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BibliographyFurther InformationIndexIntroductionRoy remembers being a healthy child despite
suffering from a sinus infection about once a year. Back then Roy had more important things to
think about than head congestion and a runny nose. He was a talented trumpet player and
started playing in nightclubs at the age of fourteen. Later, though, he began to have more
frequent sinus infections and often felt tired. He thought his health problems came from
performing at night in a smoke-filled room and from not getting enough sleep.Roy’s fatigue grew
worse, so he went to the doctor. He was diagnosed with iron-deficiency anemia, or a low red
blood cell count, which can make people tired, lightheaded, and weak. Treatment for iron-



deficiency anemia usually involves taking iron supplements and eating a diet rich in iron and
vitamins needed to make red blood cells. Roy was under medical care, but his anemia persisted.
He still felt weak and continued to have sinus infections. When he was twenty, Roy had sinus
surgery, but that didn’t cure his infections. After college, despite having health issues, Roy toured
as a musician, taught music classes, and gave trumpet lessons on the side. His schedule was
demanding, so it was hard to tell if his fatigue came from his busy lifestyle, anemia, infections, or
from something else.Roy went to graduate school to earn his doctorate degree in music. In his
late twenties he started to feel more extreme fatigue. He couldn’t understand it because he was
getting more sleep than he had when he was a touring musician. He also had regular stomach
upset and chronic diarrhea. His lymph nodes became swollen, which is a sign of inflammation in
the body. Roy went to a gastroenterologist because of his intestinal trouble, and this time, he
was diagnosed with celiac disease, an autoimmune disorder. In patients with autoimmune
disorders, the immune system mistakenly attacks healthy cells in the body. When people with
celiac disease eat gluten—a protein in wheat, rye, and barley—their body triggers an immune
response that damages the small intestine. Without treatment, a person with celiac disease can
develop such serious health problems as type 1 diabetes, multiple sclerosis, and intestinal
cancer. People with celiac must avoid eating gluten found in such common foods as traditional
spaghetti, ramen, pizza, batter-fried chicken, bread, pancakes, cereal, crackers, and even soy
sauce.What did this mean for Roy? He had to change his diet. “I hoped that going gluten-free
would be easy, and I’d be fine.” But his new diet didn’t help. He still had chronic diarrhea and was
using the restroom about a dozen times a day. And his lymph nodes continued to swell,
sometimes to the size of a golf ball. Roy’s doctors removed and tested his lymph nodes, but the
pathology tests came back negative for obvious causes. They could not figure out what was
making Roy so sick.By the time Roy was in his early thirties, he had seen so many medical
specialists he couldn’t count them all—gastroenterologists, dermatologists, immunologists, and
hematologists. Sometimes he could barely drag himself out of bed. “I felt useless,” he
said.Something was causing all of Roy’s symptoms, but none of his doctors knew how to identify
it. Other members of Roy’s family had autoimmune disorders: type 1 diabetes, which affects
blood sugar levels, and Crohn’s disease, which causes inflammation in the intestinal track. Roy’s
mother died when she was only forty-three after having suffered from a persistent and
undiagnosed intestinal problem. Could it be that Roy and his family members suffered from an
undiagnosed genetic disorder that was passed down through generations?When Roy was born,
doctors did not have nearly as many genetic tools to diagnose and treat disease. Scientists had
discovered the structure of DNA but were only just beginning to identify specific genes that
cause disease. In the past forty years, so much progress has been made in genetics that
doctors have encountered a different problem: keeping up with the latest discoveries in the field
and using new information in patient care. New diagnostic and therapeutic tools are prompting a
reevaluation of all diseases. Specialists in every field are asking themselves how genetic
sequencing and gene therapy can help them to understand and treat their patients.Genetic



researchers use a slew of tools to assist with their experiments, including test tubes, pipettes,
and microscopes. Many of the tools are the same ones used in high school chemistry
classes.This book follows several medical cases like Roy’s that require the expertise of doctors
from many specialties, who all benefit from the rapidly changing field of genetic medicine.
