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Mutations in children with congenital adrenal hyperplasia
(21-hydroxylase deficiency).

1. Introduction

congenital adrenal hyperplasia (CAH) is a group
of autosomal recessive disorders resulting
from defect in the enzymes involved in the
adrenal steroidogenesis pathway leading to
compromised cortisol synthesis. Depending on the
severity of steroid block, patients can have different
alterations in glucocorticoid, mineralocorticoid and
sex steroid production (EI-Maouche et al., 2017).
Corticotrophin releasing hormone (CRH) and adren
ocorticotropic hormone (ACTH) are secreted in exc
ess in CAH due to defective cortisol synthesis,
which reduces the negative feedback to the brain an
d pituitary gland. Although the elevated ACTH can’t
overcome the block in cortisol production,
its trophic influence causes the adrenal glands to en
large (Turcu and Auchus, 2015).

The 21-hydroxylase deficiency (21-OHD) is the
most frequent enzyme defect in CAH and the most
prevalent cause of adrenal insufficiency in pediatrics
(Speiser, 2015).

The gene encoding 21-hydroxylase (21-OH) is
CYP21A2 gene. More than 250 genetic variants of
CYP21A2 are capable of causing human disease.
The majority of these will result in classical forms
of 21-OHD (Witchel, 2017).

Overview on 21-OHD Congenital adrenal
hyperplasia and its phenotypes

The 21-OH enzyme converts progesterone to
deoxycorticosterone in the biosynthesis of
aldosterone and converts 17-hydroxy progesterone
(17-OHP) to 11-deoxycortisol in the biosynthesis of
cortisol (Therrell et al., 1998, Miller, 2019).
Congenital adrenal hyperplasia due to 21-OHD has
been classified into classic form including salt
wasting (SW) and simple virilizing (SV)
phenotypes, and non-classic (NC) form, although
current thinking outlooks CYP21A2 mutations and
the associated phenotypes as a continuum, hence,
disease severity is better classified on the basis of
residual activity of 21-OH (Witchel, 2018,
Claahsen—van der Grinten et al., 2021).

Little or no residual enzyme activity is found in the
SW form resulting in both cortisol and aldosterone
defects (Held et al., 2020).

Infants with SW form if not appropriately managed
will develop dangerous SW crises in the first weeks
of life, manifesting by poor feeding, vomiting,
dehydration, hypotension, hyponatremia,
hyperkalemic metabolic acidosis and shock
(Jacobson, 2021).

In the SV form, the gland produces aldosterone
somewhat more than that in SW form and
consequently patients don’t develop SW crisis, but
they still have extreme cortisol deficiency and
severely elevated androgens. There is residual
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enzymatic activity of 1% to 5% of normal in those
patients (Parsa and New, 2017).

Despite the fact that gonadal development is normal
in those patients, excessive levels of androgen
production and prenatal exposure to powerful
androgens like testosterone and androstenedione
during vital stage of sexual development leads to
variable grades of female virilization, including
clitoromegaly, labioscrotal folds fusion, and
urogenital sinus formation (Van Der Straaten et al.,
2020).

Except for hyperpigmentation, the external genitalia
is normal in affected males (Heather et al., 2015).
In the contrary, Patients with NC form preserve up
to 20-30% of the enzyme activity, which is adequate
for sufficient cortisol and aldosterone production.
Hence, they do not have adrenal insufficiency, and
they present at different ages with manifestations of
androgen excess (Turcu and Auchus, 2015).

Diagnosis of 21-OHD congenital adrenal
hyperplasia

e Hormonal testing
The precursor to product ratio is the cornerstone of
diagnosis for any enzymatic problem. These ratios
are maximized by cosyntropin stimulation, which is
crucial in all situations with uncertain baseline data
(NEW et al., 1983).
An elevated ACTH, 17-OHP concentration with low
cortisol values provides confirmation of the
diagnosis of 21-OHD with most patients having
random 17-OHP levels more than 5000 ng/dl
(Nimkarn et al., 2016).
For those with clinical manifestations indicative of
NC form, early morning basal 17-OHP is a useful
screening method. A threshold value of 200 ng/dl
has 100% sensitivity and 99% specificity for NC
form diagnosis in patients with premature
adrenarche (Jha and Turcu, 2021).
Retesting is done following cosyntropin stimulation
in the case of intermediate screening levels (200—
1200 ng/dl). Classic 21-OHD
is diagnosed when stimulated 17-OHP level
>10,000 ng/dl whereas NC 21-
OHD is diagnosed when 17-
OHP levels > 1000 ng/dl (Ahmed, 2016).

