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Abstract

Context: Non-obstructive azoospermia (NOA) is the most severe form of male infertility, affecting 1% of all men, with a clinical picture
characterized by no sperm production, hyalinization of the basal membrane of the seminiferous tubules, primary hypogonadism, and earlier
onset of age-related comorbidities compared with fertile men. NOA is also characterized by etiologic heterogeneity and the non-genetic form
has higher incidence of testicular germ cell cancer (TGCC) compared to the forms with genetic abnormalities.

Objective: \We aimed to establish molecular pathways in the testicular somatic cells that are either shared or specific for non-genetic and genetic
forms of NOA, such as complete androgen insensitivity syndrome (CAIS) and Klinefelter syndrome (KS).

Methods: \We performed single-cell RNA sequencing of the testicular somatic cells of an individual with CAIS, and data integration with published
scRNA-seq datasets of testis with normal spermatogenesis, NOA, KS, and germinal testicular cancer. Detailed clinical data of the CAIS patient,
testosterone and estradiol levels in age-matched men (120 fertile, 155 infertile, 116 NOA, 18 KS, and 343 with TGCC) were analyzed.

Results: In all conditions, Leydig cells are immature and senescent, but those of NOA associated with primary hypogonadism depict the highest
expression of transcripts associated with the seminoma microenvironment, including estrogen-responsive genes. An oncological transcriptional
signature in the Leydig cells has been confirmed at the systemic levels by showing a prognostic role of the decreasing testosterone/estradiol ratio
for TGCC in men with non-genetic NOA.

Conclusion: This study offers molecular insights into the prediction of TGCC in persons with NOA and eligibility for the use of aromatase
inhibitors.
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Abbreviations: AFP, alpha-fetoprotein; AMH, anti-Miillerian hormone; AUC, area under the curve; BMI, body mass index; CAIS, complete androgen
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beta human chorionic gonadotropin; iLEY, immature Leydig cells; KS, Klinefelter syndrome; LDH, lactate dehydrogenase; LEY, Leydig; LH, luteinizing
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syndrome; scRNA-seq, single-cell RNA sequencing; T, testosterone; TESE, testicular sperm extraction; TGCC, testicular germ cell cancer; UMI, unique
molecular identifier.

Received: 28 February 20235. Editorial Decision: 10 July 2025. Corrected and Typeset: 29 July 2025

© The Author(s) 2025. Published by Oxford University Press on behalf of the Endocrine Society.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs licence (https://creativecommons.
org/licenses/by-nc-nd/4.0/), which permits non-commercial reproduction and distribution of the work, in any medium, provided the original work is not altered
or transformed in any way, and that the work is properly cited. For commercial re-use, please contact reprints@oup.com for reprints and translation rights for
reprints. All other permissions can be obtained through our RightsLink service via the Permissions link on the article page on our site—for further information
please contact journals.permissions@oup.com. See the journal About page for additional terms.

920z AINf 71 uo Jasn J13V44vY'S LNTVS VLA VLISHIAINN A 8560028/88€/2/1 | | /a[01HE/Wa0l/wod dno-olwspede//:sdiy Wwoij papeojumo(q


https://orcid.org/0000-0002-6904-9158
https://orcid.org/0000-0001-5731-5490
https://orcid.org/0000-0002-0595-7165
mailto:alfano.massimo@hsr.it
mailto:tascini.annasofia@unisr.it
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1210/clinem/dgaf404

The Journal of Clinical Endocrinology & Metabolism, 2026, Vol. 111, No. 2 389

Significance Statement

This study depicts molecular pathways in the somatic testis cells of complete androgen insensitivity syndrome,
and the specific and overlapping pathways with non-obstructive azoospermia and Klinefelter syndrome. The out-
puts from this study established a hormonal imbalance in men with non-obstructive azoospermia that is prognostic

of testicular germ cell cancer.

Testicular cancer represents the most prevalent solid neo-
plasm in male individuals aged 15 to 39 years, with incidence
rates rising 0.8 % per year over the last 10 years. Overall, tes-
ticular germ cell cancers (TGCC) have an excellent curable
rate, but chemotherapy or radiation treatments in young
men with a long-life expectancy may negatively impact on
their quality of life and fertility status (1). Impaired spermato-
genesis, including non-obstructive azoospermia (NOA), with
poor fertility outcomes, is one of the main features associated
with testicular malignancies (2-4).

Non-obstructive azoospermia is the most severe form of
male infertility affecting almost 1% of all men. Genetic defects,
such as azoospermia factor ¢ (AZFc) microdeletions in the Y
chromosome and the Klinefelter syndrome (KS), only explain
15% of all male infertility cases (5). Therefore, most cases re-
main idiopathic in their etiology, including those with NOA.
Despite the driving cause, all these forms of male infertility
share some common features. Indeed, idiopathic NOA and
KS share clinical characteristics, such as primary hypogonad-
ism and earlier onset of malignant and nonmalignant noncom-
municable diseases (ie, cardiovascular disease, diabetes
mellitus) (2, 3, 6) compared to fertile men of the same ethnicity
and comparable age (7-9). Regarding oncological disease, up
to 37% of men with NOA develop TGCC (2, 3). In contrast,
although men with KS have elevated risks of several cancers,
a potential increased risk for TGCC has not been undoubtedly
shown (10). From a pathologic standpoint, men with NOA are
also characterized by immature Leydig cells and hyalinized
basal membrane of the seminiferous tubules (11-13), along
with imbalanced levels of sex hormones (14-16), including an-
drogens and estrogens (17-20). An extreme phenotype of NOA
is observed in the complete androgen insensitivity syndrome
(CAIS), resulting in hyalinized basal membrane of the semin-
iferous tubule, disorder of sex development, and risk of testis
malignancy (21-23).

In this study, we aimed to establish clusters of testicular
somatic cell populations and molecular pathways that are
shared between different forms of NOA (ie, NOA and KS)
and CAIS, which could shed light on the development of prog-
nostic markers for TGCC in azoospermic men. Hence, we car-
ried out single-cell RNA sequencing (scRNA-seq) of the
testicular somatic cells of an individual with CAIS and ana-
lyzed published scRNA-seq datasets of testis with normal
spermatogenesis, NOA, KS, and TGCC.

Our findings depict molecular pathways in Leydig (LEY)
cells of NOA, KS, and CAIS to be associated with immaturity,
senescence, and oncological disease. The transcriptional signa-
tures have been confirmed at both tissue and systemic levels by
(i) providing evidence of indented nuclear envelope as a marker
of senescence of LEY cells in NOA, KS, and CAIS; and (ii) using
the analysis of peripheral level of testosterone (T) and estradiol
(E2) in 627 age-matched men and 116 men with NOA, we
show that 11% of men with NOA have TGCC and the T/E2
ratio is prognostic for TGCC in men with NOA.

