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Chapter 1: Introduction to Liquid Biopsies

Several months ago, Glenda learned that she had a suspicious mass of tissue in her left lung.
Her doctor surgically removed a small piece of the tissue for analysis and, after looking at it
under the microscope, confirmed that it was cancerous. The question that Glenda and her doctor
then asked was which of the available treatments was best for her particular cancer? Not enough
tissue was left for more specific tests that might help answer this question. Glenda was faced
with having to undergo another surgery to get more of the cancerous tissue, but she was not
happy at the prospect of another surgery and her doctor was worried that the tumor was in a
sensitive location. Fortunately, medical advances have led to an alternative type of test that may
be useful for Glenda and her doctor: the liquid biopsy.

As it pertains to cancer, a liquid biopsy is the sampling and analysis of biologjical
liquids to potentially help identify cancer, develop treatment plans, and detect
recurrences. In the story above, the liquid biopsy is being used to help determine
which type of treatment is best matched to Glenda’s tumor abnormalities and
therefore may be the most effective. However, liquid biopsies have many other
potential uses that we will explore in subsequent chapters.

At the writing of this tutorial, only two liquid biopsy tests are commercially available in the United
States: 1) cobas® EGFR Mutation Test v2 and 2) CellSearch® Circulating Tumor Cell Test. The
former is used to determine whether certain lung cancers contain a specific type of mutation
(change in DNA) that can be targeted with a medication. The latter is used to determine the
circulating tumor cell status of patients with metastatic breast, prostate, or colorectal cancers. This
information can indicate whether patients have a favorable or unfavorable prognosis. Many more
liquid biopsies are in development and these are poised to gain widespread use. This will take
time and effort on the part of scientists, physicians, advocates, collaborative consortia and
patients. Although we all want more liquid biopsies available as soon as possible, it is important
that these tests are supported by strong data before we can rely on them to help us make life-
altering decisions. This means waiting for the results of rigorous scientific and medical tests, many
of which are ongoing.

This tutorial gives an overview of liquid biopsies, along with an explanation of what they detect
and how they can be used. The tutorial then considers the methods and techniques behind liquid
biopsies, followed by a discussion of test validation and clinical utility. The final chapter describes
ways advocates can use this information. We begin here with a definition of liquid biopsies.

What Is a Liquid Biopsy?

We've already noted that a liquid biopsy is the sampling and analysis
of biological fluids. All of us have undergone a form of liquid biopsy
whether we realize it or not—it's just been called a blood test. Blood
tests have been used for decades to sample levels of glucose,
hormones, cholesterol, calcium, red blood cells, white blood cells, and
other blood components.

Most of us have also had urinalyses, or tests performed on our urine.
Urine tests are commonly used in medical clinics to examine levels of
hormones and drugs, to determine pregnancy, and to help diagnose
diabetes, urinary tract infections, and other diseases. Indeed, urine tests have been used for many
years to help diagnose bladder cancer, which can be associated with blood and cancer cells in
the urine. Like blood tests, urinalyses are also liquid biopsies.




Other biological fluids that may be the target of liquid biopsies are saliva, sputum (liquid coughed
up from the respiratory tract), pleural fluid (liquid in the lungs), and cerebrospinal fluid (the liquid
surrounding brain and spinal cord). Given that all of these biological liquids are fluids, liquid
biopsies are also sometimes called fluid biopsies.

So, why call these tests liquid biopsies? Why not call them blood tests or urinalyses? Even though

the former terms are technically correct, the phrase liquid biopsies emphasizes their similarity to
solid tissue biopsies in terms of the information obtained and potential clinical uses.
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Biological Liquids Used in Liquid Biopsies
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Why Have Liquid Biopsies Recently Become So Popular in Cancer?

If liquid biopsies have been around for years, why have they recently become such a popular topic
in cancer? Several reasons account for this interest. First and foremost, our ability to detect
exceedingly small amounts of substances and cells in biological fluids has improved dramatically.
Researchers and physicians have known for many years that cancer cells from solid tumors—tumors
that grow in solid tissues like the breast, lung, bone, skin, pancreas, etc.—can be found in the
blood. However, until recently, it hasn’t been possible to detect them because they were greatly
outnumbered by normal blood cells, at least in people whose cancer has not spread.

