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This baby, delivered at 20 weeks of gestation, was noted to have signiﬁcant
dysmorphism with joint contractures. The clinical photographs and whole body skeletal
radiographs (anteroposterior and lateral views) are provided. Identify the condition.
Please send your responses to editor@iamg.in
Or go to http://iamg.in/genetic_clinics/photoquiz_answers.php
to submit your answer.

Answer to PhotoQuiz 52
Dyggve-Melchior-Clausen disease (OMIM #223800)
Dyggve-Melchior-Clausen (DMC) disease is an autosomal recessive skeletal dysplasia caused by
biallelic mutations in the DYM gene (OMIM*607461). It is characterized by disproportionate short
stature, microcephaly, facial dysmorphism, psychomotor delay and intellectual disability. Skeletal
radiographs in patients with DMC disease show features of spondyloepimetaphyseal dysplasia along
with additional typical ﬁndings such as small iliac wings with lacy appearance of the iliac crests,
platyspondyly with notched end plates, and multicentric ossiﬁcation of proximal humeral and femoral
epiphyses. Smith-McCort dysplasia 1 is an allelic disorder, with similar skeletal ﬁndings, but with
normal intellect.

Correct responses were given by:
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2. Dr Kruti Varshney, Centre for Human Genetics, Bangalore
3. Dr Anupriya Kaur, Postgraduate Institute of Medical Education & Research (PGIMER), Chandigarh
4. Dr Komal Uppal, All India Institute of Medical Sciences (AIIMS), New Delhi
5. Dr Moni T Bhatia, Noble Heart and Superspeciality Hospital, Rohtak
6. Dr Vibha Jain, Anuvanshiki - The Genetic Centre, Ghaziabad
7. Dr SG Vijayasri, Institute of Child Health and Hospital for Children, Chennai
8. Dr Ashka Prajapati, Genetic Care Clinic and CIMS Hospital, Ahmedabad
9. Dr Haseena A, Sanjay Gandhi Postgraduate Institute of Medical Sciences (SGPGIMS), Lucknow
10. Dr Lekshmi S Nair, NIMS Medicity, Neyyatinkara, Kerala
11. Dr Bhawana Aggarwal, All India Institute of Medical Sciences (AIIMS), New Delhi
12. Dr Beena Suresh, Mediscan Systems, Chennai
13. Dr Surya G Krishnan, Indira Gandhi Institute of Child Health, Bangalore
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GeNeDit
Deciphering Clues to Genotype-Phenotype Correlation
Editorial
The beginning of the era of mutation detection
in clinical practice was very exciting. Some
‘lumped’ phenotypes got separated while some
disorders with great phenotypic similarities were
either found to be allelic or disorders sharing
a common pathway. One gene and multiple
phenotypes was found to be not uncommon.
Incomplete penetrance and variable expression
did not remain concepts and observations but
had molecular evidence to support them.
Intrafamilial variability more common with
autosomal dominant disorders but also seen in
autosomal recessive disorders led to the search
for modifier genes. Interaction between alpha and
beta globin genes provided some insights into the
genotype-phenotype correlations of thalassemia
intermedia. Null alleles, specific locations
of mutations and gain-of-function mutations
provided some genotype-phenotype correlations
in beta thalassemia, osteogenesis imperfecta, etc.
Specific single causative mutation responsible for
the disease in concern has been observed in
very few disorders such as sickle cell disease,
type V osteogenesis imperfecta, and Caffey
disease. In certain others such as achondroplasia,
Apert syndrome and Hutchinson-Gilford progeria
syndrome, one or a few mutations have been
found to account for majority of the cases. Some
correlation based on the nature and position of
the mutation is understood, such as out-of-frame/
frameshifting deletions in the dystrophin gene
leading to the more severe phenotype of
Duchenne muscular dystrophy versus the in-frame
deletions causing the less severe phenotype of
Becker muscular dystrophy. However, this alone
cannot explain the phenotypic variation in all
cases. In general, for most of the disorders no
genotype-phenotype correlation is observed.
Genetic
heterogeneity
and
phenotypic
heterogeneity are challenges in clinical practice.
Next generation sequencing-based diagnostics
have provided solutions to some extent to the
genetic heterogeneity. However, prediction of
phenotype continues to remain a big question
even for known pathogenic variations. One of the
most important causes of marked phenotypic
variability observed in females with fragile X
syndrome is lyonization leading to mosaicism for
the mutated and fully methylated allele of FMR1
Genetic Clinics 2021 | July - September | Vol 14 | Issue 3

gene. Mosaicism for number of repeats and
mosaicism for methylation of FMR1 promoter has
been observed in males. The methylation status of
FMR1 gene promoter has shown correlation with
FMR1 mRNA and neurodevelopmental dysfunction.
The GenExpress of this issue discusses the use
of methylation of FMR1 gene promoter in
samples of newborn screening, for diagnosis
and prognostication. Many genes involved in
chromatin modelling influence the expression of
many other genes, and mutations in these genes
thus cause phenotypic abnormality due to changes
in the expression of genes under their control. The
modification of methylation of many genes in the
genome by pathogenic sequence variations in
genes for monogenic syndromes like Coffin-Siris
syndrome, Rubinstein-Taybi syndrome, etc. has
been reported in recent literature. Research in
this area has successfully provided specific
methylation signatures of these monogenic
disorders. Studies of correlation of the expression
of genes with modified methylation, sequence
variation in concern and the phenotypes, will be
useful in classifying novel sequence variations
as pathogenic or non-pathogenic, and also
may provide insights into genotype-phenotype
correlations. The GenExpress in this issue
also mentions another interesting study on
differentially methylated regions (DMRs) that
undergo demethylation in late gestational age in
cord blood cells, which can be used to correctly
assess the gestational age of a neonate.
As next-generation sequencing is coming into
clinical practice for population-based screening
for carriers of recessive disorders and for
newborn screening for early-onset serious genetic
disorders, there is a strong need to find out
genetic modifiers so as to go into the depth
of genotype-phenotype correlation. Not only
sequence variations in the genome and genes of
the pathway or protein complexes but the various
epigenetic mechanisms affecting gene expression
may provide clues to the unanswered questions of
genotype-phenotype correlations.

Dr. Shubha Phadke
1st July, 2021
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Clinical Vignette
Exome Sequencing Reveals a Novel Homozygous Variant in
WDR62 Gene in a Family with Primary Microcephaly
Ikrormi Rungsung1 , Mahesh Kamate2 , Ashwin Dalal1
1
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Abstract
Autosomal recessive primary microcephaly 2
(MCPH2) is a neurodevelopmental disease that
causes reduction in brain size. Homozygous or
compound heterozygous mutations in the WDR62
gene, located at the chr19q13.12 locus are
reported to result in MCPH2. The most common
features are reduced skull circumference and
intellectual disability with or without cortical
malformations. We describe a genetic variant in
two siblings, a 4-year-old boy and a 15-month-old
girl, with congenital microcephaly, global
developmental delay, intellectual disability and
hyperactivity. Exome sequencing was performed
on the genomic DNA and analyses revealed
a novel frameshift deletion, NM_001083961.2;
c.669delC; p. Phe223fs in exon 6 of the WDR62
gene. The variant c.669delC causes a frameshift
at p. Phe223fs position of the WD40-repeat 62
protein (WDR62) protein and is classified as a
‘pathogenic’ variant according to the American
College of Medical Genetics/ Association for
Molecular Pathology (ACMG/AMP) classification.
The unaffected parents were found to be
heterozygous for this mutation. Our findings
expand the mutation spectrum of WDR62
gene-related phenotype.

