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ABSTRACT

Sexual development (SD) is a complex process with
strict spatiotemporal regulation of gene expression. De-
spite advancements in molecular diagnostics, disorders
of sexual development (DSD) have a diagnostic rate of
~50%. Androgen insensitivity syndrome (AIS) represents
the most common form of 46,XY DSD, with a spectrum of
defects in androgen action. Considering the importance of
very strict regulation of the SD, it is reasonable to assume
that the genetic cause for proportion of the DSD lies in the
non-coding part of the genome that regulates proper gene
functioning. Here we present a patient with partial AIS
(PAIS) due to a mosaic de novo c.-547C>T pathogenic
variant in the 5’UTR of androgen receptor (4R) gene.
The same mutation was previously described as inher-
ited, in two unrelated patients with complete AIS (CAIS).
Thus, our case further confirms the previous findings that
variable gene expressivity could be attributed to mosa-
icism. Mutations in 5’UTR could create new upstream
open reading frames (WORFs) or could disrupt the existing
one. A recent systematic genome-wide study identified
AR as a member of a subset of genes where modifications
of uORFs represents an important disease mechanism.
Only a small number of studies are reporting non-coding
mutations in the AR gene and our case emphasizes the
importance of molecular testing of the entire AR locus in
AIS patients. The introduction of new methods for com-
prehensive molecular testing in routine genetic diagnosis,
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accompanied with new tools for in sillico analysis could
improve the genetic diagnosis of AIS, and DSD in general.
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INTRODUCTION

Disorders of Sexual Development (DSD) represent
a group of conditions that affect the development of the
reproductive system, classified as 46,XY DSD, 46,XX DSD
and sex chromosomal DSD. The etiology of DSDs can be
complex with many different genetic and environmental
factors contributing to their development. In congenital
DSD, the severity and age of onset are highly variable
and depend on the biological function of the affected gene,
but the variability could also be associated with specific
mutations in the affected gene, and even a variable pheno-
type could be observed in patients with the same mutation.
Studies using genetic testing with sequencing and deletion/
duplication analysis of the AR gene identified causality in
approximately 50% of the 46,XY DSD cases [1]. Next gen-
eration sequencing (NGS) analysis, using a targeted gene
panel, showed a 60% diagnostic rate in patients with 46,XY
DSD disorders of androgen synthesis and action, but only
a 19% detection rate in the patients with 46,XX DSD [2].

Androgen insensitivity syndrome (AIS) represents a
frequent form of 46,XY DSD where pathogenic mutations
in the androgen receptor (4R) gene are responsible for a
spectrum of defects in androgen action: complete androgen
insensitivity syndrome (CAIS), partial androgen insensi-
tivity syndrome (PAIS) and mild androgen insensitivity
syndrome (MAIS) [3]. So far, pathogenic mutations in
affected patients were identified primarily in the coding
regions and conserved splice sites of the AR, and rarely,
single exon deletions/duplications or whole gene deletions
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were also reported [3]. Genotype-phenotype correlation
exists for certain AR mutations in CAIS patients [4], but
also, different AIS phenotypes for identical mutations were
observed [5]. This variable expressivity is associated with
several mutations and is often attributed to the oligogenic
factors [6, 7], sometimes, however, also to mosaicism
[8]. Recently, the recurrent germline pathogenic variant
c.-547C>T in the 5’ untranslated region (5’-UTR) of the
AR gene was described in two unrelated patients with
CAIS [9]. Here, we report on a mosaic form of the same
pathogenic variant in a patient with PAIS. The current
understanding of the involvement of the S’UTR variation
in highly penetrant diseases is discussed and an overview
of the known AR non-coding pathogenic variants is given.

METHODS

Patient presentation

A twenty-four year old patient with a disorder of
sexual development and 46,XY karyotype was referred to
our laboratory for genetic testing. According to the previ-
ous medical records, the patient was born with ambigu-
ous external genitalia, described as a hypoplastic penis
(resembling hypertrophic clitoris), partially covered with
bifid scrotum (resembling oedematous labia), and in whom
gonadal structures were identified after ultrasound exami-
nation. Urethrocystography showed the presence of a male
urethra. Blind ending structure resembling a vagina was
also observed. No uterus was detected. A human chorionic
gonadotropin (hCG) stimulation test showed a positive
response, resulting in increased testosterone production. At
the age of seven months, cytological gonadal punction was
performed, and, according to the chromatin status, cells
resembling the Sertoli cells were observed. Although the
parents were advised to raise the child as a female and a
feminizing genitoplasty was performed at 6 years of age,
they have reared him as a male and he decided to undergo
surgical gender reassignment at 24 years of age.

