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ENETIC testing can provide dramatic clinical

benefits. A child known to have multiple en-

docrine neoplasia type 2 (MEN-2) can be
spared medullary carcinoma by undergoing prophy-
lactic thyroidectomy (Fig. 1),! and an adult with hered-
itary hemochromatosis can be spared cirrhosis by the
carly initiation of phlebotomy treatment.2 Genetic test-
ing can also provide diagnostic and prognostic infor-
mation that aids in difficult clinical decision making.
For example, a test for a deletion in the dystrophin
gene, the cause of Duchenne’s muscular dystrophy,
can be used to identify women who are carriers of
this condition (Fig. 2).3 A carrier may avoid having
an affected child by avoiding pregnancy or by under-
going prenatal testing for Duchenne’s muscular dys-
trophy, with possible pregnancy termination if the
fetus is found to be affected.

As these examples illustrate, most available genetic
tests address questions related to rare or uncommon
discases. Even hemochromatosis, often described as a
common genetic disease, has a prevalence of 0.5 per-
cent or less.* However, the scope of genetic testing is
expanding to include tests that assess the genetic risk
of common diseases such as cancer and cardiovascu-
lar disease.5¢

DEFINITION OF GENETIC TESTING

A genetic test is “the analysis of human DNA,
RNA, chromosomes, proteins, and certain metabolites
in order to detect heritable disease-related genotypes,
mutations, phenotypes, or karyotypes for clinical pur-
poses.”” This definition reflects the broad range of
techniques that can be used in the testing process. Ge-
netic tests also have diverse purposes, including the di-
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Figure 1. Autosomal Dominant Inheritance.

Children (indicated by the arrows) whose parent is affected by
multiple endocrine neoplasia type 2 (MEN-2) have a 50 percent
chance of inheriting the condition. Testing can identify the dis-
ease in such persons before clinical complications occur. Pro-
phylactic thyroidectomy can be offered to those at risk, to pre-
vent medullary thyroid carcinoma. Squares denote male family
members, and circles female family members.

agnosis of genetic disease in newborns, children, and
adults; the identification of future health risks; the pre-
diction of drug responses; and the assessment of risks
to future children. Examples of currently available ge-
netic tests are given in Tables 1 and 2,31 and a com-
prehensive and continually updated listing of available
tests can be found at the GeneTests—GeneClinics Web
site (http://www.geneclinics.org).8

GENETIC DIAGNOSIS

Genetic testing is often the best way to confirm a
diagnosis in a patient with signs or symptoms sugges-
tive of a genetic disease. The technique chosen de-
pends on both the clinical question and the predictive
value of the available tests. For a young patient with
medullary cancer of the thyroid, for example, the iden-
tification of a mutation in the RET oncogene confirms
that the cancer is a manifestation of MEN2, which ac-
counts for approximately one quarter of cases of med-
ullary thyroid cancer. The RET-mutation test can iden-
tify 85 to 95 percent of affected relatives of patients
with medullary carcinoma 1214
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Figure 2. X-Linked Recessive Inheritance.

A woman (indicated by the arrow) wants to know whether she
carries the gene for Duchenne’s muscular dystrophy (DMD), be-
cause her uncle and her brother were both affected (solid sym-
bols), and her mother and grandmother are known to be carriers
(symbols with a solid center). She has a 50 percent chance of
inheriting the carrier status from her mother. Genetic testing
can be used to determine her carrier status if her affected broth-
er has a positive test result. Squares denote male family mem-
bers, and circles female family members.

Testing for dystrophin gene deletions with the use
of DNA-based technology is now the preferred diag-
nostic test for Duchenne’s muscular dystrophy when
clinical signs and symptoms suggest the diagnosis. A
positive test confirms the diagnosis. A muscle biopsy is
needed if the DNA-based test is negative. A negative
test occurs in about 30 percent of patients with
Duchenne’s muscular dystrophy because some muta-
tions in the dystrophin gene are not detected by cur-
rent DNA testing.!s

This level of genetic complexity is common and is
termed “allelic heterogeneity,” meaning that there are
multiple different mutations (or alleles) in the same
gene, all of which may lead to disease. For example,
hundreds of different disease-causing mutations have
been found in the cystic fibrosis genel¢ and the
BRCAI and BRCA2 genes associated with suscepti-
bility to breast and ovarian cancer.!”

