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Abstract:- Fanconi anemia (FA) is a genetically and
phenotypically recessive autosomal illness. Fanconi
anemia (FA), a rare genetic illness, is currently receiving
more attention from hematologists, cancer biologists, and
fundamental scientists studying DNA repair and
ubiquitin biology. Chromosome instability, progressive
bone marrow failure, cancer susceptibility, and several
other congenital anomalies are its defining
characteristics. All three blood cell lines are included.
This is a fatal illness that typically strikes children under
the age of five.

One of the fastest-growing fields of medical study is
FA. The discovery of 15 distinct FA genes and the
clarification of the FA molecular pathways have
contributed to our knowledge of the pathogenic
mechanism and, in many cases, the development of
treatment guidelines.

Because FA possesses distinct traits in many
different biological areas, investigations on FA provided
significant material for studies on malignancies.
Research has demonstrated a genetic relationship
between FA and cancer, showing that both cancer genes
and FA genes are present in malignancies. FA is therefore
identified as a prototypical illness for the comprehension
of aging and cancer.

Here we review the incidence of FA, Genetics,
Pathophysiology, impact of FA, Identification of FA
genes and delineation of FA pathways, Symptoms and
indication, Diagnosis, Management, Complication and
Prevention, and patient education about FA.

Keywords:- Fanconi Anemia, Bone Marrow Failure,
Hematological Abnormalities, Pancytopenia, Aplastic
Anemia.
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L. INTRODUCTION

A genetic instability disease called Fanconi anemia
(FA) is linked to birth defects, bone marrow failure (BMF),
and a higher risk of malignancy. Because Fanconi anemia is
a rare autosomal recessive genetic disorder affecting all
three blood cell lines, where homozygous or heterozygous
mutations result in pathogenic alleles, including point
mutations, duplications, splicing defects, and deletions, it is
the most common cause of inherited bone marrow failure
[1]. This is the most prevalent inherited form of bone
marrow failure syndrome, however, it falls within the
uncommon disease group with a prevalence of 1 in 160,000

(www.orpha.net) [2].

In 1927, Swiss pediatrician Guido Fanconi identified
and classified FA as a disease based on the characteristics of
three brothers who had a particular mix of bone marrow
failure and physical anomalies, including short height,
hypogonadism, and hyperpigmentation. Many FA cases have
now been reported, all of which show progressive bone
marrow loss rather than congenital abnormalities [3]. In
1964, a lab discovery of elevated spontaneous chromosomal
fragility in FA was published [4] In 1967, FA was identified
as the initial etiology of juvenile leukemia[5].

Because the cells cannot repair themselves, the genetic
abnormalities causing Fanconi anemia led to a build-up of
chromosomal damage [6][7]. Fanconi anemia proteins
normally repair DNA interstrand crosslinks (ICLs) to
preserve genomic integrity and replication potential. ICLs
preserve DNA integrity by preventing DNA strand
separation. Due to these genetic mutations in the Fanconi
anemia pathway, cells become unable to repair DNA
damage correctly, which leads to genomic instability,
pancytopenia, and an increased vulnerability to cytotoxic
agents, UV radiation, spontaneous deformation, and a higher
risk of developing cancers. Furthermore, practically every
organ in the body is impacted by Fanconi anemia [8]. The
most common FA genes are FANCA, FANCC, FANCG, and
FANCD?2, which are the genes that have been discovered to
be mutated in FA patients [9]. All other FANC genes are
autosomic, and the illness is recessive, except for the
extremely uncommon FANCB, which is found on the X
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chromosome. When it comes to FA, there are usually
multiple age-related clinical stages [10][11].

Another theory regarding fanconi anemia is that it is an
inherited type of aplastic anemia.The scientific
understanding of chromosomal fragility illnesses and other
bone marrow failure syndromes has improved with
extensive research on Fanconi anemia. Fatigue, dizziness,
chest pain, and shortness of breath are typical clinical signs
of Fanconi anemia. Moreover, thrombocytopenia frequently
results in a clinical history of epistaxis, petechiae, and
profuse bleeding from a wound site. The ailment is primarily
linked to further congenital malformations and is typically
more prevalent in young age, with an average diagnostic age
of 7 years. Patients with Fanconi anemia are more likely to
have structural extremities abnormalities found during
physical examinations. Additionally, the condition may
make individuals more susceptible to solid and hematologic
tumor growth. The pancytopenia characteristic with Fanconi
anemia is typically observed in serum laboratory assays that
show a reduction in leukocytes, platelets, and red blood cells
(RBCs), among other blood cell types [12].