Methods

Diagnosis of CAIS and Therapeutic Management

A 13-year old girl with 46,XY karyotype was followed for a
disorder of sex development, including the occurrence of bi-
lateral inguinal hernia at age 35, clitoral hypertrophy at age
12, and ultrasound imaging finding of a short and blind end-
ing vaginal canal, the lack of the uterus, and fibrotic testes in
place of gonads, without any anatomical alteration of the
liver, gallbladder, pancreas, spleen, kidneys, bladder, and
large abdominal vessels. Skeletal age was compatible with
that of a female individual of the same age, as measured
through x-ray bone scan and estimated by comparing with
established standards of Grulich and Pyle (24). The clinical
picture of CAIS was diagnosed due to HSD17B3 mutations
(transversion c¢.277+4A>T in heterozygosis in intron 3,
and intronic polymorphism ¢ —39A>G in heterozygosis).
The deficiency of HSD17B3 was confirmed by the hormonal
milieu, such as high level of basal gonadotropins follicle-
stimulating hormone (FSH) and luteinizing hormone (LH)
associated with high level of 17-hydroxyprogesterone, and
high ratio of androstenedione vs T and of T vs dihydrotes-
tosterone. The absence of the ovaries was confirmed by un-
detectable levels of E2 (Table 1). Other markers indicative of
the activity of the adrenal gland, as well as of the pituitary
gland, the thyroid, the parathyroid, and the pancreas, were
in the normal range, as well as the level of vitamins
(Table 1).

Next, the patient underwent estrogen replacement therapy
with LH-releasing hormone analogue (Decapeptyl) and E2
(Estraderm) since the first visit at age 13. At the age of 14,
15, 16, and 17 years, FSH and LH levels were reduced, to-
gether with drastic decrease of 17-hydroxyprogesterone,
androstenedione, and T, whereas E2 and anti-Miillerian hor-
mone (AMH) were increased. Over time, the patient was also
characterized by a steady decreased level of 25-OH vitamin D
(Table 1). Blood cell count, leukocyte formula, and urine ana-
lysis were always within normal ranges.

The common testicular tumoral markers levels (ie, alpha-
fetoprotein [AFP], beta human chorionic gonadotropin
[hCG], and lactate dehydrogenase [LDH]) remained within
the reference range (Table 1). Thus, according to international
guidelines, the patient underwent to bilateral orchiectomy at
the age of 17. At histological analysis, the removed gonadal
glands were characterized by hyalinized seminiferous tubules
with hypotrophic germ cells that did not reach maturation,
and the lack of LEY (Fig. 1).

Single-Cell RNA Sequencing Performance, Library
Preparation, Sequencing, and Alignment

Fresh testis sample from CAIS was washed twice in
phosphate-buffered saline and subjected to enzymatic
digestion and assayed for scRNA-seq as reported (12).
Approximately 2500 single cells were processed on the 10x
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Table 1. Hormonal and metabolic profile before and after estrogen replacement therapy in CAIS

Estrogen replacement therapy

Reference value for male >13 years

Age (Y) 13 14 15
Estrogen replacement therapy — + +
FSH 45.1 2.1 1.5
LH 17.6 1 0.6
17-OH-PR 2.84 0.9

Testosterone (T) 3.79 0.23 0.24
D4-AD 8.43 1.68 1.53
5a-DHT 242.9 <25

T/D4-AD 0.45

T/50-DHT 15.6

INB 44.2 41.2 70.1
Estradiol (E2) <25 <5 9
T/E2

AMH 1.78 9.64 229
PRL 25.4

DHEAS 2860 2280 2600
Cortisol 192 203

p-ACTH 39 23.9

FT4 1.19

TSH 1.8

p-PTH 33.9

Insulin 10.5

Folates 6.3

Vit B12 607

Vit D 39.3 39.7 23.4
AFP 1 <0.9
hCG <0.1 <0.2
LDH 203 208 200

16 17

+ +

<0.3 0.4 1.4-18.1 mU/mL*
1.7 6.3 1.7-8.6 mU/mL*

0.35 0.5-2.1 ng/mL*

0.31 0.33 0.28-11.1 ng/mL*
2.33 1.96 0.25-2.21 ng/mL*

250-999 pg/mL*

>0.8”

<5

5-341 pg/mL*
227 240 <58 pg/mL*
1.3
7.65 0.14-12.6 ng/mL*
66.3 2.8-29.2 ng/mL*
362 350-4300 ng/mL"
50-260 ng/mL*
7.2-52 pg/mL*
0.3-1.7 ng/dL*
0.25-5 uU/mL*
20-90 pg/mL*
2.6-25 mUI/mL*
>5.38 ng/mL*
211-911 pg/mL*
20-68 ng/mL*
<7 ng/mL*
<5 U/L*
125-220 U/L*

1.95 1.66

25.8 17.7

PTH and ACTH were measured in the peripheral plasma; all other analytes were measured in the peripheral serum. The estrogen replacement therapy (Decapeptyl,
Estraderm) was started after the screening at age 13. The surgical removal of testis was performed at age 17.

Abbreviations: 17-OH-PR, 17-hydroxy-progesterone; 5a-DHT, dihydrotestosterone; ACTH, adrenocorticotropic hormone; AFP, alpha-fetoprotein; AMH,
anti-Miillerian hormone; D4-AD, D4-androstenodione; DHEAS, dehydroepiandrosterone sulfate; FSH, follicle-stimulating hormone; FT4, free thyroxine; hCG,
human chorionic gonadotropin; INB, inhibin B; LDH, lactate dehydrogenase; LH, luteinizing hormone; PRL, prolactin; PTH, parathyroid hormone; TSH,

thyroid-stimulating hormone; Vit, vitamin.

“From the certified “Laboratory Medicine Service” of the San Raffaele Hospital.
From reference (25).

‘From reference (26).

Genomics Chromium platform, using the Single Cell 3’
Library & Gel Bead Kit v3 (10x). After quality control and
quantification with the Agilent TapeStation instrument, li-
braries were sequenced on the Illumina NovaSeq6000 plat-
form, generating approximately 100 000 reads per cell. Raw
sequencing data were demultiplexed using Cell Ranger
(v3.0.2) with the mkfastq function. Cell barcodes were identi-
fied and filtered using the whitelist and extract commands in
UMI-Tools (v1.0.0), with the cell number set to 5000 using
the —set-cell-number option. Reads were mapped to the
GRCh38 reference genome using STAR (v2.5.3a), and gene
assignment was performed with featureCounts (v1.6.4). The
resulting BAM file was sorted using Samtools (v1.9).
UMI-Tools count was then applied to process unique molecu-
lar identifiers (UMIs) aligned to each gene within each cell,
providing distinct, error-corrected UMI counts for each
gene. The UMI count table for each cellular barcode was
then utilized in subsequent analyses.