e  Karyotyping and
investigations:
Chromosomal analysis and pelvic ultrasound (US)
are recommended for virilized female infants to
confirm an XX karyotype and the presence of a

uterus (Raza et al., 2019).
A bone age x-ray (x-ray of left hand) should be done
to assess for skeletal maturation advancement.

e Newborn screening
Newhborn screening for 21-OHD was first applied in
1978 and is now offered in the United States and a

radiological
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lot of countries (PANG et al., 1977, Pang et al.,
1988).

Although it depends on the economic and healthcare
status of each country, its crucial role comes from its
ability to early diagnose CAH cases and reduce
morbidity and mortality for severely affected babies
especially for boys who are frequently not diagnosed
at birth and experience crises days later (Hird et al.,
2014) .

In dried blood spots, first-tier screening measures
17-OHP by an immunoflurometric assay. A 17-OHP
value >20,000 ng/dl is suggestive of 21-OHD;
although, false-positive results are frequently found
in premature and critically ill babies (Coulm et al.,
2012).

Recently, liquid chromatography tandem mass
spectrometry (LC-MS/MS) allowed precise steroid
hormone assessment. The use of LC-MS/MS as the
second-tier for mass screening has found to lessen
the recall rats (de Hora et al., 2022).

e Prenatal
intervention:
The external genitalia of female fetuses become
virilized when there is excess androgens present in
the intrauterine stage in the classic forms of CAH.
These individuals typically live with these
virilization symptoms for the rest of their lives,
especially in moderate to severe instances. Among
other things, the burden of this illness is caused by
the requirement for genitoplasty during childhood
and gynecological treatments before the initiation of
sexual contact (de Castro et al., 2023).
Prenatal dexamethasone (DEX) therapy was first
described 40 years ago and is proven to be capable
of decreasing degrees of virilization in diseased
female infants consequently reducing the necessity
for genitoplasty (Bachelot et al., 2017).
Dexamethasone should be initiated by 8 weeks'
gestation to be effective, as anatomy of the genitalia
is sensitive to dihydrotestosterone (DHT) action at
this stage (Witchel and Miller, 2012).
As a result, presumptive treatment should be
initiated before the PND can be proven. As only
female babies with homozygous or compound
heterozygous CYP21A2 gene mutations should
continue to receive medication until term, up to 88%
of pregnancies with parents who are carriers for
CAH may be treated unnecessarily (only 1 in 8
fetuses is an affected female) (de Castro et al., 2023).
The guidelines of the German Society for Pediatric
Endocrinology and Diabetes as well as the American
Endocrine Society guidelines, declares that priority
is given to preventing unwanted maternal and fetal
exposure to DEX and avoiding its potential adverse
effects, such as impairment of normal neurological
development, above the psychological load brought
on by the virilization of the external genitalia.
Hence, research involving long-term follow-up

diagnosis (PND) and
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should be carried out in countries that permit this
kind of therapy, at hospitals that are capable of
handling such cases, and with permission from the
institutional ethics committee and parental informed
agreement (Dorr et al., 2015).

o  Genetic testing:
Genotyping of CYP21A2 gene is essential for 21-
OHD CAH diagnosis confirmation and to
differentiate CAH from other conditions in which
there may be overlapping symptoms such as
hirsutism, acne, or infertility (e.g., polycystic
ovarian syndrome (PCOS) (Trakakis et al., 2011,
Bidet et al., 2010, Unluhizarci et al., 2010).
The goal of protecting female embryos with classic
21-OHD from virilization is another crucial role for
genetic testing. When compared to female siblings
who were not treated in utero, prenatal DEX
treatment of the mother bearing an affected female
can diminish genital virilization. Nevertheless,
prenatal DEX treatment remains debatable (llany
and Cohen, 2021).
Moreover, genetic analysis is an adjunct to newborn
screening as well as newer technologies such as
preimplantation genetic diagnosis (PGD) of
embryos conceived through in vitro fertilization
(Baumgartner-Parzer et al., 2020).
several techniques like PCR-based mutation
detection, sequencing, and multiplex ligation-
dependent probe amplification (MLPA) may
segregate the pathogenic genetic variants and ensure
RCCX unit copy number in patients, Moreover,
parental genetic analysis isolate the maternal and
paternal pathogenic variants and ascertain that
mutations are on opposite alleles (trans) (Xu et al.,
2013).

