CELL DIVISION AND ITS LINK TO CANCER

LEARNING OUTCOME

Analyse the structural and functional significance of nucleic acids in meiosis and mitosis,
their role in cellular functions, and how mutations in nucleotide sequences can contribute to
disease (cancer). (u, s, gs, v/a)

BREAK DOWN

By the end of this unit, you should be able to:

We covered NUCLEIC ACIDS

1. Describe the purpose and process of mitosis and meiosis.

Compare and contrast mitosis and meiosis.

Define cancer and explain how it relates to uncontrolled cell division.

Identify common causes, risk factors, and prevention strategies for cancer.

A

Outline the main approaches to cancer management.

CELL DIVISION

All life depends on the ability of cells to multiply, a process fundamental to the reproduction,
growth, and repair of all organisms . In eukaryotic organisms, from a simple plant to a
complex human, this cell division is primarily carried out by two distinct processes: mitosis
and meiosis. Each serves a unique purpose and follows a different set of rules to achieve its
goal. While both processes involve the division of a cell's nucleus, their outcomes are entirely
different. Mitosis is the engine of growth and repair, producing genetically identical copies of
cells, whereas meiosis is the specialized process that generates genetic diversity for sexual
reproduction .

THE CELL CYCLE: PREPARING FOR DIVISION

Before a cell can embark on either mitosis or meiosis, it must first prepare. This preparation
occurs during a period known as interphase, which is part of a larger cell cycle.

The cell cycle consists of interphase, followed by the mitotic (M) phase, which includes
mitosis and cytokinesis .

Interphase is the longest phase of a cell's life, a time of intense activity where the cell is not
dividing but is instead growing and carrying out its regular functions. This stage is itself
divided into sub-phases.

The first gap phase, or G: phase, is a period of growth where the cell increases in size and
produces new proteins and organelles.
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Following this is the S phase (synthesis phase), a critical period during which the cell’s
DNA is replicated, ensuring that when the time comes to divide, each new cell will receive a
complete set of genetic instructions.

Finally, during the second gap phase, or G: phase, the cell continues to grow and makes the
final preparations for division, such as producing the proteins needed to construct the
machinery that will separate the chromosomes.

Cells that are not actively preparing to divide may exit this cycle and enter a resting state
known as Go phase.

CHECK POINTS

The cell cycle is not on autopilot. It has strict quality control mechanisms known as cell cycle
checkpoints. These are surveillance systems built into the process to ensure that a cell doesn't
move on to the next phase until the previous one has been completed perfectly.

If something goes wrong, like damaged DNA or incomplete replication, the checkpoint acts
like a brake, halting the cycle to allow for repairs. If the damage is too severe to fix, the cell
will self-destruct (apoptosis) to prevent it from becoming a threat (like turning into a
cancerous tumor).

1. The Gi1 Checkpoint (The '""Restriction Point')

They are found at the end of G phase, right before the cell commits to entering the S phase.
They ensure that the environment is favorable and that the cell is healthy enough to replicate
its DNA.

What it checks,

v' Cell Size: Is the cell large enough to divide?

v DNA Integrity: Is the DNA undamaged? (If there is damage, the cycle stops to
allow repair.

v Environmental Signals: Are there enough nutrients and growth factors present (e.g.,
signals from other cells saying "we need more cells")?

If the cell passes this checkpoint, it becomes committed to dividing. It will switch on the
necessary enzymes and machinery for DNA replication and move into the S phase. If it fails,
it may exit the cycle and enter a resting state, Go.

2. The G: Checkpoint (The "DNA Damage and Completion' Check)

They are found at the end of G: phase, right before the cell enters mitosis (M phase). They
ensure that the DNA replicated correctly and without damage.

What it checks:

v" DNA Completion: Has all the DNA been replicated perfectly? (There shouldn't be
any missing pieces).

v" DNA Damage: Did any of the new DNA get damaged during the S phase
replication process?
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This checkpoint ensures the cell doesn't try to pull apart damaged or incomplete
chromosomes during mitosis (which would be catastrophic). If everything looks good, the
cell green-lights the production of mitotic proteins and proceeds into prophase.