Analysis of CAIS Sample

Cells type identification and clustering were conducted using
Seurat (v4.4.0) in R (v4.3.3). A Seurat object was created
from the UMI count table, resulting in an average of 80 000
reads per cell and a median of 1560 genes per cell. Cells that
expressed fewer than 500 genes or had over 20% of reads
mapping to the mitochondrial genome (percent.mt) were ex-
cluded. The remaining cells were normalized and scaled, ad-
justing for RNA feature counts and percent.mt effects.
Principal component analysis (PCA) and unsupervised cluster-
ing were performed on the top 2000 highly variable genes us-
ing the first 20 principal components (PCs). The Seurat v4
graph-based clustering approach (using the FindNeighbours
and FindClusters functions) was applied with a resolution of
0.4. Clusters were visualized through UMAP dimensional re-
duction using the uwot package in R. Cell identity was as-
signed based on cluster MGs expression reported in
Fig. S1 (27).
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A Normal spermatogenesis
- W R -85 s o

B Non-Obstructive Azoospermia

Figure 1. Testis histology. Representative morphological analysis of testicular parenchyma with normal spermatogenesis (spermatozoa at different
stages of maturation in the seminiferous tubules) and clusters of LEY cells in the parenchyma obtained from a case of obstructive azoospermia due to
mutation of the cystic fibrosis transmembrane conductance regulator (CFTR) gene (A), and histological analysis of testes from NOA (B), KS (C), and

CAIS (D). *LEY cells. Scale bar: 50 um.

NOA, CAIS, KS, and Control Integration, LEY-Myoid
Cells Re-Clustering, and Differential Analysis on LEY
Cells

We re-analyzed count matrices for 3 men with NOA (Alfano et al
2021—GSE154535), 2 men with KS (Mahyari et al 2021—
GSE169062), and 9 healthy men (3 from Guo et al 2018—
GSE112013, 2 from Sohni et al 2019—GSE124263, and 4
young adults from Guo et al 2022—GSE182786). Gene annota-
tions were updated to GENCODE v31 using Ensembl IDs for
consistency across versions. All these samples were integrated
with our CAIS samples using the standard Seurat v4 workflow.
To identify cell populations, the Seurat v4 graph-based cluster-
ing approach (using the FindNeighbours and FindClusters func-
tions) was applied with a resolution of 0.2, and cell identities
were assigned as previously described in our work (12 ). LEY
and myoid (MYD) cells were subsetted and re-analyzed with
the standard Seurat v4 workflow, using a resolution of r=0.3
for cell partitioning. Differential gene expression analysis com-
paring all LEY cells from different pathologies (NOA, CAIS,
and KS) vs healthy samples was performed using Seurat’s
FindMarkers function with default parameters (Wilcoxon test,
logfc.threshold = 0.25, min.pct =0.1).

Enrichment Analysis

Enrichment analysis was performed on the marker genes of
each cluster in the CAIS sample (Supplementary File S1)
(27) and in the LEY-MYD cells re-clustering analysis
(Supplementary File S2) (27), as well as on differentially
expressed genes in LEY cells across NOA, CAIS, and KS sam-
ples vs controls (Supplementary Files S3-S6) (27). Genes with
a log fold change >0.25 or < —0.25 and an adjusted P value
< .05 were included to identify both upregulated and downre-
gulated pathways. Enrichment analysis used the EnrichR

package (v.2.1) across databases including GO_Biological _
Process_2021, GO_Cellular_Component_2021, GO_Molecular_
Function_2021, Reactome_2016, KEGG_2021_Human,
WikiPathways 2016, BioCarta_2016. To reduce pathway re-
dundancy and improve interpretability, significant pathways
(adj. P value < .05) were used to create Jaccard distance heat-
maps for the (Figs. S1 and S2) (27). Jaccard indices, calcu-
lated with the philentropy package (v.0.5.0), provided a
similarity measure between pathways, which were repre-
sented in adjacency matrices and visualized using pheatmap
(v.1.0.12).

LEY Cells Development Signatures

As previously reported (12), we combined data from 3 datasets
reporting scRNA-seq of neonatal, prepubertal, and adult human
testes (neonatal: GSE120506; prepubertal: GSE134144; adult:
GSE112013) and analyzed those according to the standard
Seurat workflow. Then, we subset and re-clustered only the
LEY cells, identifying 3 LEY cells at different stages of develop-
ment, defined as Stage A, associated with neonatal and early pre-
pubertal testis cells (1 and 7 years); Stage B, prepubertal testis
cells (13 years); and Stage C, adult testis cells (14 and 25 years).
By differential gene expression analysis, we identified the marker
genes for the 3 stages and defined 3 signatures considering each
cluster’s top 20 most significant marker genes (Supplementary
File S7) (27). Genes typically associated with spermatogenesis
(ie, PRM1,PRM2, and TNP1), due to ambient RNA in adult tes-
tis, were removed from Stage C’s gene signature.

Transcriptomics Signature of LEY Cell in the Context
of TGCC

We re-analyzed the data from Mo et al (28), available at the
GEO access number GSE197778. All 4 LEY cell sub-clusters
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in the seminoma microenvironment, as identified by the au-
thors, were combined into a single cluster (GCT-LEY). The
marker genes of the GCT-LEY cluster were assessed using
the Seurat function FindAllMarkers with the parameters on-
ly.pos = TRUE, min.pct=0.25, and logfc.threshold =0.25.
The signature was defined as the top 30 expressed markers
sorted by avg_log2FC.

Hematoxylin/Eosin and Immunostaining

Testis tissues with normal spermatogenesis (control [CTL])
were from men with obstructive azoospermia. Testis tissue
from CTL, NOA, and KS individuals were collected from mi-
crodissection testicular sperm extraction (microTESE), as re-
ported (12), and testis from CAIS were collected from
bilateral orchiectomy. Formalin-fixed paraffin-embedded
blocks were retrieved and stained using an automatic hema-
toxylin/eosin (HE) slide stainer (HistoCore SPECTRA ST,
Leica). Immunostaining was performed on 5 um dehydrated
FFPE tissue sections after antigen retrieval, and stain as re-
ported (12). An expert genitourinary pathologist reviewed
the slides.

Nuclear Membrane Circularity

Tissues stained for CALB2 (recognition of LEY cells) and
DAPI (visualization of nuclei) were assessed for the nuclear
membrane circularity using a plugin in Image] software,
whereby value 1 corresponds to a smooth nuclear surface
and 0 to high levels of nuclear indentation.

Hormonal Profile

A venous blood sample was drawn from each patient between
7 am and 11 am, after an overnight fast, and measured as pre-
viously reported (14). The following hormones were meas-
ured by electrochemiluminescence immunoassay (ECLIA)
method using the Cobas immunoanalyzer (Roche
Diagnostics, Monza [MB], Italy): follicle-stimulating hor-
mone (FSH; Roche Cat# 11775863, RRID: AB_2800499;
range of linearity = 0.3-200 mUI/mL, coefficient of variability
=1.9%); luteinizing hormone (LH; Roche Cat# 11732234,
RRID: AB_2800498; range of linearity = 0.3-200 mUI/mL,
coefficient of variability =2.9%); thyroid-stimulating hor-
mone (TSH; Roche Cat# 11731459, RRID: AB_2756377,;
range of linearity = 0.005-100 pUI/mL, coefficient of variabil-
ity =4.7%); 17-estradiol (E2; Roche Cat# 07027249190,
RRID: AB_2920599; range of linearity = 5-3000 pg/mL, coef-
ficient of variability =3.9%); testosterone (T, Roche Cat#
05200067, RRID: AB_2783736; range of linearity=
0.025-15 ng/mL, coefficient of variability = 3.2%); prolactin
(PRL, Roche Cat# 03203093, RRID: AB_2883976; range of
linearity = 0.1-470 ng/mL, coefficient of variability =4.3%);
cortisol (Cort, Roche Cat# 06687733, RRID: AB_2802131;
range of linearity = 0.054-63.4 pg/dL, coefficient of variabil-
ity =1.4%); anti-Miillerian hormone (AMH; Roche Cat#
06331076, RRID: AB_2895131; range of linearity=
0.01-23 ng/mL, coefficient of variability =1.2%); parathy-
roid hormone (PTH 1-84, Roche Cat# 07027745190,
RRID: AB_2895650; range of linearity =2.4-5000 pg/mL,
coefficient of variability=1.6%); insulin (Roche Cat#
07027559, RRID: AB_2909455; range of linearity=
0.4-1000 pUI/mL, coefficient of variability =1.4%); free
beta subunit of chorionic gonadotropin (bhCG; Roche Cat#

