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activity [1]. The majority of pathogenic alleles implicated in 
21-hydroxylase deficiency (21-OHD) arise from asymmet-
ric meiotic recombination events between the highly similar 
functional gene (CYP21A2) and its pseudogene counterpart 
(CYP21A1P) [2]. These deleterious mutations encompass 
large deletions and gene conversions, occurring in approxi-
mately 25–30% of cases, as well as point mutations result-
ing from micro conversions, which are observed in 75% of 
cases [3].

With several complex mutations transferred from the 
pseudogene, genetic testing in 21-OHD requires spe-
cific strategies that warrant locus specific amplification of 
CYP21A2 gene, precise identification of chimeras/gene 
conversions and genotyping of common point mutations. It 
also requires expertise in interpreting the results with exten-
sive knowledge on RCCX module and the chimeras [4]. 

Introduction

Mutations in the CYP21A2 gene are the leading cause of 
congenital adrenal hyperplasia (CAH). The prevalence of 
these mutations is as high as 90–95% of all patients with 
CAH and result in partial to complete loss of 21-hydroxylase 
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Abstract
Objectives  Whole exome sequencing (WES) has emerged as the preferred method for diagnosing a range of Mendelian 
disorders. Nonetheless, the applicability of WES in genetic diagnosis of 21-hydroxylase deficiency (21-OHD) remains 
uncertain due to the intricacies involved in molecular analysis of the CYP21A2 gene.
Methods  In this case series, authors report the outcomes of couples or families who underwent WES followed by focused 
sequential strategy (FSS) targeting CYP21A2 gene hotspot mutations and targeted sequencing of genes associated with Con-
genital Adrenal Hyperplasia (CAH).
Results  This analysis revealed that WES, when compared to FSS, resulted in six false-negative findings out of seven sub-
jects and one false-positive result. These results were corroborated through validation using Multiplex Ligation-Dependent 
Probe Amplification (MLPA) and Sanger sequencing.
Conclusions  One major limitation of exome sequencing lies in target enrichment, which often achieves less than 95% cover-
age of the regions of interest, potentially leading to false negatives. This challenge is particularly pronounced when decipher-
ing the complex genetics of 21-OHD, characterized by intricate pseudogene-derived rearrangements and gene conversions. 
Additionally, next-generation sequencing (NGS) analysis of the CYP21A2 gene is not straightforward due to reads aligning 
to pseudogene regions, necessitating stringent computational pipelines with defined targets. However, simple genotyping 
assays have shown a high positive yield of pseudogene-derived mutations in over 80% of cases, while targeted NGS can be 
valuable in subjects with initially negative results. Therefore, WES is not recommended as the primary testing method for 
21-OHD and may be better suited for rare forms of CAH once CYP21A2 mutations have been ruled out.
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Multiple techniques with a focused sequential approach are 
often required to identify the actual extent of these muta-
tions [5]. Initial gene enrichment is carried out with locus 
specific long range PCR [6, 7]. Genotyping assays like 
allele-specific PCR and restriction fragment length poly-
morphism (RFLP) have been used to identify hotspot point 
mutations [5, 8, 9]. The results of long range PCR and the 
hotspot mutations can pin point the chimeras whereas mul-
tiplex ligation-dependent probe amplification (MLPA) is 
utilized to identify copy number variations (CNVs) in this 
gene [10]. In the recent years, a few studies on the utility 
of next-generation sequencing (NGS) in CAH have been 
reported. However, the NGS data analysis for the CYP21A2 
gene is challenging and requires stringent computational 
pipelines to analyze these mutations [5, 11].

As WES becomes more accessible, clinicians and geneti-
cists are increasingly favoring it for routine genetic diagnosis 
across various disorders. In this report, the authors delineate 
the challenges and pitfalls encountered when employing 
WES for 21-OHD, drawing from the case findings.

Material and Methods

This case series includes seven subjects from four families 
who underwent WES outsourced to an external laboratory. 
They were also tested for mutations in CAH related genes 
using an in-house developed focused sequential strategy 
(FSS) at Molecular Endocrinology Laboratory, CMC, Vel-
lore [5, 10]. FSS strategy includes long range and allele 
specific PCRs to identify large 30 kb deletion and hotspot 
mutations in CYP21A2 gene followed by targeted NGS for 
seven genes in CAH -- CYP21A2, CYP11B1, CYP17A1, 
CYP19A1, POR, StAR and HSD3B2 genes. MLPA was car-
ried out to identify other large deletions and CNVs.

