–1889, 2002.)
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7.2 !e recessive nature of the cancer cell phenotype 
requires a genetic explanation

A simple genetic model could be invoked to explain these outcomes. It depended on 
the observation, made frequently in genetics, that the phenotype of a mutant, inactive 
allele is recessive in the presence of an intact, wild-type allele.

!e hypothesis went like this. Imagine that normal cells carry genes that constrain or 
suppress their proliferation. During the development of a tumor, the evolving cancer 
cells shed or inactivate one or more of these genes. Once these growth-suppressing 
genes are lost, the proliferation of the cancer cells accelerates, no longer being held 
back by the actions of these growth-suppressing genes. As long as the cancer cell lacks 
these genes, it continues to proliferate in a malignant fashion. However, the moment 
that wild-type, intact versions of these genes operate once again within the cancer cell, 
having been introduced by the technique of cell fusion, the proliferation of the cancer 
cell, or at least its ability to form tumors, grinds abruptly to a halt.

Since the wild-type versions of these hypothetical genes antagonize the cancer cell 
phenotype, these genes came to be called tumor suppressor genes (TSGs). !ere were 
arguments both in favor of and against the existence of tumor suppressor genes. In 
their favor was the fact that it is far easier to inactivate a gene by a variety of muta-
tional mechanisms than it is to hyperactivate its functioning through a mutation. For 
example, a ras proto-oncogene can be (hyper)activated only by a point mutation that 
a"ects its 12th, 13th, or 61st codon (Section 4.4; see Figure 4.10). In contrast, a tumor 
suppressor gene, or, for that matter, any other gene, can readily be inactivated by point 
mutations that strike at many sites in its protein-coding sequences or by random dele-
tions that excise blocs of nucleotides from these sequences.

!e logical case against the existence of tumor suppressor genes derived from the dip-
loid state of the mammalian cell genome. If mutant, inactive alleles of TSGs really did 
play a role in enabling the growth of cancer cells, and if these alleles were recessive, an 
incipient tumor cell would reap no bene#t from inactivating only one of its two copies 
of a TSG, since the recessive mutant allele would coexist with a dominant wild-type 
allele in this cell. Hence, it seemed that both wild-type copies of a given tumor sup-
pressor gene would need to be eliminated by an aspiring cancer cell before this cell 
would truly bene#t from its inactivation.

!is requirement for two separate genetic alterations seemed complex and unwieldy, 
indeed, too improbable to occur in a reasonably short period of time. Since the like-
lihood of two mutations occurring is the square of the probability of a single muta-
tion, this made it seem highly unlikely that tumor suppressor genes could be fully 

+

normal cell cancer cell

TBoC2 b7.03/7.02

OR

hybrid cell is
tumorigenic,

therefore cancer
alleles are dominant

hybrid cell is
non-tumorigenic,
therefore cancer

alleles are recessive

Figure 7.2 Dominance and 
recessiveness of the tumorigenic 
phenotype The use of cell fusion to 
test the dominance or recessiveness 
of the cancer cell phenotype can, in 
theory, yield two different outcomes—
tumorigenic or non-tumorigenic hybrid 
cells. In fact, when cancer cells derived 
from most kinds of non-virus-induced 
human tumors (or from chemically 
induced rodent tumors) were used in 
these fusions, the hybrid cells were 
non-tumorigenic. In contrast, when 
the cancer cell derived from a virus-
induced tumor, the hybrids were usually 
tumorigenic.
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chromosome, the corresponding region on the other, homologous chromosome was 
discarded, leading to loss of heterozygosity (LOH) at this locus. !ese data directly 
validated many of the predictions of the theoretical models that had been proposed 
to explain how tumor suppressor genes behave during the development of cancers.

