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Abstract: Androgen insensitivity syndrome (AIS) is an X-linked genetic disorder caused by mutations in the androgen receptor gene 
(AR), leading to impaired androgen signaling and resulting in varying degrees of undermasculinization in individuals with a 46,XY 
karyotype. This study aimed to expand the molecular landscape of AIS by identifying and characterizing pathogenic variants in the AR 
gene via next-generation sequencing (NGS). Molecular diagnostics revealed eight distinct variants within the AR gene, two of which 
had not been previously described. These include the following novel variants: c.3G>A, and c.1344_1345insTA. This study broadens 
the spectrum of known AR gene mutations associated with AIS and highlights the critical role of molecular diagnostics in the accurate 
classification of variants. These findings will aid in enhancing the clinical management and genetic counseling of individuals affected 
by AIS. 
Keywords: androgen insensitivity syndrome, AIS, androgen receptor gene, AR gene, next-generation sequencing, NGS, disorders of 
sex development, complete androgen insensitivity syndrome, CAIS

Introduction
Androgen insensitivity syndrome (AIS) is an inherited disorder characterized by impaired responsiveness to androgens, 
resulting in atypical sexual development in individuals with a 46,XY karyotype. It is an X-linked disorder caused by 
pathogenic mutations in the androgen receptor gene (AR) located at the Xq12 locus.1 These mutations impair the ability 
of androgens to bind to and activate the androgen receptor, leading to a broad spectrum of phenotypic variations. AIS is 
classified into three main subtypes on the basis of the degree of androgen insensitivity: complete (CAIS), partial (PAIS), 
and mild (MAIS). Individuals with CAIS typically present with female external genitalia, an absence of Müllerian 
structures, and bilateral testes in the abdomen or inguinal canals. Individuals with PAIS and MAIS present a range of 
phenotypes, including ambiguous genitalia, hypospadias, and micropenis.2 Complete androgen insensitivity syndrome is 
diagnosed in approximately 2–5 per 100,000 genetically male individuals,3 whereas the data of PAIS and MAIS 
prevalence in the general population is inconclusive. The AR gene consists of eight exons and four domains: the entire 
N-terminal portion of the androgen receptor (exon 1), the DNA-binding domain (exons 2 and 3), the bipartite nuclear 
localization signal (exons 3 and 4), and the ligand-binding domain (exons 4–8).4–6 According to the Androgen Receptor 
Gene Mutations Database, nearly 900 single nucleotide variants or small deletions and insertions in the AR gene are 
causative for the AIS phenotype.7 The distribution of pathogenic variants is relatively even, with a slightly higher 
prevalence in exons 1, 5, and 7. The correlations among specific AR variants, gene localization, and functional 
consequences are relatively poor. This paper presents a cohort of patients with AIS and a defined molecular background, 
which expands the knowledge about causative mutations in the AR gene.
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Materials and Methods
Patients
Eight patients were enrolled in the study. They were referred to the Department of Genetics for genetic evaluation on the 
basis of male, 46,XY, karyotype, and female phenotypes. Clinical features suggestive of complete androgen insensitivity 
syndrome included female external genitalia at birth with or without abnormal secondary sexual development at puberty. 
All of the patients were phenotypically consistent with complete androgen insensitivity syndrome (ORPHA:99429) and 
underwent genetic consultation prior to qualification for molecular testing.

DNA Extraction and Next-Generation Sequencing
DNA was isolated from the leucocytes of the eight patients’ peripheral blood samples via the MagCore Genomic DNA 
Whole Blood Kit (RBC Bioscience) following the prescribed procedures provided by the manufacturer. An internally 
created multigene panel targeting the 113 genes associated with disorders of sexual development was used. The selection 
of analyzed genes (AR, HSD17B3, and SRD5A2), relevant for androgen insensitivity syndrome was based on compre-
hensive literature searches conducted on platforms such as PubMed and OMIM. This custom panel was meticulously 
designed to cover all exons and intron/exon boundaries. For precise sequencing of the targeted regions, probes were 
meticulously crafted via Illumina Design Studio, a web-based software renowned for providing a sequencing coverage of 
99% across created amplicons, each with an average length of 175 bp (with usage of a 2×150 base pair read length via 
a paired-end approach) on the MiniSeq sequencer. Library preparation was conducted following the manufacturer’s 
protocol (Illumina) with the TruSeq Custom Amplicon Low Input Library Prep Kit. All the DNA samples were 
subsequently quantified and adjusted to a 10 ng/μL concentration. Following the steps of hybridization, extension, 
ligation of specific oligos, and subsequent barcoding, amplification, normalization, and pooling, the prepared libraries 
were embedded into a dedicated cartridge (Illumina MiniSeq High Output Kit, 300 cycles). A PhiX library was combined 
with a ready library to serve as a sequencing control. The sequencing procedure was executed on the MiniSeq platform 
(Illumina). The coverage of AIS-relevant genes was as follows: AR minimum: 35x, average: 81x, maximum: 140x; 
HSD17B3 - minimum: 83x, average: 154x, maximum: 224x; SRD5A2 - minimum: 72x, average: 149x, maximum: 239x.