Results

MEL001: A 37-y-old married female, with no consanguine-
ous relation to her 43-y-old husband, presented with a his-
tory of four recurrent pregnancy losses and one neonatal 
death with atypical genitalia. The husband was documented 
to have oligospermia from a semen analysis conducted in 
2016, along with a family history of abortions.

Both partners underwent karyotyping, which returned 
normal results. To further investigate potential genetic fac-
tors, WES was performed to assess carrier status for inborn 
errors of metabolism (IEM) and mutations associated with 
CAH. The WES results revealed that the wife did not carry 
any clinically significant variants related to the observed 
phenotype. However, the husband was identified as a 

carrier for the CYP21A2:Ala392Thr variant associated with 
21-OHD.

Given the recurrent miscarriages experienced by the 
wife, the husband’s positive carrier status for 21-OH defi-
ciency, and the suspicion of CAH in the previous child with 
atypical genitalia, both partners underwent testing with FSS. 
MLPA analysis confirmed the absence of large deletions in 
both partners (Figs. 1 and 2). Subsequent targeted NGS of 
the wife’s sample revealed heterozygosity for three vari-
ants in the CYP21A2 gene (NM_000500.9): c.-113G>A, 
c.-126C>T, and c.-110T>C (Fig. 2). The sequencing depth 
for these variants was 99, 113, and 99 reads, respectively. 
Concurrently, MLPA results demonstrated a heterozygous 
loss of probe in the promoter region, consistent with the pro-
moter variant identified through NGS (Fig. 1).

The CYP21A2:c.-113G>A variant is situated upstream of 
the gene in the untranscribed region. Its allele frequency in 
the gnomAD Genomes database is 0.00239. This variant com-
monly co-segregates with -126C>T, -110T>C, and -103A>G 
variants in the promoter region. In this case, the promoter 
variant co-segregated with -126C>T and -110T>C variants. 
These variants are pseudogene derived and have been reported 
in non-classical CAH [12]. Functional analysis have demon-
strated that c.-113G>A can impair transcriptional activity by 
80% and diminish the nuclear binding capacity [13].

Conversely, targeted NGS analysis revealed that the 
husband did not carry the CYP21A2 (NM_000500.9): 
c.1147G>A(p.Ala392Thr) variant previously identified 
through exome sequencing. The sequencing depth for this 
locus in targeted NGS was 119 reads (Fig. 2), and this find-
ing was further confirmed by Sanger sequencing (Fig. 2). 
Additionally, he tested negative for other pathogenic or 
likely pathogenic variants in the panel of CAH-associated 
genes assessed.

MEL 002: The proband, a 37-y-old female diagnosed 
with CAH, presented with symptoms including vomiting, 
loose stools, hyperpigmentation and clitoromegaly at birth. 
She was diagnosed with salt-losing CAH and underwent cli-
toroplasty in 1989. Further, her younger sister, a 30-y-old 
female, exhibited a similar phenotype at birth and under-
went clitoroplasty in 1999.

Both affected siblings had a karyotype of 46XX. WES 
performed in 2014 yielded negative results for both siblings. 
Although the original coverage details were unavailable, the 
documentation indicated very low coverage in certain target 
regions despite repeated sequencing. In 2021, utilizing an in-
house FSS, both siblings were identified as compound het-
erozygous for a 30 kb deletion with chimera 1 on one allele 
and the Ile172Asn hotspot mutation on the other allele.

MEL 003: A non-consanguineous couple experienced the 
loss of two children during the early neonatal period, likely 
due to CAH. The first male child exhibited clinical signs 
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of hypospadias, underdeveloped scrotum, recurrent vomit-
ing, electrolyte imbalance, and passed away at four months 
of age. Their second pregnancy ended in spontaneous abor-
tion. The third male baby presented with clinical indications 
of failure to thrive, developmental delay, seizures, vomiting, 
tachypnea, pneumonia, electrolyte imbalance, hyponatremia, 
and hypoglycemia, and passed away at six months of age.

WES results revealed no CAH mutations in the couple. 
However, utilizing the FSS, the wife was identified as a car-
rier for the CYP21A2:Gln319Ter (Q319X) hotspot muta-
tion, while the husband was found to be a carrier for the 
CYP21A2:Gly111ValfsTer21 (8 bp deletion hotspot mutation).

MEL 004: A five-month-old boy, born to parents in a third-
degree consanguineous marriage, was diagnosed with primary 
adrenal insufficiency and hyperpigmentation. The family had 
a history of spontaneous abortion in two previous conceptions, 
and an elder sibling who is phenotypically normal.

Sequencing coverage details for MEL004 were unavail-
able. WES results returned negative for this subject; how-
ever, utilizing a targeted approach, he tested positive for 
the P30L hotspot mutation. Table 1 provides the coverage 

details and the genetic test results from WES vs. targeted 
approach in the four families.

