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Simple Summary

In this study, for the first time, transcriptomic analysis of canine Leydig cell tumors revealed
1500 differentially expressed genes, including 982 upregulated and 168 downregulated
transcripts. Transcriptomic profiling was performed using RNA sequencing of formalin-
fixed paraffin-embedded testicular tissues of healthy and Leydig cell tumor canine testes.
Following differential expression analysis, Gene Ontology (GO), Kyoto Encyclopedia of
Genes and Genomes (KEGG), and Gene Set Enrichment Analysis (GSEA) were applied to
identify dysregulated biological processes and signaling pathways. The analysis highlights
key molecular pathways that drive tumor growth, specifically those controlling sex steroid
production, blood vessel formation (angiogenesis), tumor microenvironment remodeling,
and cholesterol metabolism. Crucially, the findings show significant similarities to human
Leydig cell tumor mechanisms (the activation of the PI3K-Akt cell signaling pathway) while
simultaneously identifying unique, previously understudied alterations in estrogen and
relaxin signaling specific to dogs. Furthermore, the downregulation of genes responsible
for cell differentiation and immune defense underscores how these tumors avoid normal
cellular controls. In conclusion, these discoveries provide, for the first time, foundational
molecular data that can improve canine oncological early diagnostics (e.g., biomarkers and
targeted therapies), while establishing canine tissues as a valuable comparative model for
studying testicular cancers in humans.

Abstract

Total RNA was isolated from sections of healthy testes and Leydig cell tumors of mixed-
breed dogs using TMA Master II device. The RN A-seq libraries were sequenced on the
INlumina platform. Following differential expression analysis, Gene Ontology (GO), Kyoto
Encyclopedia of Genes and Genomes (KEGG), and Gene Set Enrichment Analysis (GSEA)
were applied with quality control obtained using FastQC and Trimmomatic. This analysis
revealed 1500 transcripts, including 982 upregulated and 168 downregulated genes. The
results demonstrated that a significant proportion of these differentially expressed genes
are directly involved in the control of sex steroid production (CYP11A1, STAR, and 3§-
HSD3B1) or tube formation, angiogenesis, and extracellular matrix remodeling in interstitial
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cells (ESM1, FGG, and VEGFA). Moreover, we identified the upregulation of transcripts
responsible for neurotransmitter or neuroendocrine signaling (SLC6A4, GRIN2C, GABRB3)
and cholesterol metabolism and its regulation (GPX3, MSMO1, DHCR24). These genes
were strongly associated with the phosphatidylinositol-3-kinase (PI3K)-Protein Kinase B
(Akt) cascade and extracellular matrix interactions, features shared with various malignan-
cies. Alterations in estrogen and relaxin signaling appear to be distinctive, understudied
mechanisms specific to canine Leydig cell tumors. Concurrently, downregulated genes
(e.g., DMRTC2, SEMA3C, ALOX12) were linked with cell differentiation, signaling and
immunoregulatory pathway suppression involved in tumorigenesis. A complex transcrip-
tomic profile of canine Leydig cell tumors was developed, revealing a conserved oncogenic
core shared in some aspects with human malignancies alongside unique species-specific
alterations. Findings seem to be useful for identifying novel diagnostic biomarkers and
targeted therapies in veterinary oncology, establishing canine reproductive tissues as a
valuable comparative biomedical model for research in human.

Keywords: dog; next generation sequencing; Leydig cell tumor; PI3K-Akt pathway;
angiogenesis; lipid homeostasis; estrogens

1. Introduction

The two functions of the testis are located in two anatomical compartments. These
are differentiation and release of mature spermatozoa, and the secretion of sex steroid
hormones. During embryonic development, the formation of seminiferous tubules with
somatic Sertoli cells determines the presence, species-specific number, and distribution
of the Leydig cells of the interstitial tissue, which surround the tubules [1]. In most
mammalian males, excluding humans and pigs, two populations of Leydig cells (fetal
and adult) develop and are the principal sources of androgens [2,3]. The fetal population
provides androgens for fetal masculinization. Specific to humans and boars, an additional
perinatal population appears not to be involved in the production of androgens at high
physiological levels [4]. The adult population of Leydig cells begins to develop before
puberty and reaches full functionality just before adolescence. Its essential role is the
completion of the masculinization of the male phenotype and the maintenance of adult male
characteristics and physiology. In mammalian males, puberty is initiated by activation of
the hypothalamic—pituitary—gonadal (HPG) [5]. Pulsatile gonadotropin-releasing hormone
(GnRH) secretion from the hypothalamus stimulates gonadotropes in the anterior pituitary
to produce the phasic gonadotropins. Luteinizing hormone (LH) binds to receptors on the
membrane of Leydig cells, regulating steroidogenesis, while follicle-stimulating hormone
(FSH) receptors are expressed by the Sertoli cell membrane to control spermatogenesis.
In the adult mammalian male, both processes are instrumentally controlled via negative
feedback to the hypothalamus and pituitary gland, with the main involved hormones:
testosterone and the product of Sertoli cells, inhibin. Studies by Spruijti et al. [6] revealed
that in dogs subjected to chemical castration with GnRH, the increase in LH, but not in
FSH, takes place, indicating a differential regulation of the release of these gonadotrophins.
It should be noted that estrogens, being metabolites of androgens, are also involved in the
critical local regulation of spermatogenesis [7]. Consistent with findings in humans, boars,
equines, and experimental rodents, and according to our research, estrogen and estrogenic
compounds can activate different types of estrogen receptors in the canine testis [8]. Males
become infertile in the absence of estrogen action, according to both clinical data and
animal experiments [9-11]. The Sertoli cell, which also promotes androgen synthesis, is
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the primary source of estrogens before male puberty [12]. All of the active steroidogenic
enzymes needed for the production and secretion of sex hormones are not expressed by
Leydig cells during this time [13,14]. Furthermore, our current findings in dogs reveal
that testicular cells locally synthesize adipokines (adipose tissue hormones), which play a
supportive role in modulating both steroidogenesis and spermatogenesis [15]. Multistep
Leydig cell morphological and biochemical differentiation is related to the levels and quality
of secreted androgens and the control of chorionic gonadotropin in the fetus and by LH
after birth [16]. Fully developed Leydig cells of the individual populations are mitotically
inactive, unlike somatic cells of seminiferous tubules, which stop proliferation after the
blood-testis barrier is constituted [17]. When the number of Leydig cells is constant, full
functionality via production of another circulating hormone, insulin-like protein 3 (INSL3),
is present [18]. This hormone controls the first phase of testicular descent in the fetus by
directing the development and shortening of the gubernaculum [19]. In the adult male,
INSL3 is also involved in promoting spermatogenesis [20]. Constant level of circulating
INSL3 is chronically modulated by LH, or its lack [21]. In ageing males, INSL3 levels decline
gradually, reflecting a decline in Leydig cell functional capacity and /or numbers [22]. It
is unclear whether fetal Leydig cells degenerate, differentiate into the adult Leydig cell
population, or remain in the mature gonad, thus being a target of the environmental
endocrine-disrupting chemicals [23,24].

In the past, dogs and, nowadays, canine tissues, due to similarities in size, function,
the prevalence of spontaneous diseases (e.g., epilepsy, adrenal, kidney, heart, or prostate
diseases), and clinical symptoms, have been utilized in human studies as models [25-28].
Of note, canine reproductive genetics, physiology, and hormonal regulation share many
similarities with humans. In veterinary practices, diagnostic techniques used for humans
are applied [29-34]. However, many inter-breed limitations in anatomy, metabolism, and
genetics still need to be considered with caution. In recent years, the vast body of evidence
shows that environmental chemicals adversely affect human health and wildlife, livestock,
and accompanying animal health [35-38]. In response to, e.g., environmental pollution, the
One Health approach initiatives were developed to protect and improve the interconnected
vulnerabilities of humans, animals, and the environment. Dogs living with humans consti-
tute a sentinel species for environmental effects on human fertility due to exposure to the
same environmental and lifestyle factors throughout life [39-41]. Especially, reproductive
development and reproductive function perturbations, including well-recognized in men
testicular dysgenesis syndrome (including hypospadias, cryptorchidism, low quality and
quantity of spermatozoa, or cancers) related to decreased function of Leydig cells are
documented [42—47]. Nowadays, dogs and cats are more often than before diagnosed with
tumors and cancers, including those of the testis [48-50]. Germ cell tumors (seminomas)
and somatic cell tumors: Sertoli cell tumors and Leydig cell tumors account for about
90% of cases affecting the testis [51,52]. Only a more in-depth exploration of the interplay
between genetic, environmental, and demographic factors will enhance understanding,
inform strategies for prevention, early detection, and treatment of testicular tumors in
dogs [42]. Canine Leydig cell tumors are generally benign, while malignant Leydig cell tu-
mors are reported to be very rare [53]. It should be noted that canine Leydig cell tumors can
be associated with cryptorchidism [54]. Histopathologically, these tumors are recognized
by marker protein expression (vimentin, cytokeratin, KIT protein (CD117), «-fetoprotein,
[-catenin, inhibin A, melanoma, anti-Miillerian hormone, LH, and neuron-specific eno-
lase) [55,56]. Recently, preputial cytological approaches in dogs with Leydig cell tumors
have identified marked keratinization with high proportions of superficial cells, moderate
to low numbers of intermediate and parabasal cells, and neutrophils that gradually de-
crease after removing the tumor (estrogen source) [55]. The genetic data may be helpful for
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further understanding tumor biology on cellular and molecular levels. In both humans and
dogs, Leydig cells require improved early diagnostic and successful treatment approaches,
as the first detected and commonly existing spermatogenesis disturbances are regularly
diagnosed and reported in our and other studies [8,57,58].

The investigation was undertaken due to the lack of knowledge on canine Leydig
cell tumor etiopathology, while mixed-breed dogs exhibit the highest diversity for such
analysis. Taking into account species-specific features, as well as current anthropogenic
threats to reproductive function in animals and humans that lead to common, increasing
reproduction problems, it is justified. Using next-generation sequencing, we compared
healthy canine Leydig cells and tumor Leydig cells to identify genes, signaling pathways,
and their interactions that contribute to the etiology of the disease. Partial emphasis is
placed on comparisons with molecularly well-studied human Leydig cell tumors [59] and
on the identification of shared mechanisms of tumorigenesis/cancerogenesis.

2. Materials and Methods
2.1. Samples

For the study, hematoxylin-eosin (HE) stained remaining archival testicular tissue
slides from corresponding paraffin blocks (the collection of the Department of Pathomor-
phology and Forensic Veterinary Medicine, Faculty of Veterinary Medicine, University
of Life Sciences in Lublin, Poland). They were saved in the frame of the practices of
academics-veterinarians in the Faculty Veterinary Clinic during the surgical castration of
3-5-year-old mature mixed-breed dogs (six dogs with healthy testes and six dogs with
diagnosed Leydig cell tumors). The inclusion and exclusion criteria involved: only tumors
located within the scrotal testis (those within the retained testis or with malignancy signs
were excluded) and no other clinical history. The serial tissue slides were carefully ana-
lyzed to select several areas from healthy (normal) or tumor Leydig cell populations using
tissue microarray (TMA) extraction. To prevent RNA degradation, all procedures were
performed under RNase-free conditions. Briefly, selected areas representative of normal
Leydig cells (n = 6) and those with Leydig cell tumor (1 = 6) were scanned to digital form
using a Panoramic MIDI scanner (3-DHISTECH, Budapest, Hungary). Areas presenting
hemorrhage, inflammation, or necrosis were strictly excluded from further investigations.
The marked areas were then transferred using computer software onto donor blocks and
automatically extracted as 0.6 mm samples using the TMA Master II device (3-DHISTECH,
Budapest, Hungary) into separate PCR tubes.