Early detection of FA influences the prognosis by
enabling the forecast of potential consequences.
Chromosome breakage testing is used to confirm the
diagnosis, which can be made early based on clinical
suspicions and positive results from genetic analysis. Other
diagnostic techniques include gene sequencing studies using
next-generation sequencing (NGS), western blotting, and
multiplex ligation-dependent probe amplification (MLPA)
[13][14].

There are numerous synonyms for FA, including pre-
malignant disorder, chromosome break up syndrome,
Fanconi pancytopenia, inherited aplastic anemia, inherited
pancytopenia, constitutional aplastic anemia, DNA repair
disorder and inherited bone marrow failure syndrome. FA is
the most extensively used and broadly accepted name
among these synonyms. It is important to distinguish it from
the kidney disease Fanconi syndrome.

II. INCIDENCE OF FANCONI ANEMIA

Every race and ethnic group is affected by FA, which is
predicted to affect 1 in 160,000-360,000 live births in the
general population. However, because of founder effects, the
frequency of FA is significantly higher in some ethnic
groups [15][16][17].

Globally, the carrier frequency of FA in the general
population is 1:300. However, among sub-Saharan Blacks,
Spanish Gypsies, and Afrikaners in South Africa, the carrier
frequency is less than 1 in 100, while in the United States, it
is 1:18118][19].

FA patients are nearly one to one in terms of gender.
Eight years old is the median age at which anemia manifests
itself clinically. The life duration ranges from 0 to 50 years
(mean about 20 years old), the median diagnostic age is
approximately 10 years (often between 2 and 15 years), and
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the most prevalent cause of death is bone marrow failure
[20].

III. GENETICS

When the X chromosome's FANCB gene is mutated,
the condition is inherited autosomally recessive; however,
when the FANCR gene is mutated, it is inherited
autosomally dominantly [21][22]. When a DNA sequence is
linked to chromosomal breakage in at least one patient after
being exposed to DNA cross-linking agents (like MMC and
DEB), and the breakage is repaired by complementation
with the wild-type copy of the mutant alleles, the sequence
is considered to be an FA gene [23]. Thus far, 21 genes and
one x-linked gene have been revealed to have biallelic
mutations connected to the FA phenotype [23][24]. The
genes that correspond with distinct complementation groups
in FA are implicated in the DNA damage repair pathway of
FA/BRCA and are crucial in initiating an immune response
against DNA alkylating chemicals[25]. It has been
discovered that FANCA, FANCG, and FANCC are prevalent
FA complementation groups [26]. The FANCA gene
mutation predominates in between 60 and 70 percent of
patients with FA. These alterations could be null, massive
deletions, insertions, or deletions that could result in an early
termination [27].

IV.  PATHOPHYSIOLOGY OF FA

FA patients have a variety of congenital abnormalities,
while between 25% and 40% of them are physically normal
[28]. Because the cell is unable to heal itself, Fanconi
anemia is characterized by chromosomal damage [6][7]. The
whole Fanconi anemia pathway becomes defective when
there are biallelic mutations in the genes linked to the
Fanconi anemia core complex. More than 80% of cases are
caused by biallelic mutations in the FANCA, FANCC, and
FANCG genes [29].1t is believed that CD34+ stem cell death
is the cause of bone marrow failure in Fanconi anemia
patients. Homologous recombination, nucleotide excision
repair, mutagenesis translational synthesis, and alternate end
joining are among the main DNA repair pathways that are
interfered with. Stabilizing replicative forks and controlling
cytokines are two aspects of replication processes.

