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Pituitary neuroendocrine tumors are common, typically benign intracranial neoplasms arising from well-differentiated anterior pituitary cells with prevalence of clinically relevant pituitary tumor of 89 in 100 000 people. Despite the growing number of published studies, there is still a need for diagnostic and predictive biomarkers of pituitary adenomas. Prompt determination of tendency of the tumor for invasive growth and aggressive behavior would allow for earlier and more effective treatment. Extracellular vesicles (EVs), including exosomes, are particles released by cells containing cell-specific cargo including a variety of bioactive molecules, such as DNA, messenger RNA, microRNA, long non-coding RNA, circular RNA, proteins, and lipids surrounded by lipid membranes, which act as mediators of cell to cell communication. The ability of exosomes to reflect the functional state of the tumor, transport informative molecules, and accessibility in body fluids make them promising candidates in the search for biomarkers and new therapeutic methods. This study aims to investigate the involvement of exosomes in the pathology of pituitary adenoma and their potential clinical applications.
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Highlights

	Exosomes are cell crosstalk mediators that contain bioactive molecules and are easily accessible in body fluids; thus, they are promising as novel biomarkers.

	Exosomal micro RNA, circular RNA, long non-coding RNA and messenger RNA expression were altered in pituitary adenomas and in some studies were correlated with tumor invasiveness, diagnosis, and prognosis.

	Functional studies suggest that exosomal RNA may alter the tumorigenesis of pituitary adenomas or other tumor cells and can be regarded as a therapeutic agent.

	Alterations in exosomal protein expression between invasive and non-invasive pituitary adenomas were identified and proposed as potential liquid biopsy markers of the tumor invasiveness.

	Further evidence on the role of exosomes in pituitary adenomas is required.






1 Introduction

Pituitary neuroendocrine tumors are typically benign intracranial neoplasms arising from well-differentiated anterior pituitary cells, with a prevalence in the general population ranging from approximately 10% in autopsy studies to 22% in radiological studies, and with a prevalence of clinically relevant pituitary tumor of 89 in 100 000 people (1). The clinical picture of the disease may vary from asymptomatic in small and non-functioning pituitary neuroendocrine tumors to symptoms and signs resulting from hypersecretion of a hormonally active tumor, or, in the case of larger tumors (typically >1 cm), from its mass effect on the surrounding structures. This mass effect can lead to hypopituitarism, headaches or visual field defects, which can cause severe disabilities (2, 3).

Pituitary neuroendocrine tumors are classified into non-functioning (57%) or hormonally active (43%) secreting pituitary hormones, such as growth hormone (GH) -18%, prolactin (PRL)-12%, adrenocorticotrophic hormone (ACTH)-5%, gonadotropins (luteinizing hormone (LH), follicle-stimulating hormone (FSH) and alpha-subunit of glycoproteins -5%, thyroid-stimulating hormone (TSH)-1%, or mixed tumors most commonly secreting growth hormone and prolactin -1% (4). The epidemiology of the tumor types varies between studies, with non-functioning pituitary neuroendocrine tumors and prolactinomas being the most common with a prevalence of 14-43% and 31-66% respectively (5).

In 2017, the World Health Organization (WHO) introduced a new classification of pituitary tumors that distinguishes them not only by hormonal activity but also by transcription factors, such as: pituitary-specific positive transcription factor 1 (PIT1), T-box transcription factor (TPIT) and steroidogenic factor 1 (SF1). The PIT1 lineage is associated with somatotroph, lactotroph, mammosomatotroph, mature plurihormonal, immature, and acidophil stem cell tumors, the TPIT lineage with corticotroph tumors, the SF1 lineage with gonadotroph tumors, and the category of pituitary neuroendocrine tumors with no distinct cell lineage, including null cell tumors and plurihormonal tumors (Table 1) (6, 7). However, there is disagreement as to the clinical usefulness of this classification because 1) it cannot be applied to pituitary tumors that were not treated surgically; 2) it does not include clinical, radiological, biochemical, or genetic information; and 3) it does not propose any grading or staging system (8, 9).