In contrast, the most common form of sickle cell
anemia, a disease occurring in 1 in 700 blacks in the
United States, is caused by a single specific mutation in
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the B-globin gene, resulting in a modified hemoglo-
bin, termed hemoglobin S (HbS).18 Both hematologic
and DNA-based tests are available. Diagnostic testing
can be done reliably by hemoglobin electrophoresis,
but the DNA-based test for the HbS mutation is an
important additional option because it makes prena-
tal diagnosis possible (Fig. 3).19

Cytogenetic tests are used to diagnose chromoso-
mal disorders, in which chromosomes or chromoso-
mal segments are duplicated, deleted, or translocated
to different chromosomes. These tests make it possible
to identify the chromosomal basis of conditions such
as Down’s syndrome, which are caused by the presence
of an extra chromosome, the lack of a chromosomal
segment, or rearrangement of the chromosomes.20-21
One cytogenetic technique, fluorescence in situ hy-
bridization, identifies specific chromosomal regions
through the use of fluorescent DNA probes and thus
can pinpoint small chromosomal duplications and de-
letions missed by previous methods.?2:23 For exam-
ple, the 22q11 deletion syndrome, a genetic condition
caused by small deletions of chromosome 22 (Fig. 4),
is characterized by a variety of learning disabilities, pal-
atal abnormalities, and congenital heart disease.2*
Using fluorescence in situ hybridization, it has been
possible to show that six previously described clinical
syndromes, each with an overlapping cluster of phys-
ical and cognitive deficits, all represent manifestations
of the 22ql1 deletion syndrome.?*

FAMILIAL RISK

A genetic diagnosis often indicates that other family
members are at risk for the same condition. Genetic
testing can help in evaluating this risk. For example,
when the causative mutation of a genetic condition is
known, presymptomatic diagnosis of family members
is often possible and may offer an important oppor-
tunity for disease prevention. Thus, after a person is
given a diagnosis of MEN2 and the causative RET
mutation is identified, testing of all first-degree rel-
atives is recommended (Fig. 1) so that prophylactic
thyroidectomy can be offered to those who inherited
the mutation.?526 A small number of other inherited
cancer syndromes, such as familial adenomatous poly-
posis, offer a similar opportunity.?”

The identification of risk does not necessarily lead to
treatment options, however. Genetic testing for Hun-
tington’s disease, an autosomal dominant condition
that causes progressive motor and cognitive dysfunc-
tion starting in midlife, allows people with an affected
parent to determine whether they have inherited the
causative mutation.28 If the mutation is present, the
person’s risk of Huntington’s disease is virtually 100
percent, given a normal life span. Yet, no effective in-
tervention or preventive treatment is currently avail-
able. The choice to be tested is thus highly personal,
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TABLE 1. EXAMPLES OF GENETIC TESTS.*

CONDITION AND AVAILABLE TESTS

Multiple endocrine neoplasia type 2

Molecular tests

Panel test: DNA-based detection of common RET gene mutations

Sequencing: analysis of DNA sequence of specific coding regions of the
gene to detect sequence variation

Duchenne’s muscular dystrophy

Molecular tests: DNA-based detection of deletions or structural inversions
in coding regions of the Duchenne’s muscular dystrophy gene

Biochemical test: measurement of dystrophin protein in muscle tissue by
weight (values are 0—3 percent of normal values) or by immunohisto-
chemical techniques (showing complete or nearly complete absence of
dystrophin)

Sickle cell anemia

Molecular test: DNA-based detection of the HbS mutation
Hematologic test: hemoglobin electrophoresis detects HbS

Cystic fibrosis

Molecular tests

Panel test: DNA-based detection of common CFTR mutations; core panel
recommended by the American College of Obstetrics and Gynecology
and the American College of Medical Genetics contains 25 mutations
and is estimated to identify 85 percent of carriers in the general North
American population

Biochemical test: detection of elevated sweat chloride concentration

Down’s syndrome

Chromosome test: staining of chromosomes to detect extra copy of chro-
mosome 21

22q11 deletion syndrome

Chromosome test: fluorescence in situ hybridization to detect small dele-
tions in chromosome 22

Iron overload

Molecular tests: DNA-based detection of C282Y and H63D mutations in
the HFE gene

Biochemical test: measurement of transferrin saturation (serum
iron+TIBC X 100): if elevated (>60 for men, >50 for women), serum
ferritin measured; if elevated (>300 ug/liter for men, >200 ug/liter
for women), iron status assessed by liver biopsy or serial phlebotomy

Venous thromboembolism

Molecular test for factor V Leiden: DNA-based detection of the factor V
Leiden mutation

Biochemical test for factor V Leiden: measurement of activated protein C
resistance

Breast and ovarian cancer

Molecular tests

Panel test: DNA-based detection of 2 BRCAI mutations and 1 BRCA2
mutation common in Ashkenazi Jewish populations

Sequencing: analysis of DNA sequence of coding regions and adjacent seg-
ments of BRCAI and BRCA2 to detect sequence variation

COMMENT

An autosomal dominant condition causing a high lifetime risk of MTC. The
disease has 3 subtypes: 2A, associated with onset of MTC in childhood or
carly adulthood and an increased risk of parathyroid adenoma or hyperplasia;
familial medullary thyroid carcinoma associated with a risk of MTC alone,
with onset usually in adulthood; and 2B, associated with onset of MTC in
carly childhood and with characteristic facial features, mucosal neuromas of
the lips and tongue, and ganglioneuromatosis of the gastrointestinal tract.

