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INTRODUCTION — The inherited nature of disease has long been recognized. The field of medical
genetics initially sought to explain the cause of rare diseases with a single gene Mendelian inheritance
pattern, such as cystic fibrosis or Huntington disease. Recent discoveries have led to an exponentially
increased understanding of the causes of many common diseases, in which disease risk often is
determined by the combined effects of genetic and non-genetic factors.

Gene alterations that confer increased risk for adult onset conditions such as cancer, diabetes,
cardiovascular disease, and other common diseases have been identified [1]. The hope is that
identification of heightened genetic risk will allow specifically tailored interventions (ie, “personalized” or
“precision” medicine), encourage lifestyle changes, and ultimately prevent disease. As an example, in
the case of women identified with a BRCA1 or BRCA2 gene mutation, a prospective multicenter study
found that women who underwent risk-reducing salpingo-oophorectomy, compared to those who did not,
had lower all-cause mortality (HR 0.40, 95% CI 0.26-76) and a lower risk of cancer incidence and
cancer-specific mortality [2]. There were no breast cancers in those women with BRCA mutations who
underwent risk-reducing mastectomy, compared to breast cancer occurrence in 98 of 1372 women who
did not have a mastectomy [2].

Targeting appropriate patients for genetic counseling and testing is key to the successful transfer of
genetics research to improvement of health and quality of life. The primary care clinician works at the
front line where advances in genetics research can be directly applied to patient care.

This review will focus on providing general guidelines related to genetic assessment for common,
adult-onset conditions and will address obtaining a health history, genetic counseling and testing, and
the primary care clinician's role in this process. The genetics of specific disorders are addressed
separately.

Additional discussions are provided on the following topics:

Genetics terminology — (See "Glossary of genetic terms".)

Pharmacogenomics — (See "Overview of pharmacogenomics".)

Personalized medicine, including direct-to-consumer testing — (See "Personalized medicine".)

Disclosure of incidental findings from genetic testing — (See "Incidental findings from genetic
testing".)

ROLE OF THE PRIMARY CARE OR REFERRING CLINICIAN — Primary care clinicians have multiple
roles in assessing the genetic background of their patients [3]:

Obtaining the family history
Assessing risk information
Identifying and referring patients for whom a genetic consultation would be beneficial

Coordinating long-term management for individuals who have hereditary syndromes
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When a genetic referral is indicated, the referring provider should set patient expectations for the
referral. Following the genetic consultation, when risk and genetic information from the consultant are
available, the primary care clinician is generally responsible for long-term follow-up. This may include
overseeing behavioral modifications, interventions for disease prevention, or intensified screening for
disease surveillance.

Tools for the assessment of genetic risk include instruments to aid in obtaining a family history, medical
records of family members, phenotypic measurements (eg, serum iron when hemochromatosis is a
potential concern), and genetic testing.

FAMILY HISTORY — The initial step in assessing inherited risk for many chronic conditions is collecting
data related to the family history. The history is then reviewed for patterns consistent with various modes
of inheritance.

A 2009 panel sponsored by the National Institutes of Health evaluated evidence regarding the accuracy
and effectiveness of obtaining a family history in the primary care setting [4]. The panel found that there
is limited scientific evidence regarding how best to collect the history, the key elements of the history, the
accuracy of reported history, or the impact of a positive family history on patient outcomes. While it is
clear that more research in this field is indicated, and that the family history will not detect all families
with inherited disorders, it remains a starting point for identifying appropriate candidates who could
benefit from a genetic consultation.

Although the family history is not highly predictive for common disease, it can help determine patients
who are at average, moderate, or high risk for specific conditions, and can help to personalize health
lifestyle messages [5,6]. Among 200 pedigrees from patients seen in a prenatal clinic, 5 to 15 percent
were classified as moderate risk for at least one common adult condition and 1 to 10 percent were
classified as high risk [7]. Similar prevalence of high risk patients has been reported in other studies [8].
Although moderate- and high-risk patients account for only a small portion of the patient population,
these families represent a significant proportion of the disease burden. As an example, a study in Utah
found that while only 14 percent of the population had a positive family history for coronary heart
disease, these families accounted for 48 percent of all the coronary heart disease in the state, and 72
percent of all early onset disease [9].

Despite the potential significance of the family history, one study in community family medicine practices
found that family histories were only discussed in 51 percent of new patient visits and 22 percent of
follow-up visits [10]. A study that surveyed community health center patients concluded that those who
were more likely to talk with doctors as well as family members about their family health history were
more likely to report a history of cancer or heart disease, opening the opportunity for clinicians to
instigate a more comprehensive family history collection [11]. However, even when the family history is
discussed, the level of detail and documentation of the history are often insufficient for making adequate
risk assessments [8,12,13].

Collecting the information — The goal of obtaining a family history in the primary care setting is to
identify diseases that are familial and patients who are appropriate for referral to a genetic service for
more thorough evaluation [3]. It is not generally necessary to collect information beyond second-degree
relatives (eg, grandparents, aunts, uncles, grandchildren); more complete pedigrees can be obtained by
a genetic counselor when indicated. The patient should be aware that, for these purposes, concerns
relate only to blood relatives, and not relatives through adoption or marriage, although including
non-biological relatives in the pedigree may be helpful for understanding family relationships and for
reproductive counseling.

Although obtaining a detailed family history is often considered time consuming, a set of focused
questions can yield important screening information. The American Academy of Family Physicians has
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developed the SCREEN mnemonic for obtaining a family history [14]:

e Some Concerns: Do you have any (some) concerns about diseases or conditions that seem to run
in your family?

e Reproduction: Have there been any problems with pregnancy, infertility or birth defects in your
family?

e Early disease, death or disability: Have any members of your family been diagnosed with a chronic
disease at an early age or have members of your family died at an early age?

e Ethnicity: How would you describe your ethnicity? Or what country did your ancestors come from?

o Non-genetic conditions: Are you aware of any non-medical conditions or risk factors, like smoking
or problem drinking that are present in your family?

Additional questions related to family size (eg, "How many brothers and sisters do you have?"; "Do you
come from a large family?") and consanguinity (eg, "Were your parents, or either set of grandparents,
related to each other prior to marriage?") are often helpful in interpreting the responses to the screening
questions.

Patients may be unaware of precise medical diagnoses in family members, but can provide revealing
information regarding symptoms and medication use. As well, patients may neglect to mention the
medical conditions of siblings who have died (often the most informative information). Direct questions
addressing these issues are also helpful.

Several tools are also available to aid in the collection of family history information (table 1). There is no
evidence for the best way to obtain a family history in terms of instrument (using a form or interview) or
format (open or closed questioning). Several institutions are developing and testing a variety of tools,
especially those that integrate decision support for medical management and can be incorporated into
an electronic medical record. While there are advantages to using a family health history, such as lower
costs and easy acceptability, there are myriad challenges, and the utility as a public health tool is still to
be determined [15-18].

When possible, patients should be encouraged to complete written or online family history
questionnaires prior to their initial visit. Collecting the family history in advance of the visit allows patients
to contact relatives and verify information. Clinicians can then efficiently review the information at the
time of the visit. Both the maternal and the paternal history should be obtained.

The family history should be clearly and completely documented in the medical record, whether collected
during the session or as part of a patient-completed intake form. Appropriate documentation should
include the following components:

e Condition(s) reported
e Relationship of affected individual to the patient
e Age of relative at onset of condition

A useful method for documentation is a medical pedigree or family tree. The tree should be centered on
the patient, and extend upward to include parents, aunts, uncles, and grandparents; laterally to include
siblings and cousins; and downward to include children and grandchildren. Individuals are denoted with
boxes (males), circles (females) or diamonds (unknown gender). A deceased individual is denoted by a
strikethrough, and members who are affected by a specific condition are shown by shading part or all of
their pedigree symbol. Current age (or age at death) and medical conditions are listed below each
symbol. In families where more than one major medical condition is segregating, it is important to assure
that shading is consistent for each condition and a legend is created to explain the shade marks.
Alternately, it may be worthwhile to generate more than one pedigree (eg, one for cancer-related
conditions, one for heart disease, etc.). An example of a four-generation pedigree is provided (figure 1).
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Pedigree representation can be downloaded from resources such as My Family Health Portrait and
included in the medical record. Pedigrees typical of different Mendelian inheritance patterns are shown in
several figures (figure 2 and figure 3 and figure 4).

The family history is dynamic and should be updated periodically and as needed as part of a diagnostic
work-up. Follow-up visits should include questioning about recent deaths, births, or new diagnoses of
significant conditions in family members.

History obtained by a genetic counselor — The family history obtained by a genetic specialist is
considerably more detailed than is feasible in the primary care setting. Estimates from medical genetic
centers indicate that several hours may be spent collecting and verifying family history information
[10.19], although this is not typical. This level of detail and accuracy is sometimes necessary for making
precise risk estimates, estimating the likelihood of genetic mutation, and making management
recommendations.

A family history taken by a genetic service is typically targeted to the condition of concern and goes back
(and forward) at least three generations: the patient's parents, siblings and children; grandparents,
grandchildren, aunts and uncles; nieces and nephews, grandchildren and first cousins. Information to be
collected includes current age, health status, age at death and cause of death, and medical diagnoses
with related environmental exposures.

When a pattern of disease is noted, more focused questions are asked to assess for features of possible
syndromes and direct the assessment. Medical record review of family members can confirm diagnoses
when there is uncertainty or resolve inaccuracies if family members provide differing information [3.20].

Interpreting the history — Information in the family history should be evaluated for predictors of
inherited risk. When conditions are common in the general population, such as breast cancer (1 in 8
lifetime risk for women), or diabetes (1 in 6 individuals over the age of 60), clinicians will often encounter
families with multiple affected relatives.

Individuals can be classified into three risk categories (average, moderate, or high) for most common
adult onset conditions. Criteria based on the family history have been proposed for categorizing an
individual's risk for common diseases (table 2) [7].