03271749, RRID: AB_2895132; range of linearity =
0.3-190 UI/L, coefficient of variability = 1.3%); adrenocorti-
cotropic hormone (ACTH; Roche Cat# 08946728, RRID:
AB_3678556; range of linearity =1.5-2000 pg/mL, coeffi-
cient of variability = 1.2%); dehydroepiandrosterone sulfate
(DHEAS; Roche Cat# 03000087, RRID: AB_2909490; range
of linearity =0.2-1000 pg/dL, coefficient of variability =
3.2%); free thyroxine (FT4, Roche Cat#07027397190,
RRID: AB_2801661; range of linearity =0.03885-7.77 ng/
dL, coefficient of variability=1.4%); androstenedione
(D4-AD; Roche Cat# 07679831190, RRID: AB_3075346;
range of linearity = 0.15-10 ng/mL, coefficient of variability =
3.0%).

An enzyme-linked immunosorbent assay (ELISA) was used
to measure the following hormones: inhibin B (Inhibin B Gen
II Beckman Coulter Cat#A81303, RRID: AB_28274035; range
of linearity =2.6-1000 pg/mL, coefficient of variability =
4.3%); 17-OH-progesterone (17-OH-PR; DRG International
Cat#EIA-1292, RRID: AB_2895664; range of linearity =
0.034-20 ng/mL, coefficient of variability =10.0%); 5-alpha
dihydrotestosterone (DHT; Tecan (IBL) Cat#DB52021,
RRID: AB_2801465; range of linearity = 25-2.500 pg/ng/mL,
coefficient of variability = 10.0%).

Non-Hormonal Assays

The following analytes were measured by the ECLIA method
using the Cobas immunoanalyzer (Roche Diagnostics, Monza
(MB), TItaly): vitamin B12 (Vit B12; Roche Cat#
07028121190, range of linearity = 100-2000pg/mL, coeffi-
cient of variability =2.3%); folate (Folate; Roche Cat#
07027290190, range of linearity = 0.6-20 pg/mL, coefficient
of variability =2.2%); Vitamin D (Vit D; Roche Cat#
09038078, range of linearity = 6-120 ng/mL, coefficient of
variability = 3.0%); alpha-fetoprotein (AFP; Roche Cat#
07026706190, range of linearity= 0.908-1210 ng/mL ng/
mL, coefficient of variability = 1.0%); lactate dehydrogenase
(LDH; Roche Cat# 05169330, range of linearity=
10-1000 U/L, coefficient of variability = 1.1%).

Statistical Methods

We applied receiver operating characteristic (ROC) curve ana-
lysis to evaluate the predictive accuracy of the T/E2 ratio. The
area under the curve (AUC) was calculated with 95% CI to
quantify discriminative ability. The optimal cutoff value was
determined using the Youden index (maximum sensitivity +
specificity — 1). To assess the clinical utility of this marker at
the identified threshold, we performed decision-curve analysis
to quantify the net benefit across a range of clinically relevant
threshold probabilities.

Ethics

Data collection followed the principles outlined in the
Declaration of Helsinki; all patients signed an informed
consent agreeing to provide their own anonymous informa-
tion and tissue specimens. The informed consent for the per-
son with CAIS was signed by the parents. The study was
approved by the Institutional Review Board (Ethics
Committee IRCCS Ospedale San Raffaele, Milan, Italy),
and was composed of 2 protocols for collecting data and using
bio-specimens from infertile (Authorization Protocol
Infertilita-2015, amended on March 2016) and fertile men
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(Authorization Protocol URIMALES-2016, further amended on
March 2018), and 1 protocol for biobanking (Authorization
Protocol URIO01-2010, further amended on December 2015
and April 2019). All methods were carried out in accordance
with the approved guidelines.

Results

Histology of Testes With Normal Spermatogenesis,
NOA, and KS

Specimens of testis parenchyma of men with normal sperm-
atogenesis, NOA, and KS were obtained by microTESE. The
testis with normal spermatogenesis of a case with obstructive
azoospermia was used as a reference, showing sperm cells at
different stages of maturation in the seminiferous tubules
and cluster of LEY cells in the parenchyma (Fig. 1A).
Conversely, testes from NOA and KS were characterized by
sclerosis of the basement membrane of the seminiferous tu-
bules, absence of germ cells compatible with Sertoli cell-
only syndrome (SCOS) and the presence of hyperplastic
LEY cells (Fig. 1B and 1C).

Histology of Testis With CAIS

The diagnosis of CAIS (21) was based on the clinical picture of
androgen insensitivity syndrome due to HSD17B3 mutations
(transversion ¢.277+4A>T in heterozygosis in intron 3, and
intronic polymorphism c—=39A>G in heterozygosis). The defi-
ciency of HSD17B3 was confirmed by the hormonal milieu,
that is, high basal FSH and LH levels associated with high level
of 17-hydroxyprogesterone, along with high ratio of andro-
stenedione/T and of T vs dihydrotestosterone. Likewise, the
diagnosis was confirmed because of a phenotype characterized
by the disorder of sex development at puberty (Table 1). To
prevent testicular malignancy (22), and to promote the devel-
opment of the female phenotype and female gender identity,
this individual underwent 4-year estrogen replacement ther-
apy (29) before testis removal at age of 17 years and continued
the same therapy (Decapeptyl FL 3.75 mg every 84 days,
Estraderm—Estreva gel 3 puffs/day) after orchiectomy. Four
years after estrogen replacement therapy, T/E2 ratio was 1.3
(Table 1), similar to what reported in women (about 5) (30)
during the reproductive age. The morphological analysis of
the testicular parenchyma depicted the presence of sclerosis
of the basement membrane of the seminiferous tubules, and
the absence of germ cells, thus being compatible with SCOS,
as previously reported for men with androgen insensitivity
syndrome due to androgen receptor mutations (22), as well
as for NOA and KS. Furthermore, CAIS was characterized
by the absence of recognizable LEY cells in testicular paren-
chyma (Fig. 1D).