2.2. RNA Extraction and Amplification

Total RNA was isolated using the Quick-RNA FFPE Miniprep Kit (Zymo Research
Corp., Irvine, CA, USA). RNA extraction and library preparation were performed according
to the manufacturers’ protocols (Zymo Research, Irvine, CA, USA). RNA concentration and
integrity were evaluated using a NanoDrop spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA) and an Agilent 4200 TapeStation (Agilent Technologies, Carlsbad, CA,
USA) before library construction. The library preparation workflow included ribosomal
RNA depletion, RNA fragmentation, cDNA synthesis, adapter ligation, and PCR amplifica-
tion according to the manufacturer’s instructions. Samples were deparaffinized at 55 °C for
1 min. Then, protease digestion was performed at 55 °C for 2 h. To reverse crosslinking,
samples were incubated at 65 °C for 15 min. Total nucleic acid purification was performed
according to the manufacturer’s protocol. Briefly, the lysed tissue sample was mixed with
an equal volume of 100% ethanol and transferred to a Zymo-Spin™ IICR Column (Zymo
Research Corp., Irvine, CA, USA). DNase I treatment was carried out on-column, followed
by washing with DNA/RNA Prep Buffer and two washes with DNA/RNA Wash Buffer
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(Zymo Research Corp., Irvine, CA, USA). RNA was eluted in 30 pL of DNase/RNase-Free
Water (Zymo Research Corp., Irvine, CA, USA). RNA concentration was measured using a
NanoDrop spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). RNA
integrity was assessed with the Agilent 4200 TapeStation. Purified total RNA was used
immediately for cDNA synthesis or stored at —80 °C until further use.

2.3. Library Preparation and NGS

RNA-Seq library was prepared using Zymo-Seq RiboFree Total RNA Library Kit with
200-300 bp insert size (Zymo Research Corp., Irvine, CA, USA) and following the protocol
provided with the kit. Only RNA samples meeting the manufacturer’s recommended
input and quality requirements were included for library preparation and sequencing.
Specifically, samples yielding at least 250 ng of total RN A and demonstrating sufficient
RNA quality, as assessed by the Agilent 4200 TapeStation analysis, were selected, whereas
samples with inadequate RNA quantity or poor RNA integrity were excluded from down-
stream processing. For library preparation, 250 ng of total RNA from each sample was
subjected to random priming, denatured, and renatured to form rRNA-cDNA hybrids,
then enzymatically depleted and ligated to both adapters. Ligated DNA was amplified
with Zymo-seq UDI primers and Zymo amplification premix for 11 cycles (Zymo Research
Corp., Irvine, CA, USA). Post-amplification cleanup was performed with 0.8X Select-a-Size
MagBeads. Finally, library quality and quantity were analyzed by Agilent TapeStation 4200
and Qubit 3.0 Fluorometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). 150 bp PE
(paired-end) reads were sequenced on an Illumina Novaseq X Plus sequencer (Illumina
Inc., San Diego, CA, USA). The extraction and sequencing were procured and managed via
the NGS service Genohub.com (https://genhub.com).

2.4. Data Analysis

Quality control of raw sequencing reads was performed using FastQC (v0.11.9), fol-
lowed by adapter and low-quality base trimming with Trimmomatic (v0.40). Clean reads
were aligned to the Canis lupus familiaris reference genome (CanFam3.1) using STAR,
and gene-level quantification was performed with RSEM (v1.2.15). Mapping statistics
were evaluated to assess sequencing quality, with alignment rates exceeding 87% for all
samples. Differential gene expression analysis was carried out in R (v4.3) using the DESeq2
package (v1.40.2).

Principal component analysis (PCA), volcano plots, and heatmaps were generated us-
ing the ggplot2 (4.0.3), ggfortify (0.4.19), and pheatmap (1.0.13) packages. Functional enrich-
ment analyses, including Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes
(KEGG), and Gene Set Enrichment Analysis (GSEA), were performed using clusterProfiler
(v4.8.1), msigdbr (v26.1.0), and enrichplot (https:/ /github.com/YuLab-SMU /enrichplot,
accessed on 21 June 2026). Representative enrichment plots, dot plots, cnetplots, and
pathway-specific heatmaps were generated for biologically relevant pathways, including
steroidogenesis, PI3K—-Akt signaling, angiogenesis, and extracellular matrix remodeling.
All analyses were performed using reproducible R scripts. Raw sequencing data have been
deposited in the NCBI BioProject database under accession number PRINA1428179.

3. Results
3.1. RNA-Seq Analysis

High-throughput RNA sequencing generated robust and consistent datasets across
all twelve samples (for clarity of data presentation, 6 samples were used as representative:
n = 3 control and n = 3 tumor). Each library yielded between ~14 and 36 million reads, with
high alignment efficiency to the CanFam reference genome (87-94% mapped reads). The
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majority of mapped reads localized to intronic and intergenic regions, consistent with total
RNA sequencing from testicular tissue, while coding and UTR-derived reads constituted a
smaller but stable fraction across samples. Ribosomal RNA contamination was minimal
(<0.6% in all libraries). Quality control assessment using FastQC confirmed uniform base
quality scores, balanced nucleotide composition, and absence of adapter contamination.
Together, these metrics indicate high sequencing quality and support the reliability of
downstream transcriptomic and pathway analyses.

To investigate the molecular characteristics of canine Leydig cell tumors, we performed
transcriptome analysis using RNA sequencing data derived from three Leydig cell tumors
and three healthy Leydig cell samples. Principal component analysis (PCA) demonstrated
a separation between tumor and control samples along the first principal component (PC1),
which accounted for 60% of the variance (Figure 1). The second principal component (PC2)
explained 16% of the variance and captured sample-level variability within each group.

40 A
201
S Group
Yo}
= Control
~N 0 - @
8 ® Tumor
]
_20 .
@
-25 0 25 50 75 100

PC1 [60%]
Figure 1. PCA of Leydig cell tumor and control samples based on the normalized expression matrix.

Hierarchical clustering and heatmap visualization of the top 1000 most variably ex-
pressed genes further highlighted a distinct transcriptional signature between Leydig
cell tumor and control (Figure 2). Tumor samples exhibited consistent upregulation of
specific gene clusters, suggesting coordinated transcriptional regulation in these Leydig
cell populations.

Differential expression analysis identified a total of 1500 transcripts with p-value < 0.05
and absolute log2 fold change > 1.5. Of these, 928 genes were significantly upregulated,
while 168 genes were significantly downregulated in tumor samples compared to con-
trols (Figure 3).
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Figure 2. Heatmap of the top 1000 most variable genes (z-score scaled).
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Figure 3. Volcano plot showing differentially expressed genes; red: upregulated (log2FC > 1.5), blue:
downregulated (log2FC < —1.5), p < 0.05.
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3.2. Upregulated Genes in Canine Leydig Cell Tumor

Analysis of the most significantly upregulated genes in canine Leydig cell tumors
revealed distinct transcriptional signatures associated with steroidogenesis, angiogenesis,
neuroendocrine signaling, and metabolic adaptation. Among the most highly expressed
transcripts were key regulators of steroid hormone biosynthesis, including CYP11A1, STAR,
and HSD3B1, together with additional steroidogenic markers such as CYP17A1, LHCGR,
and INSL3. These genes represent core components of Leydig cell function and constitute
one of the most prominent expression patterns observed in tumor tissues.

A second major group comprised genes involved in vascular development and re-
modelling. Increased expression of VEGFA, ESM1, FGG, KDR, ANGPT2, and CD93 indi-
cated activation of angiogenesis-associated programs and vascular reorganization within
the tumor microenvironment. Consistent with this observation, several extracellular
matrix- and stromal-related genes, including COL1A1, COL1A2, POSTN, and LOXL2,
were also upregulated.

Notably, canine Leydig cell tumors additionally displayed elevated expression of genes
linked to neuroendocrine and neurotransmitter-related signaling pathways. These included
SLC6A4, GRIN2C, GRIA1, and GABRB3, suggesting transcriptional alterations in signaling
mechanisms not typically associated with normal testicular physiology. Furthermore,
several genes involved in cholesterol metabolism and cellular redox homeostasis, such
as DHCR24, MSMO1, FDPS, and GPX3, were significantly overexpressed. Collectively,
these findings demonstrate that canine Leydig cell tumors are characterized by coordinated
activation of steroidogenic, vascular, stromal, and metabolic transcriptional programs.

3.3. Downregulated Genes in Canine Leydig Cell Tumor

Among the significantly downregulated transcripts in canine Leydig cell tumors,
several genes with known or potential relevance to testicular biology and tumor regu-
lation were identified. These include arachidonate 12-lipoxygenase and arachidonate
5-lipoxygenase; ALOX12 and ALOX5, ankyrin repeat and SOCS box containing 16 gene;
ASB16, chromogranin A; CHGA, chemokine-like factor; CKLF, DMRT like family C2 gene;
DMRTC2, DNA meiotic recombinase 1; DMCI, epithelial cell adhesion molecule; EP-
CAM, FAT atypical cadherin 1; FAT1, MIR8905, non-SMC condensin I complex subunit
H; NCAPH, paternally expressed gene 10; PEG10, preferentially expressed antigen in
melanoma; PRAME, PNMA family member 6F; PNMAGF, semaphorin-3C; SEMA3C, and
spermatogenesis associated 46 gene; SPATA46. The observed altered expression of these
genes may reflect changes in cell differentiation programs, altered cell signaling, or im-
paired immunoregulatory mechanisms in the tumor microenvironment.

3.4. Functional Enrichment Analysis of Differentially Expressed Genes

To elucidate the biological processes dysregulated in canine Leydig cell tumors, we
conducted pathway enrichment analysis using KEGG and GO databases. Enriched terms
were filtered based on a p-value < 0.05.

Upregulated genes were predominantly associated with pathways related to steroid
biosynthesis, PI3K-Akt signaling, extracellular matrix-receptor interaction, focal adhesion,
and angiogenesis, reflecting the endocrine and invasive nature of Leydig tumors. GO
enrichment analysis further highlighted cell migration, blood vessel morphogenesis, and
immune-related processes, which may contribute to tumor progression (Figure 4).