Genetic analysis

We have analysed in total 4 DNA samples: 3 DNA
samples from the patient and one DNA sample from his
mother. Initially, DNA from the patient’s blood (peripheral
white blood cells) was isolated using standard phenol/chlo-
roform protocol. In the second patient’s admission, DNA
was isolated from the blood sample of patient’s mother
as well as from a new blood sample and a buccal swab
from the patient. This time the extraction of the DNA was
performed using MagCore Super automated nucleic acids
extractor (RBC Bioscience Corp., Taiwan).

Since the patient’s phenotype in combination with the
results of the hCG test and 46 XY karyotype was indicative
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for the presence of AIS, Sanger sequencing targeting the
exons and exon/intron boundaries of the androgen recep-
tor (AR) gene was performed. Exon 1 sequencing was
performed with the inclusion of the 5°UTR region, which
is a standard practice in our laboratory. We then performed
a multiple ligation-dependent probe analysis (MLPA) for
detection of the exon copy number changes in the AR gene,
using the AR P074-A3 Androgen insensitivity syndrome
kit (MRC-Holland, Amsterdam, The Netherlands). To con-
firm the biological relatedness between the patient and
patient’s mother, a comparison was performed of the allelic
profiles of 15 polymorphic short tandem repeat (STR) loci
using previously the published multiplex PCR of fluores-
cently labelled primers [10]. We have used also another
multiplex PCR of fluorescently labelled primers [ 11] which
previously have been used to detect mosaic loss of sex
chromosome in blood cells [12]. Both multiplex PCR re-
actions also contain primers amplifying the SRY gene.
The Sanger sequencing, MLPA and fluorescent multiplex
PCR reactions were analyzed on the ABI PRISM 3500
Genetic Analyzer (Thermo Fisher Scientific, Waltham,
MA, USA). For the MLPA data analysis, Coffalyser.Net
software (https://www.mrcholland.com/technology/soft-
ware/coffalyser-net) was used. Electropherograms from
the Sanger sequencing were analyzed with Sequencing
Analysis v5.4 (Thermo Fisher Scientific, Waltham, MA,
USA). Image] software (https://imagej.nih.gov/ij/index.
html) was used to compare area ratios of the normal and
mutant allele’s fluorescence peaks from the electrophe-
rograms of the Sanger sequencing. UTRannotator [13],
a plugin to the Ensembl VEP analysis software [14], was
used for in silico prediction of the possible impact of the
5’UTR variant.

RESULTS

Sanger sequencing did not reveal any pathogenic
variant in the protein coding sequence and splice regions
of the AR gene. MLPA analysis did not show the presence
of deletions/duplications of the AR exons. However, we
have discovered “heterozygous” nucleotide change in the
5’UTR region of the AR gene, ¢.-547C>T, with an unequal
ratio between normal and mutated allele (T allele being
over represented compared to the C allele). This was an un-
usual finding since every nucleotide change in patient’s X
chromosome should have been presented as hemizygous,
considering the patient’s 46, XY karyotype. One reason
for this unusual finding could be the presence of a small
proportion of cell line harboring 47,XXY karyotype, with
one of the X chromosomes carrying the normal C allele.
However, karyotype and multiplex QF-PCR analysis did
not reveal presence of extra X chromosome. Other pos-
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sibilities for the unbalanced ratios of the detected alleles
could be the presence of DNA contamination or a mosaic
mutation. To resolve this, a second blood sample from
the patient was obtained, together with the blood sample
from the patient’s mother. At the same time, a sample
from the patient’s buccal swab was also obtained. Sanger
sequencing confirmed the previous finding of both mutant
and normal alleles in the DNA samples isolated from the
second blood sample and the buccal swab (Figure 1, A and
B). The mutation was not present in the mother (Figure
1 C), which resolved the origin of the mutation as a de
novo event. Biological relatedness between patient and his
mother was confirmed with the STR markers. Comparison
of the areas of the normal and mutant alleles indicated that
the normal allele was present in approximately 20% of the
cells. This was obtained as mean value from several differ-
ent electropherograms (two from Figure 1, A and B and 5
others not shown). /n silico analysis with the UTRannota-
tor showed that the ¢.-547C>T creates translational initia-
tion codon ATG, and that newly created uORF terminates
after 186 nucleotides. Also, UTRannotator predicted that
the sequence, flanking a newly created initiation codon,
shows moderate match to the Kozak consensus sequence.