3. The M Checkpoint (The "Spindle Assembly Checkpoint')

They are found during metaphase (specifically at the transition from metaphase to anaphase).
They ensure that all the chromosomes properly attached to the spindle fibers.

What it checks:

v’ Attachment:Are the spindle microtubules correctly attached to the kinetochores (the
protein structures on the centromeres of the chromosomes)

v’ Alignment: Are all the duplicated chromosomes lined up properly at the metaphase
plate?

The cell waits at this checkpoint until every single chromosome is securely fastened to a
spindle fiber from opposite poles. If a chromosome is floating free or attached incorrectly,
anaphase is delayed. This prevents a daughter cell from ending up with too many or too few
chromosomes (a condition called aneuploidy, which is a hallmark of cancer cells).

HOW DO THEY WORK?

These checkpoints aren't just abstract concepts; they are run by specific proteins. The two
most important families are Cyclins and Cyclin-Dependent Kinases (Cdks).

Cdks are enzymes that are always present in the cell, but they are inactive.
Cyclins are proteins whose concentrations rise and fall throughout the cell cycle.

- When a Cyclin binds to a Cdk, it activates it, allowing the Cdk to "phosphorylate" (tag)
other proteins to start the next phase (e.g., breaking down the nuclear envelope).

If a checkpoint detects a problem, it sends a "stop" signal (like activating the famous p53
protein at the G: checkpoint) that inhibits the Cyclin-Cdk complexes, freezing the cycle until
the issue is resolved.

This information is an extended curriculum, but it will help us understand the relationship
between the cell cycle and cancer
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MITOSIS

Mitosis is the process of nuclear division that results in two daughter nuclei that are
genetically identical to the parent nucleus . It is the method by which all body cells, or
somatic cells, are produced and replaced.

The overarching purpose of mitosis is to create two diploid daughter cells, each containing
the same number of chromosomes as the original parent cell.

Prophase Metaphase Anaphase Telophase

In humans, this means each new cell receives the full complement of 46 chromosomes . This
process is essential for an organism to grow in size, to replace old and worn-out cells, and
to repair damaged tissues, such as healing a cut or a broken bone .

During the S phase of interphase, each chromosome is replicated, producing two identical
copies known as sister chromatids.

These chromatids are held together at a constricted region called the centromere .

Mitosis then unfolds in a continuous sequence, The first stage, prophase, is marked by the
condensation of the loosely packed chromatin into visible, discrete chromosomes. As the
chromosomes become visible, the nucleolus disappears, and the nuclear envelope begins to
break down. Simultaneously, the mitotic spindle, a structure made of microtubules, begins to
form and will ultimately be responsible for moving the chromosomes.
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As the cell progresses into prometaphase, the nuclear envelope has completely fragmented,
allowing the spindle microtubules to interact with the chromosomes. These microtubules
attach to specialized protein structures called kinetochores, which are located at the
centromere of each sister chromatid.

During metaphase, the spindle apparatus guides the chromosomes so that they align at the
cell's equator, an imaginary line called the metaphase plate. This precise alignment ensures
that the sister chromatids are perfectly positioned for separation. This coordination is critical,
and a checkpoint exists at this stage to ensure all chromosomes are properly attached before
the cell proceeds.

The next stage, anaphase, is marked by the simultaneous separation of the sister chromatids.
The centromeres divide, and the now-separated chromatids each an individual chromosome
in its own right, are pulled by the shortening spindle microtubules toward opposite poles of
the cell.

Finally, in telophase, the two sets of chromosomes arrive at the poles. The chromosomes
begin to decondense back into chromatin, and a new nuclear envelope reassembles around
each group, forming two distinct nuclei. The mitotic spindle disassembles, and the nucleoli
reappear.

Following the completion of nuclear division, the cell undergoes cytokinesis, the physical
splitting of the cytoplasm.

In animal cells, this is achieved by a contractile ring of microfilaments that pinches the cell
in two, forming a cleavage furrow. The result of mitosis and cytokinesis is two identical
daughter cells, ready to begin their own cycles of growth and, if called upon, division.

MEIOSIS:

While mitosis serves the individual, meiosis serves the species. It is a specialized form of cell
division that occurs only in reproductive organs to produce gametes, sperm and egg cells in
animals, and pollen and ovules in plants.