Among the KEGG-enriched pathways, ovarian steroidogenesis, steroid biosynthe-
sis, and the PI3K-Akt signaling pathway emerged as particularly relevant to the altered
steroidogenic function and proliferative capacity of Leydig cell tumors.
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Figure 4. Dot plot representing enriched GO and KEGG pathways in Leydig cell tumor. Shape
indicates pathway source (circle = GO, triangle = KEGG), color indicates p-value, and size reflects
gene count.

Gene Set Enrichment Analysis (GSEA) revealed several significantly enriched path-
ways in canine Leydig cell tumors compared to controls (Figure 5). Notably, pathways
related to steroid hormone biosynthesis, ovarian steroidogenesis, and PI3K-Akt signal-
ing were among the top-ranked. In addition, pathways including estrogen signaling,
relaxin signaling, and GnRH-related cascades showed consistent enrichment, suggesting
involvement of broader endocrine regulation. Interestingly, extracellular-receptor inter-
action and focal adhesion also emerged as significantly enriched, implying alterations in
interstitial tissue structure, remodeling, cell communication, and immune response in the

tumorigenesis course.

Leydig Tumor Related GSEA Pathways
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Oxytocin signaling pathway [ ]
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Figure 5. GSEA Dot Plot showing enriched pathways in canine Leydig cell tumor. Dot size rep-
resents the absolute normalized enrichment score (NES), and color denotes p-value significance.
Key pathways involved include hormone biosynthesis, reproductive signaling, and extracellular
matrix remodeling.
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4. Discussion

Herein, data demonstrate that canine Leydig cell tumor pathogenesis is based on
1500 dysregulated genes being driven by a combination of a highly conserved oncogenic
core shared with human Leydig cell tumors, such as tumorigenic signaling and progression,
as well as alterations in steroidogenesis and local neuro-hormonal interactions. Concur-
rently, a severe suppression of developmental and immunoregulatory pathways uncovers
how to resist systemic physiological barriers.

4.1. Disruption of Lipid Metabolism, Steroidogenesis, and Neuroendocrine Signaling

The primary physiological function of Leydig cells centers on the homeostasis of the
biosynthesis of steroid hormones. Alterations in local stimuli (e.g., hormones, growth fac-
tors, and temperature) may create favorable conditions for the initiation and development
of hyperplasia of Leydig cells [60]. The altered Leydig cell function is first manifested by
fertility perturbations or sterility [42]. Only a deep understanding of the molecular mech-
anisms underlying these pathways is critical for these increasingly global reproductive
health problems concerning also animals that may have an environmental background.

Our results demonstrate that HPG axis dynamics and downstream regulation are
profoundly deregulated in canine Leydig cell tumors, supporting tumor progression via the
upregulated transcripts SLC6A4, GRIN2C, and GABRB3 [61-63]. Central neuroendocrine
regulations and local cross-talk across neural, vascular, and endocrine systems are shifted
within the testicular interstitial compartment, transmitting aberrant signals to the seminifer-
ous tubules [64]. Nowadays, in the most studied human Leydig cell tumor, morphological
transitions and lipid metabolism disturbances have been reported [65], suggesting a high
tumor potential for lipid metabolism, growth, and metastasis [66-69].

The upregulated lipid-metabolism transcripts GPX3, MSMO1, and DHCR24 reveal that
the initial stages of sex hormone biosynthesis are disrupted at multiple regulatory check-
points, e.g., fetal gonad formation, tumorigeneses in accessory glands [70,71]. Moreover, in
line with Relovska et al. [72], DHCR24 maintains sterol homeostasis tightly linked to sperm
mitochondrial sheath formation, directly impacting fertility. This metabolic rewiring pro-
motes dysregulated steroidogenesis, as evidenced by the robust upregulation of CYP11A1,
HSD3B1, and StAR [73-76]. Hyperactivated StAR enhances the rate-limiting transport
of cholesterol across the inner mitochondrial membrane, leading to fluctuating, atypical
endocrine profiles [77-82]. These hormonal imbalances account for the localized testicular
degeneration, prostatic hyperplasia, or azoospermia frequently observed in canine patients
with Leydig cell tumor [83,84].

4.2. Angiogenesis, Tubulogenesis, and Microenvironmental Adaptations

A molecular understanding of tubulogenesis could lead to new ways of diagnosing
and treating tumors. It is worth noting that testicular tumor cells develop mechanisms
that increase genetic diversity [85]. Consequently, facilitate adaptations under a variety of
conditions, including hypoxia, nutrient deprivation, exposure to DNA-damaging agents,
and immune responses [86]. Substantial portions of the upregulated genes identified in this
study are associated with tube morphogenesis and active angiogenesis, indicating a high ca-
pacity for tumor growth and environmental adaptation (Supplementary Figures S1 and S2).
Upregulated FGG modulates endothelial cell function, angiogenesis, and chronic inflam-
mation [87]. Concurrently, ESM1 acts as a potent vascular oncogene, promoting cell
proliferation, migration, and invasion via Vascular Endothelial Growth Factor (VEGF) and
PI3K-Akt-mTOR signaling [88-90]. In studied tumors, upregulated VEGFA orchestrates
neovascularization. Our findings in canine Leydig cell tumors align with Reddy et al. [91],
correlating with clinically observed hypervascularity in the testicular veins of humans
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and rodents. Under pathological conditions, excessive VEGFA suppresses the antitumor
activity of local immune cells, and the pattern of vascularity is a characteristic feature of
Leydig cell tumors [92].

4.3. The Convergent Role of the PI3K-Akt Axis and Extracellular Matrix Remodeling

In canine Leydig cell tumors, mirroring human counterparts, the PI3K-Akt pathway is
highly misregulated alongside relaxin and estrogen networks [83,93-105], (for the estrogen
issue in detail, please see the next section). The PI3K-Akt cascade serves as a central onco-
genic driver in endocrine cancers [96]. In these tumors, hyperactivation of the PI3K-Akt
pathway closely interacts with local hormone signaling, modulating hormone production
while simultaneously enhancing cell metabolism and cytoskeletal dynamics crucial for
cancer cell survival. Crucially, the PI3K-Akt axis operates synergistically with altered
extracellular matrix interactions. For instance, in male dogs, very low INSL3 concentrations
(0.02-0.46 ng/mL), when compared to humans, were reported [5]. However, under patho-
logical conditions as found here, perturbation of relaxin (family peptide to INSL3) signaling
can be related to angiogenesis during remodeling of various tissues [103-105]. Therefore,
it is likely that weak INSL3 regulation in canine testicular functions, like in immature or
ageing mammals, allows for compensation by relaxin signaling [106]. Relaxin regulates
collagen remodeling in endocrine tissues, which is related to estrogen levels [107,108]. This
may further result in cancer-associated fibrosis (called paradoxical) [109,110]. It is possible
that relaxin also regulates tumor Leydig cell invasion and migration during metastasis,
which is primarily directed to different organs in humans and dogs [56,111-113]. This struc-
tural multidirectional remodeling, precisely accomplished by matrix metalloproteinases,
removes the physical boundaries that control Leydig cell functional status, allowing tumor
cells to release focal adhesions and initiate local tissue infiltration [114].

4.4. Distinctive Species Mechanisms: Estrogen Signaling

In a healthy male dog, serum estradiol concentrations range from approximately
5 to 25 pg/mL (low or even reference-range concentrations do not exclude biologically
significant hyperestrogenism) [83]. Estrogen signaling is deeply implicated in the morpho-
functional pathological alterations of tumor Leydig cells in dogs, which show in cytology
vacuolization due to lipid accumulation [83], and in humans [95-97,101]. Secreted by
affected Leydig cells, high estrogen levels feminize the male, suppress bone marrow, and
may lead to benign prostate hyperplasia. Negative feedback on the HPG axis suppresses
gonadotropin release in dogs, resulting in functional regression of the contralateral testis
that may be predisposed to various clinical symptoms and pathological processes. Found
here, for the first time, the involvement of estrogen signaling in canine tumor development
points to a need for cautious interpretation in conjunction with further research and clinical
findings. Overexpression of estrogen synthase (aromatase) or structural alterations in recep-
tor expression disturb the local hormone milieu, leading to Leydig cell hyperplasia and cell
engulfment by macrophages [66,76,101-103]. The presence or absence of estrogenic effect
has a marked impact on the prognosis of Leydig cell tumors [83,100,102]. The identified
alterations in estrogen signaling genes, correlating with aberrant clinical estrogen levels in
dogs with Leydig cell tumors, warrant further research to develop genetic screening tools
for veterinary practice. Such an approach would enable early diagnosis and risk prediction
of Leydig cell tumor development later in the dog’s life.

4.5. Downregulation of Critical Developmental and Defensive Transcripts

The malignant phenotype of canine Leydig cell tumor is ultimately solidified by
the silencing of a portion of genes involved in development, cell differentiation, adhe-
sion, and immunoregulation. Transcripts dedicated to restricting aberrant vascularization
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and promoting normal differentiation, such as DMRTC2, SEMA3C, DMC1, NCAPH, and
PEG10 were profoundly downregulated, which indicates a total loss of local differentiation
control [115-118]. Simultaneously, the silencing of immunoregulatory and cell-adhesion
transcripts like ALOX12, ALOX15, CKLF, EPCAM, and FAT1 highlights a successful eva-
sion of host immune surveillance [119,120]. Obtained data on the portion of genes with
decreased expression confirm that the processes they control are a conserved mammalian
strategy enabling tumor progression [121]. This significantly advances our understanding
of canine Leydig cell tumors, establishing the dog tissues as an invaluable comparative
model for studying interstitial cell tumorigenesis in mammals [55]. The proximity of control
sample k_453 and tumor sample 694_25 in the PCA may reflect biological heterogeneity
among canine Leydig cell tumors. Differences in cellular composition, steroidogenic activ-
ity, and individual genetic background may contribute to partial transcriptomic overlap
between specific tumor and control samples, despite the overall tumor-specific expression
pattern observed across the dataset.

5. Conclusions

Collectively, this pioneering characterization of the altered transcriptome in canine
Leydig cell tumors maps an interconnected molecular network of dysregulated genes.
Utilizing tissues from mixed-breed dogs provides a spontaneous Leydig cell tumor model
that circumvents breed-specific genetic biases. Importantly, this approach reflects the
complex genetic background of the human population, enabling a cautious bidirectional
translation of data with special account of species-specific differences, such as coexisting
pathologies and distinct histological or immunological profiles. Despite these variations,
existing data on Leydig cell tumors are limited to human research, which remains the
closest comparative framework for canine research and clinical practice. Furthermore,
our findings highlight that tumor expression mechanisms can vary among individual
canine cases. This variability is driven by intra-tumor heterogeneity comprising distinct
cellular subpopulations with unique genotypes, phenotypes, and functional capacities,
with possible environmental influences (e.g., endocrine-disrupting chemicals).