Introduction
The worldwide incidence of microcephaly varies
from 1.3 to 150 per 100,000 populations (Tolmie
et al., 1987). Microcephaly has been reported
more commonly in Asians and Arabs due
to consanguineous unions (Hussain & Bittles,
1998; Thornton & Woods, 2009; Woods et al.,
2005). Autosomal recessive primary microcephaly
Genetic Clinics 2021 | July - September | Vol 14 | Issue 3
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(MCPH) is characterized by a small head
circumference ranging from 2 standard deviations
(SD) to 11 SD below the mean for age and
sex-matched individuals. The affected patients
show delayed psychomotor development and mild
to severe intellectual disability, which is often
accompanied by other brain malformations. The
Online Mendelian Inheritance in Man (OMIM) has
reported twenty-seven loci or genes for primary
microcephaly. It has been reported that most
of the MCPH-associated gene products are
centrosomal proteins and play diverse roles
during neurogenic mitosis (Cox et al., 2006).
Here we report a novel homozygous frameshift
variant in WDR62 gene in two siblings born
to consanguineous parents, identified through
exome sequencing. WDR62 gene is expressed in
the neuroepithelium of apical precursors during
mitosis (Nicholas et al., 2010).

Patient details
The proband is a 4-year-old boy, born at term
gestation, with a birth weight of 3.5 kg. He was
noted to have small head size at birth. There
is second degree consanguinity in the parents
(Figure 3A). Antenatal and perinatal periods were
uneventful. There was global developmental delay
with sitting attained at 10 months and walking at 2
years. He spoke his first word at 3 years and had
drooling of saliva from 2 years of age. He was first
seen at 15 months of age and was on follow-up
thereafter. At the time of initial examination,
the head circumference was 37.0 cm (z-score
−7.5), height was 73 cm (z-score −3) and weight
was 7.5 kg (z-score −3.3). Head circumference
at 3.5 yrs was 39.0 cm (z score −6.7), height
was 87 cm (z-score −3.3) and weight was 8.0 kg
2
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(z-score −4.8). Currently patient has hyperactivity
and aggressiveness. He has left hand preference.
There was no history of seizures. MRI brain was
normal with simplified gyral pattern. There was no
ventriculomegaly, lissencephaly, polymicrogyria or
cerebellar dysplasia. The thickness of the cortex
was also normal. The second sibling, a female
child, who is now 15 months of age, weighed 2.0 kg
at birth and was also noted to have a small-sized
head. She also has global developmental delay
(attained head control at 4 months; but cannot
sit or stand and has not attained language
milestones), and her head circumference was
36.5 cm (z score −6.6), height was 63 cm (z-score
−3.3) and weight was 5.7 kg (z-score −3.8) at
10 months of age. She had drooling of saliva
with normal tone and no seizures. Both siblings
showed mild dysmorphic features in the form of
triangular facies, broad nasal root, bulbous tip of
nose, smooth philtrum, thin upper lip and thick
lower lip, and smooth philtrum (Figure 1).

kit (Agilent SureSelect technology) was used to
capture and enrich regions from exons along
with 75,000 splice sites of non-coding exons,
more than 12,000 deep intronic sites and
over 800 promoter regions. The captured and
enriched library was amplified and sequenced on
the Illumina sequencer, for 100X coverage. The
reads were assessed for quality control using the
FastQC and mapped to the human reference
genome 19 (hg19/GRCh37) using the BWA MEM
program. The variant calling was done using GATK
haplotypecaller and the VCF file was annotated
against the genomic variation population
databases and bioinformatics prediction tools. The
population databases used were 1000 Genomes,
gnomAD, Exome Variant Server, GenomeAsia, in
house databases and the bioinformatics prediction
tools used were MutationTaster and Combined
Annotation Depletion Dependent (CADD).

Sanger sequencing
Specific primers F1 and R1 were designed
for the WDR62 gene mutation and amplified.
PCR products were visualized in 2% agarose
gel electrophoresis and then sequenced on ABI
Prism A3730-automated sequencer (PE Applied
Biosystems, Thermo Fisher Scientific, Waltham MA,
USA). The Sanger sequence chromatograms were
visualized with FinchTV (Geospiza, Inc. Seattle, WA,
USA) for the presence or absence of the mutation.

Results
Figure 1 Photographs of proband and sibling
showing microcephaly.

Genomic DNA isolation
We collected 2 milliliter of peripheral blood sample
in EDTA vacutainer tube (BD-Plymouth, PL6 7BP,
UK) from the proband, his sibling and both
parents, after obtaining informed consent. Total
genomic DNA was isolated from blood using
the HiGEnoMB DNA purification kit (HiMedia
Laboratories, LLC).

Whole-exome sequencing
Exome sequencing was performed on genomic
DNA. The SureSelect Clinical Research Exome V2
Genetic Clinics 2021 | July - September | Vol 14 | Issue 3

Exome sequencing was performed on the
proband which revealed 131,974 total variants. To
identify the causative variant, the polymorphic
variants [with minor allele frequency (MAF) ≥
0.01] present in the 1000 Genomes, ExAC,
EVS, gnomAD, GME, cg69 and in-house exome
databases, were excluded. Further, we looked
for variants in the exonic regions and splice
sites. This led to 22 non-synonymous variants, 2
stop-gain variants, 2 frameshift deletions and one
frameshift insertion variant in homozygous state
(Figure 2). A novel frameshift deletion variant
(NM_001083961.2; c.669delC) in the WDR62 (OMIM
ID #604317 (https://omim.org/) gene was
chosen as the candidate variant, because the
reported WDR62-associated phenotype matched
the proband’s clinical features. The variant was
submitted to ClinVar with the accession number
VCV000818086.1. It is classified as ‘pathogenic’
3
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as per the ACMG/AMP guidelines (Figure 3B).
WDR62 gene mutations are known to cause
autosomal recessive primary microcephaly 2, with
or without cortical malformations (MCPH2). In
silico prediction tools showed the variant to be
disease-causing. Sanger sequencing confirmed the
homozygous single base pair deletion in exon 6 at
NM_001083961.2; c.669delC mutation in WDR62
gene in both the proband and the sibling, and the
same was found to be present in heterozygous
form in both the unaffected consanguineous
parents (Figure 3C).

Figure 2 Filtering strategy of exome sequencing
data.