Management of 21-OHD congenital adrenal
hyperplasia
I-Treatment of classic form

» Glucocorticoids therapy in pediatric

patients

The goals of treating 21-OHD are to restore
adequate levels of GCs and mineralocorticoids,
reduce excess adrenal androgen, and promote
development and maturation that is equivalent to
that of healthy children (Ishii et al., 2022). it is
crucial to have an equilibrium between hyper-
androgenism and hyper-cortisolism (Speiser et al.,
2018).
The European and American guidelines recommend
initiating hydrocortisone (HC) treatment at 25
mg/m2 /d maximally. Under normal circumstances,
it should start at a dose as low as 10-15 mg/m2 /d,
and then decreasing the dose as the androgens
reaching the target levels (Creighton et al., 2003,
Speiser et al., 2018) .
Hydrocortisone is the used GCs for maintenance
treatment in children. Due to its short half-life, HC
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has less side effects than long-acting GCs, such as
impaired growth, cushignoid features and
osteopenia (Paizoni et al., 2020).

Prednisolone and DEX have a growth reducing
consequences 15 folds as reported by (Punthakee et
al., 2003) and 70-80 fold as reported by (Rivkees
and Crawford, 2000) compared to HC. So, they are
not allowed to be used as maintenance treatment in
children.

» Mineralocorticoids therapy in pediatric
patients

The European and American guidelines recommend
the administration of fludrocortisone (FC) in all
patients with classic 21-OHD (Speiser et al., 2018).
The doses of FC and NaCl depend on serum sodium
and potassium levels, plasma renin activity or active
renin concentration, weight gain, and blood pressure
(Ishii et al., 2022).
In a meta-analysis, the group receiving FC therapy
had substantially greater adult height SDS (adjusted
for parental height) than the group receiving no FC
treatment (Muthusamy et al., 2010).

I1-Treatment of non-classic form

It is vital to regularly assess the physical
examination, height, weight, and bone age in NC 21-
OHD patients with hormonal abnormalities but
without any symptoms or signs of GCs or
mineralocorticoid deficiency to establish the
rationale for GCs or mineralocorticoid replacement
therapy (Bonfig et al., 2018).

Guidelines do not advocate treating the subclinical
NC form similarly to the classic type since no
significant research have demonstrated the
advantages of doing so (Ishii et al., 2022).

I11-Surgical treatment

The goals of female genital surgery are to assure a
gender-matched genital look, maintain sexual and
reproductive function in maturity, and reduce
surgically linked issues including sexual or voiding
dysfunction (Ishii et al., 2022).

Surgery is frequently performed beginning at 6
months of age (when replacement treatment is
established) until before the emergence of gender
labelling (1 year and 6 months to 2 years old) (Wang
and Poppas, 2017).

Clitoroplasty and vaginoplasty are executed at the
same time in most patients though, vaginoplasty
may be performed at puberty in some cases (Almasri
etal., 2018).

IV-Novel treatment strategies

Modified-release oral GCs and continuous GCs
delivery systems have been developed in an effort to
maximize control of hyper-androgenism in patients
with 21-OHD while reducing GCs daily dosage
(Merke et al., 2021).
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Prior research has shown that continuous
subcutaneous hydrocortisone infusion (CSHI),
which simulates circadian cortisol secretion and is
used to treat patients with 21-OHD that is difficult
to control with oral GCs therapy based on the
conventional biomarkers 17-OHP and
androstenedione, can improve disease control (Nella
etal., 2016).

In women with poorly managed classic CAH,
abiraterone acetate, an orally active, strong 450c17
inhibitor, corrected pre-dose serum androstenedione
levels (Auchus et al., 2014).