Obtaining comprehensive genetic data advances the current understanding and clini-
cal practice in canine andrology. Furthermore, the identification of some conserved tran-
scriptomic dysregulations in canine Leydig cell tumors provides a basis for advancing both
veterinary oncology and comparative biomedical research. Additionally, to translate these
baseline genetic findings into clinical value, future studies must link transcriptomic data
with high-throughput quantitative proteomics. Clinically, exploiting specific expression
patterns within the distinct relaxin, estrogen, and neuroendocrine pathways (particularly
SLC6A4 and GABRB3) offers a promising path for developing sensitive, early-stage diag-
nostic biomarkers. Furthermore, the systematic suppression of the PI3K-Akt signaling
axis and key angiogenic drivers, such as VEGFA and ESM1, should be evaluated as tar-
geted pharmacological interventions to disrupt the proliferation and migration of altered
Leydig cells.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/ani16132005/s1.

Author Contributions: Conceptualization, Funding acquisition, Project administration, Supervi-
sion, Writing—original draft, Writing—review & editing, M.K.-B.; Data curation, Formal analysis,
Investigation, Methodology, Software, Visualization, Validation, Writing—original draft, R.U.; Data
curation, Formal analysis, Investigation, Methodology, Software, Validation, E.M.;: Formal analysis,
Investigation; U.G.B.: Formal analysis, Investigation, G.L.; Formal analysis, Investigation, Resources,
W.L. All authors have read and agreed to the published version of the manuscript.

https://doi.org/10.3390/anil6132005


https://www.mdpi.com/article/10.3390/ani16132005/s1
https://doi.org/10.3390/ani16132005

Animals 2026, 16, 2005 13 of 18

Funding: This work was supported by a grant OPUS26 2023/51/B/NZ4 /00889 from the National
Science Centre, Poland.

Institutional Review Board Statement: No ethics approval is necessary—information in the M&M
subsection. According to the Act on the Protection of Animals Used for Scientific or Educational
Purposes in Poland, adopted on 15 January 2015, the studies on tissues obtained during clinical
practices (e.g., routine castration) did not require approval from the Local Ethical Commission for
Investigations on Animals.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Dataset available on request from the authors.

Acknowledgments: The authors are very grateful to the reviewers who gave helpful suggestions for

manuscript improvement.

Conflicts of Interest: The authors declare no conflicts of interest. The authors do not identify or
declare any personal circumstances or interests that might be perceived as inappropriately influencing
the presentation or interpretation of the reported research results.

References

1.  Feng, X; Tian, J.; Han, S.; Wen, F; Li, Y,; Zhang, S.; Ouyang, L.; Hu, Z.; Chen, X.; Hu, J. Sertoli cells as a hub in testicular
development and male reproductive. Front. Cell Dev. Biol. 2025, 13, 1693878. [CrossRef] [PubMed]

2. Teerds, K].; Huhtaniemi, I.T. Morphological and functional maturation of Leydig cells: From rodent models to primates. Hurm.
Reprod. Update 2015, 21, 310-328. [CrossRef] [PubMed]

3. Bhattacharya, I.; Dey, S. Emerging concepts on Leydig cell development in fetal and adult testis. Front. Endocrinol. 2023,
13,1086276. [CrossRef] [PubMed]

4. Ivell, R; Tilumcu, B.; Alhujaili, W.; Anand-Ivell, R. Maternal, childhood and adolescent influences on Leydig cell functional
capacity and circulating INSL3 concentration in young adults: Importance of childhood infections and body mass index. Andrology
2025, 14, 1172-1182. [CrossRef] [PubMed]

5. Anand-lvell, R.; Coutinho, A.R; Dai, Y.; England, G.; Goericke-Pesch, S.; Ivell, R. INSL3 Variation in Dogs Following Suppression
and Recovery of the HPG Axis. Animals 2024, 14, 675. [CrossRef] [PubMed]

6.  Spruijt, A.; Kooistra, H.; Oei, C.; Vinke, C.; Schaefers-Okkens, A.; De Gier, J. The function of the pituitary-testicular axis in dogs
prior to and following surgical or chemical castration with the GnRH-agonist deslorelin. Reprod. Domest. Anim. 2023, 58, 97-108.
[CrossRef] [PubMed]

7. Carreau, S.; Bouraima-Lelong, H.; Delalande, C. Estrogen, a female hormone involved in spermatogenesis. Adv. Med. Sci. 2012,
57,31-36. [CrossRef] [PubMed]

8.  Galuszka, A.; Pawlicki, P; Pardyak, L.; Chmurska-Gasowska, M.; Pietsch-Fulbiszewska, A.; Duliban, M.; Turek, W.; Dubniewicz,
K.; Ramisz, G.; Kotula-Balak, M. Abundance of estrogen receptors involved in non-canonical signaling in the dog testis. Anim.
Reprod. Sci. 2021, 235, 106888. [CrossRef] [PubMed]

9.  Eddy, EM.; Washburn, T.F,; Bunch, D.O.; Goulding, E.H.; Gladen, B.C.; Lubahn, D.B.; Korach, K.S. Targeted disruption of the
estrogen receptor gene in male mice causes alteration of spermatogenesis and infertility. Endocrinology 1996, 137, 4796—4805.
[CrossRef] [PubMed]

10. Ogawa, S.; Chan, J.; Chester, A.E.; Gustafsson, J.A.; Korach, K.S.; Pfaff, D.W. Survival of reproductive behaviors in estrogen
receptor beta gene-deficient (betaERKO) male and female mice. Proc. Natl. Acad. Sci. USA 1999, 96, 12887-12892. [CrossRef]
[PubMed]

11. Ge, Y.Z,; Xu, LW, Jia, RP; Xu, Z,; Li, W.C.; Wu, R;; Liao, S.; Gao, F; Tan, S.J.; Song, Q.; et al. Association of polymorphisms in
estrogen receptors (ESR1 and ESR2) with male infertility: A meta-analysis and systematic review. . Assist. Reprod. Genet. 2014, 31,
601-611. [CrossRef] [PubMed]

12. Lapoirie, M.; Dijoud, F.; Lejeune, H.; Plotton, L. Effect of androgens on Sertoli cell maturation in human testis from birth to puberty.
Basic Clin. Androl. 2021, 31, 31. [CrossRef] [PubMed]

13. Zirkin, B.R.; Papadopoulos, V. Leydig cells: Formation, function, and regulation. Biol. Reprod. 2018, 99, 101-111. [CrossRef]
[PubMed]

14. Shen, W].; Azhar, S.; Kraemer, EB. Lipid droplets and steroidogenic cells. Exp. Cell Res. 2016, 340, 209-214. [CrossRef] [PubMed]

15. Ramisz, G.; Turek, W.; Chmurska-Gasowska, M.; Rak, A.; Pietsch-Fulbiszewska, A.; Galuszka, A.; Kotula-Balak, M.; Tarasiuk, K.

Senescence and adiponectin signaling—Studies in canine testis. Ann. Anat. 2021, 234, 151606. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/ani16132005


https://doi.org/10.3389/fcell.2025.1693878
https://www.ncbi.nlm.nih.gov/pubmed/41450735
https://doi.org/10.1093/humupd/dmv008
https://www.ncbi.nlm.nih.gov/pubmed/25724971
https://doi.org/10.3389/fendo.2022.1086276
https://www.ncbi.nlm.nih.gov/pubmed/36686449
https://doi.org/10.1111/andr.70091
https://www.ncbi.nlm.nih.gov/pubmed/40605237
https://doi.org/10.3390/ani14050675
https://www.ncbi.nlm.nih.gov/pubmed/38473059
https://doi.org/10.1111/rda.14266
https://www.ncbi.nlm.nih.gov/pubmed/36165853
https://doi.org/10.2478/v10039-012-0005-y
https://www.ncbi.nlm.nih.gov/pubmed/22440937
https://doi.org/10.1016/j.anireprosci.2021.106888
https://www.ncbi.nlm.nih.gov/pubmed/34839117
https://doi.org/10.1210/endo.137.11.8895349
https://www.ncbi.nlm.nih.gov/pubmed/8895349
https://doi.org/10.1073/pnas.96.22.12887
https://www.ncbi.nlm.nih.gov/pubmed/10536018
https://doi.org/10.1007/s10815-014-0212-5
https://www.ncbi.nlm.nih.gov/pubmed/24647635
https://doi.org/10.1186/s12610-021-00150-8
https://www.ncbi.nlm.nih.gov/pubmed/34906089
https://doi.org/10.1093/biolre/ioy059
https://www.ncbi.nlm.nih.gov/pubmed/29566165
https://doi.org/10.1016/j.yexcr.2015.11.024
https://www.ncbi.nlm.nih.gov/pubmed/26639173
https://doi.org/10.1016/j.aanat.2020.151606
https://www.ncbi.nlm.nih.gov/pubmed/33096233
https://doi.org/10.3390/ani16132005

Animals 2026, 16, 2005 14 of 18

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

Ye, L.; Li, X,; Li, L.; Chen, H.; Ge, R.S. Insights into the Development of the Adult Leydig Cell Lineage from Stem Leydig Cells.
Front. Physiol. 2017, 8, 430. [CrossRef] [PubMed]

Yan, H.H.; Cheng, C.Y. Blood-testis barrier dynamics are regulated by an engagement/disengagement mechanism between tight
and adherens junctions via peripheral adaptors. Proc. Natl. Acad. Sci. USA 2005, 102, 11722-11727. [CrossRef] [PubMed]

Ivell, R.; Wade, ].D.; Anand-Ivell, R. INSL3 as a biomarker of Leydig cell functionality. Biol. Reprod. 2013, 88, 147. [CrossRef]
[PubMed]

Ivell, R.; Mamsen, L.S.; Andersen, C.Y.; Anand-Ivell, R. Expression and Role of INSL3 in the Fetal Testis. Front. Endocrinol. 2022,
13, 868313. [CrossRef] [PubMed]

Ferlin, A.; De Toni, L.; Agoulnik, A.L;; Lunardon, G.; Armani, A.; Bortolanza, S.; Blaauw, B.; Sandri, M.; Foresta, C. Protective
Role of Testicular Hormone INSL3 from Atrophy and Weakness in Skeletal Muscle. Front. Endocrinol. 2018, 9, 562. [CrossRef]
[PubMed]

Ivell, R.; Heng, K.; Anand-Ivell, R. Insulin-Like Factor 3 and the HPG Axis in the Male. Front. Endocrinol. 2014, 5, 6. [CrossRef]
[PubMed]

Ivell, R;; Heng, K; Severn, K.; Antonio, L.; Bartfai, G.; Casanueva, EF; Huhtaniemi, I.T.; Giwercman, A.; Maggi, M.; O’Connor,
D.B,; et al. The Leydig cell biomarker INSL3 as a predictor of age-related morbidity: Findings from the EMAS cohort. Front.
Endocrinol. 2022, 13, 1016107. [CrossRef] [PubMed]

Wen, Q.; Cheng, C.Y,; Liu, Y.X. Development, function and fate of fetal Leydig cells. Semin. Cell Dev. Biol. 2016, 59, 89-98.
[CrossRef] [PubMed]

Svechnikov, K.; I1zzo, G.; Landreh, L.; Weisser, J.; Soder, O. Endocrine disruptors and Leydig cell function. J. Biomed. Biotechnol.
2010, 2010, 684504. [CrossRef] [PubMed]