Discussion
Microcephaly-2
with
or
without
cortical
malformations is inherited in an autosomal
recessive fashion and shows significant phenotypic
variability. Patients with pathogenic variants in
WDR62 have head circumferences ranging from
low-normal to severe (−9.8 SD) microcephaly, and
most patients reveal various types of cortical
malformations in brain MRI. All patients have
delayed psychomotor development but seizures
are variable.
We have presented genetic evidence of a
novel frameshift deletion in WDR62 gene linking
to autosomal recessive primary microcephaly
2 (MCPH2). Our data revealed that this
frameshift deletion co-segregated with the disease
phenotype, since it was present in the affected
sibling in the homozygous state and in the
heterozygous state in both parents. In humans,
WDR62 gene encodes for WD40-repeat protein 62
Genetic Clinics 2021 | July - September | Vol 14 | Issue 3

(WDR62) protein, which has 1518 amino acids and
contains tryptophan-aspartic acid (WD) dipeptide
repeats. Studies have shown that WDR62 protein
binds with the centrosomal protein CEP170 and it
stabilizes the mitotic spindle during metaphase. It
is also known that the WDR62 protein plays a role
in neurogenesis via the c-Jun N-terminal kinase
(JNK) signaling pathway (Bhat et al., 2011).
There are reports of consanguineous families
with microcephaly-2 with cortical malformations,
including polymicrogyria, schizencephaly, and
subcortical heterotopia. Another study from India
reported on 2 different homozygous truncating
WDR62 mutations in unrelated consanguineous
families with MCPH2 with cortical malformations
(Bhat et al., 2011). Our patient did not have any
brain malformations other than simplified gyral
pattern.
The WDR62 gene has 32 exons and different
types of mutation like missense, nonsense, splice
site and indels have been reported across the
exonic regions (Figure 3D). Bilguvar et al have
identified homozygosity for a 4-basepair deletion
(TGCC) in exon 31 of the WDR62 gene at codon
1402, G-to-A substitution in exon 12 at codon 526,
G-to-C transversion in exon 6 at codon 224, C-to-T
transition in exon 11 at codon 470, and a 17-bp
deletion in exon 30 at codon 1280 (Bilgüvar et al.,
2017). Homozygous 1313G-A transition in exon 10
and duplication 4241dupT in exon 31 of the
WDR62 gene were also reported by another group
(Roberts et al., 1999). Yu et al have also reported
homozygous 1531G-A transition in exon 11, 1-bp
insertion (3936insC) in exon 30, 1-bp deletion
(363delT) in exon 4 of the WDR62 gene and a
193G-A transition in exon 2 of the WDR62 gene (Yu
et al., 2010). In addition, a 1-bp deletion (2083delA)
in exon 17 and a 2-bp deletion at 2472_2473delAG
in exon 23 of WDR62 gene have also been reported
(Nicholas et al., 2010).
Our results assert that NM_001083961.2;
c.669delC variant in WDR62 gene explains
the clinical features of microcephaly, global
developmental delay, intellectual disability and
hyperactivity observed in the present sibship and
expands the genotypic spectrum of variants in the
WDR62 gene.

Web resources
• OMIM, https://www.omim.org/

• MutationTaster,
http://www.mutationtaster.org/
4
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Figure 3 A. Pedigree of the family. B. Variant visualization using Integrated genome viewer for c.669delC
variant in exon 6 of the WDR62 gene. C. Segregation analysis using targeted Sanger sequencing
in the patient’s family. D. Schematic representation of all WDR62 exons (adapted from the
Ensembl browser) showing exon-wise known mutations with our novel variant in red
(NM_001083961.2; c.669delC) for transcript ID ENST00000401500.7.
• CADD,
http://cadd.gs.washington.edu/score
• 1000 Genomes Project,
http://phase3browser.1000genomes.
org/index.html
• gnomAD,
http://gnomad.broadinstitute.org/
• GenomeAsia
https://genomeasia100k.org/

• Exome Variant Server
https://evs.gs.washington.edu/EVS/
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Abstract
Congenital adrenal hyperplasia (CAH) due to
21-hydroxylase deficiency is an autosomal
recessive disorder which results from inherited
defects in the steroid 21-hydroxylase enzyme
encoded by the CYP21A2 gene. Molecular analysis
of CYP21A2 is important for confirming the
diagnosis, carrier screening, providing accurate
genetic counseling, and calculating risk of
recurrence in each pregnancy. An interesting
feature of the CYP21A2 gene is its location in
the variable genomic regions called RCCX and
presence of its highly homologous CYP21A1P
pseudogene that makes molecular analysis quite
challenging as compared to other monogenic
disorders. Here we discuss the complexity of
the CYP21A2 gene and the importance of
comprehensive molecular analysis of CYP21A2 for
accurate interpretation of the results citing
molecular analysis of two interesting CAH cases.
Keywords:
Congenital
adrenal
hyperplasia,
CYP21A2 gene, CYP21A1P, pseudogene, variants,
MLPA, deletion, duplication

Introduction
Congenital adrenal hyperplasia (CAH) due
to 21-hydroxylase deficiency (OMIM# 201910),
is
an
autosomal
recessive
disorder
caused by inherited deficiency of steroid
21-hydroxylase
(21OH)
enzyme
in
the
steroid biosynthesis pathway in the adrenal
cortex. 21OH enzyme acts on progesterone
and
17-hydroxyprogesterone
(17OHP)
and
converts these to deoxycortisosterone and
11-beta-hydroxylase respectively, which are
further converted into aldosterone and cortisol by
Genetic Clinics 2021 | July - September | Vol 14 | Issue 3
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other enzymes in the steroidogenic pathway.
Deficiency of 21OH enzyme results in shunting
of 17OHP and progesterone into the adrenal
pathway resulting in excessive production of
androgens and deficiency of aldosterone and
cortisol (Figure 1). Excessive androgens lead to
prenatal virilization in females and rapid somatic
growth in both sexes (White & Speiser, 2000).
Deficient cortisol level disrupts the negative
feedback to the anterior pituitary that results
in constant secretion of adrenocorticotropic
hormone (ACTH) that overstimulates the adrenal
cortex to secret more of cortisol. Due to 21OH
deficiency in the adrenal pathway, the cortisol is
not secreted and adrenals become hyperplastic
due to overstimulation of ACTH in fetal life.
That is how this condition obtained its name as
“congenital adrenal hyperplasia”.
CAH is divided into classic and non-classic (NC)
CAH. Classic CAH is again divided into salt-wasting
(SW) and simple virilizing (SV) forms. SW-CAH is a
severe form characterised by deficiency of both
cortisol and aldosterone and found in about 75%
of patients. Aldosterone deficiency predisposes
SW-CAH patients to develop hyponatremic
dehydration which is fatal if not treated with
glucocortcoids in time. SV-CAH is a milder form
found in about 25% of CAH patients. Aldosterone
levels are adequate to maintain sodium balance
in the SV form and hence there is normally
no salt wasting. The NC form is asymptomatic
at birth and presents with various degrees of
late-onset hyperandrogenism (White & Speiser,
2000). Prenatal virilisation may or may not be
present in the mild NC form but is always present
in the SW or SV classic forms.
The overall incidence of CAH in the general
population worldwide is between 1 in 10,000 to 1
in 20,000 live births for the classic form of CAH
6
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Figure 1 Steroid pathways for biosynthesis of progesterone, aldosterone, cortisol, androgens
(testosterone and dihydrotestosterone), and estrogens (estradiol) are arranged from left to
right. The enzymatic activities catalyzing each bioconversion are written in boxes. For those
activities mediated by specific cytochromes P450, the systematic name of the enzyme (“CYP”
followed by a number) is listed in parentheses. CYP11B2 and CYP17 have multiple activities.
The planar structures of cholesterol, aldosterone, cortisol, dihydrotestosterone, and estradiol
are placed near the corresponding labels (adapted from White & Speiser, 2000).
(Therrell et al., 2001). However, the prevalence
of classic CAH in India is 1 in 5762 according
to a recent survey (ICMR task force, 2018).
Non-classic CAH is one of the most common
autosomal recessive disorders in humans and
affects approximately 1 in 1,000 individuals
(Speiser et al., 1985).
Steroid 21OH enzyme, is encoded by the
CYP21A2 gene located on chromosome 6 (6p21.3)
in the HLA class III of the major histocompatibility
(MHC) region (Yang et al., 1999). About 30 kb
upstream a non-functional pseudogene CYP21A1P
is located that shares about 98% sequence
homology to CYP21A2. About 95% of the
pathogenic variants are pseudogene derived and
are transferred from CYP21A1P to CYP21A2 by
gene conversion events (Higashi at al., 1986).
The remaining 5% are new/rare and unique for
single families or considered as population specific
(White & Speiser, 2000; Stikkelbroeck et al., 2003).
A compilation of 233 pathogenic variants and their
clinical classification have been done recently
(Concolino & Costella, 2018).
CYP21A2 gene is a part of the genetic unit
comprising of RP2-C4B-CYP21A2-TNXB genes known
as the RCCX module. Each chromosome bears two
RCCX modules; one with the functional CYP21A2
gene and other with the non-functional CYP21A1P
Genetic Clinics 2021 | July - September | Vol 14 | Issue 3