In addition to standard treatment, another medical
technique involves decreasing the excess androgen
in the adrenal glands by utilizing the CRH receptor
type 1 antagonist NBI-77860 (Turcu et al., 2016).
Animal studies are being conducted employing
intravenous injection of an adenovirus-cyp2lal
vector to induce functional enzyme expression,
twenty years after the first report that adenoviral
gene therapy temporarily restored enzyme activity
in a mouse model of 21-OHD (Prasad and Deswal,
2022).

Theoretically, CAH might be cured using gene
therapy targeting a patient's own adrenal stem cells.
Cell-based therapeutics and the currently under
development gene editing technologies may also be
alternatives for disease cure in the future (Ruiz-
Babot et al., 2018).

Clinical and social Impact of congenital adrenal
hyperplasia:
» Quality of life in CAH patients

According to recent research, CAH patients may
have worse cognition and quality of life as a result
of their chronic condition, adrenal hormone
imbalance, excessive exposure to androgens, and
prolonged GCs medication (Merke and Auchus,
2020).

Among over 1000 kids with classic CAH, a
systematic review and meta-analysis revealed
decreased stature for mid-parental heights (-1.03
standard deviations, or 7 cm), although many of
these children were diagnosed before newborn
screening was implemented and did not benefit from
early treatment commencement (Muthusamy et al.,
2010).

» Gonadal dysfunction in CAH patients

The hypothalamic-pituitary-gonadal  axis is
impacted by elevated adrenal androgens. Patients
who have extended periods of insufficient hormonal
regulation possess the risk of developing central
precocious puberty (Haddad and Eugster, 2019)
One of the most significant long-term outcomes of
CAH in both sexes is gonadal dysfunction, which
can manifest as early as adolescence and has a
variety of etiologies and clinical implications
(Speiser et al., 2018)
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Infertility in both men and women as well as
hypogonadism are clinical symptoms of gonadal
dysfunction (Bouvattier et al., 2015).

In addition to hormonal irregularities, physical and
psychological problems in females, homosexuality,
and a lack of enthusiasm in having children all may
be contributing factors to reduced fertility rates
(Daae et al., 2020).

Gonadal dysfunction in males is mostly caused by
testicular tumors that can hamper their reproductive
ability (Engels et al., 2019).

» Gender identity in CAH patients

The majority of 46-XX patients with 21-OHD reared
as female at birth reported having a female gender
identity, and there was no evidence of a relationship
between gender identity and external genitalia
virilization scores (Meyer-Bahlburg et al., 2006).
Around 5% of 46-XX patients assigned as females
and more than 10% of 46-XX patients assigned as
male had gender dysphoria (Dessens et al., 2005).
Physicians should be aware that 21-OHD with 46-
XX is a disease of sex development (DSD), and it is
crucial to set up a health support system offered by
a multidisciplinary team for those patients (Speiser
etal., 2018).

Molecular genetics of 21-hydroxylase deficiency
CAH

The CYP21A2 gene is located 30 kb away from its
highly similar pseudogene (CYP21A1P), which has
around 98% homology, on the short arm of
chromosome 6 at locus p21.3 (6p21.3) (Prado et al.,
2021).

Both of genes have 10 exons and has an extremely
similar genetic homology. Due to many pathogenic
variations, minor insertions or deletions, and point
pathogenic mutations that prohibit the production of
a functional protein, the pseudogene CYP21A1P is
inactive (White et al., 1986).

o Types of CYP21A2 mutations

Gene abnormalities can range from small deletions
to point mutations (PMs). The combination of these
defects in the two CYP21A2 alleles results in the
clinical phenotype, with the phenotype often
determined by the allele that is least affected
(Falhammar et al., 2015, GidIof et al., 2013).
Recombination and/or gene microconversion events
between CYP21A2 gene and the pseudogene,
accounts for around 75% of mutations identified
(Higashi et al., 1988, Sinnott et al., 1990, Simonetti
etal., 2018).

Gene conversions can be large which may result in
the formation of inactive chimeric gene that comes
from a meiotic recombination event in which the last
product is inactive chimeric gene with its 5’ end
belonging to CYP21A1P and the 3’ end to CYP21A2
(Pignatelli and Pereira, 2021), or micro-conversions
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with transmission of a single or multiple
pseudogene-derived pathogenic variants to the
CYP21A2 gene (Strachan, 1994, Tusie-Luna and
White, 1995).

