Chapter 10
Other Monogenetic Stroke Disorders

John W. Cole and Christopher A. Stack

Introduction

As described throughout this book, most strokes occur secondary to the interaction of
multiple genes in combination with both lifestyle and environmental factors, thereby
making stroke a prototypical complex disease. While this may be true for most forms
of ischemic and hemorrhagic stroke, there are several established monogenetic disor-
ders (i.e., transmitted via Mendelian inheritance) that may present with stroke. In
some situations, stroke can be the predominant clinical feature, while in others, stroke
can occur infrequently. In this chapter, we will describe such disorders focusing on
clinical manifestations (Table 10.1) and then present details regarding the established
genetic and diagnostic testing (Table 10.2) that are available. Given the disparate rela-
tionships between these disorders and stroke, the disorders have been classified in
Tables 10.1 and 10.2 based upon their predominant etiologic mechanisms, including
large arterial diseases, small vessel diseases, hematological diseases, mitochondrial
diseases, and connective tissue disorders. The disorders are presented in the same
order in Tables 10.1 and 10.2. For completeness and ease of reference, we have also
included several monogenetic disorders in our tables that have dedicated chapters
elsewhere in this book, including MELAS syndrome (see Chap. 8), CADASIL syn-
drome (see Chap. 6), and sickle cell disease (see Chap. 9).
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We also emphasize that an outstanding reference for such disorders is Online
Mendelian Inheritance in Man (OMIM).! This database catalogues all known
diseases with a genetic component and—when possible—Ilinks them to the relevant
genes in the human genome and provides references for further research and tools
for genomic analysis of a catalogued gene. OMIM is one of the databases housed in
the US National Center for Biotechnology Information (NCBI) and is included in
its search menus.? Another federally funded online database, Gene Test-Gene
Clinics, provides an international directory of genetic testing laboratories and genet-
ics clinics. We encourage readers to utilize these websites and our listed references
to attain additional information if a monogenetic form of stroke is suspected.

In summary, this chapter has been designed as a concise initial reference for
readers regarding important monogenetic stroke disorders. This chapter emphasizes
established clinically relevant information, as well as introducing several concepts
important for interpreting the continually evolving literature on stroke genetics.
Lastly, we close with a brief summary of responsible genetic testing.

Definition of Terms

Several terms used throughout this chapter require definition:

Allele—Alternative forms of a gene or marker locus due to changes at the level
of DNA.

Autosomal dominant—A disease inheritance pattern that requires only one
mutated copy of the gene in a single autosomal chromosome (1-22). Only one copy
is necessary for a person to be affected.

Autosomal recessive—A disease inheritance pattern that requires two mutated
copy of the gene in a single autosomal chromosome (1-22). Two copies are neces-
sary for a person to be affected.

Complex trait—A trait with a genetic component that is not strictly Mendelian
(dominant, recessive, sex-linked). Complex traits may involve the interaction of two
or more genes to produce a phenotype or may involve gene-environment
interactions.

Genotype—The observed alleles at a genetic locus for an individual. For an auto-
somal locus, a genotype is composed of two alleles, one transmitted maternally and
the other transmitted paternally.

Mendelian trait—A trait that is controlled by a single locus and shows a simple
Mendelian inheritance pattern. Such disorders are inherited according to Mendel’s laws.

Phenotype—The observed manifestations of a genotype. The phenotype may be
an observed trait, a particular type of clinical event, or may be expressed
physiologically.

"http://www.omim.org/
2http://www.ncbi.nlm.nih.gov/omim
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Polymorphism—Genetic loci at which there are two or more alleles that are each
present at a frequency of at least 1% in the population.

X-linked dominant—A disease inheritance pattern that requires only one mutated
copy of a gene on the X chromosome; only one copy is necessary for a person to be
affected. Males and females are both affected in these disorders, with males typi-
cally being more severely affected than females. The sons of a man with an X-linked
dominant disorder will all be unaffected (since they receive their father’s Y chromo-
some), and his daughters will all inherit the condition. A woman with an X-linked
dominant disorder has a 50% chance of having an affected fetus with each
pregnancy.