Pereira-Sampaio, M.A.; Marques-Sampaio, B.P.; Henry, R W.; Favorito, L.A.; Sampaio, EJ. The dog kidney as experimental model
in endourology: Anatomic contribution. J. Endourol. 2009, 23, 989-993. [CrossRef] [PubMed]

Loscher, W. Dogs as a Natural Animal Model of Epilepsy. Front. Vet. Sci. 2022, 9, 928009. [CrossRef] [PubMed]
Dominguez-Oliva, A.; Hernandez-Avalos, I.; Martinez-Burnes, J.; Olmos-Hernandez, A.; Verduzco-Mendoza, A.; Mota-Rojas, D.
The Importance of Animal Models in Biomedical Research: Current Insights and Applications. Animals 2023, 13, 1223. [CrossRef]
[PubMed]

Bilyalova, A.; Bilyalov, A.; Filatov, N.; Shagimardanova, E.; Kiyasov, A.; Vorontsova, M.; Gusev, O. Non-classical animal models
for studying adrenal diseases: Advantages, limitations, and implications for research. Lab. Anim. Res. 2024, 40, 25. [CrossRef]
[PubMed]

Camacho, P; Fan, H; Liu, Z.; He, J.Q. Large Mammalian Animal Models of Heart Disease. J. Cardiovasc. Dev. Dis. 2016, 3, 30.
[CrossRef] [PubMed]

Gugjoo, M.B.; Amarpal, A.; Sharma, G.T. Mesenchymal stem cell basic research and applications in dog medicine. J. Cell Physiol.
2019, 234, 16779-16811. [CrossRef] [PubMed]

Angel, M.R.; Séguin, B.; Lohr, C.V.; Beer, T.M.; Feliciano, J.; Ramsey, S.A.; Thomas, G.V. Comparative Transcriptomes of Canine
and Human Prostate Cancers Identify Mediators of Castration Resistance. Vet. Comp. Oncol. 2024, 22, 629-640. [CrossRef]
[PubMed]

Hortenhuber, M.; Hytonen, M.K.; Mukarram, A.K.; Arumilli, M.; Araujo, C.L.; Quintero, I.; Syrj4, P.; Airas, N.; Kaukonen, M.;
Kyostild, K.; et al. The DoGA consortium expression atlas of promoters and genes in 100 canine tissues. Nat. Commun. 2024,
15,9082. [CrossRef] [PubMed]

Burti, S.; Banzato, T.; Coghlan, S.; Wodzinski, M.; Bendazzoli, M.; Zotti, A. Artificial intelligence in veterinary diagnostic imaging:
Perspectives and limitations. Res. Vet. Sci. 2024, 175, 105317. [CrossRef] [PubMed]

Xiao, S.; Dhand, N.K.; Wang, Z.; Hu, K.; Thomson, P.C.; House, ].K.; Khatkar, M.S. Review of applications of deep learning in
veterinary diagnostics and animal health. Front. Vet. Sci. 2025, 12, 1511522. [CrossRef] [PubMed]

Poppenga, R.H. Current environmental threats to animal health and productivity. Vet. Clin. N. Am. Food Anim. Pract. 2000, 16,
545-558. [CrossRef] [PubMed]

Birnbaum, L.S. The effect of environmental chemicals on human health. Fertil. Steril. 2008, 89, e31. [CrossRef] [PubMed]

Atta, A.H.; Atta, S.A.; Nasr, S.M.; Mouneir, S.M. Current perspective on veterinary drug and chemical residues in food of animal
origin. Environ. Sci. Pollut. Res. Int. 2022, 29, 15282-15302. [CrossRef] [PubMed]

Lavezzi, A.M.; Ramos-Molina, B. Environmental Exposure Science and Human Health. Int. |. Environ. Res. Public Health 2023,
20, 5764. [CrossRef] [PubMed]

Sutton, P.; Giudice, L.C.; Woodruff, T.J. Reproductive environmental health. Curr. Opin. Obstet. Gynecol. 2010, 22, 517-524.
[CrossRef] [PubMed]

Kuzukiran, O.; Yurdakok-Dikmen, B.; Uyar, R.; Turgut-Birer, Y.; Celik, H.T.; Simsek, I.; Karakas-Alkan, K.; Boztepe, U.G.; Ozyuncu,
O.; Kanca, H.; et al. Transcriptomic evaluation of metals detected in placenta. Chemosphere 2024, 363, 142929. [CrossRef] [PubMed]

https://doi.org/10.3390/ani16132005


https://doi.org/10.3389/fphys.2017.00430
https://www.ncbi.nlm.nih.gov/pubmed/28701961
https://doi.org/10.1073/pnas.0503855102
https://www.ncbi.nlm.nih.gov/pubmed/16085710
https://doi.org/10.1095/biolreprod.113.108969
https://www.ncbi.nlm.nih.gov/pubmed/23595905
https://doi.org/10.3389/fendo.2022.868313
https://www.ncbi.nlm.nih.gov/pubmed/35464060
https://doi.org/10.3389/fendo.2018.00562
https://www.ncbi.nlm.nih.gov/pubmed/30323788
https://doi.org/10.3389/fendo.2014.00006
https://www.ncbi.nlm.nih.gov/pubmed/24478759
https://doi.org/10.3389/fendo.2022.1016107
https://www.ncbi.nlm.nih.gov/pubmed/36425465
https://doi.org/10.1016/j.semcdb.2016.03.003
https://www.ncbi.nlm.nih.gov/pubmed/26968934
https://doi.org/10.1155/2010/684504
https://www.ncbi.nlm.nih.gov/pubmed/20862379
https://doi.org/10.1089/end.2008.0552
https://www.ncbi.nlm.nih.gov/pubmed/19456242
https://doi.org/10.3389/fvets.2022.928009
https://www.ncbi.nlm.nih.gov/pubmed/35812852
https://doi.org/10.3390/ani13071223
https://www.ncbi.nlm.nih.gov/pubmed/37048478
https://doi.org/10.1186/s42826-024-00212-8
https://www.ncbi.nlm.nih.gov/pubmed/38898483
https://doi.org/10.3390/jcdd3040030
https://www.ncbi.nlm.nih.gov/pubmed/29367573
https://doi.org/10.1002/jcp.28348
https://www.ncbi.nlm.nih.gov/pubmed/30790282
https://doi.org/10.1111/vco.13017
https://www.ncbi.nlm.nih.gov/pubmed/39375962
https://doi.org/10.1038/s41467-024-52798-1
https://www.ncbi.nlm.nih.gov/pubmed/39433728
https://doi.org/10.1016/j.rvsc.2024.105317
https://www.ncbi.nlm.nih.gov/pubmed/38843690
https://doi.org/10.3389/fvets.2025.1511522
https://www.ncbi.nlm.nih.gov/pubmed/40144529
https://doi.org/10.1016/s0749-0720(15)30086-4
https://www.ncbi.nlm.nih.gov/pubmed/11084992
https://doi.org/10.1016/j.fertnstert.2007.12.022
https://www.ncbi.nlm.nih.gov/pubmed/18308056
https://doi.org/10.1007/s11356-021-18239-y
https://www.ncbi.nlm.nih.gov/pubmed/34981398
https://doi.org/10.3390/ijerph20105764
https://www.ncbi.nlm.nih.gov/pubmed/37239493
https://doi.org/10.1097/GCO.0b013e3283404e59
https://www.ncbi.nlm.nih.gov/pubmed/20978443
https://doi.org/10.1016/j.chemosphere.2024.142929
https://www.ncbi.nlm.nih.gov/pubmed/39048050
https://doi.org/10.3390/ani16132005

Animals 2026, 16, 2005 15 of 18

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Yurdakok-Dikmen, B.; Kuzukiran, O.; Uyar, R.; Boztepe, U.G.; Celik, H.T.; Ozyuncu, O.; Turgut, Y.; Kanca, H.; Karakas-Alkan,
K.; Filazi, A. Live in same region, respond differently: Canine and human response to pollutants in placental accumulation.
Chemosphere 2022, 301, 134470. [CrossRef] [PubMed]

Ngo, E.; Hawke, E.; Owada, K.; Pini, T.; Magalhaes, R.S.; Palmieri, C. Epidemiology of testicular tumour diagnoses in Australian
dogs in primary care (1992-2022): A retrospective analysis of electronic patient records. Res. Vet. Sci. 2025, 197, 105924. [CrossRef]
[PubMed]

Sharpe, R.M.; Irvine, D.S. How strong is the evidence of a link between environmental chemicals and adverse effects on human
reproductive health? BMJ 2004, 328, 447-451. [CrossRef] [PubMed]

Rhind, S.M.; Evans, N.P; Bellingham, M.; Sharpe, R.M.; Cotinot, C.; Mandon-Pepin, B.; Loup, B.; Sinclair, K.D.; Lea, R.G.; Pocar,
P; et al. Effects of environmental pollutants on the reproduction and welfare of ruminants. Animal 2010, 4, 1227-1239. [CrossRef]
[PubMed]

Skakkebaek, N.E.; Rajpert-De Meyts, E.; Buck Louis, G.M.; Toppari, J.; Andersson, A.M.; Eisenberg, M.L.; Jensen, T.K.; Jorgensen,
N.; Swan, S.H.; Sapra, K.J.; et al. Male Reproductive Disorders and Fertility Trends: Influences of Environment and Genetic
Susceptibility. Physiol. Rev. 2016, 96, 55-97. [CrossRef] [PubMed]

Aulsebrook, L.C.; Bertram, M.G.; Martin, ].M.; Aulsebrook, A.E.; Brodin, T.; Evans, ].P; Hall, M.D.; O'Bryan, M.K; Pask, A.].; Tyler,
C.R;; et al. Reproduction in a polluted world: Implications for wildlife. Reproduction 2020, 160, R13-R23. [CrossRef] [PubMed]
Somboonsin, P.P; Baffour, B. Spatial Inequities in Women’s Health: The Global Impact of Household Air Pollution from Solid
Fuels. Water Air Soil Pollut. 2025, 236, 934. [CrossRef]

Sumner, R.N.; Harris, L.T.; Van der Mescht, M.; Byers, A.; England, G.C.W.; Lea, R.G. The dog as a sentinel species for
environmental effects on human fertility. Reproduction 2020, 159, R265-R276. [CrossRef] [PubMed]

Manuali, E.; Forte, C.; Porcellato, L; Brachelente, C.; Sforna, M.; Pavone, S.; Ranciati, S.; Morgante, R.; Crescio, LM.; Ru, G.; etal. A
five-year cohort study on testicular tumors from a population-based canine cancer registry in central Italy (Umbria). Prev. Vet.
Med. 2020, 185, 105201. [CrossRef] [PubMed]

Juodziukyniené, N. Retrospective Analysis of Prevalence of Tumors in Dogs and Cats in Lithuania. Vet. Sci. 2025, 12, 1038.
[CrossRef] [PubMed]

Liao, A.T.; Chu, PY,; Yeh, L.S; Lin, C.T.; Liu, C.H. A 12-year retrospective study of canine testicular tumors. J. Vet. Med. Sci. 2009,
71,919-923. [CrossRef] [PubMed]