ScRNA-seq of CAIS Testis

We performed single-cell RNA sequencing on a freshly iso-
lated specimen of CAIS testis. After filtering out poor-quality
cells, a total of 2558 somatic cells were analyzed. The Seurat
standard graph-based clustering approach was used for cell
partitioning and cluster identification, and the 7 identified
cell clusters shown in the UMAP (31) plot (Fig. 2A). The
main somatic cell populations were identified using previously
determined cell type marker genes (32, 33) (Fig. 2B). More
than 50% of somatic cells expressed markers of LEY cells,
and 3 subpopulations were identified as mature LEY (mLEY

that included INSL3 among the top 10 marker genes), imma-
ture LEY (iLEY that included DLK1 among the top 10 marker
genes) and cells with a mix phenotype of peritubular myoid
(LEY/MYD) cells. Moreover, the other populations were mac-
rophages (MCR), pericytes (PER), Sertoli (SRT) and endothe-
lial cells. Of note was the lack of a clear population of MYD
cells (Fig. 2C).

To deepen the characterization of the LEY/MYD
population and of each somatic cell population in the CAIS
case (Fig. 2D), we applied functional enrichment analysis to
the specific marker genes of each cluster (Fig. 2E,
Supplementary File S1 (27)). Of the pathways specific for
LEY/MYD cells, the “smooth muscle cell contraction” al-
lowed us to define this cell cluster as classical peritubular cells,
although with a mixed phenotype with that of LEY. This cell
cluster with mixed characteristics may be explained by the
common origin of LEY and MYD cells from the embryonal
mesonephron (34), and the incomplete differentiation of
MYD that normally mature at puberty in response to in-
creased androgen production (35). The phenotype of LEY/
MYD has been shown to persist in human testis until puberty,
then segregating into LEY and MYD (36, 37) cells. Other
pathways that were specific for the LEY/MYD cells included
response to and the metabolism of metal ions, which could re-
present a consequence of an incomplete maturation of the
LEY cells and the stage-specific expression of metal ion bind-
ing protein (38).

Likewise, iLEY cells showed characteristics of fetal LEY cells
in the undifferentiated state producing androstenedione—
present at a very high level in this 17-year-old patient
(Table 1)—which is converted to T by HSD17B3 (39), indeed
mutated in this individual. Furthermore, iLEY cells were en-
riched also for the pathways of regulation of the “complement
activation,” “immune response,” and “cellular senescence.”

Pathways specific to mLEY were all related to the synthesis
of steroid and cholesterol. The mLEY cells, compared to the
iLEY and LEY/MYD populations, were enriched for path-
ways upstream T synthesis, as steroids and cholesterol biosyn-
thesis, which can be explained by increased feedback due
to the lack of T synthesis in this individual, because of the
presence of HSD17B3 mutations.

As expected, macrophages were enriched for specific path-
ways related to the immune system and endothelial cells
were enriched for specific pathways related to vasculogenesis,
respectively. Sertoli cells were enriched for pathways associ-
ated to male gonad development and apoptosis, and pericytes
were enriched for pathways associated to smooth muscle con-
traction and cellular adhesion, respectively.

Integration of CAIS Sample With NOA, KS, and
Normal Spermatogenesis

To investigate the molecular pathways associated with the im-
paired T/E2 ratio, we also analyzed published data (Table 2
and Table S1 (27)) from 9 control (CTL) adult testicular tis-
sues reported in a study that analyzed 10 327 testis somatic
cells (32, 40, 41), 3 testis samples from men with NOA for a
total of 3860 somatic cells (12), and testis tissue from 2 men
with KS for a total of 4227 somatic cells (42), by applying
the same cell partitioning protocol used for the CAIS sample.
After data integration, 7 cell clusters were identified and rep-
resented for all conditions (Fig. 3A). Concerning the resident
immune cells, the presence of the cell cluster identified as
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Figure 2. ScRNA-seq of the testis from an individual with Morris syndrome. A) UMAP plot at resolution of 0.4 representing testis cells from a tissue
sample of CAIS patient. B) UMAP plots showing the expression patterns of selected marker genes used to identify testis cell types. C) Relative
abundance of cell populations in CAIS sample. D) Heatmap showing the expression signature of the top 10 expressed genes in each cluster. E)
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Selection of significant pathways from Supplementary File S1 for each cluster (27).

T lymphocytes (TCL), that was absent in the CTL and CAIS,
was particular to the azoospermic groups with NOA and KS,
while macrophages were present in all conditions (Fig. 3B).

Likewise, endothelial cells were present in all conditions,
with a proportional representation of pericytes in all condi-
tions (Fig. 3B). Similarly, MYD and SER cells were also
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Table 2. Sample sizes and sources employed in each type of analysis
carried out in this study

ScRNA-seq n References
Complete androgen insensitivity syndrome (CAIS) 1 GSE298368
Re-analysis of scRNA-seq published datasets
Normal spermatogenesis 9 (32, 40, 41)
LEY immature 7 (32, 36, 40)
LEY in seminoma environment 1 (28)
KS 2 (42)
NOA 3 (12)
Peripheral level of testosterone and estradiol in men
Fertile 120 This study
Idiopathic infertile 155 This study
KS 18 This study
NOA 103 This study
NOA with TGCC 13 This study
TGCC 50 This study
293 (43)

Details about SCRNA-seq datasets are reported in Table S1. (27)
Abbreviations: KS, Klinefelter syndrome; LEY, Leydig cells; NOA,
NON-OBSTRUCTIVE azoospermia; TGCC, testicular germ cell cancer.

present in all conditions, although less represented in KS
(Fig. 3B). A striking difference was in the relative abundance
of LEY cells in disease tissue vs CTL condition (Fig. 3B).
Since we have noted a pathway toward impaired differenti-
ation of LEY cells associated with an abnormal T/E2 ratio in
CAIS, we hypothesized that this hormonal ratio could be rep-
resentative of the degree of mature/immature stage of the testis
somatic cells. We assayed the stage of differentiation of LEY
cells in the entire cohort of men; thus, the transcriptional signa-
tures of the early, intermediate, and late stages of LEY cell dif-
ferentiation (A, B, and C, respectively) were extracted from
available datasets (32, 36) (Supplementary File S7 (27)) and
tested within the transcriptional profiles of LEY cells of our co-
horts. Of all, controls have a greater expression of the Stage C
signature, which is typical of the postpubertal maturation
stage (Fig. 3C). Non-obstructive azoospermia cells were stuck
at stage B (pubertal) and characterized by the overexpression
of several genes involved in the extracellular matrix (ECM) or-
ganization; this process is particularly relevant since hyaliniza-
tion of the seminiferous tubules is present in the testis of adult
men with NOA, and these findings allow us to hypothesize that
this process already begins at the pubertal stage. LEY cells of
the infertile groups characterized by a genetic condition, name-
ly, KS and CAIS, were stuck at stage A (neonatal) and charac-
terized by cellular response to cytokines; furthermore, the
transcriptional profile of LEY cells of KS was also enriched
in terms of negative regulation of transcription from RNA
polymerase II promoter in response to stress (Fig. 3D).

Re-Clustering of LEY and MYD Cells

Having shown that CAIS was characterized by the presence of
mixed LEY/MYD subpopulation, we re-clustered LEY and
MYD cells from all cohorts of testis to explore cell subpopu-
lations in the other cohorts. We identified 8 cell subpopula-
tions (Fig. 4A) that were differently distributed among the 4
cohorts (Fig. 4B). Cluster 5 was present only in CAIS, and

cluster 7 only in KS (Fig. 4B). Cluster 6 was enriched in azoo-
spermic men (ie, NOA and KS) vs CTL (Fig. 4B).