Readers will learn about the history of genetics, how genetic mutations pass from parents to
children and how these can be evaluated by such modern scientific techniques as Sanger
sequencing and next-generation sequencing, and about the medical and ethical questions
surrounding such services as direct-to-consumer genetic testing, gene therapy, and gene
editing.The world is still at the beginning of a paradigm shift in experts’ understanding of the role
of genes in medicine. This shift is advancing the field of genomics, an area within genetics
concerned with the structure, function, and editing of genomes. Whereas the field of genetics is
about heredity and genetic variation, genomics explores an organism’s entire genome. As such,
health care requires a firm knowledge of current advances in genetics, including genomics. This
book will bring the reader up to date in the most rapidly changing field of medicine and equip
readers with the knowledge to make sense of daily news stories about gene therapy and
personalized medicine. Twenty-first-century genetics is changing how people define themselves
and understand their health, and it informs the way doctors target disease treatment for patients
with complex illnesses like Roy’s.Chapter 1Undiagnosed DiseasesFor most of his life, Roy has
lived and worked through repeated illnesses and recovery. A group of medical specialists took
on his case, but they had trouble finding one diagnosis to explain all of his symptoms. An
immunologist eventually diagnosed Roy with common variable immune deficiency (CVID), a
disorder that impairs the immune system. Patients with CVID have a low level of antibodies,
proteins in the blood that fight off infection. Although the word common is in the name of the
disease, only about one in twenty-five thousand people have this medical condition. Patients
don’t all have the same symptoms, but they often suffer from chronic bacterial infections in the
sinuses, ears, lungs, and gastrointestinal track. They may also have swollen lymph nodes and
spleen. About 25 percent of patients with CVID also have an autoimmune disorder, as Roy
does.Doctors believe that the cause of CVID is a combination of genetics (an inherited
condition) and environment. The environmental causes are unclear but can include a patient’s
life experiences, diet, exercise, and exposure to disease. The genetic influences are caused by
mutations, pathogenic (disease-causing) variants, in genes that are involved with the formation
and function of B cells. When these special white blood cells mature in healthy people, they
produce proteins called antibodies, or immunoglobulins, to help fight infection. In some CVID
patients, however, genetic mutations can disrupt B cell function and antibody production,
leading to immune dysfunction. However, only about 10 percent of CVID patients have a known
genetic mutation associated with the disorder. Roy is not one of them.Patients with CVID often
have to take antibiotics and commonly receive ongoing immunoglobulin replacement therapy.
Roy added this therapy to his busy schedule as a university music professor and family man (he
had married and fathered two children), but he continues to get sick. He knew he had to



advocate for himself and take more steps to find out what was causing his medical condition, so
he applied to the Undiagnosed Diseases Program (UDP) at the National Institutes of Health
(NIH).What Is a Gene?Danish botanist Wilhelm Johannsen coined the term gene to mean “a
heritable unit,” and he published this concept in his 1909 textbook. A gene is a sequence of DNA
that contains the information to create a specific protein needed for the body’s structure and
function and for the regulation of cells, tissues, and organs. Genes also carry specific
instructions for individual traits, such as hair and eye color. Genes are split into coding
sequences, or exons, which produce proteins; and noncoding sequences, or introns, which do
not produce proteins. The human genome contains between twenty thousand and twenty-five
thousand genes.An electron micrograph of human chromosomes. Genes exist on
chromosomes.Undiagnosed Diseases Program and NetworkWilliam Gahl, clinical director of the
National Human Genome Research Institute, understands the importance of correct medical
diagnoses. “Patients who have rare diseases are often abandoned by the medical community.