The second reason for the popularity of liquid biopsies is our enhanced understanding of cancer.
As discussed in subsequent chapters, cancers can have numerous mutations that may not be the
same throughout the tumor. It isn't feasible to take samples from multiple areas of a solid tumor
in an attempt to get all the cells with different mutations. Moreover, the mutations driving the
cancer can change over time, especially in response to treatment. Solid tumor tissue can't be
sampled each week to determine whether the mutations driving their growth have changed—
most sampling procedures are simply too invasive. Preliminary evidence suggests that liquid
biopsies, which are performed on blood or other fluid samples, may provide information about
how the mutations change, which would make them incredibly useful for making treatment
decisions over time. Such information may also help researchers understand how cancers change
or evolve in the body, leading to the development of better medications.



How Do Liquid Biopsies Differ from Solid Tumor Biopsies?

As noted earlier, one of the most attractive features of liquid biopsies is that they are much less
invasive than solid tissue biopsies. At a minimum, solid tissue biopsies require physicians to insert
a needle or endoscope into the tumor area to obtain a tiny piece of tissue, which may or may not
be sufficient for all the tests that are needed. In other cases, patients must undergo a full surgical
procedure to obtain a larger amount of tissue. In contrast, biological liquids are much more
accessible. None of us looks forward to a blood test, but it is usually painless and doesn’t require
surgery. Urine and saliva are even more accessible. Obtaining cerebrospinal fluid requires local
anesthesia because a needle must be inserted into the area surrounding the spinal cord. However,
even this procedure is preferable to brain or spinal cord surgery.

Given the relative ease with which liquid biopsies can be obtained, they can be performed
repeatedly over the course of treatment. This allows the treatment team to have a “real time”
picture of the cancer, including the mutations it shows at time of biopsy and how the mutations
driving the cancer may change over time. This type of monitoring is not as timely with solid tissue
biopsies.

Additionally, as alluded to in Glenda’s story at the beginning of this chapter, tumors are sometimes
found in sensitive locations. They may be close to important blood vessels, in the brain, or near
other structures that are best left undisturbed. In such cases, solid tissue biopsies run the risk of
harming patients. Other times the tumor may be so tiny that it is difficult for surgeons to obtain
the cancerous tissue. In these cases, liquid biopsies are also an attractive alternative.

The last chapter of this tutorial includes a table comparing liquid biopsies to solid tissue biopsies.
We left this until last because it is helpful to have a thorough background on these tests in order
to fully appreciate their advantages and disadvantages.

Finally, we've discussed the features of liquid biopsies as they apply to solid tumors. However,
people with blood cancers (also called hematologic cancers) such as leukemias, lymphomas, or
myelomas can also undergo liquid biopsies. This is intuitive because blood tests are, by definition,
liquid biopsies. Blood tests have long been used to help diagnose and monitor blood cancers.
But, blood cells begin their lives in a solid tissue known as the bone marrow. People with blood
cancers often must undergo bone marrow biopsies, which can be painful. Liquid biopsies may
offer an alternative to bone marrow biopsies for patients with blood cancers.
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Chapter 2: What Do Liquid Biopsies

Detect?

The year was 1869. The Blue Danube Waltz had premiered in Vienna a few years before, the
Suez Canal had just opened, and the US was emerging from the aftermath of the Civil War. In
Melbourne, Australia, a young resident physician named Thomas Ashworth was studying a blood
sample from a cancer patient who had recently died. The unfortunate patient had had 30 tumors
underneath the skin and physicians could do little to help him at the time. But in that single
blood sample, Dr. Ashworth made an astounding discovery that would have ramifications far
into the next two centuries. Using a light microscope, he saw cells whose shape looked identical
to those obtained from the patient’s tumors. This observation led him to suggest that the tumor

cells in the blood originated from one of the solid tumors.

Over time, Dr. Ashworth’s observation was proven correct: cells from solid tumors can escape into
the blood (circulatory) system. Dr. Ashworth also correctly predicted that these circulating tumor
cells may be the initiators of distant tumors, or metastases. In fact, this is the reason that Dr.
Ashworth was able to spot the cells using a regular microscope—there were so many of them in
the patient’s blood because the tumor had metastasized (spread to other areas of the body). We
now know that levels of circulating tumor cells high enough to be seen with a microscope in 1869

only occur when the cancer is extremely advanced and the patient is close to death.