X-linked recessive—A disease inheritance pattern in which a mutation in a gene
on the X chromosome causes the phenotype to be expressed (1) in males (who are
necessarily hemizygous for the gene mutation because they have only one X chro-
mosome) and (2) in females who are homozygous for the gene mutation (i.e., they
have a copy of the gene mutation on each of their two X chromosomes). The chance
of passing on the disorder differs between men and women; the sons of a man with
an X-linked recessive disorder will not be affected, and his daughters will carry one
copy of the mutated gene. A woman who is a carrier of an X-linked recessive disor-
der (X®X") has a 50% chance of having sons who are affected and a 50% chance of
having daughters who carry one copy of the mutated gene and are therefore
carriers.

Monogenetic or Mendelian Disorders

Rare Mendelian disorders arising from single-gene defects have been described in
which stroke is a prominent presenting feature. It should be emphasized that these
are not “‘stroke genes” but rather mutations that may have stroke as an accompanying
manifestation. There are several reasons to recognize monogenetic conditions asso-
ciated with stroke. First, there may be specific treatments that can alter the course of
the disease (e.g., transfusion therapy and sickle cell disease); such treatments are
often more effective if the disease is identified early. Second, natural history or prog-
nostic information may be available, including the possibility of anticipating prob-
lems in other organ systems (e.g., Fabry disease and renal failure). Finally, diagnosis
and counseling may be of benefit to family members of the affected case, potentially
leading to earlier diagnosis and amelioration of the disease.

The search for monogenetic stroke etiologies begins with the history and physi-
cal examination. As mentioned, we have chosen to illustrate the established mono-
genetic disorders associated with stroke as categorized by the most common
mechanism and etiological causes (i.e., large arterial diseases, small vessel diseases,
hematological diseases, mitochondrial diseases, and connective tissue disorders).
Table 10.1 [1-114] highlights clues to these disorders from the history and examina-
tion. Table 10.2 [1-114] describes other features of these disorders including associ-
ated laboratory findings, inheritance patterns, the resulting pathophysiologic defect,
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and the availability of diagnostic testing. We suggest that readers concerned for a
monogenetically suspected case of stroke read through the tables to evaluate for
similarities with their case. Utilizing the patient’s history and exam findings, note
other organ system abnormalities such as the eyes (e.g., COL4A1, TREX, MELAS),
the kidneys (e.g., Fabry disease), and the heart (e.g., familial hypercholesterolemia,
connective tissue disorders). Further, the appearance of the stroke(s) on imaging can
also be used to further isolate the diagnosis. For example, looking for patterns of
strictly small infarcts with white matter changes involving the bilateral extreme
capsules and anterior temporal poles might imply CADASIL. As another example,
strokes that appear to fluctuate with time and/or do not conform to vascular territo-
ries might imply MELAS. Additionally, vessel imaging including magnetic reso-
nance angiography (MRA) or computed tomography angiography (CTA) can also
assist with diagnosis; for example, evidence of the pathognomonic “string of beads”
sign in the internal carotid artery as seen with fibromuscular dysplasia and vertebro-
basilar dolicoectasia as often seen in Marfan syndrome. Magnetic resonance venog-
raphy (MRV) demonstrating cerebral venous thrombosis may imply a
hypercoagulable state such as a factor V Leiden mutation. While we have attempted
to make our tables as comprehensive as possible, we also suggest reviewing our
references for each condition, and we recommend these other excellent review arti-
cles [115-122], as well as the OMIM reference for the specific disease.

Lastly, a genetic cause should be considered in any young stroke patient who lacks
established vascular risk factors or whose initial workup is negative for an etiologic
cause. Clinicians should always ask about a familial history of stroke (see Chap. 10).
A family history of stroke, particularly at an early age, is probably the strongest indi-
cator of a potential underlying genetic etiology. As such, to maximize the likelihood
of detecting a familial condition, a structured approach to the family history is needed.
This should include recording the family pedigree in detail, including, at a minimum,
all first-degree relatives (i.e., parents, siblings, and children). The major medical con-
ditions of all family members should be recorded as well as age at onset for relevant
medical conditions and age at death. Depending on the context, this information from
the pedigree should be included for second- and third-degree relatives. A pedigree
diagram helps highlight patterns of transmission (e.g., an autosomal dominant pattern
versus a maternal transmission pattern as seen in mitochondrial disorders).