Secondary and Tertiary Bioinformatic Analysis
The data acquired from the sequencer underwent initial preprocessing with proprietary software. The reads subsequently 
underwent alignment to the human reference genome (hg38 version). Variants underwent a comprehensive filtering process, 
which encompassed criteria such as alternative read depth; population frequency data sourced from 1000 Genomes, ESP 6500, 
ExAC, UK10K (control group), and gnomAD; and predictions from various software tools, including REVEL, PrimateAI, 
MetaLR, Mutation Taster, Mutation Accessor, FATHMM, SIFT, PolyPhen2, dbscSNV, SpliceAI and GERP. In addition, the 
analysis incorporated information from established databases such as dbSNP, HGMD, LOVD, and ClinVar. The classification 
of variants followed the guidelines outlined in the American College of Medical Genetics (ACMG) recommendations.8,9 

Protein visualization was performed with the PyMOL Molecular Graphics System, version 3.0.4, Schrödinger, LLC.

Sanger Sequencing
Sanger sequencing was employed as the verification method to validate the detected variants. The primers were designed 
to hybridize with DNA regions encompassing the specified variants. The primer design was executed via Primer3 input 
software (version 0.4.0). After the design phase, PCR amplification was conducted via PCR Master Mix (Promega, Cat. 
No. M7423). Following the amplification step, the resulting products were purified before sequencing. The BigDye 
Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific, No. 4337455, MA, USA) was used for sequencing, 
which was conducted on a 3500 Genetic Analyzer instrument (Thermo Fisher Scientific, MA, USA).

Results
Molecular diagnostics via an NGS panel revealed eight variants within the AR gene, four of which have not been 
described in the literature to date. A summary of the detected variants is shown in Table 1.
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Table 1 Summary of the Variants Identified in the Study

Sample name PK08 HR14 AR90 BK65 PM89 LO18 PK99 DR98

Nucleotide variant c.3G>A c.1344_1345insTA c.1768+2T>C c.2222C>T c.2257C>T c.2287C>G c.2302G>T c.2567G>A

Predicted Protein variant p.(Met1?) p.(Pro449Tyrfs*31) p.(?) p.(Ser741Phe) p.(Arg753*) p.(Leu763Val) p.(Asp768Tyr) p.(Arg856His)

Exon exon 1 exon 1 Intron 2 exon 5 exon 5 exon 5 exon 5 exon 7

Domain NTD NTD DBD LBD LBD LBD LBD LBD

PhyloP100 5.20 −0.347 7.84 6.10 3.15 7.84 9.85 10.0

REVEL 
>0.7

0.8 – – 0.98 – 0.95 0.97 0.97

PrimateAI 
>0.803

– – – 0.78 – 0.84 0.87 0.86

gnomAD v4.1.0 – – – – 0.000001650 – – –

dbSNP – – rs1555982894 – rs886039558 rs2147531071 – rs9332971

ClinVar – – P (1), LP (2) LP (1) P (3) – – P (5), LP (1)

Notes: Transcript: NM_000044.6. Protein reference: NP_000035.2. Genomic reference: GRCh38/hg38. 
Abbreviations: NTD, N-terminal portion of the androgen receptor; DBD, DNA-binding domain; LBD, ligand binding domain; P, pathogenic; LP, likely pathogenic.
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Sample: PK08
The detected NM_000044.6:c.3G>A p.(Met1?) variant is predicted to cause a start loss change. The variant was absent in 
control chromosomes in populational databases. The in silico tools predicted a pathogenic outcome for this variant. No 
clinical diagnostic laboratories have submitted clinical significance assessments for this variant to ClinVar or the other 
databases. Another start-lose variant was described as pathogenic in ClinVar. The detected variant was classified as 
pathogenic with 11 ACMG points (criteria: PVS1_strong, PS1, PM2, PP4).

Sample: HR14
The detected NM_000044.6:c.1344_1345insTA p.(Pro449Tyrfs*31) variant is predicted to cause a frameshift change 
involving the alteration of a nonconserved nucleotide. The variant results in nonsense-mediated mRNA decay. The 
variant was absent in control chromosomes in populational databases. The variant was not present in ClinVar or the other 
variant databases. The detected variant was classified as pathogenic with 11 ACMG points (criteria: PVS1, PM2, PP4).