Key factors that suggest that a genetic disorder is present include:

e Multiple affected individuals in multiple generations from either side of the family

e Occurrence of the disease at an earlier age than usual

o Close degree of relatedness (ie, first degree or second degree relative) of affected relatives

e Presence of associated conditions in the family (eg, the association between breast and ovarian
cancer or colorectal and endometrial cancer)

e Unusual presentations of common conditions (eg, bilateral disease in breast cancer, breast cancer
in men)

e History of consanguinity (diseases caused by rare recessive mutations are more common in
families with matings of related individuals). Consanguinity is generally more relevant in the
pediatric evaluations than for conditions with adult-onset.

Additionally, the American Academy of Family Physicians has developed a table, based on the
mnemonic GENES, for identifying red flags for hereditary conditions (table 3) [21]:

Group of congenital anomalies

Exceptional presentation

Neurodevelopmental delay
Extreme pathology
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e Surprising laboratory values
This is most relevant for pediatric evaluations, but may be useful in adult onset conditions as well.

Patterns of inheritance — A family history may display patterns consistent with a strong genetic
influence. (See "Overview of Mendelian inheritance".)

Evaluation of the family history, referred to by geneticists as pedigree analysis, can suggest the mode of
inheritance:

e Autosomal dominant disorders are associated with multiple generations of affected relatives,
including both males and females (figure 2). Male to male transmission may be observed.

o Autosomal recessive disorders show a pattern in which an individual's siblings are more likely to be
affected than one's parents (figure 3).

o X-linked recessive disorders typically affect only males related to each other through their mothers.
Male to male transmission is not observed (figure 4).

Limitations — There are several limitations to relying on family history to identify high risk families.
These include:

e Small family size or gender underrepresentation — These factors may limit the ability to recognize
patterns in the pedigree. As an example, small families or families with few women may fail to
exhibit a strong pattern of breast and ovarian cancer even if a genetic mutation in the BRCA1 or
BRCAZ2 genes is present [22].

e Uncertainty in parentage — Pedigrees will be inaccurate if parentage is incorrectly identified, or
incomplete if parentage is not known. Population-based studies have found that up to 15 percent of
subjects may misidentify parentage [23].

e Disease prevention — Preventive practices (eg, removing premalignant polyps at colonoscopy,
prophylactic oophorectomy, or treatment for high cholesterol levels) may prevent at-risk relatives
from presenting with the iliness.

e De novo mutations and incomplete penetrance — Past generations will not display traits of de novo
mutations. Incomplete penetrance can obscure the genetic pattern represented in pedigrees.

These limitations should be kept in mind when a patient presents with an unusual diagnosis, such as
colon cancer at age 40, with a negative family history, and a genetic basis should not be ruled out [22].

INDICATIONS FOR GENETIC SERVICES — Genetic counseling is not necessarily tied to genetic
testing, although genetic testing may be offered as part of the evaluation. Once an initial family history is
collected, the individual's family history should be categorized as average, moderate, or high risk (table
2). Individuals presenting with strong family histories for conditions with a known genetic basis should be
offered genetic counseling. If genetic testing (ideally of an affected family member) identifies a mutation,
other at-risk family members can be tested subsequently. For many conditions, specific screening and
risk reduction strategies can be implemented for individuals at high risk. (See "Genetics of Alzheimer
disease"; section on 'Genetic testing'.)

In contrast to the varied beneficial diagnostic, prognostic, and (often) therapeutic implications of genetic
testing in well-characterized Mendelian diseases, there is currently little value of genetic testing for more
common polygenic diseases (like asthma or Alzheimer’s disease). Though conditions have a heritable
component, and often susceptibility variants have been mapped, the predictive utility of these variants is
very low, as disease alleles rarely confer more than 5 to 10 percent increased susceptibility. Moreover,
with rare exception, knowledge of a patient’s genotype at these loci does not lead to changes in
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management, limiting the utility of these variants in clinical practice. In contrast, common variants
predictive of pharmacological response (pharmacogenetic variants) are being introduced clinically in
some settings.

However, genetic testing for monogenic diseases may still be worthwhile even if therapeutic
interventions are not available. The lack of complete understanding of the genetics of a condition does
not preclude patients from having questions or concerns. For anxious families or individuals, a genetic
consultation can provide education and counseling to help people understand and cope with risk
information and make management decisions based on available options.

Potential benefits to genetic counseling where genetic risk is uncertain include:

e Individuals often have mistaken understanding of their risk of developing a disease; genetic
counseling can help patients understand a more appropriate risk number and how to manage this
information [24].

e Research or registry opportunities may exist that will allow early access to new genetic information
and medical management or prevention opportunities for identified individuals or families [25].

e Some families may choose to bank DNA for the possibility of future genetic testing even if a
research registry is not available.

Moderate risk — Individuals falling into the moderate risk category by family history (table 2) often have
a two- to three-fold increased risk for disease. The increased risk can be influenced by a combination of
lifestyle, environmental and low penetrance genetic factors that are shared within families.

In general, a genetic evaluation is not necessary for individuals who fall into the moderate risk range,
unless the family is particularly anxious. However, it remains important for the clinician to take a
moderate family history into account when planning care. For example, a patient whose father had colon
cancer at age 55 would fall into the moderate risk category, with an estimated two-fold increased risk for
colon cancer [26.27]. Colonoscopy for this patient would be recommended at age 40 years rather than
the usual 50 years of age. (See "Screening for colorectal cancer in patients with a family history of
colorectal cancer".)

High risk — The genetic contribution to risk for individuals in the high-risk category is strong, and these
individuals may have a 50 percent or greater lifetime risk for developing disease. For inheritable
conditions that are subject to population-based screening (eg, colorectal cancer or breast cancer), onset
of the condition in high risk families often occurs at an earlier age than screening onset recommended
for the general population.

Patients classified as high risk are appropriate candidates for a full genetic evaluation. However, even
when high risk families are identified, referrals for genetic services are often not made. A study of 387
consecutive patients seen in a gastroenterology practice at an academic medical center found that only
17 percent of those reporting a family history meeting guidelines for evaluation for Lynch syndrome were
referred for genetic services [12].

Barriers to referral may include [28]:

e Perceived lack of benefit from genetic information

e Uncertainty about how to incorporate genetic information into clinical management

e |ack of clinician awareness that a cluster of diverse cancers may relate to a genetic condition
e |ack of awareness of the availability of genetic tests or genetic counselors

e Patient reluctance to undergo genetic assessment

e Fear that something harmful will be found
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e Cost and reimbursement issues

Uncertainty about genetic basis — Some clinicians may be uncertain whether there is sufficient
information about the genetic etiology of a condition for a referral to be useful. The rapid rate of gene
discovery following the mapping of the genome and the advent of genome-wide association studies and
next-generation sequencing make it challenging to keep informed.

Access to genetic test information — The Genetic Testing Reqistry (GTR) website is a resource for
medical genetic information that lists available genetic tests for thousands of conditions, with a directory
of certified clinical laboratories specializing in genetic testing (chose “tests” from the homepage
http://www.ncbi.nlm.nih.gov/atr/). As of June 2013, the site lists over 2700 diseases for which a genetic
basis has been established and for which clinical genetic testing is available. This number represents a
doubling of tests that were available in 2002. This rapid rate of expansion of clinical genetic information
is anticipated to continue for the foreseeable future.

CONTENT OF GENETIC COUNSELING — As defined by the National Society of Genetic Counselors,
genetic counseling is the process of helping people understand and adapt to the medical, psychological
and familial implications of genetic contributions to disease [29]. This process integrates the following:

e |Interpretation of family and medical histories to assess the chance of disease occurrence or
recurrence.

e Education about inheritance, testing, management, prevention, resources and research.
e Counseling to promote informed choices and adaptation to the risk or condition.

The process of genetic counseling is about sharing information. It involves obtaining the family history
and medical information from the patient and referring clinician, obtaining and reviewing medical records
(of the patient and family members) to resolve uncertainties, understanding the patient's perception of
risk of developing the condition, and his or her perspective on obtaining more certain information. The
genetic counselor then formulates and presents a risk assessment that includes:

o What genetic testing is available and what test results may mean for the patient

e How to modify that risk, if possible

e How to deal with the information as it pertains to medical management, emotional response, and
family dynamics

The majority of genetic consultations take place over one to three visits. Most initial genetic consultations
are provided in person. Some centers may provide genetic test results by telephone or other service
delivery models, such as televideo.

The initial visit focuses on reviewing information and providing risk assessment. Many centers also
obtain information about the psychosocial impact of the condition on the family, with particular regard to
experiences in caregiver roles or early deaths. When appropriate, the option of genetic testing is
discussed.

If genetic testing is pursued, there will usually be a follow-up visit or telephone call to discuss results and
management implications. Additional follow-up visits may be scheduled to assist the patient in better
understanding the implications of the result and help to make management decisions. For patients who
are not appropriate candidates for genetic testing, or who elect not to be tested, risk estimates and
management recommendations will be made on the basis of personal and family history.

Most genetic services are in the form of consultations to the primary care provider, and typically patients
will be referred back to their physicians with recommendations for their follow-up care. However, some
specialist clinics will continue to follow patients at regular intervals.
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Preparation for referral — To alleviate patient anxiety and better prepare the patient (for example, if
additional family health history is useful), the primary care clinician needs to discuss with the patient that
the referral is being made, describe what features in the family prompted the referral, and provide a
description of what the visit will entail [30]. Many genetics services send questionnaires to the family
prior to their initial visit.

Where to refer — The Genetic Testing Registry website (http://www.ncbi.nlm.nih.gov/gtr/) provides
an international listing of clinics (by state, for the United States), as well as labs in Argentina, Australia,
Austria, Belgium, Brazil, and Canada for counseling and/or diagnostic testing services for adult genetics,
biochemical genetics, cancer genetic risk assessment, pediatric genetics, preimplantation diagnosis,
prenatal diagnosis, and telemedicine.

Risk assessment — Before the first session, if sufficient information is available, a risk assessment
is performed. Several models, some based on empiric data and others based on computer algorithms,
can be used to determine risk of developing the condition or risk of having a particular mutation. These
models are relatively well developed for many cancer syndromes (including breast, ovarian, and
colorectal) and are being evaluated for cardiovascular disease, asthma, diabetes and some neurological
diseases. (See "Risk prediction models for breast cancer screening" and "Screening for colorectal
cancer in patients with a family history of colorectal cancer" and "Risk factors for prostate cancer" and
"Estimation of cardiovascular risk in an individual patient without known cardiovascular disease" and
"Risk factors for type 2 diabetes mellitus", section on 'Prediction models'.)

