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Cha p te r one

Medical Genetics
Single Gene Disorders

Definitions
Chromosome

a molecule of DNA that is packaged to carry information in the
form of genes. Humans have diploid somatic cells (two copies
of each chromosome), totaling 23 pairs, and haploid gametes
(sperm and ova) with one copy of each chromosome.

Autosomes

chromosomes 1-22 in the human. Homologous chromosomes
are copies of the same pair with maternal and paternal origin.

Sex chromosomes

the X and Y chromosomes.

Gene

a sequence of DNA that encodes a speciﬁc protein, tRNA, rRNA or
snRNA.

Locus

the physical location of a gene.

Allele

variations in the DNA sequence within a gene. When a gene has
multiple alleles in the population, it is said to be polymorphic.

Genotype

the speciﬁc alleles (maternal and paternal origin) at a locus.

Phenotype

the observable characteristics that result from the genotype.

Homozygote

possessing the same allele on homologous chromosomes at a
given locus.

Heterozygote

possessing different alleles on homologous chromosomes at a
given locus.

Dominant

expression of a phenotype when only one allele of a
chromosome pair encodes the trait.

Codominant

simultaneous expression of the products of two different alleles
at one locus. (eg. AB blood groups, HLA antigens)
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Recessive

expression of a phenotype only when both alleles on
homologous chromosomes are identical.

Mutation

an alteration in the sequence of DNA or production of a new
allele.

Missense mutations

result when a single amino acid is substituted in a polypeptide
chain.

Nonsense mutations

can result in the formation of stop codons which can
prematurely terminate translation and cause the production
of abnormal, truncated proteins.

In-Frame mutations

Nucleotides can be inserted or deleted. If inserted or deleted
in groups of 3 bases (a codon), the mutation is said to be
in-frame.

Frameshift mutations

If nucleotides are insterted in groups of fewer or more than 3,
the result is frameshift. Frameshift mutations alter the
reading of all codons downstream, and typically produce
severely altered protein products.

Loss-of-function

a mutation which results in a missing or diminished product.

Gain-of-function

a mutation which results in the production of excess product,
a novel function or increase in its activity.

Recurrence Risk

the statistical probability that a child of a couple will express a
genetic disease. Because each conception is an independent
event, the recurrence risk depends on parental genotypes and
is independent of existence of previous affected or unaffected
offspring.
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Standardized
Pedigree Symbology
I

1

2

3

4

3

4

II
1

2

5

6

III
1

2

5

7

6

SB

IV
1

2

3

To analyze a pedigree observe the following conventions:
•
•
•
•
•
•
•
•
•
•
•

•
•
•
•

Generation numbers are in roman numerals on the left.
Individuals are counted in sequence within a generation, from left to right.
Males are indicated by a square.
Females are indicated with a circle.
The ﬁrst affected individual in the generations of the pedigree is considered the
proband.
Affected individuals (for the disease in question) are shaded symbols.
Unaffected individuals are represented by unshaded symbols.
Symbols which are half shaded represent known carriers of a trait.
Shaded circles within a female symbol represent known carriers of an X-linked trait.
Horizontal lines between circles and squares indicate matings/marriages.
Double horizontal lines between circles and squares indicate consanguineous matings
(individuals III-6 and III-7). By deﬁnition in the U.S. any marriage between second cousins
or more closely related individuals.
Dizigotic (fraternal) twins are indicated as a single vertical line from the parents which
then splits in two (individuals III-1 and III-2).
Monozygotic (identical) twins are indicated as a single vertical line from the parents
which splits in two but has a bar connecting the two progeny (individuals IV-1 and IV-2).
Angled lines through a symbol reﬂect the death of the individual. If the angled line is
accompanied by the notation “SB”, it means the fetus was stillborn.
Individuals who marry into the original pedigree are assumed, by convention, to be
normal for the trait being displayed in the family, unless otherwise speciﬁed (individual
II-1, II-6 and III-3).
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Mendelian Patterns
of Inheritance
Autosomal Dominant
By convention, dominant alleles are noted with a capital letter and recessive alleles with
a lower-case letter. Since it only takes one copy of the disease allele to cause the
disease phenotype, the affected individuals may be homozygous for the disease allele
(AA) or heterozygous for the disease allele (Aa). The ﬁtness of AA homozygotes is usually
severely reduced to the point that they cannot reproduce. Most AD diseases affect the
production of structural proteins.
How to identify the pedigree:
•
•
•
•

The disease is observed in multiple generations
Skipped generations are not seen
Males and females are affected in equal frequencies
Father-to-son transmission is possible

I

II

III
05

Recurrence Risk for AD diseases:
Mating of an affected individual (Aa) with a
homozygous normal individual (aa). 50% of
the progeny will be affected heterozygotes
(shaded squares) and 50% unaffected
(unshaded squares), regardless of the sex of
the child.
Other, less common, crosses would be
between two affected heterozygote parents,
in which case 75% of the progeny would be
affected (one homozygous AA and two
heterozygotes), and the cross between two
homozygous parents (one diseased, one
normal), in which case all progeny would be
heterozygous and affected.

Important examples of AD diseases:
•
•
•
•
•

Familial hypercholesterolemia
Hereditary spherocytosis
Huntington disease
Neuroﬁbromatosis
Marfan syndrome
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A

a

a

Aa

aa

a

Aa

aa

Autosomal Recessive
Most AR diseases are loss-of-function mutations which affect enzyme function and are
manifest early in childhood. Because an affected individual must have received a
disease allele from each parent, consanguinity is common in such pedigrees, and by
deﬁnition, both parents must be carriers. The carriers are phenotypically normal (making
lower concentrations of the enzyme, but still enough to survive without symptoms) but
when two recessive alleles are present, the enzyme deﬁciency becomes evident.
How to identify the pedigree:
•
•
•
•

Generations are often skipped
Males and females are affected in similar numbers
Consanguinity is common
Father-to-son transmission is possible

I
1

2

II
1

2

3

4

5

6

7

III
1

2

3

The most common USMLE-style question concerning AR inheritance is to identify the
obligate carriers in a pedigree. (I-1, I-2, II-5, II-6 in this pedigree)
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Recurrence Risk for AR diseases:
The most common cross is that between two
heterozygous carriers (unaffected
phenotypically). In this case, on average, one
in four progeny (25%) will be homozygous
normal, two in four (50%) will be heterozygous
carriers and 1 in four (25%) will be homozygous
affected. Notice that the disease allele is the
lower-case letter.
Remember that if one of the unaffected
siblings in the above Punnett square were to
ask what their chances were of being a
carrier, your answer would be 2/3, and there
would be a 1/3 chance that they are
homozygous normal.

A

a

A

AA

Aa

a

Aa

aa

This is because you know the phenotype in that case (normal) but do not know the
genotype. So out of the 3 normal children in the above Punnett square, 2/3 are carriers
and 1/3 are homozygous normal.
Other less common crosses:
One carrier parent and one affected – progeny will be 50% carrier and 50% affected.
One normal parent and one affected – all progeny will be carriers.