We don’t know how to treat [them] if we don’t have a diagnosis,” he says.Inspired to help people
who cannot find medical treatment, Gahl, who trained in pediatrics and biochemical genetics,
led the creation of the Undiagnosed Diseases Program at the NIH in Bethesda, Maryland, in
2008. The UDP focuses on two goals: “To provide answers to patients with mysterious
conditions that have long eluded diagnosis, and to advance medical knowledge about rare and
common diseases.” In its first ten years, the program received over four thousand applications,
accepted just over eleven hundred patients, and diagnosed about three hundred patients. From
that work, NIH doctors discovered fifteen previously unknown diseases.The UDP brings
together a large team of ultraspecialists—leaders in their fields of medicine and human medical
research—who work on the NIH campus. The NIH is akin to a university devoted to all forms of
medical research with twenty-seven individual institutes, each devoted to certain groups of
diseases. For instance, the National Institute of Child Health and Human Development
researches diseases in children. The UDP benefits from collaborations of clinician-scientists
from all the NIH institutes.Patients with complicated health issues can apply to the UDP for a
free medical consultation. Their referring doctors must send all the patient’s medical records to
the UDP. The program accepts only about 28 percent of applicants because of the enormous
amount of resources required to investigate each patient’s case. Gahl reviews the applications
and examines the objective findings in the medical records. He then decides whether to show
the patient’s records to other NIH physicians. He may refer a complicated case to the internist or
neurologist on staff, or to experts in fields such as immunology, rheumatology, or hematology
who work at NIH. The doctors at NIH use advanced medical tools, including blood tests, scans,
and genetic testing to help figure out the causes of their patients’ disorders. And they suggest
clinical treatment whenever possible. Gahl believes that by understanding the rare diseases of
participants in the program, doctors might also learn something new about diseases that are
more common.What Is Genetic Testing?Doctors order genetic testing to help patients
understand their chances of having or developing a genetic disorder or passing it on to their



children. The results can confirm or rule out a suspected gene variant that contributes to
disease.According to the National Institutes of Health’s Genetic Home Reference page, there
are three different types of genetic testing:Molecular genetic tests (or gene tests) study single
genes or short lengths of DNA to identify variations or mutations that lead to a genetic
disorder.Chromosomal genetic tests analyze whole chromosomes or long lengths of DNA to see
if there are large genetic changes, such as an extra copy of a chromosome, that cause a genetic
condition.Biochemical genetic tests study the amount or activity level of proteins; abnormalities
in either can indicate changes to the DNA that result in a genetic disorder.The UDP has been so
important to research and to clinical care that in 2013, it expanded into a network of programs,
the Undiagnosed Diseases Network (UDN), at seven university medical centers. And in 2018, it
added five more sites. The coordinating center for this network is at the Department of
Biomedical Informatics at Harvard Medical School in Massachusetts. At each clinical site,
doctors from many specialties come together to try to solve the medical mystery of each
patient.Patients who apply to the UDN often see this as their last hope. Many of them have
disorders that doctors have never seen before. UDN clinicians cannot guarantee they will be
able to cure their patient’s suffering, but they do their best to address the symptoms. As Gahl
has said, “We make it pretty clear to the patients that we’re not making any commitments to find
a treatment for them. But, in fact, we’re still doctors, and we still try.”William Gahl helped create
the Undiagnosed Diseases Program, which examines patients with unique and particularly
confounding symptoms. The UDP utilizes genetic research to help identify previously unknown
genetic mutations that may give rise to patients’ conditions.Often one of the most important
things to a patient with a confusing illness—and to the patient’s family—is just to get a diagnosis.
A confirmed diagnosis gives the patient some certainty of understanding the problem even
when a treatment is unknown. Also, if doctors can identify other patients who have the same
gene mutations and medical conditions, the patients and their families can form an alliance to
help educate one another and their communities. Such alliances, often formed via Facebook
groups or other social media, can be a source of support for affected patients and their family
members.“Not knowing what’s wrong with you is so frustrating. Sometimes doctors can’t find
answers on their tests, and they dismiss your medical case. When that happens, you wonder if
you are a hypochondriac. But you still feel lousy and don’t know where to turn. Patients have to
do their own research, ask questions, and seek another doctor. My diagnosis took years. I saw
gastroenterologists, rheumatologists, sinus specialists, even acupuncturists. Finally, one
immunologist was willing to look beyond the obvious and test me for immune deficiency. That
was it!”—Sydney, immune deficiency patientStill UndiagnosedWhen Roy was thirty-two, the
Undiagnosed Diseases Program at the NIH accepted him as a patient. “Getting accepted into
the UDP was a huge deal,” he said. “I felt so fortunate. And they flew me to the NIH and did so
many tests and scans.” Roy has returned to the NIH many times because his medical condition
is complicated and interests the doctors there. Through magnetic resonance imaging (MRI),
doctors discovered brain and spine lesions, or abnormal tissue, that they want to follow more



closely. Roy hadn’t noticed any problems in his spine, but he had experienced headaches.
