

[image: image]





Frontiers eBook Copyright Statement

The copyright in the text of individual articles in this eBook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers.

The compilation of articles constituting this eBook is the property of Frontiers.

Each article within this eBook, and the eBook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this eBook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version.

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or eBook, as applicable.

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with.

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question.

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-88963-602-0
DOI 10.3389/978-2-88963-602-0

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers Journal Series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. 

Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals Series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area! Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers Editorial Office: researchtopics@frontiersin.org





MOLECULAR NETWORK STUDY OF PITUITARY ADENOMAS

Topic Editors: 

Xianquan Zhan, Shandong First Medical University, China; Xiangya Hospital, Central South University, China

Dominic M. Desiderio, University of Tennessee Health Science Center (UTHSC), United States

Citation: Zhan, X., Desiderio, D. M., eds. (2020). Molecular Network Study of Pituitary Adenomas. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-88963-602-0





Table of Contents




Editorial: Molecular Network Study of Pituitary Adenomas

Xianquan Zhan and Dominic M. Desiderio

Imatinib Inhibits GH Secretion From Somatotropinomas

Prakamya Gupta, Ashutosh Rai, Kanchan Kumar Mukherjee, Naresh Sachdeva, Bishan Das Radotra, Raj Pal Singh Punia, Rakesh Kumar Vashista, Debasish Hota, Anand Srinivasan, Sivashanmugam Dhandapani, Sunil Kumar Gupta, Anil Bhansali and Pinaki Dutta

Prolactin Variants in Human Pituitaries and Pituitary Adenomas Identified With Two-Dimensional Gel Electrophoresis and Mass Spectrometry

Shehua Qian, Yongmei Yang, Na Li, Tingting Cheng, Xiaowei Wang, Jianping Liu, Xuejun Li, Dominic M. Desiderio and Xianquan Zhan

Integration of Proteomics and Metabolomics Revealed Metabolite–Protein Networks in ACTH-Secreting Pituitary Adenoma

Jie Feng, Qi Zhang, Yang Zhou, Shenyuan Yu, Lichuan Hong, Sida Zhao, Jingjing Yang, Hong Wan, Guowang Xu, Yazhuo Zhang and Chuzhong Li

Sex-Related Differences in Lactotroph Tumor Aggressiveness are Associated With a Specific Gene-Expression Signature and Genome Instability

Anne Wierinckx, Etienne Delgrange, Philippe Bertolino, Patrick François, Philippe Chanson, Emmanuel Jouanneau, Joël Lachuer, Jacqueline Trouillas and Gérald Raverot

Metabolomics—A Promising Approach to Pituitary Adenomas

Oana Pînzariu, Bogdan Georgescu and Carmen E. Georgescu

The Mechanism and Pathways of Dopamine and Dopamine Agonists in Prolactinomas

Xiaoshuang Liu, Chao Tang, Guodao Wen, Chunyu Zhong, Jin Yang, Junhao Zhu and Chiyuan Ma

Molecular Network Basis of Invasive Pituitary Adenoma: A Review

Qi Yang and Xuejun Li

Corrigendum: Molecular Network Basis of Invasive Pituitary Adenoma: A Review

Qi Yang and Xuejun Li

Phosphodiesterases and cAMP Pathway in Pituitary Diseases

Mariana Ferreira Bizzi, Graeme B. Bolger, Márta Korbonits and Antonio Ribeiro-Oliveira Jr.

The Epigenomics of Pituitary Adenoma

Blake M. Hauser, Ashley Lau, Saksham Gupta, Wenya Linda Bi and Ian F. Dunn

Quantitative Analysis of Ubiquitinated Proteins in Human Pituitary and Pituitary Adenoma Tissues

Shehua Qian, Xiaohan Zhan, Miaolong Lu, Na Li, Ying Long, Xuejun Li, Dominic M. Desiderio and Xianquan Zhan

The MAPK Pathway-Based Drug Therapeutic Targets in Pituitary Adenomas

Miaolong Lu, Ya Wang and Xianquan Zhan

Mitochondrial Dysfunction Pathway Networks and Mitochondrial Dynamics in the Pathogenesis of Pituitary Adenomas

Na Li and Xianquan Zhan

Quantitative Analysis of Proteome in Non-functional Pituitary Adenomas: Clinical Relevance and Potential Benefits for the Patients

Tingting Cheng, Ya Wang, Miaolong Lu, Xiaohan Zhan, Tian Zhou, Biao Li and Xianquan Zhan