Table 1 | The 5th WHO classification of pituitary neuroendocrine tumors/pituitary adenomas.



Transsphenoidal pituitary surgery is the first-line treatment for clinically significant pituitary adenomas, excluding prolactinomas. Other treatment options for pituitary adenomas include radiation therapy and pituitary-directed medical therapy using somatostatin receptor ligands or dopamine agonists in tumors positive for somatostatin receptor 2, somatostatin receptor 5, or dopamine D2 receptor respectively. Usually, non-functioning and asymptomatic pituitary adenomas are managed conservatively. Nevertheless, the presence of symptoms and signs related to the tumor placing pressure on surrounding structures, which is typical of large tumors, is an indication for surgery (3, 10).

The outcomes of pituitary adenoma surgery presented in a meta-analysis and survey study in 2022 indicated remission rates of 50% for acromegaly, 68% for Cushing’s disease, and 53% for prolactinoma. Gross total resection was achieved in 49% of patients with no difference between non-functioning or hormone-producing adenomas (11).

According to the literature, approximately 45-55% of pituitary adenomas invade local structures such as the cavernous sinus, sphenoid, or dura mater. Along with tumor size, local invasion is one of the main factors contributing to an incomplete outcome of pituitary surgery, resulting in a higher risk of persistent disease. One observational study examined 354 patients with pituitary adenoma who underwent transsphenoidal surgery. Residual disease was demonstrable in 14-17% of patients with non-invasive pituitary adenoma and 30-50% of patients with invasive pituitary adenoma. The survival rate was lower in patients with invasive pituitary adenoma (91%) than those with non-invasive pituitary adenoma (100%) at six years post-surgery (12). Another case-control study comprising 410 patients with pituitary adenoma reported that the grade of tumor invasion was associated with disease progression or recurrence at eight years post-surgery (13).

Although mostly slow-progressing and benign, 0,5% of pituitary tumors may have more aggressive behavior, such as local invasion, rapid growth, and poor response to the standard treatment, which prompted a change of nomenclature in the aforementioned WHO 2017 classification from “pituitary adenoma” to “pituitary neuroendocrine tumor”, because the term adenoma, by definition, describes benign tumors (6, 14). Nevertheless, this claim is disputed, suggesting that the biology of pituitary tumors differs from that of most neuroendocrine tumors and that this change in nomenclature would increase anxiety and cause unnecessary confusion (15). Both forms of the nomenclature can be found in the literature.

Classical markers of aggressive behavior in pituitary tumors, such as a high ki-67 index and extensive p53 staining, are not sufficiently accurate because they do not discriminate between approximately 20% of aggressive tumors, even though they are linked to a higher risk of recurrence (16).

Despite the growing number of studies in this field, the currently available diagnostic and prognostic parameters based on tumor imaging, histopathology and biochemical and molecular markers do not fulfil clinical requirements, particularly in terms of assessing tumor invasiveness and aggressiveness. There is still a demand for tools that will assist in providing a more accurate diagnosis and non-invasive diagnosis and prognosis that would potentially aggressive and invasive tumors to be identified, leading to earlier radical treatment, thus minimizing the risk of persistent or recurrent disease.

Increasing attention has been drawn to the role of exosomes, small extracellular vesicles (EVs), as potential tumor biomarkers that may reflect tumor characteristics and that can be accessed in a non-invasive manner in virtually all body fluids. Owing to their unique properties, exosomes mirror the origin cell state, transport bioactive molecules, participate in cellular crosstalk, and influence recipient cell behavior, possibly facilitating tumor proliferation, invasiveness, and recurrence. Clinical trials are conducted to investigate the clinical applications of exosomes for use as biomarkers, exosome therapy, drug-delivery systems or cancer vaccines in various pathologies (17–19).

This study aimed to investigate the involvement of exosomes in the pathology of pituitary adenoma and their potential clinical applications.