Important examples of AR diseases:
•
•
•
•
•

Cystic ﬁbrosis
Fanconi anemia
Kartagener syndrome
Pyruvate dehydrogenase deﬁciency
Xeroderma pigmentosum
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Sex-Linked Inheritance
A normal female has two X chromosomes (one received from the father and one from
the mother). A normal male has an X chromosome (received from the mother) and a Y
chromosome (received from the father). Males are therefore said to be hemizygous for
the X chromosome (having only one copy). There is a region of homology at the tip of
the short arms of X and Y chromosomes, the pseudoautosomal region, which allows for
homologous pairing between X and Y chromosomes during prophase I in males.
Dosage compensation (X-inactivation)
The X chromosome encodes about 900 genes, and the Y chromosome around 200
genes mostly associated with male sex differentiation and spermatogenesis. At least
one X chromosome is required for life. To adjust for the signiﬁcant disparity in the
number of gene products between the two sex chromosomes, in the normal female, one
X chromosome is always inactivated in each cell (and if more than two X chromosomes
occur in a cell, all are inactivated except one).
Mechanism – At the late blastocyst stage, transcription of the XIST gene causes
methylation, histone deacetylation and heterochromatin formation in X chromosomes.
An autosome-encoded protein blocks the spread of the XIST product to the last X
chromosome, so the number of Barr bodies (inactivated X chromosomes) is always one
fewer than the total number of X chromosomes.
X-inactivation (Lyonization) is random and clonal. In each cell of the developing
blastocyst, either the paternal or the maternal X chromosome is randomly inactivated.
All cells derived from the cells in which X-inactivation has occurred will display the same
pattern of methylation. Females are therefore mosaic, with two distinct cell populations;
one with the paternal X inactivated and one with the maternal X inactivated. The
pseudoautosomal regions are not inactivated. During oogenesis, the inactive X is
reactivated so that all eggs have an active X chromosome.
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This process is very visually
demonstrated in the calico cat (shown).
Two fur color alleles are encoded on the
X chromosome of the cat, orange and
black. The female cat with
heterozygosity for these alleles on
maternally- and paternally-derived X
chromosomes will develop patches of
orange or black fur on a white
background, displaying the random and
clonal pattern of inactivation of one or
the other X chromosome. The white fur
is associated with an autosomal gene
for color inhibition.
In normal conditions, random inactivation would predict that there should be a 50:50
distribution of active maternal or paternal X chromosomes.
Signiﬁcant variation from this mean can occur when structural abnormalities of one of
the X chromosomes causes it to be more likely to be inactivated. In such cases, a gene
on a maternal or paternal X chromosome might be expressed more than expected by
random probability, and a female can become a manifesting heterozygote.
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X-linked Recessive
How to identify the pedigree:
•

Disease is observed in twice as many males as females. Males are hemizygous for
the X chromosome, so only one defective allele on the X chromosome is necessary for
expression. Females by contrast would have to have two defective X chromosomes to
express the phenotype. XO females (Turner Syndrome) will also express XLR phenotypes.
• If female heterozygotes are affected (manifesting heterozygotes), the disease
expression is milder.
• Skipped generations are common.
• No father-to-son transmission is possible.

I
1

2

3

4

II
1

2

5

6

III
1

2

3

4

5

6

IV
1

2

The most common question concerning XLR pedigrees is to identify the obligate carriers:
• All mothers of affected males
• All daughters of affected males
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Recurrence Risk for XLR diseases:
x

Y

X

Xx

XY

X

Xx

XY

X

Y

X

XX

XY

x

Xx

xY

x

Y

X

Xx

XY

x

xx

xY

Most common cross:
Normal female x affected male.
All female progeny will be carriers and all
male progeny will be normal.

Normal male x carrier female:
Half of female progeny will be carriers
and half homozygous normal. Half of
male progeny will be affected and the
other half normal.

Affected male and carrier female:
Half of female progeny will be carriers
and half affected. Half of male progeny
will be affected and the other half
normal.

Important examples of XLR diseases:
•
•
•
•
•

Red-green color blindness
Hemophilia A and B
Duchenne and Becker muscular dystrophy
Bruton agammaglobulinemia
G6PD deﬁciency

12

X-linked Dominant
How to identify the pedigree:
•
•
•
•

Heterozygous females are affected
Females are affected twice as commonly as males
The disease is seen in multiple generations: skipped generations unlikely
Father-to-son transmission is not seen

I
1

2

II
1

2

3

4

5

6

III
1

2

3

4

5
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Recurrence Risk for XLD diseases:
X

Y

x

Xx

xY

x

Xx

xY

x

Y

X

Xx

XY

x

xx

xY

X

Y

X

XX

XY

x

Xx

xY

Most common cross: Affected male x
homozygous normal female.
All female progeny will be affected and
none of the male progeny

Normal male x heterozygous affected
female: One half of female progeny will
be affected and one half homozygous
normal. One half of the male progeny will
be affected and the other half normal.

Affected male x affected heterozygous
female: One half of female progeny will be
homozygous affected, one half heterozygous
affected. One half of male progeny will be
affected and half unaffected.

Important examples of XLD diseases:
•
•
•
•

X-linked hypophosphatemic rickets
Fragile X syndrome
Alport syndrome (most cases)
X-linked dominant porphyria
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Mitochondrial Inheritance
How to identify the pedigree:
•
•

Mitochondrial DNA is inherited exclusively through females.
Diseases are transmitted from females to all offspring, but never from fathers
to offspring
• Variations in severity of expression may result from heteroplasmy

I
1

2

II
1

2

3

1

2

3

4

5

6

7

8

III
4

5

6

7

8

Recurrence Risk for Mitochondrial diseases:
100% of the offspring of affected females will be affected and none of the progeny of
affected males will be affected.
Important examples of Mitochondrial diseases:
Leber hereditary optic neuropathy
Myoclonic Epilepsy with Ragged Red Fibers (MERRF)
Mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes (MELAS)
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Summary of Pedigree Analysis
Multiple Generations Affected

Yes

No

Dominant

Recessive

Male-to-male transmission

Most affected are males

Yes

No

Yes

No

AD

May be XLD or

XLR

AR

mitochondrial

Dtrs of affected
male all affected

No
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Yes

Never

XLD

Mitochondrial

Medical Genetics Problem Set
Chapter 1

1-1

1-2

1-3

17

1-4

The disease with the
pedigree shown here
would most likely be
associated with what
sorts of symptoms?

1-5

Individual III-4 has a tall, thin
build and has recently been
diagnosed with a mitral valve
prolapse. What is his risk for
having an affected child if he
pairs with and unaffected
partner?

I
1

3

4

II
1

2

III
1

1-6

2

2

3

4

Two phenotypically normal parents have two sons with cystic ﬁbrosis. A third son is
phenotypically normal but concerned that he might be a carrier of the disease. What is
the probability that this individual is a carrier?
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1-7

A 4-year-old boy (III-10) is brought to a pediatrician after moving to the United States with
his family from Sweden. His parents are concerned about his recurrent "lung infections"
and small size. His stools are often greasy and ﬂoat. On exam he has a persistent wet
cough and is the average size of a 2-year-old. A family pedigree is shown below. Identify
the obligate carriers.

I
1

2

3

4

II
1

2

III
1

2

3

4

5

6

7

8

9

10

1-8

A 13-month-old female (III-6) falls from a standing position and fractures her wrist. She is
placed on vitamin D therapy, but 3 months later, radiographic evidence of rickets has not
improved. A family pedigree is shown. The mother (II-4) is now pregnant again. What is
the chance that the fetus will be affected?

I
1

2

3

4

II
1

2

3

4

5

6

III
1

2

3

4

5

6

7

?
7
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1-9
A 26-year-old previously-healthy male presents to the emergency department with
sudden onset of left-sided facial droop and left hemiparesis. On MRI he is found to have
a stroke localized to the right basal ganglia. Laboratory testing for hypercoagulation is
normal, but he is found to have a lactic acidosis. His mother has suffered from a few
transient ischemic attacks with minimal residual defects, his maternal grandmother, 2
maternal uncles and 3 maternal aunts have all had strokes before the age of 30. The 2
sons and 3 daughters of the maternal uncles are all unaffected, but the 3 sons and 2
daughters of the maternal aunts are all affected. What is the patient’s risk for having an
affected child with an unaffected partner?
1 - 10
A 5-year-old boy (III-7) is brought to the ophthalmologist after failing a portion of his
visual acuity testing for kindergarten entrance. He fails to distinguish between red and
green pigment, and pink and blue pigment. A pedigree is shown. When he grows up,
what are his risks of having an affected daughter if he is paired with a woman who is not
affected?