Responsible Genetic Testing

Here, we address the questions of when genetic testing is indicated and what is the
appropriate context for genetic testing. Genetic tests include analyses not only of
DNA or RNA for the purpose of detecting a genetic condition but also analyses of
proteins and certain metabolites for the same purpose. Unlike other types of labora-
tory tests, genetic tests provide information not only about the tested person but also
about his or her relatives or descendants. The most appropriate criteria to be used to
evaluate the risks and benefits of genetic tests and how these criteria should apply to
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different categories of genetic tests have been the subject of much societal scrutiny
and, in the United States, the focus of several relatively recently instituted federal
policies. It has been proposed that the decision to use a particular genetic test in a
particular individual should include consideration of analytical validity, clinical
validity, and clinical utility, including social consequences.

Analytical validity refers to whether the test is reliable and valid in measuring
what it purports to measure. Clinical validity refers to the accuracy of the test in
diagnosing or predicting risk of disease and is measured by sensitivity and specific-
ity, which are test characteristics, and predictive value, which is also a function of
the prevalence of the disease in the population. Clinical utility refers to outcomes
associated with a positive or negative test result.

Here, we also emphasize that genetic testing may have unintended social conse-
quences affecting both the patient and their family through what is termed as genetic
discrimination. Genetic discrimination occurs when people are treated differently by
their employer or insurance company because they have a gene mutation that causes
or increases the risk of an inherited disorder. Several countries have laws that help
protect people against genetic discrimination; however, genetic testing remains a fast-
moving field, and these laws do not necessarily cover every situation. In the United
States, it was widely recognized that there was a need for federal legislation to limit
risks pertaining to discrimination in employment or health insurance on the basis of
genetic information. As such, in 2008, the Genetic Information Nondiscrimination Act
(GINA) was signed into law [123, 124]. GINA protects individuals from the misuse
of genetic information in health insurance and employment and was created to remove
barriers to the appropriate use of genetic services by the public.

Under GINA, group and individual health insurers cannot:

Use a person’s genetic information to set eligibility requirements or establish
premium or contribution amounts

Request or require that a person undergo a genetic test

Under GINA, employers cannot:

Use a person’s genetic information in decisions about hiring, firing, job assign-
ments, or promotions

Request, require, or purchase genetic information about an employee or family
member

Types of Genetic Information Protected by GINA:

Family medical history

Carrier testing; i.e., sickle cell anemia and other conditions

Prenatal genetic testing; i.e., amniocentesis, chorionic villus sampling, and other
techniques

Susceptibility and predictive testing; e.g., BRCA testing for risk of breast or
ovarian cancer, testing for Huntington disease, or hereditary nonpolyposis colorec-
tal cancer (HNPCC) testing for risk of colon cancer

Analysis of tumors or other assessments of genes, mutations, or chromosomal
changes

It is important to note that GINA regulates health insurers and employers, not
health-care professionals. The law does not require that health-care professionals
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counsel patients about GINA. Doing so, however, might help your patients feel
more comfortable about providing family history information, taking a genetic test,
or participating in genetic research. The law should not keep practitioners from tak-
ing a comprehensive family history; rather it protects patients from having that
information misused. More recently the Equal Employment Opportunity
Commission (EEOC) amended various GINA regulations providing further clarifi-
cation on acceptable workplace wellness programs with these new guidelines going
into effect in July 2016. The new amendments require that (1) employee wellness
programs are voluntary; (2) employers cannot deny health care coverage for non-
participation, or (3) take adverse employment actions against or coerce employees
who do not participate in wellness programs. Additionally, the new GINA regula-
tions cover spousal participation in wellness programs and employers may not ask
employees or covered dependents to agree to permit the sale of their genetic infor-
mation in exchange for participation in wellness plans. [125]

