Chapter 18
Genetics of Cancer

CHAPTER OVERVIEW

Cancer is a genetic disorder that occurs at the level of individual cells. This chapter discusses what is known about the genetic changes and the corresponding cellular events related to the transformation of a normal cell into a cancer cell.  A major component of the cancer cell phenotype is uncontrolled growth. Proto-oncogenes and tumor suppressor genes are two classes of genes that normally control cell growth. Most cancers are not the result of alterations of a single oncogene or tumor suppressor gene but involve a series of mutations in several genes. MicroRNAs are important in the regulation of oncogenes and tumor suppressor genes at the post-transcriptional level. MicroRNA alterations may lead to cancer. Epidemiological studies are used to identify risk factors in a population. Genetic tests for cancer susceptibility genes will ultimately provide the earliest forms of detection. Traditional cancer treatments may eventually give way to new molecular therapies specific for different types of cancer.

Chapter Outline
18.1 Cancer is Genetic, But Usually Not Inherited

1. Cancer has been known since ancient times. The term was introduced by the ancient Greek physician Hippocrates to describe the crablike spread of the disease.. 

2. The term tumor is used for abnormal cell growth that does not invade surrounding tissue. 

3. Cancer, or a malignant tumor, spreads locally and usually also metastasizes to distant sites.

4. Cancers are thought to arise from genetic changes that occur in somatic cells over the person’s lifespan. Very few cancers are inherited.

5. Carcinogens, most of which are mutagens, are cancer producing agents.

6. The search for cancer genes in families has given way to a genomic approach to identifying oncogenes and anti-oncogenes (also known as tumor suppressor genes).

7. More than 100 oncogenes and 30 tumor suppressor genes have been identified.

8. Some changes associated with cancer, such as methylation, are epigenetic.

9. DNA microarrays can be used to identify and distinguish different types of tumors.

Loss of Cell Cycle Control

1. Cancer is caused by a loss of cell division control.

2. Genes involved in the onset and progression of cancer include those encoding growth factors, transcription factors, DNA repair genes, and telomerase.

3. Telomeres shorten in normal cells during aging. In cancer cells, telomerase keeps telomeres long contributing to uncontrolled growth and division.  

Inherited Versus Sporadic Cancer

1. Several mutations may contribute to the development of cancer. These mainly occur as somatic mutations in non sex cells. Most cancers are sporadic and therefore, the causative mutation occurs in cells of the affected tissue. Germline mutations are much more rare and affect all cells in the body since they are passed through the gametes.
2. Cancer may develop when an environmental trigger causes mutations in a somatic cell or when a somatic mutation compounds an inherited susceptibility.

18.2 Characteristics of Cancer Cells

1. Cancer cells do not respond to normal cell cycle control signals and as a result they grow vigorously and continuously.

2. The cancer phenotype is heritable and transmitted to daughter cells.

3. A cancer cell differs from normal cells in that it is transplantable (can grow in a susceptible animal), dedifferentiated (less specialized), lacks contact inhibition (pile up in culture), and can invade healthy tissue or metastasize to distant sites.

18.3 Origins of Cancer Cells

1. Cancer cells have a phenotype that is more specialized than stem cells but less differentiated than normal tissue.

2. This may result from dedifferentiation of a normal cell or the proliferation of cancer stem cells.

18.4 Cancer Genes and MicroRNAs
1. Mutations in oncogenes, tumor suppressor genes and DNA repair genes can all cause cancer.

Oncogenes

1. Many genes that normally control the cell cycle are proto-oncogenes.

2. Proto-oncogenes are transformed into oncogenes by genetic changes that increase their expression or alter the biological activity of their protein product.

3. Changes in gene expression levels can be used to diagnose and monitor treatment of cancer.

Tumor Suppressors

1. Tumor suppressor genes down regulate cell growth.

2. Deletions of tumor-suppressor genes or other changes, such as hypermethylation, that result in loss of function may lead to cancer.

3. Loss of tumor-suppressor function allows cells to ignore normal constraints on cell division. 

4. The RB, p53, and BRCA1 genes are examples of tumor suppressors.

MicroRNAs Revisited

1. MicroRNAs are important in the regulation of oncogenes and tumor suppressor genes at the post-transcriptional level
2. MicroRNA alterations may lead to cancer

3. The relationship between oncogenes, tumor suppressor genes and microRNAs is complex. 
4. Understanding the relationship may lead to better diagnosis and treatment of cancer.
18.5 Many Genes Contribute to Cancer
1. Most cancers are not the result of alterations of a single oncogene or tumor suppressor gene but involve a series of mutations in several genes. 

2. Mitosis and apoptosis are regulated by gatekeeper genes which act together to maintain the proper balance of cells within tissues.

3. Caretaker genes stabilize the genome. Mutations in these genes may increase mutation rates among gatekeeper genes.
4. FAP begins in early childhood with precancerous growths called polyps.

5. An autosomal dominant pattern of inheritance is associated with FAP and it occurs with a frequency of one in 5000 people in the United States.