as shown in Figure 2. Majority of the individuals
have a bimodular haplotype i.e., two modules
present on each chromosome. However, three
modules have also been reported to be present
on one chromosome which is known as the
trimodular haplotype. In the trimodular haplotype
either two CYP21A1P and one CYP21A2 or one
CYP21A1P and two CYP21A2 are present on one
chromosome (Figure 2). The later has two copies
of functional gene on a chromosome resulting in
duplication of the CYP21A2 gene that complicates
the molecular analysis of the CYP21A2 gene.
In about 20-30% of cases, the large 30kb
deletion extends from somewhere between exon
3 of CYP21A1P through C4B to the corresponding
point in CYP21A2 yielding a single copy with 5´ end
of CYP21A1P and 3´ end of CYP21A2, also known
as the chimeric gene. Nine different chimeras
have been reported depending on the extent of
deletion involved (Chen et al., 2012). Extent of the
deletion also helps in determining the genotype
-phenotype correlation (Narasimhan et al., 2019).

Materials and methods
Written informed consent was obtained from
the parents of both patients. About 100 ng of
each genomic DNA was subjected to selective
7
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Figure 2 Schematic diagram of the organization of the RCCX modules. The most common is the
bimodular haplotype with two RCCX modules, one with pseudogene CYP21A1P and other
functional CYP21A2 gene. Trimodular haplotype with three RCCX modules can result in
duplication of the CYP21A2 gene. C4 (C4A and C4B) gene encodes the fourth component of the
serum complement. RP2, a truncated copy of RP1, encodes the threonine kinase enzyme and
TNXB encodes tenascin-X an extracellular matrix protein. TNXA is a non-functional homologue
of the TNXB gene (adapted from Sweeten et al., 2008).

Figure 3 A. PCR amplification of the CYP21A2 gene into two fragments; fragment A (1130bp) and
fragment B (2127bp). M- DNA Ladder; Lanes 2 & 6-Fragment A; Lanes 3 & 7 – Fragment B; Lane
4-5, 8-9 – Absence of bands or amplification indicating gene deletion. B. Purified PCR products
of fragment A and B with MassRuler (MR). (Dubey et al., 2017)

amplification of CYP21A2 into two large fragments
with two sets of primers highly specific to the
active i.e., CYP21A2 gene (Figure 3A). Absence of
bands indicate the deletion of 8 bp of exon 3 or
whole of the active gene which is confirmed by
MLPA. These fragments were purified using the
Qiagen kit (QIAamp PCR Clean-up, Qiagen GmbH,
Hilden, Germany) and quantified with MassRuler
Genetic Clinics 2021 | July - September | Vol 14 | Issue 3

(Fermentas Life Sciences, Thermo Fisher Scientific,
Waltham MA, USA) (Figure 3B) (Dubey et al.,
2017). Purified products were subjected to direct
sequencing using ABI 3500 Genetic Analyser (PE
Applied Biosystems, Thermo Fisher Scientific,
Waltham MA, USA). Pathogenic variants were
screened using Chromas v2.4 and SeqScape
v2.1.1 (Applied Biosystems) against the NCBI
8
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Figure 4 Partial electropherogram showing homozygous I2g (c.293-13A/C>G) mutation detected in the
proband (Patient 1).

reference sequence NM_000500 and transcript ID
ENST00000418967. Multiple ligation dependent
probe amplification (MLPA) was done using Salsa
MLPA Kit P050-C1 (MRC-Holland, Amsterdam, The
Netherlands) to detect deletions and duplications.

Patient description and results
Patient 1: A five-years-old female child presented
with ambiguous genitalia at birth. She had
complete labial fusion and clitoral hypertrophy.
Her karyotype was normal female (46, XX) and
ultrasound-abdomen revealed bilateral ovaries.
She had elevated levels of 17 OHP (greater than 37
ng/mL), renin (greater than 500 ng/mL/hour),
potassium (7.8 mEq/L) and low level of sodium
(116 mEq/L). She was reported to have seven
mutations i.e., I2g (c.293-13A/C>G) (intron2),
c.332_339delGAGACTAC (exon 3), c.515T>A (exon
4), c.710T>A (exon 6), c.713T>A (exon 6), c.719T>A
(exon 6), and c.923_924insT (exon 7) by NGS. All
mutations were in heterozygous form except
splice site mutation I2g (c.293-13A/C>G) in intron 2
of the CYP21A2 gene. Snapshots of Integrative
genome viewer (IGV) software and MLPA ratio
chart were also provided that clearly illustrated
presence of these mutations.
The proband was referred to us for validation
and segregation of pathogenic variants in her
parents, her paternal aunt and the aunt’s
husband, as her aunt was pregnant and the family
wanted prenatal diagnosis (PND) to be done.
Sequencing of the proband was carried out to
validate the seven reported pathogenic variants.
However, only I2g pathogenic variant was found in
homozygous state and all other mutations were
clearly absent (Figure 4). To know whether this
mutation was in homozygous or hemizygous form,
MLPA was carried out for detection of deletion.
Half dosage was seen in the probes covering exon
3,4,6 and 7 indicating heterozygous deletion from
Genetic Clinics 2021 | July - September | Vol 14 | Issue 3

exon 3 to 7. I2g (intron 2 splice) mutation was
found in homozygous state by the two probes
included in the MLPA kit P050-C1 for detection of
I2g mutation. (Figure 5).
Her parents were analysed for segregation
of mutations by Sanger sequencing and MLPA.
Mother was found to carry the I2g mutation as
expected but father was negative for the same. He
was then checked for deletion by MLPA that
showed normal dosage for all probes indicating
that he was negative for the deletion which was
unexpected.
Paternal aunt (sister of proband’s father) was
checked for deletion and duplication by MLPA. She
was found to harbor a heterozygous duplication
shown by 3 copies of CYP21A2 (Figure 6). After
analysing results of paternal aunt, MLPA results of
the father were reinterpreted and it was inferred
that father harboured both a duplication and a
deletion together, due to which he was showing
normal dosage. And his sister had inherited the
duplicated allele but not the deletion, and hence
was not a carrier of CAH. Her husband too was
checked and he was found to be negative for
deletion and duplication.
Hence it was confirmed that the proband was
compound heterozygous for whole gene deletion
and I2g mutation. The deletion was inherited from
the father and the I2g mutation from the mother.
Proband’s aunt and uncle were counseled about
the insignificant risk of having a child affected with
CAH.
Patient 2: A five-years-old female child clinically
confirmed to have CAH was referred to our genetic
clinic for molecular analysis. Her mother was 18
weeks pregnant and the family wanted PND to be
done.
Deletions being more common in the CYP21A2
gene, MLPA was first done that showed
half dosage of exon 4,6, and 7 indicating
heterozygous deletion from exon 4-7 (Figure
9
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Figure 5 MLPA analysis using Coffalyser software showing heterozygous deletion of exon 3- 7 of
CYP21A2 gene in Patient 1. Deletions of exons 3 and 7 are marked by red circle. SALSA MLPA kit
P050-C1 was used to detect deletion in our patients. Normal alleles A and C at I2g showing
zero value (shown by arrows) indicate absence of both A and C alleles and presence of
homozygous allele G. Normalized peak height ratio between 0.7 and 1.3 was considered as
normal in patient DNA w.r.t. control DNA.

