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Congenital adrenal hyperplasia, one of the most frequent autosome recessive disorders, is caused by defects in
steroidogenic enzymes involved in the cortisol biosynthesis. Approximately 95% of the cases are caused by abnor-
mal function of the 21-hydroxylase enzyme. This deficiency leads to androgen excess, consequently, to
virilization and rapid somatic growth with accelerated skeletal maturation. Mutations in CYP21A2 are responsible
for different forms of 21-hydroxylase deficiency. Mild impairment in the enzymatic activity causes the non-
classic or late-onset congenital adrenal hyperplasia that is observed with a prevalence of 1 in 1000 subjects in dif-
ferent populations. The present paper describes a de novo mutation that occurred in the paternal meiosis. The
child, who was conceived by in vitro fertilization, presented with precocious puberty and diagnosed with non-
classical 21-hydroxylase deficiency. DNA sequencing showed the compound heterozygosis for a de novo
CYP21A1P/A2 chimeric gene and the p.Val281Leu mutation inherited from her mother, who was heterozygous
for the mutation. The chimeric gene showed pseudogene-derived sequence from 5’-end to intron 3 and
CYP21A2 sequences from intron 3 to 3’-end of the gene. Sequencing analysis of the father did not show any mu-
tation. The multiplex ligation-dependent probe amplification (MLPA) assay did not indicate loss of DNA
discarding gene deletion but confirmed the chimeric gene. In addition, supernumerary copies of CYP21A1P
were observed for both parents and for the affect child. Since paternity has been confirmed, those results suggest
that a de novo large gene conversion in the paternal meiosis could have occurred by misalignment of alleles bear-

ing different copy numbers of genes in CYP21 locus.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Congenital Adrenal Hyperplasia (CAH), one of the most frequent au-
tosome recessive disorders, is caused by defects in any of the steroido-
genic enzymes involved in cortisol biosynthesis. The adrenal gland
synthesizes three main classes of hormones: mineralocorticoids, gluco-
corticoids, and sex steroids. Other enzymes participate in several steps
in adrenal steroids synthesis: steroidogenic acute regulatory protein
(STAR), 3R-hydroxysteroid dehydrogenase (HSD3B2), 21-hydroxylase
(CYP21A2), 11p-hydroxylase (CYP11B1) and 17a-hydroxilase
(CYP17A1) [1]. Approximately 95% of CAH cases are caused by the defi-
ciency of CYP21A2 [2].

* Corresponding author at: CBMEG-UNICAMP, Av. Candido Rondon, 400, 13083-875
Campinas, SP, Brazil.
E-mail address: rlope@terra.com.br (R.L. Silva-Grecco).
1 Authors' information: Roseane Lopes da Silva-Grecco and Débora de Paula Michelatto
shared first authorship.
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As result of these enzyme deficiencies low or null production of cor-
tisol and/or aldosterone is observed. Cortisol controls the hypothalamic-
pituitary axis through a negative feedback mechanism. The impairment
in cortisol production results in increased secretion of corticotrophin re-
leasing hormone (CRH) and adrenocorticotropic hormone (ACTH) by
the hypothalamus and the pituitary, respectively, causing super stimu-
lation of adrenal glands and, consequently, their hyperplasia [3]. De-
pending on the affected enzyme, different forms of CAH manifest with
distinct clinical symptoms. In the most frequent form, the CYP21A2 de-
ficiency, aldosterone and cortisol pathways are blocked or partially im-
paired whereas the androgen pathway, which does not involve 21-
hydroxylation, is overstimulated and consequently the synthesis of an-
drogen increases [1,4].

21-Hydroxylase deficiency (OMIM #201910) is divided in classical
and non-classical forms depending on the severity of the clinical fea-
tures and vary according to the level of residual activity of the enzyme.
The classical form presents at birth and is characterized by total or al-
most total impairment of the enzymatic activity. Usually, it leads to an-
drogen excess causing progressive virilization with or without
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concomitant salt loss and is classified as salt-wasting or simple virilizing
form, respectively. The non-classical form, in which more than 10% of
CYP21A2 enzymatic activity is retained, is generally less severe than
the classical form, with late phenotypic manifestation such as preco-
cious puberty and some secondary characteristics as hirsurtism and
menstrual disorders in females or it can remain asymptomatic [1,5-7].