Sample: AR90
The detected NM_000044.6:c.1768+2T>C variant is predicted to cause a splice donor change involving the alteration of 
a conserved nucleotide. Exon removal caused by the variant is predicted to result in a frameshift change. The variant was 
absent in control chromosomes in populational databases. Splice prediction tools predict alterations to normal splicing. 
The variant has been reported in ClinVar as pathogenic (1 submission) and likely pathogenic (2 submissions). The 
detected variant was classified as pathogenic with 10 ACMG points (criteria: PVS1_strong, PS4_moderate, PM2, 
PP3, PP4).

Sample: BK65
The detected NM_000044.6:c.2222C>T p.(Ser741Phe) variant is predicted to cause a missense change (Figure 1). The 
variant was absent in control chromosomes in populational databases. The in silico tools predicted a pathogenic outcome 
for this variant. The variant has been reported in ClinVar as likely pathogenic and in LOVD as pathogenic. Another 
variant affecting the same amino acid position but resulting in a different missense (ie, Ser741Cys) has been classified as 
pathogenic in ClinVar. The variant is localized in the hotspot region in the window of ± 8 amino acids, where ten 
missense changes were described as pathogenic, three as uncertain, and none as benign or likely benign. The detected 
variant was classified as pathogenic with 10 ACMG points (criteria: PS4_moderate, PM1, PM2, PM5, PP3, PP4).

Sample: PM89
The detected NM_000044.6:c.2257C>T p.(Arg753*) variant is predicted to cause a stop-gain change involving the 
alteration of a nonconserved nucleotide. The variant results in nonsense-mediated mRNA decay. The variant allele was 
found at a frequency of 0.000001650 in the GnomAD v4.1.0 database, with no homozygous or hemizygous occurrences. 
The in silico tools predicted a pathogenic outcome for this variant. The variant has been reported three times in ClinVar 
as pathogenic. The detected variant was classified as pathogenic with 14 ACMG points (criteria: PVS1, PS4_moderate, 
PM2, PP4).

Sample: LO18
The detected NM_000044.6:c.2287C>G p.(Leu763Val) variant is predicted to cause a missense change involving the 
alteration of a conserved nucleotide (Figure 2). The variant was absent in control chromosomes in populational 
databases. The in silico tools predicted a pathogenic outcome for this variant. The variant was not submitted to 
ClinVar or the other variant databases. However, it has been described in the literature as causal for CAIS.10 Another 
variant affecting the same amino acid position but resulting in a different missense (ie, Leu763Phe) has been classified as 
likely pathogenic in ClinVar. The variant is localized in the hotspot region in the window of ± 8 amino acids, where six 
missense changes were described as pathogenic, two as uncertain, and none as benign or likely benign. The detected 
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variant was classified as likely pathogenic with 8 ACMG points (criteria: PS4_supporting, PM1, PM2, PM5, PP3, 
and PP4).

Sample: PK99
The detected NM_000044.6:c.2302G>T p.(Asp768Tyr) variant is predicted to cause a missense change involving the 
alteration of a conserved nucleotide (Figure 3). The variant was absent in control chromosomes in populational 
databases. The in silico tools predicted a pathogenic outcome for this variant. The variant has been reported in LOVD 
as pathogenic. Another variant affecting the same amino acid position but resulting in a different missense (ie, 
Asp768Glu) has been classified as pathogenic in UniProt. The variant is localized in the hotspot region in the window 
of ± 8 amino acids, where seven missense changes were described as pathogenic, four as uncertain, and none as benign or 
likely benign. The detected variant was classified as likely pathogenic with 9 ACMG points (criteria: PS4_supporting, 
PM1, PM2, PM5, PP3, and PP4).

Sample: DR98
The detected NM_000044.6:c.2567G>A p.(Arg856His) variant is predicted to cause a missense change involving the 
alteration of a conserved nucleotide (Figure 4). The variant was absent in control chromosomes in populational 
databases. The in silico tool predicts a pathogenic outcome for this variant. In a UniProt entity ANDR_HUMAN, 
there are 26 pathogenic changes around, and none are benign. The variant has been reported in ClinVar as pathogenic (5 

Figure 1 PyMOL reconstruction of the p.Ser741Phe mutation: (a) p.Ser741= whole protein view; (b) p.Ser741Phe whole protein view; (c) p.Ser741= amino acid view; (d) p. 
Ser741Phe amino acid view.
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submissions) and likely pathogenic (1 submission). UniProt lists this variant as pathogenic. Another variant affecting the 
same amino acid position but resulting in a different missense mutation (ie, Arg856Cys) has been classified as pathogenic 
in ClinVar. The detected variant was classified as pathogenic with 10 ACMG points (criteria: PS4_moderate, PM1, PM2, 
PM5, PP3, PP4).