Multiomics-Based Signaling Pathway Network Alterations in Human Non-functional Pituitary Adenomas

Ying Long, Miaolong Lu, Tingting Cheng, Xiaohan Zhan and Xianquan Zhan












	
	EDITORIAL
published: 18 February 2020
doi: 10.3389/fendo.2020.00026






[image: image2]

Editorial: Molecular Network Study of Pituitary Adenomas

Xianquan Zhan1,2,3,4,5* and Dominic M. Desiderio6


1University Creative Research Initiatives Center, Shandong First Medical University, Shandong, China

2Key Laboratory of Cancer Proteomics of Chinese Ministry of Health, Xiangya Hospital, Central South University, Changsha, China

3State Local Joint Engineering Laboratory for Anticancer Drugs, Xiangya Hospital, Central South University, Changsha, China

4Department of Oncology, Xiangya Hospital, Central South University, Changsha, China

5National Clinical Research Center for Geriatric Disorders, Xiangya Hospital, Central South University, Changsha, China

6The Charles B. Stout Neuroscience Mass Spectrometry Laboratory, Department of Neurology, College of Medicine, University of Tennessee Health Science Center, Memphis, TN, United States

Edited and reviewed by:
Maria Fleseriu, Oregon Health & Science University, United States

*Correspondence: Xianquan Zhan, yjzhan2011@gmail.com

Specialty section: This article was submitted to Pituitary Endocrinology, a section of the journal Frontiers in Endocrinology

Received: 09 December 2019
 Accepted: 14 January 2020
 Published: 18 February 2020

Citation: Zhan X and Desiderio DM (2020) Editorial: Molecular Network Study of Pituitary Adenomas. Front. Endocrinol. 11:26. doi: 10.3389/fendo.2020.00026



Keywords: pituitary adenoma, signaling pathway, molecular network, multi-omics, personalized medicine, precision medicine, therapeutic target, molecule-panel biomarker


Editorial on the Research Topic
 Molecular Network Study of Pituitary Adenomas



Pituitary adenoma is a common intracranial tumor that occurs in the pituitary gland that seriously affects the hypothalamus–pituitary–targeted organ axis system (1–3), and it is also a chronic, complex, and whole-body disease, with multiple causing factors, multiple processes, and multiple consequences (4, 5). It is very difficult to use any single molecule as biomarker to clarify its molecular mechanisms, and to predict, prevent, diagnose, and treat a pituitary adenoma (5–9). Rapidly developed multi-omics and systems biology affect treatment of pituitary adenomas and change the paradigms from the traditional single-factor strategy to a multi-parameter systematic strategy (5, 9–11). A series of molecular alterations at different levels of genes (genome), RNAs (transcriptome), proteins (proteome), peptides (peptidome), metabolites (metabolome), and imaging characteristics (radiome) that resulted from exogenous and endogenous carcinogens are involved in pituitary tumorigenesis, and mutually associate and function in a molecular network system (4, 5, 10, 11). Molecular network alterations are the hallmark of, and play central roles in, pituitary pathogenesis (12, 13). A key molecule-panel biomarker that is derived from a molecular network is necessary for accurate clinical practice of a pituitary adenoma (13). The modern multi-omics, computation biology, and systems biology technologies lead to the possibility of recognizing really reliable molecular-panel biomarkers for research and clinical practice in pituitary adenomas.