Functional enrichment analysis showed that cluster 5 was
enriched for the Oncostatin M Signaling Pathway, cell re-
sponse to cytokines and negative regulation of the cell cycle.
Cluster 7 was enriched for several pathways associated with
the formation and transport of membrane vesicles from the
ER to the Golgi apparatus and MHC protein complex.
Cluster 6 was enriched for pathways related to the intracellu-
lar storage of iron ions and protein synthesis (Fig. 4C,
Supplementary File S2 (27)).

The 8 cell subpopulations in the CAIS revealed that the clus-
ter 5 was composed of LEY/MYD (Fig. 4D), in agreement
with previous reports showing that LEY/MYD mature to
LEY and MYD after male puberty (36, 37), a condition that
was not reached in the individual with CAIS and was even in-
hibited by the 4 years of estrogen replacement therapy. In con-
clusion, the re-clustering of LEY and MYD cells allowed us to
appreciate the existence of a peculiar subpopulation of LEY
cells only in the CAIS, which has a phenotype of LEY/MYD
and characterized by the Oncostatin M Signaling Pathway.

Shared Upregulated and Downregulated Pathways
in the LEY Cells of Infertile Men

Functional enrichment analysis was used to identify those gene
ontologies and pathways in LEY cells shared among CAIS, KS,
and NOA individuals vs those with normal spermatogenesis
(Supplementary Files S3 and S4 (27) for upregulated pathways,
Supplementary Files S5 and S6 (27) for downregulated path-
ways). Jaccard distance heatmaps were used to group and se-
lect the pathways (Fig. S2 (27) for upregulated pathways,
Fig. S3 (27) for downregulated pathways), and the most repre-
sentative gene ontologies were reported in the heatmaps.

Men with KS represented the cohort with the highest num-
ber of upregulated pathways, followed by NOA and CAIS.
The upregulated pathways shared among the 3 cohorts of in-
fertile individuals constituted 7.8% (Fig. SA). Among the 3
conditions, the shared upregulated pathways in LEY cells
were related to Oncostatin M, Senescence and autophagy in
cancer and TGFb signaling (Fig. 5B), all of them associated
with cellular senescence and aging-related pathology (44, 45).

Men with KS also represented the cohort with the highest
number of downregulated pathways, followed by NOA and
CAIS. The number of downregulated pathways shared among
the 3 cohorts of infertile individuals represented 8.9%
(Fig. 5C). Among the 3 conditions, the shared downregulated
pathways in LEY cells were related to (i) focal adhesion, which
includes cell-substrate junction associated to down-
modulation of surface protein such as integrin f1 and
CD151, and homotypic cell-cell adhesion that are indicative
of poorly differentiated cell phenotype; and (ii) elastic fiber
formation as downregulated expression of ECM proteins elas-
tin, Microfibril Associated Protein 2, Latent Transforming
Growth Factor Beta Binding Proteins and TGFB1 (Fig. 5D).

Therefore, despite different maturation stages and differen-
ces among different populations, LEY cells from these men are
shared (Supplementary results) (27).

Senescence of LEY Cells in NOA, KS, and CAIS

The transcriptional profile of LEY cells in all analyzed condi-
tions (ie, NOA, KS, and CAIS) revealed a phenotype associated
with cellular senescence. We found that the nuclear envelope of
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Figure 3. Integration of CAIS sample with NOA, KS, and CTL from the literature. A) UMAP plot resulting from the integration of somatic testis cells of
CAIS with 3 samples of NOA, 2 samples of KS, and 9 samples of normal CTL reported in Table S2 (27). B) Relative abundance of cell populations in CTL,
NOA, CAIS, and KS samples. C) Violin plots compare expression levels of Stage A-C signatures of LEY cell maturation in CAIS, NOA, and KS vs healthy
donor (2-sided Mann Whitney test). Signatures were established by combining 3 datasets reporting single-cell RNA seq of neonatal, prepubertal, and
adult human testis analysis recently detailed (12); for the CAIS sample all LEY phenotypes (mLEY, iLEY, and LEY/MYD) were pulled together. D)
Heatmaps showing the average expression of the genes in the 3 stages signatures of LEY with hierarchical clustering of genes. Heatmaps were
produced with the R library pheatmap v1.0.
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Figure 4. Re-clustering of LEY and MYD cells. A) UMAP plot showing the re-clustering of integrated LEY and MYD cells from CAIS, NOA, KS, and CTL

samples. B) Relative abundance of cell subpopulations in LEY-MYD re-clusterin
of the 8 clusters derived from LEY-MYD re-clustering (Supplementary File S3)
samples (LEY/MYD, iLEY, and mLEY) across LEY-MYD sub-clusters of cells.

LEY cells in all diseased conditions was distorted compared to
control LEY cells in the testis with normal spermatogenesis,
with nuclear envelopes significantly more indented than LEY
cells CTL, as assessed by the nuclear circularity parameter
(Fig. SE). Likewise, the shape and invagination of nuclear en-
velope reported here for LEY cells of NOA, KS, and CAIS
are reminiscent of nuclei structure observed in aging and sen-
escence, as well as in patients with nuclear envelopathies (46).

g. C) Top 10 most significant pathways enriched from the marker genes
(27). D) UMAP plots highlighting the 3 clusters of LEY cells in CAIS

LEY Cells From Men With NOA Express Gene
Signature Associated With Seminoma
Microenvironment

From the analysis of the shared pathways, for all pathological
conditions (ie, NOA, KS, and CAIS), the LEY cells showed a
phenotype associated to cancer (ie, Oncostatin M, TGF-B sig-
naling and decreased cell-cell and cell-matrix adhesion). To
deepen the characterization of LEY cells in the disease
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Figure 5. Senescence phenotype of LEY cells in NOA, KS, and CAIS. A) Venn diagram of the intersection of up-modulated pathways enriched in LEY
cells for the comparisons CAIS vs CTL, NOA vs CTL, and KS vs CTL. The pathways were filtered out for p.adj value higher than 0.05, and at least 5
modulated genes (Supplementary Files S3 and S4) (27). B) The pathways passing the gene ratio filter >10% were used to plot the heatmap. Pathways
were placed in a custom order to highlight pathways shared among conditions or specific to one condition. C) Venn diagram of the intersection of
downmodulated pathways enriched in LEY cells for the comparisons CAIS vs CTL, NOA vs CTL, and KS vs CTL. The pathways were filtered out for p.adj
value higher than 0.05, and at least 5 modulated genes (Supplementary Files S5 and S6) (27). D) The pathways passing the gene ratio filter >20% were
used to plot the heatmap. Pathways were placed in a custom order to highlight pathways shared among conditions or specific to one condition;
pathways shared between NOA and KS are not reported because they did not pass the gene ratio filter. E) Quantification of the circularity of the nuclear
envelope of LEY cells, as proxy for nuclear envelope deformation in NOA, KS, and CAIS. CTL, n =4 independent donors both for a total of 97 LEY cells;
NOA, n =4 independent donor for a total of 86 LEY cells; KS, n = 3 independent donors both for a total of 62 LEY cells; CAIS, n= 1 independent donor for
a total of 54 LEY cells. Red bars represent mean + SEM; ANOVA test. F) Representative images used for the quantification of the circularity of the
nuclear envelope of LEY cells. LEY cells were identified by immunofluorescence staining of lineage-specific marker CALB2, and chromatin by DAPI.
Two representative images of the testis parenchyma with normal spermatogenesis from 2 independent donors showing the regular shape of the
nuclear envelope of LEY cells, and one image representative of the testis parenchyma of NOA, KS, and CAIS showing the presence of several nuclei of
LEY cells with indented nuclear envelope. Sperm cells (Sp), meiotic cells (Me), peritubular myoid cells (My), and Sertoli cells (Se) that are recognized for
the presence of a characteristic DAPI-negative condensed nucleolus.
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expression level of the GCT signature of LEY cells for condition, with statistical analysis for each group vs NOA condition (B).

conditions, we extracted the transcriptional signatures from
scRNA-seq of LEY cells isolated from a testis with metastatic
seminoma (28) and compared it to the transcriptional profiles
of LEY cells in our cohorts (Fig. 6A).