Figure 6 MLPA analysis using Coffalyser software showing heterozygous duplication indicated by the
red circle. All probes fall above the normal ratio (1.5) indicating three copies of CYP21A2 gene in
the paternal aunt of patient 1. SALSA MLPA kit P050-C1 was used to detect deletion in our
patients. Normalized peak height ratio between 0.7 and 1.3 was considered as normal in
patient DNA w.r.t. control DNA.

Genetic Clinics 2021 | July - September | Vol 14 | Issue 3
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Figure 7 MLPA analysis using Coffalyser software showing half ratios of exon 4-7 indicating
heterozygous deletion from exon 4-7 of CYP21A2 gene in Patient 2. SALSA MLPA kit P050-C1
was used to detect deletion in our patients. Normalized peak height ratio between 0.7 and 1.3
was considered as normal in patient DNA w.r.t. control DNA.
7). To look for second mutation, Sanger
sequencing was done and the proband was
found to harbour c.515T>A (p.Ile172Asn) in
exon 4, E6 cluster [c.710T>A (p.Ile236Asn);
c.713T>A (p.Val237Glu); c.719T>A (p.Met239Lys)] in
exon 6, c.923_924insT (p.Leu306+T) in exon 7,
and c.955C>T (p.Gln319Ter) in exon 8, all in
heterozygous form (Figure 8).
Her parents were then checked for segregation
analysis to confirm whether these mutations were
present in cis or trans. Mother was found to have
E6 cluster [p.Ile236Asn, p.Val237Glu, p.Met239Lys],
p.Leu306+T and p.Glu319Ter mutations, and
father was heterozygous for the p.Ile172Asn
mutation. Hence it was confirmed that the child
was compound heterozygous for the point
mutations.

Discussion
Molecular genetic diagnosis of CAH is more
complicated than for many other monogenic
disorders due to the location of the CYP21A2
gene in the highly variable genomic region with
more than one RCCX repeat unit on the
same chromosome. Presence of a non-functional
pseudogene further complicates the amplification
Genetic Clinics 2021 | July - September | Vol 14 | Issue 3

of the functional gene. The 11 most common
mutations known to cause CAH are present in the
pseudogene too. Due to this reason, it is extremely
important that the functional gene should only be
amplified in the background of pseudogene. It is
quite difficult as there is not much difference
in the sequence between the two genes. The
most significant difference is the 8 base pairs
GAGACTAC present in exon 3 of CYP21A2 and these
8 base pairs are deleted in exon 3 of CYP21A1P.
This ‘8bp site’ has been exploited extensively to
design primers for selective amplification of the
active gene. To be twice as sure, two primers forward as well as reverse, were designed at the
wild type sequence of the “8bp site” to amplify the
CYP21A2 gene into two large fragments. This
ensures that amplification occurs only when both
primers bind on the wild type sequence at the
‘8bp site’. Absence of amplification indicates the
absence of the active gene or presence of the
homozygous 8 bp deletion or presence of only the
pseudogene (Figure 3A). The extent of deletion can
then be analysed by MLPA.
It is important to know that due to presence of
the pseudogene, the capture-based NGS approach
is not considered appropriate as it may interfere
with the analysis and give erroneous results.
Recently, a customized work flow involving
11
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Figure 8 Partial electropherograms showing mutations detected in Patient 2. A. Mutation c.515T>A in
exon 4; B. E6 cluster mutation (c.710T>A, 713T>A, 719T>A) in exon 6; C. c.923_924 insT in exon
7; and D. c.955C>T in exon 8 of CYP21A2 gene. All mutations are shown by arrows.

selective amplification of CYP21A2 followed by NGS
has been used to correctly detect variants in CAH
patients (Gangodkar et al., 2020).
In Patient 1, all pathogenic variants except I2g
were reported in heterozygous form by NGS.
These pathogenic variants appeared in IGV as
heterozygous state as half reads were generated
from the active gene and half reads from the
pseudogene that harboured the corresponding
mutant allele. I2g variant was seen in homozygous
form as there was no wild type allele present
in the proband. MLPA Kit P050-C1 probes are
complimentary to the sequences encompassing
the pathogenic variants present in different exons,
thus their ratios indicate deletions as well as
zygosity of the variants present in the sample. In
this patient, half ratios of the probes were wrongly
interpreted as heterozygous variants. Since MLPA
results were concordant with NGS results, all
variants were reported without validating by
Sanger sequencing. However, these ratios were
actually indicating deletions in exons 1-7. Sanger
validation in this patient could have avoided the
erroneous interpretation.
The scenario for Patient 2 was completely
opposite to that of Patient 1. In Patient 2, MLPA
was first performed and heterozygous deletion
of exon 3 to 7 was detected. Only after
Genetic Clinics 2021 | July - September | Vol 14 | Issue 3

performing Sanger sequencing, the proband
was found to harbour 4 pathogenic variants,
[p.Ile172Asn, E6 cluster, p.Leu306+T, p.Glu319Ter],
all in heterozygous state. Since there is no
probe available for exon 8 in the MLPA Kit
P050-C1 used, p.Glu319Ter a common pathogenic
variant present in exon 8 was not picked up
by MLPA. Therefore, one should keep in mind
while analysing the MLPA results that half ratio
(0.5) or zero ratio observed in any exon
indicates heterozygous or homozygous deletion of
the corresponding exon respectively. However,
these ratios could also indicate the presence of
heterozygous/ homozygous variant in that exon as
seen in Patient 2. Thus, MLPA results should
always be complemented with Sanger sequencing.
On the contrary, whenever homozygous variants
are detected by Sanger sequencing, MLPA should
be done to verify whether the pathogenic variant
is homozygous or hemizygous.
Therefore, for molecular analysis of the
CYP21A2 gene, more than one method should be
used for comprehensive analysis. For example,
while performing PND for the I2g variant,
microsatellite linkage analysis should also be
performed in addition to direct DNA sequencing
and MLPA, as this variant is known to have a high
rate of allele drop out (Tsai & Lee, 2012)
12
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Secondly, mutant alleles must be segregated in
the parents to verify their presence on different
alleles for correct interpretation of the molecular
genetics results, as observed in Patient 2. In
Patient 1, we could have missed carrier status of
the father if we had not analysed the proband’s
aunt. Duplications and deletions of the CYP21A2
gene are now being detected relatively frequently
due to the use of MLPA, a valid alternative to
Southern blotting. However, the interpretation
of MLPA results requires extensive knowledge
of CYP21A2 gene rearrangements (Concolino et
al., 2009). Duplications have been reported to
be quite frequent in Caucasians (Parajes et al.,
2008), however, no data is available from Indian
subjects. Duplications have great impact on the
carrier status of an individual therefore they
represent a significant pitfall in the molecular
diagnosis of steroid 21-hydroxylase deficiency
(Koppens et al., 2002). Hence, it is imperative to
screen duplications in all couples referred for
preconceptional carrier screening.
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Abstract:
Prenatal screening tests are being universally
employed in the current era to identify women
at risk of fetal aneuploidies. This unveils
a high proportion of unanticipated findings
amongst which sex chromosome abnormalities
are frequently encountered. It is imperative that
geneticists and fetal medicine specialists have
sufficient knowledge about these anomalies in
order to provide appropriate genetic counseling
and assist the couples in decision making during
pregnancy. In the article, we briefly discuss the
outcomes and counseling approach for the
prenatally detected common sex chromosome
abnormalities.
Keywords: Sex chromosome anomalies, prenatal
screening,Turner syndrome, Klinefelter syndrome,
genetic counseling.