General data have indicated that the incidence of the classical form is
1:10,000 to 1:15,000 live births, whereas the non-classical form shows a
higher prevalence, occurring with an estimated incidence of 1:1000
births in Caucasian populations [2,8,9].

The CYP21A2 gene is located within the HLA major histocompatibil-
ity complex class Il (MHC class III), mapping to the short arm of chro-
mosome 6 (6p21.3), within a 2.7 kb chromosomal region divided in
10 exons [10]. In human MHC class Ill region, the following genes are ar-
ranged in tandem: serine/threonine kinase (RP), complement (4, ste-
roid 21-hydroxylase (CYP21) and tenascin (TNX); they form a genetic
unit designated RCCX module [11,12]. Alleles bearing one copy of each
CYP21A2 active form and CYP21A1P nonfunctional pseudogene, are
bimodular, considered the most frequent arrangement. However,
monomodular, trimodular and tetramodular normal alleles have been
observed [4,10-11]. Although CYP21A2 and CYP21A1P have approxi-
mately 98% of homology in exons and 96% in introns, CYP21A1P is non-
functional because it bears several deleterious mutations [13,14].

Mutations in CYP21A2 are responsible for different forms of CYP21A2
deficiency, depending on how they affect the protein structure, the en-
zyme production or the enzymatic activity. One consequence of CYP21
and (4 genes arranged in tandem is to facilitate unequal crossing-over
events in this region [4,15]. Therefore, misaligned units may recombine
during meiosis and lead to the formation of gametes with different
number of gene units [16]. Therefore, the first molecular defect associat-
ed with CAH was a 30-kb deletion forming an allele that carried an inac-
tive CYP21A1P/A2 chimeric gene [17,18]. The second molecular defect
described was also result of unequal recombination; known as large
gene conversion it also resulted in an inactive CYP21A1P/A2 chimeric
gene, but without loosing DNA [19,20,21,22]. Those two mutations
were identified in only 8-12% of cases of CYP21A2 deficiency in Brazil
[23-25]. CYP21A1P/A2 chimeric genes with different sequence composi-
tions have been described depending on the recombination breakpoint
[22,26].

In this paper we describe a de novo large gene conversion identified
in a patient conceived by in vitro fertilization (IVF). This mutated allele
might have formed in the paternal meiosis as a result of sequence mis-
alignment in alleles containing different number of gene copies within
the CYP21 locus.

2. Materials and methods
2.1. Subject

The patient was a daughter of non-consanguineous parents that had
been conceived by in vitro fertilization (IVF). She was referred for inves-
tigation because premature pubarche at the age of eight years and seven
months, with a history of premature pubic hair development and axil-
lary odor since seven years and ten months old, with rapid evolution.
Thelarche was denied. At physical examination, her height and weight
were 130.3 cm (P50) and 32.3 kg (P85), respectively, and Tanner

Table 1
Hormonal data and bone age presented by the affected child and reference values.
Reference value Patient

17-Hydroxyprogesterone (170HP) (ng/mL) 0.1-1.39 20.7
Testosterone (ng/dL) <20.0 58.6
SDHEA (pg/dL) 8.0-130.0 94.3
Androstenedione (ng/mL) <1.6 2
Bone age years 8.6 10

stage was P3/M1. Table 1 shows laboratorial and radiological
investigation.

The background to the family history shows that her father has two
healthy children from a previous marriage.