I
II

8

III
1

2

3

4

5

6

7

9
10

11

12

13

1 - 11

A family which has lost two children to infantile Tay-Sachs disease is concerned when
their 24-year-old, phenotypically normal son arranges to marry. What is the risk that this
man is a heterozygous carrier of the disease-causing mutation?
1 - 12

A 22-year-old female presents for a routine yearly sports physical. She asks about
multiple large hyperpigmented regions over her body that appeared early in life. Her
grandmother, father and two of her four siblings have similar ﬁndings; her father and
other siblings do not. If she has a child with an unrelated male, what is the chance that
their ﬁrst female child will have similar ﬁndings?
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Cha p te r two

Medical Genetics
Atypica l Inhe rita nc e a nd
Factors A f f e c ting
Phenoty p ic Exp re ssion

Atypical (non-Mendelian)
Inheritance
•
•

Mitochondrial (discussed in Chapter 1)
Trinucleotide Repeat Expansion – unstable expansion of 3 or more nucleotides in
tandem which may extend during meiosis. Results from slipped mispairing by DNA
polymerase during replication in germ cells.
Repeats are stable up to a certain length.
Anticipation – symptoms worsen and age of onset decreases
in successive generations
Parental transmission bias
» Maternal – myotonic dystrophy and fragile X syndrome
» Paternal – Huntington disease
» Since Friedreich ataxia is an AR transmission, both parents must transmit the
expansion, and anticipation is not observed

Inheritance
Huntington
Disease

Fragile X

syndrome
Myotonic

Dystrophy
Friedreich
Ataxia

AD
XLD
AD
AR

Gene
Product
Huntingtin,
GOF*
FMRP*,LOF*
DMPK*, GOF*
RNA
Frataxin,
LOF*

Parental
Pathogenic
transmission
range
bias

Repeat

Location

Normal
range

CAG

Exon 1

<35

>36

Paternal

CGG

5’UTR

5-54

>200

Maternal

CTG

3’UTR

5-34

>50

Maternal

GAA

Intron

5-33

66-1,700

*Fragile X mental retardation protein; Dystrophia myotonica-protein kinase; Untranslated region;
Gain-of-function, Loss-of-function
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•

Imprinting
There are at least 80 genes in the human which have epigenetic silencing (usually
through DNA and histone methylation) of one chromosome in a pair depending on
parental origin.
These epigenetic instructions are reset in the parental germ cell, and a new imprint
speciﬁc to the parent of origin is applied.
Normal
Male

Somatic

CH3

p
m

Gametes

CH3

p
p

p
m

p

p
p

Normal
Female

CH3

p

CH3
m

Imprinting signal reset
in germline

Chromosomes that
imprint some regions:
2,7,11,14,15,20

m

If a mutation occurs in an imprinted region, then the expression of the phenotype
depends on the parent of origin of the chromosome. The phenotype will only be
observed when the mutation occurs on an allele that should be expressed; in such a
case there will be no transcriptionally active copies of that region, and the result will be
whatever disease results from the failure of production of any of that gene product.
If a deletion occurs within a normally imprinted region of chromosome 15, a deletion of
this region from the paternally-derived chromosome results in Prader-Willi syndrome
due to the absence of the SNRPN protein which is involved in mRNA splicing. This deletion
in the maternally-derived chromosome results in Angelman syndrome, because the
imprint on the paternal chromosome causes a failure of production of UBE3A from the
ubiquitin pathway.
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Angelman syndrome and Prader-Willi syndrome may also rarely (10-20% of cases) occur
due to uni-parental disomy in which both copies of chromosome 15 originate from a
single parent. UPD generally follows from nondisjunction in meiosis I (heterodisomy –
chromosomes are a homologous pair), or meiosis II (isodisomy – chromosomes are
identical) followed by trisomy rescue when one of the extra chromosomes is lost (to be
discussed later).
Angelman Syndrome
Normal
Male
p

Carrier
Female

p
p

p

CH3

p
m

p

+ deleted maternal =

p

p

Normal

no active copies = AS

Normal
Female
CH3

p
m m

Protaminated paternal

CH3
m m

p

CH3

CH3
m

p

Methylated maternal +
deleted paternal = no

p
m

p

Normal

active copies = PWS

Angelman Syndrome

Prader-Willi Syndrome

4mb deletion on 15q

4mb deletion on 15q

Transmitted by mother

Transmitted by father

Absence of UBE3a (ubiquitin pathway)

Absence of SNRPN for mRNA splicing

Severe mental retardation, seizures

Moderate mental retardation

Prominent lower lip

Almond-shaped eyes

Behavior disorders

Small hands and feet

Hyperactivity, spasticity

Hyperphagic obesity

Ataxic gait, speech disturbance

Hypotonia

Hypopigmentation of skin, hair, eyes

Hypogonadism, hypopituitarism

Other diseases involving imprinting:
• Beckwith-Wiedemann syndrome
• Silver-Russell syndrome
• Pseudohypoparathyroidism
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Carrier
Male

CH3

p
m

Prader-Willi Syndrome

Factors Affecting
Phenotypic Expression
Variable Expression
Many genetic diseases are variable in phenotypic expression. Factors which affect the
severity of disease include:
•

Environment – mutations in tumor suppressor genes, when recessive, require the
environmental “knock-out” of the second allele in order to manifest malignant
transformation (retinoblastoma).

•

Allelic heterogeneity – different mutations at the locus may cause more or less
severe phenotypes. Missense mutations in the factor VIII gene cause less severe
hemophilia than nonsense mutations in which there is virtually no expression of
factor VIII.

•

Locus heterogeneity – it is not uncommon that complex molecules may be
composed of subunits that are encoded on different chromosomes. A defect in
any of the subunits may cause the failure of function of the composite molecule
(G6PD, collagen).

•

Phenotypic heterogeneity – different mutations in the same gene can give rise to
different phenotypes. A loss of function mutation in the RET protooncogene results
in Hirschsprung disease, whereas a gain of function in the same protooncogene
can cause MEN2A.

•

Heteroplasmy (mitochondrial inheritance) – the presence of different populations
of mitochondrial DNA molecules, some of which have the defect and some which
don’t. The severity of the phenotype then results from the proportion of
diseased:normal mitochondria.

•

Modiﬁer loci – a genetic modiﬁer affects the expression of another gene. They
may affect transcription or alter phenotypes at the cellular or organismal level.
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Pleiotropy
when a single disease producing mutation affects multiple organ systems. A mutation in
the gene that encodes ﬁbrillin causes Marfan syndrome. This autosomal dominant
disease shows effects in the connective tissue of eye (myopia, detached lens),
cardiovascular system (mitral valve prolapse and aortic aneurysm), skeletal
abnormalities (elongated limbs, arachnodactyly, pectus excavatum, pectus carinatum)
and hypermobile joints.
Incomplete Penetrance
a disease-causing mutation is said to be incompletely penetrant when some individuals
with the disease genotype do not develop the disease. This differs from cases of variable
expressivity in that the non-penetrant gene has no expression at all in the patient with the
disease genotype.

I
1

2

II
1

2

3

4

III
1

2

3

4

5

*Note that individual II-2 must have transmitted the gene to his daughter III-3, and yet he is
asymptomatic.
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The penetrance of a disease-causing allele is calculated by assessing a large number of
families and calculating the percentage of individuals of known genotype who display
the phenotype. If 100 individuals in this study had the genotype for disease expression,
and yet only 90 had symptoms, the disease allele would be said to have 90% penetrance,
and in application of any recurrence risk Punnett Square, the ﬁnal result would be
multiplied by 90% to factor in the degree of incomplete penetrance expected.
Delayed age of onset
if a disease phenotype does not display itself until the later decades of an individual’s life,
it can complicate the interpretation of the pedigree in younger generations. This can be
observed in Huntington disease, acute intermittent porphyria, hemochromatosis and
familial breast cancer.
New Mutation
in cases where a disease phenotype is so severe that patients do not live to
reproductive age (osteogenesis imperfecta type II) signiﬁcant numbers of cases occur
via spontaneous new mutations.
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Summary of diseases likely to be used as examples of pedigree complications

Huntington disease (AD)
Anticipation

Imprinting

Variable

expression
Allelic

heterogeneity

Locus

heterogeneity

CAG 5’ coding (36 repeats = 66 years
70 repeats = less than 20 years)

Fragile X syndrome (XLD)

CGG 5’ UTR

Myotonic dystrophy (AD)

CTG 3’ UTR

Prader-Willi syndrome

Paternal deletion (SNRPN not expressed)

Angelman syndrome

Maternal deletion (UBE3a not expressed)

Hemochromatosis (AR)
Xeroderma pigmentosum (AR)
Hemophilia A (XLR)
Osteogenesis imperfecta (OI)

Female blood loss in menses decreases
severity
Exposure to UV increases severity
Missense mutations are less severe than
nonsense mutations in factor VIII gene
Components of type 1 collagen are
encoded on chromosomes 7 and 17
NADPH oxidase is formed from subunits

Chronic granulomatous disease

encoded on different chromosomes (X
and 11)

Phenotypic

heterogeneity
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Hirschprung disease
MEN2A

Loss of function mutation in RET
proto-oncogene
Gain of function mutation in same

Defect in ﬁbrillin expressed in aorta,
Pleiotropy

Marfan syndrome (AD)

suspensory ligament of eye, periosteum
and perichondrium
Loss of function in Rb tumor suppressor

Incomplete

Retinoblastoma (AD)

Hemochromatosis (AR)
Huntington disease (AD)

onset

have additional somatic mutation in the
normal copy, penetrance 90%

Penetrance

Delayed age of

gene. 10% of patients who inherit do not

15% penetrance. 1/300 are homozygotes,
1/2000 develop disease.
Gain-of-function mutation on Ch 4

Hemochromatosis
Familial breast cancer

New mutation

100% of OI type II, 50% of
neuroﬁbromatosis type 1

Recurrence risk for parents low (mutation
in only one gamete) but for affected
individual, RR same as inherited type
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Medical Genetics Problem Set
Chapter 2
2- 1

A mother brings her previously healthy infant (III-6) to the pediatrician because she has
noticed an apparent white “reﬂection” in the eye of her child which appears when ﬂash
photographs are taken. The patient's family has multiple members who have been
similarly affected. What mechanism best explains why the patient's mother (II-5) has not
developed the same disease as her son (III-6)?

