Introduction to Medical genetics

Medical Genetics is the specialty of medicine that involves the diagnosis and management of hereditary
disorders. Medical genetics differs from Human genetics in that human genetics is a field of scientific
research that may or may not apply to medicine, but medical genetics refers to the application of genetics
to medical care. For example, research on the causes and inheritance of genetic disorders would be
considered within both human genetics and medical genetics, while the diagnosis, management, and
counseling of individuals with genetic disorders would be considered part of medical genetics. In contrast,
the study of typically non-medical phenotypes such as the genetics of eye color would be considered part
of human genetics, but not necessarily relevant to medical genetics (except in situations such

as albinism). Genetic medicine is a newer term for medical genetics and incorporates areas such asgene
therapy, personalized medicine, and the rapidly emerging new medical specialty, predictive Medicine.

Scope

Medical genetics encompasses many different areas, including clinical practice of physicians, genetic
counselors, and nutritionists, clinical diagnostic laboratory activities, and research into the causes and
inheritance of genetic disorders. Examples of conditions that fall within the scope of medical genetics
include birth defects and dysmorphology, mental

retardation, autism, metabolic and mitochondrial disorders, skeletal dysplasia, connective tissue
disorders,cancer genetics, teratogens, and prenatal diagnosis. Medical genetics is increasingly becoming
relevant to many common diseases. Overlaps with other medical specialties are beginning to emerge, as
recent advances in genetics are revealing etiologies

for neurologic, endocrine, cardiovascular, pulmonary, ophthalmologic, renal, psychiatric,

and dermatologicconditions.

Subspecialties

In some ways, many of the individual fields within medical genetics are hybrids between clinical care and
research. This is due in part to recent advances in science and technology (for example, see the Human
genome project) that have enabled an unprecedented understanding of genetic disorders.

Clinical genetics

Clinical genetics is the practice of clinical medicine with particular attention to hereditary disorders.
Referrals are made to genetics clinics for a variety of reasons, including birth defects,developmental

delay, autism, epilepsy, short stature, and many others. Examples of genetic syndromes that are commonly
seen in the genetics clinic include chromosomal rearrangements, Down syndrome, DiGeorge

syndrome (22q11.2 Deletion Syndrome), Fragile X syndrome, Marfan syndrome, Neurofibromatosis, Turner
syndrome, and Williams syndrome.



[enetic counseling

Genetic counseling is the process through which a genetic counselor provides information about genetic
conditions, diagnostic testing, and risks in other family members, within the framework of nondirective
counseling.

Metabolic/biochemical genetics

Metabolic (or biochemical) genetics involves the diagnosis and management of inborn errors of
metabolism in which patients have enzymatic deficiencies that perturb biochemicalpathways involved in
metabolism of carbohydrates, amino acids, and lipids. Examples of metabolic disorders

include galactosemia, glycogen storage disease, lysosomal storage disorders, metabolic

acidosis, peroxisomal disorders, phenylketonuria, and urea cycle disorders.

Cytogenetics

Cytogenetics is the study of chromosomes and chromosome abnormalities. While cytogenetics historically
relied on microscopy to analyze chromosomes, new molecular technologies such as array comparative
genomic hybridization are now becoming widely used. Examples of chromosome abnormalities

include aneuploidy, chromosomal rearrangements, and genomic deletion/duplication disorders.

Molecular genetics

Molecular genetics involves the discovery of and laboratory testing for DNA mutations that underlie

many single gene disorders. Examples of single gene disorders includeachondroplasia, cystic

fibrosis, Duchenne muscular dystrophy, hereditary breast cancer (BRCA1/2), Huntington disease, Marfan
syndrome, Noonan syndrome, and Rett syndrome. Molecular tests are also used in the diagnosis of
syndromes involving epigenetic abnormalities, such as Angelman syndrome, Beckwith-Wiedemann
syndrome, Prader-willi syndrome, and uniparental disomy.

Mitochondrial genetics

. Mitochondrial genetics concerns the diagnosis and management of mitochondrial disorders, which
have a molecular basis but often result in biochemical abnormalities due to deficient energy production.

Current practice

The clinical setting in which patients are evaluated determines the scope of practice, diagnostic, and
therapeutic interventions. For the purposes of general discussion, the typical encounters between patients
and genetic practitioners may involve:



Referral to an out-patient genetics clinic (pediatric, adult, or combined) or an in-hospital
consultation, most often for diagnostic evaluation.

