GMR

A STUDENT PERSPECTIVE: CHROMOSOME-X RELATED
THREE GENETIC SYNDROMES USING KARYOTYPE METHOD

Ananya Agarwal!, Purva Masarankar?, Usha Dave®"

The Original

!School Student , Aditya Birla World Academy, Mumbai
PG Biotech Student, MILS Foundation, Mumbai
¥Research Director, MILS Labassure International, Mumbai, E-mail- dr.daveusha@gmail.com

ABSTRACT

The human X chromosome contains hundreds of genes that play critical roles in development, reproduction, and metabolic
regulation. Consequently, alterations in its number or structural integrity represent a significant area of investigation in
human genetics. This paper provides an overview of X chromosome abnormalities, the cytogenetic technique of
karyotyping used for their detection, and the mechanism of meiotic non-disjunction, which is the primary cause of these
chromosomal anomalies. Three representative case studies, developed from recurring clinical patterns documented in the
peer-reviewed literature, are examined: Turner syndrome (45,X), Klinefelter syndrome (47,XXY), and Triple X syndrome
(47,XXX). Each case includes a karyotype analysis, characteristic clinical manifestations, diagnostic approach, and
current management strategies. A comparative evaluation of these disorders highlights their similarities and differences
with respect to incidence, affected sex, reproductive outcomes, and phenotypic severity. The paper concludes that
karyotyping remains the gold-standard diagnostic method for identifying sex chromosome aneuploidies and emphasizes
that early diagnosis and timely clinical intervention can substantially improve long-term health outcomes and quality of
life for affected individuals.
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INTRODUCTION

Every normal human somatic cell contains 46 chromosomes organized into 23 pairs, comprising 22 pairs of autosomes
and one pair of sex chromosomes. Females typically possess two X chromosomes (46,XX), whereas males possess one X
and one Y chromosome (46,XY). Beyond its role in sex determination, the X chromosome contains approximately 800—
900 genes that contribute to a wide range of biological processes, including reproductive development, immune function,
neurological development, skeletal growth, and metabolism.

Abnormalities involving the number or structure of the X chromosome are collectively referred to as sex chromosome
abnormalities (SCAs). These abnormalities most commonly result from meiotic non-disjunction, a chromosomal
segregation error in which homologous chromosomes fail to separate during meiosis I or sister chromatids fail to segregate
during meiosis II ( Fig.1). This happens as a random event. When an abnormal gamete fuses with a normal gamete during
fertilization, the resulting zygote inherits either an additional or a missing X chromosome. This chromosomal abnormality
may be present in all cells of the body or only in a subset of cells, a phenomenon known as mosaicism (1).
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Fig. 1 : Mechanism of chromosomal non-disjunction
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As these chromosomal abnormalities cannot be detected through routine microscopic examination of cells, cytogenetic
analysis is required for diagnosis. Karyotyping is the standard laboratory technique used to identify numerical and
structural chromosomal abnormalities. The procedure involves culturing dividing cells, staining the condensed
chromosomes, photographing them during metaphase, and arranging them into homologous pairs according to size,
centromere position, and banding pattern to produce a karyogram (2). Owing to its accuracy and reliability, karyotyping
remains the gold-standard first-line diagnostic method for identifying sex chromosome aneuploidies (3).

This paper explores three of the most extensively studied 3 X chromosome abnormalities—Turner syndrome, Klinefelter
syndrome, and Triple X syndrome, also refereed as ‘Genetic Syndrome’. These genetic syndromes are studied through
representative cases based on characteristic findings reported in the clinical cytogenetics literature (1). Each case
incorporates a typical karyotype report together with its associated clinical presentation, diagnostic evaluation, and
management approach to illustrate the relationship between chromosomal abnormalities and their phenotypic
consequences.

Aims and Objectives:

e To understand the structure and genetic importance of the human X chromosome.

To explain the cellular mechanism (non-disjunction) responsible for X chromosome abnormalities.