I
1

II

1

2

3

2

4

5

6

III
1

2

3

4

5

6

2- 2

A 5-year-old girl is diagnosed with a muscular dystrophy that resembles Duchenne.
However, subsequent genetic analysis localized the mutation to a region on the q arm of
chromosome 4. What genetic mechanism explains this ﬁnding?
2- 3

A 16-year-old male is diagnosed with a disease caused by a mutation in extranuclear
DNA. Evaluation of family members for history reveals that all full siblings are affected by
the disease, but to varying extents. Half siblings produced by the same father are not
affected at all. How is this variation in disease severity between full siblings best
explained?
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2- 4

A 30-year old male is affected with X-linked dominant porphyria. The penetrance of the
disease genotype is 60%. Assuming he marries a woman who does not carry the
mutation, what is the probability that a daughter will be affected with the disorder?
2- 5

A 5-year-old boy presents with intellectual disability, developmental delay and some
unusual facial features. He also has behavior consistent with the autism spectrum. He is
being evaluated for possible Fragile X syndrome. What would be the best technique to
diagnose this condition?
2- 6

A 20-year-old woman who is a heterozygous carrier of a mutation in the X-linked factor
VIII gene, has mild phenotypic expression of hemophilia A. What is the most likely
explanation for mild expression of the disease in this individual?
2- 7

In studying a large number of families with a small deletion in a speciﬁc chromosome
region it is noted that the disease phenotype is distinctly different when the deletion is
inherited from the mother as opposed to the father. How is this best explained?
2- 8

A 9-year-old boy is brought to his pediatrician because of obesity, short stature, and mild
mental developmental delay. Karyotype analysis shows him to be 46 XY. Comprehensive
testing for this disease should include:
A. DNA breakage studies
B. Fluorescent in-situ hybridization
C. Genome-wide comparative genomic hybridization
D. Methylation-speciﬁc polymerase chain reaction ampliﬁcation
E. Whole exome sequencing
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2- 9

A family from rural Kentucky is referred to a genetic clinic to evaluate a condition in two
of their children characterized by mild mental disability and facial dysmorphia.
Evaluation by standard karyotype analysis fails to reveal any aneuploidies or
morphological abnormalities of chromosomes. Results of DNA microsatellite
polymorphism studies for two autosomal markers are shown. Which of the following is
most consistent with the pattern shown?

A.
B.
C.
D.
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Anticipation
Autosomal recessive inheritance
Genomic imprinting
Mitochondrial inheritance

2

2

1

2

3

6

1

4

1

2

2

2

2

2

1

6

4

3

4

6

Cha p te r thre e

Medical Genetics
Cyt og e ne tic s

Cytogenetics is the study of abnormalities of chromosome structure or number.

The Anatomy of Chromosomes
Chromosomes are typically visualized during metaphase of mitosis when they are in
their maximally condensed states. In a karyotype, they are arranged according to their
size, with 1 being the largest and 22 being the smallest autosome, and the X and Y
chromosomes are placed in the lower right corner of the array. The centromere is a
constricted region near the center.
Chromosomes can be described according to the placement of their centromere as
being metacentric, submetacentric, acrocentric or telocentric.

P

Q
metacentric

submetacentric

acrocentric

telocentric

The short arm of a given chromosome is called the p arm (for petite) and the longer arm
is called q. The telomeres are the tips of the chromosomes.
Staining with Giemsa, which stains DNA, helps to identify the individual chromosomes by
highlighting the pattern of dark and light bands. The light bands tend to be G-C rich
areas of euchromatin (coding regions) and the dark bands are A-T rich areas of
heterochromatin (non-coding). The bands are numbered consecutively outward from
the centromere. Thus, the notation 22q11.2 refers to chromosome 22, long arm, region 1,
band 1, sub-band 2 – the location of the deletion responsible for DiGeorge syndrome.
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Abnormalities of
Chromosome Number
Euploid

a cell having a normal number of chromosomes (22 pairs of autosomes
and 1 pair of sex chromosomes….23 pairs or 46 chromosomes total).
Haploid (gametes) and diploid (somatic cells) are euploid cells.

Aneuploid

any cell having a deviation from the euploid number.

Polyploid

Cases where there are extra copies of the entire set (conditions
incompatible with survival). They may result from retention of the polar
body in the maturing ovum, or fertilization of the ovum with diploid sperm
or two haploid sperm.
• Triploid – three copies of each chromosome
• Tetraploid – four copies of each chromosome

Aneuploidies of only one (or few) chromosomes
Monosomy

one copy of one of the chromosomes (all autosomal monosomies are
incompatible with life). Sex chromosome monosomies (Turner
syndrome) can survive.

Trisomy

three copies of one of the chromosomes. Because these reﬂect EXTRA
genetic information rather than missing DNA, and the body tolerates too
much better than too little, there are 3 autosomal trisomies compatible
with life….13 (Patau), 18 (Edwards) and 21 (Down). Having multiple copies of
the X chromosome (eg. Kleinfelter syndrome) is tolerated because all X
chromosomes except one are inactivated (Lyonization).

Causes of aneuploidies – failure of chromosomes to segregate properly during ﬁrst or
second meiotic divisions (nondisjunction)
The majority of aneuploidies (85%) result from nondisjunction in maternal meiosis 1, and
80% of aneuploid conceptions spontaneously abort. Nondisjunction increases with
maternal age.
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Non-disjunction During Meiosis I
Homologous
chromosomes pair at
the metaphase plate,
and the homologs
should separate in
Anaphase 1.

S, G2 Prophase

Metaphase
Meiosis I

Metaphase
Meiosis II

Gametes

During Metaphase 2, the
chromosomes should
align at the metaphase
plate and sister
chromatids are
distributed to each
daughter cell.

Fertilization of one of the “empty” gametes on the left with a normal sperm will result in a
monosomy of that chromosome. Fertilization of one of the gametes with two copies of
the chromosome will result in a trisomy for that chromosome.
Sometimes in an early mitotic division, one of the chromosomes from a trisomic zygote
will be lost, because of a selective advantage in division of a cell with 46 chromosomes
over those with 45 or 47. This process is called trisomy rescue. Depending on which
copy is lost, if the copy from the normal gamete is lost, the result will be uniparental
disomy (UPD), referring to the fact that both of the copies of the chromosome came
from the same parent. In cases where the original trisomy involved a chromosome with
imprinted genes, this will result in the phenotype of a deletion of that gene on the
chromosome originating from the other parent. In other words, a maternal UPD
produces the same phenotype as a paternal deletion, and a paternal UPD produces the
same phenotype as a maternal deletion.
When UPD follows from nondisjunction in meiosis I it is called heteroisodisomy because
the chromosomes are not identical, but from a homologous pair.
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Non-disjunction During Meiosis II

S, G2 Prophase

Metaphase
Meiosis I

Metaphase
Meiosis II

Gametes

When UPD follows from nondisjunction in meiosis II it is called isodisomy because the
chromosomes are identical.
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Prenatal Screening for Aneuploidies
(courtesy of Neeraj Goswamy, MD, Medical School Companion step 2 OB/GYN)