Specialty genetics clinics focusing on management of inborn errors of metabolism, skeletal
dysplasia, or lysosomal storage diseases.

Referral for counseling in a prenatal genetics clinic to discuss risks to the pregnancy (advanced
maternal age, teratogen exposure, family history of a genetic disease), test results (abnormal maternal
serum screen, abnormal ultrasound), and/or options for prenatal diagnosis (typically amniocentesis or
chorionic villus sampling).

Multidisciplinary specialty clinics that include a clinical geneticist or genetic counselor (cancer
genetics, cardiovascular genetics, craniofacial or cleft lip/palate, hearing loss clinics, muscular
dystrophy/neurodegenerative disorder clinics).

Diagnostic evaluation

Each patient will undergo a diagnostic evaluation tailored to their own particular presenting signs and
symptoms. The geneticist will establish a differential diagnosis and recommend appropriate testing. These

tests might evaluate for chromosomal disorders, inborn errors of metabolism, or single gene disorders.

Chromosome studies

Chromosome studies are used in the general genetics clinic to determine a cause for developmental
delay/mental retardation, birth defects, dysmorphic features, and/or autism. Chromosome analysis is also

performed in the prenatal setting to determine whether a fetus is affected with aneuploidy or other

chromosome rearrangements. Finally, chromosome abnormalities are often detected in cancer samples. A

large number of different methods have been developed for chromosome analysis:

Chromosome analysis using a karyotype involves special stains that generate light and dark
bands, allowing identification of each chromosome under a microscope.

Fluorescence in situ hybridization (FISH) involves fluorescent labeling of probes that bind to
specific DNA sequences, used for identifying aneuploidy, genomic deletions or duplications,
characterizing chromosomal translocations and determining the origin of ring chromosomes.

Chromosome painting is a technique that uses fluorescent probes specific for each chromosome to
differentially label each chromosome. This technique is more often used in cancer cytogenetics, where
complex chromosome rearrangements can occur.

Array comparative genomic hybridization is a new molecular technique that involves hybridization
of an individual DNA sample to a glass slide or microarray chip containing molecular probes (ranging
from large ~200kb bacterial artificial chromosomes to small oligonucleotides) that represent unique
regions of the genome. This method is particularly sensitive for detection of genomic gains or losses



across the genome but does not detect balanced translocations or distinguish the location of duplicated
genetic material (for example, a tandem duplication versus an insertional duplication).

[Basic metabolic studies

Biochemical studies are performed to screen for imbalances of metabolites in the bodily fluid, usually the
blood (plasma/serum) or urine, but also in cerebrospinal fluid (CSF). Specific tests of enzyme function
(either in leukocytes, skin fibroblasts, liver, or muscle) are also employed under certain circumstances. In
the US, the newborn screen incorporates biochemical tests to screen for treatable conditions such

as galactosemia and phenylketonuria (PKU). Patients suspected to have a metabolic condition might

undergo the following tests:

Quantitative amino acid analysis is typically performed using the ninhydrin reaction, followed
by liquid chromatography to measure the amount of amino acid in the sample (either urine,
plasma/serum, or CSF). Measurement of amino acids in plasma or serum is used in the evaluation
of disorders of amino acid metabolism such as urea cycle disorders, maple syrup urine disease,
and PKU. Measurement of amino acids in urine can be useful in the diagnosis of cystinuria or
renal Fanconi syndrome as can be seen in cystinosis.

Urine organic acid analysis can be either performed using quantitative or qualitative methods, but
in either case the test is used to detect the excretion of abnormal organic acids. These compounds are
normally produced during bodily metabolism of amino acids and odd-chain fatty acids, but accumulate
in patients with certain metabolic conditions.

The acylcarnitine combination profile detects compounds such as organic acids and fatty acids
conjugated to carnitine. The test is used for detection of disorders involving fatty acid metabolism,
including MCAD.

Pyruvate and lactate are byproducts of normal metabolism, particularly during anaerobic
metabolism. These compounds normally accumulate during exercise or ischemia, but are also elevated
in patients with disorders of pyruvate metabolism or mitochondrial disorders.