To study karyotyping as a diagnostic tool for chromosomal disorders.

To analyse three representative case studies of X chromosome abnormalities based on karyotype reports.
To compare the clinical features, causes, and management of these 3 conditions.

MATERIALS AND METHODS:

This is a literature-based descriptive study suitable for school-level research. Information was compiled from peer-
reviewed review articles, clinical genetics textbooks, and case reports indexed on PubMed/PMC (Please Refer Reference
List). The three case studies presented are composite, illustrative cases constructed from clinical patterns commonly
reported in the cited literature; they are not records of identifiable real patients, and are used here purely to demonstrate
how a karyotype report is interpreted in clinical practice.

Karyotype Method-Procedure in Brief :

1.A blood sample (lymphocytes) or, in prenatal cases, amniotic/chorionic villus cells, is cultured in a growth medium.
2.Cell division is arrested at metaphase using a spindle-inhibiting agent (colchicine), when chromosomes are most
condensed and visible.

3. Cells are treated with a hypotonic solution to swell them, then fixed and dropped onto a slide to spread the chromosomes
4. Chromosomes are stained (commonly Giemsa stain, producing “G-banding”) and photographed under a microscope.
5.The chromosome images are digitally arranged into homologous pairs, by size and banding pattern, to produce the
karyogram, which is then reported using standard nomenclature (e.g., 45,X or 47,XXY).

The detail protocol of the ‘karyotype method’ (3) is shown below in Fig. 2.
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Fig. 2: Sample Preparation for chromosomal analysis

Case Study 1: Turner Syndrome (45,X)-
Case Summary:

Profile Illustrative female patient, age 13 years
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Reason for referral Short stature and delayed onset of puberty

Karvotvoe report 45,X (one X chromosome; no second sex chromosome) — classical Turner
yotype rep karyotype. (Mosaic forms such as 45,X/46,XX are also common.)

Estimated incidence Approximately 1 in 2,000-2,500 live female births

Clinical Presentation-
Turner syndrome occurs only in females and results from the complete or partial absence of one X chromosome. The

single working X copy leads to under-expression of genes that would normally be present in two doses, producing a
recognisable set of features:

e Short stature, often becoming apparent in mid-childhood

e A webbed neck and a broad, shield-shaped chest

e Underdeveloped ovaries (gonadal dysgenesis), leading to absent or incomplete puberty and infertility in most cases

e Low hairline at the back of the neck and pufty hands/feet at birth (lymphoedema)

e Normal intelligence in most individuals, though some specific learning difficulties (e.g., in spatial reasoning) may
occur

e Increased risk of heart defects (such as coarctation of the aorta) and kidney abnormalities

Diagnosis-

The diagnosis is confirmed by karyotyping from a peripheral blood sample, which reveals 45 chromosomes with a single
X and no second sex chromosome ( Fig.3). Prenatally, the condition may first be suspected on ultrasound (cystic hygroma,
growth restriction) and confirmed by chorionic villus sampling or amniocentesis followed by karyotyping.
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Fig. 3 : Karyotype of Turner Syndrome 45X

Management-

There is no cure, as the chromosomal makeup of every cell cannot be changed; management instead focuses on the
associated features. Growth hormone therapy can increase final adult height, oestrogen replacement therapy is used to
induce puberty and maintain bone and heart health, and regular cardiac and renal screening is recommended. Assisted
reproduction (donor egg, in-vitro fertilisation) may allow some women with Turner syndrome to carry a pregnancy.

Discussion:
Turner syndrome is the only viable human monosomy, illustrating that the Y chromosome is not required for survival but

two active copies of certain X-linked genes (especially “escape” genes that are not silenced by X-inactivation) are needed
for normal ovarian and skeletal development (4). This was first established cytogenetically by Ford and colleagues in
1959, who showed that gonadal dysgenesis in these patients was associated with a 45,X karyotype (5).