The goal of meiosis is fundamentally different from that of mitosis; its purpose is to,

v' Take a single diploid cell and produce four genetically unique haploid daughter
cells, each with exactly half the number of chromosomes as the parent.

For humans, this means reducing the chromosome number from 46 to 23. This reduction is
essential because when two gametes fuse during fertilization, the normal diploid number is
restored, preventing the chromosome number from doubling with each generation.

Meiosis is a powerful engine of genetic variation, ensuring that every gamete, and thus every
offspring, is genetically distinct.

To achieve this reduction and diversification, meiosis consists of one round of DNA
replication (in interphase) followed by two successive rounds of cell division: Meiosis I and
Meiosis I1.
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MEIOSIS 1
Meiosis I is the "reductional" division, where the number of chromosome sets is halved.
It begins with prophase I, a complex and prolonged stage.

During this time, homologous chromosomes, the paired chromosomes, one from each parent
come together and align tightly in a process called synapsis . The resulting four-chromatid
structure is known as a tetrad.

While in this close embrace, the homologous chromosomes physically exchange segments of
DNA in a process called crossing over.

These points of exchange are visible as X-shaped structures called chiasmata .

Crossing Over
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Homologous chromosome Chiasma Recombinant chromatids

This event is the first major source of genetic variation, as it creates new combinations of
genes on each chromosome that were not present in either parent.

As prophase I progresses, the chromosomes condense further, and the nuclear envelope
breaks down.

In metaphase I, the tetrads line up along the metaphase plate. The orientation of each pair of
homologous chromosomes is random; the maternal and paternal chromosome of each pair
face opposite poles by chance.

Centromere
(with kinetochore)

Microtubule

attached to

kinetochore
This phenomenon, known as independent assortment, is the second major source of genetic
variation. With 23 pairs of chromosomes in humans, this random alignment can produce over
8 million (2%) different combinations of maternal and paternal chromosomes in the resulting

cells .
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During anaphase I, it is the homologous chromosomes themselves that are separated and
pulled to opposite poles by the spindle fibers, while the sister chromatids remain attached at
their centromeres .

Anaphase 1

Telophase I concludes the first division, resulting in two cells, each now haploid because they
contain only one chromosome from each original homologous pair. However, each of these
chromosomes still consists of two sister chromatids .

MEIOSIS 11

Following a brief interphase called interkinesis, during which no DNA replication occurs, the
cells enter Meiosis II .

This second division is often described as "equational" because it resembles a normal mitosis,
but it is performed on haploid cells.

In prophase 11, if the chromosomes had decondensed, they condense again, and a new
spindle forms.

During metaphase II, the chromosomes, still composed of two sister chromatids, align at the
metaphase plate .

In anaphase 11, the sister chromatids are finally separated, as the centromeres divide and the
now-independent chromosomes are pulled to opposite poles.

Finally, in telophase II, the chromosomes arrive at the poles, nuclear envelopes reform, and
cytokinesis splits the cells. The result of this entire, elaborate process is four genetically
unique haploid cells, each containing a single set of chromosomes.

COMPARING THE TWO PROCESSES

Similarities Between Mitosis and Meiosis
o Both are processes of cell division.
o Both involve DNA replication before division.
o Both go through stages: Prophase, Metaphase, Anaphase, Telophase.
o Both ensure proper distribution of chromosomes.

o Both are essential for the continuity of life.
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DIFFERENCES

Feature Mitosis Meiosis

Purpose Growth, repair, and asexual | Formation of gametes (sperm & egg)
reproduction for sexual reproduction

Number of One division Two successive divisions

Divisions

Daughter Cells 2 cells 4 cells

Genetic Makeup | Genetically identical to the | Genetically different from the parent
parent

Chromosome Maintains diploid (2n) Reduces to haploid (n)

Number

Crossing Over Does not occur Occurs during Prophase I

Variation No genetic variation Produces genetic variation

Cell Type Somatic cells Germ cells (gametes)

WHEN CELL DIVISION GOES WRONG: AN INTRODUCTION TO CANCER

Cancer is not a single disease but a group of diseases characterized by the uncontrolled
growth and spread of abnormal cells. At its core, cancer is a failure of the regulatory systems
that control normal cell division (mitosis).