Ammonia is an end product of amino acid metabolism and is converted in the liver to urea through
a series of enzymatic reactions termed the urea cycle. Elevated ammonia can therefore be detected in
patients with urea cycle disorders, as well as other conditions involving liver failure.

Enzyme testing is performed for a wide range of metabolic disorders to confirm a diagnosis
suspected based on screening tests.

Molecular studies

DNA sequencing is used to directly analyze the genomic DNA sequence of a particular gene. In
general, only the parts of the gene that code for the expressed protein (exons) and small amounts of



the flanking untranslated regions and introns are analyzed. Therefore, although these tests are highly
specific and sensitive, they do not routinely identify all of the mutations that could cause disease.

. DNA methylation analysis is used to diagnose certain genetic disorders that are caused by
disruptions of epigenetic mechanisms such as genomic imprinting and uniparental disomy.

. Southern blotting is an early technique basic on detection of fragments of DNA separated by size
through gel electrophoresis and detected using radiolabeled probes. This test was routinely used to
detect deletions or duplications in conditions such as Duchenne muscular dystrophy but is being
replaced by high-resolution array comparative genomic hybridization techniques. Southern blotting is
still useful in the diagnosis of disorders caused by trinucleotide repeats.

. Short tandem repeats are unique markers that can be used to determine haplotypes and are used
in identity testing for maternal cell contamination.

Treatments

Each cell of the body contains the hereditary information (DNA) wrapped up in structures

called chromosomes. Since genetic syndromes are typically the result of alterations of the chromosomes or
genes, there is no treatment currently available that can correct the genetic alterations in every cell of the
body. Therefore, there is currently no "cure" for genetic disorders. However, for many genetic syndromes
there is treatment available to manage the symptoms. In some cases, particularly inborn errors of
metabolism, the mechanism of disease is well understood and offers the potential for dietary and medical
management to prevent or reduce the long-term complications. In other cases, infusion therapy is used to
replace the missing enzyme. Current research is actively seeking to use gene therapy or other new
medications to treat specific genetic disorders.

Management of Metabolic disorders

In general, metabolic disorders arise from enzyme deficiencies that disrupt normal metabolic pathways. For
instance, in the hypothetical example:

A->B->C-->D  AAAA-->BBBBBB > CCCCCCCCCC > (no D)
X Y Z X Y (no 2)

Compound "A" is metabolized to "B" by enzyme "X", compound "B" is metabolized to "C" by enzyme "Y",
and compound "C" is metabolized to "D" by enzyme "Z". If enzyme "Z" is missing, compound "D" will be
missing, while compounds "A", "B", and "C" will build up. The pathogenesis of this particular condition could
result from lack of compound "D", if it is critical for some cellular function, or from toxicity due to excess "A",
"B", and/or "C". Treatment of the metabolic disorder could be achieved through dietary supplementation of
compound "D" and dietary restriction of compounds "A", "B", and/or "C" or by treatment with a medication



that promoted disposal of excess "A", "B", or "C". Another approach that can be taken is enzyme
replacement therapy, in which a patient is given an infusion of the missing enzyme.

. Diet

Dietary restriction and supplementation are key measures taken in several well-known metabolic disorders,
including galactosemia, phenylketonuria (PKU), maple syrup urine disease, organic acidurias and urea
cycle disorders. Such restrictive diets can be difficult for the patient and family to maintain, and require
close consultation with a nutritionist who has special experience in metabolic disorders. The composition of
the diet will change depending on the caloric needs of the growing child and special attention is needed
during a pregnancy if a woman is affected with one of these disorders.

. Medication

Medical approaches include enhancement of residual enzyme activity (in cases where the enzyme is made
but is not functioning properly), inhibition of other enzymes in the biochemical pathway to prevent buildup of
a toxic compound, or diversion of a toxic compound to another form that can be excreted. Examples
include the use of high doses of pyridoxine (vitamin B6) in some patients with homocystinuria to boost the
activity of the residual cystathione synthase enzyme, administration of biotin to restore activity of several
enzymes affected by deficiency of biotinidase, treatment with NTBC in Tyrosinemia to inhibit the production
of succinylacetone which causes liver toxicity, and the use of sodium benzoate to decreaseammonia build-
up in urea cycle disorders.