As mentioned, children who inherit a defective Rb gene copy are also predisposed 
to osteosarcomas (bone tumors) as adolescents. With the Rb gene probe in hand, it 
became possible to demonstrate that these osteosarcomas also carried structurally 
altered Rb genes (see Figure 7.12). At the same time, these "ndings highlighted a puz-
zle that remains largely unsolved to this day: Why does a gene such as Rb, which oper-
ates in a wide variety of tissues throughout the body (as we will learn in Chapter 8), 
cause predominantly retinal and bone tumors when it is inherited in defective form 
from a parent? Why are not all tissues at equal risk?

7.6 Loss-of-heterozygosity events can be used to !nd 
tumor suppressor genes

Numerous tumor suppressor genes that operate like the Rb gene were presumed 
to lie scattered around the human genome and to play a role in the pathogenesis of 
many types of human tumors. In the late 1980s, researchers interested in "nding these 
genes were confronted with an experimental quandary: How could one "nd genes 
whose existence was most apparent when they were missing from a cell’s genome? 
!e dominantly acting oncogenes, in stark contrast, could be detected far more readily 
through their presence in a retrovirus genome, through the transfection-focus assay, 
or through their presence in a chromosomal segment that repeatedly underwent gene 
ampli"cation in a number of independently arising tumors.

A more general strategy was required that did not depend on the chance observation 
of interstitial chromosomal deletions or the presence of a known gene (for example, 
esterase D) that, through good fortune, lay near a tumor suppressor gene on a chro-
mosome. Both of these conditions greatly facilitated the isolation of the Rb gene. In 
general, however, the searches for most tumor suppressor genes were not favored by 
such strokes of good luck.

!e tendency of tumor suppressor genes to undergo LOH during tumor develop-
ment provided cancer researchers with a novel genetic strategy for tracking them 
down. Since the chromosomal region #anking a tumor suppressor gene seemed to 
undergo LOH together with the TSG itself, one might be able to detect the existence 
of a still-uncloned tumor suppressor gene simply from the fact that an anonymous 
genetic marker lying nearby on the chromosome repeatedly undergoes LOH during 
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Figure 7.12 Mutations of the Rb gene 
A cloned Rb cDNA was used as a probe 
in Southern blot analyses of genomic 
DNAs from a variety of retinoblastomas 
and an osteosarcoma. Shown are the 
10 exons of the Rb gene (blue cylinders) 
labeled by their length. The normal 
(N) version of the gene encompasses a 
chromosomal region of approximately 
190 kilobases. However, analysis of a 
subset of retinoblastoma DNAs indicated 
that significant portions of this gene had 
undergone deletion (the segments within 
each pair of brackets). Thus, tumors 41 
and 9 lost the entire Rb gene, apparently 
together with flanking chromosomal 
DNA segments on both sides. Tumors 
44, 28, and 3 lost, to differing extents, 
the right half of the gene together with 
rightward-lying chromosomal segments. 
The fact that an osteosarcoma (OS-15) 
and a retinoblastoma (43) lost internal 
portions of this gene argued strongly 
that this 190-kb chromosomal DNA 
segment, and not leftward- or rightward-
lying DNA segments, was the repeated 
target of mutational inactivation 
occurring during the development of 
these tumors. (The dashed line indicates 
that the deletion in tumor 43 was 
present in heterozygous configuration.) 
(From S.H. Friend et al., Nature 
323:643–646, 1986.)
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7.7 Many familial cancers can be explained by inheritance 
of mutant tumor suppressor genes

Like the Rb gene, most of the cloned tumor suppressor genes listed in Table 7.1 are 
involved in both familial and sporadic cancers. In general, inheritance of defective 
copies of most of these genes creates an enormously increased risk of contracting one 
or another speci!c type of cancer, often a type of tumor that is otherwise relatively rare 
in the human population. In some cases, mutant germ-line alleles of these genes lead 
to susceptibility to multiple cancer types, as is the case with the Rb gene.

