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Section 25.1:  Tumor Cells and the Onset of Cancer
Cancer causes about 20% of deaths in the US each year. 

Cancers arise as the result of an interplay between your genetic heritage, 
the environment, luck, and your choice of lifestyle and occupation. 

Older therapies included radiation and chemotherapy;  newer therapies 
entail targeting specific tumors with appropriate drugs, including 
monoclonal antibodies. Inhibitors (angiostatin, endostatin) of factors 
(VEGF, FGF, TGFalpha) inducing angiogenesis hold great promise.

Benign tumors do not spread – warts for example. Malignant tumors 
(cancers) invade and spread throughout the body (metastasis). 

Carcinomas – arise from endoderm (gut) or ectoderm (skin, neural epithelium). 
Sarcomas – arise from mesodermal tissues (muscle, blood, connective tissue). 

Cancers arise more readily in tissues that contain proliferating (stem) cells.

Fig. 25-1:

Blood supply 
necessary for 
the tumor to grow 
and spread. 
Intravasation and 
extravasation.

Requires protease activity 
to penetrate basement 
membranes and the 
extracellular matrix.

Necessary for continued 
proliferation.

Necessary for 
continued 
proliferation.

Otherwise the 
tumor cells will die, 

Otherwise the 
tumor will not grow.

Six characteristics of metastatic (malignant) tumor cells

Benign tumor cells 
are not metastatic.

Initial steps in metastasis: Proliferation of the primary tumor;
invasion of the blood or lymphatic circulation (intravasation).

(?)

25-4: Possible origins 
of cancer stem cells.

The extent to which 
pre-existing normal 
stem cells are the 
source of cancer cells 
remains unclear. Much 
evidence indicates that 
multiple mutations are 
usually required to 
produce a malignant 
cell. Some of these 
mutations may mimic 
what is found in a 
normal stem cells.
Bottom line: A diverse 
population of cells 
make up a tumor.

“Niche” refers to the 
microenvironment in 
which the stem cell 
resides. It is crucial to 
maintaining the stem 
cell phenotype. 

Fig. 25-6: Experimental evidence for the 
presence of oncogenes in tumor cells.

Oncogenes are by definition cancer-promoting genes that 
arise as the result of  a mutation in, or abnormal expression 
of,  a normal gene (“proto-oncogene”). 3T3 cells are an 
immortal mouse fibroblast line.

“Transformed” tumor cells are able to continue 
proliferating; the immortal cells stop proliferating 
(enter Go) as the result of contact inhibition. 
Transfection of cells with DNA is a very inefficient 
process. Usually only a small proportion of the cells 
incorporate the transfecting DNA into their genome 
such that a specific gene is expressed. 

Alu sequences are repetitive DNA sequences found 
in human but not mouse DNA. Allows one to 
identify the phage (plaque) carrying human DNA 
sequences. Sequence the DNA and identify the 
mutated human gene.
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Immortality, as applied to cells, is the property of indefinite cell proliferation. 
Normal (primary) cells, with the exception of stem cells, have a limited lifetime. 

Cancer cells are of necessity, and by definition, immortal cells. 
But immortal cells, e.g. 3T3 cells, are not necessarily cancer cells. 
They cannot form tumors in animals.

Various mutations can lead to immortality: for example, a mutation in p16, 
a CDK inhibitor, allows uncontrolled proliferation when conditions are right 
(presence of necessary growth factors, absence of contact inhibition). 
In diploid cells both copies of the p16 gene would have to be mutated. 
This is a recessive “loss of function” mutation, generally required for tumor 
suppressors (except when the protein functions as an oligomer). 

Additional mutations, e.g. in ras, are required to convert the immortal cell 
to a cancer cell. Mutations in ras, inhibiting the GTPase activity for example, 
are constitutively active “gain of function” mutations and are typically 
dominant.

Fig. 25-7.  Cancer incidence typically increases with age because more than 
one mutation is usually required for a normal cell to become a tumor cell. 

If only one mutation were required, 
the frequency of cancer incidence 
would be independent of age.

Clonal selection of cells 
with selective advantages.