This present issue mainly focuses on the molecular network study of pituitary adenomas, which contains 14 topics: (i) The first topic addressed the idea that a tyrosine kinase inhibitor, imatinib, inhibited growth hormone (GH) secretion signaling via the PDGFR-β pathway, but did not affect cell viability and apoptosis, which might be used as an adjunct therapy to treat GH-secreting pituitary adenomas (Gupta et al.). These data clearly demonstrate the importance of GH signaling pathway-based therapeutic treatment in GH-secreting pituitary adenomas. (ii) The second topic addressed the notion that the pattern change of six prolactin (PRL) proteoforms existed among five subtypes of pituitary adenomas, and different hPRL proteoforms might function in different PRL receptor-signaling pathways, which clearly demonstrates the importance and clinical value of PRL receptor-signaling pathway-based PRL proteoform pattern study in human pituitaries and pituitary adenomas (Qian, Yang et al.). (iii) The third topic addressed the integration of proteomics and metabolomics to reveal metabolite–protein networks in adrenocorticotropic hormone (ACTH)-secreting pituitary adenomas (Feng et al.). Proteomic and metabolomic variations are a precious resource to clarify disease mechanisms and determine effective biomarkers (14). This topic emphasized the importance of the protein–metabolite joint pathway analysis and revealed glycolysis/gluconeogenesis, pyruvate metabolism, citrate cycle (TCA cycle), fatty acid metabolism, and Myc signaling pathways in ACTH-secreting pituitary adenomas. (iv) The fourth topic addressed estrogen signaling pathway-mediated sex difference in lactotroph tumor aggressiveness and discovered a number of estrogen receptor (ER)-related candidate genes as target molecules for sex-specific aggressive behavior in male lactotroph tumors (Wierinckx et al.). (v) The fifth topic addressed metabolomics as a promising approach to pituitary adenomas (Pînzariu et al.). Pituitary adenoma is an endocrine- and metabolic-related disease. Some metabolites have been studied; however, real metabolomics has not been extensively carried out in pituitary adenomas. (vi) The sixth topic addressed the new progress on different pathway mechanisms of dopamine and dopamine agonists (BRC and CAB) in prolactinomas (Liu et al.), which will provide new evidence for dopamine signaling pathway-based personalized and precise treatment of prolactinomas. (vii) The seventh topic addressed the molecular network basis of invasive pituitary adenomas, namely, the invasiveness-related molecules, including pituitary tumor transforming gene (PTTG), vascular endothelial growth factor (VEGF), hypoxia-inducible factor-1a (HIF-1a), fibroblast growth factor-2 (FGF-2), and matrix metalloproteinases (MMPs, mainly MMP-2, and MMP-9), which interact in a complex molecular network and are responsible for the invasiveness of pituitary adenomas (Yang and Li). Of course, the mechanism of the invasiveness of pituitary adenomas is very complex. Multiomics-based molecular network investigation might provide novel insights into the molecular mechanisms and therapeutic targets of pituitary adenoma invasiveness (5, 11). (viii) The eighth topic addressed the roles of phosphodiesterases (PDEs) and cAMP pathway in pituitary adenomas, which emphasizes that the unique disturbance of the cAMP-PDE pathway in most AIP-mutation positive pituitary adenomas could contribute to poor response to somatostatin analogs for personalized treatment of pituitary adenomas (Bizzi et al.). (ix) The ninth topic addressed the epigenomics of pituitary adenomas, focusing on DNA methylation, histone modification, and transcript modification (Hauser et al.). In-depth investigation of the relationship between tumor epigenetics-related molecular pathways and clinical pathological characteristics might serve for clinical decision-making. (x) The 10th topic addressed the first ubiquitinomic profile and ubiquitination-involved signaling pathway network alterations, including ribosome, hippo signaling pathway, PI3K-AKT signaling pathway, and nucleotide excision repair pathway, in human pituitary adenomas (Qian, Zhan et al.). (xi) The 11th topic addressed mitogen-activated protein kinases (MAPKs; including ERK, p38, and JNK) pathway-based drug therapeutic targets in pituitary adenomas (Lu et al.), which in detail discussed the advances in understanding the role of MAPK signaling in pituitary tumorigenesis, and the MAPK pathway-based potential therapeutic drugs for pituitary adenomas. (xii) The 12th topic addressed biological roles and mechanisms of mitochondrial dysfunction pathway network and mitochondrial dynamics in pituitary adenomas, and current status of mitochondria-based biomarkers and targeted drugs for effective treatment of pituitary adenomas (Li and Zhan). (xiii) The 13th topic described the large-scale quantitative proteomic profile (n = 6,076 proteins) and the protein molecular pathway network profile of non-functional pituitary adenomas, which were combined with transcriptomic data (n = 3,598 differentially expressed genes) to reveal 52 statistically significant pathways, including cGMP-PKG pathway, focal adhesion, and platelet activation signaling pathways (Cheng et al.). (xiv) The 14th topic addressed multiomics-based signaling pathway network alterations in non-functional pituitary adenomas (Long et al.), which analyzed nine sets of omics data, and provided a comprehensive and large-scale pathway network data for non-functional pituitary adenomas to understand the accurate molecular mechanisms and discover effective biomarkers for diagnosis, prognosis, and determination of therapeutic targets for pituitary adenomas.