Introduction
Sex chromosome abnormalities (SCAs) are
the most frequently encountered chromosomal
abnormalities both prenatally and at birth. These
are due to the presence of an extra or missing X or
Y chromosome and most commonly include 45,X;
47,XXX; 47,XXY; and 47,XYY. The prevalence of
SCAs is estimated to be around one in 500
newborns, twice as common at birth as trisomy
21. The frequency at prenatal diagnosis is much
greater and ranges from 1 in 250 to 300 (Linden
et al., 2002). Though not a primary target for
detection in prenatal diagnosis, incidental findings
like SCAs cannot be avoided. With expanding use
of population wide screening for chromosomal
anomalies by novel genomic technologies like
non-invasive prenatal screening (NIPS), such
problems will be more commonly seen in the near
future. Being an unexpected finding in prenatal
testing, SCAs pose significant challenge to the
Genetic Clinics 2021 | July - September | Vol 14 | Issue 3
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genetic counselor in terms of counseling and
dilemma for the family. The outcome varies greatly
from normal phenotype to those with significant
phenotypic abnormalities. Individuals with SCA
usually do not have significant intellectual
disability. Hypogonadism and infertility remain the
major issues; both of which have solutions in
the form of hormone replacement therapy (HRT)
and assisted reproductive techniques (ART). The
difficulties in decision making are obvious as
uncertainties about the phenotype are not strong
enough to consider termination of pregnancy.
The decision depends upon parents’ family
history and their perspectives to look at the
problem. The parents’ thinking gets influenced
by what is conveyed to them by health care
professionals involved in prenatal diagnosis and
counseling. Hence, it is essential that accurate and
up-to-date information about the likely outcomes
is communicated to the family in a simplified
manner. Through this article, we describe the
outcomes of various prenatally detected SCAs and
the issues in counseling for the same.
The following case scenarios present some
common problems faced by the clinicians and
families and perspectives in approaching them:
Case scenario 1: A 32-year-old G2P1+0L1 mother
who has a previous child with Down syndrome
(Trisomy 21) visits us at 16 weeks of gestation
for prenatal counseling. After pre-test counseling
regarding the risk of recurrence of 1% for trisomy 21
in the current pregnancy, she opts for prenatal
testing. Amniocentesis followed by quantitative
fluorescent polymerase chain reaction (QFPCR)
reveals 47,XXY and this finding is confirmed by
karyotyping.
Case scenario 2: A 35-year-old G3P0+2, with
previous two abortions, presents with history of two
IVF (in vitro fertilisation) failures and consults us in
view of non-invasive prenatal screening (NIPS) test
showing high risk for monosomy X. This finding is
14
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confirmed by chromosomal analysis from amniotic
fluid. Ultrasonography evaluation at 18 weeks is
normal.
Case scenario 3: A 30-year-old G3P2 mother with
previous two healthy children, visits us at 17 weeks
for counseling regarding high risk for trisomy 21
(1:151) on quadruple marker testing. Pre-test
counseling is provided. Options of NIPS and invasive
testing are given and she opts for invasive testing.
Amniocentesis followed by QFPCR and karyotype is
suggestive of 47,XXX chromosome complement.
Counseling for the above-mentioned cases
requires in-depth knowledge about the clinical
phenotypes of SCAs, variability in presentation
and availability of management options for
hypogonadism and infertility. As these situations
are not infrequent, it is important that
clinical geneticists, fetal medicine specialists and
counselors acquire adequate knowledge to
provide prospective parents with sufficient and
unbiased information regarding these SCAs and
guide them in decision making.

Pre-test Counseling
Pre-test counseling for prenatal procedures
done for varied indications should always
include discussion about the various disorders
which can be detected by the test. A brief
discussion on the outcome of these disorders
in general which would result in mental
or physical abnormalities should be discussed.
The counseling must include the possibility of
detection of unrelated abnormalities including
SCAs, unbalanced autosomal abnormalities other
than the intended ones, and mosaic forms. Many
of these may have variable outcomes. Some
groups even suggest that obtaining consent from
couples, as to whether to include or exclude the
results of these incidental findings, is essential
(Herlihy et al., 2010).

Post-test counseling
Post-test counseling should mainly focus on the
specific disorder which has been diagnosed. The
following points have to be kept in mind when
providing information and counseling to the
couples:
• couple should be made aware of the
frequency of the condition in the general
population;
Genetic Clinics 2021 | July - September | Vol 14 | Issue 3

• the occurrence of SCAs is a random event;

• incidentally detected sex chromosome
aneuploidies are more often associated with
normal to mildly affected phenotypes than
postnatally detected SCAs (Pieters et al.,
2011);
• the possibility of spontaneous abortion of
pregnancy especially in fetuses with 45,X
should also be mentioned;
• variability in the phenotype of the condition
can exist and the inability to provide a precise
individual prognosis must be discussed;
• uncertainty and complexity in providing
counseling in case of mosaicism for SCAs
should be discussed;
• role of other autosomal genes and
environmental factors altering a child’s
prognosis should be stressed upon;
• written material providing comprehensive
information about the relevant karyotype will
be useful;
• if possible, showing selected photographs of
individuals with SCAs and talking to other
parents of children with SCAs can be
reassuring and helpful;
• finally, the issue of disclosure of SCA
diagnosis by parents to others and the
consequences of the same should be
addressed at the time of diagnosis;
• if the couple decides to continue with
the pregnancy, they should be adequately
counseled regarding when and how to
anticipate the problems and to seek medical
care;
• the couple should be informed of
the available postnatal interventions. The
potential benefit of knowledge of the
condition to facilitate early intervention
should be highlighted; and
• it is important to be aware that in addition to
phenotypic outcome, the obstetric history of
the woman will play an important role in
taking decision about the fate of the current
pregnancy. This can be perceived in the case
scenarios discussed above.
Apart from the above-mentioned points for
general counseling, the major point that has
to be highlighted in the discussion of these
SCAs should be its impact on the reproductive
15
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Table 1 The prenatal and postnatal outcome of few of the commonly detected sex chromosome
anomalies.
45,X
(Morgan, 2007)

47,XXY
(Girardin & Van
Vliet, 2011)

47,XXX
(Wigby et al.,
2016)

47,XYY
(Bardsley et al.,
2013)

Prevalence

1:2500-3000 live born
girls

1:500-1000 live born
males

1:1000 live born
females

1:1000 live born
males

Risk factor

None

Advanced maternal
age

None

None

Prenatal
outcome

99% get aborted
spontaneously;
increased nuchal
translucency (NT),
cystic hygroma or
hydrops