Fig. 25-8: Evidence that oncogenes can cooperate to accelerate tumor development.

Tumor incidence in mice 
carrying either one or 
two oncogenic transgenes.

Use of a breast-specific 
promoter found in the 
mouse mammary tumor 
virus to drive oncogene 
expression in breast tissue. 

Ras: signal transduction
Myc: transcription factor

Note the synergistic effect of 
multiple oncogenes.

Fig. 25-9. The development and 
metastasis of human colorectal cancer 
through well-characterized stages: 
polyps, benign adenomas, carcinomas.

Multiple mutations in several 
proto-oncogenes and tumor 
suppressor genes are generally 
required, though the order in 
which the mutations occur is not fixed. 

Loss of APC activity (inhibits Wnt
signaling) allows uncontrolled 
proliferation. APC and DCC 
are tumor suppressor genes. 

Popular, and possibly incorrect, 
current dogma is that “cancer 
cells usually arise from stem cells”. 
This likely can happen, the argument 
is how frequently is it the case. 

Section 25.2:  The Genetic Basis of Cancer

Proto-oncogenes become oncogenes because 
1) of a genetic mutation or 
2) a chromosomal translocation resulting in gene fusion. 
In either case, the protein is altered. 

Alternatively, a chromosomal translocation or gene amplification
can result in abnormally high expression of the normal protein.

Tumor suppressor genes are usually:
1) Negative regulators of the cell cycle (Rb, p16).
2) Receptors or signal transducers that inhibit proliferation (TGFbeta).
3) Checkpoint mutations controlling cell cycle and apoptosis (p53).
4) Proteins involved in DNA repair (mismatch repair, nucleotide excision 

repair, repair of double-strand breaks – XP, FA, BRCA – Table 25-2.)

Fig. 25-11: Seven types of 
proteins that participate in 
controlling cell growth 
and proliferation. 

Mutations in genes encoding 
proteins I- IV are typically 
“gain-of-function”
mutations that subvert 
cellular control mechanisms. 
Cell-cycle and DNA-repair 
proteins (VI, VII) are typically 
tumor suppressors (“loss of 
function”). Apoptotic 
proteins (V) include tumor 
suppressors and oncoproteins.
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Fig. 25-13: Role of spontaneous somatic mutation in retinoblastoma. This was 
the first cancer to be shown to result from mutations in a tumor-suppressor gene. 

Thus inherited mutations in tumor-suppressor genes 
(e.g. Rb, p53, APC, BRCA1, checkpoint and DNA repair genes) increase cancer risk.

(only 1 mutation now required)

(requires 2 mutations)

Fig. 25-14.  Two mechanisms for loss of heterozygosity (LOH)  of tumor-
suppressor genes. This allows the recessive allele to become homozygous

Fig. 25-15: Cell circuitry that is affected by cancer-causing mutations.

Highlighted in red. 
Upstream vs
downstream events.

osteopontin

Fig. 25-16: Effect of oncogenic 
mutations in proto-oncogenes 
that encode cell surface receptors. 

These receptors are often activated 
by ligand-induced dimerization. 
Thus any kind of mutation that 
allows ligand-independent 
dimerization , or overproduction of 
the normal receptor, will result in 
constitutive activation of the 
signal transduction pathways 
controlled by that receptor.

Monoclonal antibody therapies:
Herceptin targets Her2
Cetuximab targets the EGFR
(When these are over-produced.)

Section 25.3 Oncogenic Mutations in Growth-Promoting Proteins

Fig. 25-17: Domain structures of normal tropomyosin, the normal Trk receptor, 
and a chimeric Trk oncoprotein that resulted from a chromosomal translocation 
that replaced the extracellular domain of the Trk receptor with a piece of tropomyosin.

Dimerization of Trk results from the ability of tropomyosin to dimerize. 
Note that the absence of the N-terminal Trk signal sequence targeting the 
membrane results in a cytosolic localization of the chimeric Trk oncoprotein.

Trk is a RTK whose normal 
ligand is a nerve growth factor.

Fig. 25-18: Activation of the erythropoietin (Epo) receptor by the natural ligand, 
Epo, or a viral oncoprotein produced by the spleen focus-forming virus SFFV.