Molecular networks are an effective approach to annotate the interactome in pituitary adenomas for in-depth insight into its molecular mechanisms and discovery of effective biomarkers and therapeutic targets (12, 13). (i) This special issue covers several single signaling pathways and their targeted therapeutic drugs. These single signaling pathways include the MAPK (ERK, p38, and JNK) signaling pathway (Lu et al.), mitochondrial dysfunctional pathway (Li and Zhan), GH-PDGFR-β signaling pathway (Gupta et al.), estrogen signaling pathway (Wierinckx et al.), cAMP-PDE pathway (Bizzi et al.), and dopamine signaling pathway (Liu et al.). Based on these given signaling pathways, some therapeutic targets and drugs have been discovered and FDA-approved for pituitary adenomas. However, one must realize that although many advances have been made, these signaling pathways have not been fully clarified in pituitary adenomas, and in-depth exploring diversity of each of these pathways might discover great potentials of these pathways for pituitary adenomas. Also, from a systematic viewpoint, the multi-target combination treatment within each pathway or with combining each pathway with other pathways will be superior to the single-target treatment. (ii) Multiomics has driven molecular network study in pituitary adenoma. This special issue involved in egigenomics (Hauser et al.), transcriptomics, proteomics (Cheng et al.), ubiquitinomics (Qian, Zhan et al.), nitroproteomics, phosphoproteomics, metabolomics (Pînzariu et al.; Feng et al.), and multiomics-based integrative study (Long et al.) in pituitary adenomas, including GH-secreting adenoma, ACTH-secreting adenoma, PRL-secreting adenoma, and non-functional pituitary adenomas. Omics-based molecular network analysis has made significant advances in pituitary adenomas. Until now, transcriptomics and proteomics have been extensively studied in pituitary adenomas (Cheng et al.) (15–19); epigenomics, ubiquitinomics, phosphoproteomics, nitroproteomics (20–23), and metabolomics have been initiated but not extensively studied in pituitary adenomas. However, one must note that post-transcriptional modifications/post-translational modifications (PTMs) are very complex up to several hundreds of PTMs in the human body (14), and PTM-mediated molecular network alterations play important roles in pituitary adenomas. However, PTM-omics has not been extensively studied in pituitary adenomas. Therefore, we would emphasize the scientific importance of PTM-omics, including DNA modifications, RNA modifications, and protein modifications, in pituitary adenomas. PTM-based omics and molecular network studies will bring the big promise for insight into the novel molecular mechanism, discovery of novel effective therapeutic targets and drugs, and determination of effective and reliable biomarkers for patient stratification, diagnosis, and prognostic assessment of pituitary adenoma patients. (iii) Pituitary adenoma invasiveness is a big clinical challenge. This special issue has one topic to address the molecular network basis of invasive pituitary adenoma based on several invasiveness-related molecules (PTTG, VEGF, HIF-1a, FGF-2, and MMPs such as MMP-2, and MMP-9) and their interacted complex molecular network (Yang and Li). However, one must note that these invasiveness-related molecules are derived from previous traditional studies and do not represent at all the entire molecule world of the invasive characteristics of pituitary adenomas. Indeed, the molecule world of invasive pituitary adenomas is very complex. We strongly recommend the use of multiomics to study pituitary adenoma invasiveness, which might be the right way to resolve its clinical invasiveness challenge for clarification of its molecular mechanisms, discovery of effective therapeutic targets, and determination of effective biomarkers for diagnosis and prognostic assessment. Some proteomics and transcriptomics between invasive and non-invasive pituitary adenomas have been performed to understand molecular mechanism and discover biomarkers of pituitary adenoma invasiveness (24–26). (iv) Proteome is the final functional performer of genome and transcriptome. However, proteome complexity is significantly influenced by RNA splicing, PTMs, and many other factors (14). The concept development of proteoform/protein species significantly enriches the content of proteome; a protein is an umbrella term of proteoform encoded by the same gene, and a proteoform is defined as its amino acid sequence + PTMs + spatial conformation + cofactors + binding partners + localization + a function, and thus proteoform is the basic unit of proteome (27, 28). Clarification of proteoforms and proteoform-mediated signaling pathway networks will precisely help understand the molecular mechanism, directly identify reliable biomarkers for precise diagnosis and prognostic assessment, and precisely determine therapeutic treatment of pituitary adenoma (28, 29). For pituitary adenoma, we have studied hormone proteoforms and their involved signaling pathway alterations (30), including GH proteoforms (31), and prolactin proteoforms (Qian, Yang et al.). Also, dopamine receptor proteoforms (Liu et al.), PDE proteoforms (Bizzi et al.), and their involved molecular signaling pathways are discussed in this special issue. Proteoform studies will need in-depth insights into a proteome, which is the future direction of proteomics. We recommend the strengthening of proteoform-mediated molecular signaling pathway network studies in pituitary adenomas for precise treatment in the future.