High rates of preterm
deliveries; no specific
antenatal
malformations

No specific
antenatal
malformations

No specific
antenatal
malformations

Intelligence

Normal but 15-20
points below controls
and siblings

Normal but 15-20
points below controls
and siblings

Normal but 15-20
points below
controls and
siblings

Normal

Characteristic
features

Short stature (>95%),
webbed neck, low
posterior hairline,
narrow palate with
crowded teeth, broad
chest with widely
spaced nipples,
cubitus valgus,
multiple pigmented
nevi

Tall stature, small
testes, gynecomastia
in late puberty,
sparse body hair

Tall stature

Tall stature,
macrocephaly,
macrodontia,
scoliosis

Associated
abnormalities

Cardiac
malformation
(coarctation of aorta
or bicuspid aortic
valve in 75%)
sensorineural
hearing loss,
recurrent otitis
media, renal
malformation (e.g.,
horseshoe kidney,
duplicated or cleft
renal pelvis),
autoimmune
thyroiditis, celiac
disease, scoliosis

Diabetes, metabolic
syndrome,
osteoporosis and
cardiovascular
diseases in
adulthood

Rare

Hand tremors or
other
involuntary
movements
(motor tics),
seizures, and
asthma

Development

At risk of mild delay
in acquiring
nonverbal, social, and
psychomotor skills

Reduction in speech,
language abilities,
verbal processing
speed and school
performance

Mild motor delay,
language
difficulties and
decreased school
performance

At risk for mild
speech/language
and motor
delays, learning
disabilities
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Psychiatric
ailment#

Prone for shyness,
anxiety, low
self-esteem and
depression

Depression,
paraphilia, autistic
and obsessivecompulsive are
common

Psychotic illness
like cyclothymic
and labile
personality
disorder common
(38%)

Attention deficit
(50%), autism
spectrum
disorder (29%)
and anxiety
(26%)

Puberty

Absent*

Normal
(hypogonadism
occurs later)

Normal

Normal

Reproduction

Infertile*

Infertile (options like
sperm extraction and
cryo-conservation
available)

Fertile (4%
develop
premature
ovarian failure)

Normal

Management
& follow up

Echocardiogram &
renal ultrasound at
birth; annual
physical,
psychological,
cardiac, thyroid, bone
and blood pressure
evaluation; hormonal
therapy at
adolescence

Annual physical and
psychological
evaluation;
endocrinological
evaluation at
adolescence;
testosterone therapy
during adolescence

Annual physical &
neuropsychological evaluation;
ovarian function
assessment
during early
adulthood

Annual physical
& neuropsychological
evaluation

Risk of
recurrence

Rare

Rare

Rare

Rare

*Normal menstruation and fertility seen in 2-5% mosaic individuals
# May be seen more frequently than in the general population
and neurocognitive outcomes. These issues are
discussed briefly in Table 1. Though not always
foolproof, the following issues can be discussed in
brief in selected scenarios.
1. 45,X (Turner syndrome):
• Mental development and cognition are
usually normal.
• Major concern for this condition
is
hypogonadism
and
primary
amenorrhea. Hormone replacement
therapy (HRT) is indicated to initiate and
maintain secondary sexual characters.
• Short stature is common. Early growth
hormone therapy can help to improve
short stature.
• Associated abnormalities in cardiovascular system and renal system should
be mentioned. Some of the cardiac
anomalies can be detected by prenatal
echocardiography but coarctation of
aorta, commonly seen in girls with
Genetic Clinics 2021 | July - September | Vol 14 | Issue 3

Turner syndrome is difficult to diagnose
prenatally.
• Risk of infertility is high. With the help
of assisted reproductive techniques,
pregnancy can be achieved in some
women with Turner syndrome.
2. 47, XXY (Klinefelter syndrome):
• These individuals may have mild
cognitive and psychiatric disturbances.
• Major issue is male hypogonadism.
Treatment with sex hormones for
hypogonadism is indicated.
• Infertility is common but reproductive
options like testicular sperm extraction
(TESE) and cryo-conservation are
possible to improve reproductive
outcomes.
3. 47,XXX and 47,XYY:
• The reproductive and cognitive outcome
is usually satisfactory.
17
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• The psychological and behavioural
problems reported in studies are usually
mild and these individuals have a slightly
increased prevalence when compared
to normal individuals but ascertainment
bias behind these studies should be
kept in mind.
Previously, phenotypes of SCAs were known
only for postnatally detected cases as they are
the only ones who seek medical attention for
phenotypic abnormalities. This ascertainment bias
reflected in counseling for SCAs where incidentally
detected SCAs during prenatal tests led to
termination of most of these pregnancies. This
issue was compounded by lack of adequate
information about long term follow up of children
with SCAs who were diagnosed prenatally.
However, eliminating such ascertainment bias,
recent studies have proved that incidentally
detected prenatal diagnosis of SCAs is associated
with normal to mildly affected phenotypes when
compared to postnatal cases (Pieters et al., 2011).
Studies have evaluated parental attitude
towards terminating or continuing a SCA-affected
pregnancy and have found that factors like specific
type of SCA, parental age, gestational week at
diagnosis, counselor’s genetic expertise, number
of children in the family, previous experience of
the family with children having birth defects
or genetic disorders, socioeconomic status, and
ethnicity and religious beliefs, influenced the
decision to continue or abort the pregnancy.
History of infertility or previous child with
developmental delay may also complicate the
decision-making process. This also gets largely
influenced by the information one receives from a
health professional (Operto et al., 2019; Shaw et
al., 2008; Jeon et al., 2012). In recent times, there
has been an emerging trend towards continuation
of pregnancy of a fetus with SCAs due to
improved counseling efforts and availability of
adequate information on prognosis of these SCAs.
Simultaneous progress in the field of ART has also
totally changed the reproductive outcome of these
individuals with SCAs.

Genetic counseling for sex
chromosomal mosaicism
Mosaicism is defined as the presence of two or
more cell lines derived from a single zygote but
with different chromosomal complements in an
Genetic Clinics 2021 | July - September | Vol 14 | Issue 3

individual. Genetic counseling becomes complex
in such cases due to variability in phenotypic
expression due to variable degree of mosaicism in
different tissues. These factors pose uncertainty
about the postnatal outcome of such disorders.
In prenatally detected 45, X/46, XY mosaicism, a
normal male phenotype was present in 90% of
cases (Telvi et al., 1999). However, the dilemma
in counseling exists as in 10% of cases, the
phenotypic spectrum can vary from females
with Turner syndrome to males with infertility
or individuals with ambiguous genitalia. The
neurodevelopmental and reproductive outcome
will also be highly variable in these individuals
posing significant challenges in counseling.
A favourable prognosis exists for mosaic
Turner syndrome (45,X/46,XX) who tend to have
fewer signs and health problems like near normal
stature and may have normal reproductive
capabilities and no cardiovascular complications
(Tuke et al., 2019). Similarly, mosaic Klinefelter
syndrome are well androgenized and have better
reproductive capability than their non-mosaic
counterparts (Samplaski et al., 2013).