As technology progressed over the ensuing century, scientists were able to detect
lower levels of circulating tumor cells in the blood in cancer patients with metastatic
disease. It became clear these cells would be quite useful if only we could detect
them at earlier stages of cancer when treatments are more effective and possible
cures more likely. But at the early stages of cancer, circulating tumor cells in the
blood are vanishingly rare. Just how rare? In every milliliter of blood, there are 1
billion red blood cells, several million white blood cells, and 1 to 10 circulating
tumor cells.

Liquid Biopsies Detect Biomarkers

Liquid biopsies don't actually detect the solid tumor itself, but instead detect some
component of bodily fluids that provides information about the tumor. In other
words, liquid biopsies detect biomarkers for solid tumors. Biomarkers are biological
substances, characteristics, or images that provide an indication of the biological
state of an organism (for more about biomarkers see the Biomarkers tutorial at
www.researchadvocacy.org). As you can see, the definition of biomarkers is quite
broad. With liquid biopsies, we are interested in biomarkers that the tumor releases

into the blood or other bodily fluid. The biomarkers that are currently garnering the most interest
in liquid biopsies are circulating tumor cells, circulating tumor DNA, RNA, and exosomes.

Tumor

An abnormal mass of tissue; cells that make up the tumor can release components into the

nearby blood vessels

Tumor cells RNA
DNA

Exosomes

BIOMARKERS
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Circulating Tumor Cells

As noted earlier, circulating tumor cells are under intense study as biomarkers
. . CIRCULATING

because we can now detect them at low levels. Circulating tumor cells, or CTCs, TUMOR CELLS are

are cancer cells shed from tumors into the blood, where they may then travel to cancer cells that are

distant locations in the body and form metastases. Circulating tumor cells in the red] e CuEne

blood are usually pushed there by tumor growth, but other mechanisms are

possible, including mechanical disruption of the tumor during surgery.

into the blood, where
they travel to distant
locations in the body.
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Circulatory System
The graphic above shows the cardiovascular, or circulatory system. When cells from solid tumors
enter the blood, they can be transported throughout the body. Some of these cells can act as seeds
for tumors to grow in distant organs, resulting in metastatic cancer.
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In the blood, nearly all tumor cells are eliminated by the body. The immune system attacks them,
blood flow breaks them apart, or they die because they are no longer attached to tissue. Few of
the circulating tumor cells—about 1 in 10,000—actually survive in the blood and are capable of
generating a new tumor in a distant location. However, as metastatic disease progresses, the
cancer diminishes the body’s defenses, reducing its ability to rid the blood of tumor cells. Thus,
levels of circulating tumor cells increase as cancer progresses.

Circulating DNA

Instead of looking for circulating tumor cells, some liquid biopsies examine the

circulating tumor DNA in the blood. Tumor cells can release circulating tumor DNA, CIRCULATING

or ctDNA, whether the cells are alive or dead. Even normal cells that die can release TUMOR DNA, or

DNA fragments, which are known as circulating free DNA, or cfDNA. The ctDNA, are fragments

terminology gets a bit jumbled here, as circulating free DNA is sometimes used to i 2 el e
. . tumor cells that are

refer to DNA from both normal cells and tumor cells, and is sometimes also called alive or dead.

cell free DNA. The percentage of cell free DNA in the blood that comes from

tumors can be extremely low (1 in 10,000) and may vary with tumor type, making

it easier to detect for some types of tumors.

CIRCULATING FREE

. . . . . . . DNA or CELL FREE
Like circulating tumor cells, circulating tumor DNA may not be just an innocent DNA are fragments

bystander floating in the blood. Under laboratory conditions, these DNA fragments of DNA derived from
can promote distant metastases. The body can normally rid itself of circulating tumor cells or normal
DNA, but as tumors metastasize, chronic inflammation and cell death lead to a cells.

build-up of cell parts, including DNA. As with circulating tumor cells, the body can
no longer efficiently eliminate the circulating DNA and thus high levels are associated with
advanced cancer.