Case Study 2: Klinefelter Syndrome (47,XXY)-
Case Summary:

Profile Illustrative male patient, age 16 years
Reason for referral Tall stature, gynaecomastia (breast tissue development), and learning difficulty

47, XXY (an extra X chromosome in an otherwise male chromosome set) —

Karyotype report classical Klinefelter karyotype
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Approximately 1 in 600 live male births, making it the most common sex

Estimated incidence ..
chromosome abnormality in males

Clinical Presentation-

Klinefelter syndrome occurs only in males and results from the presence of one or more extra X chromosomes. The
additional X interferes with testicular development and testosterone production, producing features that often become
apparent only at puberty:

Taller than average height with relatively long limbs

Small, firm testes and reduced testosterone production

Gynaecomastia (enlarged breast tissue) and reduced facial/body hair

Infertility due to very low or absent sperm production (azoospermia) in most cases

Mild learning difficulties, particularly affecting language and reading skills, in some individuals; intelligence is usually
within the normal range

e Increased risk of osteoporosis, type 2 diabetes, and autoimmune disease in adulthood

Diagnosis-

The diagnosis is confirmed by karyotyping, which shows 47 chromosomes including two X chromosomes and one Y
chromosome (Fig.4). Many cases are not identified until puberty or adulthood (when infertility is investigated) because
the physical features can be subtle; some cases are now detected earlier through prenatal testing or non-invasive prenatal
screening.
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Fig. 4: Klinefelter syndrome showing 47,XXY ( arrow )

Management-

Testosterone replacement therapy, usually started around puberty, helps to develop secondary sexual characteristics,
improve bone density, and support mood and energy levels. Fertility options are limited, but techniques such as testicular
sperm extraction combined with intracytoplasmic sperm injection have allowed some men with Klinefelter syndrome to
father biological children. Speech and educational support can help with learning difficulties.

Discussion-

The condition was first described clinically by Klinefelter, Reifenstein, and Albright in 1942 (6), but its chromosomal
basis (47,XXY) was only established in 1959 when Jacobs and Strong identified an extra X chromosome in an affected
man, making it one of the first human conditions ever linked to a specific chromosomal anomaly (7). Like Turner
syndrome, it demonstrates the importance of correct X-chromosome dosage, but here an excess rather than a deficiency
of X-linked gene expression disrupts normal development (8). As mentioned earlier, this results due to non-junction
phenomenon during meosis divisions which occurs randomly.

Case Study 3: Triple X Syndrome (47,XXX)-
Case Summary:

Profile [lustrative female patient, age 10 years

Reason for referral Tall stature for age and mild speech delay noticed by parents and teacher
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47,XXX (an extra X chromosome in an otherwise female chromosome set) —

Karyotype report classical Triple X karyotype

Estimated incidence Approximately 1 in 1,000 live female births

Clinical Presentation-

Triple X syndrome (also called Trisomy X) occurs only in females and results from the presence of an extra X
chromosome. Because the second and third X chromosomes are largely inactivated (as in normal 46,XX females, where
one X is also inactivated), the physical effects are usually mild, and many affected individuals are never diagnosed:

Taller than average height, often the most noticeable physical feature

Normal sexual development and fertility in the large majority of cases

Mild delays in speech and language development, and sometimes motor skills, in early childhood
Increased likelihood of specific learning difficulties, though average intelligence is most common
Few or no distinctive facial or physical features, unlike Turner or Klinefelter syndrome