Doctors told him they knew what to look for because such inflammation was common in their
patients with immune and autoimmune disorders. CVID patients commonly have granulomas
(masses of immune cells) that form at sites of inflammation or infection. Roy found out his
immune cells are attacking his brain and spine, and also his lungs, kidneys, and eyes.The south
entrance to the NIH’s Clinical Center in Bethesda, Maryland, which functions as both a hospital
and a research center. Among other successes, doctors at the Clinical Center have succeeded
in identifying genes that cause kidney cancer.Even after years of visiting the NIH, Roy still hasn’t
received a firm diagnosis. His NIH immunologist says Roy has immunodeficiency, but she can’t
yet be more specific about his illness. She prescribed a corticosteroid to reduce Roy’s
inflammation and keep his immune system from attacking itself. And Roy has to have infusions
of another immunosuppressant drug, a targeted therapy for tumors. On his new treatment, Roy
feels better but experiences side effects of arthritis-like symptoms. His lymph nodes have
shrunk, and his energy level improved. But taking drugs that suppress the immune system is
complicated for a patient who already has a weakened immune system. The patient could easily
get an infection that’s hard to treat. Roy and his doctors work hard to help keep his immune
system and overall health in balance—not easy with such a complicated disorder. And what
about a diagnosis?“As a patient, you’re looking for a doctor who has expert knowledge of your
condition. And you also want someone who has a good bedside manner. When you have both of
those, it’s usually rare. I have been fortunate to find folks at the NIH who have both. They take
their time and say we’re going to get to the bottom of this. For a young person going into health
care, the NIH would be an amazing destination. It’s inspiring. . . . They have all those brilliant
minds in one place. It’s impressive.”—Roy, professor of music, immune deficiency patientRoy’s
immunologist at NIH has suspected that he might have a rare genetic mutation of the cytotoxic T-
lymphocyte–associated antigen-4 (CTLA4) gene. The CTLA4 gene tells cells how to make the
CTLA4 protein, which slows down and helps control the immune system. Each person inherits
two copies of the CTLA4 gene, one from each parent. According to the National Institute of
Allergy and Infectious Diseases, “People with only one properly functioning copy of CTLA4
experience abnormal T cell activity, lower levels of healthy, antibody-producing B cells, higher
levels of autoimmune B cells, and the disruption of organs by infiltrating immune cells.” In other
words, if Roy has a mutation in one CTLA4 gene, his immune system would not work normally.
Common symptoms of CTLA4 deficiency are diarrhea, sinus and lung infections, swollen lymph
nodes, and granulomas—all of which Roy has experienced.At the NIH, Roy had genetic testing.
His results did not show a CTLA4 mutation, but his immunologist wonders if perhaps another
gene mutation could be affecting Roy’s CTLA4 protein function. In the summer of 2019, Roy was
sent to see a UDP rheumatologist who treats patients with autoimmune diseases, and he had
more genetic testing. These new tests showed that Roy has a mutation in the HLA-B51 gene,
often associated with autoimmune disorders, and particularly with Behçet’s disease, which Roy
does not have. That mutation, however, does not explain Roy’s immunodeficiency. “I suppose



that could be a good lesson in how genetics can send you down a rabbit hole trying to fit certain
symptoms into a disease while searching for a definitive diagnosis,” Roy said after learning the
results of his latest genetic tests. He doesn’t know how long NIH doctors will continue to follow
his condition—perhaps until they can unravel his perplexing medical mystery.Chapter 2Genetic
Concepts Then and NowBefore scientists and doctors could make a connection between genes
and illness, they first had to understand how one generation passes down physical
characteristics to the next. Around 530 BCE, the Greek mathematician Pythagoras suggested
that inheritable traits came from the father, who transmitted them to the human embryo in the
womb. In his theory, the mother’s body transferred nutrition to the fetus but no physical features.