Circulating RNA

Circulating RNA is another blood component that can be examined in a liquid biopsy.
Several different types of RNA exist in the blood, including those involved in the gene
expression (for more information, see the Molecular Diagnostics tutorial at
http://www.researchadvocacy.org/general-resources) and those that perform other
functions, such as turning genes off or on. One type of RNA that has been examined
in liquid biopsies as a cancer biomarker is messenger RNA, or mRNA. mRNA has
shown some promise as a biomarker, but it degrades rapidly in blood and is therefore
difficult to study. Another type of RNA that has been investigated is microRNA
(miRNA). miRNAs are abnormal in cancer and are relatively stable, making them good,
potential candidates for liquid biopsies.

Exosomes

Exosomes are small sacs or vesicles that nearly all cells release into blood and other
biological liquids. Exosomes contain DNA, RNA and proteins from inside the cell
that are protected from degradation by a membrane surrounding the vesicle. The
vesicle acts like a preservation container, keeping the molecules intact, which is
clearly an advantage when trying to analyze them. This is particularly advantageous
for RNA because, while it contains important information about the proteins that
tumor cells are actively producing and the genes that are being regulated, it is
notoriously unstable in blood. Like circulating tumor DNA and DNA from circulating
tumor cells, the DNA found in tumor exosomes may provide genomic information about tumor
cells mutations.

Exosomes contain DNA, RNA, proteins, and lipids (fats)
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Tumor exosomes are not merely packets of information about tumor cells. They can affect the
extracellular environment near tumors and transfer their contents to other cells, which can change
gene expression. In this way, exosomes can cause tumor growth and metastasis, suppress immune
responses, and induce the growth of new blood vessels (such as those needed by tumors).

Tumor cells produce and release more than 10,000 vesicles each day, where they join the hundreds
of billions of vesicles produced by normal cells found in each milliliter of blood. Researchers have
not yet reported a reliable method for separating tumor exosomes from healthy cell exosomes,
but this is a popular area of research and it will likely be a matter of time before such methods are
identified.

Circulating tumor cells, circulating tumor DNA, and exosomes can all stimulate cancer
metastasis, making them potential targets of therapy in addition to their roles as
indicators of cancer status.
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Review of Mutations
Gene mutations can cause cells to grow uncontrollably, which can lead to cancer.

Mutations are one of the main types of biomarkers detected in liquid biopsies. MUTATIONS are
changes in DNA

sequence. The word
mutation usually but
not always refers to

Mutations are changes in DNA sequence. These can be inherited or acquired over
the course of a person’s life. For example, mutations can be acquired when DNA
is being copied (e.g., if a copying mistake is made) or in response to smoking or

exposure to ultraviolet light. DNA sequence
changes that can
Several different types of mutations can occur, as shown in the following graphic. have negative health

Single nucleotide bases can be changed to different bases (called point mutations), consequences.
new nucleotide bases can be inserted into the sequence (called insertions), and
nucleotide bases can be deleted (called deletions).

More information about mutations and other changes in DNA can be found at Scitable
(https://www.nature.com/scitable/definition/mutation-8) and in the Genomics in Cancer tutorial
on the Research Advocacy Network website (http://www.researchadvocacy.org/general-resources).

Examples of Mutations That Can Occur in Genes
In the normal gene in the top row, the sequence
beginning at the blue T reads TTA. In the second
row, the second T has been changed to a G. In the
third row, TGC has been inserted between the
second T and the A, and in the final row, the T and
A have been deleted.
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In our cells, DNA is coiled into chromosomes. Changes in chromosomes, such as the deletion,
insertion, or rearrangement of chromosome parts, can result in overactive or underactive genes,
dysfunctional genes, or too many copies of a gene. These changes can result in defective cells.
Most of these defective cells will be detected and destroyed by the body's defenses, but if this
doesn’t happen, the cells may replicate uncontrollably, causing cancer.

Chromosomal
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Examples of Some Chromosomal Abnormalities Associated with Cancers

For more information on chromosomes, DNA, nucleotide bases, genes, and mutations, you may
want to refer to the following tutorials and training manuals at www.researchadvocacy.org: Molecular
Diagnostics tutorial, Biomarkers in Cancer tutorial, and Genomics in Cancer training manual.
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Chapter 3: How Are Liquid Biopsies Used?