2.2. Molecular analysis

Genomic DNAs of the patient and her parents were obtained from
peripheral blood samples by Proteinase K digestion and phenol/chloro-
form extraction following standard techniques [27]. CYP21A2 was spe-
cifically amplified in two or four fragments, depending on the
presence or absence of intron 2 variant c.290-13A>C, using specific
CYP21A2 primers (Table 2). The amplified fragments were gel purified
with Wizard SV Gel and PCR Clean-UP System (Promega®) and directly
sequenced with Big Dye Terminator Cycle Sequencing Kit V3.1 Ready
Reaction (ABI PRISM/PE Biosystems, Foster City, CA, USA) using internal
primers in addition to sense and antisense primers used in the allele-
specific PCRs (Table 2). Purified PCR products were sequenced in both
sense and antisense orientations in an ABI PRISM 3100 Automated
DNA Sequencer according to the manufacturer's recommendations
(ABI PRISM/PE Biosystems, Foster City, CA, USA). Nucleotide and
amino acid numbering followed the published sequence by Higashi
et al. [13] (NCBI #M12792).

2.3. Multiplex ligation-dependent probe amplification analysis (MLPA)

DNA from the patient and her parents was also examined by the
multiplex ligation-dependent probe amplification (MLPA) technique
using the SALSA MLPA probemix P050-C1 CAH (MRC Holland,
Amsterdam, Netherlands®). The kit contains 27 MLPA probes and 10
control fragments. Eight probes are specific for CYP21A2 and 4 probes
are specific for CYP21A1P. CYP21A2 probes detect the following muta-
tions: 8-bp deletion in exon 3, p.lle172Asn in exon 4, p.Val237Glu and
p.Met239Lys in exon 6 and ¢.920_921insT in exon 7; in addition, it is
provided probes for c.290-13A>C and c.-113C>T SNP in intron 2 and
5’ region, respectively. Furthermore, this kit contains 6 probes for
TNXB gene and 1 probe for ATF6B in order to define CYP21A2 gene dele-
tions. Eight references probes detecting sequences on different chromo-
somes are provided for data internal normalization. An Excel-based
spreadsheet constructed for the analysis was used. Data have been nor-
malized using five bimodular controls.

24. Ethical

This study was approved by the Ethics Committee from
Universidade Estadual de Campinas (Sdo Paulo, Brasil) and
Universidade Federal do Tridngulo Mineiro (Uberaba, Minas Gerais, Bra-
sil) and an informed consent was obtained from the relatives.

Table 2

Primers used in this study.
Primer Sequence (5'-3') Purpose
5'21B1s_CYP21A2 TGA GTG AGT GCC CACAAA G PCR, sequencing
ProEx1s_CYP21A2 TTG AGT GAG TGC CCA CAA AGC PCR, sequencing
Int1s_CYP21A2? TGA GAG GCT GAT CTC GCT C Sequencing
Intlas_CYP21A2* CAG CCA AAG CAG CGT CAG CC Sequencing
Int2Cs_CYP21A2 CAC CCT CCA GCC CCC AC PCR, sequencing
Int2Cas_CYP21A2 CAG CTT GTC TGC AGG AGG AGG PCR, sequencing
Ex2as_CYP21A2? TAA GTG GCT CAG GTCTGC C Sequencing
Ex3ns_CYP21A2 ACC TGT CCT TGG GAG ACT AC PCR, sequencing
Ex6nas_CYP21A2 CCT CAG CTG CAT CTC CACGA PCR, sequencing
Int7as_CYP21A2* CAG AGC TGA GTG AGG GTG Sequencing
Ex9s_CYP21A2* TTG GGG ATG AGT GAG GAA AG Sequencing
Ex9as_CYP21A2? CTG GAG TTC TTG CCT GGC TC Sequencing
Ex10s_CYP21A2* GGA GCT CTT CGT GGT GCT GA Sequencing

Int10as_CYP21A2 CAG AGG GAG CTG GAGTTG A PCR, sequencing

2 Internal primers.
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3. Results

Direct sequencing analyses of CYP21A2 gene of the patient identified
heterozygosity for p.Val281Leu mutation and for all pseudogene-
derived sequences from c.-620 to intron 3 including ¢.290-13A/C>G (in-
tron 2 Splice) and ¢.329_336delGAGACTAC (exon 3 delta 8) mutations
suggesting a large gene conversion or a 30-kb deletion with
CYP21A1P/A2 chimeric gene (Table 3). The mutation p.Val281Leu was
also identified in the mother, however no deleterious mutations had
been found in the father's gene. Paternity had been confirmed with dif-
ferent VNTR (data not shown).