Diagnosis-

Because symptoms are mild or absent in most individuals, Triple X syndrome is frequently identified only incidentally —
for example, during prenatal testing performed for another reason, or during the work-up for a developmental or speech
delay. Karyotyping confirms the diagnosis by showing 47 chromosomes with three X chromosomes (Fig.5).
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Fig. 5 : Karyotype 47,XXX
Management-
No specific medical treatment is required for the chromosomal abnormality itself. Management is supportive and
individualised: speech therapy and additional educational support are offered if delays are identified, and routine paediatric
follow-up is otherwise sufficient. Most girls and women with Triple X syndrome lead typical lives and have normal
fertility.
Discussion-
Triple X syndrome was first reported in 1959, shortly after the chromosomal bases of Down, Turner, and Klinefelter
syndromes had been described (9), and was at the time referred to as the human “super female” condition — a name no
longer used, since the extra X does not confer any unusual function (9, 10). Of the three conditions studied in this paper,
it shows the mildest phenotype, illustrating how the cell’s X-inactivation mechanism partially buffers the effect of extra
X chromosomes.

Comparative Analysis of 3 Genetic Syndromes:

Table 1 summarises and compares the three case studies discussed above.

Klinefelter Triple X
Feature Turner Syndrome (TS) Syndrome(KS) S General Note
All  three involve X
Karyotype 45X 47.XXY ATXXX chromosome number
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Klinefelter Triple X
Feature Turner Syndrome (TS) Syndrome(KS) Somgirome General Note
Sex affected Female only Male only Female only —
Chromosome . . Trisomy (extra . .. .
ertor Monosomy (missing X) | Trisomy (extra X) X) Arises from non-disjunction
Approx. 11in2,000-2,500 female | 1 in 600 male | 1in 1,000 female | KS is the most common SCA
incidence births births births in males
Stature Short Tall Tall Opposite effects of X dosage
on growth
Fertility Usually infertile Usually infertile Usually normal —
. . Typlcally normal, | Typically . Severity scales roughly with
Intelligence Typically normal mild language | normal, mild ;
. . degree of X dosage imbalance
difficulty delay possible
K.ey . Webbed neck, gonadal | Gynaecomastia, the;n . no Karyotyping required for
diagnostic . distinctive Lo 2
dysgenesis small testes definitive diagnosis in all three
feature feature
DISCUSSION:

The above comparison of the three case studies reveals a clear dosage principle: deviation from the normal two X
chromosomes (in females) or one X plus one Y (in males) disrupts development. But the direction and severity of the
disruption depends on whether an X chromosome is missing or extra, and on how much of that extra genetic material
escapes the cell's X-inactivation mechanism (1). A missing X (Turner syndrome) most severely affects ovarian and skeletal
development, producing the most visibly distinctive phenotype of the three (11). An extra X in a male (Klinefelter
syndrome) disrupts testicular function but allows largely normal overall development. An extra X in a female (Triple X
syndrome) is the mildest of the three, because the cell already routinely inactivates extra X chromosomes through the
same mechanism that silences the second X in the normal 46,XX female (12, 13).

All three conditions reinforce why karyotyping is considered the cornerstone investigation in clinical genetics: physical
examination alone is unreliable, especially for Klinefelter and Triple X syndromes, where the phenotype can be subtle or
absent (14). Population studies have shown that a large proportion of cases of Klinefelter and Triple X syndrome are never
diagnosed during the patient's lifetime, underscoring the importance of genetic awareness among both clinicians and the
general public (8).

CONCLUSION:

X chromosome abnormalities arise mainly from non-disjunction during gamete formation and are detected reliably and
accurately through karyotyping which is the gold standard to study chromosomal abnormalities. The three conditions
studied here — Turner syndrome (45,X), Klinefelter syndrome (47,XXY), and Triple X syndrome (47,XXX) — together
demonstrate how both the loss and the gain of a single chromosome can alter human development, and how the severity
of the resulting phenotype depends on the underlying gene-dosage imbalance. Early diagnosis, ideally through prenatal or
paediatric karyotyping where indicated, allows timely hormonal, medical, and educational support, substantially
improving outcomes and quality of life for affected individuals. This study reinforces the value of cytogenetics as a
foundational tool in modern medical genetics and highlights how a single class of chromosomal error can produce a
remarkably varied spectrum of human phenotypes.
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