Once an objective risk figure has been determined, it is important to correlate this with the patient's belief
of his or her risk. The patient's personal experience with affected family members may significantly
impact his or her perception of personal risk. When the patient's beliefs are not concordant with the
calculated risk, the primary care provider and genetic counselor need to provide ongoing communication
and counseling to help the patient understand the implications of the risk figure.

The initial risk figure is subject to modification. Risk may be modified by additional family history
information, lifestyle changes or medications that increase decrease risk for particular conditions. (See
"Cancer prevention".)

Screening is a means of early disease detection and does not modify the risk, but can modify treatment
options and the course of the disease if the condition is identified at an early stage. More aggressive
screening (earlier, more frequent, other modalities) may be indicated for targeted conditions. As an
example, for patients with familial adenomatous polyposis, screening colonoscopy is recommended
beginning at age 10 to 12. (See "Familial adenomatous polyposis: Screening and management of
patients and families".)

Information to send with the referral — Once a decision is made to refer a patient to a genetic
counselor, the referring clinician should provide the following information to the consultant:

e Specific questions to be addressed by the referral. As an example, "This patient is at high risk for
breast cancer due to her family history that includes both thyroid cancer and early onset breast
cancer. What testing is recommended for her?"

e A summary of available family history information, either in a table or pedigree format, including
affected family members up to two generations removed from patient, indicating their age at
diagnosis and current age.

e A summary of the patient's pertinent medical history, including laboratory test results or biopsy
reports, where relevant.

PRINCIPLES OF GENETIC TESTING — Genetic testing for adult-onset conditions serves two principal
purposes: to confirm or establish a diagnosis, or to assess risk for asymptomatic patients.
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Knowledge of an increased risk for a particular disease may lead to changes in patient behavior or
clinical interventions to decrease the risk. Management strategies to decrease risk range from increased
sun protection, to enhanced screening, to risk-reducing surgery or chemoprophylaxis, with varying levels
of effectiveness in improving outcomes. Examples include the following:

e (See "Cancer prevention".)
o (See "Chemoprevention strategies in prostate cancer".)

o (See "Selective estrogen receptor modulators and aromatase inhibitors for breast cancer
prevention".)

e (See "Management of hereditary breast and ovarian cancer syndrome patients with BRCA
mutations".)

e (See "Primary prevention of melanoma".)

e (See "Familial adenomatous polyposis: Screening and management of patients and families".)

e (See "Lynch syndrome (hereditary nonpolyposis colorectal cancer): Screening and management"”.)

o (See "Peutz-Jeghers syndrome and juvenile polyposis: Screening and management of patients and
families".)

Genetic testing for germline mutations can be conducted on virtually any tissue. Most laboratories prefer
blood specimens, although cheek (buccal) swabs and saliva samples also may be an option for certain
types of genetic testing.

Purpose of genetic testing — Genetic testing can be done for diagnostic or predictive purposes (table
4). Additionally, testing can be performed at different times during a patient’s life. Examples include
preimplantation testing; prenatal screening and testing; newborn screening; and testing at some point
after birth to establish a diagnosis, determine carrier status (for autosomal recessive conditions), or for
predictive purposes.

e Preimplantation testing — Preimplantation testing is performed on embryos resulting from in vitro
fertilization for high-risk couples. Identification of chromosomal abnormalities or mutations allows
selection of unaffected embryos to implant. (See "Preimplantation genetic diagnosis".)

e Prenatal testing — Prenatal testing identifies conditions in which a mutation has been identified in a
parent. Typically, the gene being analyzed is inherited in an autosomal dominant manner, so each
fetus has an a priori 50 percent risk of inheriting the mutation. Specimens for analysis are obtained
either by chorionic villus sampling or amniocentesis.

The goals of prenatal counseling and testing are to provide reassurance or guide and support
decisions regarding whether to continue or terminate a pregnancy that may result in an affected
individual. Prenatal testing for a condition such as Huntington disease, which is fully penetrant,
carries different implications than testing for a condition that confers an increased risk of developing
the disease, such as colon cancer. (See "Basic principles of genetic counseling for the obstetrical

provider".)

o Diagnostic testing — Diagnostic genetic testing is used to support a specific diagnosis in a patient
with an existing condition. There are over 2700 conditions for which genetic testing can be offered.
Most of these conditions are relatively rare and manifest shortly after birth or in childhood. Some,
such as Huntington disease, do not manifest until later in life, at which time genetic testing would
also be appropriate.

Another example of diagnostic testing is offering full sequence analysis of the BRCA7 and BRCA2

genes to a 32-year-old woman recently diagnosed with breast cancer who wants to make surgical
decisions. Diagnostic testing of an individual with multiple polyps can distinguish between Lynch
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syndrome and attenuated familial adenomatous polyposis, and therefore provide information
regarding risks of extracolonic manifestations.

e Predictive testing — Predictive testing is a method of risk assessment for unaffected individuals
who are at risk for developing conditions with a hereditable component. The value of a gene test is
influenced by the penetrance of the gene (whether the presence of a gene makes it highly likely
that the person will develop the related phenotype) and whether there are effective prevention or
early treatment strategies to impact the course of the condition. (See 'Penetrance, ascertainment
bias, and variable expression' below and 'Validity and utility' below.)

e Carrier testing — Carrier testing is used to identify asymptomatic individuals who are heterozygous
(ie, carry one copy of an altered gene) for a mutation that causes a genetic disorder in
homozygotes (individuals who carry two altered copies of a gene). Carrier testing can be performed
in families with a family history for a specific genetic condition, or in particular ethnic groups or
populations in which risk mutations are at relatively high prevalence (eg, Tay Sachs screening
among Ashkenazi Jews). (See "Prenatal screening for genetic disease in the Ashkenazi Jewish

population”.)

Penetrance, ascertainment bias, and variable expression — The predictive value of a positive
genetic test can be limited by the lack of population-based data on penetrance (likelihood of developing
disease given inheritance of a disease-causing mutation) and variable expressivity (phenotypic
variations in the way the disease is expressed).

Genetic mutations are initially studied in high-risk families identified because of their high expression of
disease (ie, high penetrance). This practice overestimates the penetrance that later is found in more
population-based studies. As an example, while high-risk families with a genetic mutation in BRCA1
show an 85 percent lifetime risk of developing breast cancer, population-based studies report a 57
percent lifetime risk of developing cancer in individuals with this mutation [31,32]. Cancer risk in some
individuals with a BRCA1 mutation may be further decreased as they seek more aggressive
interventions, such a risk-reducing surgery [2,31-38]. (See "Genetic testing for hereditary breast and
ovarian cancer syndrome".)

Ascertainment bias is reflected not only in disease penetrance, but also in variability in the expressivity
of a condition. Initial discovery of mutations often derives from high risk families with prominent impact of
the disease. For example, in the original research studies, families eligible to be considered for Lynch
syndrome were defined by the Amsterdam criteria that required three or more affected individuals,
including two who were closely related, and one with colon cancer under the age of 50. When a
population based sample of colon cancer patients was evaluated for Lynch syndrome, however, only 13
percent of mutation carriers met these criteria [39.40].

Variable expressivity of the phenotype will result in a wide range of severity, age of onset, or progression
of disease. Some people with two mutations in the gene responsible for causing hemochromatosis
(HFE), for example, do not go on to develop the complications of iron overload, even in the absence of
treatment [41]. (See "Genetics of hereditary hemochromatosis".)

Estimates of risk based upon high-risk populations are greater than the risk estimated in those identified
by population-based screening. When providing risk information, the literature should be reviewed to find
the studies conducted with participants that most closely match a patient's situation. In many cases,
patients will need to be presented with a potential range of risk estimates and an explanation of the
reason for this range.

Screening and management options for identified mutations have often been developed for high-risk
families. The efficacy of these therapies for individuals at lower risk may be unproven [38]. Genetic
consultation can play an important role to assure that highest-risk individuals benefit from appropriate
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management, while lower risk individuals not receive unnecessary intervention in the absence of
applicable evidence for improved outcomes.

Validity and utility — Clinical validity refers to the ability of a genetic test to predict a disease
phenotype. For some tests, such as mutational analysis in families with familial adenomatous polyposis,
the clinical validity is very high. Virtually all individuals who test positive for a mutation in the APC gene
will develop features of the disease [42]. In contrast, individuals who test positive for the APOE e4/e4
genotype have approximately a 30 percent chance of developing Alzheimer's disease, and most
individuals with this genotype will not develop the disease [43].

The clinical utility of a genetic test refers to the impact of the testing information on clinical care. While
the genetic test for Huntington has high clinical validity, the clinical utility is limited because of few
treatment or intervention options available for those who test positive. However, family members at risk
for this disease may choose to undergo gene testing to make reproductive plans or for the psychological
benefit in relieving uncertainty and facilitating future planning [44].

Determining the clinical utility involves considering the severity of the disease, the options for
management, and the likelihood that genetic testing will change the course of treatment. The CDC
provides an online resource with a list of questions to ask in order to assess the clinical validity and utility
of a genetic testing (table 5) [45].

Ethical, legal, and psychosocial issues — Clinicians must consider the benefits and risks of genetic
testing including the possibility of false positive and false negative results. Genetic information may have
unique risks based upon the meaning attributed to a disorder being genetic and the value of the
information for family members [46].

Psychosocial issues — Because of the familial nature of genetics, the psychosocial issues require
not just an understanding of the patient, but of the dynamics of the patient's family. Many genetic
counselors use the family history intake to assess the family dynamics and more recently, to incorporate
outside influences that impact the social support of the patient [47.48].

Patient autonomy is a central tenet in genetic counseling, and assuring that the patient has sufficient
support to make decisions is vital. This is encouraged by providing accurate and appropriate information
in an empathic environment. Understanding the potential responses to difficult or unexpected news and
being able to respond in a productive manner is essential to long-term acceptance of genetic information
and management options.