The LEY cells of NOA have the greatest rate of overexpres-
sion of germ cell tumor-associated transcriptomic signature
compared to the other cohorts (Fig. 6B). This information is
in agreement with clinical reports; indeed, in CAIS individual,
the testes are usually removed to prevent the occurrence of tes-
ticular malignancies; KS individuals have elevated risks of sev-
eral cancers, but not testis (10); moreover, among all infertile
categories, men with NOA are those with the highest risk of
developing TGCC (2, 3). Of the deregulated transcriptional
signature in NOA LEY cells, several gene products are en-
gaged in the extracellular matrix assembly (Col 1A1, LUM,
CD248, COL 3A1, OGN, ADAMTSS, Decorin, Asporin,
Fibrilln 1, C170rf58), and cell adhesion to ECM (POSTN,
TNXB, SEMA3C). Furthermore, men with NOA, of the
modulated genes in the LEY cells of the CPE, COL1A1,
and GAS1 have been reported to be modulated by estrogens
(47-49).

Testosterone/Estradiol Ratio Is Decreased Both in
Men With NOA and Men With TGCC

LEY cells are the primary site of T production and conversion
to E2 by the Aromatase P450 (CYP19A1). The impact of al-
tered balance between sexual hormones has been reported
and represents the basis of sexual dimorphism and infertility
(50). Thereof, we speculated that T/E2 ratio could be used
as a marker of LEY function in men with idiopathic infertility,
thus including NOA.

Several reports showed the levels of sex hormones in infertile
men compared to age-matched individuals, but without re-
porting the fertility status of the control group. Here, we meas-
ured the levels of sex hormones in age-matched men with
proven fertility and infertility status (Table 2). Testosterone
and E2 levels were measured from blood samples collected be-
tween 7 and 10 AM in a fasting state from a total of 374 men
aged 18 to 42 years, as follows: 120 fertile men (median
[IQR] age 35 years [32-38]); 155 men with idiopathic male fac-
tor infertility (37 years [34-40]); 103 men with NOA (36 years
[33-40]); and 18 men with KS (37 years [32-39]), respectively.

A significant and gradual decrease in T levels was demon-
strated in non-NOA infertile men, men with NOA, and men
with KS, as compared with fertile men. In contrast, a gradual
increase was observed for the E2 levels (Fig. 7A and 7B). The
ratio between T and E2 was then established, after normaliz-
ing the unit of measurement using the formula (T*1000)/E2).
The T/E2 ratio was found to be reduced in idiopathic infertile
vs fertile men and further reduced in men with NOA (Fig. 7C),
thus indicating that men with NOA expressed the greatest
hormonal imbalance among idiopathic infertile men. The T/
E2 ratio was further reduced in NOA due to a genetic back-
ground, as in the men with KS (Fig. 7C).

In addition to the 103 men with NOA reported above, 9
NOA men (35 years [32-41]), who had been referred for cou-
ple infertility and underwent microTESE, were diagnosed
with TGCC at the time of surgery. The whole cohort did
have conventional tumoral markers (ie, LDH, AFP, and
hCG) within the normal range. Moreover, suspected testicular
masses were found in 4 patients with NOA at ultrasound in-
vestigation throughout the diagnostic workup and the testes
were removed during onco-microTESE due to seminomas at
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E2 ratio value of 130 on the prediction of TGCC in NOA men (H).

frozen sections. Overall, our cohort consisted of 13 men with
concomitant NOA and TGCC.

To establish the clinical relevance of T/E2 ratio in the con-
text of TGCC, we compared the T/E2 ratio measured in fertile
men vs a cohort of age-matched men with a confirmed TGCC.
The TGCC cohort comprised 50 men enrolled at the same
Institute and by the re-analysis of a cohort from a public data-
set consisting of 293 men with a pathologically confirmed
TGCC (43). The 2 cohorts were comparable in terms of age,
T and E2 levels, and T/E2 ratio (Fig. S4) (27). Thereof, data
were pulled together for a total of 343 men with TGCC.

The T/E2 ratio in fertile non-neoplastic men was the highest
compared to all other tested conditions (223 [169-306]) and
constantly decreased in men with TGCC (148 [98-216]),
with NOA (147 [101-212]) and with both NOA and TGCC
(119 [59-168]) (Fig. 7D-7F). No significant difference was
identified among the cohorts of men with disease (Fig. 7D-7F).

Predictive Role of T/E2 for TGCC in NOA

Univariable and multivariable logistic regression models were
used to assess the potential role of T/E2 ratio to predict the
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risk of men with NOA to develop TGCC. Both NOA men
with and without malignancies were used (Table S2) (27).
At univariable analysis, lower levels of T (odds ratio [OR] =
0.571; 95% CI=0.326-0.9; P=0.03) and of T/E2 ratio
(OR=0.987;95% CI=0.976-0.998; P =.0289) were associ-
ated with the presence of TGCC (Table S3) (27). The analysis
was then implemented for possible confounders such as age
and body mass index (BMI), as both parameters can have an
impact on the extra-gonadal conversion of T to E2 due to
the expression of the aromatase P450 in extra-gonadal or-
gans, including fat tissue (51). After adjusting for those varia-
bles, the T/E2 ratio was still independently associated with
TGCC in men with NOA, regardless of BMI (OR =0.987;
95% CI=0.974-0.997; P =.028) or age (OR=0.987; 95%
CI=0.974-0.997; P =.028) (Table $4) (27).

To quantify discrimination of TGCC in men with NOA
based on T/E2 ratio, the AUC of the ROC-curve was esti-
mated (Fig. 7G), with AUC of 0.69 (95% CI: 0.54-0.85,
P =.0239). Using the Youden index (J = 0.256), we identified
an optimal cutoff value of 130 for the T/E2 ratio, correspond-
ing to a sensitivity of approximately 0.62 and specificity of
0.64. The decision-curve analysis revealed that using the T/
E2 ratio with the established cutoff of 130 provided a stand-
ardized net benefit of 0.233 across clinically relevant risk
thresholds (Fig. 7H).