2 Extracellular vesicles and exosomes – structure, composition, and role

EVs are surrounded by lipid membrane particles released by cells. Thay were initially described in 1967 as procoagulant “platelet dust” and since then they have become known as mediators of cell- to- cell communication (20). They can be found in peripheral blood plasma and serum at a concentration >109/ml, whereas up to 25-75% of blood EVs originate from platelets. EVs have also been found in other body fluids such as urine, tears, saliva, cerebrospinal fluid, bile, nasal and bronchial lavage, amniotic fluid, breast milk, and seminal fluid (21, 22). In 2006-2007 microRNA (miRNA) and messenger RNA (mRNA) were found in EVs, drawing attention to their role in the direct and safe transport of informative molecules (23–25).

Based on their size and biogenesis, EVs have been divided into three main subtypes: microparticles or microvesicles, apoptotic bodies and exosomes (21). The largest of them, apoptotic bodies are 50 to 5,000 nm in size, contain mostly DNA, and originate from cell fragmentation during apoptosis (26). Microvesicles measuring 50 to 1,000 nm are released from cells via cell membrane budding and scission; therefore, they mostly contain phosphatidylserine and membrane proteins (27). Recent studies have described new classes of EVs that are generated by the scission of cellular protrusive structures, such as filopodia, microvilli, and cilia, and may share dimensions and markers such as tetraspanins with other EV types, signaling the requirement to adapt the classification criteria (28–30).

Exosomes, described as 30-100 nm in size, extracellular, membranous, cup or dish- shaped structures formed in intracellular multivesicular bodies and released through exocytosis, were found to originate from most cell types. However, their size, composition, and genesis vary not only between cell types but also within individual cells, which may release a variety of exosomes depending on their functional state due to selective sorting of the cargo under the control of an endocytosis sorting complex. The process of exosome formation includes invagination of the cell membrane and creation of sorting endosomes that form multivesicular bodies that release exosomes by fusion with the cell membrane. The main pathway of multivesicular body formation is the endosomal sorting complex required for transport (ESCRT)-dependent pathway but ESCRT-independent mechanisms have also been described. However, the exact mechanisms underlying exosome formation and secretion remain unclear (31, 32).

Protected by a lipid membrane covered with markers, exosomal cargo may include a variety of molecules, such as single-stranded DNA, double-stranded DNA, amplified oncogene sequences, mitochondrial DNA, mRNA, miRNA, lncRNA, circRNA, proteins, and lipids (33–37). Tetraspanins (CD9, CD63, CD81, CD82, CD151, and Tspan8), class I and II histocompatibility complexes, adhesion molecules, proteases, and the heat-shock proteins HSP 60 and HSP70 are consistent components of exosome cargo (38).

The released exosomes may interact with target cells and change their behavior via fusion with the membrane of the target cell, receptor-mediated endocytosis, receptor-ligand interactions, or phagocytosis (39). After fusion with the recipient cell membrane, exosomal cargo, including bioactive molecules such as miRNA, proteins, or lipids, is released into the cytoplasm of the target cell. This “language of exosomes” may be viewed as a novel type of intercellular communication with EVs as endocrine/paracrine messengers (Figure 1) (40).




Figure 1 | The structure, composition, and role of exosome.






3 EVs – methods of isolation and analysis

New methods for the extraction and analysis of EVs have been developed as a relatively new area of focus. The International Society for Extracellular Vesicles formulated general guidelines for conducting studies on EVs (41).

EVs are difficult to isolate owing to their heterogeneity in size, content, and source. Ultracentrifugation is one of the most popular techniques for this purpose. However, the isolation and purification of exosomes from biological fluids requires a combination of different techniques, such as density gradient centrifugation, filtration, precipitation, size-exclusion chromatography, or liquid chromatography. The polyethylene glycol-dextran aqueous two-phase system is another interesting method for EV isolation from body fluids containing high quantities of proteins as it has high recovery efficiency and purity of isolated EVs (42).

