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.
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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.
3
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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
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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:
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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.
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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.
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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?
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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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