In the absence of proven beneficial interventions, the value of genetic testing for an individual may be
the relief derived when a test is negative in the face of a known mutation in an affected family member.
On the other hand, some patients receiving negative results experience "survivor guilt" if other family
members are found to have the mutation. Family dynamics can be affected. As an example, some family
members found not to have the gene mutation or Huntington's disease may be rejected by affected
family members due to the loss of a common risk status [49,50].

Genetic discrimination — A common concern about genetic testing is the potential for inadequate
protection of privacy of genetic information, and the potentially negative impact of genetic testing on
employment and insurance coverage. The concern about genetic discrimination affects not only the
individual undergoing testing, but also can extend to their unaffected family members [51.52]. Fear of
genetic discrimination is a common reason for declining genetic testing [53].

In the United States, legal protection against the use of genetic information by group health insurance
plans and employers is available at the federal level through the Genetic Information Nondiscrimination
Act (GINA) [54]. Enacted in 2008, GINA prohibits discrimination by health insurers and employers on the
basis of genetic information. GINA prohibits the use of genetic information to determine insurance
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eligibility, coverage, underwriting, or premium charges. GINA also prohibits health insurers and
employers from asking or requiring a person to take a genetic test [55,56].

GINA has the following limitations [57]:

e |t does not address the use of genetic information in other insurance markets (eg, long-term care,
life, and disability insurance) [58]. The regulation of insurance markets outside of health insurance
is determined at the state level [59].

e |t does not apply to employers with fewer than 15 employees, the US military (and the TRICARE
military health system), the Indian Health Service, the Veterans Health Administration, or the
Federal Employees Health Benefits Program [58].

Since its enactment in 2008, there have been few challenges to GINA. However, the majority of
individuals remain unaware of the legislation, and those who are aware of it have several
misconceptions about the specific protections and limitations associated with it [57]. An online survey of
1479 people conducted in June 2014 revealed that 79 percent of respondents were not familiar with
GINA and of those who claimed to be familiar with it, only a minority could correctly describe the
protections afforded by the legislation [57].

Individuals who are disabled by a genetic disorder are protected from discrimination by the Americans
with Disabilities Act (ADA). (See "Disability assessment and determination in the United States".)

Most states in the United States also have additional legislation protecting against the use of genetic
information by health insurers and employers [46.60].

The United States Affordable Care Act (ACA) also prohibits variations in health insurance premiums
based on health status and genetic information [61].

Legislation and policies regarding the use of genetic information in insurance and employment outside
the United States varies considerably by country [62,63].

e Although the potential for genetic discrimination in healthcare is considerably less in nations with
government-sponsored healthcare systems, the British government has issued a moratorium
prohibiting insurers from using genetic test results to set premiums for certain life insurance,
long-term care, and income protection policies that is in effect until 2017 [64,65].

e In 1997 the Council of Europe established the European Convention on Human Rights and
Biomedicine (also known as the Oviedo Convention), which prohibits discrimination based on an
individual’s genetic background.

e Over 30 European countries, Australia, and Canada have also implemented some form of
anti-discrimination legislation or moratorium, or signed on to abide by the standards of the Oviedo
Convention [66].

e Legal protection against genetic discrimination is lacking in other areas of the world, and fear of
stigmatization in these countries may significantly hinder access to genetic services and research
[67].

Disclosure to family members — Genetic risk, whether assessed by genetic testing or family
history, raises the potential ethical or legal obligation of a physician to disclose genetic information to
other at risk family members. Most patients are willing to provide consent for such disclosure, or readily
do it themselves [68,69]. For some, their express purpose for genetic testing is to make information
available to family members.

However, a patient's refusal to voluntarily disclose raises difficult conflict between two competing ethical

12 of 37 20.03.2015 12:17



Genetic counseling and testing http://www.uptodate.com/contents/genetic-counseling-and-tes...

13 of 37

obligations: the duty to protect patient privacy and autonomy versus the duty to disclose for the purpose
of preventing future harm. Legal opinions vary regarding the physician's duty to warn at-risk family
members about a familial genetic condition. In the limited number of cases involving genetic information,
the courts have affirmed a physician's legal responsibility to warn family members [70]. Despite
numerous guidelines and policy papers, there is currently no clear consensus or set of legal guidelines
available in most countries. Until such time as clear legal obligations are defined, physicians should
consult with medical geneticists, genetic counselors, or bioethicists in the event that patients do not
provide consent to share information.

Gene test uptake — Geneticists refer to the percentage of patients who obtain a test when it is offered
as uptake, especially when offering a genetic test to an otherwise healthy individual. The above factors
(penetrance, utility, ethical issues) are some of the reasons why there is varied use of DNA predictive
testing for different condition by patients. Other reasons include a sense that the test is not urgent or the
risk perception is not significant enough to warrant testing. Finally, finances play a role in predictive
genetic testing uptake, as insurance companies vary in their reimbursement policies.

PRACTICAL ISSUES IN GENETIC TESTING — Genetic testing is currently available for over 2700
conditions [71]. An overview of genetic testing and specifics of available genetic tests is available online
at Genetic Testing Registry (http://www.ncbi.nlm.nih.gov/gtr/). (See "Tools for genetics and genomics:
Cytogenetics and molecular genetics".)

Whom to test — When possible, molecular genetic testing should initially be performed on an affected
family member. For ethical reasons, genetic testing for conditions that most commonly manifest in adults
is generally not done in children and adolescents, unless a preventive intervention is effective if done
during those time periods.

Genetic testing of an affected individual is usually important to facilitate interpretation of testing in other
family members and is usually the first test performed. Once a particular mutation has been identified,
testing other family members is technically straightforward. While it is possible to begin the genetic
testing process in an unaffected individual, there is a greater chance that these results will be
inconclusive. As an example, if an unaffected person does not have a mutation in a particular gene, is it
because that gene is not mutated in the family, or because the mutation does exist in the family and the
unaffected person did not inherit it?

In some cases the affected family members are deceased or unable or unwilling to participate. Genetic
counseling in these situations should evaluate the optimal testing approach in the family, facilitate family
communication, and explain the limitations of genetic testing when it cannot be performed on the ideal
candidate.

Informed consent for testing — Informed consent, a tenet of patient-centered medicine, is a
foundation for the voluntary nature of genetic testing. Informed consent means that the patient
understands and agrees to the procedure. When offering genetic testing, especially to unaffected
individuals, most clinicians follow language from the Department of Health, Education, and Welfare,
which encourages the patient to voluntarily exercise free power of choice, without any element of force,
fraud, deceit, duress, over-reaching, or other ulterior form of constraint or coercion [72]. (See "Informed
consent".)

Consent, therefore, involves discussion, and not just the signing of a document. Discussion should
include the procedure; the risks, benefits and limitations; the potential results; and the management
options that can be available based on the result.

Two exceptions exist to the general suggestion to obtain informed consent for genetic testing. Newborn
screening in the United States does not involve active consent, but parents who do not want their child
tested can sign a form that indicates their refusal. Additionally, in some clinical pediatric circumstances,
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genetic testing is considered part of the diagnostic evaluation, so less of an effort may be made to obtain
fully informed consent.

Samples for testing — There are many techniques for genetic testing, and the best approach depends
on the gene to be evaluated. Testing may be DNA-based, cytogenetic, or metabolic, depending upon its
purpose (table 6). The methods for obtaining the specimen (cheek swab, blood or tissue sample), the
costs, and the waiting time for results (ranging from days to weeks or months) differ according to the test
involved.

For some conditions, such as some thrombophilias or hemochromatosis, testing may involve analysis of
clotting factors or serum iron studies, rather than direct DNA analysis. (See "Screening for inherited
thrombophilia in asymptomatic individuals" and "Evaluating patients with established venous
thromboembolism for acquired and inherited risk factors" and "Screening for hereditary
hemochromatosis".)

Insurance reimbursement — In the United States, insurance reimbursement is becoming more
common for genetic testing, as testing becomes a more routine part of clinical care. Coverage of genetic
testing by insurance will vary depending on the type of test, whether it is being done to make a diagnosis
in an affected person or to predict risk in an unaffected individual, and on the patient's specific type of
insurance coverage. A study that reported on findings of whole-exome sequencing for 250 patients
(mostly children with neurologic phenotypes, all of whom had undergone prior genetic testing) found that
insurance coverage for the costs was similar to other genetic testing (eg, reimbursement for the majority
of tests) [73].

Single-gene genetic testing is commonplace in many countries with nationalized public healthcare
systems, as are perinatal mutation screening programs. The United Kingdom is investing in strategies to
implement whole exome sequencing into clinical practice [74].

Where to test — Some genetic tests for common conditions, such as Factor V Leiden, are offered
through many laboratories, while other genetic tests are more specialized and may only be available
from one or two clinical laboratories.

In some cases, testing is only available in a research setting. Most research laboratories are not Clinical
Laboratory Improvement Amendments (CLIA) certified and not authorized to provide results back for the
purpose of clinical decision making. Therefore, when pursuing testing through a research study, it is
important to clarify with the investigator the exact testing that will be done on the sample, if and how
results might become available, and the expected turnaround time.

For conditions in which genes have not yet been identified or there is a lack of evidence of an effective
intervention, preservation of genetic material from the affected individual by DNA banking for future
genetic testing is a reasonable option. This involves the storage of DNA material (usually blood but
occasionally tissue samples) for future testing should it become desired. Local laboratory specific
information on DNA banking is available through Genetic Testing Registry [75]. In addition, there are
several laboratories that offer this service direct to the consumer.

Outcomes of testing — There are typically three outcomes from genetic testing: the causative mutation
may be identified; no mutation is identified, or a variant of uncertain significance is identified.

Finding a causative mutation can confirm a diagnosis in the affected person. Clarification of the genetic
etiology of the proband's disease may aid in planning treatment or in predicting the risks for other health
problems. Identification of a mutation also allows for genetic testing to be offered to at-risk family
members.

Once a mutation has been identified, other family members can usually be tested for the specific genetic
alteration with close to 100 percent accuracy. The cost of genetic testing is often reduced once the

20.03.2015 12:17



Genetic counseling and testing http://www.uptodate.com/contents/genetic-counseling-and-tes...