Later in this chapter, we will describe in detail the mechanisms of action of some of 
the TSG-encoded proteins. However, even a cursory examination of Table 7.1 makes it 
clear that these genes specify a diverse array of proteins that operate in many di"erent 
intracellular sites to reduce the risk of cancer. Indeed, an anti-cancer function is the 
only property that is shared in common by these otherwise unrelated genes. (Some of 
the tumor suppressor genes listed in this table are known only through their involve-
ment in sporadic cancers; it remains unclear whether mutant alleles of these genes 
will eventually be found to be transmitted in the germ line and thereby predispose 
individuals to one or another type of cancer.)

While inheritance of a mutant TSG allele is likely to greatly increase cancer risk, the 
converse is not true: not all familial cancer syndromes can be traced back to an inher-
ited TSG allele. As we will discuss in Chapter 12, mutant germ-line alleles of a sec-
ond class of genes also cause cancer predisposition. #ese other genes are normally 
responsible for maintaining the cellular genome, and thus act to reduce the likelihood 
of mutations and chromosomal abnormalities. Because cancer pathogenesis depends 
on the accumulation by individual cells of somatic mutations, agents that reduce the 
mutation rate, such as these genome maintenance genes, are highly e"ective in sup-
pressing cancer onset. Conversely, defects in genome maintenance often lead to a dis-
astrous increase in cancer risk because they increase the mutation rate.

CDKN2A/2B

normal tissue

tumor cell lines

telomerecentromere

9p21 DNA markers
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Figure 7.14 Measurement of deleted 
chromosomal segments carrying 
tumor suppressor genes One strategy 
for localizing and identifying TSGs 
depends on mapping overlapping regions 
of relatively small deletions that affect 
a chromosomal arm. This has become 
practical with the identification of large 
numbers of sequence markers that can 
be planted at sites across the entire 
human genome and the use of high-
throughput sequencing technologies. 
Here, a set of 250,000 probes was 
used; the probes were planted at an 
average density of one per 12 kb across 
the genome. DNAs of 80 tumor cell 
lines (arrayed top to bottom, names 
deleted) were analyzed for the presence 
or absence of sequences reactive with 
the probes. Short homozygous deletions 
(dark blue bars) affecting one or both 
of the adjacent pair of TSGs mapping 
to chromosome 9p21—CDKN2A 
and CDKN2B—have been found to 
occur frequently. In contrast, nearby 
chromosomal sequences to the right 
and left are rarely affected by either 
significant amplification (light red 
squares) or deletions (light blue squares). 
(From S.M. Rothenberg et al., Cancer 
Res. 70:2158–2164, 2010.)

Tumor suppressor genes can be inactivated via 
genetic deletions

Weinberg - The Biology of Cancer (2014)
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246 Chapter 7: Tumor Suppressor Genes

Table 7.1 Examples of human tumor suppressor genes that have been cloned

Name of gene Chromosomal 
location

Familial cancer syndrome Sporadic cancer Function of gene product

SDHB 1p36.1 paraganglioma — succinate dehydrogenase

CHD5 1p36.31 cutaneous melanoma  many types histone reader, 
transcriptional inducer

HRPT2 1q25–32 parathyroid tumors, jaw 
fibromas

parathyroid tumors chromatin protein

FH 1q42.3 familial leiomyomatosisa — fumarate hydratase

FHIT 3p14.2 — many types diadenosine triphosphate 
hydrolase

BAP1 3p21.1 mesothelioma, melanoma mesothelioma, uveal 
melanoma

ubiquitin hydrolase

RASSF1A  3p21.3 — many types multiple functions

TGFBR2 3p2.2 HNPCC colon, gastric, pancreatic 
carcinomas

TGF-β receptor

VHL 3p25–26 von Hippel–Lindau syndrome renal cell carcinoma ubiquitylation of HIF