First trimester
Testing between 9-13 weeks gestational age: Biochemical screening for PAPP-A and
bHCG
Trisomy 18 – both are decreased
Trisomy 21 – bHCG is elevated, pregnancy-associated plasma protein (PAPP-A)
decreased.
Nuchal Translucency (NT) screening between 11-14 weeks. Sonogram for collection of ﬂuid
in the nape of the neck of the fetus (black, echo-free area) if more than 3mm, it may be
associated with aneuploidies. Absence of nasal bone also may be indicative.
Second trimester
Testing between 15-22 weeks gestational age: Penta Screen (AFP, Estriol, HCG, Inhibin A,
hyperglycosylated HCG).
Neural tube defects: AFP elevated, all other parameters within normal limits (WNL).
Trisomy 13 – AFP and Estriol variable, HCG decreased, all others WNL.
Trisomy 18 – AFP, estriol, HCG decreased, all others WNL.
Trisomy 21 – AFP and Estriol both decreased, HCG, Inhibin A and hHCG elevated.
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Aneuploidies you should
be able to identify:
Trisomy 21 – Down Syndrome
(1 in 800 live births)

•
•
•
•

Hypotonia
Intellectual disability
Brachycephaly and ﬂat occiput
Upslanting palpebral folds, depressed
nasal bridge, epicanthal folds
• Cardiac defects in 40%
• Duodenal atresia, Hirschsprung disease
• Increased risk of acute lymphoblastic
leukemia, Alzheimer by 50-60 years
Trisomy 13 – Patau Syndrome
(1 in 15,000 live births)

•
•
•
•

Microcephaly, microphthalmia
Holoprosencephaly, cleft lip and palate
Postaxial polydactyly
Polycystic kidney

Trisomy 18 – Edward Syndrome
(1 in 6,000 live births)

•
•
•
•
•
•
•

Hypertonia
Intellectual disability
Prominent occiput
Micrognathia, low-set ears
Clenched ﬁsts, rocker bottom feet
Cardiac septal defects
Horseshoe kidney

Kleinfelter Syndrome

(47, XXY) 1 in 500 to 1,000 live male births

• IQ 10-15 points below siblings
• Tall, thin males who appear normal until
puberty
• Infertility, testicular atrophy
• Gynecomastia, female secondary sexual
hair distribution
• Raised FSH and LH
• High voice

Turner Syndrome

(45X or 45XO-50%, remainder mosaics)
1 in 2000 live births)

• Infertility, gonadal dysgenesis, primary
amenorrhea
• Short statured female
• Edema of ankles and wrists, webbed
neck
• Shield-shaped chest
• Coarctation of the aorta
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Abnormalities of Structure
Reciprocal translocation
If two pairs of chromosomes exchange genetic material during recombination, this
results in a balanced rearrangement (the carrier has no loss of genetic material) but the
continued attempted alignment of homologous sequences in the following metaphase
results in the formation of a tetravalent structure:

A

C

B

D

If segregation occurs diagonally (A/D or B/C) there will be
normal phenotype (balanced)
If segregation occurs in an adjacent pattern (A/B, B/D, D/C or
C/A) then the result will be unbalanced, with partial trisomy or
partial monosomy resulting after fertilization with a normal
gamete.

Chromosome 3

Chromosome 7
Reciprocal
translocation
between 3p and 7p
in the other parent

Normal
chromosomes
in one parent

Offspring inherits
a partial trisomy 7
and a partial
monosomy 3
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Robertsonian translocation
A translocation involving the loss of the short arms of two acrocentric chromosomes and
the fusion of the q arms into one chromosome. The balanced carrier of a Robertsonian
translocation has only 45 chromosomes but the normal diploid state for all
protein-coding genes.
Normal

13

21

13

13/21

21

Translocation carrier

The problems arise with segregation during meiosis when the chromosomes attempt to
segregate. Again, the alternate (diagonal) segregation will yield a balanced genetic
complement, and the adjacent segregation will result in monosomies or trisomies after
fertilization.

Chromosomes
in translocation
carrier
13

21 T (13q21q)

A+D
Normal Trans
Carrier

B

C

D

Adjacent segregation (unbalanced)

Alternate segregation

B+C
Normal

A

A+B
Translocation
Trisomy 21

C+D
Monosomy
21

A+C
Trisomy
13

B+D
Monosomy
13
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Inversions:
• Pericentric – inversions involving the centromere. May produce unbalanced gametes.
• Paracentric - breaks in only one arm, not involving the centromere. May produce
unbalanced gametes.
A
B
C
D
E
F

A
D
C

A
B

A
B

E
F

C
D
E
F

E
D
C
F

B

Pericentric

Paracentric

Unbalanced Rearrangements
Deletions – loss of part of a chromosome leads to partial monosomy. Severity of
phenotype depends on size and nature of deletion. Example: Cri-du-Chat Syndrome –
deletion on p arm of chromosome 5; DiGeorge syndrome – 22q11.1
Duplications - may result from unequal crossing-over and abnormal segregation, and
lead to partial trisomies
Ring chromosome – deletions on both tips of a
chromosome followed by fusion to create a ring.
Since they don’t pair normally with their homolog,
they are often lost, resulting in monosomy.

Isochromosome – division perpendicular to the
normal axis, through the centromere in meiosis II.
Results in chromosomes with two copies of one
arm, none of the other.
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Medical Genetics Problem Set
Chapter 3
3- 1

A newborn infant identiﬁed to have unusual facial features is analyzed for karyotype
(shown). What features did the neonatologist most likely identify?

1

2

3

6

7

8

13

14

15

19

20

9

21

4

5

10

11

12

16

17

18

22

X

Y

3- 2

An infant with oral-facial clefts, microphthalmia, renal defects, and polydactyly is found to
have the karyotype 46 XY, -14, +t(13q14q). This chromosomal abnormality is most likely the
result of which of the following?
A.
B.
C.
D.
E.

Deletion
Inversion
Nondisjunction
Reciprocal translocation
Robertsonian translocation
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3- 3

A full-term female infant is examined shortly after birth. She is small for gestational age
and has excess skin at the nape of the neck as well as lymphedema of the hands and
feet. Chromosomal analysis shows a mixture of cells with 46XY and 45X karyotypes.
Which of the following is the mechanism which best explains this abnormality?
A.
B.
C.
D.
E.

Nondisjunction in mitosis
Non-random lyonization
Reciprocal translocation
Robertsonian translocation
Uniparental disomy

3- 4

A child with Turner syndrome is born to a normal female married to a male with
hemophilia A. The child is found to have normal Factor VIII activity. What is the most likely
explanation of how this occurred?
A.
B.
C.
D.
E.

Heteroplasmy
Lyonization
Meiotic error in female gametogenesis
Meiotic error in male gametogenesis
Uniparental disomy

3- 5

A family is sent for genetic counseling following the birth of a daughter with Down
syndrome. The mother is 23 years old, the father is 26 years old, and both are
phenotypically normal. The mother is determined to be 45XX, rob(21q21q) while the father
is 46XY with no karyotypic abnormalities observed. What is the probability that the next
child will be affected with Down syndrome?
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Cha p te r f our

Medical Genetics
Simp ly- We inb e rg
(It’s not that Hard)

I ﬁnd that students tend to become catatonic and stressed out over population genetics, so
we are NOT going to go there.

Definitions
Population
genetics

is the study of factors which affect inheritance patterns in populations of

Genotype
frequency

in the terms of a single locus, this measures the proportion of each genotype

human beings.

in a population. If we counted 100 people in a population, determined their
genotype at a single autosomal dominant disease locus, and found that 40
were homozygous normal, 50 were heterozygous and 10 were homozygous
diseased, then we would say that the genotype frequency:
• for NN would be 40/100; (0.4)
• for Nd would be 50/100; (0.5)
• for dd would be and 10/100; (0.1)
*Notice that these raw numbers have to total 100 persons, and the frequencies have
to add up to 1.