Our bodies have strict controls on when a cell can divide. These controls are governed by our
genes, specifically genes called proto-oncogenes (which promote cell division) and tumor
suppressor genes (which slow down cell division or cause cell death).

Cancer begins when a cell's DNA is damaged or mutated. These mutations can:

v’ Activate proto-oncogenes, turning them into oncogenes that constantly tell the cell to
"grow, grow, grow!"
v' Inactivate tumor suppressor genes, disabling the "brakes" on cell division.

With the accelerator stuck and the brakes broken, the cell begins to divide uncontrollably,
creating a mass of abnormal cells called a tumor.

TYPES OF TUMORS

Benign Tumors: These are not cancerous. They grow slowly, do not invade nearby tissues,
and do not spread to other parts of the body. They can usually be removed and are rarely life-

threatening.

Malignant Tumors: These are cancerous. They grow rapidly, invade and destroy
surrounding healthy tissues, and can break away and travel through the blood or lymph
system to form new tumors in other parts of the body. This spread is called metastasis.
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CAUSES AND RISK FACTORS FOR CANCER

Cancer is caused by changes (mutations) to the DNA within cells. These mutations can be
inherited, but most are acquired during a person's lifetime due to various factors.

1. Lifestyle and Environmental Risk Factors (Modifiable)

v Tobacco Use: Smoking is the single largest preventable cause of cancer, linked to
lung, mouth, throat, bladder, and many other cancers.
v’ Diet and Physical Inactivity:

o Poor Diet: A diet high in processed foods, red meat, and low in fruits and
vegetables increases risk.

o Obesity: Being overweight or obese is linked to several cancers, including
breast, colon, and pancreatic cancer.

o Lack of Exercise: A sedentary lifestyle contributes to obesity and increases
cancer risk.

v Alcohol Consumption: Increases the risk of cancers of the mouth, throat, liver, breast,
and colon

v" Infections: Certain viruses can cause cancer, such as Human Papillomavirus (HPV -
cervical cancer), Hepatitis B and C (liver cancer), and Epstein-Barr virus (some
lymphomas).

v Environmental Exposures:

o Radiation: Ultraviolet (UV) radiation from the sun or tanning beds is a major
cause of skin cancer. Ionizing radiation (e.g., radon gas, medical imaging) can
also cause cancer.

o Chemicals: Exposure to certain chemicals like asbestos, benzene, and
pesticides in the workplace or environment.

2. Genetic Risk Factors (Non-Modifiable):

o Family History: Inheriting specific gene mutations (like BRCA1 and BRCA2, which
increase the risk of breast and ovarian cancer) can significantly increase a person's
risk.

o Age: The risk of most cancers increases with age as more mutations accumulate in our
cells over time.

CANCER PREVENTION

It is estimated that a large percentage of cancers (40-50%) are preventable by avoiding risk
factors. Key prevention strategies include:

v Don't use tobacco

v Maintain a healthy diet and weight: Eat plenty of fruits, vegetables, and whole
grains; limit processed foods and red meat.

v" Be physically active: Aim for at least 30 minutes of exercise most days of the week

v Limit alcohol consumption.

v" Protect your skin from the sun: Use sunscreen, wear protective clothing, and avoid
tanning beds.

v" Get vaccinated: Vaccines are available for HPV and Hepatitis B.
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v Avoid risky behaviors: Practice safe sex and avoid sharing needles to prevent
infections.

v Regular medical check-ups and screenings: Screenings (like mammograms,
colonoscopies, and Pap smears) can detect some cancers early, when they are most
treatable.

CANCER MANAGEMENT

Treatment for cancer has become increasingly sophisticated and is often tailored to the
specific type and stage of cancer. Common treatment modalities include:

v’ Surgery: Physically removing the cancerous tumor.

v Radiation Therapy: Using high-energy rays (like X-rays) to kill cancer cells or shrink
tumors.

v Chemotherapy: Using powerful drugs to kill rapidly dividing cancer cells throughout
the body

v" Targeted Therapy: Using drugs that specifically target the unique genetic changes or
proteins in cancer cells, with less harm to normal cells.

v" Immunotherapy: A type of treatment that helps a person's own immune system fight
cancer.

v Hormone Therapy: Used for cancers that use hormones to grow (like some breast and
prostate cancers).