Epo and gp55 induce erthryocyte formation from erthyroid progenitor cells. 
Subsequent mutations lead to the production of malignant clones.
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Src is the founding member of a family of cytosolic non-receptor tyrosine kinases. 
It was  originally identified in the Rous sarcoma virus of chickens, a cancer-inducing 
virus. They are typically bound to the plasma membrane by an N-terminal myristate.

The src protein contains SH2 and SH3 phosphotyrosine- and proline-rich-
peptide-binding domains. A tyrosine (527) near the C-terminus of the src protein 
binds to the src SH2 domain when it is phosphorylated. This prevents 
the catalytic protein tyrosine kinase domain of src from functioning.

Dephosphorylation of the “C-terminal” tyrosine phosphate by a phosphatase 
activated by an upstream signal causes activation of src. This can happen when 
the src tyrosine phosphate is displaced by a tyrosine phosphate of another 
protein that has a higher affinity for the SH2 domain; the src tyrosine kinase 
can now function and the exposed phosphorylated Y is dephosphorylated . 

The Abl kinase is another member of the src family. When translocated to the 
bcr locus a gene fusion occurs placing the bcr-abl chimeric protein under the 
control of the bcr promoter. This forms the “Philadelphia chromosome” that is 
diagnostic of chronic myelogenous leukemia. Recently a drug was developed, 
Gleevec, that is a specific inhibitor of the abl kinase and is a cure for CML.

Fig. 25-19a: Structure of the Src tyrosine kinases and activation by an oncogenic 
mutation. Binding of phosphorylated Y527 to the SH2 domain inhibits the kinase.

Fig. 25-19b: Domain structure of c-Src and v-Src.

Phosphorylation of Y527 by the C-src kinase CSK inhibits Src activity. 
If Y527 is not phosphorylated, or missing (C-terminal deletion) as in v-src, 
then the kinase is constitutively active. Myr represents the myristic acid 
residue (a 14-carbon fatty acid) coupled to the amino terminus of the protein;
it attaches the protein to the lipid bilayer plasma membrane.

Fig. 25-20: Origin of the Bcr-Abl protein kinase. 
The translocation of the tip of chromosome 9 to the tip of chromosome 22 
forms an abnormal and readily recognizable chromosome known as the 
Philadelphia chromosome. Hematopoietic cells with this translocation 
give rise to chronic myelogenous leukemia.

The oncogene arises as the result of the translocation as the result of a 
chromosomal translocation that fuses a part of the c-abl gene with the 
upstream part of the bcr gene. Abl encodes a (non-receptor) protein 
kinase whereas the function of the bcr gene is unknown. The protein 
product expresses continuous Abl kinase activity that activates many 
signal transduction proteins. 

An inhibitor of the Abl kinase (imatinib, Gleevec) was discovered in the early 
90s. Imatinib binds the active site, blocking the kinase activity, and is very 
effective at treating CML.
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Fig. 25-23: Chromosomal translocation in Burkitt’s lymphoma.

Translocation of the c-myc gene to a locus controlling transcription of an 
immunoglobulin gene leads to the overproduction of the Myc
transcription factor in lymphocytes and the development of a lymphoma. Fig. 25-25: Restriction point control. Overproduction of cyclin D, a positive 

regulator,or loss of the negative regulators p16 or Rb, commonly occur in 
human cancers. 

Section 25.4: Mutations Causing Loss of Growth-Inhibiting and Cell-Cycle Controls
In normal cells there is an exquisite balance 
between growth-stimulating and growth-
inhibiting signaling pathways. 

Fig. 25-24: Effect of loss of 
TGF-beta signaling. 

TGFβ typically inhibits cell growth. 
Mutations in the receptor or specific 
SMADs result in loss of this control 
and promote cell proliferation. 

Smad4 is deleted in some human 
cancers while in others a mutation in 
the receptor renders it nonfunctional. 

The serine kinase 
activity of ATM is 
activated in response 
to DNA damage.
How this occurs is 
not known. 
Any hypotheses to 
test?