Genetic counseling for structural
aberration of sex chromosomes
Structural aberrations involving X chromosome
commonly include isochromosome Xq and ring
chromosome. For such structural aberrations
involving one X chromosome, the counseling is
similar to that for Turner syndrome. However, ring
X chromosome may be associated with more
severe intellectual disability.
Cytogenetically visible structural aberrations of
Y chromosome include deletions, translocations,
rings, inversions and isochromosomes. Structural
aberrations of Y chromosome usually result in
mosaicism due to its predisposition to subsequent
chromosome instability and loss of the abnormal Y
chromosome, thereby causing mosaic 45,X. The
phenotypes in such case can vary from females
with Turner syndrome to males with infertility or
ambiguous genitalia based on number of cells
lines with 45,X and abnormal Y chromosome
(Patsalis et al., 2005). Counseling in these cases is
challenging as a definite prediction of phenotype
is impossible and this uncertainty is likely to cause
dilemma in decision-making for the family.
Not all structural aberrations are pathogenic.
Pericentric inversions involving Y chromosome
are mostly familial and not associated with any
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phenotypic manifestations or fertility issues except
in rare cases when genes determining sex in the
inverted area are disrupted (Motos Guirao, 1989).
For other rare and complex aberrations, a
comprehensive use of cytogenetic, microarray
and fluorescent in situ hybridisation techniques
are required for accurate identification of such
abnormalities. The counseling for these rare SCAs
varies on a case-to-case basis and is beyond the
scope of this article.

Other rare SCAs
Chromosomal abnormalities where there is
presence of more than two X chromosomes48,XXY or 49,XXXXY: They are more severely
affected in terms of neurocognitive and
behavioural function. The phenotype progressively
deviates from normal as the number of X
chromosome increases. These individuals have
been shown to function at a lower cognitive
level and with more immature and maladaptive
behaviours as compared to individuals with fewer
X chromosomes (Visootsak et al., 2007). Infertility
and inadequate virilization are anticipated.

4.

5.
6.
7.
8.

9.

10.

Conclusion
The chances of encountering SCAs are high with
widespread availability of prenatal tests and
especially after widespread use of NIPS in obstetric
practice. It is therefore crucial that geneticists and
counselors acquire adequate knowledge regarding
the implications of SCAs and develop structured
pre-test and post-test counseling strategies. This
in turn would help prospective parents to take a
personalized and autonomous decision regarding
the pregnancy.

11.
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Determining gestational age using
genome methylation profile: A novel
approach for fetal medicine (Falick Michaeli
et al., 2019)
The need for accurate gestational age of a
neonate need not be stressed. The available
methods have limitations in various settings. In
this study, the methylation status was studied
using reduced representation bisulfite sequencing
(RRBS) in DNA extracted from cord blood and
placenta. The investigators identified a set of
332 differentially methylated regions (DMRs) that
undergo demethylation in late gestational age
and a set of 411 DMRs that undergo de novo
methylation in late gestational age. The data of
samples used for training (5 less than 33 weeks
and 5 more than 33 weeks) was used to evaluate
41 ‘test’ samples of neonates from 25 to 40 weeks.
A neonatologist using Ballard criteria, assessed
the gestational age of the neonates. This study
shows that this novel method (RRBS) of studying
methylation levels in DNA of white blood cells in
cord blood provides an accurate assessment of
gestational age and can be used in clinical settings.
It seems the design of the epigenetic clock is
working and is useful.

DNA methylation signature for EZH2
functionally classifies sequence
variants in three PRC2 complex genes
(Choufani et al., 2020)
Weaver syndrome belongs to the group
of overgrowth/intellectual disability syndromes
(OGID), and is caused by mutations in
EZH2 gene. EZH2 codes for a part of the
Genetic Clinics 2021 | July - September | Vol 14 | Issue 3

Email: varunms951@gmail.com

catalytic component of the polycomb repressive
complex 2 (PRC2) that regulates genome-wide
chromatin and gene expression by methylation
of lysine 27 of histone H3. EED and SUZ12
which cause Cohen-Gibson syndrome and
Imagawa-Matsumoto syndrome respectively, are
other components of PRC2. This study used
genome-wide DNA methylation (DNAm) data for
187 cases with OGID and 969 control subjects,
and demonstrated that pathogenic variants in
EZH2 produce highly specific and sensitive DNAm
signature reflecting the phenotype of WS. The
signature identified differentiates loss-of-function
from gain-of-function missense variants and
to detect somatic mosaicism. Loss-of-function
leads to decreased methylation of promotor
region thus causing overgrowth phenotype
and gain-of-function mutations cause growth
restriction due to increase in methylation. This
signature identified in EZH2 helps classify
sequence variants in EED and SUZ12 as well, and
can predict presence of pathogenic variants in
undiagnosed individuals with OGID.

DNA methylation at birth predicts
intellectual functioning and autism
features in children with Fragile X
syndrome (Kraan et al., 2020)
Fragile X syndrome (FXS) has some uncommon
characteristics of molecular pathology including
dynamic mutation of increase in the number of
triplet repeats in the 5´ untranslated region, and
silencing of the gene by epigenetic modifications
of the FMR1 promoter including DNA methylation
(DNAm). Some other characteristics seen in Fragile
X syndrome, that are unusual for a monogenic
disorder, are premutation, tissue to tissue
variation in number of repeats and methylation
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leading to mosaicism including premutation/
mutation mosaicism. The level of DNAm of Fragile
X Related Epigenetic Element 2 (FREE2) located
to exon1/intron1 of FMR1 gene has been seen
to correlate with FMR protein and intellectual
function. This study assessed DNAm of FREE2
by Methylation Specific-Quantitative Melt Analysis
(MS QMA) and the EpiTYPER system, in stored
newborn blood spots (NBS) and newly created
dried blood spots (DBS) from 65 children with FXS.
Good correlation was shown between DNAm and
neurocognitive function including autism; more so
in males than in females. Correlation was also
observed between DNAm and FMR mRNA. In
males with FXS the change in the level of FREE2m
from birth to childhood was not significant but
decrease in the level of FREE2m was observed in
FXS females. The stochastic changes may be the
combined effects of environmental factors, clonal
selection and mRNA toxicity. The results have
potential for using FREE2M for newborn screening
as well as for more accurate prognostication.

MeCP2 links heterochromatin
condensates and neurodevelopmental
disease (Li et al., 2020)
Rett syndrome is a neuro-developmental disorder
seen in females which is caused by mutations in
MECP2 gene associated with DNA methylation
regulation. MeCP2 binds methylated DNA,
thus regulating transcription and chromatin
organization. As per the concept called phase
separation, certain molecules form large droplets
by which the molecules inside the droplet are
separated from the rest of the cell; these droplets
are called condensates. By using fluorescent
labelled MeCP2 and HP1 proteins, live cell imaging
was done which showed that the two proteins
occur in the same heterochromatin condensates.

Imaging of neurons of mice expressing GFP-tagged
MeCP2 protein from the endogenous locus
revealed that MeCP2-GFP occurs in Hoechst-dense
heterochromatin. These results indicate that
MeCP2 is a dynamic component of liquid-like
heterochromatin condensates in murine brain
cells. The scientists have done various
experiments to understand physicochemical
properties of MeCP2 and effects of mutations
on the heterochromatin condensates. Based
on the results the authors propose that a
large number of MeCP2 molecules, using
multiple weak and dynamic interactions, form
membrane-less bodies that can concentrate
and compartmentalize additional components
engaged in heterochromatin function. Rett
syndrome mutations cause decrease in the
protein as well as alter the condensate properties.
The understanding of molecular pathology may
help in development of new approaches
to pharmacological modification of condensate
behaviors for the treatment of Rett syndrome.
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