Maintaining genomic integrity and replicative
capability is the goal of Fanconi anemia proteins. Several
Fanconi anemia proteins preserve genomic stability by
fixing DNA interstrand cross-links (ICLs). Integrity-
preserving loops (ICLs) stop DNA strand separation. DNA
damage cannot be correctly repaired by cells due to genetic
abnormalities in the Fanconi anemia pathway. This leads to
genomic instability, pancytopenia, and an increased
vulnerability to cytotoxic chemicals, UV radiation,
spontaneous deformation, and a predisposition to cancers.
Research has demonstrated that FANCA mutations affecting
exons 27 to 30 are more prevalent in solid tumors, such as
head and neck squamous cell carcinomas [30].
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The Fanconi anemia genes encode ubiquitin ligase,
monoubiquitinated protein, helicase, and proteins that
predispose to breast and ovarian cancer. These proteins are
in charge of DNA repair and defense against external
stressors that damage DNA. Certain Fanconi anemia
proteins, like FANCDI, function in the Fanconi anemia-
BRCA network and are comparable to the BRCA2 protein.
Ataxia-telangiectasia, Bloom syndrome, breast and ovarian
cancer, and other unusual genetic diseases are caused by an
interacting network between these Fanconi anemia proteins
and other proteins [31][32][33]. These proteins involved in
Fanconi anemia serve a variety of additional purposes. The
Fanconi anemia pathway uses FANC genes and their
products to preserve genomic integrity. Fanconi cells exhibit
heightened sensitivity to crosslinking agents, such as
cisplatin, diepoxybutane, and mitomycin C. Other stress
response pathways involve proteins associated with Fanconi
anemia. Oxidative damage results from impacted cells'
incapacity to tolerate typical oxidative stress and oxygen-
free radicals [34].

V. IMPACT OF FANCONI ANEMIA

The majority of cases of FA occur in children, and
almost half of them have congenital skeletal abnormalities,
most commonly affecting the thumb and forearm. Thumbs
are typically missing, hypoplastic, or undersized. There's
also a chance that the forearm's radius is nonexistent or
reduced [35]. Endocrine problems are prevalent among FA
persons. About half of FA people are short in stature, which
is associated with hyperthyroidism and insufficient growth
hormone synthesis. Certain FA individuals are of normal
height and may not exhibit a clear impairment in growth
hormone production. FA is also linked to improper
metabolism of insulin or glucose. Those with FA typically
have higher serum insulin levels than those with diabetes,
which is the opposite of decreased insulin. It is estimated
that 8% of people with FA have diabetes, and up to 72%
have high insulin [36][37]. Furthermore, FA is also linked to
osteoporosis [36][37][38][39].

The most common pathologic symptom of FA is
hematologic abnormalities. During the first decade of life,
between 75 to 90 percent of FA patients experience mild to
severe bone marrow failure [40][41]. Furthermore, the
majority of FA persons experience various degrees of blood
illness, such as acute myeloid leukemia (AML),
myelodysplastic syndrome (MDS), or aplastic anemia. With
a median age of onset of 14 years, the risk of developing
AML is around 800-fold higher than that of the general
population. Certain chromosomal abnormalities (such as
gain of 1q23-32 or 3g26) were found to be a prevalent
pattern in FA patients with MDS or AML in recent
investigations, suggesting that these abnormalities can be
helpful prognostic indicators [42][43].

Even though FA is primarily a pediatric illness, adult
FA patients (>18 years of age) now make up a larger
percentage of FA patients because of better adult diagnostic
testing and better management of younger FA patients. The
possibility of malignancy is a significant health concern for
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adult FA patients [44]. Apart from hematologic cancers,
people with FA also have much-increased incidences of
solid tumors, especially squamous cell carcinomas (SCCs)
of the head and neck and cervical/gynecological cancers
[45].

FA patients show other clinical issues, such as hearing
loss and ear abnormalities as well as decreased fertility, in
addition to the hematological abnormalities and higher
cancer susceptibility [35]. For male FA patients, a lower
sperm count is linked to the condition, while for female
patients, an earlier menopause [46]. Several investigations
using knockout mice models of Fanca, Fance, Fancg, and
Fancd2 demonstrated marked hypogonadism and poor
fertility, with females more severely affected than males,
which is consistent with the reduced fertility in FA patients
[47][48].

