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ABSTRACT Genetic disorders are health problems that result from an abnormality in a person's genetic material.

There are several types of genetic disorders. Some disorders are caused by a genetic change (mutation)

in a single gene; some are caused by an abnormality in one of the chromosomes; and some are complex, involving numerous

genes and influences from environmental factors. Gene editing offers hope to patients with inherited disorders. Stem cell

therapy can treat genetic diseases. Genetic diseases are caused by changes or "errors" in DNA sequences. These mutations can

range from tiny spelling mistakes in a single gene (like in Sickle Cell Anemia) to missing or duplicated entire chromosomes (like
in Down Syndrome

KEYWORDS : Cystic fibrosis, Deafness that's present at birth (congenital), Duchenne muscular dystrophy,
Hemochromatosis, Sickle cell disease.Down syndrome, Fragile X syndrome, Klinefelter syndrome, Turner syndrome.

INTRODUCTION

Long-term issues include difficulty breathing and coughing
up mucus due to frequent lung infections. Other signs and
symptoms may include sinus infections, poor growth, fatty
stool, clubbing of the fingers and toes, and infertility in most
males (1)

In epithelial cells, CFTR, an ABC protein, exhibits the
properties of a chloride and anionic channel involved in a
variety of physiological processes. (2)

Inlower and upper airways, the intestine, pancreatic, and liver
ducts, lack of functional CFTR is the major factor in
determining the degree of disease expression and eventually
mortality. (3)

Although cystic fibrosis is a monogenic disease, its
phenotypic variability is substantial — as shown by the broad
range of disease severity observed in patients with the same
genotype(4)

CFTR mutations have also been described in patients with
cystic fibrosis-like organ manifestations including
pancreatitis, sinusitis or idiopathic' bronchiectasis . (5)

The introduction of prenatal genetic screening in Western
countries seems to correlate with decreasing incidence in
some countries. Although the incidence is decreasing, data
from registries suggest that the prevalence is increasing
because of improvements in survival (6)

Sickle cell disease is common in African Americans, affecting
approximately 1 of 375 persons of African ancestry. Sickle cell
disease is a group of inherited red blood cell disorders. People
who have sickle cell disease have an abnormal protein in their
red blood cells. (7)

In sickle cell anemiaq, the red blood cells become rigid and
sticky and are shaped like sickles or crescent moons. These
irregularly shaped cells can get stuck in small blood vessels,
which can slow or block blood flow and oxygen to parts of the
body (8)

.In the United States, most of the people with SCD are African
American. About 1 in 13 African American babies is born with
the sickle cell trait. About 1 in every 365 black children is born
with sickle cell disease.SCD also affects some people who
come from Hispanic, southern European, Middle Eastern, or
Asian Indian backgrounds.(9)

The most frequent complications requiring hospital
admissions for patients with sickle cell disease are painful

problems that have been described in sickle cell disease are
stress fractures. (10)

Hereditary hemochromatosis is an autosomal recessive
disorder with estimated prevalence in the population of 1 in
200 among patients with European ancestry, with lower
incidence in other ethnic groups (11)

The gene responsible for hereditary hemochromatosis (known
asthe HFE gene) is located on chromosome 6 (12)

Iron overload indicates increased total accumulation of iron in
the body from any cause and resulting organ damage (13)

Duchenne muscular dystrophy (DMD) is a genetic disease due
to the mutation of the dystrophin gene located on chromosome
Xp2l. It is inherited as an X- X-linked recessive trait; however,
approximately 30% of cases are due to new mutations (14)

Duchenne muscular dystrophy (DMD) is one of the most
severe forms of inherited muscular dystrophies. It is the most
common hereditary neuromuscular disease and does not
exhibit a predilection for any race or ethnic group. Mutations
in the dystrophin gene lead to progressive muscle fiber
degeneration and weakness.(15)

Down syndrome (DS) is the most common genomic disorder of
intellectual disability and is caused by trisomy of Homo
sapiens chromosome 21 (HSA21). The eponym of the
syndrome is from Down, who described the clinical aspects of
the syndrome in 1866 (16)
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Klinefelter syndrome is a genetic condition that affects males
and is characterized by the presence of 2 or more X
chromosomes. The clinical phenotype was first described in
1942 by American physician Dr. Harry Klinefelter (17)

Affected individuals often present with tall stature, small
testes, gynecomastia, and azoospermia. The genetic
etiology—supernumerary X chromosomes, typically 47,
XXY—was identified in 1959.(18)

Turner syndrome (TS) occurs when the X chromosome is
completely or partially missing in females. This is the only
monosomy syndrome that humans can survive. TS is a
relatively common type of human chromosomal aberration
that occurs in 1:2,500 female live births.(19)

The features of TS were first described by Turner in 1938,
pathogenicity X chromosome monosomy was identified in
1959 (20)

Monogenic disorders

» Cpysticfibrosis.