An X-linked recessive condition causing progressive skeletal-muscle weakness
and cardiomyopathy. Affected children are typically wheelchair-bound by the
age of 12 years. Death is usually due to cardiomyopathy or respiratory failure.

An autosomal recessive condition causing vasoocclusive events, resulting in pain
crises, cerebrovascular complications, and splenic and renal dysfunction. Sick-
le cell anemia results from the HbS/HbS genotype. Related sickle cell disor-
ders are caused by HbS in combination with other B-globin variants, such as
HbC.

An autosomal recessive condition causing progressive lung disease. Most affect-
ed patients also have pancreatic insufficiency; other common complications
include chronic sinusitis, meconium ileus, and male infertility.

A chromosomal condition causing mental retardation and characteristic facial
features. Other complications may include congenital heart disease and child-
hood leukemia.

A chromosomal microdeletion causing learning difficulties, congenital heart
disease, palatal abnormalities, and characteristic facial features.

A condition causing excess iron accumulation, resulting in deposition of iron in
body tissues. Complications include cirrhosis, primary liver cancer, cardiomy-
opathy, diabetes, joint pain, and impotence. Most primary iron overload in
the United States is due to mutations in the HFE gene, but other genetic
disorders of iron overload have also been described.

The most common genetic risk factor is factor V Leiden, a mutation in the fac-
tor V gene. Other genetic contributors include the prothrombin variant
20210A, antithrombin IIT deficiency, protein S deficiency, and protein C de-
ficiency.

Mutations in the BRCAI and BRCA2 genes are associated with an increased
risk of breast and ovarian cancer.

*Additional information about these conditions and available genetic tests can be found at http://www.geneclinics.org$ http://www.cdc.gov/genomics/
hugenet/reviews.htm,? http://www.cancer.gov/cancer_information,/pdq,!° and http://www.ncbi.nlm.nih.gov/omim/.1t MTC denotes medullary carcinoma
of the thyroid, HbS hemoglobin S, HbC hemoglobin C, and TIBC total iron-binding capacity.
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TABLE 2. EXAMPLES OF MOLECULAR GENETIC TESTS.*

CONDITION

Neurologic
Spinocerebellar ataxias

Early-onset familial Alzheimer’s discase

Canavan’s disease

Nonsyndromic inherited congenital hearing loss
(without other medical complications)

Fragile X syndrome

Huntington’s disease

Connective tissue

Ehlers—Danlos syndrome, vascular type
Marfan’s syndrome

Osteogenesis imperfecta types I-1V
Oncologic

Familial adenomatous polyposis
Hereditary nonpolyposis colorectal cancer

von Hippel-Lindau disease
Li—Fraumeni syndrome

GENES

SCAL SCA2, SCA3, SCAG,
SCA7, SCA10, DRPLA

PSENI, PSEN2

RePORTED UsEes oF TESTING

Diagnostic, predictive

Diagnostic, predictive

ASPA Diagnostic, prenatal
GJB2 Diagnostic, prenatal
FMRI Diagnostic, prenatal
HD Diagnostic, predictive, prenatal
COL3A1 Diagnostic, prenatal
FBN1 Diagnostic, prenatal

COLIAI, COLIA2

Diagnostic, prenatal

APC Diagnostic, predictive

MLHI1, MSH2, PMS2, Diagnostic, predictive
MSH3, MSH6

VHL Diagnostic, predictive

TP53 Diagnostic, predictive

Hematologic

B-thalassemia

B-globin (H&B)

Carrier detection, prenatal diagnosis

Hemophilia A F8C Prognostic, carrier detection, prenatal
Hemophilia B FoC Carrier detection, prenatal
Renal

Nephrogenic diabetes insipidus
Polycystic kidney disease (autosomal dominant
and autosomal recessive)

AVPR2, AQP2
PKDI, PKD2, PKHDI1

Diagnostic, carrier detection, prenatal
Predictive, prenatal

Multisystem

Achondroplasia FGFR3 Prenatal

Alpha,-antitrypsin deficiencyt AAT Diagnostic, predictive

Cystinosis CTNS Carrier detection, prenatal

Galactosemia GALT Newborn screening, carrier detection,
prenatalf

Neurofibromatosis type 1 NFI Prenatal

Neurofibromatosis type 2 NEF2 Predictive, prenatal

*This table is intended to be illustrative, not exhaustive. Most entries are based on information from GeneTest—
GeneClinics at http://www.geneclinics.org; this Web site includes a comprehensive list of available molecular genetic
tests and further clinical information about these and other genetic conditions.