THE RELATIONSHIP BETWEEN CELL DIVISION AND CANCER

Now that we understand how carefully the cell cycle is supposed to work, with its strict
checkpoints, quality control proteins, and perfectly timed phases, we can examine what
happens when this system breaks down. This breakdown is, in essence, what cancer is.

Cancer is not one single disease, but rather a collection of related diseases, all stemming from
the same fundamental problem: cells that divide uncontrollably. To understand cancer, we
have to look at it as a story of the cell cycle gone rogue.

Imagine the cell cycle as a complex machine with thousands of parts, operated by a control
panel covered in buttons, switches, and safety cut-offs (this is our checkpoints and regulatory
proteins).

In a healthy cell, this machine works perfectly. In a cancer cell, someone has started
randomly flipping switches and breaking the safety cut-offs.

This "switch-flipping" happens at the genetic level, caused by mutations, changes in the DNA
sequence. These mutations can be inherited from your parents, but most often, they happen
over a lifetime due to exposure to things like tobacco smoke, UV radiation from the sun,
certain chemicals, or even just random errors that occur when DNA is being copied during
the S phase.

These mutations don't just affect any gene. They specifically target the genes that act as the
"gas pedal" and the "brakes" of the cell cycle.
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Oncogenes (The Stuck Gas Pedal):

Normally, we have genes called proto-oncogenes that tell the cell when to grow and divide.
They are the "go" signals. When a proto-oncogene gets mutated, it becomes an oncogene, a

stuck gas pedal. It starts screaming "GROW, DIVIDE, GO!" constantly, even when there are
no signals from the body saying new cells are needed.

Tumor Suppressor Genes (The Broken Brakes):

These are the safety cut-offs, the brakes on the machine. The most famous one is called p53
(the same protein mentioned earlier as the Gi checkpoint guard).

In a healthy cell, p53 can halt the cell cycle if there's DNA damage, giving the cell time to

repair it. If the damage is too severe, pS3 can even trigger apoptosis (cell suicide). In many
cancers, the gene for p53 is mutated and non-functional. The brakes are gone. The cell can
accumulate more and more damage without ever being told to stop or self-destruct.

FROM ONE BAD CELL TO ATUMOR

We all accumulate cells with mutations from time to time. Usually, our immune system or the
cell's own suicide mechanisms take care of them. But if a cell accumulates just the right
combination of mutations, a stuck gas pedal and broken brakes, it can start to divide
uncontrollably. This single rogue cell begins to multiply, creating a cluster of identical
abnormal cells. This cluster is the beginning of a tumor.

Benign Tumors:

These are considered "localized" tumors. They grow, but they do so slowly and stay confined
within a boundary, like a walled-off garden. They don't invade nearby tissues. While they can
cause problems by pressing on organs, they are usually not life-threatening and can often be
surgically removed. They are the result of cell division gone wrong, but not yet dangerously
wrong.

Malignant Tumors (Cancer):

This is when the situation escalates. The cells within the tumor have acquired additional
mutations that allow them to break through those normal boundaries. They become invasive,
burrowing into and destroying the healthy tissue around them. These are the cells that truly
deserve the name "cancer."
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The Final Escalation: Metastasis

The most terrifying and life-threatening aspect of cancer is metastasis. This happens when
cancer cells evolve the ability to detach from the original tumor and travel to other parts of
the body.

Think of it this way: the primary tumor is the "source." If a cancer cell can wriggle its way
into the bloodstream or the lymphatic system (the body's fluid drainage network), it can hitch
a ride to a completely different organ—the lungs, the brain, the liver, or the bones. Once it
arrives, it can settle down, start dividing uncontrollably all over again, and form a new,
secondary tumor far from the original site. This is why metastatic cancer is so hard to treat;
it's no longer a single, localized problem, but a systemic one.