Allele
frequency

the proportion of chromosomes that have a speciﬁc allele. In the terms of
the previous example, notice that we now have to consider that the 100
persons we were counting before have 200 chromosomes of the one we are
discussing. Therefore, in counting the alleles:
• the persons who are NN have two copies of the normal allele (there are
40 of those, so we multiply by 2 copies and get a value of 80 total N alleles
here).
• the persons who are Nd have one N and one d, so there are 50 N alleles
there.
• the persons who are dd have no copies of N, so nothing added there.
• If we now add up how many copies of allele N we have, the ﬁgure would
be 80 + 50 divided by the 200 total chromosomes. That gives us 130/200
or 0.65 as the allele frequency of N.
• Since it must be true that all individuals have either N or d at this locus, a
simple shortcut to ﬁnd the allele frequency for the other allele d, is to
simply subtract from 1.
• 1-0.65 gives us 0.35 as the allele frequency of d.
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Deriving the equation
The Hardy-Weinberg equation gives us a way to estimate genotype frequencies if we know
allele frequencies, and vice versa. Although it can be used for dominant and recessive
alleles, it is most frequently used to predict the likelihood of carrier status in an autosomal
recessive trait. This is because the homozygous normal and heterozygous carrier are
phenotypically identical as shown in the Punnett Square.

N

d

P2 + 2PQ + Q2 = 1
P2 = frequency of NN genotype
(homozygous normal)

N

NN

Nd

Q2 + frequency of dd genotype
(homozygous diseased)
2PQ = frequency of Nd genotype

d

Nd

dd

(heterozygous carrier)
P = allele frequency of N
Q = allele frequency of d

A useful simpliﬁcation which can virtually always be used to estimate an answer for your
exam, is achieved by realizing that most disease alleles are rare in human populations.
Therefore, the normal allele is much more common, and can be said to approximate 1. If
we apply this simpliﬁcation to the equation, then we can solve for 2Q as the
approximation of the carrier rate in the place of 2PQ.
Genotype and Allele Frequencies in Sex Chromosomes
Since males are hemizygous for the X chromosome, remember that
• the prevalence of affected males is Q
• the prevalence of affected females is Q2
• the prevalence of female carriers is 2Q
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Factors which affect
prediction of results
• New mutations
The Hardy-Weinberg equation applies only to populations which are in equilibrium;
mating without regard for selection of a partner depending on this allele. If a new
mutation arises, the population may be in disequilibrium for that trait for a period of time.
• Selection pressure
if the individual with a genetic trait is at a selective advantage for breeding or survival, this
alters the equilibrium state for that trait. There are many examples in human genetics of
the selective advantage of a heterozygote:
•
•
•
•

falciparum malaria and sickle cell trait
cholera and cystic ﬁbrosis
malaria and G6PD deﬁciency and
iron deﬁcient environments and hemochromatosis

• Genetic drift
in small populations there may be signiﬁcant deviation from Hardy-Weinberg equilibrium
if an affected individual with a dominant trait enters the population (Founder effect) The
larger the population, the less likely equilibrium will be profoundly affected.
• Gene ﬂow
when populations become geographically close, they tend to develop similar gene
frequencies. Think of this like diffusion of alleles in populations.
• Consanguinity
unions at the second cousin level or greater are considered consanguineous. Because
descent from a common individual increases the likelihood that the same
disease-causing genes will be shared, such unions will affect the equilibrium of that gene
in the family. On average, siblings share ½ of their genes. First cousins share 1/8 of their
genes. Second cousins share 1/32 of their genes.
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Medical Genetics Problem Set
Chapter 4
4- 1

100 members of a population from Sub-Saharan Africa have been studied to determine
whether they carry genes for sickle hemoglobin (HbS) or normal hemoglobin (HbA) using
protein electrophoresis. The following genotypes were observed: HbA/HbA 85; HbA/HbS 12;
HbS/HbS 3. What are the allele frequencies for HbA and HbS?
4-2

In the United States, approximately one of every 25 Caucasians is a carrier for cystic
ﬁbrosis. If two American Caucasians marry and have a child, what is the probability that
the baby will develop cystic ﬁbrosis?
4-3

The most common mutation associated with cystic ﬁbrosis is△ F508. If the prevalence of
this mutation in a population is 1/60 and a man and woman from this population marry,
what is the probability that their ﬁrst child will be a son with cystic ﬁbrosis?
4-4

A population in Iceland has a cystic ﬁbrosis prevalence of 1/2500. What would be the
predicted proportion of heterozygous carriers in this population?
4-5

One out of every 30 Ashkenazi Jews in Russia is a carrier of the△ F508 mutation which is
the most common cause of cystic ﬁbrosis. What is the expected prevalence of cystic
ﬁbrosis in this population?
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4- 6

A 28-year-old man is a known carrier of an autosomal recessive mutation causing
hyperprolinemia. It is known that 1/40,000 of the general population is homozygous for
this mutation. If this man marries a woman from the general population, what is the
probability that they will produce a child homozygous for the involved mutation?

4- 7

The frequency of the most common C282Y mutation causing hemochromatosis in the
U.S. is 5% (1/20). Assuming there are no other alleles which contribute to the incidence of
hemochromatosis, what is the prevalence of homozygosity for the C282Y mutation in the
U.S.?

4- 8

In the United States, Alpha-1-antitrypsin deﬁciency is an autosomal recessive disorder
that causes pulmonary emphysema in approximately 1 in 2500 Caucasians. What is the
expected carrier frequency for this disease in the American Caucasian population?

4- 9

If the population incidence of a certain X-linked recessive condition in males is 1/20,000,
what would be the expected incidence of female carriers in the population?

4- 10

In small populations, nonrandom mating can occur and by chance can lead to
signiﬁcant variation in allele frequencies over generations. Which of the following terms
best describes this phenomenon?
A. Gene ﬂow
B. Genetic drift
C. Locus heterogeneity
D. Natural selection
E. Variable expression
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Cha p te r f ive

Medical Genetics
Genetic Linka g e a nd
Indire c t Dia g nosis

In cases when the gene for a disease cannot be assayed directly, it can be possible to
track a polymorphic marker which is known to be close to the disease gene locus. During
prophase I, when homologous chromosomes exchange portions of their DNA
(cross-over), new combinations of alleles are created.
The principle here is that the more closely two sequences occur on a chromosome, the
less likely it will be that cross-over will occur between them, and therefore, they will be
likely to be inherited together (linkage disequilibrium). Sequences that are far apart
from one another on one chromosome, or on separate chromosomes, are likely to be
inherited together only by chance approximating 50% of the time (linkage equilibrium:
not linked).
In very large genetic studies, the percent of cross-over observed between two loci is
expressed in centimorgans. One percent cross-over equals 1 centimorgan distance. By
ﬁnding markers that are closely linked to the disease gene in a given family, the ﬁnding of
the marker can be taken as evidence of the inheritance of the disease gene.
It is important to remember that different alleles may be linked to a disease gene in
different families, so it is important to trace the origin of polymorphic markers in a
pedigree with great care.
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Medical Genetics Problem Set
Chapter 5
5-1

A family in which hereditary spherocytosis has been observed, has been typed for a
single nucleotide polymorphism (SNP) that is 5 centimorgans from the disease-causing
gene. The female in generation II is pregnant, and her fetus has also been typed for this
SNP. With the assumption that the gene is completely penetrant, what is the probability
that the fetus will have hereditary spherocytosis?

1, 2

2, 2
1, 2

1, 1

1, 2

1, 1

1, 1

1, 2

1, 1

5-2

Individual III-1 is the granddaughter of a man who died of Huntington disease (I-1). She
wishes to marry but is afraid to transmit the disease to any children. Her father (II-1)
refuses to be tested and does not want to learn his status. All other family members have
been tested for a short tandem repeat (STR) which is closely linked to the Huntingtin locus
on chromosome 4p. What can be deduced about her chance of developing the
disease?

I
II

2, 3

1, 3
1, 2

III
2, 2
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5-3

Two second cousins who are phenotypically normal marry and would like to have a child.
They are aware that a common great-grandfather had xeroderma pigmentosum and
are concerned about having an affected offspring. They request allele speciﬁc
oligonucleotide (ASO) testing and get the following results. What is the probability that
their child will be affected?
Husband

Wife

Normal
Mutant

5-4

A family in which Marfan syndrome occurs is analyzed for a restriction fragment length
polymorphism (RFLP) marker genetically linked to the locus of the disease gene. Which
individual is most likely to be an example of recombination?

I

1, 1

1, 2

II
1, 1

54

1, 2

1, 2

1, 1

1, 1

1, 2

1, 1

5-5

A family pedigree in which an autosomal dominant trait is segregating is shown.
Polymerase chain reaction (PCR) products for short tandem repeat polymorphisms
(STRPs) close to the causal gene are shown beneath each family member in the
pedigree. What is the genotype and phenotype of individual III-1?