Nodtvedt, A.; Gamlem, H.; Gunnes, G.; Grotmol, T.; Indrebg, A.; Moe, L. Breed differences in the proportional morbidity of
testicular tumours and distribution of histopathologic types in a population-based canine cancer registry. Vet. Comp. Oncol. 2011,
9, 45-54. [CrossRef] [PubMed]

Chiti, E.; Esterina, F.; Cancedda, G.; Medica, P; Satué, K. Bilateral Testicular Tumors in a Non-Cryptorchid Dog: Coexistence of
Sertoli Cell and Interstitial Endocrine Cell Tumors. Acta Sci. Vet. 2022, 50, 835. [CrossRef]

Soto-Heras, S.; Reinacher, L.; Wang, B.; Oh, J.E.; Bunnell, M.; Park, C.J.; Hess, R.A.; Ko, C.J. Cryptorchidism and testicular cancer
in the dog: Unresolved questions and challenges in translating insights from human studies. Biol. Reprod. 2024, 111, 269-291.
[CrossRef] [PubMed]

Ciaputa, R.; Janus-Ziétkowska, I.; Zebrowski, K.; Nowak, M.; Dzimira, S.; Piotrowska, A.; Ratajczak-Wielgomas, K.; Kandefer-
Gola, M.; Grieco, V. Expression of periostin and podoplanin in canine testicular tumours. BMC Vet. Res. 2025, 22, 7. [CrossRef]
[PubMed]

Kudo, T.; Kamiie, J.; Aihara, N.; Doi, M.; Sumi, A.; Omachi, T.; Shirota, K. Malignant Leydig cell tumor in dogs: Two cases and a
review of the literature. J. Vet. Diagn. Investig. 2019, 31, 557-561. [CrossRef] [PubMed]

Wolski, J.K.; Lustofin, K.; Ptachno, B.].; Zarzycka, M.; Krakowska, I.; Korzekwa, A J.; Zielinska, S.; Kusnierz-Cabala, B.; Kotula-
Balak, M. Human benign Leydig cell tumor—Biochemical evaluation. Reprod. Biol. 2024, 24, 100890. [CrossRef] [PubMed]

Kim, S.-H.; Seung, B.-].; Cho, S.-H.; Lim, H.Y.; Sur, ].H. Pleomorphic Variant of Leydig Cell Tumor in a Dog. Adv. Anim. Vet. Sci.
2020, 8, 147-150. [CrossRef]

Kotula-Balak, M.; Duliban, M.; Gurgul, A.; Krakowska, I.; Grzmil, P; Bilinska, B.; Wolski, J.K. Transcriptome analysis of human
Leydig cell tumours reveals potential mechanisms underlying its development. Andrologia 2021, 53, €14222. [CrossRef] [PubMed]
Lejeune, H.; Sanchez, P.; Chuzel, E; Langlois, D.; Saez, ].M. Time-course effects of human recombinant luteinizing hormone on
porcine Leydig cell specific differentiated functions. Mol. Cell Endocrinol. 1998, 144, 59-69. [CrossRef] [PubMed]

Lervik, S.; Kristoffersen, A.B.; Conley, L.N.; Oskam, I.C.; Hedegaard, J.; Ropstad, E.; Olsaker, I. Gene expression during testis
development in Duroc boars. Animal 2015, 9, 1832-1842. [CrossRef] [PubMed]

Watanabe, M.; Fukuda, A.; Nabekura, J. The role of GABA in the regulation of GnRH neurons. Front. Neurosci. 2014, 8, 387.
[CrossRef] [PubMed]

Potter, S.J.; DeFalco, T. Role of the testis interstitial compartment in spermatogonial stem cell function. Reproduction 2017, 153,
R151-R162. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/ani16132005


https://doi.org/10.1016/j.chemosphere.2022.134470
https://www.ncbi.nlm.nih.gov/pubmed/35367487
https://doi.org/10.1016/j.rvsc.2025.105924
https://www.ncbi.nlm.nih.gov/pubmed/41076981
https://doi.org/10.1136/bmj.328.7437.447
https://www.ncbi.nlm.nih.gov/pubmed/14976101
https://doi.org/10.1017/S1751731110000595
https://www.ncbi.nlm.nih.gov/pubmed/20582145
https://doi.org/10.1152/physrev.00017.2015
https://www.ncbi.nlm.nih.gov/pubmed/26582516
https://doi.org/10.1530/REP-20-0154
https://www.ncbi.nlm.nih.gov/pubmed/32442963
https://doi.org/10.1007/s11270-025-08562-2
https://doi.org/10.1530/REP-20-0042
https://www.ncbi.nlm.nih.gov/pubmed/32213655
https://doi.org/10.1016/j.prevetmed.2020.105201
https://www.ncbi.nlm.nih.gov/pubmed/33229065
https://doi.org/10.3390/vetsci12111038
https://www.ncbi.nlm.nih.gov/pubmed/41295676
https://doi.org/10.1292/jvms.71.919
https://www.ncbi.nlm.nih.gov/pubmed/19652479
https://doi.org/10.1111/j.1476-5829.2010.00231.x
https://www.ncbi.nlm.nih.gov/pubmed/21303453
https://doi.org/10.22456/1679-9216.123553
https://doi.org/10.1093/biolre/ioae075
https://www.ncbi.nlm.nih.gov/pubmed/38738783
https://doi.org/10.1186/s12917-025-05176-y
https://www.ncbi.nlm.nih.gov/pubmed/41361308
https://doi.org/10.1177/1040638719854791
https://www.ncbi.nlm.nih.gov/pubmed/31248354
https://doi.org/10.1016/j.repbio.2024.100890
https://www.ncbi.nlm.nih.gov/pubmed/38723297
https://doi.org/10.17582/journal.aavs/2020/8.2.147.150
https://doi.org/10.1111/and.14222
https://www.ncbi.nlm.nih.gov/pubmed/34494678
https://doi.org/10.1016/s0303-7207(98)00153-1
https://www.ncbi.nlm.nih.gov/pubmed/9863627
https://doi.org/10.1017/S1751731115000907
https://www.ncbi.nlm.nih.gov/pubmed/26016904
https://doi.org/10.3389/fnins.2014.00387
https://www.ncbi.nlm.nih.gov/pubmed/25506316
https://doi.org/10.1530/REP-16-0588
https://www.ncbi.nlm.nih.gov/pubmed/28115580
https://doi.org/10.3390/ani16132005

Animals 2026, 16, 2005 16 of 18

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Hibi, H.; Yamashita, K.; Sumitomo, M.; Asada, Y. Leydig cell tumor of the testis, presenting with azoospermia. Reprod. Med. Biol.
2017, 16, 392-395. [CrossRef] [PubMed]

Ulbright, TM.; Srigley, ].R.; Hatzianastassiou, D.K.; Young, R.H. Leydig cell tumors of the testis with unusual features: Adipose
differentiation, calcification with ossification, and spindle-shaped tumor cells. Am. J. Surg. Pathol. 2002, 26, 1424-1433. [CrossRef]
[PubMed]

Kotula-Balak, M.; Gorowska-Wojtowicz, E.; Milon, A.; Pawlicki, P; Tworzydlo, W.; Ptachno, B.].; Krakowska, I.; Hejmej, A.; Wolski,
J.K.; Bilinska, B. Towards understanding leydigioma: Do G protein-coupled estrogen receptor and peroxisome proliferator-
activated receptor regulate lipid metabolism and steroidogenesis in Leydig cell tumors? Protoplasma 2020, 257, 1149-1163.
[CrossRef] [PubMed]

Davidoff, M.S.; Middendorff, R.; Enikolopov, G.; Riethmacher, D.; Holstein, A.F.; Miiller, D. Progenitor cells of the testosterone-
producing Leydig cells revealed. ]. Cell Biol. 2004, 167, 935-944. [CrossRef] [PubMed]

Pawlicki, P.; Hejmej, A.; Milon, A.; Lustofin, K.; Ptachno, B.J.; Tworzydlo, W.; Gorowska-Wojtowicz, E.; Pawlicka, B.; Kotula-Balak,
M.; Bilinska, B. Telocytes in the mouse testicular interstitium: Implications of G-protein-coupled estrogen receptor (GPER) and
estrogen-related receptor (ERR) in the regulation of mouse testicular interstitial cells. Protoplasma 2019, 256, 393—408. [CrossRef]
[PubMed]

Gyamfi, J.; Lee, Y.H.; Eom, M.; Choi, J. Interleukin-6/STAT3 signalling regulates adipocyte induced epithelial-mesenchymal
transition in breast cancer cells. Sci. Rep. 2018, 8, 8859. [CrossRef] [PubMed]

Yu, Y.P; Yu, G; Tseng, G.; Cieply, K.; Nelson, J.; Defrances, M.; Zarnegar, R.; Michalopoulos, G.; Luo, ].H. Glutathione peroxidase
3, deleted or methylated in prostate cancer, suppresses prostate cancer growth and metastasis. Cancer Res. 2007, 67, 8043-8050.
[CrossRef] [PubMed]

Zou, J; Liu, S.; Long, J. Up-regulation of MSMO1 was associated with poor survival in cervical cancer. Transl. Cancer Res. 2024, 13,
5316-5327. [CrossRef] [PubMed]

Relovska, S.; Wang, H.; Zhang, X.; Fernandez-Tussy, P; Jeong, K.]J.; Choi, J.; Sudrez, Y.; McDonald, J.G.; Fernandez-Hernando, C.;
Chung, ].J. DHCR24-mediated sterol homeostasis during spermatogenesis is required for sperm mitochondrial sheath formation
and impacts male fertility over time. bioRxiv 2024. [CrossRef] [PubMed] [PubMed Central]

Pomajzl, A.J.; Siref, L.E. Leydig Cell Cancer. In StatPearls [Internet]; Bookshelf ID: NBK549800; StatPearls Publishing: Treasure
Island, FL, USA, 2021.