hCDC4 4q32 — endometrial carcinoma ubiquitin ligase

APC 5q21–22 familial adenomatous 
polyposis coli

colorectal, pancreatic, 
and stomach carcinomas; 
prostate carcinoma

β-catenin degradation

NKX3.1 8p21.2 — prostate carcinoma homeobox TF

miR-124ab 8p23.1 — many types suppresses CDK6

p16INK4A c 9p21 familial melanoma many types CDK inhibitor

p14ARF d 9p21 — all types p53 stabilizer

PTC 9q22.3 nevoid basal cell carcinoma 
syndrome

medulloblastomas receptor for hedgehog 
GF

let 7a (miRNA)e 9q22.32 — many types suppresses Ras, Myc

TSC1 9q34 tuberous sclerosis — inhibitor of mTORf

BMPR1 10q21–22 juvenile polyposis — BMP receptor

ANXA7 10q21 — breast, prostate, stomach endocytosis

PTENg 10q23.3 Cowden’s disease, breast and 
gastrointestinal carcinomas

glioblastoma; prostate, 
breast, and thyroid 
carcinomas

PIP3 phosphatase

WT1 11p13.5–6 Wilms tumor Wilms tumor TF

MEN1 11p13 multiple endocrine neoplasia — histone modification, 
transcriptional repressor

BWS/CDKN1C 11p15.5 Beckwith–Wiedemann 
syndrome

— p57Kip2 CDK inhibitor

SDHDh 11q23.1 paraganglioma, 
pheochromocytoma

pheochromocytoma mitochondrial protein

CBL 11q23.3 juvenile myelomonocytic 
leukemia

adult myelomonocytic 
leukemia

SH2-containing ubiquitin 
ligase

RB 13q14.2 retinoblastoma, osteosarcoma retinoblastoma; 
sarcomas; bladder, breast, 
esophageal, and lung 
carcinomas

transcriptional 
repression; control of 
E2Fs

247Mechanisms leading to LOH

Name of gene Chromosomal 
location

Familial cancer syndrome Sporadic cancer Function of gene product

miR-15a/16-1 13q14.3 — B-cell lymphoma suppresses Bcl-2, Mcl-1, 
cyclin D1, Wnt3a

miR-127 14q32.31 — many types suppresses Bcl-6

CYFIP1 15q11.2 — lung, breast, colon, 
bladder carcinomas

actin cytoskeleton 
organization

TSC2 16p13.3 tuberous sclerosis — inhibitor of mTORf

CBP 16p13.3 Rubinstein–Taybi syndrome AMLi TF co-activator

CYLD 16q12–13 cylindromatosis — deubiquitinating enzyme

CDH1 16q22.1 familial gastric carcinoma invasive cancers cell–cell adhesion

BHD/FLCN 17p11.2 Birt–Hogg–Dube syndrome kidney carcinomas, 
hamartomas

regulator of mTORf

TP53 17p13.1 Li–Fraumeni syndrome many types TF

NF1 17q11.2 neurofibromatosis type 1 colon carcinoma, 
astrocytoma, acute 
myelogenous leukemia