I
II
III

5-6

A Mediterranean family in which G6PD deﬁciency is found is analyzed for a closely linked
short tandem repeat polymorphism. Electrophoresis of PCR products for each member
of the family are shown. What is the genotype of individual II-3?

I
II

1

1

2

2

3

4
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5-7

Prenatal analysis using an allele speciﬁc oligonucleotide (ASO) probe for the cystic ﬁbrosis
gene reveals the following. What is the genotype of the fetus?

Mother

Father

Affected
Son

Fetus

5-8

This pedigree represents a family in which an autosomal recessive disorder is
segregating. Southern blots for each family member are shown for an RFLP that lies very
close to the causal gene. What is the genotype of individual II-2?

I
1

II

1

2

2
3 kb
2 kb
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Solutions to Problem Sets
Chapter 1
1-1
Looks dominant: Autosomal dominant if Maternal-1 is Aa and Paternal-1 aa, then there
would be a 50% chance for progeny to be affected with each pregnancy. If Maternal-1 is
AA, all should be affected, but carry recessive allele. This would explain the possibility of
unaffecteds in the third generation. Equal numbers of males and females affected
argues against X-linked dominant and does not explain the unaffected daughters in
generation 3. It could also be mitochondrial, but the description of the phenotype in the
stem would allow you to distinguish.
1-2
Possibilities:
(1) AD: vertical transmission, males and females are affected
(2) XLD: no male-to-male transmission
1-3
Autosomal recessive (incest)
1-4
Mitochondrial inheritance – symptoms in tissues which have high energy requirements;
brain, retina, muscle etc.
1-5
The stem suggests that individual III-4 might have Marfan Syndrome, and the pedigree
shown is consistent with autosomal dominant inheritance. He must be a heterozygote,
since his mother (II-2) is unaffected, so there is a 50% chance that he will donate the
disease allele to any child regardless of their sex.
1-6
The stem says that the patient is unaffected. This means that they have either the AA or
Aa genotype. They cannot be aa or they would be affected. So out of the 4 possibilities of
progeny of heterozygous parents, 3 are unaffected, and of those 3, 2/3 are carriers, and
1/3 are homozygous normal.
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1-7
The stem and pedigree suggest cystic ﬁbrosis, an autosomal recessive disease. So the
obligate carriers are both of the parents and 2/3 of the unaffected children.
1-8
This is X-linked dominant hypophosphatemic rickets. It is a dominant trait as there are
multiple people in multiple generations affected, and the clue to X-linked is that none of
the boys inherited from a father in any generation. The risk of transmission to the fetus is
less than 1% if it's a male fetus, 100% if it's a female fetus. This is because we know that the
father of the fetus has one affected X chromosome (and one uninvolved Y chromosome)
that means that in order for the fetus to be female (or 46 XX) she would have to get an X
chromosome from her father, therefore she must inherit the affected X chromosome and
has a 100% chance of manifesting the disease. If the fetus is a boy then he will only get an
X chromosome from his mother and just a Y from his father, which would not contain the
mutated gene. Therefore, a male fetus would not ever inherit the mutant gene from his
father and would have a <1% chance of having the disease.
1-9
This represents a case of MELAS (Mitochondrial Encephalopathy, Lactic Acidosis, Stroke),
which is caused by a mutation in a mitochondrial gene and is passed only through
females. In this pedigree there are multiple people in multiple generations affected, but
only children born to affected mothers and not fathers are affected (ie not the children of
the affected maternal uncles.) There is also no difference in the number of affected male
and female children, which makes X-linked unlikely. Because sperm do not contribute
mitochondrial DNA to the embryo fathers cannot pass down mutations encoded in the
mitochondrial genome. Therefore, any fetus that he has cannot inherit his mitochondrial
mutation and the risk with an unaffected mother is <1%.
1-10
The most notable aspects of this pedigree include that only males are affected and that
there are skipped generations. This suggests that the disorder is X-linked as males only
have one X chromosome and will manifest disorders coded by the mutated gene on the
X chromosome. In addition, there is no male to male transmission in the pedigree. The
gene must be recessive because there are multiple incidences of affected children being
born to unaffected mothers. The affected patient has only one X chromosome and it has
the color-blindness gene. If he is paired with an unaffected, homozygous normal woman,
then any daughter he would produce would be a carrier but would not be affected. If he
were paired with an unaffected, but heterozygous carrier woman, then any daughter he
would produce would have a 50% chance of being affected.
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1-11
Tay-Sachs is an autosomal recessive inheritance, and the disease is lethal in homozygotes
by the age of 5. We know that the 24-year-old son is phenotypically normal, so in
considering the Punnett Square for two heterozygous parents, we know that 3 of the 4
possibilities are phenotypically normal, with 2/3 being carriers and 1/3 being homozygous
normal. Thus, he has a 67% chance of being a carrier of the disease.
1-12
The patient in this vignette most likely has neuroﬁbromatosis type I, an autosomal
dominant disease typiﬁed by the pedigree presented. These patients have one mutated
gene and one wild type gene, so each child, regardless of sex has an equal chance of
inheriting the normal or mutated gene. Because the disease is dominant, any child that
inherits one copy of the gene will express the disease. Therefore the answer is 50%. Notice
the wording of the question line….the chance of being affected would be identical
regardless of the sex of the child. If the question had been posed instead as “what is the
chance that their ﬁrst child will be a female and affected…” then it would have been
necessary to factor in the chance of producing a female child (50%) so the answer would
have then been ¼.
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Chapter 2
2-1
Incomplete penetrance. Mutations with reduced penetrance allow some allele carriers to
be unaffected by the disease trait while still transmitting it to their children. As in this
family, mutations in the RB1 gene on chromosome 13 result in a propensity to develop
retinoblastoma; the penetrance of this trait is incomplete because loss of heterozygosity
is required for development of tumor.
2-2
Locus heterogeneity. Duchenne muscular dystrophy is an X-linked recessive trait, so it
should occur much more frequently in males. Since this condition is described as
resembling Duchenne muscular dystrophy, but is occurring in a female, and is localized to
chromosome 4, this is an example of locus heterogeneity; two disparate locations in the
genome producing a similar phenotype.
2-3
Heteroplasmy. The stem speciﬁes a mutation in extranuclear (mitochondrial) DNA.
Variation in severity of mitochondrial inherited diseases are explained by the presence of
both normal and mutated DNA. The proportion of each deﬁnes the severity.
2-4
The stem speciﬁes a male affected with X-linked dominant porphyria. Since this male has
only one X chromosome, and it carries the defect, 100% of his daughters would be affected,
but with 60% penetrance, 60% would be affected.
2-5
DNA test for FMR1 gene by Southern blot analysis. This will detect a full mutation, its
approximate size, whether the gene has been methylated, and whether or not there is
mosaicism. In the past, chromosome analysis used special techniques to induce fragile
sites in chromosomes but this technique is no longer used because it is less accurate and
more expensive than molecular techniques.
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2-6
She is a manifesting heterozygote. Hemophilia A is an X-linked recessive disease, so
heterozygous females should be carriers without disease manifestation. If a higher
proportion of her normal X chromosomes is inactivated (non-random Lyonization) then
heterozygous females can develop the phenotype of mild disease.
2-7
Imprinting. The chromosomes donated by the parents are imprinted by a sex-speciﬁc
pattern of methylation. Methylated sequences are “silenced” in a parent-of-origin speciﬁc
pattern.
2-8
D is correct. The child in this vignette has Prader-Willi syndrome, which can be caused by
inheriting two copies of maternal chromosome 15 and no paternal copies, or uniparental
disomy (UPD). Chromosome 15 is imprinted, which means that through epigenetic
changes to the DNA such as methylation, the maternal and paternal copies are differently
expressed. The patient has the correct number of chromosomes and the correct
sequences of nucleotides for all his genes, but some sequences are silenced because of
the epigenetic modiﬁcations that are different depending on parental inheritance. Only
with methylation-speciﬁc polymerase chain reaction ampliﬁcation can one distinguish
between one maternal and one paternal copy, or two maternal copies. DNA breakage
studies are an antiquated means of diagnosing Fragile X syndrome, FISH is used to detect
deletions, duplications, translocations and inversions. It would detect microdeletions of
paternal genes but would not detect cases of UPD. Genome-wide hybridization and
whole exome sequencing are unnecessarily involved in this setting.
2-9
This is a question that is best solved by a process of elimination. Anticipation can be ruled
out because ages of onset are not speciﬁed, and mitochondrial inheritance is not possible
because the mother and all progeny in generation 2 would be affected. Autosomal
recessive inheritance is possible because the parents are unaffected, and the disease
appears in generation II, so now we’re down to two possibilities, B and C. Ask yourself why
the allele markers are given and let’s see what we can learn. If the problem is imprinting,
then we would need to establish that the same allele inherited from the father vs. the
mother would have a different result. Notice that the only possible allele we can use is “2”.
Individual II-1 inherited a 1 allele from his father and a 2 allele from his mother (and is
unaffected). Individual II-2 and II-3 inherited at 2 allele from both parents (and are
affected). If the maternal allele was linked to a deletion, and the paternal allele was
imprinted, there would be no functional copies of the proteins encoded in that region,
which is consistent with the results seen. Thus, C is the best answer.
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Chapter 3
3-1
Edwards syndrome. Notice the trisomy 18. The child would have small mouth and ears,
hands with ﬁsts clenched and overlapping ﬁngers. Cardiac defects such as atrial and
ventricular septal defects, polyvalvular disease and patent ductus arteriosus are also
commonly detected.
3-2
The correct answer is E. The description of the infant suggests trisomy 13, or Patau
syndrome. Notice that the total number of chromosomes is normal (46), but the patient
has lost a normal copy of chromosome 14, and replaced it with a translocated copy of
chromosomes 13 and 14 in which only the long arms (q) have been fused. When
considered with the normal copy of 13 that the child has, this makes for a trisomy 13, and
by deﬁnition, when the long arms of acrocentric chromosomes are fused, this is a
Robertsonian translocation.
3-3
The correct answer is A. This infant is a mosaic of normal 46XY, male karyotype cells, and
Turner syndrome (45X) cells. This means that the loss of the Y chromosome in a cell had
to happen after the production of the zygote, in mitosis as the embryo grew. If the loss
had happened in meiosis, all the cells of the zygote would have been identical. Lyonization
refers to the inactivation of all but one X chromosome in female embryos, but this infant
would have been male if the loss of the Y chromosome had not happened. Therefore,
there were no X chromosomes to be inactivated since one, at least, is necessary for life.
3-4
The correct answer is D. Hemophilia A is an X-linked recessive trait, so if the child’s single X
chromosome had come from the father, she would have had hemophilia A. Since the
child is normal for Factor VIII, she must have received her single X chromosome from her
mother, so there must have been a meiotic error in her father’s gametogenesis.
3-5
The mother is only capable of producing two types of gametes: one with two copies of the
long arm of chromosome 21 and one with no copies. Fertilization of the maternal gamete
with no copies will result in monosomy 21 which is incompatible with life. Fertilization of the
gamete with two copies will result in trisomy 21, so any child carried to term will have a
100% probability of having Down syndrome.
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Chapter 4
4-1
Allele frequency HbA = 85 + 85 + 12 ÷ 200 or 182/200 or 0.91
Allele frequency HbS = 1- 0.91 or 0.09
4-2
We are told that 1/25 Caucasians in the US is a carrier. This is 2pq, so we solve for q2, the
number of affecteds.
2pq = 1/25, solve for q2
2q = 1/25
q = 1/50
q2 = 1/2500
Another way to do this is by simple reasoning. The chance of a person being a carrier is
1/25, so for both parents to be carriers it is 1/25 x 1/25. If two carriers mate, there is a ¼
chance of a homozygous affected child by Punnet square, so multiply now by ¼ and the
answer is the same.
4-3
We are given the prevalence of the mutation. This is the allele frequency, or q.
Given: q = 1/60
2pq = 1/30
So the chance that both will be carriers is 1/30 each, and when two carriers mate the
Punnett Square says that ¼ will be homozygous affected. So; 1/30 x 1/30 x ¼ is the chance of
an affected child (1/3600), and the chance that that child will be a son is also ½, so the
total is 1/3600 x ½ = 1/7200
4-4
The prevalence of CF in this population is given as 1/2500. This is q2 = 1/2500, so q = 1/50.
2pq = 2 x 1 x 1/50 = 2/50 = 1/25
4-5
We are given the fact that 1/30 is a carrier of a mutation, so we plug that in as 2q ≈ 1/30,
and solve for q2. q ≈ 1/60, q2 ≈ 1/3600
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4-6
We are given the prevalence of disease. q2 = 1/40,000. We need to calculate the carrier
frequency, 2pq. So, q = 1/200, and 2pq ≈ 2q = 1/100.
Since he is a known carrier, we now multiply his probability (1) x the probability that his wife
will be a carrier (1/100) x the probability that they will both donate the disease allele (1/4
from the Punnet Square), and the result is 1/400
4-7
We are given the frequency of the mutation….this is the allele frequency, q.
So, 1/20 = q We need to solve for the frequency of homozygotes according to Hardy
Weinberg = q2
q2 = (1/20)2 or 1/400
4-8
We are given the genotype frequency for homozygous diseased, q2 = 1/2500
Therefore q = 1/50
2pq = 2(1 x 1/50) = 2/50 = 1/25
4-9
With an XLR trait if the frequency of affected males is 1/20,000, this is the disease allele
frequency q. To solve for the number of carrier females or 2pq, one can approximate p as
1, and solve for 2q. (or 1/20,000 x 2 = 1/10,000)
4-10
Genetic Drift
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Chapter 5
5-1
Notice that the SNP is 5 cm from the disease-causing gene. This corresponds to a 5%
recombination frequency. Since the 1 allele from the female moves with the disease
phenotype, and the fetus has the 1,1 genotype, there is a 100% minus 5% recombination (or
95%) chance that the fetus will be affected.
5-2
The disease allele from the grandfather is either 2 or 3. Since the woman’s father doesn’t
want to know his status, and since her mother is 1, 2, the most you can say is that there is a
50% chance that the other 2 which she clearly got from her father is the disease allele.