V1. IDENTIFICATION OF FA GENES AND
DELINEATION OF FA PATHWAYS

FA is brought on by mutations in the FA genes that
code for the synthesis of proteins that help shield and repair
damaged DNA. FA is categorized into 15 distinct
complementation groups. These 15 corresponding FA genes
have been found and given names in alphabetical order,
ranging from A to P. They are dispersed extensively across
11 distinct chromosomes in the human genome [49][50]
Only one of the fifteen FA genes—FANCB—is X-linked
and sex chromosome recessive, while the other fourteen are
autosomal recessive [51].

Approximately 90% of all mutant FA genes are of the
FANCA, FANCG, and FANCC kinds. Probably, there are
still unidentified uncommon complementation groups.
About 60-70% of all mutant FA genes are caused by
mutations in the FANCA gene, yet this complementation
group is overrepresented in specific geographical areas, such
as Mediterranean nations like Spain, where 80% of patients
have FANCA mutations. FANCA has been reported to have
a variety of mutations, including missense, nonsense,
splicing, micro-deletions, micro-insertions, and duplications
[52]. Approximately 15% of all altered FA genes are caused
by mutations in the FANCC gene. Since its discovery in
1992, the expression, subcellular localization, interactions
with other proteins, and gain or loss of function of the
FANCC gene have all been the subject of much research.
This one is one of the larger FA genes, measuring over 218
kb and encoding a 63 kDa protein. Research revealed that
FANCC is involved in cytokine signaling and the growth of
hematopoietic stem cells and germ cells[53].

Of the 15 altered FA genes, mutations in FANCG
account for around 10% of the cases. Compared to other
mutations, FANCG mutations were often more severe when
it came to cytopenia and leukemia incidence; null mutations
also produced an altered protein. Compared to FANCA and
FANCC, the relative risk of bone marrow failure is higher in
FANCG [54]. Multiple FA pathways are comprised of the 15
FA gene protein products. The FA nuclear core protein
complex is the protein product of FANCA, FANCB,
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FANCC, FANCE, FANCF, FANCG, FANCL, and FANCM.
In response to DNA damage during replication, another FA
pathway made up of FANCD2 and FANCI can activate this
route [55]. Among these, helicase, monoubiquitinated
proteins, and ubiquitin ligase are crucial for DNA repair and
maintaining genomic integrity. Any one of the 15 gene
mutations can lead to errors in the body's reaction to DNA
damage and improper repair, which can ultimately result in
FA disease.

The severity and clinical course of FA might differ
between families as well as within them. Because there are
so many variables influencing the interplay between genes
and environment, it is unknown to what extent genotype and
illness phenotype are correlated.

VII. SYMPTOMS AND INDICATIONS
ASSOCIATED WITH FANCONI ANEMIA

By the age of 4 to 7 years old, signs and symptoms,
mostly hematological abnormalities, begin to appear. One
example of this is pancytopenia, which is characterized by a
decrease in the quantity of platelets, red blood cells, and
white blood cells. Thus, urogenital anomalies, pancytopenia,
hyperpigmentation, skeletal deformities, central nervous
system, auditory, renal, ophthalmic, and familial incidence
are the key criteria for diagnosing FA. It has been noted that
probands have a higher incidence of congenital defects than
their affected sibling. A proband is the member of the family
who is initially impacted and who provides the basis for the
genetic study within that family[56]. Typical symptoms of
FA include fatigue, shortness of breath, dizziness, and chest
pain. Patients report thrombocytopenia-related petechiae,
epistaxis, and uncontrollably bleeding wounds. Fever and
flu-like symptoms are common, and leukopenia increases
the risk of infection.

Birth abnormalities are seen in about 75% of FA
patients. The child may present with low height and café-au-
lait spots (an region of skin hyperpigmentation) in about
50% of the instances[57]. Additional anomalies related to FA
in the extremities include dysplastic ulna, hypoplastic or
missing radii, hypoplastic thumb (radial ray defect), and hip
dislocation in the lower extremity and club foot,
polydactyly, and thigh osteoma in the upper extremity.
Additional anomalies of the skeleton include micrognathia,
scoliosis, aberrant ribs, spina bifida, webbed and short
necks, microcephaly and hydrocephaly, and frontal bossing.
Among the gastrointestinal anomalies seen in FA include
tracheoesophageal fistula, imperforate anus, umbilical
hernia, and  Meckel's diverticulum.  Anomalous
gastrointestinal conditions are less frequent.