Discussion

With a notably high carrier frequency of the CYP21A2 
hotspot mutations [14] and a high prevalence of CAH in 
India [15], there is an urgent need for cost-effective strategies 
to address the disease burden effectively. Despite significant 
advancements in sequencing technology, many clinicians 
and scientists in the endocrine specialty remain unfamiliar 
with the utility or optimal application of hotspot screening, 
targeted NGS, and WES strategies in CAH testing.

In this case series, the authors present the genetic test 
results of individuals clinically suspected of having CAH, 
as well as at-risk couples seeking genetic evaluation for 
carrier status of CAH-related genes. Initially, whole exome 
sequencing failed to detect mutations in six out of seven 
subjects tested and erroneously identified one subject as a 
carrier for a CYP21A2 mutation.

Fig. 1  A) MLPA results in wife showing no large deletion/duplica-
tion. It also shows heterozygous loss of probe ‘CYP21A2 exon 1 (-113 
SNP)’ indicated by a black arrow that corresponds to the promoter 
mutation c.-113G>A. B) MEL-001: Coverage analysis report for 
wife’s sample- generated from Torrent suit software for seven genes 
in CAH panel in 37 amplicons with a mean coverage of 722.5X and 

99.73% of the target having a minimum coverage of 20X reads. C) 
Integrative Genomics Viewer (IGV.2.16.2) snapshot of CYP21A2 gene 
reads aligned to hg19 reference genome showing heterozygous posi-
tive promoter mutation CYP21A2(NM_000500.9):c.-113G>A co-seg-
regating with c.-126C>T, and c.-110T>C
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In this study, whole exome sequencing yielded a mean 
depth of 102.41X and 92.98% of the target having 20x 
(average of four samples in whom coverage details were 
available). A 20x coverage of 93% indicates that there could 
be sequencing gaps up to 7% and this could have been a 
contributing factor to the missed variants. Further, insuffi-
cient depth at the loci where variants are identified might 
also result in false positive results. In addition to challenges 
in achieving optimal coverage and sufficient depth in short 
read sequencers, NGS analysis of CYP21A2 gene by itself 
is complicated as the highly homologous reads align both to 
the functional gene and pseudogene coordinates in the ref-
erence genome. Indigenous bioinformatic pipelines, allow-
ing alignment of reads only to the functional gene [11] and 
defining the target with specific bedfiles [5], is required to 
achieve optimal read alignment. This could be another rea-
son explaining false positive and negative results with WES 
in these subjects.

The NGS platforms currently used in clinical practice for 
targeted next-generation sequencing (tNGS) and WES are all 
short read sequencers (SRS). With these platforms, the target 
genes are fragmented, sequenced, and aligned to the human 
reference genome to identify disease-causing variants [16]. 
Therefore, achieving optimal coverage of the sequencing tar-
gets with sufficient depth is a primary requirement in NGS 
analysis for accurate variant calling. A minimum of 20X cover-
age in the sequenced reads of the complete target that provides 
99% sensitivity is considered for variant analysis [17, 18]. The 
major limitation in exome sequencing is with achieving opti-
mal coverage of the target region. On an average, a WES tar-
gets around 30 Mb of the human genome (3 * 107 base pairs) 
with > 5,00,000 exons sequenced [19, 20]. Larger the target 
size, higher is the chance of having sequencing gaps. Several 
studies have reported significantly lower coverage in WES 
while compared to target panels [21], that may result in missing 
of clinically significant variants and false negative results [17].

Fig. 2  (A) MLPA results in the husband showing normal probe ratio 
of CYP21A2 gene. The intron 2 splice mutation I2G has two wild-
type alleles (A/C) and one mutant allele (G) on this loci. MLPA uti-
lizes two wildtype probes to identify the presence or absence of I2G 
mutation. The subject was homozygous for wildtype A allele reflected 
with a probe ratio 2 (black arrow) and a probe ratio 0 for wildtype C 
allele (red arrow). (B) MEL-001: Coverage analysis report for hus-
band’s sample- generated from Torrent suit software for seven genes 
in CAH panel in 37 amplicons with a mean coverage of 763.2X and 