Hatano, M.; Migita, T.; Ohishi, T.; Shima, Y.; Ogawa, Y.; Morohashi, K.I.; Hasegawa, Y.; Shibasaki, F. SF-1 deficiency causes lipid
accumulation in Leydig cells via suppression of STAR and CYP11A1. Endocrine 2016, 54, 484-496. [CrossRef] [PubMed]

McKay, R.R.; Nelson, T.].; Pagadala, M.S.; Teerlink, C.C.; Gao, A.; Bryant, A.K.; Agiri, FY.; Guram, K.; Thompson, R.E; Pridgen,
K.M.; et al. Adrenal-Permissive Germline HSD3B1 Allele and Prostate Cancer Outcomes. JAMA Netw. Open 2024, 7, €242976.
[CrossRef] [PubMed]

Gorowska-Wojtowicz, E.; Duliban, M.; Kudrycka, M.; Dutka, P.; Pawlicki, P.; Milon, A.; Zarzycka, M.; Placha, W.; Kotula-
Balak, M.; Ptak, A,; et al. Leydig cell tumorigenesis-implication of G-protein coupled membrane estrogen receptor, peroxisome
proliferator-activated receptor and xenoestrogen exposure. In vivo and in vitro appraisal. Tissue Cell 2019, 61, 51-60. [CrossRef]
[PubMed]

Duliban, M.; Gorowska-Wojtowicz, E.; Tworzydlo, W.; Rak, A.; Brzoskwinia, M.; Krakowska, I.; Wolski, ].K.; Kotula-Balak, M.;
Ptachno, B.J.; Bilinska, B. Interstitial Leydig Cell Tumorigenesis-Leptin and Adiponectin Signaling in Relation to Aromatase
Expression in the Human Testis. Int. J. Mol. Sci. 2020, 21, 3649. [CrossRef] [PubMed]

Bhangoo, A.; Gu, W.X; Pavlakis, S.; Anhalt, H.; Heier, L.; Ten, S.; Jameson, J.L. Phenotypic features associated with mutations in
steroidogenic acute regulatory protein. J. Clin. Endocrinol. Metab. 2005, 90, 6303-6309. [CrossRef] [PubMed]

Baba, A.L; Catoi, C. Chapter 12, Male Genital Tract Tumors. In Comparative Oncology; The Publishing House of the Roma-
nian Academy: Bucharest, Romania, 2007. Available online: https://www.ncbi.nlm.nih.gov/books/NBK9556/ (accessed on
10 February 2026).

Szlasa, W.; Zendran, I.; Zalesiriska, A.; Tarek, M.; Kulbacka, J. Lipid composition of the cancer cell membrane. ]. Bioenerg.
Biomembr. 2020, 52, 321-342. [CrossRef] [PubMed]

Azrad, M.; Turgeon, C.; Demark-Wahnefried, W. Current evidence linking polyunsaturated Fatty acids with cancer risk and
progression. Front. Oncol. 2013, 4, 224. [CrossRef] [PubMed]

Upchurch, C.; Leitinger, N. Biologically Active Lipids in Vascular Biology. In Fundamentals of Vascular Biology; Learning Materials
in Biosciences; Geiger, M., Ed.; Springer: Cham, Switzerland, 2019. [CrossRef]

Pereira, M.; Tekin, K.; Perez, M.; Cramer, K.; Romagnoli, S. Clinical Management of Testicular Tumors in Dogs. Animals 2026,
16, 1202. [CrossRef] [PubMed]

Kuberka, M.; Przadka, P.; Dzimira, S. Histological Analysis of Multiple Unilateral Testicular Tumors in Dogs. Life 2025, 15, 1772.
[CrossRef] [PubMed]

https:/ /doi.org/10.3390/ani16132005


https://doi.org/10.1002/rmb2.12046
https://www.ncbi.nlm.nih.gov/pubmed/29259494
https://doi.org/10.1097/00000478-200211000-00004
https://www.ncbi.nlm.nih.gov/pubmed/12409718
https://doi.org/10.1007/s00709-020-01488-y
https://www.ncbi.nlm.nih.gov/pubmed/32180008
https://doi.org/10.1083/jcb.200409107
https://www.ncbi.nlm.nih.gov/pubmed/15569711
https://doi.org/10.1007/s00709-018-1305-2
https://www.ncbi.nlm.nih.gov/pubmed/30187340
https://doi.org/10.1038/s41598-018-27184-9
https://www.ncbi.nlm.nih.gov/pubmed/29891854
https://doi.org/10.1158/0008-5472.CAN-07-0648
https://www.ncbi.nlm.nih.gov/pubmed/17804715
https://doi.org/10.21037/tcr-24-243
https://www.ncbi.nlm.nih.gov/pubmed/39525016
https://doi.org/10.1101/2023.12.21.572851
https://www.ncbi.nlm.nih.gov/pubmed/38187697
https://pmc.ncbi.nlm.nih.gov/articles/PMC10769317
https://doi.org/10.1007/s12020-016-1043-1
https://www.ncbi.nlm.nih.gov/pubmed/27455990
https://doi.org/10.1001/jamanetworkopen.2024.2976
https://www.ncbi.nlm.nih.gov/pubmed/38506808
https://doi.org/10.1016/j.tice.2019.08.001
https://www.ncbi.nlm.nih.gov/pubmed/31759407
https://doi.org/10.3390/ijms21103649
https://www.ncbi.nlm.nih.gov/pubmed/32455738
https://doi.org/10.1210/jc.2005-0434
https://www.ncbi.nlm.nih.gov/pubmed/16118340
https://www.ncbi.nlm.nih.gov/books/NBK9556/
https://doi.org/10.1007/s10863-020-09846-4
https://www.ncbi.nlm.nih.gov/pubmed/32715369
https://doi.org/10.3389/fonc.2013.00224
https://www.ncbi.nlm.nih.gov/pubmed/24027672
https://doi.org/10.1007/978-3-030-12270-6_9
https://doi.org/10.3390/ani16081202
https://www.ncbi.nlm.nih.gov/pubmed/42071968
https://doi.org/10.3390/life15111772
https://www.ncbi.nlm.nih.gov/pubmed/41302195
https://doi.org/10.3390/ani16132005

Animals 2026, 16, 2005 17 of 18

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Wu, X,; Yu, X;; Chen, C.; Chen, C.; Wang, Y.; Su, D.; Zhu, L. Fibrinogen and tumors. Front. Oncol. 2024, 14, 1393599. [CrossRef]
[PubMed]

Lu, J; Liu, Q.; Zhu, L,; Liu, Y.; Zhu, X,; Peng, S.; Chen, M.; Li, P. Endothelial cell-specific molecule 1 drives cervical cancer
progression. Cell Death Dis. 2022, 13, 1043. [CrossRef] [PubMed]

Kang, K.; Wang, Y.; Zhang, B.; Xie, Z.; Qing, S.; Di, Y. ESM1 May Be Used as a New Indicator for the Diagnosis and Prognosis of
Early and Advanced Stage Digestive Tract Cancers. Int. J. Gen. Med. 2024, 17, 2809-2820. [CrossRef] [PubMed]

Goyal, A.K.; Saini, ]J. Steroidogenesis and VEGF Production Doesn’t Alter in Leydig Cells within the Homeostatic Range of
Testicular Temperature. ]. Hum. Reprod. Sci. 2018, 11, 291-296. [CrossRef] [PubMed]

Mahaki, H.; Sheykhhasan, M.; Rahimi, H.R.; Kazemzadeh, G.; Ravari, H.; Nobari, S.; Izadi, H.S.; Darroudi, S.; Forouzanfar, F;
Afkhami, H.; et al. Mesenchymal Stem Cell Based-Regenerative Therapy in Atherosclerosis: An Updated Review. Curr. Cardiol.
Rep. 2025, 28, 6. [CrossRef] [PubMed]

Tsitouridis, I.; Maskalidis, C.; Panagiotidou, D.; Kariki, E.P. Eleven patients with testicular leydig cell tumors: Clinical, imaging,
and pathologic correlation. J. Ultrasound Med. 2014, 33, 1855-1864. [CrossRef] [PubMed]

Reddy, N.; Kasukurthi, K.B.; Mahla, R.S.; Pawar, R.M.; Goel, S. Expression of vascular endothelial growth factor (VEGF) transcript
and protein in the testis of several vertebrates, including endangered species. Theriogenology 2012, 77, 608-614. [CrossRef]
[PubMed]

Al-Agha, O.M.; Axiotis, C.A. An in-depth look at Leydig cell tumor of the testis. Arch. Pathol. Lab. Med. 2007, 131, 311-317.
[CrossRef] [PubMed]

Sabit, H.; Abouelnour, S.; Hassen, B.M.; Magdy, S.; Yasser, A.; Wadan, A.-H.S.; Abdel-Ghany, S.; Radwan, F.; Alqosaibi, A.L; Hafiz,
H.; et al. Anticancer Potential of Prebiotics: Targeting Estrogen Receptors and PI3K/AKT/mTOR in Breast Cancer. Biomedicines
2025, 13, 990. [CrossRef] [PubMed]

Liu, Z.; Wang, Y.; Huang, Y.; Kim, B.Y.S.; Shan, H.; Wu, D.; Jiang, W. Tumor Vasculatures: A New Target for Cancer Inmunotherapy.
Trends Pharmacol. Sci. 2019, 40, 613-623. [CrossRef] [PubMed]

Gorowska-Wojtowicz, E.; Dutka, P.; Kudrycka, M.; Pawlicki, P.; Milon, A.; Plachno, B.J.; Tworzydlo, W.; Pardyak, L.; Kaminska,
A.; Hejmej, A.; et al. Regulation of steroidogenic function of mouse Leydig cells: G-coupled membrane estrogen receptor and
peroxisome proliferator-activated receptor partnership. J. Physiol. Pharmacol. 2018, 69, 373-390. [CrossRef] [PubMed]
Gorowska-Wojtowicz, E.; Duliban, M.; Kotula-Balak, M.; Bilinska, B. Modulatory Effects of Estradiol and Its Mixtures with
Ligands of GPER and PPAR on MAPK and PI3K/ Akt Signaling Pathways and Tumorigenic Factors in Mouse Testis Explants and
Mouse Tumor Leydig Cells. Biomedicines 2022, 10, 1390. [CrossRef] [PubMed]

Peng, Y.; Wang, Y.; Zhou, C.; Mei, W.; Zeng, C. PI3K/Akt/mTOR Pathway and Its Role in Cancer Therapeutics: Are We Making
Headway? Front. Oncol. 2022, 12, 819128. [CrossRef] [PubMed]

Fowler, K.A.; Gill, K.; Kirma, N.; Dillehay, D.L.; Tekmal, R.R. Overexpression of aromatase leads to development of testicular
leydig cell tumors: An in vivo model for hormone-mediated Testicular Cancer. Am. J. Pathol. 2000, 156, 347-353. [CrossRef]
[PubMed]

Yu, W.; Zheng, H.; Lin, W.; Tajima, A.; Zhang, Y.; Zhang, X.; Zhang, H.; Wu, J.; Han, D.; Rahman, N.A ; et al. Estrogen promotes
Leydig cell engulfment by macrophages in male infertility. J. Clin. Investig. 2014, 124, 2709-2721. [CrossRef] [PubMed]
Chimento, A.; Casaburi, I.; Bartucci, M.; Patrizii, M.; Dattilo, R.; Avena, P.; Ando, S.; Pezzi, V.; Sirianni, R. Selective GPER
activation decreases proliferation and activates apoptosis in tumor Leydig cells. Cell Death Dis. 2013, 4, e747. [CrossRef] [PubMed]
Rago, V.; Romeo, E; Giordano, E.; Maggiolini, M.; Carpino, A. Identification of the estrogen receptor GPER in neoplastic and
non-neoplastic human testes. Reprod. Biol. Endocrinol. 2011, 9, 135. [CrossRef] [PubMed]

Oszukowska, E.; Stowikowska-Hilczer, J.; Lipifiski, M.; Kula, K. Zmiany wydzielania estradiolu i testosteronu przy leydigioma i
po usunieciu jadra z guzem. Urol. Pol. 2003, 56, 57-60.