Imagine that you visit your physician’s office for a routine annual check-up and have a blood
test to analyze glucose and cholesterol levels. It is the year 2030, so the routine tests also
examine your blood for cancer. The test comes back positive for colon cancer and, moreover,
shows that your cancer has a mutation that can be targeted with a specific medication. You
begin the medication, and have blood tests every few months that show the medication is
working and the cancer is in remission. After a few years, your blood test once again comes
back positive for colon cancer, but this time the mutation driving the cancer is different. You
begin a combination of medications—one to target the driving mutation and one to target
another common mutation that cancers often develop over time. The medication regimen is
again successful and you live out the rest of your life cancer free.

This anecdote illustrates several potential uses of liquid biopsies: screening, diagnosis, predicting
treatment response, detecting novel mutations, monitoring treatment response, and monitoring
recurrence. Some of these potential uses are likely still several decades away as we wait for the
techniques to be refined and the proper research to be conducted. Moreover, not all biomarkers
in liquid biopsies provide all of this information. Some liquid biopsy tests are now combining
different biomarkers to enhance the predictive ability (e.g., circulating tumor cells plus circulating
DNA; circulating DNA plus circulating proteins). In the following sections, we consider the
potential uses of liquid biopsies and give a few examples of research findings. The optimal
biomarkers in liquid biopsies for different uses and different cancers have not yet been identified,
but research is progressing rapidly.

TUMOR

HETEROGENEITY

Do different cells in my
Is there a medication tumor show different Has my tumor developed
that targets my cancer? mutations? different mutations? How do
mutations evolve in cancer?

PROGNOSIS

What is the expected course

How is my cancer responding
of my cancer?

to treatment?

Do | have cancer? Has my cancer come back?

Potential Uses of Liquid Biopsies in Cancer
At the writing of this tutorial, only two liquid biopsy tests are cleared for clinical use commercially available in the
United States, the cobas® EGFR Mutation Test v2 and the CellSearch® Circulating Tumor Cell Test. The former is
used to determine whether certain lung cancers contain a specific type of mutation (change in DNA sequence)
that can be targeted with a medication. In this case, the test is being used to predict treatment response. The
latter test is used to inform the prognosis of patients with metastatic breast, prostate, or colorectal cancers.

Screening

By definition, circulating tumor cells come from tumors, so they should only be present in the
blood when people have cancer. As such, the presence of circulating tumor cells may be useful
for cancer screening. As techniques improve, the ability of these tests to identify people with
cancer is getting better. For example, one small study of patients with stomach cancer found that



97% of 102 people who had two or more circulating tumor cells per 7.5 mL were correctly identified
as having cancer (https://www.ncbi.nlm.nih.gov/pubmed/28662130). However, 17 of 45 people known
to have stomach cancer had levels of circulating tumor cells that were lower than this cut-off value
(and would have been erroneously classified as cancer free), indicating that there is still a need to
optimize the test.

A group of researchers at Johns Hopkins recently reported the results of a liquid biopsy that examines
circulating DNA along with selected proteins in the blood to detect the presence of cancer
(http://science.sciencemag.org/content/early/2018/01/17/science.aar3247). This blood test, called
CancerSEEK (still in the research stage at the writing of this tutorial) examines 8 protein biomarkers
and 16 different DNA sequences that contain frequent mutations in cancer. In a group of 1005 patients
known to have cancer, the test correctly identified the presence of cancer in 69% to 98% of patients
with cancer types for which there are virtually no screening tests: ovarian, liver, stomach, pancreatic,
and esophageal cancers. The highest rate of correct identification was for ovarian cancer at 98%,
followed closely by liver cancer, whereas the lowest was for breast cancer at 33%. Another important
aspect of this test was that it gave positive results in only 7 of 812 (0.8%) people without cancer. Ideally,
tests would never give these so-called false positive results, but in reality they always do and it's
important that the number is as low as possible. For comparison, at least one study found false positive
results for lung cancer in nearly 60% of smokers who underwent an existing screening test.

Prognosis

Liquid biopsies may also be useful for cancer prognosis or determining the expected course of
cancer in the absence of treatment. Some cancers are more aggressive than others and knowing
this can help guide treatment. If a biomarker in a liquid biopsy can help distinguish a cancer that is
likely to grow rapidly from one that is likely to grow slowly, then patients with these two types of
cancers might receive different treatments. Additionally, patients with slowly-growing tumors may
be spared aggressive treatment.