In summary, molecular network studies of pituitary adenoma have achieved significant advances. However, one must realize that this special issue contains only a fraction of the very important molecular network study of pituitary adenomas. This Research Topic serves as a spur to stimulate and encourage researchers who study molecular networks to come forward with its scientific merits to research and clinical practice of pituitary adenomas. Future issues will collect more multiomics-based molecular network studies with large-scale clinical information for basic research, translational research, and clinical practice in pituitary adenomas. We strongly believe that multiomics-based molecular network studies, molecular network-based therapeutic target and drug studies, and molecular network-based pattern biomarker studies (5, 10, 11, 13, 32–37) will bring a brighter future for pituitary adenoma patients through the realization of personalized and precision medicine.
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Background: Imatinib, a tyrosine kinase inhibitor, causes growth failure in children with chronic myeloid leukemia probably by targeting the growth hormone (GH)/insulin like growth factor-1 (IGF-1) axis. We aim to explore the imatinib targets expression in pituitary adenomas and study the effect of imatinib on GH secretion in somatotropinoma cells and GH3 cell line.

Materials and Methods: The expression pattern of imatinib's targets (c-kit, VEGF, and PDGFR-α/β) was studied using immunohistochemistry and immunoblotting 157 giant (≥4 cm) pituitary adenomas (121 non-functioning pituitary adenomas, 32 somatotropinomas, and four prolactinomas) and compared to normal pituitary (n = 4) obtained at autopsy. The effect imatinib on GH secretion, cell viability, immunohistochemistry, electron microscopy, and apoptosis was studied in primary culture of human somatotropinomas (n = 20) and in rat somato-mammotroph GH3 cell-line. A receptor tyrosine kinase array was applied to human samples to identify altered pathways.

Results: Somatotropinomas showed significantly higher immunopositivity for c-kit and platelet-derived growth factor receptor-β (PDGFR-β; P < 0.009 and P < 0.001, respectively), while staining for platelet-derived growth factor receptor-α (PDGFR-α) and vascular endothelial growth factor (VEGF) revealed a weaker expression (P < 0.001) compared to normal pituitary. Imatinib inhibited GH secretion from both primary culture (P < 0.01) and GH3 cells (P < 0.001), while it did not affect cell viability and apoptosis. The receptor tyrosine kinase array showed that imatinib inhibits GH signaling via PDGFR-β pathway.

Conclusion: Imatinib inhibits GH secretion in somatotropinoma cells without affecting cell viability and may be used as an adjunct therapy for treating GH secreting pituitary adenomas.
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INTRODUCTION

The tyrosine kinase inhibitor (TKI) imatinib is the first-line treatment for chronic myeloid leukemia (CML) and gastrointestinal stromal tumors (GIST). Growth failure or growth retardation has been observed in children treated for breakpoint cluster region-Abelson (BCR-ABL)-positive leukemia, especially if treated before the onset of puberty (1–5). The mechanism of action leading to inhibition of the GH-IGF-1 axis remains undeciphered.

Hypersecretion of growth hormone (GH) causes acromegaly and is invariably due to somatotropinoma. Although the past few decades have seen tremendous improvement in the management of somatotropinomas by the use of somatostatin and dopamine agonists and GH receptor antagonists. The limitations imposed by their cost and efficacy indicate the need for alternative drugs. The present study was designed to study the imatinib's targets (c-kit, VEGF, and PDGFR-α/β) expression in pituitary adenoma subtypes and elucidate the effects of imatinib on cultured human somatotropinoma cells and the rat somato-mammotroph GH3 cell-line and explore the plausible mechanism of action.



MATERIALS AND METHODS


Tissue Microarray Construction, Staining, and Image Analysis

Following approval from Institute Ethics Committee of PGIMER, Chandigarh (Ref No INT/IEC/2016/2724), 157 cases of giant (maximum diameter ≥4 cm) pituitary adenomas [121 non-functioning pituitary adenomas (NFPA), 32 somatotropinomas, and four prolactinomas] were used for tissue microarray (TMA) construction. After-surgery, the cure rate of giant adenomas is less as compared to smaller adenomas and may require multi-modality treatment. None of the patients with prolactinomas had abnormalities of GH/IGF-1. Hematoxylin & eosin (H&E) staining was performed on paraffin section and the region of interest was identified. Two 3 millimeter cores were punched from each tumor and placed into a recipient block. Four non-adenomatous pituitary glands were taken at autopsy (within 4 h of death), from adult patients who died of non-endocrine disorders. Their sections were taken as control separately. None of the cases used in the study were known to harbor familial tumors or showed signs of syndromic disorder.