Pancytopenia can cause petechiae, pallor, bruises, and
cold hands and feet as physical symptoms. Between the ages
of 2 and 13, children with FA experience pancytopenia and
bone marrow aplasia. Certain patients might exhibit these
symptoms later in life, perhaps even in their adolescent or
beyond. The majority of FA patients eventually experience
myelodysplastic syndrome (MDS) and acute myeloid
leukemia (AML)[58][59][60]. As a result, these patients
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need to have routine follow-up. These people have an
extremely high chance of both hepatic adenoma and
hepatocellular cancer[61][62]. The European Fanconi
Anemia Research Group published an investigation which
revealed that 8 and 9% of the patients diagnosed with FA
went on to develop MDS and AML, respectively.
AML/MDS was the first hematological abnormality found
in some of the patients, while a small number of individuals
developed AML/MDS after bone marrow aplasia. Patients in
the former group presented much younger than in the latter.
In FA individuals with AML/MDS, cytogenetic
abnormalities usually occur, including deletions of 5q, 7q,
20q, trisomy 8, monosomy 7, and chromosome 1[60].

Growth abnormalities, such as short height, are
frequently linked to hormone deficits, including pituitary
hypofunction, hypogonadism, insulin resistance, and growth
hormone deficiency. There are cases of hypogonadism in
both sexes. A hypothalamic-pituitary malfunction may be
the underlying cause of the aberrant growth hormone
secretion. Therefore, it is recommended that all children
have endocrine evaluation at a young age to correct growth
and thyroid hormone insufficiency and ultimately improve
quality of life and final height [63].

VIII. DIAGNOSIS AND LABORATORY
TESTING STRATEGIES FOR FA

A. T-Lymphocyte Chromosomal Fragility Testing

Spontaneous chromosomal breakage was first proposed
as a potential marker for FA, however, subsequent research
revealed inconsistent results [4]. The novel technique known
as "chromosomal fragility testing” was first reported by
Cervenka et al. in 1981[64]and Auerbach in 1993[65]. It
involves the wuse of two clastogenic chemicals,
diepoxybutane (DEB) and mitomycin C (MMC). The idea
behind this technique is to expose the hyposensitive FA cells
in the cell culture—typically T lymphocytes from peripheral
blood—to DEB and MMC. Then, the chromosomal
aberrations, breaks, and rearrangements (radial exchanges)
are examined. A total of fifty metaphase cells are analyzed
and graded for chromosomal breakages in comparison to
controls under the same age and sex conditions. If the
overall chromosomal breakage is greater than 10 times
compared to the control, it is positive.

This technique often distinguishes between FA and
non-FA cells. It is referred to as the "Gold standard" because
of its simplicity, reproducibility, dependability, and
sensitivity when compared to other testing techniques for the
diagnosis of FA, such as the immunoblot assay of FANCD2
protein monoubiquitination, which has the drawback of
potentially missing rare types of FA, and the cell cycle arrest
assay, which uses skin fibroblasts exposed to MMC before
being detected by flow cytometry [66][67] Despite being
time-consuming and requiring  specialized people,
chromosomal fragility testing has been the most commonly
used procedure as the first line laboratory screen for FA in
the past 20 years. It has been suggested that even in patients
who do not have anemia but have congenital abnormalities,
chromosomal fragility testing ought to be performed more
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frequently. This approach has two drawbacks: (I) it cannot
identify the carriers, and (I1) in somatic mosaic cases of FA,
it is frequently inconclusive. Furthermore, if the test subject
who was referred for the exclusion of FA is receiving
chemotherapy or radiation therapy within a specific time
frame, false positive test findings may occur.

B. Skin Fibroblast Testing for the Suspected Cases in
Somatic Mosaicism

A study utilizing lymphocytes to test for FA revealed
that 15-20% of patients had limited response to DEB and
MMC because of mosaicism [68].The existence of two
genetically different populations of lymphocytes within a
particular organism is known as mosaicism. Among
individuals with FA, it is rather typical for one to have
elevated sensitivity to DEB/MMC while the other displays
normal levels of chromosomal breakage in response to
DEB/MMC. When there are strong clinical signs of FA but
low chromosomal fragility testing results, cultured skin
fibroblasts are required for additional testing using DEB and
MMC or other techniques in such suspected FA cases with
somatic mosaicism.