Discussion
Androgen insensitivity syndrome represents a significant clinical problem because of its impact on sexual development 
and the psychological burden it imposes on patients and their families. Molecular diagnostics play a crucial role in 
accurately diagnosing AIS, enabling appropriate clinical management and genetic counseling. The identification of 
specific AR gene mutations through molecular techniques provides a definitive diagnosis, which is essential for 
personalized treatment plans and informed decision-making for patients and their families. Genetic counseling based 
on molecular findings can offer insights into inheritance patterns, risks of recurrence, and potential implications for other 
family members.11,12 The introduction of next-generation sequencing (NGS) has significantly improved the detection rate 
of mutations associated with AIS. NGS allows for comprehensive screening of the AR gene and other related genes, 
thereby identifying common and rare causative variants. Despite its advantages, NGS has certain technical limitations, 
including difficulty in detecting large structural variations, variants in promoter, regulatory, and non-coding regions 
(3’UTR and 5’UTR), and regions with low coverage. Detection sensitivity is low and may not provide reliable results in 
the case of repetitive regions, regions with a high degree of homology, and low-level mosaicism. The widespread use of 

Figure 2 PyMOL reconstruction of the p.Leu763Val mutation: (a) p. Leu763= whole protein view; (b) p.Leu763Val whole protein view; (c) p. Leu763= amino acid view; (d) 
p.Leu763Val amino acid view.
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NGS has also introduced interpretative challenges, particularly in the classification of variants of uncertain significance. 
Reports describing identified mutations and their clinical implications are valuable for accurate classification. In the 
present study, four variants were previously described as causal for CAIS: c.2287C>G p.(Leu763Val),10 c.2257C>T p. 
(Arg753*),13–18 c.2302G>T p.(Asp768Tyr)18 and c.2567G>A p.(Arg856His).7,19–22 The c.2222C>T p.(Ser741Phe) and 
c.1768+2T>C p.(?) were submitted to public databases (ClinVar and LOVD); however, for the first time, they are 
described as causal for complete androgen insensitivity syndrome. According to the ACGS Best Practice Guidelines for 
Variant Classification in Rare Disease 2020,9 the PS4 pathogenic criterion can be applied if one affected individual is 
reported at the supporting strength level. If there are two or more individuals, it can be shifted to moderate what often 
changes the classification. Our data, together with publicly available databases, will allow clinical laboratories to increase 
the strength of PS4 in cases of c.2302G>T and c.2287C>G from likely pathogenic to pathogenic. Detection of the 
variants c.3G>A p.(?) and c.1344_1345insTA p.(Pro449Tyrfs*31), classified according to ACMG criteria as pathogenic, 
and describing them in the context of the patient’s phenotype also confirms their disease-causing effect. Notably, two of 
the eight detected variants are located in exon 1 of the AR gene, which is further evidence of the advisability of including 
this region in routine diagnostics,23,24 despite technical difficulties related to the polyglutamine tract present in this 
region. The findings from this study will facilitate the classification and interpretation of variants in clinical laboratories 
dealing with the molecular diagnostics of disorders of sex development. However, functional studies are essential to 
confirm the effects of novel variants on AR protein function and to understand the biological mechanisms underlying AIS 
in described cases.

Figure 3 PyMOL reconstruction of the p.Asp768Tyr mutation: (a) p.Asp768= whole protein view; (b) p.Asp768Tyr whole protein view; (c) p.Asp768= amino acid view; (d) 
p.Asp768Tyr amino acid view.
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Conclusion
This study presents a cohort of patients with molecularly confirmed androgen insensitivity syndrome, expanding the 
understanding of causative mutations in the androgen receptor gene. The discovery and reporting of new variants 
expands the knowledge of AR gene sequence variants and facilitates classification in routine clinical diagnostics. The 
study results align with the importance of accurate molecular diagnostics in AIS, contributing to more accurate 
diagnoses, better informed clinical management, and enhanced genetic counseling. To further improve the detection of 
pathogenic variants in the AR gene, continuous reporting of novel variants should be encouraged. This should occur in 
parallel with expanding diagnostic methods to assess a broader spectrum of potential genetic defects. Functional studies 
are also essential to validate the pathogenicity of novel variants and to provide deeper insights into their impact on AR 
protein function.

Data Sharing Statement
The variants analyzed in the study are deposited in ClinVar database (submission ID: SUB14653227). Accession 
numbers: SCV005187277.1, SCV005187278.1, SCV005187279.1, SCV005187280.1, SCV005187281.1, 
SCV005187282.1, SCV005187283.1, SCV005187284.1. The details are available from the corresponding author on 
reasonable request.

Figure 4 PyMOL reconstruction of the p.Arg856His mutation: (a) p.Arg856= whole protein view; (b) p.Arg856His whole protein view; (c) p.Arg856= amino acid view; (d) 
p.Arg856His amino acid view.
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