6. A dominant mutation in the APC gene on chromosome 5 is the first step in the multi-step model for FAP colon cancer.

7. Subsequent mutations cause the transformation of the polyp into a tumor.  Genome research is revealing common pathways affected in different types of cancer
8. This research aids evaluation of present therapeutic agents and suggests new targets for drugs

18.6 Environmental Causes of Cancer

1. Epidemiological studies are used to identify risk factors in a population.

2. Many environmental carcinogens have been identified along with factors that lower the risk of cancer.  
3. Smoking and excess exposure to the sun are linked with increased risk of cancer.

4. Avoiding fats along with eating more fruits, vegetables, and whole grain cereals is associated with a lower cancer risk.

18.7 The Personalization of Cancer Diagnosis and Treatment

1. Treatments for cancer target the characteristics of cancer cells.

2. Surgery removes tumors. 
3. Chemotherapy and radiation non-selectively destroy rapidly dividing cells.

4. Newer treatments target receptors on cancer cells, block telomerase, trigger redifferentiation, or attack a tumor’s blood supply.
5. DNA microarrays and human genome data are being used to diagnose and manage cancer.

6. Cancers traditionally categorized together are being shown to be distinct through genetic and protein analysis. 
IDEAS FOR CLASSROOM DISCUSSION

Have students read the following scenario on genetic testing for FAP and privacy (Adapted from Fackelmann, K.A. Science News, Nov 5, 1994, p. 299). Pre-symptomatic diagnosis for FAP is possible and is done by genetic testing for the APC gene. What should genetic counselors and clinicians do when they uncover information that can save lives, but are asked not to disclose this information to people who could benefit? Imagine that one member of a family with a history of colon cancer finds out that they have FAP and it is because they inherited the APC gene mutation. This patient has also potentially passed his gene along to his children, and his siblings, nieces and nephews are also at risk for FAP. The discovery of FAP in this family could identify family members at risk and begin a careful screening program that would help to monitor and treat individuals at early stages of the disease. Divide students into groups to answer the following questions. Have them report their conclusions to the class in a group discussion.

1. What happens if the patient does not want his family to know about his condition?  

2. Does the patient have the right to keep this genetic information confidential?  

3. Most people agree that privacy should be maintained for information gained from genetic tests, but is this true when it relates to the future health of others?  

4. How could the release of this information affect health insurance coverage for the patient’s family? Some might consider inheriting a mutant APC as a pre-existing condition.  

INTERNET RESOURCES AND ACTIVITIES

1. Gal, S. & Klein, J.W. 2000. “A Right to Her Genes.” University at Buffalo, Case Studies in Science Collection. This site presents an example of a patient and the medical community facing genetic counseling issues in dealing with BRCA1 mutations. <http://ublib.buffalo.edu/libraries/projects/cases/genes.html>  
2. Gal, S. 2000. “Case Teaching Notes for A Right to Her Genes” University at Buffalo, Case Studies in Science Collection. This site presents several classroom related activities including drawing pedigrees and conducting a DNA alignment using a BLAST search for a given segment of the BRCA1 gene.
      <http://ublib.buffalo.edu/libraries/projects/cases/genes_notes.html>
ANSWERS TO REVIEW QUESTIONS

1. Cancer is caused by a loss of cell division control.

2. Germ cells normally have long telomeres.

3. The cell cycle is controlled by external growth factors and signaling molecules and internal transcription factors. 

4. Cancer is a genetic disorder that usually arises by spontaneous mutation within individual somatic cells rather than germline mutations that affect the whole body. The cancer phenotype is heritable and transmitted to daughter cells.

5. Only an inherited cancer susceptibility can pass to future generations.

6. Cancer cells divide continuously and indefinitely; they are heritable, transplantable, dedifferentiated, and lack contact inhibition

7. Loss of specialization

8. Angiogenesis, apoptosis, cell adhesion, cell cycle control, DNA repair, metabolism of carcinogens and signal transduction.

9. Invasion of healthy tissue, metastasis and angiogenesis.

10. Some cancer cells divide rapidly. Many do not divide faster than cells from which they derive, they just divide more frequently. Some normal cells divide faster than cancer cells.

11. Dedifferentiation of specialized cells, proliferation of cancer stem cells, change in the balance between proliferating and nonproliferating cells at the tissue level, and uncontrolled tissue repair.

12. A self renewing stem cell that gives rise to both abnormal differentiated cells and cancer cells 

13. Proto-oncogenes are cellular genes that normally control the cell cycle. An oncogene is the mutated form that causes cancer. Proto-oncogenes are transformed into oncogenes by genetic changes that increase their expression or alter the biological activity of their protein product.

14. Integration of a virus or a chromosomal rearrangement, such as a translocation or inversion, that increases transcription of the oncogene

15. Oncogenes cause gain in function because the protein product is overexpressed or constitutively acting. Tumor suppressor genes cause loss of function because the normal constraint on cell division is lost. 

16. They are all caused by mutation in a tumor-supressor gene.

17. MicroRNAs regulate oncogenes and tumor suppressor genes at the post-transcriptional level by suppressing translation. 

18. Gatekeeper genes regulate cell cycling and apoptosis while caretaker genes are responsible for control and repair of DNA and chromosomes.