Plasma is the preferred material for isolating EVs from the blood. In serum samples, over 50% of the EVs were released from clotting platelets (43). Heparin is the only anticoagulant that should not be used as it may bind to the EVs (44). Cells should be removed from any source material as early as possible because cell disruption, post-collection cellular activation, and cell death may influence EV composition and function. The collected material with cells and platelets removed can be stored using freezing, freeze-drying, or drying techniques for protection. Phosphorylation proteins can be isolated from frozen samples stored for five years. Nevertheless, more data are required to evaluate long-term storage stability (45).

Characterization techniques include western blotting, nano particle tracking analysis, flow cytometry, and electron microscopy (46). Markers of EVs can be divided into three categories: membrane markers such as CD63, CD81, CD82, CD47, MHC class I, and integrins -ITGA*/ITGB*; cytosolic markers, such as ESCRT-I/II/III, ALIX, VPS4A/B, ARRDC1, Flotillins-1 and 2, heat shock proteins HSC70 and HSP84; and negative markers such as apolipoproteins A1/2 and B or albumin for plasma/serum- derived EVs (47).

Hoshino et al. conducted a proteomic analysis of EVs and EV particles (EVP) derived from 426 human tissue, plasma and body fluid samples and validated CD9, HSPA8, ALIX, and HSP90AB1 as pan-EVP markers while suggesting ACTB, MSN, and RAP1B as novel pan-EVP markers. This study also identified candidate markers for EVP isolation, cancer detection, and determining cancer type (48).

There are a few EV databases such as EVpedia, Vesiclepedia and Exocarta that provide a source of information on EV research and their components in different types of pathologies; however, the data provided may not be regularly updated (49–54).




4 Clinical potential of exosomes

EVs are produced by virtually all cells and are found in all body fluids. The composition of EVs reflects the state of their cell of origin. Therefore, profiling the contents of their cargo, such as miRNA, proteins, or lipids, may result in the identification of new markers that may assist in the diagnosis or monitoring of disease using minimally invasive liquid biopsy. Cancer cells produce a large number of EVs that participate in tumor development. Neoplastic cells produce 10-fold more EVs than normal cells. Molecules of exosomal origin facilitate angiogenesis, epithelial-mesenchymal transition, formation of premetastatic niche, cancer cell immune escape and drug resistance (48, 55–60).

In addition, owing to their characteristic property of transporting cargo to target cells, exosomes are viewed as a promising method of precisely delivering therapeutic agents precisely to target cells, safely protected from degradation by the lipid bilayer, and resistant to uptake by the immunological system. A limitation of this method is the rapid clearance of exosomes, which necessitates further exosome engineering (61–63).

More than 400 studies on exosomal biomarkers and treatment methods are being conducted, and they can be found at clinicaltrials.gov (64).




5 Genetic analysis of exosomes in search of pituitary adenoma biomarkers



5.1 miRNA

miRNA has been widely studied in pituitary adenomas. miRNA is a non-coding, short RNA molecule that regulates gene expression at the post-transcriptional level by binding to the 3′-untranslated region of target mRNA, inhibiting gene translation or causing mRNA degradation (65) miRNAs are found not only within cells but also in body fluids and are referred to as circulating miRNAs. To protect against RNase degradation, circulating miRNAs are encapsulated in extracellular vesicles or circulate in a non-vesicle- associated form as ribonucleoprotein complexes (66). Arroyo et al. suggested that up to 90% of circulating miRNAs are the non-vesicle- associated (67). However, some studies have suggested that miRNA expression differs between blood-derived exosomes and plasma samples (68–70).

Tumorigenesis generally results from overexpression of miRNAs targeting tumor suppression genes (oncoMIRs) and suppressed expression of miRNAs that target oncogenes (tumor suppressor miRNAs). Dysregulation of miRNA is considered a tumor hallmark and is tissue specific (71).

Due to their stability in biological fluids and high specificity, circulating miRNAs have been widely studied in the search for novel pituitary adenoma biomarkers. However, most of these studies have not distinguished between miRNA of exosomal origin.