MLPA confirmed a possible large gene conversion generating a
CYP21A1P/A2 gene since it showed diminished hybridization signals
with CYP21A2 probes from 5’ to exon 3, but the hybridization signals
of the corresponding pseudogene probes were visibly increased
(Fig. 1C). Conversely, neither the father nor the mother MLPA results
showed diminished hybridization signals for CYP21A2 probes (Fig. 1A,
B). Those results also demonstrated increased signals for CYP21A1P
probes for both parents and the child indicating that they carry alleles
with supernumerary pseudogene copies.

4. Discussion

Most CYP21A2 deficient alleles carry pre-existing mutations in the
homolog pseudogene, located in tandem alternated with C4A and C4B
genes. In general, mutant alleles are inherited from carrier parents.
Novel or de novo mutations acquired during gametogenesis or fetal

Table 3
CYP21A2 sequencing data for the patient.

development are less observed, but can occur in rates of ~5% and ~2%,
respectively [28].

Individuals with non-classical CYP21A2 deficiency are frequently
homozygous for p.Val281Leu mutation or compound heterozygous
bearing different CYP21A2 mutations on each allele [29]. The missense
mutation p.Val281Leu accounts for at least one of the CYP21A2 alleles
in most non-classical genotypes. The patient we described here
inherited the p.Val281Leu from her mother whereas the other allele
bears a chimeric CYP21A1P/A2 gene with pseudogene sequences from
the 5’ end to intron 3 and CYP21A2 sequences from intron 3 to the 3’
end of the gene. Since this chimeric gene is absent in both parents' geno-
types we inferred that it arose as a de novo mutation.

MLPA data showed supernumerary copies of pseudogene in both
father and mother genotypes. It is well known that such alleles favor
unequal crossovers during meiosis generating chimeric genes but in
general those rearrangements are not frequently observed [30].
CYP21A1P duplication associated to p.Val281Leu mutation is typical
and corresponds to 98% of alleles bearing this mutation [31]. Howev-
er, such duplication is not always associated with mutations in the
CYP21A2 gene [32], as could be observed in father's results. The
MLPA probe signal intensities for CYP21A1P in the affected child sug-
gest four copies, two inherited from the mother and two inherited
from the father indicating that the chimeric gene might be generated
in association with two pseudogenes in the same allele. To illustrate
the hypothesis of unequal crossover in the paternal gametogenesis,
we propose a genotype with a bimodular and a tetramodular allele
for the father as shown in Fig. 1D. A bimodular gamete with

Relative gene . De novo mutated Relative gene e Maternal De novo mutated
L. Variation Maternal allele ; Variation

position allele position allele allele
c.-448 A>G A G €.290-123 CA C A
c.-444_443 —>A - A ¢.290-109 G>C C G
c.-308 G>C G C c.290-104 G> - G -
c.-296 T>C T C €.290-96_94 GGT>TCA GGT TCA
c.-295 A>C A C ¢.290-91 G>A G A
c.-284 A>G A G ¢.290-88_87 GA>AG GA AG
c.-282 T>G T G ¢.290-79 G>T G T
c.-210 T>C T C c.290-74 G>A G A
c.-199 CT C T ¢.290-67 C>G/A C A
c.-190_189 ->T - T €.290-48 A>G A G
c-126 CT C T €.290-44 G>T G T
c-113 G>A G A ¢.290-39_38 CA>GG CA GG
c-110 T>C T C c.290-13 A|C>G A G
c-103 A>G A G c305 G>A G A
c-4 T C T c324 G C G
c.89 CT C T c.329_336 GAGACTAC> - GAGACTAC -
c115 T>C T C ¢339 CT C T
c135 A>C A C c.444+38 CT C C
€.289+33 A>C A C c.515 T>A T T
€.289+46 A>T A T c.547-15 C>A C C
€.289+46_47 ->GTT - GTT c.547-8 T>C T T
€.289+48 G>A G A c.549 C>G C C
€.289+56 G>T G T c.702 T>C T T
€.289+67 CT C T c.708 C>G C C
€.289+84 A>G A G c.710 T>A T T
€.289+92 A>G A G c.716 T>A T T
€.289+100 A>G A G c.735+12 A>G G A
c.289+127 T>G T G c.735+13 T T C
c.289+138 T>C T C c.744 C>G G C
€.290-140_141 ->G - G c.841 G>T T G
€.290-139 A>T A T c.1470* G>A AorG GorA
€.290-129_128 —>TCC - TCC c.1478* G>A Aor G GorA