19. Both gatekeepers and caretakers are involved. FAP begins in early childhood when inactivation of the APC gene allows precancerous growths called polyps to form. Activation of several oncogenes such as K-Ras and B-Raf are required for tumor progression. Mutations in tumor suppressor genes such as p53 cause the abnormal cells to become cancerous. PRL-3 is implicated in promoting metastasis.

20. Genetic changes happen at each stage of tumor progression. When mutations are identified reveals when they act in tumor progression and metastasis. 
21. BRCA2 breast cancer. Colon cancer
22. Mutations are changes to the genotype. Altered gene expression affects transcription and translation Gene expression changes are to the phenotype.

23. Genome research identifies genetic alterations and cellular abnormalities that are shared among different types of cancer. This research aids evaluation of present therapeutic agents and suggests targets for new drugs.

24.
a.
A population study examines cancer incidence in different populations, at any time.


b.
A case-control study analyzes pairs of people who differ only in the characteristic of interest.


c.
A prospective study is any study that evaluates results as they occur, rather than relying on recall.

24. Women with estrogen receptor-positive tumors may take a drug that blocks the estrogen receptor. The blocked receptor does not stimulate the cell to grow and divide. 

25. Several different combinations of mutations may contribute to the development of cancer in the same cell type.  Each may have a different response to treatment.

ANSWERS TO APPLIED QUESTIONS

1. Retinoblastoma.
2. Gleevec binds and blocks specific proteins inside a cell. Herceptin binds and blocks a cell surface receptor called HER2.

3. No
4. It is an oncogene because it caused overexpression of a transcription factor.

5. It is a tumor suppressor gene important for DNA repair in multiple tissues.

6.
By altering a promoter region, inducing a translocation, causing insertional mutagenesis or altering immune function
7.
The cells from the original tumor are not genetically identical.

8.
Treatment for leukemia is more complex than removal of a solid organ because bone marrow must be replaced.

9.
No diet can guarantee that an individual will not develop cancer.

10. The advantage is earlier detection and tailoring of treatment to specific cellular phenotypes while avoiding over treatment. A limitation is the extent to which the test is generalizable to all populations of women.

11. By targeting mitotic checkpoints in cancer stem cells. The side effects would include decreased tissue repair and suppressed bone marrow.

12. Mortality rate and treatment efficacy
13. If the receptor is blocked, the cell cannot receive the signal to divide.

14.
Rose’s leukemia is a sporadic cancer
15. Not likely

16.
Detecting cells that may not be of clinical significance.
WEB ACTIVITIES

1.
Answers vary based on gene selected. 
2.
Answers vary with clinical trial selected.
3.
Answers vary with type of cancer selected.
4.
Examples might be: Gleevec binds and blocks specific proteins that cause cancer cells to cycle. Avastin is an anti-angiogenic agent.

CASE STUDIES AND RESEARCH RESULTS
1.
Cells lose their specialization.
2.
Such drugs would most likely have genome wide effects.

3. Gene expression analysis.
4. Stopping the drug allowed some cancer cells to escape that have mutations in genes other than the one that initially caused the cancer.

5. Cancers categorized as the same based on the part of the body or type of tissue affected may arise from different mutations and have different molecular portraits.

6. The mummies may have died before they developed cancer due to shorter life expectancy in ancient times. Mummification would not have preserved evidence of cancers, such as leukemia, that occur earlier in life. 
7. The woman could have a familial cancer syndrome.
8. Diagnosis and treatment.
ADDITIONAL QUESTIONS

1. In autosomal dominant polycystic kidney disease, a person inherits a germline mutation. Tumors develop in the kidneys and/or liver in cells that undergo a somatic mutation in the gene. How does this "two-hit" mechanism explain why siblings can inherit the same mutation, but one develops cancer and the other does not?

2. A person with neurofibromatosis type 2 develops tumors of the fatty cells that ensheath peripheral nerves (those outside the brain and spinal cord). It is caused by a germline mutation in a tumor suppressor gene. A second event must occur for a tumor to develop. What must happen?

3. A gene called p73 is deleted in patients with neuroblastoma, a nervous system cancer. Is it a tumor suppressor or an oncogene, and how do you know this?

4. Cowden disease, Lhermitte-Duchos disease, and Bannayan-Zonana syndrome each cause benign tumors and increased risk of cancer. They have been considered distinct disorders because each has characteristic additional symptoms. However, all three disorders are caused by deletion of a gene called PTEN. Is this gene more likely an oncogene or a tumor suppressor? How do you know this?

5. Mutations in PTEN cause several conditions, including cancers of the breast, thyroid, endometrium (uterine lining), prostate, and brain. Explain how a mutation in the same gene can affect different parts of the body.

ANSWERS TO ADDITIONAL QUESTIONS

1. The siblings inherit cancer susceptibility. A person will not develop cancer unless a second mutation occurs.

2. A somatic mutation must occur.

3. A tumor suppressor, because it is deleted
4. A tumor suppressor, because it is deleted
5. Cancer occurring in different tissues reflects the sites of secondary mutations.