Nemeth et al. examined plasma, plasma exosomal (preoperative, early postoperative, and late postoperative) and tissue samples of 45 patients with pituitary adenomas divided according to hormonal activity and transcription factors: 29 FSH/LH+, seven GH -secreting, three plurihormonal, three hormone-immunonegative steroidogenic factor 1+ (SF1+), and three hormone-immunonegative T-box transcription factor TBX19+ (T-Pit) adenomas finding that all the measurable miRNAs in hormone-immunonegative and somatotroph adenoma plasma samples (miR ‒26b-5p, miR ‒126-5p, miR ‒148b-3p, and miR ‒150-5p) were also detectable in exosomes. Nevertheless, none distinguished between preoperative and postoperative samples (72).

In another study, Lyu et al. investigated the exosomal miRNA profiles of non-functioning pituitary adenomas. Global downregulation of exosomal miRNAs in non-functioning pituitary adenomas compared to healthy controls was revealed, consistent with the previously described global downregulation of miRNAs in pituitary adenoma tissue samples and plasma (72). Exosomal hsa-miR-486-5p, hsa-miR-151a-5p, hsa-miR-652-3p_R+1, and hsa-miR-1180-3p were upregulated in non-functioning pituitary adenoma samples and were proposed as candidate biomarkers for non-functioning pituitary adenoma, with hsa-miR-486-5p being the most efficient biomarker for predicting disease progression or relapse of disease (area under the receiver operating characteristic curve (AUC) = 0.9432). Thus, the authors suggested that high preoperative expression of exosomal hsa-miR-486-5p could be an indication for more radical treatment in clinical settings. Bioinformatics methods indicated that exosomal hsa-miR-486-5p may be involved in the regulation of mitogen-activated protein kinase (MAPK) signaling pathways. However, further investigation is required. Interestingly, no differences in exosomal miRNA expression were found between invasive and non-invasive non-functioning pituitary adenomas (73).

Zhao et al. performed miRNA profiling of exosomes derived from the serum of six patients with somatotroph adenomas and found 169 differentially expressed miRNAs, among which hsa-miR-320a and hsa-miR-423-5p were downregulated. Analysis of mRNA and proteomic targets revealed the overexpression of SYT1 and PTTG1 in somatotroph adenoma tissues, which correlated with tumor size, hormone concentration, and tumor recurrence. In vitro experiments showed that miR-423-5p inhibits cell proliferation, induces cell apoptosis, and reduces growth hormone release and migration in GH3 cells (74).




5.2 circRNA

circRNA is a novel, tissue-specific, non-coding RNA characterized by a closed-loop structure that provides greater stability and resistance to RNA exonucleases. Emerging circRNA studies have revealed various biological functions showing that they may act as miRNA sponges by binding to miRNAs and thereby regulating their expression. Similarly, circRNAs may bind to proteins and facilitate their transport between the nucleus and cytoplasm, or affect translation by binding to mRNA. Finally, circRNAs may be translated to produce proteins (75).

Yue et al. explored exosomal circCCDC66 expression levels in the serum of 90 patients with pituitary adenoma (28 prolactinoma, 10 adrenocorticotrophic hormone (ACTH)-secreting, 22 GH–secreting and 30 non-functioning pituitary adenomas) pre- and post- surgery, and 50 healthy subjects finding that circCCDC66 expression was increased in serum exosomes and pituitary adenoma tissue of patients with pituitary adenoma compared to healthy controls. Serum exosomal circCCDC66 expression discriminated patients with pituitary adenoma from healthy controls with 80.00% sensitivity and 84.00% specificity. Exosomal circCCDC66 expression was downregulated following pituitary adenoma surgery and increased at the time of recurrence of the disease showing s positive correlation between circCCDC66 expression and tumor size, invasiveness and recurrence (76).