Both TMA and controls were stained simultaneously. The slides were deparaffinized in xylene, gradually rehydrated through a series of decreasing alcohols (100–70%) to distilled water and microwaved in 0.01 M sodium citrate buffer. Staining was performed with anti-PDGFR-α/β, anti-VEGF-A, anti-c-kit (Santa Cruz Biotech, California, USA), Ki-67, and anti-p53 (DAKO, USA) antibodies. Following washes in phosphate buffer saline (PBS), sections were incubated with the secondary antibody (anti-rabbit HRP conjugate, Santa Cruz). Staining was developed using the chromogen substrate diaminobenzidine (Liquid DAB, Dako K3468) followed by counterstaining with hematoxylin and rinsed in water. The brown signal obtained was visualized and scored under light microscopy. The stained slides were independently reviewed by three pathologists who were blinded for clinical and radiological details. Staining intensity and domain were scored as 0 (no staining), 1 (weak staining), 2 (moderate staining), and 3 (strong staining) according to a scoring system described previously by Tohti et al. (6).



Double-Immunofluorescence

Paraffin-embedded samples were sectioned at 7 μm thickness for histochemical evaluation. Double immunofluorescence was performed by deparaffinization of the sections followed by rehydration through decreasing ethanol dilutions. Heat-induced antigen retrieval was performed in 10 mM sodium citrate buffer (pH 6) with a microwave. Sections were left to cool down at room temperature and incubated for 1 h in blocking buffer [1X PBS, 0.1% Triton X-100, 5% Normal Goat Serum (Vector Laboratories, UK)]. Endogenous hPDGFR-α and hPDGFR-β were detected by staining the tissues overnight with a primary mouse monoclonal antibody against hPDGFR-α (Santa Cruz; sc-398206; 1:100) or PDGFR-β (Abcam; ab69506; 1:100). Staining against hGH was performed by incubating the tissues overnight with a primary rabbit polyclonal antibody against hGH. Overnight incubations with the primary antibodies were followed by 1 h incubation of the tissues with a secondary goat anti-mouse Alexa Fluor 488 antibody (Life Technologies; A11001; 1:200) in order to detect hPDGFR-α or hPDGFR-β. For the detection of hGH, tissues were incubated for 1 h with a secondary biotinylated goat anti-rabbit antibody (Vector Laboratories; BA-1000; 1:300) followed by DyLight 549 Streptavidin (Vector Laboratories; SA-5549; 1:300). Cell nuclei were stained with DAPI [4′,6-diamidino-2-phenylindole (VECTASHIELD Antifade Mounting Medium with DAPI; H-1200)]. Images were acquired using a confocal microscope (ZEISS LSM 880 with Airyscan) and figures were done using Adobe Photoshop CS6.



Western Blotting

Somatotropinoma (n = 27), NFPA (n = 27), prolactinomas (n = 4), and normal pituitary (n = 9) were homogenized in 1 ml of ice-cold PBS buffer containing 60 mM Tris–HCl, 1 mM EDTA (pH 6.8), and protease inhibitors. The lysate was then centrifuged at 10,000 × g for 10 min at 4°C. An aliquot of supernatant was taken to quantify proteins by the Pierce BCA protein assay kit (Thermofisher Scientific, MA, USA). Lysates (20 μg protein per sample) were resolved in 10% SDS-PAGE. The gel was then blotted onto a nitrocellulose membrane (Amersham, Aylesbury, UK) and probed with the corresponding primary antibody (VEGF 1:250, PDGFR-α 1:250, PDGFR-β 1:250, c-kit 1:250, Santa Cruz) followed by secondary antibody (bovine anti rabbit, Santa Cruz). Actin expression was evaluated to confirm equivalent total protein loading (rabbit anti-actin, 1:5,000, Sigma, Missouri, USA). Immunoreactive proteins were detected by electro chemoluminiscence (Amersham) using chemiluminescent imaging (FluorChem, Protein Simple, CA, USA). Intensity of the band was normalized to the corresponding actin intensity. The final data were subjected to gray-scale scanning and semi-quantitative analysis using Image J (National Institute of Mental Health, Maryland, USA). All samples were run in triplicates.