15 of 37

specific genetic mutation has been identified. Those family members who have inherited the genetic
mutation may be candidates for enhanced screening or risk reduction strategies, while those who have
not inherited the alteration can be spared unnecessary procedures.

An inherited risk is not ruled out when a genetic mutation is not identified. A negative result may mean
that the genetic cause cannot be identified with current technologies. The sensitivity of genetic testing
varies, with tests for Huntington's disease and factor V Leiden having a sensitivity greater than 99
percent, while tests for other syndromes such as Marfan syndrome have only a 70 percent sensitivity
[76-78]. For many conditions, only some of the contributing genetic factors have been identified.
Mutations in the CDKN2A gene, for example, account for 20 to 40 percent of families with hereditary
melanoma, suggesting that there are likely other loci that are contributing to risk [79].

Determining whether a particular variant disrupts the function of the gene and is related to risk for
disease, or is a polymorphism in the gene with no clinical implications, can be difficult. When variants of
uncertain significance are identified, risk estimates should be made on the basis of the family history,
taking into account the laboratory report. An inherited risk should neither be ruled out nor in on the basis
of this uncertain finding. It is also important to let the family know that most laboratories continue to
research variants of uncertain significance, and in some cases, they can be reclassified. Having a plan in
place to communicate and follow-up with the individual or family can be important.

GENOME SEQUENCING AND GENOMIC TESTING

Uses of genome sequencing — Whole genome sequencing, exome sequencing, and genotyping are
beginning to change the paradigm of genetic testing. (See "Principles and clinical applications of
next-generation DNA sequencing" and "Genetic association studies: Principles and applications".)

These technologies provide sequence information about genetic variation across an individual’s entire
genome rather than a specific disease gene, and they can provide information about the risks for many
different diseases simultaneously. Genomic testing can also involve looking for single-nucleotide
polymorphisms (SNPs) that have been found to be associated with a risk for disease. (See "Glossary of
genetic terms" and "Overview of genetic variation", section on 'Single nucleotide polymorphisms

(SNPs)'.)

Whole genome and exome sequencing strategies have been used successfully on a research basis to
identify the genetic basis of several rare diseases [80.81]. However, incorporating whole genome or
exome data into clinical care is just beginning. Motivations for incorporating genomic testing into clinical
care include a desire to learn more about the genetic factors that may be contributing to one’s risk for
disease and to help forward research [82]. Research suggests that patients are interested in receiving
information about their genomes. The ClinSeq project, sponsored by the United States National
Institutes of Health (NIH), is the first large-scale study using whole genome sequencing and returning
results to participants [83].

Consent for genome sequencing — Additional research is needed to determine how to consent
individuals appropriately for this type of testing, how to return information in a meaningful way, and how
to store and analyze genetic data. Whole genome or exome sequencing requires substantial informatics
resources and expertise to analyze the many nucleotides to identify genetic variants that will have
clinical relevance. Also many genetic variants identified through this technology will be unclassified, so
their effect on gene function is unknown. (See "Principles and clinical applications of next-generation
DNA sequencing", section on 'Interpretation’.)

Genome sequencing has the potential for a much wider range of findings than traditional genetic testing,
including carrier status for rare recessive disease that may impact reproductive decision making, genetic
predisposition to diseases for which there are actionable steps for reducing risk, genetic predisposition
for disease for which there are no known approaches for modifying risk, and potential pharmacogenetic
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interactions (eg, altered metabolism of a drug that increases or decreases its efficacy).

Further, the process for consenting patients for this type of testing will differ from testing targeted for a
known condition. Patients will need to be informed about the variety of information that may come from
this type of testing, and novel counseling approaches may need to be developed to convey this vast
range of information to patients effectively and efficiently.

Disclosure of incidental findings from genome sequencing — The most controversial aspect of
genomic testing involves the amount of information that should be returned to the patient, especially if
the clinical validity and utility are not fully understood. This subject is discussed in detail separately. (See
"Incidental findings from genetic testing".)

MANAGEMENT AND FOLLOW-UP — The long-term management of patients who have inherited an
increased risk for disease may involve more aggressive screening initiated at an earlier age than in the
general population, counseling for lifestyle modifications, initiation of pharmacologic or surgical
interventions, and management of related psychosocial issues.

The primary care clinician will play a crucial role in helping patients adhere to guidelines over the
long-term and in coordinating care between multiple specialists. Many genetic conditions are associated
with multiple risks. For example, individuals with Lynch syndrome have an increased risk for multiple
cancers and will need appropriate screening for cancers not present in the proband family member [84].
(See "Lynch syndrome (hereditary nonpolyposis colorectal cancer): Clinical manifestations and
diagnosis" and "Lynch syndrome (hereditary nonpolyposis colorectal cancer): Screening and
management" and "Endometrial and ovarian cancer screening and prevention in women with Lynch
syndrome (hereditary nonpolyposis colorectal cancer)".)

While informing a patient about the risks to one's relatives may be sufficient to satisfy the physician's
duty for family disclosure, this may not be sufficient to prepare the patient to take appropriate action.
Genetic services often provide patients with written materials to facilitate the sharing of information.
Primary care physicians can help play a role in checking in with patients to see how the information is
flowing through the family and identifying possible communication barriers [3].

ADDITIONAL RESOURCES — The field of genetics is rapidly evolving. A number of online resources
are available to help practitioners obtain up-to-date information:

e Genetic Testing Registry (http://www.ncbi.nlm.nih.gov/gtr/) — Directories of genetic clinics and
laboratories.

e GeneReviews (http://www.ncbi.nlm.nih.gov/sites/GeneTests/review) — Overviews and disease-
specific discussions of counseling, diagnosis and management for individuals and families with
inherited disorders.

e National Cancer Institute (www.cancer.gov/cancerinfo) — Genetic components of cancer including
evidence based overview to clinical genetics (PDQ).

e The Human Genome Epidemiology Network (HUGE Net) (www.cdc.gov/genomics/hugenet
/default.htm) — Epidemiology and public health aspects of genetics.

e National Society of Genetic Counselors (www.nsgc.org) — The website will provide information
regarding how to find a counselor as well as consumer information regarding developing a family
history, and what to expect from a genetic consultation.

e Online Mendelian Inheritance in Man (www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=0MIM) —
Catalog of human genetic disorders.

e Kansas University Medical Center (www.kumc.edu/gec/geneinfo.html) — Educational and clinical
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information on genetics; links to many helpful web sites on genetics including those listed here.

Genetic Science Learning Center (http://learn.genetics.utah.edu/) — Educational and clinical
information about genetics and genetic conditions; links to many helpful web sites about genetics;
exercises for teaching genetics from classroom to the clinic.

SUMMARY

Primary care clinicians work on the front line where advances in genetic research can be directly
applied to patient care. Their role, in terms of genetic counseling, is to obtain the family history,
identify high-risk individuals, refer appropriate patients for genetic services, and coordinate
long-term management. (See 'Role of the primary care or referring clinician' above.)

Although the family history is not a highly-predictive measure for many common diseases, it can
help determine which patients are at average, moderate, or high risk for specific conditions. Key
questions to ask in obtaining a family history relate to patient concerns about disease, problems
with pregnancy or birth defects in the family, early deaths or disease onset, ethnicity, and
determination of nongenetic risk factors for disease. Patients should be encouraged to complete
written or online family history questionnaires prior to their initial visit. (See 'Family history' above.)

Patients classified as high risk are appropriate candidates for a full genetic evaluation. Individuals
falling into the moderate risk category by family history generally may not require formal genetic
evaluation. They often have a two- to threefold increased risk for disease related to a combination
of lifestyle, environmental, and low-penetrance genetic factors that are shared within families. (See
'Indications for genetic services' above.)

The Genetic Testing Registry website (http://www.ncbi.nlm.nih.gov/gtr/) lists available genetic tests
and relies on submitters to provide information that is accurate and free of bias. NIH makes no
endorsements of tests or laboratories listed in GTR. (See 'Indications for genetic services' above.)

Genetic testing can be done for diagnostic or predictive purposes. Additionally, testing can be done
to determine carrier states, as well as for prenatal testing, preimplantation testing, and newborn
screening (table 4). The predictive value of a positive genetic test is limited by variable penetrance
and expression. The clinical utility of a genetic test refers to the impact of the testing information on
clinical care. (See 'Principles of genetic testing' above.)

Ethical, legal, and psychosocial impacts of genetic testing must be taken into consideration. The
2008 Genetic Information Nondiscrimination Act (GINA) prohibits heath insurance and employment
discrimination of unaffected individuals based on genetic information in the United States. (See
'Ethical, legal, and psychosocial issues' above.)

Genetic testing of an affected individual is usually important to facilitate interpretation of testing in
other family members. Once a particular mutation has been identified, testing other family members
is technically straightforward. (See 'Practical issues in genetic testing' above.)

Whole genome sequencing, exome sequencing, and genotyping provide sequence information
about genetic variation across an individual's entire genome rather than a specific disease gene.
Additional research is needed to determine how to consent individuals appropriately for this type of
testing and how to return information in a meaningful way. The most controversial aspect of
genomic testing involves the amount of information that should be returned to the patient. (See
'‘Genome sequencing and genomic testing' above and "Incidental findings from genetic testing".)

The long-term management of patients who have an inherited risk for disease may involve more
aggressive screening initiated at an earlier age than in the general population, counseling for
lifestyle modifications, initiation of pharmacologic or interventional preventive measures, and
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management of related psychosocial issues. (See 'Management and follow-up' above.)
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Resources for collecting family history information
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Resource URL Content
US Surgeon https://familyhistory.hhs.gov/ Tool for patients to create
General: My https://familyhistory.hhs.gov/fhh-web | their own family tree
Family Health /home.action?request_locale=es (Available in English and
Portrait h Spanish).

National Society of
Genetic
Counselors: Your
Family History -
Your Future

American Medical
Association:
Family History
Tools

American
Academy of Family
Physicians: Family
History Program

Utah Department
of Health

American Heart
Association

Ohio State
University
Comprehensive
Cancer Center -
James Cancer
Hospital

March of Dimes

http://www.nsgc.org/consumer
/familytree/index.cfm

http://www.ama-assn.org
/go/familyhistory

http://www.aafp.org

http://health.utah.gov/genomics
/familyhistory/toolkit.html

http://www.americanheart.org
/presenter.jhtml?identifier=3044889

http://www.jamesline.com
/patientsandvisitors/prevention/

http://www.marchofdimes.com/pnhec
/4439_1109.asp

Guidelines on how to
gather and record family
history information.