Later, the ancient Greek philosopher Hippocrates (ca. 460–370 BCE) made remarkable
observations about inheritance without any direct evidence or knowledge of genes. Hippocrates
believed that semen passed on the instructions for building a human and that the womb
provided the raw materials for creating the child. Hippocrates also suggested that acquired
characteristics could be passed down. For example, an Olympic weight lifter who developed
large muscles during his lifetime would pass down his large muscle traits to his children. The
children, in turn, would have large muscles.Aristotle (384–322 BCE), another Greek philosopher,
challenged Hippocrates’s theories of inheritance. He noted that a man who is missing a left arm
could still father children with two arms. How could that happen if the father had no left arm traits
to pass down? Aristotle also realized that people can pass down such characteristics as graying
hair or male pattern baldness that don’t show up until their children become adults. Aristotle
concluded that children must inherit some kind of biological information from both of their
parents.Cell Division and ReproductionIn humans, trillions of cells divide every day. When
people grow, cells divide. When you get a cut, cells divide to repair damaged tissue. When your
hair falls out, new hair follicles produce replacement hair by mitosis. One cell becomes two. Two
cells become four, and so on.Cells divide in two ways, depending upon the type of cell. All cells
except sperm and egg cells (gametes) divide by mitosis, when a single cell becomes two cells
that are complete replicas of the parent cell. The daughter cells have the same number of
chromosomes as the parent cell—forty-six in all. The parent and daughter cells are called diploid
cells (they have two copies of each chromosome).Meiosis is another way cells divide. In two
steps the cells divide to create gametes. Meiosis first splits in half the number of chromosomes
so that each daughter cell ends up with only one copy of each chromosome for a total of twenty-
three rather than forty-six. Then crossing over sometimes takes place. During crossing over—
also called genetic recombination—a portion of a chromosome sometimes breaks away and
trades places with its other chromosome copy. Crossing over allows for genetic variation in the
organism because it results in new and unique chromosome sequences.In the next phase of
meiosis, genetic information in each chromosome of each cell splits in half. The result is four
daughter cells that have only one set of chromosomes. These are haploid cells. During
fertilization, the haploid sperm and egg cells join, and the chromosomes of each come together
in the daughter cell nucleus to create a diploid cell. These new diploid cells will then undergo



mitosis to begin growing into a human embryo.Errors that occur during mitosis or meiosis may
lead to chromosome abnormalities such as trisomy 21 (also known as Down syndrome).
Researchers can detect these with a karyotype test. They stain white blood cells to see the
shape of a patient’s chromosomes under a microscope. They can then identify any
abnormalities, such as extra or missing pieces of chromosomes.Natural SelectionOver the next
two thousand years, scientists and philosophers had many ideas about heredity. Some believed
that a human organism started as a preformed individual, in either the sperm or the egg, and it
developed and enlarged in the womb. Others accepted the theory of epigenesis, the idea that an
embryo is not preformed but develops in stages. It wasn’t until the nineteenth century that two
scientists, Charles Darwin and Gregor Mendel, gave the world more scientifically based theories
of heredity.English geologist and biologist Charles Darwin (1809–1882) worked on a ship, the
HMS Beagle, which sailed to chart the waters of the South American coast in 1831. During his
almost five-year voyage, Darwin collected specimens and wrote down his observations of their
natural processes, which he sent back to the scientific community at Cambridge University in
England, where he had studied. From his observations, Darwin recognized an important
mechanism of inheritance that he called natural selection. He observed that those organisms
whose physical characteristics make them best suited to survive in their natural environment
reproduced more often than organisms that were less well adapted. They then passed on those
physical characteristics to their offspring. Because of this, the next generation was better
endowed to survive and reproduce and so on. This process, over many generations, would
eventually give rise to a new species. This observation led to his theory of evolution.In 1859
Darwin published his theory in his book On the Origin of Species by Means of Natural Selection.
He received both praise and criticism for his revolutionary ideas, and his work ignited scientific,
philosophical, and religious discussion. Later, in his 1868 book, The Variation of Animals and
Plants under Domestication, Darwin proposed a theory of inheritance, which he called
pangenesis. He believed that gemmules—his term for minute particles of inheritance thrown off
by all cells of the body—collected in the parents’ reproductive organs and combined to form an
embryo. Darwin said gemmules were responsible for the transmission of human characteristics
to children. He also suggested that an organism’s external environment could alter gemmules in
the body and that parents could pass down modified gemmules to their offspring (although he
later rescinded this idea). Although Darwin’s insights advanced the field of biology, they did not
fully explain the mechanism of inheritance. Scientists continued to search for the substance that
actually passes down from parents to children and for an explanation as to how exactly heredity
happens.How Are Traits Passed Down?Another scientist researching at the same time as
Darwin was Gregor Mendel (1822–1884). Mendel was born into a German-speaking family in
what is now the Czech Republic, and as an adult, he became a Catholic monk. As a monastic
teacher, Mendel spent almost a decade planting thousands of pea plants in his monastery
garden and studying their heredity and evolution. He focused on seven plant traits: seed shape,
seed color, pod shape, pod color, stem length, the position of the flower on the stem, and flower



color. He cross-fertilized pea plants with different traits to see which would appear in the next
generation. And he kept meticulous notes on his cross-pollination of seedlings. His research
showed a pattern and helped him identify three laws of inheritance:
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