Consideration of the aforementioned factors implies the need to individualize
the decision for genetic testing. It should be apparent that the clinical validity, clini-
cal utility, and social consequences of a test could vary greatly depending on
whether it is performed for diagnostic or prognostic purposes, individual testing, or
population screening; whether a treatment is available for the condition; and
whether the genotype has a high or low probability of being associated with the
disease phenotype. While there is currently no formal mandate, there is a consensus
[126] that genetic education and counseling, as well as written informed consent,
should accompany certain types of “high-scrutiny” genetic testing. “High-scrutiny”
tests include those that have a relatively low clinical validity and utility but pose a
high risk of adverse social consequence. For example, a test whose purpose is pre-
dictive, which detects a variant with a low probability of being associated with
disease, and for which there is no proven intervention, would fall into this category.
It follows from this line of reasoning that the obligation to ensure that the patient is
well informed and participates in the decision to proceed with genetic testing
depends on where the test falls on the spectrum from low to high scrutiny. An online
and freely available e-learning course by the Centers for Disease Control and
Prevention reviews the application of the Clinical Laboratory Improvement
Amendments (CLIA) requirements to molecular genetic testing and quality assur-
ance measures for molecular genetic testing as consistent with good laboratory
practices [127].

Several examples are now mentioned illustrating these considerations with
respect to genetic screening for stroke prevention. One obvious example is the value
of screening young African-American stroke patients for sickle cell disease, this is
widely accepted because this information directly influences treatment of the initial
stroke and strategies for preventing recurrent stroke [53—60]. In contrast, the issues
relating to factor V Leiden mutation testing are more complex. A consensus state-
ment by the American College of Medical Genetics recommends that factor V
Leiden mutation testing be performed in any person with venous thrombosis in an
unusual site, including cerebral vein thrombosis [75]. Although the finding of het-
erozygosity for this mutation (lifetime risk of venous thrombosis is approximately
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10%) does not currently change management or prophylaxis for most patients, the
finding of homozygosity (lifetime risk of venous thrombosis >80%) would dictate
consideration of lifelong antithrombotic prophylaxis. While more controversial
[75], another benefit of testing for factor V Leiden mutation in cerebral venous
thrombosis is that relatives of those possessing one or more of the mutant alleles
could choose to be screened. Knowledge of factor V Leiden status in asymptomatic
relatives could influence a woman’s decision to use oral contraceptive or could lead
to antithrombotic prophylaxis during periods of increased risk, such as the postpar-
tum period. Routine testing is not currently recommended for young patients with
arterial stroke, even those with a family history [75], although testing could play a
role in the evaluation of persons with suspected paradoxical embolism. In contrast
to stroke attributable to a Mendelian trait, most candidate genes for stroke have a
low probability of being associated with disease and do not have proven interven-
tions. For these reasons, testing for such candidate stroke genes would fall into the
category of high-scrutiny genetic tests at this time.

One final consideration that warrants emphasis is that the costs of genetic testing
are not always covered by insurance, and that these costs are often quite high. As
such, we suggest practitioners discuss this issue with the patient and their family
‘pre-test’, such that there is time to attain insurance authorization for the test. Most
insurance companies have prespecified testing policies that typically emphasize that
genetic testing be medically necessary to establish a molecular diagnosis of an
inheritable disease, emphasizing that the patient is:

Displaying clinical features, or is at direct risk of inheriting the mutation in ques-
tion (presymptomatic).

That the result of the test will directly impact the treatment being delivered.

After history, physical examination, pedigree analysis, genetic counseling, and
completion of conventional diagnostic studies, a definitive diagnosis remains uncer-
tain, and a specific diagnosis is suspected.

Conclusion

While technological and research advances are accelerating our ability to under-
stand the interplay between genetics and the environment in the pathogenesis of
stroke, there are several established monogenetic disorders that cause stroke. Such
disorders should be considered in any young patient whose initial workup for stroke
is negative. Monogenetic disorders should also be considered in situations in which
multiple family members are affected, notably this can be across several disparate
organ systems. Through the use of a detailed medical and family history and physi-
cal exam, practitioners can determine if an established monogenetic disease seems
likely and then weigh the options regarding genetic testing. If a monogenetic form
of stroke is suspected, referring a patient for genetic counseling should be consid-
ered. As with any stroke, the ultimate goals of these efforts are disease prevention
and treatment optimization.
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