tBiochemical testing is done to identify the enzyme deficiency.

fNewborn screening is done by biochemical testing.

and test results have the potential to be stigmatizing
or psychologically harmful. For this reason, careful
pretest counseling is recommended. A 10-year expe-
rience in the United Kingdom suggests that only
about 20 percent of those at risk for Huntington’s
disease pursue such testing.28

In the case of X-linked and autosomal recessive
conditions (Fig. 2 and 3), the purpose of genetic test-
ing is often to identify family members who are car-
riers — that is, persons who are themselves unaffected
but who are at risk of having affected children. As with
decisions about testing for Huntington’s disease, tests
to determine carrier status are done primarily for per-
sonal, rather than medical, reasons: in this case to fa-
cilitate decisions about having children. For women
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who are carriers of an X-linked recessive disease, each
son has a 50 percent risk of inheriting the disease (Fig.
2). With autosomal recessive diseases, such as sickle
cell anemia or cystic fibrosis (Fig. 3), the risk of having
an affected child is incurred only if both parents are
carriers and is 25 percent for each pregnancy. If car-
rier status is confirmed, prenatal testing can be offered
to provide an opportunity to inform parents about the
genetic diagnosis before the birth, so that they can de-
cide what course of action is best for them.
Prenatal diagnosis is also commonly used to diag-
nose Down’s syndrome. This genetic condition is rare-
ly inherited; most cases are due to an error in the for-
mation of ovum or sperm, leading to the inclusion of
an extra chromosome 21 at conception.? As with pre-
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Figure 3. Autosomal Recessive Inheritance.

When an autosomal recessive condition such as sickle cell ane-
mia is diagnosed in a child (indicated by the arrow), the parents
are identified as carriers of the sickle cell trait, which is inherit-
ed. All children of these parents have a 25 percent chance of
being affected. Children who do not have sickle cell anemia
have a 67 percent chance of being carriers. Cystic fibrosis is
also inherited as an autosomal recessive condition.

natal diagnosis for inherited genetic diseases, this use
of genetic testing is focused on reproductive decision
making rather than on clinical management of genet-
ic disease.

Genetic testing is also sometimes used to identify
family members with mild cases. For example, mild
cases of 22ql1 deletion syndrome have been docu-
mented among parents and siblings of patients with
the condition.?® Identifying these affected relatives
may explain otherwise unexpected clinical findings,
and also provides information about recurrence risks
within the family: if a parent is affected, the condition
can be passed on to future children.

CLINICAL VALIDITY OF GENETIC TESTS

These different examples help illustrate the impor-
tance of a test’s clinical validity, defined as the accuracy
with which a test predicts a clinical outcome.” Clinical
validity reflects both the sensitivity of the test — the
proportion of affected people with a positive test —
and the penetrance of the mutations identified by the
test. Penetrance refers to the proportion of people
with the mutation who will manifest the disease; in
the case of genetic diseases like Duchenne’s muscular
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Figure 4. Fluorescence in Situ Hybridization Showing the 22q11
Microdeletion Syndrome.

An orange probe identifies the chromosomal segment that is
deleted in the syndrome; thus, the chromosome 22 with the mi-
crodeletion — del(22) — lacks this probe. A green probe iden-
tifies a different segment of the chromosome and is used as a
marker for the two copies of chromosome 22, one of which is
normal and thus demonstrates both probes (22). Photomicro-
graph provided courtesy of Dr. Christine Disteche and Douglas
Chapman, University of Washington.

dystrophy, the proportion is virtually 100 percent in
those with a normal life span, whereas in the case of
hereditary nonpolyposis colon cancer, an inherited
colorectal cancer syndrome, about 75 percent are like-
ly to be affected.

Many DNA-based tests have reduced sensitivity be-
cause they identify only a subgroup of potentially caus-
ative mutations. This limitation is due to the state of
scientific knowledge — some causative mutations may
not yet be known — and to the properties of clini-
cally available tests. For some conditions, a test for all
known mutations would be prohibitively expensive,
leading to a pragmatic tradeoft between cost and sen-
sitivity. Just as scientific knowledge and costs change
over time, so will the sensitivity and predictive value
of various tests.

Reduced sensitivity has important implications for
the testing of family members. For example, when a
child with Duchenne’s muscular dystrophy is found
to have a deletion involving the dystrophin gene, the
carrier status of female relatives can be determined by
the same test. However, if the affected child does not
have an identifiable mutation, the test cannot be used
effectively either to determine carrier status or for pre-
natal diagnosis. An alternative approach — linkage
analysis — is possible if two or more family members
are affected and available for testing; this approach
identifies patterns of DNA markers associated with
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