Ras-GAP

PRKAR1A 17q22–24 multiple endocrine neoplasiaj multiple endocrine 
tumors

subunit of PKA

DPC4k 18q21.1 juvenile polyposis pancreatic and colon 
carcinomas

TGF-β TF

LKB1/STK11 19p13.3 Peutz–Jegher syndrome hamartomatous colonic 
polyps

serine/threonine kinase

RUNX1 21q22.12 familial platelet disorder AML TF

SNF5l 22q11.2 rhabdoid predisposition 
syndrome

malignant rhabdoid 
tumors

chromosome remodeling

NF2 22q12.2 neurofibroma-predisposition 
syndrome

schwannoma, 
meningioma; 
ependymoma

cytoskeleton–membrane 
linkage

WTX Xq11.1 — Wilms tumor β-catenin degradation

aFamilial leiomyomatosis includes multiple fibroids, cutaneous leiomyomas, and renal cell carcinoma. The gene product is a component of the 
tricarboxylic cycle. 
bmiR124a-1 genes are also located at 8q12.3 and 20q13.33l.
cAlso known as MTS1, CDKN2, and p16.
dThe human homolog of the murine p19ARF gene.
eThere are altogether 11 loci encoding let7 miRNAs in the human genome.
fmTOR is a serine/threonine kinase that controls, among other processes, the rate of translation and activation of Akt/PKB, TSC1 (hamartin), and 
TSC2 (tuberin), thereby controlling both cell size and cell proliferation. 
gAlso called MMAC or TEP1.
hSDHD encodes subunit D of the succinate dehydrogenase (succinate–ubiquinone oxidoreductase) enzyme, a component of the mitochondrial 
respiratory chain complex II. 
iThe CBP gene is involved in chromosomal translocations associated with AML. These translocations may reveal a role of a segment of CBP as an 
oncogene rather than a tumor suppressor gene. 
jAlso termed Carney complex.
kEncodes the Smad4 TF associated with TGF-β signaling; also known as MADH4 and SMAD4.
lThe human SNF5 protein is a component of the large Swi/Snf complex that is responsible for remodeling chromatin in a way that leads to 
transcriptional repression through the actions of histone deacetylases. The rhabdoid predisposition syndrome involves susceptibility to atypical 
teratoid/rhabdoid tumors, choroid plexus carcinomas, medulloblastomas, and extra-renal rhabdoid tumors.

Adapted in part from E.R. Fearon, Science 278:1043–1050, 1997; and in part from D.J. Marsh and R.T. Zori, Cancer Lett. 181:125–164, 2002.
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Oncogene-TSG cooperation in transformation334 Chapter 9: p53 and Apoptosis: Master Guardian and Executioner

9.2 p53 is discovered to be a tumor suppressor gene
!e initial functional studies of p53 involved a substantial scienti"c detour: transfec-
tion of a p53 cDNA clone into rat embryo "broblasts revealed that this DNA could 
collaborate with a co-introduced ras oncogene in the transformation of these rodent 
cells. Such activity suggested that the p53 gene (which is sometimes termed Trp53 in 
mice and TP53 in humans) might operate as an oncogene, much like the myc onco-
gene, which had previously been found capable of collaborating with the ras oncogene 
in rodent cell transformation (see Section 11.10). Like myc, the introduced p53 cDNA 
seemed to contribute certain growth-inducing signals that resulted in cell transforma-
tion in the presence of a concomitantly expressed ras oncogene.

But appearances deceived. As later became apparent, the p53 cDNA had originally 
been synthesized using as template the mRNA extracted from tumor cells (rather 
than normal cells). Subsequent manipulation of a p53 cDNA cloned instead from the 
mRNA of normal cells revealed that this p53 cDNA clone, rather than favoring cell 
transformation, actually suppressed it (Figure 9.3). Comparison of the sequences of 
the two cDNAs revealed that the two di#ered by a single base substitution—a point 
mutation—that caused an amino acid substitution in the p53 protein. Hence, the ini-
tially used clone encoded a mutant p53 protein with altered function.

!ese results indicated that the wild-type allele of p53 really functions to suppress cell 
proliferation, and that p53 acquires growth-promoting powers when it sustains a point 
mutation in its reading frame. Because of this discovery, the p53 gene was eventually 
categorized as a tumor suppressor gene.

By 1987 it became apparent that such point-mutated alleles of p53 are common in the 
genomes of a wide variety of human tumor cells. Data accumulated from diverse stud-
ies indicated that the p53 gene is mutated in 30 to 50% of commonly occurring human 
cancers (Figure 9.4). Indeed, among all the genes examined to date in human cancer 
cell genomes, p53 is the gene found to be most frequently mutated, being present in 
mutant form in the genomes of almost one-third of all human tumors.

Further functional analyses of p53, conducted much later, made it clear, however, 
that p53 is not a typical tumor suppressor gene. In the case of most tumor suppressor 
genes, when the gene was inactivated (that is, “knocked out”) homozygously in the 
mouse germ line (using the strategy of targeted gene inactivation described in Sup-
plementary Sidebar 7.7), the result was, almost invariably, a disruption of embryonic 
development due to deregulated morphogenesis in one or more tissues. !ese tumor 
suppressor genes seemed to function as negative regulators of proliferation in a vari-
ety of cell types; their deletion from the regulatory circuitry of cells led, consequently, 
to inappropriate proliferation of certain cells and thus to disruption of normal devel-
opment.