Most of the research examining circulating tumor cells used a cutoff value for the number of tumor
cells as opposed to the actual number of tumor cells detected in a person’s blood. Consequently,
patients or participants in research studies are either deemed to be above or below the cutoff
value—sometimes referred to as CTC status (positive or negative). Cutoff values vary in different
studies and between cancer types. As in all biological tests and definitions that include cutoff values,
there is always the possibility of mis-categorizing someone with values close to the cutoff point.
However, the cutoff values are designed to give the best possible predictions based on the data
gleaned from validation studies.

As noted in Chapter 1, CellSearch® Circulating Tumor Cell Test is cleared by the United States Food
and Drug Administration (FDA) for prognosis of metastatic breast, prostate, and colorectal cancers.
The CellSearch® System has undergone clinical validation studies. This test uses the circulating
tumor cell cutoff values shown in the table below.

Type of Metastatic Cancer

Prognosis Breast Prostate Colorectal
Favorable 0-4 CTCs 0-4 CTCs 0-2 CTCs
Unfavorable = 5CTCs = 5CTCs = 3CTCs

CTCs=circulating tumor cells. *Number of CTCs per 7.5mL blood

CellSearch® System




In addition to circulating tumor cells, circulating tumor DNA has been studied as a biomarker for
the prognosis of metastatic triple negative breast cancer. Triple negative breast cancer means the
three most common types of receptors (proteins on the cell’s exterior) stimulating breast cancer
growth are not present on tumor cells. Consequently, medications that target these three receptors
(estrogen, progesterone, and the receptor encoded by HER-2/neu gene) will not be effective. In
one study, patients with triple negative breast cancer were categorized into two groups based on
their level of circulating tumor DNA (https://www.ncbi.nIm.nih.gov/pmc/articles/PMC5815405/).
The group with higher levels of circulating tumor DNA fared significantly worse than the group
with lower levels, as demonstrated by shorter survival. This information is being used to help
researchers determine why one group fares better than another.

What Does It Mean to Be Cleared Versus Approved by FDA?

Before medical devices like the CellSearch® System or test kits can be marketed for clinical use,
they must be either approved or cleared by the FDA. The regulatory route that a medical device
is allowed to follow depends on whether or not it is similar to a medical device already legally
marketed for the same use. If a medical device is “substantially equivalent” to an existing
product, it may follow the so-called “510(k)” pathway. This pathway is named for a section of
the Food, Drug, and Cosmetic Act. This pathway does not require the manufacturer to provide
the FDA with data showing the device's safety and effectiveness, but rather that it is sufficiently
similar to an already-approved medical device. Medical devices that follow the 510(k) pathway
and are given the green light for marketing by the FDA are said to be “cleared.”

In contrast, medical devices that are not substantially equivalent to an already-approved
product must follow the pre-marketing approval (PMA) pathway. This pathway requires that the
manufacturer show evidence of the product’s safety and effectiveness, which often involves
clinical studies. Even if a product qualifies for the 510(k) pathway, the manufacturer can choose
to follow the more rigorous PMA pathway or can perform additional clinical studies, such as
validation. Medical devices that follow the PMA pathway and are given the green light for
marketing by the FDA are said to be “approved.”

Predicting Treatment Response

Another useful piece of information that can be gleaned from liquid biopsies is
the presence of mutations in the cancer that may render it responsive to drugs
targeting those mutations (i.e., targeted therapies). For more detailed information
on targeted therapies, please see the Targeted Therapies tutorial at
www.researchadvocacy.org.

One of the biomarkers in lung cancer that also serves as a “target” for targeted
therapy is EGFR. EGFR stands for epidermal growth factor receptor, a protein in
the cell membrane that induces cell growth and proliferation when activated by
growth factor proteins. Healthy cells have EGFRs that lead to controlled growth and
cell proliferation when needed by the body. However, in about 15% of non-small
cell lung cancers, a portion of the EGFR gene known as the tyrosine kinase domain
contains one or more mutations that cause the EGFR to be overactive. This
overactivity in turn causes cells to grow out of control, leading to tumor growth.