95.36% of the target having a minimum coverage of 20X reads indicat-
ing gaps in the sequencing regions. These gaps were patched up using 
amplicon-based sequencing in the subsequent runs. (C) Snapshot from 
Integrative Genomics Viewer (IGV.2.16.2) showing CYP21A2 gene 
reads aligned to hg19 reference genome showing that the husband is 
negative  for  CYP21A2(NM_000500.9):c.1147G>A(p.Ala392Thr). 
Below is the sanger chromatogram corresponding to negative results 
for CYP21A2:c.1147G>A
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identified in the study while large 30 kb deletion, 8 bp dele-
tion in exon 3 ((Gly111ValfsTer21), single base insertion in 
exon 7 (p.F306insT) are some of the most common pseudo-
gene derived mutations in CYP21A2 gene reported across 
various populations including previous studies in Cypriot 
groups [24–26]. It is crucial to highlight that large deletions 
and gene conversion by itself account for 15–20% of the 
cases with 21-OH deficiency [27, 28]. The absence of these 
findings in the 100 subjects screened suggest a potential lim-
itation of WES in detecting such deletions. This increases 
the possibility that WES might have overlooked these dele-
tions, emphasizing the need for complementary methods to 
enhance the comprehensive assessment of genetic varia-
tions associated with 21-OH deficiency.

With these limitations outlined above, cost-effective FSS 
could serve as the preferred initial approach for CAH diag-
nosis and carrier screening. When large rearrangements and 
common point mutations in the CYP21A2 gene have been 
ruled out using long-range PCR and genotyping assays, 
tNGS is recommended as the second line of genetic testing. 
This recommendation is contingent upon the availability of 
well-established computational pipelines and a comprehen-
sive understanding of complex mutations in 21-OHD. WES 
is deemed more appropriate for investigating rare forms of 
CAH once the possibility of 21-OHD has been eliminated 
using targeted approaches.
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In disorders like 21-OH deficiency, 90% of the cases 
are positive for the pseudogene derived hotspot mutations. 
These mutations can be detected using simple genotyping 
assays like long range and allele specific PCR. Five out of 
seven subjects in this case series were positive with Allele 
Specific PCR (ASPCR). Only two samples (MEL-001) 
required a targeted NGS. Targeted sequencing offers much 
deeper coverage (200X-800X) as compared to WES. which 
is highly reliable for variant analysis in clinical samples [22]. 
Moreover, PCR based primary enrichment of gene regions 
utilized in tNGS enables rapid filling of gaps with sanger or 
amplicon based NGS sequencing. In case of family MEL-
001, utilizing tNGS, the authors achieved an average cover-
age of 722.5X with 99.73% of the target with 20x reads in the 
wife’s sample (Fig. 1). The husband’s sample had an aver-
age coverage of 763.2X with 95.36% of reads at 20x reads 
(Fig. 2). The gaps in the sequenced region of the husband 
(CYP11B1 exons 6–9) were identified and filled up using 
amplicon based sequencing covering the complete coding 
and splice site regions of the target genes. The tNGS also 
provided sufficient depth in the loci of identified variants.

In a recent study by Gunsel et al., WES was utilized in 
determining carrier frequency of several autosomal reces-
sive disorders [23]. The study reported highest carrier fre-
quency of CYP21A2 mutations (14.7%) among 100 Cypriot 
individuals screened. However, it is noteworthy that the 
reported mutations comprised only four missense and one 
splice variants. There were no large deletions or small indels 

Table 1  CAH genetic screening results from WES vs. targeted approach in four families
Family Family 

member
WES results Results from targeted approach with

sanger validation
Genotyping for common 
hotspot mutations with 
ASPCR

Targeted
NGS

Coverage details Variants identified

MEL 001
Carrier testing

Wife Mean depth of 100.85X 
and 94.92% at 20X.

Negative Negative Mean depth of 722.5X and 
99.73% at 20X
CYP21A2:
c.-113G>A

Husband Mean depth of 115.45X 
and 95.34% at 20X

CYP21A2:Ala392Thr Negative Mean depth of 763.2X and 
95.36% at 20X
Negative (sequencing gaps 
covered)

MEL 002
Genetic diag-
nosis in CAH 
affected siblings

Sibling 1 NA Negative 30 kb deletion with
chimera 1 / Ile172Asn

NR

Sibling 2 NA Negative 30 kb deletion with
chimera 1 / Ile172Asn

NR

MEL 003
Carrier testing

Husband Mean depth of 107.3X 
with 90.3% at 20X

Negative CYP21A2:Gly111ValfsTer21 NR

Wife Mean depth of 86.02X 
with 91.35% at 20X

Negative CYP21A2:Gln319Ter NR

MEL 004
Genetic diagno-
sis for CAH

Proband NA Negative CYP21A2:Pro30Leu NR

ASPCR Allele Specific PCR; CAH Congenital adrenal hyperplasia; NA Not available; NGS Next-generation sequencing; NR Not required; WES 
Whole exome sequencing
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