In stark contrast, deletion of both p53 gene copies from the mouse germ line had no 
signi"cant e#ect on the development of the great majority of p53–/– embryos. !ere-
fore, p53 could not be considered to be a simple negative regulator of cell proliferation 
during normal development. Still, p53 was clearly a tumor suppressor gene, since mice 
lacking both germ-line copies of the p53 gene had a short life span (about 5 months), 
dying most often from lymphomas and sarcomas (Figure 9.5). !is behavior provided 
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ras + p53
deletion mutant

ras + p53 val-135
point mutant 

ras + p53
wild type

Figure 9.3 Effects of p53 on cell 
transformation A cDNA encoding 
a ras oncogene was co-transfected 
with several alternative forms of a p53 
cDNA into rat embryo fibroblasts. In 
the presence of a p53 dl mutant vector, 
which contains an almost complete 
deletion of the p53 reading frame (left), 
a small number of foci were formed. 
In the presence of a p53 point mutant 
(middle), a large number of robust foci 
were formed. However, in the presence 
of a p53 wild-type cDNA clone (right), 
almost no foci were formed. (Courtesy of 
M. Oren; from D. Michalovitz et al., Cell 
62:671–680, 1990.) Weinberg - The Biology of Cancer (2014)



375

In fact, there is actually a third way of triggering apoptosis, in e!ect another extrinsic 
apoptotic program. "is one is triggered by cytotoxic T lymphocytes and natural killer 
(NK) cells that undertake to kill target cells. "ese two types of killer cells—some of 
the frontline troops of the immune system—can activate death receptors such as FAS 
displayed on the surfaces of cells that they have chosen for destruction. But in addi-
tion, the killer cells can attach to the surfaces of targeted cells and inject a protease, 
termed granzyme B; once internalized by these cells, granzyme B cleaves and activates 
procaspases 3 and 8 (see Figure 9.34). At this point, there is immediate convergence 
with the other apoptotic pathways described above.

Cancer cells use many strategies to avoid apoptosis

Figure 9.35 Activation of apoptosis by p53 p53 utilizes multiple 
signaling pathways to activate the apoptotic program. By inducing 
expression of the gene encoding the FAS receptor, it causes display 
of this death receptor at the cell surface (brown, top left), thereby 
sensitizing the cell to any Fas ligand (FasL) that may be present 
in the extracellular space. By inducing expression of IGF-binding 
protein-3 (IGFBP-3; red), p53 causes release of this protein into 
the extracellular space, where it binds and sequesters IGF-1 and 
IGF-2 (blue, top center), the pro-survival, anti-apoptotic ligands of 
the IGF-1 receptor (IGF-1R; top right). In the absence of IGFBP-3, 

IGF-1 would bind to its receptor and cause release via PI3 kinase 
of anti-apoptotic signals in the cell, including those leading to the 
inactivation of the pro-apoptotic proteins Bad (related to Bcl-2), 
FOXO3, and IκB (antagonist of NF-κB). In addition, the activated, 
pro-apoptotic form of p53 drives expression of the FOXO3  
pro-apoptotic transcription factor, as well as Bax (center), the pro-
apoptotic, Bcl-2–related protein; the latter causes the release of 
cytochrome c and other proteins from the mitochondria (bottom 
center). p53 also inactivates several other anti-apoptotic agents 
(not shown).
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Later in tumor progression, when malignant carcinomas develop, the absence of p53 
function will compromise some of the DNA repair systems of the cell and, at the same 
time, allow cells carrying damaged genomes greater survival advantage; the result 
is an increased rate of genomic alteration and associated acceleration in the rate of 
tumor development. Additionally, the absence of p53 function may enable these 
tumor cells to survive the pro-apoptotic side e!ects of oncogenes such as myc. "is 
short list reveals how truly catastrophic the loss of p53 function can be for a tissue and, 
ultimately, for the organism as a whole.