. Enzyme replacement therapy

Certain lysosomal storage diseases are treated with infusions of a recombinant enzyme (produced in a
laboratory), which can reduce the accumulation of the compounds in various tissues. Examples

include Gaucher disease, Fabry disease, Mucopolysaccharidoses and Glycogen storage disease type |I.
Such treatments are limited by the ability of the enzyme to reach the affected areas (the blood brain

barrier prevents enzyme from reaching the brain, for example), and can sometimes be associated with
allergic reactions. The long-term clinical effectiveness of enzyme replacement therapies vary widely among
different disorders.

Other examples

. Angiotensin receptor blockers in Marfan syndrome & Loeys-Dietz
. Bone marrow transplantation
. Gene therapy



Career paths and training

There are a variety of career paths within the field of medical genetics, and naturally the training required
for each area differs considerably. It should be noted that the information included in this section applies to
the typical pathways in the United States and there may be differences in other countries. US Practitioners
in clinical, counseling, or diagnostic subspecialties generally obtain board certification through the American
Board of Medical Genetics.

Career Degree

Clinical MD or
Geneticist MD/PhD

Genetic

Counselor

aﬂuertsaeb(a)lr:z/or BA/BS,
o MS, RN

nutritionist

Biochemical PhD,

Description

A Clinical geneticist is typically a physician who
evaluates patients in the office or as a hospital
consultation. This process includes a medical

Training

College (4 yrs) — Medical
school (4 yrs) — Primary
residency (2-3 yrs) —
Residency in Clinical
genetics (2 yrs). Some

history, family history (pedigree), a detailed physical Clinical geneticists also

examination, reviewing objective data such as
imaging and test results, establishing a differential
diagnosis, and recommending appropriate

diagnostic tests.

A Genetic counselor specializes in communication
of genetic information to patients and families.
Genetic counselors often work closely with Clinical
geneticists or other physicians (such

as Obstetricians or Oncologists) and often convey
the results of the recommended tests.

One of the critical aspects of the management of
patients with metabolic disorders is the appropriate
nutritional intervention (either restricting the
compound that cannot be metabolized, or
supplementing compounds that are deficient as the
result of an enzyme deficiency). The metabolic
nurse and nutritionist play important roles in
coordinating the dietary management.

Individuals who specialize in Biochemical
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obtain a PhD degree (4-7
yrs). A new residency track
offers a 4 yr primary
residency in Clinical genetics
immediately after finishing
Medical school.

College (4 yrs) — Graduate
program in Genetic
counseling (2 yrs).

College (4 yrs) — Nursing
school or graduate training in
nutrition.

College (4 yrs) — Graduate



Diagnostics MD, or
MD/PhD

. PhD,
Cytogenetic
Diagnostics AL, B

9 MD/PhD
Molecular PhD,
Diagnostics AL, B

g MD/PhD
Research A0}
Geneficist | M2: Of

eneticist Mp/PhD

Laboratory  BS or
Technician  MS

genetics typically work in the diagnostic laboratory, school (PhD, usually 4-7

analyzing and interpreting

specialized biochemical tests that measure amino
acids, organic acids, and enzyme activity. Some
Clinical Geneticists are also board certified in

Biochemical Genetics.

Individuals who specialize in Cytogenetics typically
work in the diagnostic laboratory, analyzing and
interpreting karyotypes, FISH, and comparative
genomic hybridizationtests. Some Clinical
Geneticists are also board certified in Cytogenetics.

Individuals who specialize in Molecular

genetics typically work in the diagnostic laboratory,
analyzing and interpreting specialized genetic tests
that look for disease-causing changes (mutations)
in the DNA. Some examples of molecular

diagnostic tests include DNA

sequencing and Southern blotting.

Any researcher who studies the genetic basis of
human disease or uses model organisms to study
disease mechanisms could be considered a
Research Geneticist. Many of the clinical career
paths also include basic or translational research,
and thus individuals in the field of medical genetics
often participate in some form of research.

Technicians in the diagnostic or research labs
handle samples and run the assays at the bench.
Often these individuals are promoted to supervisory

positions.