» Cystic fibrosis affects the cells that produce mucus, sweat,
and digestive juices. The thick, sticky mucus plugs up
tubes, ducts, and passageways. Symptoms vary and can
include cough, repeated lung infections, inability to gain
weight and fatty stools. Cystic Fibrosis (CF), a genetic, life-
limiting disease of Caucasians and Indians. The
discovery of the Cystic fibrosis (CF) gene has paved the
way for incredible progress in treating the disease. Cystic
fibrosis (CF) is an autosomal recessive disease caused by
mutations in the cystic fibrosis transmembrane
conductance regulator (CFTR) gene that encodes a cAMP-
regulated anion channel. Although CF is a multi-organ
system disease, most people with CF die of progressive
lung disease that begins early in childhood and is
characterized by chronic bacterial infection and
inflammation. Cystic fibrosis (CF), a monogenic disease
caused by mutations in the CFTR gene on chromosome 7,
is complex and greatly variable in clinical expression.
Airways, pancreas, male genital system, intestine, liver,
bone, and kidney are involved. The lack of CFTR or its
impaired function causes fat malabsorption and chronic
pulmonary infections leading to bronchiectasis and
progressive lung damage.
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Pathophysiology underlying CF lung disease

Following the defective CFTR protein in the airway epithelium,
chloride secretion and epithelial sodium channel regulation
are damaged.

As a result, a reduction in anion secretion combined with
increased sodium and water reabsorption from the ASL
through the apical cellular membrane occurs. (21)

The first line of defense in the respiratory system against
pathogens is blocked because of the severe reduction of
mucociliary clearance.

Concomitantly, insufficient HCO3 -secretion lowers ASL pH.
Acidic conditions have been shown to alter bacterial killing by
reducing the activity of ASL antimicrobial peptides and
ciliary movement frequency while activating deleterious
proteases (22)

Overall, impaired lung innate immunity predisposes to
pathogen colonization, which subsequently triggers
neutrophil recruitment and proinflammatory cytokine
secretion. (23)

This attempt by the immune system is in most cases
unsuccessful and leads to a deleterious cycle of persistent
infection combined with deregulated inflammation. Tissue
destruction ensues and results clinically in chronic respiratory
infection, lung function decline, and ultimately, respiratory
failure. (24)

Pathogenesis of cystic fibrosis lung disease

This life-threatening genetic disorder causes a buildup of
thick, viscous mucus secretions in various organ systems, most
commonly the gastrointestinal, pulmonary, and genitourinary
systems. (25)

A major emphasis is placed on the active transport systems
that regulate the airway surface liquid (ASL) volume and,
particularly, regulate the volume of the periciliary liquid (PCL)
layer. A sequence is developed for CF whereby there is a
depletion of the PCL that reflects the combined dysfunctions of
accelerated Na(+)-dependent volume absorption and failure
to secrete Cl(-). Both dysfunctions are a direct consequence of
missing cystic fibrosis transmembrane conductance regulator
(CFTR) at the apical membrane of airway epithelial cells. PCL
depletion leads to failure of mucus transport, which is
associated with persistent mucin secretion and formation of
adherent mucus plaques and plugs.(26)

The Role of Cftr in Pancreatic Disease Pathogenesis

Cystic fibrosis is the most common autosomal recessive
genetic disease characterized by multiorgan pathology and
significantly decreased life expectancy caused by the
impaired function or expression of CFTR. Due to recent
therapeutic developments, the life expectancy of patients with
CF has increased significantly in the past decades; however,
the average age of death (usually caused by respiratory
failure) is still 31.4 years (27)

A combination of decreased mucociliary clearance and an
altered ion transport allows for bacterial colonization of the
respiratory tract, most commonly Pseudomonas, Haemophilus
influenzae, and Staphylococcus aureus. These pathogens
cause an overwhelming inflammatory response. (28)

» Hemochromatosis

» Iron poisoning is one of the most common toxic ingestions
and one of the most deadly among children. “Excess of
iron is harmful to the body as it may lead to deposition of
iron in organs and cause organ failure. Hemochromatosis
is an iron-overload disease in which iron is directly
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deposited in the tissues (Liver, spleen, heart, pancreas,
and skin). An abnormal gene on chromosome 6 is linked
with hemochromatosis. The amino acid tyrosine in the
normal protein encoded by this gene is replaced by
cysteine. This abnormal protein is responsible for
excessive iron absorption from the intestine, which
accumulates in various tissues, leading to their damage
and malnutrition. A gene called HFE is most often the
cause of hereditary hemochromatosis. Primary
hemochromatosis is unusual in India.