Primary Culture of Human Somatotropinoma and GH3 Cell-Line

Pituitary samples from 20 treatment-naïve acromegaly patients were used for this part of the study. The tumors were washed thoroughly with PBS (pH 7.4) until supernatant was clear and most red blood cells removed. The cells were dispersed using enzymatic (2.5% Trypsin, Gibco, USA) and mechanical dispersion procedure. Cells were washed with complete media and seeded in 24 and/or 96 well culture plate (Corning costar, USA). The primary culture was performed in Dulbecco Modified Eagle Media (DMEM, Gibco, USA) containing fetal calf serum (FCS, Gibco, USA), penicillin and streptomycin soon after transsphenoidal resection of the tumor. GH3 cells were obtained from American Type Culture Collection (ATCC, USA). These cells were grown in DMEM-F12 media (Gibco, USA) containing FCS. The cells were trypsinized and split once the confluence reached 80%. GH3 cells from the third passage were used for all experimental purpose. The cells were grown in complete media (DMEM + FCS + antibiotics) at 37°C and 5% CO2.



Imatinib Treatment

The stock solution of 50 mM of imatinib (Novartis Basel, Switzerland) were prepared by dissolving the compound in double distilled water and stored at −20°C until use. Cells were plated 12 h before imatinib was added at 0.25, 0.5, 1, 2.5, 5, and 10 μM concentrations. Effective dose 50 (ED50) was calculated by measuring the concentration of GH in culture supernatant. E-max method (four parametric logistic regression) was used to construct the dose-response curve and ED50 was calculated using the model built by substituting the dependent variable with half maximum value of GH. The effect of imatinib was compared to somatostatin analogs octreotide (0.1 μM; primarily SSTR2 agonist) and pasireotide (10 μM; SSTR1, 2, 3, and 5 agonist) with or without GHRH stimulation (0.5 μM) treated for 48 h.



Growth Hormone Assay

Growth hormone was assessed from the primary culture supernatant using electro-chemiluminiscence immunoassay (COBAS, e601, Roche-Hitachi, USA) with lowest detection limit of 0.03 ng/ml and the inter and intra-assay coefficient of variation was < 2.5%. The human growth hormone differs structurally from the rat growth hormone. GH from GH3 cell line supernatant was measured using ELISA (Cloud-Clone Corp, SEA044Ra, Hubei, China).



Immunocytochemistry

For immunocytochemistry, cells were cyto-spun onto poly-lysine double-coated slides at 1,000 rpm for 15 min and fixed with 4% paraformaldehyde. Excess formaldehyde was washed with PBS and the cells were exposed to rabbit anti-hGH antibody (1:400; DAKO) for 1 h and conjugated anti-rabbit anti-mouse secondary antibody (DAKO) for 30 min at room temperature. Thereafter cells were washed with PBS and incubated with DAB for 2 min followed by hematoxylin staining.



Apoptosis and Cell Viability

Apoptosis was determined in untreated and imatinib treated GH3 cells by staining with annexinV-FITC antibody and propidium iodide (Molecular Probes, Life Technologies, USA) followed by flow cytometric analysis, measuring emission at 530 nm (FL1) and 575 nm (FL3).

The cell viability was measured by cellular uptake of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT). Cells were seeded at 4 × 103 per well in 96 well plate containing 100 μl of culture medium with 10% FBS and cultured overnight. All analysis were performed in quadruplets. Prior to imatinib treatment, media was removed and fresh media was added. Subsequently, cells were exposed to imatinib. After 48 h of induction, 20 μl of MTT (0.05 g/ml, Himedia) was added to each well and incubated at 37°C for 4 h. After 48 h, the medium was removed, MTT solution was added and left for 4 h at 37°C. The medium was aspirated and DMSO was added to each well. The color development was measured at 570 and 630 nm (Infinite M200 pro, Tecan, Austria). The absorbance was proportional to the number of viable cells.

% Cell Viability = Optical density of imatinib treated cells/Optical density of untreated cells × 100.



Electron Microscopy

Both treated and control GH3 cells were harvested in 2.5% glutaraldehyde and were washed with Sorenson buffer, millonin buffer and 1% osmium tetroxide. Thereafter, cells were dehydrated in graded series of ethanol, processed through propylene oxide, and embedded in an Epon-araldite mixture (Epon 812, Sigma, USA). Ultrathin sections were stained with uranyl acetate lead citrate and viewed under the electron microscope (JEM 1400 Flash, JEOL, USA).