Using the T/E2 ratio at the cutoff value of 130, this model
would result in a net gain of 23 true positives for every 100 pa-
tients, after accounting for the harm of false positives. The T/
E2 ratio at the cutoff value of 130 helps identify meaningful
cases of TGCC in patients with NOA while avoiding unneces-
sary interventions in most non-cases. The T/E2 model offered
superior net benefit compared to the “treat all” approach for
risk thresholds between approximately 0.05 and 0.3, with
the greatest relative advantage observed in the threshold range
of 0.15 to 0.25.

Discussion

This study reports the first scRNA-seq analysis of the testis in
an individual with CAIS phenotype, associated with a
X-linked recessive condition due to natural mutations of the
enzyme HSD17B3 responsible for T production. The rele-
vance of such a dataset resides in the fact that it derives
from a natural mutation that impairs T production, and the
clinical management of this individual with estrogen therapy
recapitulates a few of the conditions observed in men with
NOA, such as the unbalanced T/E2 ratio in both men with
NOA and KS. Comparison among scRNA-seq datasets un-
veils pathways that allow a better understanding of NOA,
and particularly those forms not associated with genetic
abnormalities.

The analysis of upregulated/downregulated pathways re-
vealed that LEY cells senescence occurs among NOA (12),
KS, and CAIS individuals. The relationship between cellular
senescence and interaction with ECM has only recently been
unveiled, but further reports show that decreased focal adhe-
sion signaling induces cellular senescence (52) and fibrosis in
the experimental autoimmune orchitis-induced senescence of
LEY cells (53).

Unbalanced composition of the ECM of the basal mem-
brane of the seminiferous tubules has been reported for
NOA (13). In agreement, our data showed that testicular par-
enchyma of men with NOA, KS, and CAIS is characterized by

fibrosis (ie, hyalinization of the basal membrane of the semin-
iferous tubules and increased TGFB signaling by LEY cells)
and an unbalanced composition of the ECM. Moreover,
LEY cells are senescent and undifferentiated, although the
stage of maturation is different between NOA (stage B, pre-
pubertal) and KS and CAIS (stage A, neonatal).

In addition to the pathways shared with NOA and KS, indi-
cating an unbalanced ECM composition, the increased re-
sponse to metal ions is peculiar for the LEY cells from CAIS.
This pathway is indicative of a cellular response to the accumu-
lation of metal ions in the extracellular space, to maintain metal
homeostasis and to avoid cytotoxicity (54). Accumulation of
divalent metal ions has been reported in association with
ECM remodeling and tumor invasion (55); these sets of path-
ways in the CAIS testis could also be representative of a
neoplastic-like environment, as potentially suggested by the
high frequency of testicular malignancy in prepubertal and pu-
bertal patients with AIS (56).

The strength of this study was the analysis of a substantial
cohort of infertile and age- and ethnicity-matched fertile indi-
viduals to establish the actual role of T/E2 ratio. Of infertile
categories, the azoospermic men are those with the highest
risk of developing testis cancer, ranging between 10% and
37% for those with SCOS (2, 3). Moreover, LEY cells hyper-
plasia and dysfunction have been associated with TGCC (57,
58). The histological analysis and the relative abundance of
LEY cells by scRNA-seq showed LEY cells hyperplasia in
KS and NOA, which is related to their degree of differenti-
ation at the prepubertal stage. Our findings agree with the
above studies, supporting the association between LEY cells
hyperplasia and the presence of a testicular neoplastic micro-
environment in azoospermic men.

Other than producing T, LEY cells are the primary site
where T is converted to E2 by the action of aromatase P450
(CYP19A1), although other extra-gonadal organs expressing
the aromatase P450 could contribute to the conversion of T to
E2 in men (51). In men with NOA, LEY cells are characterized
by very high levels of CYP19A1 (59) and their impaired ster-
oidogenesis is associated with hyperplasia (60). Likewise, in
the preclinical model the expression of human aromatase
was shown to be responsible for low T levels and high E2 lev-
els; the increased E2 level has an autocrine/paracrine effect
and is responsible for LEY cell immaturity, LEY hyperplasia,
cryptorchidism, and infertility (61-63), and an increased inci-
dence of TGCC (64). Of note, TGCC cells express several es-
trogen receptors, making this neoplasia estrogen-dependent
for tumor development and growth (65). Since T/E2 ratio is
independent from age and BMI, the interpretation of our find-
ings is that T/E2 ratio is a marker of testis dysfunction in men
with NOA, with a potential role of LEY cells with a transcrip-
tomic profile associated to the presence of TGCC as marker,
which is not diagnosed by the conventional tumor markers.
The potential role of the neoplastic phenotype of LEY cells
in NOA, represented by the overexpression of several genes
responsible for ECM assembly, seems similar to what occurs
for the modulation of fibroblasts into cancer-associated fibro-
blasts in a neoplastic microenvironment.

The cellular pathways expressed by LEY cells indicate that
they are stuck at an immature stage, which, at the same time, is
senescent in NOA, CAIS, and KS. For CAIS and KS, these phe-
notypes are associated with gene mutations and are unrelated
to the neoplastic microenvironment. In the case of NOA, LEY
cells phenotype could be a representation of pro-neoplastic
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microenvironment, which is reflected by a decreased T/E2 ra-
tio. Sex hormones also regulate the differentiation and activity
of the immune system, with estrogens associated with clinical
manifestations of autoimmune diseases while androgens hav-
ing a protective effect (66, 67). Further studies would investi-
gate the potential association between the T/E2 ratio and the
incidence of immune-related disease in infertile men (68).
Likewise, the T/E2 ratio can also help to identify those pa-
tients who could benefit the most from the use of aromatase
inhibitors, thus aiming to increase T levels and potentially im-
prove the fertility status (69). In men with NOA this strategy
could be applied as a neoadjuvant treatment before TESE to
increase the chance of sperm retrieval. Likewise, aromatase in-
hibitors could be potentially used to reduce the incidence of
TGCC in men with NOA and low T/E2 ratio. A potential clin-
ical implication of this information is that T/E2 ratio could be
easily used in men to design a counseling path to monitor the
status of the testis parenchyma, and in azoospermic men as a
predictor of TGCC development (68, 70).

The incorporation of external datasets enhances the robust-
ness of the study, but it also can introduce variability due to
discrepancies in sample processing, sequencing platforms,
and analytical methodologies. To overcome the bias of using
different scRNA-seq datasets, we applied the same criteria
for the selection of raw data, such as the use of the same plat-
form and good quality of sequencing (ie, cell count and per-
centage of mitochondrial genes) and applied the same
strategy for the analysis.

Although having homogeneous cohorts of White-European
men, a major limitation of this study is that different geo-
graphic areas and ethnicity groups might increase variance
in terms of T/E2 ratio. To improve the relevance of T/E2 ratio,
hormone dosage can be improved by standardizing the blood
collection. When evaluating the clinical use of sex hormones,
their circadian variation must be considered, particularly for
T (71). Thus, it is relevant that both sex hormones can be
measured in the same blood sample collected in a fasting state
between 7 aM and 10 aM, when T and E2 have their peak of
production (71).

Another potential limitation is the limited number of TGCC
events in the NOA cohort, which warrants future validation in
external cohorts across different clinical centers and ethnic
populations.
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