Gray shading corresponds to pseudogene-derived sequences, except ¢.290-109 that has not been annotated in the pseudogene but is a p.Val281Leu marker; c.841 corresponds to
p.Val281Leu mutation. *Father and mother are also heterozygous for those polymorphic sequence variations, therefore segregation has not been determined.
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Fig. 1. Integrated and normalized MLPA data and a proposal for the formation of a de novo CYP21A1P/A2 chimeric gene. MLPA graphics obtained for the father (A), the mother (B) and the
patient (C) are shown; columns correspond to integrated and normalized electropherogram peak areas for each probe indicated below; values of 1.0 + 0.2 indicate two copies; deletions (1
copy) or duplications (2 or more copies) are indicated by intensities <0.5 or >1.2, respectively. Pink = CYP21A1P probes; blue = CYP21A2 probes; green = TNXB probes; orange = ATF6B
probe; yellow = control probes on different chromosomes. Schemes below each graphic illustrate the composition of each allele in the family regarding copy number of C4 and CYP genes.
In (D) is represented the probable rearrangement occurred in the paternal meiosis to generate an allele bearing the CYP21A1P/A2 chimeric gene.

CYP21A1P/A2 chimeric gene can be generated if unequal crossover
occurs between CYP21A2 in allele 1 and CYP21A1P in allele 2.

In sperm, spontaneous recombination between of CYP21A2 and
CYP21A1P (i.e., gene conversions or deletions) are detected in 1:1000 to
1:100,000 cells [33]. In patients, 1 to 2% of affected alleles result from spon-
taneous mutations when neither parent is a carrier [34]. The gene conver-
sions can occur during meiosis and mitosis, or perhaps only during mitosis
[33]. It is well known that unequal crossing over facilitates large structural
rearrangements resulting in copy number variations [35], whereas gene
conversions promote relatively short sequence transfers [36].

Complex rearrangements involving the RCCX module had been ob-
served. The heterozygosis for RCCX modules with different copy num-
ber variants has been considered to promote unequal crossovers
during meiosis, leading to gene deletions, gene duplications and disease
associations [12,37].

Chung et al. [38] observed C4 genes organized in different configura-
tions within RCCX modules when they studied complement C4 poly-
morphisms considering gene sizes, gene numbers and their orders.
They identified haplotypes with one, two, three and four C4 genes,
and the variability in the dosage of CYP21A1P pseudogene and
CYP21A2 gene. They concluded that quadrimodular structures could
have been generated by unequal crossover between a trimodular and
a regular bimodular partner with one CYP21A1P and one CYP21A2. Sim-
ilarly, we propose that an unequal crossover generated a de novo chime-
ric gene identified in the affected child.

5. Conclusion

The genotype presented by the patient is consistent with the non-
classic 21-OH deficiency. However, the CYP21A1P/A2 chimeric gene
identified in the affect child was not present in either parent's geno-
types. To our knowledge it is the first report on a case of in vitro con-
ceived child bearing a de novo CYP21A2 mutation. Therefore, this
study illustrates the importance of the molecular analyses not only
for the affected child but also for the parents, especially for guiding
pre-natal diagnosis and genetic counseling. Since alleles with
pseudogene supernumerary copies is present in all populations we
recommend that the risk of unequal crossover generating chimeric
genes is considered for genetic counseling purposes. Despite all the
modern techniques available, it is still impossible to predict if a ge-
netic recombination will occur in germ cells. However, due to the in-
creased risk observed with supernumerary gene copy alleles it
would be advisable to offer CYP21A2 genotyping whether for couples
with spontaneous gestation or those submitted to in vitro
fertilization.
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