Tools for collecting family
history in prenatal,
pediatric, and adult
settings.

Guidance on efficient
approaches for collecting
and evaluating family
history information.

Resource to help patients
collect their own family
histories.

Resource for patients to
collect family history
information pertinent to

heart disease and diabetes.

Online resource which
provides cancer risk
assessment based on
family history.

Printable
preconception/prenatal
family and medical history
questionnaire.
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An example of a 4-generation medical pedigree

57

O

66 70

52
52 CAD @ 49

III.

35 still birth 32

IV.

36 31

28 20
Chol

Patient denoted with arrow. From top, left to right: I. 1 = Paternal grandfather,
died age 82 of unknown cause; I-2 paternal grandmother, alive age 77; I-3
maternal grandfather, died age 66, history of MI and hyperlipidemia; I-4 maternal
grandmother, alive age 70. II-1 Father age 57; II-2 Mother, alive age 54 with
coronary disease onset at age 52; II-3 Maternal uncle, alive age 52, with coronary
disease onset at age 49; II-4 Maternal aunt, age 48; II-5 husband of II-4, age 50.
III-1 sister, age 35; III-2 a sibling (gender unknown) who died at birth; III-3
patient, age 32; III-4 patient's husband, age 36; III-5 brother, age 31 with
hyperlipidemia; III-6 brother, age 28 with hyperlipidemia; III-7 female cousin, age

20. IV-1 daughter, age 3.
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Pedigree of autosomal dominant inheritance
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Multiple generations are affected.
Courtesy of Linda Pinsky, MD.
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Pedigree of autosomal recessive inheritance
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An individual's siblings are more likely to be affected than parents.

Courtesy of Linda Pinsky, MD.
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Pedigree of x-linked recessive inheritance

Parents

@ Carrier
L ]
@ Deceased

' Affected
and deceased
Children

Females are carriers and only males are affected.

Courtesy of Linda Pinsky, MD.
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Risks for common diseases

Average risk Moderate risk High risk
¢ No known family ¢ One first degree relative (FDR) ¢ Premature disease or
history, OR with onset of disease at an unusual presentation in
« Only one second or average age, OR an FDR
more distantly related e Two second degree relatives e 2 > affected FDRs*
relative (SDR) on the same side of the e 2 > SDRs, with at least
family*

one having premature
onset*

¢ 3 > affected relatives*

e Moderate risk status on
both sides of the family

* Relatives must be on the same side of the family.
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American Academy of Family Physicians Family GENES
mnemonic for identifying red flags for hereditary conditions

Features Examples

Group of congenital While anatomic variation is normal, the presence of

anomalies multiple variations may be indicative of a genetic
syndrome.

Extreme or exceptional Examples of this include the onset of disease at a younger

presentation of common than average age, unusually severe presentation of

conditions illness, multiple primary cancers, recurrent miscarriages.

Neurodevelopmental delay Developmental delay or regression in children and early

or degeneration onset dementia in adults may be a sign of a genetic
condition.

Extreme or exceptional Some tumor pathologies may be suggestive of an

pathology inherited condition. Examples include medullary thyroid
cancer, pheochromocytoma, plexiform neurofibromas,
and multiple colon polyps.

Surprising laboratory values Certain laboratory values may indicate an inherited defect
in metabolic or clotting pathways. Examples include
elevated fasting transferrin-iron saturation and cholesterol
level >500 mg/dL.

Data from Rich, EC, Burke, W, Heaton, CJ, et al. Reconsidering the family history in primary
care. Journal of General Internal Medicine 2004, 19:273-280 and SCREEN: Taking a Family for
Familial Disease. At American Academy of Family Physicians http://www.aafp.org. (Accessed
July 30, 2007).
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Genetic terms

Term Definition
Genotype The genetic blueprint
Phenotype The translation of the genotype into the physical or biochemical

manifestation in an individual

Penetrance The frequency with which the genotype results in any
phenotypic changes

Variable expressivity The range of phenotypic changes (age of onset, severity of
disease, different signs and symptoms, etc) that may result
from aspecific genotype

Mutation A change in the sequence of DNA that results in a phenotypic
change; a mutation may be beneficial, neutral or harmful

Polymorphism A variation in DNA sequence that occurs in greater than 1
percent of the population

Presymptomatic Term used in predictive genetic testing to identify unaffected
persons at increased risk for genetic disease

Predispositional Term used in predictive genetic testing; refers to detecting a
genotype with less than 100 percent penetrance in an
asymptomatic individual - ie, the person may or may not
develop the condition

Types of chromosomes

Autosomal 22 paired sets that are not sex chromosomes
chromosomes
Allele Each of a pair of genes on homologous chromosomes
Homozygous When both of the paired alleles have the mutation
Heterozygous When the mutation occurs on only one of a pair of alleles
Compound Genotype formed by each allele having a different mutation
heterozygote
Sex-linked The X and Y chromosomes - XX in females, XY in males
chromosomes

Modes of inheritance

Multifactorial A constellation of genetic and environmental factors that
interact to produce a specific condition

Mendelian Autosomal dominant and recessive inheritance, and X-linked
inheritance inheritance
Autosomal When a disorder can result if one of a specific pair of genes has
dominant a mutation. Child of an affected individual has a 50 percent
inheritance chance of inheriting the gene involved.
Autosomal When a disorder can result only if both genes in a specific pair
recessive have a mutation. Child of an affected individual is an obligate
inheritance carrier; parents of an affected individual have a 25 percent
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chance of having an affected child in each pregnancy.

X-linked Mutation exists on X-chromosome: Most X-linked conditions are
inheritance recessive - two copies of a specific gene on the paired X
chromosome must be abnormal for a female to be affected.

Non-Mendelian Pattern of inheritance that is not autosomal dominant,
inheritance autosomal recessive or X-linked
Polygenic When more than one gene is involved in producing a condition
Mitochondrial Condition arising from a mutation in the DNA of the

mitochondria, inherited from the mother only

Types of genetic testing

Diagnostic genetic Assessment of DNA sequence or structure for defined genetic

testing risk factors for the purpose of supporting a specific disease
diagnosis

Carrier screening Assessment of DNA sequence or structure for specific disease-

causing alleles in at-risk populations

Prenatal testing Assessment of fetal DNA sequence or structure for specific
disease-causing alleles or karyotypes

Preimplantation Assessment of sequence or structure of blastocyst-derived DNA
testing with the purpose of selecting embryos for implantation that are
free of pathogenic genotypes

Newborn screening A variety of genetic and metabolic tests performed in the
newborn period for the purposes of early (ie, preclinical)
identification of children with disease-causing genotypes

Graphic 72267 Version 3.0
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The ACCE Model's list of targeted questions aimed at a
comprehensive review of genetic testing

Element Component Specific question

Disorder/setting 1. What is the specific clinical disorder to be
studied?

2. What are the clinical findings defining this
disorder?

3. What is the clinical setting in which the test is
to be performed?

4. What DNA test(s) are associated with this
disorder?

5. Are preliminary screening questions employed?

6. Is it a stand-alone test or is it one of a series of
tests?

7. If it is part of a series of screening tests, are all
tests performed in all instances (parallel) or are
only some tests performed on the basis of other
results (series)?

Analytic validity 8. Is the test qualitative or quantitative?
Sensitivity 9. How often is the test positive when a mutation
is present?
Specificity 10. How often is the test negative when a

mutation is not present?

11. Is an internal QC program defined and
externally monitored?

12. Have repeated measurements been made on
specimens?

13. What is the within- and between-laboratory
precision?

14. If appropriate, how is confirmatory testing
performed to resolve false positive results in a
timely manner?

15. What range of patient specimens have been
tested?

16. How often does the test fail to give a useable
result?

17. How similar are results obtained in multiple
laboratories using the same, or different,
technology?

Clinical validity Sensitivity 18. How often is the test positive when the
disorder is present?
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19. How often is the test negative when a
disorder is not present?

20. Are there methods to resolve clinical false
positive results in a timely manner?

21. What is the prevalence of the disorder in this
setting?

22. Has the test been adequately validated on all
populations to which it may be offered?

23. What are the positive and negative predictive
values?

24. What are the genotype/phenotype
relationships?

25. What are the genetic, environmental or other
modifiers?

26. What is the natural history of the disorder?

27. What is the impact of a positive (or negative)
test on patient care?

28. If applicable, are diagnostic tests available?

29. Is there an effective remedy, acceptable
action, or other measurable benefit?

30. Is there general access to that remedy or
action?

31. Is the test being offered to a socially
vulnerable population?

32. What quality assurance measures are in
place?

33. What are the results of pilot trials?

34. What health risks can be identified for
follow-up testing and/or intervention?

35. What are the financial costs associated with
testing?

36. What are the economic benefits associated
with actions resulting from testing?

37. What facilities/personnel are available or
easily put in place?

38. What educational materials have been
developed and validated and which of these are
available?

39. Are there informed consent requirements?

40. What methods exist for long-term monitoring?
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41. What guidelines have been developed for
evaluating program performance?

42. What is known about stigmatization,
discrimination, privacy/confidentiality and
personal/family social issues?

43. Are there legal issues regarding consent,
ownership of data and/or samples, patents,
licensing, proprietary testing, obligation to
disclose, or reporting requirements?

44, What safeguards have been described and are
these safeguards in place and effective?

Data from: Haddow JE, Palomaki GE. ACCE: A Model Process for Evaluating Data on Emerging
Genetic Tests. In: Human Genome Epidemiology: A Scientific Foundation for Using Genetic
Information to Improve Health and Prevent Disease. Khoury, M, Little, J, Burke, W (Eds.),
Oxford University Press 2003, p. 217.
Reproduced from Centers for Disease Control. Available at http://www.cdc.gov/genomics
/gtesting/ACCE/acce_proj.htm#T1. Accessed on 2/24/2012.
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Methods of genetic testing
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DNA-based

Direct DNA Testing

Looks for known mutation that causes a condition; requires that the indicated mutation
can be identified by testing.