5.3 mRNA

Yu et al. compared mRNA expression of candidate genes linked to tumor progression or invasion, including cyclin dependent kinase 6 (CDK6), ras homolog family member U (RHOU), and spire type actin nucleation factor 2 (SPIRE2) in serum exosomes derived from patients with invasive and non-invasive non-functioning pituitary adenoma. CDK6 and RHOU expression were upregulated in patients with invasive pituitary adenoma with AUCs of 0.77 (95%) and 0. 76 (95%), respectively, suggesting that they have role as markers of tumor invasiveness (77).

Bao et al. analyzed candidate protein expression in 39 patients with non-invasive and 22 patients with invasive non-functioning pituitary adenoma and found that higher in situ INSM1, a zinc finger transcription factor, expression is related to the invasive potential of the tumor, and serum exosomal INSM1 mRNA expression was higher in patients with invasive pituitary adenoma, with an AUC of 0. 72, suggesting that it is a promising diagnostic factor for tumor invasion (78).

Although still in its infancy, the search for exosomal RNA biomarkers of pituitary adenomas and their invasiveness has provided promising candidates. Nevertheless, further studies with larger patient groups are required to validate these findings.





6 Functional studies involving exosomal RNA

Exosomes contain microRNA, mRNA or lncRNA that may affect tumorigenesis. Their ability to transport molecules to target cells can be regarded as a part of intercellular communication, indicating their significant role in the pathogenesis of pituitary adenoma and their pivotal role in transporting therapeutic agents to tumor cells.



6.1 Exosomal RNA affects pituitary tumorigenesis

In a functional study, Zhao et al. demonstrated decreased expression of miR-149-5p and miR-99a-3p in the rat pituitary tumor cell lines GH3 and MMQ, hypothesizing their role as tumor suppressors; they investigated the effect of exosome- derived miR-149-5p and miR-99a-3p on rat pituitary adenoma cells and found that they inhibit tumor cell proliferation, migration, and invasion. Neuro-oncological ventral antigen 1 (NOVA1), denticleless E3 ubiquitin protein ligase homolog (DTL), and RAB27B were identified as target genes for miR-99a-3p. Nevertheless, further studies are required to establish the expression and function of the target genes, and the exact mechanism through which miR-99a-3p affects progression of pituitary adenoma is yet to be elucidated (79).

In recent years, the emerging role of the tumor microenvironment in pituitary tumorigenesis has drawn considerable attention.

Jiang et al. investigated the role of exosomal circRNAs derived from tumor-associated fibroblasts on the growth of pituitary adenoma. First, the promoting effect of tumor- associated-fibroblasts on pituitary tumor cell growth was demonstrated in vitro and in vivo. Further analysis demonstrated higher expression levels of circDennd1b in exosomes derived from aggressive pituitary adenoma tissues and exosomes derived from tumor-associated fibroblasts. Furthermore, the circDennd1b level was positively correlated with tumor size and aggressiveness in human pituitary adenoma tissues. Next, circDennd1b was found to promote the progression of pituitary tumor by sponging miR-145-5p, which acts as a tumor suppressor and downregulates the expression of one cut homobox 2, a transcription factor that participates in tumor development by regulating fibroblast growth-factor receptor 3 expression in signaling pathways such as MAPK, mammalian target of rapamycin, and phosphoinositide-3 kinase (80).

Interestingly, pituitary-derived exosomes may also affect other malignant tumor cells.

Zhou et al. analyzed exosomal miRNA and mRNA derived from rat somatotroph tumor cell lines (GH1 and GH3) and tested the actions of GH1-derived exosomes (GH1-exo) (81). Exosomal miRNA and mRNA expression were more specific to pituitary cells than to non-pituitary cells. The GH1-exo action on rat hepatic cells showed decreased mRNA expression of Eif2ak2 and Atf4. This suggests that GH1-exo is involved in amino acid synthesis and metabolic processes. The effect of GH1-exo on malignant HCT116 cells was also examined and GH1-exo and GH1 cells both attenuated HCT116 migration and invasion. Further, mRNA and KEGG pathway analyses indicated that GH1-exo alters several cancer-related pathways such as MAPK or p53 signaling. This study suggests that pituitary-derived exosomes carry the benign properties of mother cells and may attenuate malignant tumor cell migration, invasion and metastasis. GH1 and GH3 cells were treated with hydrocortisone and it was found that hydrocortisone induced exosome release, which is in agreement with other studies, suggesting that stress may enhance exosome release (81–83).