C. Determination of FA Complementation Groups

The next step is to identify the FA complementation
group once FA has been confirmed by chromosomal
fragility testing. Complementation group testing is
performed to categorize FA patients based on the particular
gene abnormalities causing FA. In order to determine which
FA complementation group to use for further DNA
sequencing of gene mutations, the complementation group
testing method involves infecting test FA cells with a
retrovirus that contains cDNA from an FA gene[69].Living
cells from FA patients are needed for this assay (either skin
fibroblast for mosaic or lymphocyte for non-mosaic).

D. Mutation Analysis

Determining the precise gene mutations in each case is
crucial, since it affects the disease's severity and the
likelihood of acquiring aplastic anemia or cancers associated
with the complementation groups. Following confirmation
by the primary complementation group result, the purpose of
mutation analysis is to pinpoint the precise gene alterations
from the proband.

Because there are at least 15 altered genes involved,
traditional molecular genetic testing used to be difficult and
time-consuming. It also required several procedures, such as
DNA amplification, sequencing, and significant deletion
identification. Typically, these tests must be carried out in
facilities with specialized training.

The criteria and instructions for mutation analysis are
provided by the International FA Research Fund[70].

» Sequence Analysis for Mutations

Sequence analysis is applied to all known genes related
to familial arthritis. The amount of genes that need to be
analyzed, the numerous mutations that could occur in each
gene, the occurrence of significant insertions or deletions in
some genes, and the size of many FA-related genes make
sequence analysis difficult. By sequencing the appropriate
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gene, the causative mutation can be identified if the
complementation group has been identified.
Complementation A patients with several hundred mutations
make up the majority of FA patients globally.

» Deletion/Duplication Analysis

In each suspected case of familial anomalies,
deletion/duplication analysis is also utilized to identify
deletions of one or more exons, or of a whole gene. The next
generation sequencing technology has made it possible to
conduct mutation analysis for FA genes without the need for
living cells, which is necessary for complementation group
testing, making molecular diagnostics for FA gene
investigations more efficient and quicker[71].

IX. MANAGEMENT OF FANCONI ANEMIA

Therapy for bone marrow failure. In patients with FA,
bone marrow failure usually appears in the first decade of
life[72].

For some FA patients, androgen therapy is an effective
treatment for bone marrow failure. Patients with FA have
found success in treating their hematological abnormalities
using synthetic androgens such as danazol and
oxymetholon[73].

Though hirsutism and an increased risk of liver tumors
are among the negative effects of long-term androgen use.
While androgens raise platelet and red blood cell numbers,
[74]. There is confusion over the precise role that androgens
play in the hematological system. The neutrophil counts in
FA have been demonstrated to be improved by
hematopoietic growth factors, such as G-CSF and GM-
CSF[75].

For FA patients with bone marrow failure, HCT is still
the recommended course of treatment. Due to the underlying
DNA repair deficiency in FA, the transplantation process
can be extremely hazardous due to intensive chemotherapy
and radiation. If a sibling donor transplant is done early (i.e.,
before leukemia or MDS develops), it continues to be the
best treatment for FA and has the best results[72][76].
However, chemoradiation-induced physical harm (such as
pulmonary and renal toxicity and veno-occlusive disease),
graft-versus-host disease (GvHD), immunological damage,
sterility, and endocrinopathies are among the many
difficulties that transplant survivors face. Modifications to
the HCT conditioning protocol, such as the use of an
immunosuppressive regimen based on fludarabine and lower
doses of cyclophosphamide (an alkylating drug), or
nonirradiation, keep these issues under control while
keeping enough engraftment rates[77][78][79][80] .

Since the majority of FA patients lack a sibling who is
histocompatible, some families have turned to
preimplantation genetic diagnosis (PGD) in an attempt to
find a compatible donor[81].
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Higher risk of complications and worse survival rate
are linked to HCT from alternate (unrelated or HLA
mismatched) donors. Yet, since Gluckman and colleagues
first reported the results of alternate-donor HCT for FA
patients in 1995, the survival percentage has gradually
increased[82].