CONNECTING BACK TO THE CHECKPOINTS

Remember the checkpoints we talked about? In cancer, every single one of them is likely
compromised.

v The G: Checkpoint fails because p53 is broken, allowing a cell with damaged DNA to
replicate anyway.

v The Gz Checkpoint fails, allowing a cell with incomplete or damaged DNA to proceed
into mitosis

v The M Checkpoint fails, leading to daughter cells with the wrong number of
chromosomes (aneuploidy), which further destabilizes the cells and promotes even
more aggressive behavior.

Ultimately, cancer is a disease characterized by accumulated errors. It's a story of what
happens when the elegant, tightly controlled process of cell division loses its governors and
runs wild, driven by damaged DNA and disabled safety mechanisms. This understanding is
what drives modern cancer research, as scientists look for ways to repair those broken brakes
or to specifically target and kill the rapidly dividing rogue cells.
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TEST YOUSELF

ITEM ONE

Moses is a healthy young adult who loves spending time at the beach. One afternoon, he gets
a severe sunburn, and his skin turns red and painful. Unbeknownst to him, the ultraviolet
(UV) radiation from the sun has caused thousands of tiny DN A mutations in the skin cells on
his shoulders.

The Scenario:

Most of these mutated skin cells are harmless. They activate their internal repair mechanisms,
fix the damage, and continue living normally. Some cells, however, are too damaged to be
saved. These cells receive a signal to self-destruct (apoptosis), and they peel away days later,
this is part of why sunburnt skin flakes off.

However, in one single skin cell on his shoulder, two specific mutations occur
simultaneously:

1. Mutation A: A mutation in a proto-oncogene that converts it into an oncogene. This
oncogene now produces a signal protein that constantly tells the cell to "divide,
divide, divide!"

2. Mutation B: A mutation that silences the gene for the pS3 tumor suppressor
protein. The p53 protein is now non-functional.

The Question:

Several years pass. He notice a small, strange-looking mole on that same spot on his shoulder
that wasn't there before.

Using your knowledge of the cell cycle, checkpoints, and cancer biology, explain why this
single cell was able to survive and eventually form a visible growth (a tumor), while the other
damaged skin cells around it did not.

ITEM TWO

Sarah and Michael are a healthy couple in their late 30s. They have one child already, a
daughter named Lily, who is perfectly healthy. Excited to grow their family, Sarah becomes
pregnant again. During a routine prenatal screening, the results come back indicating a higher
probability that the baby has a chromosomal condition. An amniocentesis confirms the
diagnosis: the unborn baby has Down syndrome (Trisomy 21) , meaning the child has three
copies of chromosome 21 instead of the usual two.

The Question:

The doctor explains that this condition likely arose due to a random error during the
formation of either the egg or the sperm cell that created this baby. He calls this error
nondisjunction.

Based on your knowledge of meiosis and the cell cycle checkpoints:

AHIRWE TEACHES

e
13




1. Explain Nondisjunction: What exactly happened during meiosis to cause this egg or
sperm cell to end up with an extra chromosome 21? Be specific about which phase of
meiosis this error likely occurred in and what "nondisjunction" means visually.

2. Connect to Checkpoints: Recall the checkpoints we discussed. Which checkpoint in
meiosis is responsible for preventing this kind of error? What is this checkpoint
supposed to verify before the cell is allowed to proceed to anaphase?

3. The Age Factor: The doctor mentions that the risk of nondisjunction increases
significantly as women get older, particularly after age 35. Sarah is 38. Based on what
you know about the cell cycle, specifically the lengthy timeline of oogenesis (egg
development), why might the "M checkpoint” in an older woman's egg cells be more
prone to failure than in a younger woman's eggs? (Hint: Think about the difference
between a brand-new cell and a cell that has been waiting for decades).

4. Why Lily is Healthy: Sarah and Michael are confused. They ask, "If this error is
random, why was our first daughter, Lily, completely healthy?" Using your
knowledge of meiosis and independent assortment, explain why it is entirely possible
for the same couple to have one child with a perfect chromosome count and another
child with an abnormality, without either parent having any genetic disorder
themselves.