Linkage Testing

When the conditions for direct DNA testing are not met, linkage testing can infer the
presence of a mutation through the study of several family members to identify DNA
markers that are co-inherited with the gene of interest.

Methylation Studies

Analyzes the attachment of methyl groups to the DNA molecule of genes in disorders in
which methylation patterns influence disease.

Protein Trunction Test (PTT)

Identifies shortened protein product when the mutation that acts by this method,
resulting in reduced or absent protein function.

Uniparental Disomy (UPD)

Detection of two copies of the same chromosome pair from one parent and none from
the other parent that can result in genetic disease.

X Inactivation Studies

In general, one of the pair of X-chromosomes is randomly inactivated in each cell and
does not reactivate.

When in certain condition, X-inactivation is non-random, it can be measured and
carrier status of women with a history of these disorders can be predicted on this
basis.

Cytogenetic

Fluorescence In Situ Hybridization (FISH)

Viewing of a fluorescence-labeled chromosomal probe introduced into the cell nucleus
where it attaches to its match within the cell; used to test for missing or additional
chromosome material.

Biochemical

Analyte

Quantitative analysis of a substance in the body when increased or decreased amounts
may be indicative of a genetic disorder.

Enzyme Assay

An enzyme assay that quantifies enzyme activity in order to assess genetic disease or
carrier status of a specific disease related to this reaction.

Protein Analysis

Analysis of protein structure looking for alteration that may result in a disease state.
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Array Genomic Hybridization (aGH)

Quantitative analysis of labeled total genomic DNA to a microarray (DNA chip) to
detect submicroscopic deletions and duplications.

Reproduced with permission from GeneTests (www.genetests.org).

http://www.genetests.org
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INTRODUCTION — Genomic disorders are diseases that result from the loss or gain of
chromosomal/DNA material. The most common and better-delineated genomic disorders are divided in
two main categories: those resulting from copy number losses (deletion syndromes) and copy number
gains (duplication syndromes).

An overview of genomic disorders is presented here. Specific syndromic disorders are reviewed
separately.

COPY NUMBER VARIATIONS — Structural genetic variation refers to a class of sequence alterations
spanning more than 1000 bases (one kilobase or kb) [1]. This class includes quantitative variations such
as copy number variations (CNVs), sequence rearrangements (such as those observed among
immunoglobulins), and other less common variations, including chromosomal rearrangements that may
or may not alter the genome contents and in some cases result in disease.

CNVs, the most prevalent type of structural variation, are DNA segments spanning thousands to millions
of bases whose copy number varies between different individuals [2,3]. These submicroscopic genomic
differences in the number of copies of one or more sections of DNA result in DNA gains or losses. Copy
number gains can be the result of duplications, triplications, or even multiple copy number gains. Most
deletions are one copy loss (heterozygous), but in some instances the loss can affect both copies
(homozygous).

CNVs, which are most commonly inherited but can occur de novo, were initially thought to be rare
events resulting from sporadic mutation and correlated with specific Mendelian diseases [4.5]. These
misperceptions about their rarity and absolute disease linkage were primarily due to technical limitations
precluding genome-wide assessments in large cohorts. Advances in technology have shown that
deviation from the diploid state is widespread and contributes substantially to genetic diversity. Some
studies have suggested that CNV differences in the human genome are as extensive as 20 percent,
although this may be an overestimation [6,7]. It is estimated conservatively that most individuals carry an
average of three large-scale CNVs [3]. The number of known CNVs that contribute to disease
pathogenesis continues to increase.

The physical distribution of CNVs appears to be nonrandom, with both CNV hot and cold spots reported
[6,8]. CNV frequency is greatest in regions of segmental duplication (a 4- to 10-fold enrichment for
CNVs), consistent with nonallelic homologous recombination as a primary mechanism for CNV mutation
[2,9-12]. (See "Genetic and environmental causes of birth defects", section on 'Nonallelic homologous
recombination'.)

CNVs are more commonly observed in gene-rich regions. CNVs appear to be enriched in specific gene
families, including immune and inflammatory response genes, cell signaling and cell adhesion
molecules, structural proteins, and olfactory receptors [6]. Most of these differences probably represent
benign CNVs that reflect normal variation with no apparent clinical consequence [13].
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CNVs can be pathogenic if they involve a dose-sensitive gene(s) or if they influence genomic regions
through regulatory elements [14,15]. Some pathogenic CNVs cause syndromic disorders with consistent
phenotypic features (eg, deletions of elastin in Williams syndrome, duplications of PMP22 in Charcot-
Marie-Tooth disease type 1A [CMT1A]), while others are associated with disease susceptibility or
resistance (eg, cancer, human immunodeficiency virus [HIV] infection, autoimmune disorders, autism).

CNVs can be responsible for Mendelian diseases associated with large gains and losses of genetic
material or even small losses or gains at the exonic level, as well as syndromes with more complex
combinations of genetic and environmental factors. Examples include:

e Contiguous gene deletions/duplications as seen for example in Williams-Beuren syndrome, 22q11
deletion-syndrome, Smith-Magenis syndrome, and Potocki-Lupski syndrome. These recurrent
CNVs are mediated by nonallelic homologous recombination (NAHR) at sites of low-copy repeats.
(See "Williams-Beuren syndrome" and "Microdeletion syndromes (chromosomes 12 to 22)", section
on '"17p11.2 deletion syndrome (Smith-Magenis syndrome)' and "Microduplication syndromes",
section on '"17p11.2 duplication syndrome (Potocki-Lupski syndrome)'.)

o Deletions of genes or portions of genes (exons) leading to many Mendelian-inherited genetic
disorders, including disorders that are autosomal dominant (eg, Rubinstein-Taybi syndrome) and
X-linked recessive (eg, Duchenne muscular dystrophy) [16]. (See "Microdeletion syndromes
(chromosomes 12 to 22)", section on '16p13.3 deletion syndrome (Rubinstein-Taybi syndrome)'
and "Clinical features and diagnosis of Duchenne and Becker muscular dystrophy", section on
'Genetics and pathogenesis'.)

e A deletion at the complement factor 4 (C4) locus that confers a 1.6- to 5.3-fold risk for systemic
lupus erythematosus [17]. (See "Epidemiology and pathogenesis of systemic lupus

erythematosus".)

o A deletion in FCGR3B associated with granulomatosis with polyangiitis (Wegener's) [18]. (See
"Pathogenesis of granulomatosis with polyangiitis and related vasculitides".)

e A deletion of defensin-beta 4 (DEFB4) associated with increased risk of colonic Crohn's disease
[19]. (See "Genetic factors in inflammatory bowel disease".)

e Increased frequency of de novo germ-line CNVs in patients with autism spectrum disorder (ASD)
and schizophrenia [20,21]. CNVs in multiple areas of the human genome potentially involved in
autism pathogenesis have been described. (See "Autism spectrum disorder: Terminology,
epidemiology, and pathogenesis".)

This line of research has also identified specific genes and pathways involved in ASD and related
syndromes (eg, duplications of the 15q11-q13 region, deletions and duplications of 16p11.2, 121

duplications) [22-24]. (See "Microdeletion syndromes (chromosomes 1 to 11)" and "Microdeletion

syndromes (chromosomes 12 to 22)".)

In addition, some conditions are associated with multiple CNVs, which may explain their variable
phenotypes [25]. As an example, in a retrospective study, array comparative genomic hybridization
(CGH) was used to evaluate CNVs in 2312 children with developmental disabilities who already had one
predefined CNV and in 8329 children without developmental disabilities [26]. This study found that, in
comparison to controls without developmental disabilities, individuals with developmental disabilities had
an increased number of second site CNVs. This increase in CNVs may have played a causative role in
the disabilities (eg, by causing disruption of a new gene or altering gene dosage), or may be an indirect
marker of susceptibility to genomic damage. (See 'Array comparative genomic hybridization' below.)

Causes of CNVs — Low copy repeats are stretches of repetitive DNA sequences (segmental
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duplications) approximately 10 to 300 kilobases in size that share =95 percent homology. Erroneous
pairing of these highly homologous regions can cause misalignment and unequal recombination during
meiosis. This can lead to duplication and deletion of chromosomal material resulting in CNVs. This
process is known as nonallelic homologous recombination (NAHR) (figure 1), the most common
mechanism for the formation of genomic rearrangements [27,28].

NAHR can result in either deletions or duplication via the same mechanisms and due to low copy
repeats mediated nonallelic homologous recombination. A classic example is the case of Charcot-
Marie-Tooth Type |, a peripheral neuropathy caused by duplications of the PMP22 gene on chromosome
17p11.2. The same region when deleted leads to a different neuropathy known as Tomaculous
neuropathy also known as hereditary neuropathy with liability to pressure palsies (HNPP). (See
"Microduplication syndromes".)

Other mechanisms include nonhomologous end joining and microhnomology-mediated break-induced
replication, although discussion of these is beyond the scope of this chapter [29].

Despite a great deal of knowledge about the structural details of how CNVs occur, we do not know what
predisposes certain individuals to develop these changes more than other individuals.

Of interest, in a large study of patients with developmental disabilities, parental data provided information
about whether CNVs were inherited or arose de novo [26]. This study suggested that CNVs were more
likely to arise de novo in the syndromic disorders (eg, Williams-Beuren syndrome), whereas CNVs were
more likely to be inherited in the disorders with variable phenotype (eg, intellectual disability). A potential
explanation may be that reproductive fitness is reduced in individuals with the more severe syndromic
disorders. (See "Microdeletion syndromes (chromosomes 1 to 11)", section on '7g11.23 deletion
syndrome (Williams syndrome)'.)

Interpreting CNVs — The interpretation of CNVs has steadily improved due to use of large control
databases that allow a direct comparison with apparently normal controls. Examples of these databases
include the Database of Genomic Variants (DGV) or large sequencing projects such as the 1000
Genomes Project [30,31]. Other databases that include phenotypic information, as in the case of
DECIPHER (DatabaskE of Chromosomal Imbalance and Phenotype in Humans using Ensembl
Resources), are becoming valuable resources for findings detected by array-comparative genomic
hybridization [32]. DECIPHER is a web-based resource that contains array and clinical data deposited
by over 200 member centers around the world.