Experiments with genetically altered mice indicate how critical p53 loss can be 
to tumor development. Lymphomas and sarcomas can be induced in p53–/– mice 
through exposure to X-rays. If wild-type p53 expression is subsequently restored in 
the tumor cells, the lymphoma cells will rapidly die apoptotic deaths, while the sar-
coma cells will enter into the post-mitotic senescence state. In a similar experiment, 
mouse hepatoblasts (embryonic liver cells) were transformed by a ras oncogene in 
the absence of p53 function. When p53 function was reactivated brie#y in these cells, 
there was widespread senescence and the shrinkage of implanted tumors (Figure 
9.38). "ese experiments show dramatically that in the absence of ongoing p53 sur-
veillance, cancer cells spontaneously acquire changes in critical cellular components 
that would otherwise, in the presence of functional p53, provoke their rapid elimina-
tion. (Stated di!erently, p53 inactivation creates a permissive state that allows a variety 
of otherwise-lethal changes to be acquired, notably those that favor tumor progres-
sion.)

"e disastrous e!ects of p53 loss may be compounded later, in the event that the p53-
mutant tumor cells become clinically apparent and targeted for chemotherapy and 
radiation. "e success of most existing anti-cancer therapies is predicated on their 

Figure 9.38 Reactivation of p53 induces senescence In a mouse model of liver cancer 
pathogenesis, an H-ras oncogene was introduced into cultured hepatoblasts in which p53 
expression was suppressed by an inducible siRNA vector construct (see Supplementary Sidebar 
11.6). These cells were injected into the spleens of host mice, leading to their implantation 
in the liver. The resulting tumors were allowed to grow to a significant size (day 0), at which 
point expression of the siRNA construct was shut down for 4 days, permitting p53 function 
to return during this time window; p53 expression was then shut down once again for the 
remaining time of the experiment. By day 6, tumors were markedly smaller, and by day 
11, they were almost undetectable. Since the tumors continued to shrink long after p53 
expression was suppressed, the brief (4-day-long) period of p53 expression seems to have 
forced tumor cells to enter irreversibly into the post-mitotic senescence state (described in 
Section 10.1), and the senescent cells were apparently cleared by phagocytic cells of the innate 
immune system (see Section 15.1). Tumors were imaged in vivo through light released by a 
luciferase gene borne by the tumor cells. (From W. Xue et al., Nature 445:656–660, 2007.)
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Hallmarks of Cancer: a unifying framework

Hallmarks of Cancer: New Dimensions. Hanahan, Cancer Discovery 2022
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•Cancer cells evade immune destruction is by delivering signals that hold 
immune cells in check.
•New anti-cancer treatments  have attempted to stop these  immune 
checkpoint signals.
!Ipilimumab (Yervoy)-  Melanoma
!Nivolumab (Opdivo) _NSCLC
!Pembrolizumab (Keytruda)-  Melanoma.
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Comprehensive molecular profiling of
lung adenocarcinoma
The Cancer Genome Atlas Research Network*

Adenocarcinoma of the lung is the leading cause of cancer death worldwide. Here we report molecular profiling of 230
resected lung adenocarcinomas using messenger RNA, microRNA and DNA sequencing integrated with copy number,
methylation and proteomic analyses. High rates of somatic mutation were seen (mean 8.9 mutations per megabase). Eighteen
genes were statistically significantly mutated, including RIT1 activating mutations and newly described loss-of-function
MGA mutations which are mutually exclusive with focal MYC amplification. EGFR mutations were more frequent in female
patients, whereas mutations in RBM10 were more common in males. Aberrations in NF1, MET, ERBB2 and RIT1 occurred
in 13% of cases and were enriched in samples otherwise lacking an activated oncogene, suggesting a driver role for these
events in certain tumours. DNA and mRNA sequence from the same tumour highlighted splicing alterations driven by
somatic genomic changes, including exon 14 skipping in MET mRNA in 4% of cases. MAPK and PI(3)K pathway activity,
when measured at the protein level, was explained by known mutations in only a fraction of cases, suggesting additional,
unexplained mechanisms of pathway activation. These data establish a foundation for classification and further investi-
gations of lung adenocarcinoma molecular pathogenesis.