DISCUSSION

Sexual development is a complex process starting at
the beginning of the embryonic development and lasting
through puberty, involving a large number of genes with
specific temporal and spatial regulation of their expression.
For the genetic diagnosis of rare disorders, a single-gene
testing is still useful in the cases with a clear etiology,
although the use of a panel of associated genes, analyzed
with short reads massively parallel sequencing, is already
an established practice.

Despite this advancement in the genetic diagnosis,
there is still a large proportion of undiagnosed DSD pa-
tients, with diagnostic rate being ~50% [15]. There is
emerging evidence that 5’'UTR variants could be a cause
of penetrant human diseases. Approximately half of the
human transcripts naturally contain upstream open reading
frames (WORF) in their 5’UTR which modulate the produc-
tion of the main protein by disturbing the protein transla-
tion [16, 17]. Variants that introduce or disrupt uORF are
rare and are subjected to strong negative selection because
of their ability to cause a disease [17-19]. A recent study
based on a large cohort of human whole genome sequences
identified a subset of genes, among which was AR gene,
where high-impact uORF-perturbing variants would have
a deleterious effect on gene function [17].

Previous functional analysis of the ¢.-547C>T patho-
genic variant confirmed the mutation’s deleterious effect
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Figure 1. Electropherograms from Sanger sequencing for DNA
isolated from: A) Patient’s blood; B) Patient’s buccal swab and
C) Patient’s mother blood.

on AR function and association with CAIS phenotype
[9]. This was in line with the predicted functional con-
sequence given by the UTRannotator tool. A variant was
also not identified in the Genome Aggregation Database
(gnomAD), a large-scale population database for variant
frequencies [20]. The presence of PAIS in our patient, com-
pared to CALIS in patients described by Hornig et al., is in
line with the previous findings that variable expressivity in
AIS could be attributed to mosaicism [8, 21]. Specifically,
there is a phenotypic overlap consisting of the absence of a
uterus, blind ending vagina and positive hCG test as well
as a phenotypic difference consisting of the presence of
ambiguous genitalia in our patient. This stands in contrast
to the presence of female genitalia in the patients described
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by Hornig et al. In individuals with PAIS and ambiguous
genitalia, the tendency is to assign sex of rearing after an
expert evaluation has been completed [22]. This was the
procedure that was followed in our case, and we are un-
aware for the reasons behind parents’ decision. Although
preferable for studies of androgen action, we have not
tested patient’s gonadal tissue or genital skin fibroblasts
for mosaicism, but the presence of the same rate of the
mutation in two different cell types is suggestive that the
mutation is present in the entire body, in approximately
the same rate.

In general, regions outside the AR coding sequences
and conserved splice sites have been less extensively stud-
ied in AIS patients. The non-coding AR pathogenic variants
reported on so far are presented in Table 1. Recently, there
was a report of a large family pedigree of PAIS patients
with disease causing LINE-1 retrotransposon insertion
in the 5S'UTR region of the AR gene [23]. Another study
identified deep intronic mutation in intron 6, creating an
alternative splice acceptor site of the AR gene, in a family
with PAIS patients [24]. The same mutation was found in
an unrelated patient, also with PAIS [25]. Deep intronic
mutations were observed in CAIS patients [24, 26, 27].

Studying the noncoding region of the 4R gene is
highly challenging due to its genomic size of 186,500
nucleotides, as compared of only 2763 nucleotides of the
coding sequence. However, the probability of identifying
pathogenic variants outside of the AR coding regions in
AIS patients is high [25]. Further advancements in genetic
diagnostics with the introduction of targeted sequencing of
the whole genomic locus of AR gene, using targeted long-
read sequencing which also preserves epigenetic informa-
tion [28, 29], could better clarify the role of noncoding
variation in AIS.

In conclusion, comprehensive genetic testing by tar-
geting the entire AR gene locus, together with the develop-
ment of appropriate annotation tools, would contribute to
the identification of the missing heritability of AIS.
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