Interpreting the pathogenicity of CNVs can be quite challenging in the presence of multiple CNVs in one
individual. Some studies have shown that multiple rare CNVs, either inherited or de novo, can compound
the clinical severity [26,33]. It is also important to highlight the presence of common CNVs in the general
population. It is unclear whether many of these common polymorphisms may play a role in common
disorders [34].

DISEASE MECHANISMS — There are different potential mechanisms that can lead to disease in
genomic disorders secondary to deletions and duplications. The main mechanism is related to changes
in dosage sensitive genes. “Haploinsufficiency” (“haplo” = half) defines the concept where loss or gain of
one allele of a gene leads to abnormal protein production or function, thereby causing disease [35].

Deletions can interfere with the required gene product dose, resulting in disease. One example is
Williams-Beuren Syndrome, which is caused by a microdeletion in chromosome 7g11.23 involving
multiple genes, including the gene for elastin [36,37]. Having only half of the normal amount (dose) of
elastin is enough to cause disruption of the arteries leading to aortic narrowing and multiple other arterial
abnormalities. The deletions in Williams-Beuren syndrome, similar to what happens in many other
genomic disorders, can be of different sizes. Typically the loss encompasses 1.55 Mb, but in some cases
the deletion can be more extensive or even smaller. The size difference is due to the different LCRs
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around the critical region that can be involved in mediating the rearrangements. (See "Chromosomal
translocations, deletions, and inversions", section on 'Deletions' and "Microdeletion syndromes
(chromosomes 1 to 11)", section on '7g11.23 deletion syndrome (Williams syndrome)' and "Supravalvar
aortic stenosis".)

The importance of gene dosage in determining the effect of CNVs was illustrated in the sex differences
from a large study of CNVs in patients with developmental disabilities [26]. When compared to females,
males had more of the “variable phenotype genomic disorders” (eg, intellectual disability) but not
syndromic disorders (eg, autism spectrum disorders). Females may be protected from these more
genetically multifactorial disorders due to sex chromosome bias (ie, the protection of females from
weakly deleterious mutations on one X chromosome by the normal corresponding genes on the other X
chromosome).

Duplications may also disrupt a gene and alter the amount of protein produced by interfering with protein
synthesis or assembly. Another mechanism includes unmasking recessive alleles [38-40]. When a
recessive allele is deleted, it could potentially uncover a pathogenic mutation in the remaining copy. This
would lead to disease, because there is no working copy for the affected gene.

Other disease mechanisms include interference with (i) imprinted genes like in the case of paternal
duplications of 11p15 that lead to Beckwith-Wiedemann syndrome or (ii) with regulatory elements
outside genes like in brachydactyly type A2 and duplications outside the BMP2 gene [41,42]. (See
"Beckwith-Wiedemann syndrome", section on 'Genetics and pathogenesis'.)

Arrays that contain single nucleotide polymorphisms (SNPs) can further aid in the identification of
imprinting disorders caused by uniparental disomy. One such example is Angelman syndrome (AS) and
uniparental disomy (UPD) caused by isodisomy. Isodisomies result from either nondisjunction in meiosis
Il or postzygotic duplication (monosomy rescue). A small number of AS cases are the result of UPD. In
those cases there is absence of the maternal contribution for a region of chromosome 15 (15911-g13).
These cases are typically associated with monosomy rescue (duplication of a chromosome from a
monosomic zygote), where there are two identical copies of the paternal chromosome 15 and no
maternal contribution. Other examples of UPD can be seen in patients with Prader-Willi syndrome. (See
"Epidemiology and genetics of Prader-Willi syndrome".)

Contiguous gene syndromes — Contiguous gene syndromes can occur when large CNVs affect
several contiguous genes [43,44]. For example, Williams-Beuren Syndrome is caused by a 1.5-1.8 Mb
deletion on chromosome 7qg11 that typically encompasses nine genes. Occasionally, molecular-
phenotypic correlation is possible. For example, in WAGR syndrome, a genomic disorder consisting of
Wilms tumor, Aniridia, Genitourinary anomalies, and mental Retardation, clinical features are attributable
to the loss of individual genes by a large deletion: deletions of WT1 are responsible for Wilms tumor,
while PAX6 deletions are responsible for the aniridia findings. Both genes are contiguously located within
the short arm of chromosome 11. (See "Microdeletion syndromes (chromosomes 1 to 11)", section on
'11p13 deletion syndrome (WAGR syndrome)'.)

DETECTION OF GENOMIC DISORDERS — Genomic disorders are typically detected by array
comparative genomic hybridization (array CGH). Most laboratories confirm gains or losses detected on
an array with an independent method such as fluorescence in situ hybridization (FISH), multiple ligation
dependent probe amplification (MLPA), or quantitative PCR (Q-PCR). Parental FISH testing, and in
selected cases array CGH, is warranted in all cases of detected genomic abnormalities as many are
inherited and relevant for future pregnancies [45]. Whereas the genomic position of a loss is clear from
an array, gains may be either tandem duplications or insertions. If the latter arise as a consequence of a
parental insertional translocation (IT), this may have important implications for future pregnancies [46].

Array comparative genomic hybridization — Array comparative genomic hybridization (array CGH),
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also known as chromosome microarray or microarray-based comparative genomic hybridization, is the
gold standard laboratory test for the detection of CNVs that cause genomic disorders (figure 2). Array
CGH allows detection of small losses or gains of genomic material down to several kilobases (kb) and
even the exon level. It is widely used in the evaluation of patients with intellectual disabilities and/or
congenital malformations [47-52]. (See "Tools for genetics and genomics: Cytogenetics and molecular
genetics", section on 'Array comparative genomic hybridization'.)

The two main platforms currently used for CNV detection are oligonucleotide arrays (oligonucleotides are
stretches of DNA ranging from 25 to 60 base pairs) (figure 2), and single nucleotide polymorphism arrays
(SNP arrays) [53]. There are approximately 10 million polymorphic SNPs throughout the human genome.
Both SNPs and oligonucleotide arrays can detect copy number variations, but SNP arrays can be used
in addition to determine absence of homozygosity (AOH) as seen in cases of consanguinity [54] and in
cases of uniparental disomy [55] when there is inheritance of regions or entire chromosomes from one
single parent instead of the normal biparental contribution. SNPs can also detect loss of heterozygosity
(LOH) typically seen in somatic cancer cell changes. SNPs can also be very useful for the detection of
somatic mosaicism, a situation where two or more cell lines can be present in a single individual, and
triploidies, a rare instance when there could be a total of 69 chromosomes (3 haploid sets) that can be
detected in the prenatal setting. Some current platforms are combining the use of array CGH and SNPs
integrated in one single platform.

Other molecular diagnostic techniques — Other molecular techniques used for the detection of
genomic disorders include fluorescence in situ hybridization (FISH), PCR-based studies like Q-PCR
(quantitative PCR), and MLPA (Multiple Ligation Dependent Probe Amplification). Protocols using
sequencing of the whole genomes or exome (all regions of the genome that encode proteins) will likely
become viable options for detecting CNV variations [56,57]. (See "Tools for genetics and genomics:
Cytogenetics and molecular genetics".)

FISH uses larger stretches of DNA (approximately 50 to 100 kilobase probes) labeled with fluorescence
reagents to target specific genome regions. The use of FISH, however, requires knowledge of what
specific area is being targeted and is dependent upon a clinical diagnosis [58,59]. MLPA uses a cocktail
of multiple probes available in kits and targets specific chromosomes or disease regions. A single
reaction allows simultaneous hybridization of multiple probes to multiple regions or even multiple exons
within a gene.

The advantage of MLPA over FISH is the lower cost and more comprehensive coverage for copy
number gains/losses detection due to the use of multiple probes. However, MLPA does not provide
location. FISH studies, on the other hand, can determine location if visualized in metaphase
chromosome spreads. A copy number gain can be the result of chromosome duplication immediately
adjacent to the area of interest, part of a marker chromosome (a structurally abnormal chromosome that
makes up a partial trisomy), or the result of an insertion or translocation. Duplications that are very close
to each other may be challenging to detect by metaphase FISH and are best detected by interphase
FISH.

Sequencing of the whole genome or exome can also be used to detect genomic disorders. This was
demonstrated in a study that used sequencing from 849 individuals to identify areas of CNVs and their
role in gene dosage [56]. Genome sequencing has also been used to map breakpoints in the genome
responsible for duplications of chromosomal regions [60]. Sequencing has the potential to provide
improved resolution, but the sensitivity and specificity of sequencing for detecting CNVs is variable.
Information about sequencing methods, collectively referred to as next-generation sequencing (NGS), is
presented separately. (See "Principles and clinical applications of next-generation DNA sequencing".)

SUMMARY
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1.

12.

Genomic disorders are diseases that result from the loss or gain of chromosomal/DNA material.
The most common and better-delineated genomic disorders are divided in two main categories:
those resulting from copy number losses (deletion syndromes) and copy number gains (duplication
syndromes). (See 'Introduction’ above and "Congenital cytogenetic abnormalities".)

Copy number variations (CNVs) are submicroscopic genomic differences in the number of copies
of one or more sections of DNA that result in DNA gains or losses (figure 1). Some pathogenic
CNVs cause syndromic disorders with consistent phenotypic features. Other CNVs are associated
with disease susceptibility or resistance, and the same CNV can be associated with several diverse
disorders. (See 'Copy number variations' above.)

The main mechanism that leads to disease in genomic disorders secondary to deletions and
duplications is changes in dosage-sensitive genes. Other disease mechanisms include interference
with imprinted genes and with regulatory elements outside genes. (See 'Disease mechanisms'
above.)

Genomic disorders are typically detected by array comparative genomic hybridization (array CGH).
Most laboratories confirm gains or losses detected on an array with an independent method such
as fluorescence in situ hybridization (FISH), multiple ligation dependent probe amplification
(MLPA), or quantitative PCR (Q-PCR). (See 'Detection of genomic disorders' above.)
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