On the other hand, large deletions and large gene
conversions extending to about 30kb represent about
20-30% (Simonetti et al., 2018, Carrozza et al.,
2021)

Only a few mutations that alter 21-OH function are
novel variants independent of the pseudogene. It is
anticipated that 1-2% of CAH alleles come from
CYP21A2 de novo germ-line variations (Rabbani et
al., 2011, de Carvalho et al., 2016).

Numerous fast techniques to identify those
mutations have been developed, including allele-
specific oligonucleotide hybridization,
Amplification-Refractory Mutation System PCR
(ARMS PCR), and ligase chain reaction. These
methods have been developed because it has been
reported that there are 10 CYP21A1P-derived
mutations accounting for about 90% of the
point/small mutations found in CAH patients. All
these techniques should consider the problems in
CYP21A2 -specific amplification owing to the high
homology with CYP21A1P, that may lead to wrong
results and allele dropout phenomena (Espinosa
Reyes et al., 2020).

e  Genotype-phenotype correlation
There is a wide variety of symptoms since the
majority of patients are compound heterozygotes
with distinct mutations on each allele, and the
individual's phenotype often reflects the remaining
enzyme activity of their mutation (New et al.,
2013b).
According to the classification (null, A, B, C, D)
provided by (Speiser et al., 1992) , the severity of
mutations is classified by its residual enzymatic
activity: ‘null” (0% residual function; del/con,
G110_8bp, E6 cluster, F306+t, Q318X, R356W).
‘A’ (0-1% residual function; 12G), ‘B’ (1-2%
residual function; 1172N) or ‘C” (20-60% residual
function; P30L, VV281L, P453S).
In the SW form, patients have a total loss of function
mutations on the two alleles, in the SV form, patients
have a total loss of function mutation on one allele
and the 1172N or intron 2 splicing mutation on the
other one, whilst in the NC form patients might be
compound heterozygotes, with one severe and one
mild mutations or they might be homozygotes with
two mild mutations, they usually have varying
mutations on each allele with one of them having the
mild missense mutation like V281L (Witchel,
2017).
Generally, there is a good correlation between the
genotype and the phenotype with specific genotypes
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associated with SW, SV or NC-CAH (Riedl et al.,
2019, Wang et al., 2020) (Figure.1).

In a recent study on Portuguese pediatric cohort the
global genotype-phenotype correlation was 92.4 %

Vv281L P30L

NC

SV
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especially in SW and NC-CAH patients (Santos-
Silva et al., 2019).

Usually, a better correlation is achieved on SW and
NC forms and the genotype can expect the severity
of the disease (New et al., 2013a).

Del
E3A8bp
E6
Q318X
M72N  12G R356W

ey

SwW

Figure (1) Genotype-phenotype correlation in 21-OHD CAH with the best correlation found in mutations of the
SW & NC phenotypes.

Special consideration should be given to SV form,
where considerable phenotypic heterogeneity is
frequently seen and, occasionally, even in
circumstances where the genotype and phenotype
are thought to be well correlated (Narasimhan and
Khattab, 2019).

Although the correlation between the genotype and
phenotype around 80-90 % worldwide (Zhang et al.,
2017), the biggest cohort of CAH patients, who
includes data from 1507 families with at least one
member having CAH, reported about 39% of
discordance between genotype and phenotype (New
etal., 2013b).

This phenotypic variability could be justified by the
existence of alleles carrying more than one
pathogenic variant consequently, all types of
mutations association might happen (Wedell,
1998).

Another explanation for the genotype-phenotype
discordance is not sequencing the entire gene in
most studies hence, not having a full delineation of
the whole number of mutations (Pignatelli et al.,
2019).

2. Conclusion

Given the fact that the clinical presentation
represents a continuum of reductions in enzyme
activity of which the three levels of severity
generally considered and the complicated locus
structure with transfer of sequences between
CYP21A2 and its pseudogene, the genetic diagnosis
of 21- OHD is not always entirely straightforward
and represent merely a systematization to guide and
facilitate the clinical practice.
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