6.2 Exosomal RNA participates in the pathogenesis of acromegaly

Xiong et al. conducted a series of experiments using GH adenoma cells, a GH3 cell line, and animal studies to test the hypothesis that exosomes play a role in abnormal bone formation in somatotroph adenomas, independently of the GH/insulin-like growth factor (IGF-1) axis. First, it was demonstrated that exosomes may be internalized by osteoblasts. miRNA analysis of the pituitary tissue showed overexpression of miR-21 in somatotroph adenoma tissue compared to non-functioning adenoma tissue. Treatment with GH3 derived exosomes resulted in increased miR-21 expression in osteoblasts, suggesting the selective sorting and targeted delivery of miRNAs into exosomes. In animal studies, the exposure of rats to GH3 derived exosomes resulted in reduced trabecular separation, which could contribute to increased bone mass. At the molecular level, it was found that GH3 derived exosomes can promote osteoblast proliferation through the miR-21/PDCD4/AP-1 and Smad7/Runx2 pathways and regulate osteoblast differentiation through an increase in collagen I, osteocalcin, and Runx2-expression levels in osteoblasts. These data show that exosomal hsa-miR21-5p participates in the pathogenesis of acromegaly by disturbing the balance between osteoblasts and osteoclasts, leading to abnormal bone growth, independent of the GH/IGF-1 axis and it may become a novel therapeutic target (84).




6.3 Exosomal RNA may be regarded as a therapeutic agent

lncRNAs are a class of noncoding RNA molecules longer than 200 nucleotides that regulate gene expression in multiple ways, including acting as competitive endogenous RNA for miRNA (sequestering miRNA), interacting with proteins involved in RNA transcription, or affecting epigenetic regulation (85). Based on the recent finding that lncRNA H19 is downregulated in pituitary adenomas and that its overexpression may inhibit the growth of pituitary tumor cells, Zhang et al. investigated whole blood- derived exosomes in 206 patients with various pituitary tumors (23 prolactinomas, 49 nonfunctioning pituitary adenomas, 29 somatotroph adenomas, and five corticotroph tumors) and found that exosomal lncRNA H19 expression was significantly decreased in patients with pituitary tumors compared to healthy subjects. In vitro, exosomes facilitated the membrane transport of H19 which had an antiproliferative effect on GH3 cells. In a murine model, exosomal H19 inhibited the growth of distant GH3 tumors. Moreover, cabergoline increases H19 expression and acts synergistically with exosomal H19 to reduce GH3 cell proliferation. Finally, exosomal H19 inhibits 4E-Bp1 phosphorylation, thereby acting as a tumor suppressor. A higher exosomal H19 level has been linked to a better prognosis after dopamine agonist treatment. This study shows the potential of exosomally delivered lncRNA as a novel method for the treatment of dopamine-resistant prolactinomas and other pituitary tumors, particularly those resistant to available therapeutic options (86, 87).





7 Proteomic analysis of exosomes in pituitary adenomas

Epithelial markers, such as folate receptor 1 (FOLR1) and epithelial cell adhesion molecule (EPCAM), are overexpressed in pituitary adenoma tumor tissues and are generally known to be deeply connected with tumor malignancy and metastatic potential (88–91). Nevertheless, underexpression of these proteins and overexpression of mesenchymal markers such as vimentin or N-cadherin in pituitary adenoma tissue and exosomes may be related to epithelial-mesenchymal transition, which is positively correlated with pituitary tumor invasiveness.