Lately, the conditioning regimen's irradiation has been
reduced, which has limited harmful effects and increased the
survival rates of alternate-donor HCT.[80] .Although HCT is
very effective in prolonging the life expectancy of patients
with FA, it is now more crucial to manage the long-term
consequences of HCT. Furthermore, nonhematopoietic FA
problems such as elevated cancer susceptibility are not
addressed by HCT.

Genetic treatment. Interest in gene therapy for FA has
increased recently. FA is a prime example of an illness that
would benefit greatly from gene therapy. It is generally
simple to subtype FA patients, which enables the
identification of the mutant FA gene and the production of
lentiviral or retroviral vectors that convey the wild-type
cDNA to complement cells. In vivo, transduced and cDNA-
complemented cells ought to exhibit a definite selection
advantage over native bone marrow cells. Moreover, gene
therapy offers a way to produce autologous donor cells. But
a number of technological challenges have made effective
gene therapy for FA more difficult. Initially, FA patients do
not have enough HSCs for ex vivo transduction. Thus, early
in the FA patient's life, bone marrow should be extracted and
preserved. To grow FA bone marrow cells ex vivo, new
techniques are required; these may involve the utilization of
HOXB4 and DELTA-1[83].

Second, there has to be an increase in viral
transduction efficiency. Shorter ex vivo transduction times
in conjunction with the reduction of oxidative stress have
been demonstrated to improve the efficacy of gene
transduction in FA HSCs and may be promising for
advancing FA gene therapy[84].

Last but not least, the integration of the therapeutic
vector close to a proto-oncogene and the subsequent growth
of a malignant clone constitute the ongoing risk of leukemia
associated with gene therapy. The effectiveness and safety of
gene therapy for FA may be further enhanced by
advancements in conditioning protocols and the creation of
self-inactivating retroviral and lentiviral vectors.

Endocrine dysfunction therapy. For many FA patients,
hypothyroidism is noted. Thyroid treatment for seven
months significantly improved the growth of FA children
with short height, according to one study, indicating that
thyroid treatment may be beneficial for these kids[85].

Growth hormone shortage affects between 50% and
70% of FA children, and additional growth hormone is
typically administered to these individuals[86].

Long-term growth hormone therapy may or may not
raise the risk of AML or other cancers; this is still debatable.
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Treatment of cancer. AML and SCCs of the head, neck,
and gynecological system are highly prevalent in FA
patients[87].Treatment and management of FA-related
malignancies remain a significant problem due to the
extended survival following successful transplantation.
Treatment of cancer connected to FA must be different from
that of non-FA patients due to the cytotoxicity of chemo-
and radiotherapeutic regimens for FA patients. Clinical care
of FA patients must prioritize cancer prevention and vigilant
cancer surveillance. To rule out premalignant clonal
expansion, FA patients need yearly bone marrow aspirates.
They also need regular dental exams to rule out early oral
cavity SCCs. All FA patients should have HPV vaccinations,
and women with FA need regular gynecologic checks to
detect early SCCs. There are certain cancer patterns unique
to the FA subtype. For example, individuals belonging to
subtype D1 exhibit an earlier onset and a higher frequency
of solid tumors and leukemia. Wilms tumor, neuroblastoma,
and brain tumors like medulloblastoma are among the many
tumors that are related to FANCDI mutations
[88][89].Furthermore, heterozygote carriers from the J, O,
N, and D1 families of FA subtype D1 may be more
susceptible to pancreatic, ovarian, and breast malignancies.

X. COMPLICATIONS

The four main complications of Fanconi anemia
include acute myeloid leukemia, myelodysplastic syndrome
(MDS), aplastic anemia, and specific solid malignancies
[90].

Like how the abnormal FA gene is linked to several
cancers, Fanconi anemia is linked to several tumors[91].
Cancer cells are hypersensitive to chemotherapeutic
medicines, viruses, and radiation due to defects in genes of
the Fanconi anemia pathway, which are essential for DNA
repair and cell cycle checkpoints. Cells proliferate
uncontrollably when the DNA repair machinery is
compromised and cell cycle checkpoints are unstable.
Squamous cell carcinomas of the head, neck, and upper
esophagus as well as carcinomas of the vulva, anus, and
cervix are common forms of cancer that have a 50-fold
increased risk when compared to cases where Fanconi
anemia connection is absent. The most prevalent discovery
is myelodysplastic syndrome, which has a chance that is
6000 times higher than that of the normal population. The
second most frequent malignancy, acute myelogenous
leukemia, has a 700-fold increased risk in comparison to the
general population. It has been shown that clonal mosaicism
in Fanconi anemia causes aging and malignancies[92].