Lung cancer is the most common cause of global cancer-related mor-
tality, leading to over a million deaths each year and adenocarcinoma is
its most common histological type. Smoking is the major cause of lung
adenocarcinoma but, as smoking rates decrease, proportionally more
cases occur in never-smokers (defined as less than 100 cigarettes in a life-
time). Recently, molecularly targeted therapies have dramatically improved
treatment for patients whose tumours harbour somatically activated onco-
genes such as mutant EGFR1 or translocated ALK, RET, or ROS1 (refs 2–4).
Mutant BRAF and ERBB2 (ref. 5) are also investigational targets. How-
ever, most lung adenocarcinomas either lack an identifiable driver onco-
gene, or harbour mutations in KRAS and are therefore still treated with
conventional chemotherapy. Tumour suppressor gene abnormalities,
such as those in TP53 (ref. 6), STK11 (ref. 7), CDKN2A8, KEAP1 (ref. 9),
and SMARCA4 (ref. 10) are also common but are not currently clinically
actionable. Finally, lung adenocarcinoma shows high rates of somatic
mutation and genomic rearrangement, challenging identification of all
but the most frequent driver gene alterations because of a large burden

of passenger events per tumour genome11–13. Our efforts focused on com-
prehensive, multiplatform analysis of lung adenocarcinoma, with atten-
tion towards pathobiology and clinically actionable events.

Clinical samples and histopathologic data
We analysed tumour and matched normal material from 230 previously
untreated lung adenocarcinoma patients who provided informed con-
sent (Supplementary Table 1). All major histologic types of lung ade-
nocarcinoma were represented: 5% lepidic, 33% acinar, 9% papillary,
14% micropapillary, 25% solid, 4% invasive mucinous, 0.4% colloid and
8% unclassifiable adenocarcinoma (Supplementary Fig. 1)14. Median
follow-up was 19 months, and 163 patients were alive at the time of last
follow-up. Eighty-one percent of patients reported past or present smok-
ing. Supplementary Table 2 summarizes demographics. DNA, RNA and
protein were extracted from specimens and quality-control assessments
were performed as described previously15. Supplementary Table 3 sum-
marizes molecular estimates of tumour cellularity16.

*A list of authors and affiliations appears at the end of the paper.
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Figure 1 | Somatic mutations in lung
adenocarcinoma. a, Co-mutation plot from whole
exome sequencing of 230 lung adenocarcinomas.
Data from TCGA samples were combined with
previously published data12 for statistical analysis.
Co-mutation plot for all samples used in the
statistical analysis (n 5 412) can be found in
Supplementary Fig. 2. Significant genes with a
corrected P value less than 0.025 were identified
using the MutSig2CV algorithm and are ranked
in order of decreasing prevalence. b, c, The
differential patterns of mutation between samples
classified as transversion high and transversion low
samples (b) or male and female patients (c) are
shown for all samples used in the statistical analysis
(n 5 412). Stars indicate statistical significance
using the Fisher’s exact test (black stars: q , 0.05,
grey stars: P , 0.05) and are adjacent to the sample
set with the higher percentage of mutated samples.
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• Average cancer genome: Hundreds of mutations!
• ~5-20 ONC/TSG mutations “Driver Mutations”

Lung Adenocarcinoma TCGA, Nature 2014

• Remainder: “Passenger Mutations”



Cancer Prevention

• Human papilloma virus (HPV): High risk type



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.
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