Active ATM phosphorylates and activates pathways leading to G1 arrest. Chk2 
phosphorylates Cdc25A, leading to its inactivation and inability to activate 
CDK2.Phosphorylation of p53 stabilizes the protein, allowing it to enhance 
transcription of a number of genes controlling  DNA repair and cell survival. 
Phosphorylation and inactivation of Mdm2 contributes to the stabilization of p53. 
P53 is a pro-apoptotic tumor-suppressor gene implicated in many human cancers. 

Fig. 25-26: G1 arrest in response 
to DNA damage. Recall that DNA 
damage blocks entrance into S phase.

Section 25.5: Carcinogens and Caretaker Genes in Cancer
Fig. 25-31: Loss of 
telomeres, which occurs 
normally during DNA 
replication, limits the 
number of rounds of 
cell division.

Telomerase is abundant 
in stem and germ-line 
cells but not in somatic 
cells. The length of the 
telomere is a measure 
of replicative capacity. 
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WHAT  IS  OSTEOPONTIN?

• OPN IS A HIGHLY PHOSPHORYLATED 
AND O-GLYCOSYLATED CYTOKINE 
AND CELL ADHESION PROTEIN 

• IT IS PRESENT IN ALL BODY FLUIDS 
AND IN MINERALIZED TISSUES; THERE 
IS ALSO AN INTRACELLULAR FORM

• IT BINDS TO MULTIPLE INTEGRINS  
AND TO CD44, THE HYALURONAN 
RECEPTOR, GENERATING  COMPLEX 
INTRACELLULAR SIGNALS RESEMBLING 
SIGNALS GENERATED BY THE ECM. 

MAJOR BIOLOGICAL FUNCTIONS

•REGULATES INFLAMMATORY PROCESSES
(attracting macrophages, enhancing the Th1 response)

•INHIBITS STRESS-INDUCED BONE REMODELING
(hindlimb suspension, PTH treatment, Ca++ deprivation)

• STIMULATES AUTOIMMUNE DISEASE PROGRESSION
(EAE, a model for ms; RA; diabetes; autoimmune myocarditis)

• ASSOCIATES WITH MINERALIZED SURFACES, 
(inhibiting further mineral growth; facilitates cell attachment)

• PROMOTES CANCER CELL METASTASIS
(possibly by stimulating migration, cell survival, or proliferation)

• FACILITATES SURVIVAL OF STRESSED CELLS,
(possibly by mimicking attachment to an extracellular matrix 
and thereby suppressing an apoptotic response, protects cells
from ischemia/reperfusion injury, oxidative stress)

SCHEMATIC OF THE OSTEOPONTIN MOLECULE
It is a highly negatively charged and flexible molecule.

N-glycosylation is in dispute; well established in several 
systems that phosphorylation is important for OPN function. 
Boxed sites are functionally conserved across species. 

Summary of OPN Functions

Osteopontin

Bone remodeling
Osteo-blasts, -clasts

-cytes

Tumor metastasis
& tumorigenesis

Cell recruitment
mΦ, DC

Cell survival
Fibroblast, endothelial, 

neuronal

Immune functions
T cells, Th1>Th2

Wound healing
collagen structure 

angiogenesis

Proposed structure for osteopontin. 
An attempt to explain how the C-terminal region can 

influence the ability of the RGD sequence to bind to the cell.
Kazanecki CC, Uzwiak DJ, Denhardt DT. Control of osteopontin signaling and function by 
post-translational phosphorylation and protein folding. J Cell Biochem. 2007 102:912-24. 

HU   Ctrl HU   Ctrl

Spleen

Thymus

OPN+/+ OPN-/-

Hindlimb unloading (HU), which is used to unweight the hind legs, 
leading to bone resorption,  also causes the mouse  some stress.

Certain stresses lead to immune organ atrophy; in the absence of OPN, 
apoptosis of the splenocytes and thymocytes is reduced. Wang KX, Shi Y, 
Denhardt DT. Osteopontin regulates hindlimb-unloading-induced lymphoid organ atrophy and 
weight loss by modulating corticosteroid production. Proc Natl Acad Sci 2007 104:14777-82.