5-3
Xeroderma pigmentosum is an autosomal recessive trait. Since both parents are
heterozygotes, by constructing the Punnett Square, ¼ of their children will be homozygous
diseased. Since xeroderma pigmentosum is a disease with incomplete penetrance, an
accurate prediction would need to take into consideration the population penetrance,
which is not given here.
5-4
Marfan Syndrome is an autosomal dominant disease. Following the markers from the
female I-1, it appears that when her 1 allele is donated, the child develops disease. The only
child with a 1,1 genotype which does not show disease, is individual II-5, so that individual is
an example of recombination.
5-5
It is important in this type of question to be careful to trace the linked allele from the top to
the bottom of the pedigree. In individual I-1, there are two chromosomes, and both have
the same STRP so we don’t know which is linked to the disease allele, but they create the
heavy upper band. The unaffected female I-2 has two normal chromosomes each linked
to the lower band. The male II-1 inherited the two unaffected chromosomes from the
parents, and the female, individual II-2 inherited the bad chromosome (upper band) from
the father and a good one (lower band) from the mother. Now we know which band will
predict disease in the next generation. When we look at individual III-1 with two upper
bands, one of those had to come from the normal parent II-3, but the other had to come
from the mother….the upper band linked to the disease. Thus, individual III-1 is a
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5-6
G6PD deﬁciency has X-linked recessive inheritance. Remembering that males are
hemizygous for the X chromosome it becomes obvious that the affected son (II-2) has
inherited the disease allele with the lower band from his mother (I-2). The father (I-1)
contributed a lower band X which was normal. Individual II-3 had to inherit the upper band
from her mother (normal) and the lower band from her father, thus she is homozygous
normal. Female II-1 has two lower bands, one normal from her father and one diseased
from her mother, so she is a heterozygous carrier.
5-7
Cystic ﬁbrosis has an autosomal recessive inheritance. Therefore, both parents must be
carriers to produce an affected son. The ASO of the affected son shows positive result with
the lower well, so the fetus, with reaction only in the upper well, is homozygous normal.
5-8
With autosomal recessive inheritance, both parents have to be carriers and donate a
disease gene in order to result in an affected child (II-1). Since the affected female shows
two superimposed lower bands, that means that from each parent, it is the lower band
that is associated with the disease. Therefore, individual II-2, with his two upper bands, is
homozygous normal.
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