ITEM THREE

A man named Robert started smoking cigarettes when he was 18 years old. He is now 60 and
has smoked roughly a pack a day for 42 years. The chemicals in tobacco smoke contain
dozens of carcinogens—substances known to cause mutations in DNA.

For decades, Robert felt fine. His lungs were irritated, but they functioned. Recently,
however, he began experiencing a persistent cough and shortness of breath. After a visit to the
doctor and a series of scans, he receives a devastating diagnosis: lung cancer.

The Question:
Robert is confused. He asks his doctor, "If smoking causes cancer, why did it take 42 years to
show up? Why didn't I get cancer when I was 30?"

Using your knowledge of the cell cycle, checkpoints, tumor suppressor genes, and oncogenes,
explain to Robert why cancer is often a "disease of time" that takes decades to develop.

In your answer, be sure to address the following:

1. The Accumulation of Mutations: Cancer is not caused by a single mutation. Using
the concepts of oncogenes and tumor suppressor genes, explain why a cell needs to
accumulate multiple hits to its DNA before it becomes truly cancerous. Relate this
specifically to the "gas pedal" and "brakes" analogy.

2. The Backup Systems: Explain why Robert's body was able to keep him healthy for
so many years despite the constant assault of cigarette smoke. How do the
checkpoints (G1, G2, M) and DNA repair mechanisms act as a "first line of defense"
during those early decades?
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3. The Tipping Point: What do you think eventually happened in one of Robert's lung
cells to cause the cancer to finally appear? Describe the state of that cell's cell cycle
control systems at the moment it became malignant.

4. Why the Lungs? Robert also drank alcohol occasionally and ate some unhealthy
foods over the years. Why did the cancer develop specifically in his lungs, and not in
his stomach or his skin? (Connect this to the concept of direct exposure and cell
turnover rate).

ITEM FOUR

Margaret is a 55-year-old woman who was diagnosed with breast cancer three years ago. At
that time, a lump was found in her left breast during a routine mammogram. A biopsy
confirmed it was malignant, but tests showed the cancer was '""hormone receptor positive."
This meant the cancer cells were fueled by the estrogen in her body to grow and divide.

Margaret's oncologist prescribed a targeted drug called Tamoxifen. Tamoxifen works by
binding to the estrogen receptors on cancer cells, essentially blocking the real estrogen from
attaching. Without estrogen, the cancer cells' "gas pedal" (the oncogene signaling) was
effectively cut off. For two and a half years, Margaret did wonderfully. Scans showed the
tumor had shrunk significantly, and she lived a normal life.

The Scenario:

At her three-year check-up, however, Margaret receives devastating news. The cancer is
back. Not only has it returned, but a new scan shows small tumors have now appeared in her
liver and bones—the cancer has metastasized. A biopsy of the new liver tumor reveals a
shocking finding: the cancer cells there are now ""hormone receptor negative." They no
longer have estrogen receptors on their surface at all. Tamoxifen will no longer work.

The Question:
Margaret is heartbroken and confused. She asks, "How did the cancer come back? The
Tamoxifen was working so well. Why did it stop working, and why is it now in my bones?"

Using your knowledge of cell division, mutations, and the concepts we've discussed, explain
to Margaret what likely happened inside her body.

In your answer, be sure to address the following:

1. Tumor Heterogeneity: Was the original tumor a uniform lump of identical cells? Or
was it likely a mixed population of slightly different cells? Explain how mutations
during rapid cell division lead to heterogeneity within a single tumor.

2. Natural Selection (Survival of the Fittest): When Margaret started taking
Tamoxifen, what happened to the majority of cancer cells that were hormone receptor
positive? What happened to any rare cells that, by random mutation, were already
hormone receptor negative? Use the analogy of an antibiotic killing bacteria to
explain this.

3. The Reservoir of Division: Once the Tamoxifen killed off the sensitive cells, the
resistant ones had no competition for space and nutrients. Explain how these resistant
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cells then used the process of mitosis to repopulate the tumor, creating a new growth
that is completely unaffected by the drug.

4. Metastasis and Additional Mutations: Why did the cancer spread to her liver and
bones? Connect this to the concept of the M Checkpoint failing and the accumulation
of even more mutations in these rapidly dividing, unstable, resistant cells.
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