Furthermore, Fanconi anemia registries show that by
the time they are 40 years old, 90% of patients have bone
marrow failure[93]. Pancytopenia is eventually caused by
bone marrow failure[94]. Numerous endocrine diseases are
either related to androgen therapy and/or HCT, or they are
intrinsic to molecular abnormalities. Short stature from
growth hormone deficiency, hypothyroidism (found in about
60% of patients), adrenal dysfunction from exogenous
ACTH, and pancreatic islet dysfunction linked to glucose
intolerance, dyslipidemia, and  infertility from
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hypogonadism are all possible outcomes of structural
disruption of the hypothalamus-pituitary axis. Peliosis
hepatis and benign and malignant liver tumors are brought
on by androgen therapy[95].

XI. PREVENTION AND PATIENT
EDUCATION

Given that Fanconi anemia is inherited in a hereditary
manner and that the patient is typically a kid when the
disease first manifests, family members must be informed
about and comprehend the severity of the condition. To
improve patient compliance and the patient-clinician
interaction, genetic counseling for the condition aids in
providing family members with adequate patient education.
When a kid has Fanconi anemia, other family members—
especially siblings—need to be tested for the disease as well,
either to detect the condition early or to avoid future births
with  genetic  problems[96]. Recent research has
demonstrated that while the biallelic patient has an increased
risk of developing cancer, their heterozygote relatives do not
experience the same drawback[97].This is not always the
case; marriages within communities or cultures do not
ensure this.

To assess whether the siblings could receive a
hematopoietic stem cell transplant, a chromosomal breakage
test, and HLA matching are required. Parents should get
education that includes information on the indications and
symptoms of the condition, the treatment strategy, and the
disease process. All interventions should be explained to
parents, along with any health risks and the advantages of
one over the other. Patients can select the most appropriate
course of treatment following in-depth discussion.

XII. CONCLUSION

A rare genetic condition called Fanconi anemia affects
the bone marrow and is characterized by poor DNA repair.
Physicians need to be aware of physical deformities,
pancytopenia, and a higher chance of cancer. Genetic testing
is a part of diagnosis. Hematopoietic stem cell
transplantation, supportive care, and problem monitoring are
all part of management. Because Fanconi anemia is
hereditary, genetic counseling is essential. Because FA has
numerous unique characteristics, research and testing on FA
may help us understand the mechanisms underlying FA and
other human genetic illnesses, aging, and cancer, as well as
potential treatment options. In 1988, a patient with FA
underwent the first successful use of human cord blood
transplantation; the patient is currently alive and well.

It can be difficult to diagnose FA patients, especially in
the condition's early stages. Given that Fanconi anemia
disease (FA) is a genetically and phenotypically
heterogeneous disease and has many clinical symptoms with
numerous group diseases/syndromes, mismanagement
resulting from misdiagnosis of FA has been reported in
several locations and nations. Because the majority of FA
proteins in the core complex lack an enzymatic motif, which
makes it difficult to understand their molecular functions,
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research has not yet been able to pinpoint the precise
biological activities and roles of the FA proteins.

A timely diagnosis is critical for any hereditary illness.
Genetic counseling is crucial in both educating the patient's
family members about the disease's progression and
preventing it from striking the patient's offspring. The fact
that prompt diagnosis and genetic counseling are necessary
to begin the patient's therapy as soon as feasible must be
thoroughly understood by the doctor. The availability of
prenatal and preimplantation genetic diagnoses should be
discussed with the child's parents. This will contribute to
lessening the impact of hereditary illnesses on society.

In this review, we provide an overview of Fanconi
anemia a rare disease incidence, genetics, pathophysiology,
identification of FA genes and delineation of FA pathways,
symptoms and indications, diagnosis, management and
complications. The article also reviewed the prevention of
FA by improving patient education.
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