Tests are available to determine whether people with non-small cell lung cancer
have EGFR mutations in the tyrosine kinase region, so they can then be treated
with medications that inhibit overactivity. These medications are referred to as
tyrosine kinase inhibitors because they target the tyrosine kinase domain. As noted
in Chapter 1, a liquid biopsy test is currently available to test for EGFR mutations .
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(cobas® EGFR Mutation Test v2). This test can be performed on solid or liquid biopsies, and for
the latter, the test uses circulating free DNA.
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Cell growth and proliferation

Epidermal Growth Factor Receptors
Epidermal growth factor receptors are proteins embedded in cell membranes. In some people with non-
small cell lung cancer, the EGFRs contain mutations in the tyrosine kinase domains that make them
overactive. The overactive tyrosine kinase domains can be inhibited with medications known as tyrosine
kinase inhibitors. Liquid biopsies on circulating free DNA can now determine whether cells from people
with non-small cell lung cancer have tyrosine kinase mutations in their EGFRs and thus are likely to
respond to treatment with tyrosine kinase inhibitors.

Tumor Heterogeneity and Molecular Evolution of Cancer
Cancer cells divide to produce new, genetically identical cancer cells (i.e., clones). However, cancer
cells are notorious for developing additional mutations. Not all cells in the tumor develop the
same mutations, though, meaning that not all cells within a tumor are genetically identical. This
leads to intra-tumor heterogeneity.

Tumor biopsies are obtained from a small site in the tumor and therefore may only :-II\IE-I'-I'I.‘I,E?QE)LC?I;IISIERITY

include cancer cells with the same type of mutation. These biopsies may miss cells refers to the

on the other side of the tumor that have different mutations. If the first mutation is differences in DNA

used to make a treatment decision, such as selecting a targeted therapy, the among cells within a

treatment may work for a while by preventing cells with the first mutation to grow tumor. This can result

and proliferate. Eventually, though, tumor cells with other mutations divide and in differences in cell
PHENOTYPE

grow. This is an example of molecular evolution of cancer and it is a major reason
for the development of drug resistance.

(observed
characteristics).

Even in the absence of targeted therapy, cells with some types of mutations will

be more sensitive to chemotherapy and radiation therapy. These cells will die,

. . INTER-TUMOR
whereas others that are better able to withstand these treatments will live, grow, HETEROGENEITY
and proliferate. Eventually, cancer cells shed from tumors will make their way into refers to DNA
the circulatory system. Here they are transported to distant sites of the body, where differences between
they can form new tumors that may not be genetically identical to the primary cells in the primary
(original) tumor. This is known as inter-tumor heterogeneity. tumor and secondary

tumors that establish
and grow at distant
sites.
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Tumor Heterogeneity and Molecular Evolution of Cancer
This graphic shows tumor heterogeneity and molecular evolution of the cancer. The leftmost clump of
orange cells are normal, but develop a mutation shown in blue following exposure to a carcinogen in the
environment. Under some circumstances, such as the accumulation of other mutations, the blue, mutated
cells multiply generating a primary tumor. A few of the cells in the primary tumor develop different
mutations, shown in pink and green. Treatment with chemotherapy or radiation therapy can dramatically
reduce the tumor’s size, leaving a small residual tumor. Cells with the pink mutation are better able to
divide and grow in the post-treatment environment than are the blue cells. Thus, they become an
important mutation driving the development of a new tumor. A targeted therapy for the pink cells (called
molecular targeted therapy in the graphic) dramatically reduces the size of the tumor by inhibiting its
division and growth. After a time, cells with multiple different mutations divide and grow, eventually
leading to metastatic disease that may be dominated by different mutations.

As we have learned, the tumor cells entering blood circulation are now fair game for liquid
biopsies. Given that liquid biopsies do not sample a single small area of the tumor, but rather the
body’s blood system, they may be more likely than solid tissue biopsies to find cancer cells with
a variety of different mutations. This may allow patients to receive medications targeting several
of the cancer-driving mutations, perhaps resulting in longer remissions.

There are a couple of caveats to this prediction, however. First, we don’t yet have medications
that target many of the mutations driving cancers, known as driver mutations. Second, we don’t
know the identity of all the mutations driving cancers. This leads to another potential use of liquid
biopsies: the ability to study the molecular evolution of cancer in the body—the different
mutations and other molecular changes that occur over time and in response to treatment. This
may lead to better 