SICKLE CELL DISEASE

The sickle mutation results in replacement of valine with
glutamic acid in the 6 th position of the beta chain. The
deformed RBCs obstruct small vessels, and they are prone to
destruction. The life span of an RBC is 120 days, but the sickle
cell lives for only 10 to 20 days. The sickle cell adheres to the
walls and interferes with the flow of blood. As a result, oxygen
supply to the cells is obstructed. This results in pain crises. The
pain crises attacks will come without any warning signals. The
blockage of capillaries of lung produce cough, chest pain,
breathing problems, fever, and severe anemia. It produces a
fast heartbeat. People with sickle cell disease will easily get
bacterial diseases. Signs can include headache, seizure,
weakness, difficulty in talking, and loss of consciousness.
Because of a shorter life span and rapid RBC destruction, the
patient gets jaundice.

Duchenne muscular dystrophy (DMD)

Itis not only one of the most severe forms of inherited muscular
dystrophies but also the most common hereditary
neuromuscular disease. Sadly, no known treatment modality
halts the progression of the disease; available treatment
options are palliative. Affected patients usually die in their
twenties due to respiratory muscle weakness or
cardiomyopathy. Current therapy is centered on treatment
with glucocorticoids and physiotherapy to prevent orthopedic
complications. This activity illustrates the pathophysiology
and current management options for DMD and highlights the
role of the interprofessional team in caring for affected
patients and families (29)

Multifactorial disorders

e Alzheimer's disease.Autism spectrum disorder, Cancer,
Coronary artery disease, Diabetes, Migraine headaches,
Spina bifida.

Autism spectrum disorder

e Autism spectrum disorders (ASD) are a heterogeneous
group of neurodevelopmental disorders with social
communication, social interaction, or restricted behaviors.

ASD is comorbid with other disorders including epilepsy, Rett
syndrome, and Fragile X syndrome. The degree of variation in
ASD phenotype caused by genetic variation has been
estimated at between 40 and 90%. Specific genetic variations
in ASD have been studied by measuring single nucleotide
variants (SNVs), copy number variants (CNVs), and
cytogenetic abnormalities (30)

How do epimutations contribute to the molecular
pathogenesis of autism spectrum disorder?

The prevalence of autism has increased rapidly. Many
monogenetic mutations and single nucleotide polymorphisms
have been associated with autism spectrum disorders (ASD).
Genetic alterations do not explain the etiology of an elevated
number of ASD cases. Recent research is now focusing on the
role of environmental/epigenetic factors, which by themselves
and/or in combination with classical genetic factors, may be
the root cause of alarge number of ASDs.

Diabetes
« Diabetes is not caused by a single gene but by a complex
combination of genetic and environmental factors.

It is one of the world's fastest-growing diseases, and patients
suffer from cerebrovascular disease, cardiovascular disease,
and peripheral vascular disease, and complications like
retinopathy, nephropathy, and neuropathy. Increase mortality,
blindness, kidney failure, and overall quality of life in
individuals with diabetes. Clinical risk factors and glycemic
management alone cannot predict the development of
vascular problems; multiple genetic investigations have
revealed a clear hereditary component to both diabetes and
its related complications. In the twenty-first century,
technological advancements (genome-wide association
studies, next-generation sequencing, and exome-
sequencing) have led to the identification of genetic variants
associated with diabetes; however, these variants can only
explain a small proportion of the total heritability of the
condition.

Family and twin studies have reported 20%-80% of heritability
in diabetes. First-degree relatives of people with T2DM are
three times more likely to get the disease than people without a
positive family history (31)

Even though diabetes from both the maternal and paternal
side increases the risk of acquiring diabetes, the Framingham
Offspring research reported that offspring with maternal
diabetes had a slightly higher risk of impaired glucose
tolerance than those with paternal diabetes (32)

Multiple twin concordance studies in T2DM found that
monozygotic twins had a greater concordance rate than
dizygotic twins, indicating that the condition has a significant
genetic component. (33)

Genetic linkage studies

Linkage analysis is based on the principle that genetic
sequences located on the same chromosome tend to be
inherited together and are not separated during meiotic
homologous recombination. (34)

Itis typically used in family studies to determine the position of
an associated variant(s) (35)

Linkage studies have successfully uncovered genetic
variations that cause monogenic diseases such as MODY (36)

In 1996, using linkage analysis, major histocompatibility
complex (HLA) loci on chromosome 6 were identified as
genetic susceptibility locifor TIDM (37).