Wang et al. compared the expression of FOLR1 and EPCAM in serum exosomes of invasive and non-invasive non-functional pituitary adenomas and found that they were significantly decreased in exosomes derived from the serum of invasive non-functional pituitary adenomas. This finding further suggests a role of epithelial-mesenchymal transition in the pathogenesis of invasive pituitary adenoma (92). These findings were further confirmed by Chen et al. in a study on epithelial-mesenchymal transition exosomal markers in 20 patients with pituitary (93).

In another study, Ren et al. found a positive correlation between the increased expression of matrix metalloproteinase-1 (MMP1) in exosomes derived from non-functioning pituitary adenomas and tumor invasiveness. MMP1 enrichment has been suggested as a promoter of tumor migration, growth, and angiogenesis through the protease-activated receptor-1 signaling pathway, causing disruption of the endothelial barrier (94).

Alterations in the expression of exosomal proteins indicate their potential as pioneering liquid biopsy markers of pituitary adenoma invasiveness.




8 Discussion

Although study into the role of exosomes in pituitary tumors is still in its infancy, recently, their ability to reflect the functional state of the tumor, which has already been demonstrated in other neoplasms, has gained much attention. In a search in Pubmed using keywords, such as “pituitary adenoma, “pitnet”, “exosomes”, “exosomal” and “extracellular vesicles”, of the 60,551 search results on exosomes, 35 studies focused the pituitary gland and almost all were published in the previous five years (Figure 2). Due to their specific properties such as accessibility in serum and being able to carry cell-specific cargo including bioactive molecules exosomes have great potential in the search for biomarkers and new therapeutic methods. This review provides an overview of the current state of knowledge regarding the biology and function of exosomes in pituitary adenomas and their potential role in pituitary tumor diagnosis and treatment (Table 2). The results of the presented studies suggest that exosomal RNA is a possible biomarker for the diagnosis, progression, or recurrence of pituitary adenomas, laying the foundation for developing noninvasive techniques that are currently unavailable for patients with pituitary adenoma. This evidence also indicates the potential role of exosomes in epithelial mesenchymal transition related to pituitary adenoma invasiveness, which should be further explored. Functional studies have demonstrated the significant role of exosomal RNA in pituitary adenoma pathogenesis, tumorigenesis, and invasiveness as well as its potential application as a therapeutic agent. Despite the need to develop new diagnostic and therapeutic methods, there are weaknesses common to most of the presented studies: 1) regardless of advances in methods of isolation and characterization of exosomes, they remain difficult to evaluate mostly due to their low abundance in serum and possible cellular contamination, 2) most of the retrieved studies were based on relatively small groups of samples often with varying study designs and methods, 3) there is still little evidence on other factors potentially impacting exosomal release and composition such as a) ethnicity, b) sex, c) lifestyle, and d) co-morbidities, and last but not least, 4) generally studies focusing on pituitary adenomas are still scarce. No studies have been conducted on the role of epigenetic mechanisms or other molecules typically present in exosomes, and no studies concerning the role of exosomes in craniopharyngiomas are available.




Figure 2 | Flowchart of literature search.




Table 2 | Functions of exosomal cargo in pituitary adenoma.



Nevertheless, with technological progress, the role of exosomes in pituitary tumors is an area worthy of further exploration, which may bring about significant advances in their diagnosis and treatment.
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Pituitary neuroendocrine tumor

type and subtype

PIT1-lineage

TPIT-lineage

Somatotroph tumors

Densely granulated
somatotroph tumor

Sparsely granulated
somatotroph tumor

Lactotroph tumors

Densely granulated
lactotroph tumor

Sparsely granulated
lactotroph tumor

Mammosomatotroph tumor

Thyrotroph tumor

Mature plurihormonal PIT1-lineage tumor

Immature PIT1-lineage tumor

Acidophil stem cell tumor

Mixed somatotroph and lactotroph tumor

Corticotroph tumors

Densely granulated
corticotroph tumor

Sparsely granulated
corticotroph tumor

Crooke cell
corticotroph tumor

SF1-lineage

Gonadotroph tumor

No distinct cell lineage

Plurihormonal tumor

Null cell tumor