Ethical, legal and social implications

years) and/or Medical school
(MD, 4 years)

College (4 yrs) — Graduate
school (PhD, usually 4-7
years) and/or Medical school
(MD, 4 years)

College (4 yrs) — Graduate
school (PhD, usually 4-7
years) and/or Medical school
(MD, 4 years)

College (4 yrs) — Graduate
school (PhD, usually 4-7
years) and/or Medical school
(MD, 4 years) — Post-
doctoral research training
(usually 3+ years)

College (4 yrs), may have
higher degree (MS, 2+
years)

Genetic information provides a unique type of knowledge about an individual and his/her family,

fundamentally different than a typically laboratory test that provides a "snapshot" of an individual's health
status. The unique status of genetic information and inherited disease has a number of ramifications with
regard to ethical, legal, and societal concerns.



Societies

The more empirical approach to human and medical genetics was formalized by the founding in 1948 of
the American Society of Human Genetics. The Society first began annual meetings that year (1948) and its
international counterpart, the International Congress of Human Genetics, has met every 5 years since its
inception in 1956. The Society publishes the American Journal of Human Genetics on a monthly basis.

Medical genetics is now recognized as a distinct medical specialty in the U.S. with its own approved board
(the American Board of Medical Genetics) and clinical specialty college (theAmerican College of Medical
Genetics). The College holds an annual scientific meeting, publishes a monthly journal, Genetics in
Medicine, and issues position papers and clinical practice guidelines on a variety of topics relevant to
human genetics.

Research

This section

requires expansion with:
more details and
additional citations.

The broad range of research in medical genetics reflects the overall scope of this field, including basic
research on genetic inheritance and the human genome, mechanisms of genetic and metabolic disorders,
translational research on new treatment modalities, and the impact of genetic testing

Basic genetics research

Basic research geneticists usually undertake research in universities, biotechnology firms and research
institutes.

Allelic architecture of disease

Main article: Population groups in biomedicine

Sometimes the link between a disease and an unusual gene variant is more subtle. The genetic
architecture of common diseases is an important factor in determining the extent to which patterns of
genetic variation influence group differences in health outcomes."! According to the common
disease/common variant hypothesis, common variants present in the ancestral population before the
dispersal of modern humans from Africa play an important role in human diseases.[?l Genetic variants
associated with Alzheimer disease, deep venous thrombosis, Crohn disease, and type 2 diabetes appear to
adhere to this model.®l However, the generality of the model has not yet been established and, in some
cases, is in doubt.#! Some diseases, such as many common cancers, appear not to be well described by
the common disease/common variant model.[!



Another possibility is that common diseases arise in part through the action of combinations of variants that
are individually rare.[8! Most of the disease-associated alleles discovered to date have been rare, and rare
variants are more likely than common variants to be differentially distributed among groups distinguished by
ancestry.l"l However, groups could harbor different, though perhaps overlapping, sets of rare variants,
which would reduce contrasts between groups in the incidence of the disease.

The number of variants contributing to a disease and the interactions among those variants also could
influence the distribution of diseases among groups. The difficulty that has been encountered in finding
contributory alleles for complex diseases and in replicating positive associations suggests that many
complex diseases involve numerous variants rather than a moderate number of alleles, and the influence of
any given variant may depend in critical ways on the genetic and environmental background.[! If many
alleles are required to increase susceptibility to a disease, the odds are low that the necessary combination
of alleles would become concentrated in a particular group purely through drift.!

Population substructure in genetics research

One area in which population categories can be important considerations in genetics research is in
controlling for confounding between population substructure, environmental exposures, and health
outcomes. Association studies can produce spurious results if cases and controls have differing allele
frequencies for genes that are not related to the disease being studied,[' although the magnitude of this
problem in genetic association studies is subject to debate.['"l Various methods have been developed to
detect and account for population substructure,['? but these methods can be difficult to apply in practice.['3]

Population substructure also can be used to advantage in genetic association studies. For example,
populations that represent recent mixtures of geographically separated ancestral groups can exhibit longer-
range linkage disequilibrium between susceptibility alleles and genetic markers than is the case for other
populations.[4l Genetic studies can use this admixture linkage disequilibrium to search for disease alleles
with fewer markers than would be needed otherwise. Association studies also can take advantage of the
contrasting experiences of racial or ethnic groups, including migrant groups, to search for interactions
between particular alleles and environmental factors that might influence health.['9]

Textbooks and journals

. Emery and Rimoin's Principles and Practice of Medical Genetics [1]
. Thompson & Thompson Genetics in Medicine

. American Journal of Human Genetics

. Genetics in Medicine

. Journal of Medical Genetics
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