Maeda, T.; Itoh, N.; Kobayashi, K.; Takahashi, A.; Masumori, N.; Tsukamoto, T. Elevated serum estradiol suggesting recurrence of
Leydig cell tumor nine years after radical orchiectomy. Int. J. Urol. 2002, 9, 659-661. [CrossRef] [PubMed]

Lakis, N.S.; Lombardo, K.A.; Mangray, S.; Netto, G.J.; Salles, D.; Matoso, A. INSL3 Expression in Leydig Cell Hyperplasia and
Leydig Cell Tumors. Appl. Immunohistochem. Mol. Morphol. 2019, 27, 203-209. [CrossRef] [PubMed]

Schramm, W.; Einer-Jensen, N.; Brown, M.B.; McCracken, ].A. Effect of four primary prostaglandins and relaxin on blood flow in
the ovine endometrium and myometrium. Biol. Reprod. 1984, 30, 523-531. [CrossRef] [PubMed]

Wieczfinska, J.; Pawliczak, R. Relaxin Affects Airway Remodeling Genes Expression through Various Signal Pathways Connected
with Transcription Factors. Int. J. Mol. Sci. 2022, 23, 8413. [CrossRef] [PubMed]

Ivell, R.; Kotula-Balak, M.; Glynn, D.; Heng, K.; Anand-Ivell, R. Relaxin family peptides in the male reproductive system—A
critical appraisal. Mol. Hum. Reprod. 2011, 17, 71-84. [CrossRef] [PubMed]

Vorherr, H. Fibrocystic breast disease: Pathophysiology, pathomorphology, clinical picture, and management. Am. J. Obstet.
Guynecol. 1986, 154, 161-179. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/ani16132005


https://doi.org/10.3389/fonc.2024.1393599
https://www.ncbi.nlm.nih.gov/pubmed/38779081
https://doi.org/10.1038/s41419-022-05501-5
https://www.ncbi.nlm.nih.gov/pubmed/36522312
https://doi.org/10.2147/IJGM.S456973
https://www.ncbi.nlm.nih.gov/pubmed/38912330
https://doi.org/10.4103/jhrs.JHRS_63_18
https://www.ncbi.nlm.nih.gov/pubmed/30568361
https://doi.org/10.1007/s11886-025-02332-6
https://www.ncbi.nlm.nih.gov/pubmed/41460409
https://doi.org/10.7863/ultra.33.10.1855
https://www.ncbi.nlm.nih.gov/pubmed/25253834
https://doi.org/10.1016/j.theriogenology.2011.08.037
https://www.ncbi.nlm.nih.gov/pubmed/22056013
https://doi.org/10.5858/2007-131-311-AILALC
https://www.ncbi.nlm.nih.gov/pubmed/17284120
https://doi.org/10.3390/biomedicines13040990
https://www.ncbi.nlm.nih.gov/pubmed/40299687
https://doi.org/10.1016/j.tips.2019.07.001
https://www.ncbi.nlm.nih.gov/pubmed/31331639
https://doi.org/10.26402/jpp.2018.3.04
https://www.ncbi.nlm.nih.gov/pubmed/30149370
https://doi.org/10.3390/biomedicines10061390
https://www.ncbi.nlm.nih.gov/pubmed/35740412
https://doi.org/10.3389/fonc.2022.819128
https://www.ncbi.nlm.nih.gov/pubmed/35402264
https://doi.org/10.1016/S0002-9440(10)64736-0
https://www.ncbi.nlm.nih.gov/pubmed/10623684
https://doi.org/10.1172/JCI59901
https://www.ncbi.nlm.nih.gov/pubmed/24762434
https://doi.org/10.1038/cddis.2013.275
https://www.ncbi.nlm.nih.gov/pubmed/23907461
https://doi.org/10.1186/1477-7827-9-135
https://www.ncbi.nlm.nih.gov/pubmed/21974818
https://doi.org/10.1046/j.1442-2042.2002.00538.x
https://www.ncbi.nlm.nih.gov/pubmed/12534915
https://doi.org/10.1097/pai.0000000000000567
https://www.ncbi.nlm.nih.gov/pubmed/29084059
https://doi.org/10.1095/biolreprod30.3.523
https://www.ncbi.nlm.nih.gov/pubmed/6372877
https://doi.org/10.3390/ijms23158413
https://www.ncbi.nlm.nih.gov/pubmed/35955554
https://doi.org/10.1093/molehr/gaq086
https://www.ncbi.nlm.nih.gov/pubmed/20952422
https://doi.org/10.1016/0002-9378(86)90421-7
https://www.ncbi.nlm.nih.gov/pubmed/3511705
https://doi.org/10.3390/ani16132005

Animals 2026, 16, 2005 18 of 18

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Reid, S.E.; Pantaleo, ].; Bolivar, P.; Bocci, M.; Sjolund, J.; Morsing, M.; Cordero, E.; Larsson, S.; Malmberg, M.; Seashore-Ludlow, B.;
et al. Cancer-associated fibroblasts rewire the estrogen receptor response in luminal breast cancer, enabling estrogen independence.
Oncogene 2024, 43, 1113-1126. [CrossRef] [PubMed]

Cox, T.R;; Erler, ].T. Fibrosis and Cancer: Partners in Crime or Opposing Forces? Trends Cancer 2016, 2, 279-282. [CrossRef]
[PubMed]

Silvertown, J.D.; Summerlee, A.J.; Klonisch, T. Relaxin-like peptides in cancer. Int. ]J. Cancer 2003, 107, 513-519. [CrossRef]
[PubMed]

Cheville, ].C.; Sebo, T].; Lager, D.J.; Bostwick, D.G.; Farrow, G.M. Leydig cell tumor of the testis: A clinicopathologic, DNA
content, and MIB-1 comparison of nonmetastasizing and metastasizing tumors. Am. ]. Surg. Pathol. 1998, 22, 1361-1367.
[CrossRef] [PubMed]

Lauer-Fields, J.L.; Juska, D.; Fields, G.B. Matrix metalloproteinases and collagen catabolism. Biopolymers 2002, 66, 19-32. [CrossRef]
[PubMed]

Kuo, ].C. Mechanotransduction at focal adhesions: Integrating cytoskeletal mechanics in migrating cells. J. Cell. Mol. Med. 2013,
17,704-712. [CrossRef] [PubMed]

Habu, T.; Taki, T.; West, A.; Nishimune, Y.; Morita, T. The mouse and human homologs of DMCI1, the yeast meiosis-specific
homologous recombination gene, have a common unique form of exon-skipped transcript in meiosis. Nucleic Acids Res. 1996, 24,
470-477. [CrossRef] [PubMed]

Peacock, ].W,; Takeuchi, A.; Hayashi, N.; Liu, L.; Tam, K.J.; Al Nakouzi, N.; Khazamipour, N.; Tombe, T.; Dejima, T.; Lee, K.C,;
et al. SEMA3C drives cancer growth by transactivating multiple receptor tyrosine kinases via Plexin B1. EMBO Mol. Med. 2018,
10, 219-238. [CrossRef] [PubMed]

Hao, J.; Han, X,; Huang, H.; Yu, X,; Fang, J.; Zhao, J.; Prayson, R.A; Bao, S.; Yu, J.S. Sema3C signaling is an alternative activator of
the canonical WNT pathway in glioblastoma. Nat. Commun. 2023, 14, 2262. [CrossRef] [PubMed]

Zheng, Z.;1i,Y,; Jin, G.; Huang, T.; Zou, M.; Duan, S. The biological role of arachidonic acid 12-lipoxygenase (ALOX12) in various
human diseases. Biomed. Pharmacother. 2020, 129, 110354. [CrossRef] [PubMed]

Qin, X,; Lam, A.; Zhang, X.; Sengupta, S.; Iorgulescu, J.B.; Ni, H.; Das, S.; Rager, M.; Zhou, Z.; Zuo, T.; et al. CKLF instigates a
“cold” microenvironment to promote MYCN-mediated tumor aggressiveness. Sci. Adv. 2024, 10, eadh9547. [CrossRef] [PubMed]
Mou, D.; Wu, S.; Chen, Y.; Wang, Y.; Dai, Y.; Tang, M.; Teng, X.; Bai, S.; Bai, X. Roles of PEG10 in cancer and neurodegenerative
disorder (Review). Oncol. Rep. 2025, 53, 60. [CrossRef] [PubMed]

Rajarathinam, B.; Nandan, D.; Venugopal, P.; Nair, A.M.; John, S.; Nair, B.G.; Aradhya, R. Conserved Pathways, Divergent
Outcomes: A Cross-Species Genomic Perspective on the Cancer-Neurodegeneration Paradox. Int. J. Mol. Sci. 2026, 27, 2989.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/ani16132005


https://doi.org/10.1038/s41388-024-02973-x
https://www.ncbi.nlm.nih.gov/pubmed/38388711
https://doi.org/10.1016/j.trecan.2016.05.004
https://www.ncbi.nlm.nih.gov/pubmed/28741525
https://doi.org/10.1002/ijc.11424
https://www.ncbi.nlm.nih.gov/pubmed/14520686
https://doi.org/10.1097/00000478-199811000-00006
https://www.ncbi.nlm.nih.gov/pubmed/9808128
https://doi.org/10.1002/bip.10201
https://www.ncbi.nlm.nih.gov/pubmed/12228918
https://doi.org/10.1111/jcmm.12054
https://www.ncbi.nlm.nih.gov/pubmed/23551528
https://doi.org/10.1093/nar/24.3.470
https://www.ncbi.nlm.nih.gov/pubmed/8602360
https://doi.org/10.15252/emmm.201707689
https://www.ncbi.nlm.nih.gov/pubmed/29348142
https://doi.org/10.1038/s41467-023-37397-w
https://www.ncbi.nlm.nih.gov/pubmed/37080989
https://doi.org/10.1016/j.biopha.2020.110354
https://www.ncbi.nlm.nih.gov/pubmed/32540644
https://doi.org/10.1126/sciadv.adh9547
https://www.ncbi.nlm.nih.gov/pubmed/38489372
https://doi.org/10.3892/or.2025.8893
https://www.ncbi.nlm.nih.gov/pubmed/40183369
https://doi.org/10.3390/ijms27072989
https://www.ncbi.nlm.nih.gov/pubmed/41977178
https://doi.org/10.3390/ani16132005

	Introduction 
	Materials and Methods 
	Samples 
	RNA Extraction and Amplification 
	Library Preparation and NGS 
	Data Analysis 

	Results 
	RNA-Seq Analysis 
	Upregulated Genes in Canine Leydig Cell Tumor 
	Downregulated Genes in Canine Leydig Cell Tumor 
	Functional Enrichment Analysis of Differentially Expressed Genes 

	Discussion 
	Disruption of Lipid Metabolism, Steroidogenesis, and Neuroendocrine Signaling 
	Angiogenesis, Tubulogenesis, and Microenvironmental Adaptations 
	The Convergent Role of the PI3K-Akt Axis and Extracellular Matrix Remodeling 
	Distinctive Species Mechanisms: Estrogen Signaling 
	Downregulation of Critical Developmental and Defensive Transcripts 

	Conclusions 
	References