In 2004, the calpain-10 gene (CAPN10) on chromosome 2 was
identified as the cause of T2DM using genome-wide screening
and positional cloning (38)

TCF7L2, the now well-known T2DM gene, was mapped to
chromosome 10 in a Mexican-American group in the year 1999
and has been replicated several times in T2DM genome-wide
association studies (GWAS) (39)

TCF7L2 plays an important role in the Wnt/[]-catenin signaling
pathway and helps in regulating the expression of genes in
lipid metabolism in adipocytes and glucose-induced insulin
exocytosis.(40)

Chromosomal disorder

FRAGILE X SYNDROME:

Fragile X syndrome (FXS) is the most common known cause of
inherited intellectual disability. It is a genetic condition that
causes a range of developmental problems, including
learning disabilities and cognitive impairment. Incidence:1 in
3600 to 4000 males; 1 in 4000 to 6000 females. Inheritance: It is
an X-linked dominant disorder. Usually, males are more
severely affected by this disorder than females. When the
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motheris a carrier of the fragile X chromosome, each child has
a 50% chance of inheriting it. Since females have two X
chromosomes, they are less severely affected.lt is a genetic
disorder in which the development of individuals is affected
mainly by behavior and learning abilities. It can also affect an
individual's communication skills, physical appearance,
sensitivity to light, noise, and other sensory information. It is
the most common cause of inherited intellectual and
developmental disability. People with Fragile X syndrome
sometimes do not have many noticeable symptoms
sometimes, and sometimes can have serious symptoms which
might range from simple learning difficulties to cognitive and
behavioral problems also. Fragile X syndrome can be caused
by a mutation in the gene FMRI, which is found on the X
chromosome. This mutation affects the individual's body in
how it makes Fragile X Mental retardation protein (FMRP).
Individuals with Fragile X can have intellectual problems and
functioning that might affect an individual's ability to think,
reason, and learn. Physical signs such as narrow face, large
ears and head, reduced joint flexibility, flat feet, and forehead
prominence. Behavioral, social, and emotional problems can
be present along with speech and language impairment.

Chromosomal Disorders and the Genetic Basis of Down
Syndrome

Chromosomal disorders are genetic conditions resulting from
abnormalities in the number or structure of whole
chromosomes rather than mutations in individual genes.
Because chromosomes contain thousands of genes that
regulate growth, development, and cellular homeostasis,
alterations in chromosome number produce widespread
disturbances in gene dosage and cellular function.
Consequently, chromosomal abnormalities are among the
leading causes of congenital anomalies, intellectual
disability, infertility, and spontaneous pregnancy loss (41)

Among chromosomal disorders, Down syndrome (DS) is the
most common viable autosomal aneuploidy and represents
the best-characterized example of a numerical chromosomal
abnormality. Down syndrome is primarily caused by the
presence of an additional copy of chromosome 21 (Trisomy
21), resulting in the expression of three copies of chromosome
21 genes instead of the normal two. This increased gene
dosage disrupts numerous developmental pathways and
produces the characteristic clinical phenotype, including
craniofacial dysmorphism, hypotonia, congenital heart
disease, delayed physical growth, cognitive impairment,
immune dysfunction, and an increased susceptibility to
leukemia and early-onset Alzheimer's disease (42)

Aneuploidy: The Underlying Genetic Mechanism

The underlying genetic defect in Down syndrome belongs to a
broader category known as aneuploidy, a condition in which
cells contain an abnormal number of chromosomes rather
than the normal human complement of 46 chromosomes
arranged in 23 pairs. Aneuploidy arises when chromosomes
fail to segregate accurately during cell division, producing
gametes or daughter cells with either extra or missing
chromosomes. It is estimated to occur in approximately 5-10%
of all human conceptions, making it one of the leading
genetic causes of spontaneous miscarriage and congenital
abnormalities (42)

Forms of Aneuploidy
Aneuploidy is broadly classified according to whether
chromosomes are gained or lost.

Trisomy (2n + 1) involves the presence of an additional
chromosome, resulting in three copies instead of the normal

pair. Clinically important viable autosomal trisomies include:

e Trisomy 2l (Down syndrome)

« Trisomy 18 (Edwards syndrome)
« Trisomy 13 (Patau syndrome)

Among these, Trisomy 21 is the most frequent and compatible
with long-term survival.

Monosomy (2n — 1) refers to the absence of one chromosome
from a homologous pair. The only viable complete monosomy
in humans is Turner syndrome (45, X), in which affected
females possess only one X chromosome (6-8).

Nondisjunction: The Molecular Origin of Trisomy 21
Approximately 95% of Down syndrome cases result from
meiotic nondisjunction, a chromosome segregation error that
occurs during gametogenesis. Normally, homologous
chromosomes separate during meiosis I and sister
chromatids separate during meiosis II, ensuring that each
gamete receives one copy of every chromosome. However,
when chromosome 21 fails to segregate correctly, one gamete
receives two copies of chromosome 21, whereas another
receives none.

Genetic Mechanism Underlying Down Syndrome
Approximately 95% of Down syndrome cases result from
meiotic nondisjunction, a random error during gamete
formation in which homologous chromosomes or sister
chromatids fail to separate properly. As a result, one gamete
receives two copies of chromosome 21, while another
receives none. Fertilization of the abnormal gamete by a
normal gamete produces a zygote containing 47
chromosomes, including three copies of chromosome 21
(47,+21). Because this error occurs before fertilization, every
cell derived from the zygote generally carries the additional
chromosome, producing complete Trisomy 21. The remaining
cases arise from Robertsonian translocation or mosaicism,
but nondisjunction remains the predominant genetic
mechanism responsible for Down syndrome.

Integrated Molecular Pathway of Down Syndrome
The pathogenic sequence can be summarized as follows:
Chromosomal disorder

l

Aneuploidy (Trisomy 21)

{

Meiotic nondisjunction

|

Gene dosage imbalance (=1.5-fold increase in chromosome
21 gene expression)

)
Overexpression of DYRKIA, APP RCAN1, SODI1, RUNXI,

ETS2, IFNARs, CBS, and miRNAs

Cell-cycle dysregulation, oxidative stress, mitochondrial
dysfunction, impaired neurogenesis, altered immune
signaling, and apoptosis

Neurodevelopmental abnormalities, congenital
malformations, intellectual disability, Alzheimer's disease,
immune dysfunction, and leukemia

I

Clinical phenotype of Down syndrome

Klinefelter syndrome

It is a genetic condition characterized by the presence of 2 or
more X chromosomes in a phenotypic male. The clinical
features were first described in males with tall stature, small
testes, gynecomastia, and azoospermia. The underlying
genetic etiology—supernumerary X chromosomes—was
identified in 1959. Additional X chromosomes contribute to
testicular hyalinization, fibrosis, and hypofunction, often
leading to hypogonadism, genital abnormalities, and
infertility. Neurocognitive differences associated with
Klinefelter syndrome were increasingly recognized during the
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mid-to-late 20th century. Androgen replacement, along with
neuropsychological and adaptive therapies, frequently
supports effective medical management. In addition to
infertility, individuals with Klinefelter syndrome are at
increased risk for complications such as osteoporosis,
metabolic syndrome, breast cancer, and autoimmune
disorders. However, early diagnosis and comprehensive care,
including hormonal, psychological, and educational support,
can help many individuals achieve good long-term
outcomes.(43)

Turner syndrome (TS)

It is also known as Congenital ovarian hypoplasia syndrome
and occurs when the X chromosome is partially or completely
missing in females. Its main clinical manifestations include
growth disorders, reproductive system abnormalities,
cardiovascular abnormalities, and autoimmune diseases. TS
is highly prevalent in China. Timely diagnosis is crucial, and
non-invasive prenatal DNA testing can identify TS and other
diseases. Treatment of TS mainly involves administration of
growth hormone combined with very low doses of estrogen to
increase the patient's height

(44)

CONCLUSION

India faces a high burden of rare genetic disorders. Genetic
disorders often stem from small errors in the DNA sequence
with major consequences. Many diseases like cystic fibrosis
and Batten disease can be traced to changes disrupting the
cell's ability to build a complete, functional protein. One
particularly common culprit is the nonsense mutation, where a
single incorrect DNA letter inserts a premature stop signal.
When the cell encounters it, protein production ends too early,
leaving the body without important enzymes, transporters, or
structural components. Genetic disorders originating from
defects in DNA machinery and replication occur when cells
fail to accurately copy their genome or repair damage during
division.
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