Receptor Tyrosine Kinase Array

To investigate the mechanism of GH inhibition by imatinib we used human phospho-receptor tyrosine kinase (RTK) array to screen 49 different phospho-RTKs for differentially activated kinase in response to imatinib treatment in somatotropinoma cells. Cell lysate from both treated and control somatotropinoma cultured cells were extracted and subjected to receptor tyrosine kinase array (R&D Systems, MN, USA) according to manufacturer's protocol. The kit is specifically designed to screen relative level of phosphorylation of 49 different RTK. Phosphorylation status was determined by chemiluminescence and analyzed using Image J software (National Institute of Mental Health, Maryland, USA).



Statistical Analysis

The statistical analysis was performed using SPSS version 16. For two group comparisons Student's t-test or Mann–Whitney U-test and for multiple comparison one-way ANOVA (followed by Bonferroni post-hoc test) or Kruskal–Wallis test (followed by Dunn's test) was used depending of the normal distribution of the data. Spearman's test was used for correlations. P-value of < 0.05 was considered as significant.




RESULTS


Low Dose of Imatinib Attenuates GH Secretion Without Affecting Cell Number and Viability

To assess the effect of imatinib treatment of GH secretion, primary cultured cells from 20 somatotropinomas were tested (patient characteristics are shown in Table 1). Cells were treated with increasing concentrations of imatinib (0.5–10 μM) and levels of GH measured using electrochemoluminiscence, cell viability was measured using MTT assay (Supplementary Figure 1). The maximum reduction in GH was observed at concentration of 0.5 μM of imatinib, with statistically significant reduction at higher doses (1–10 μM). The mean GH measured from the 20 different somatotropinoma primary cultures treated with 0.5 μM of imatinib showed 20% reduction in GH compared to controls (p < 0.001; Figure 1a). To further assess the inhibitory effect on GH secretion, pituitary rat tumor cells line GH3 (GH and PRL secreting) were treated with 0.5 μM imatinib. After treatment, 88% reduction of GH secretion was observed (p < 0.001; Figure 1d). These results were further confirmed by immunostaining against GH in both primary tumor and GH3 cultured cells. 0.5 μM imatinib treated cells exhibited negligible GH staining in both primary culture and GH3 cells (Figures 1b,c,e,f, respectively). We then assessed if the imatinib treatment had and effect on cell proliferation, viability, and apoptosis of GH3 cells. Cell viability was studied post imatinib treatment using cellular uptake of MTT. No significant differences in cell viability or proliferation (p < 0.88) were observed between treated and untreated cells (Supplementary Figure 2). Moreover, the viability analysis at 0, 24, and 48 h also showed no change in somatotropinoma viability. To assess if imatinib leads to inhibition of GH secretion due to reduced GH and Pit-1 transcription we used real time PCR from primary somatotropinoma cultures. Treatment with imatinib did not affect GH or Pit-1 transcripts (Supplementary Figure 3). This prompted us to study if the secretion of GH vesicles was affected in GH3 tumor cells after imatinib treatment using transmission electron microscopy (TEM). Interestingly, untreated cells showed secretory granules of 122–150 nm localized to Golgi region and the periphery, whilst cells treated with 0.5 μM imatinib showed marked reduction in granularity of secretory vesicles (Figures 1g,h). Due to paucity of the cells, similar results could not be reproduced in imatinib-treated cells from primary culture. Together this data indicates that imatinib reduces GH secretion by reducing the secretory granules.



Table 1. Patient characteristics for primary culture of somatotropinoma.
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FIGURE 1. (a) Bar diagram showing reduction in growth hormone levels in culture media after treatment with 0.5 μM imatinib in primary culture of somatotropinoma cells (P < 0.0001). (b,c) Representative image of immunohistochemistry with anti-GH antibody on treated and untreated primary somatotropinoma culture. (d) Bar diagram showing reduction in GH levels in culture media of GH3 cell line after treatment with 0.5 μM imatinib (P < 0.01). (e,f) IHC of GH3 cells showing intense GH positivity in untreated and no GH staining in treated cells (20X). (g,h) Ultra-structural analysis of GH granules using electron microscopy between treated and untreated GH3 cells (6000X). **P < 0.01; ***P < 0.0001.





Expression of Imatinib Targets (c-Kit, PDGFR-α, PDGFR-β, and VEGF) in Pituitary Adenomas Using Immunostaining

Imatinib has been shown to inhibit tyrosine kinases activity in several tumors (7). In particular it has been shown to inhibit the tyrosine kinase c-Kit, PDGFR-α, PDGFR-β, and VEGF. The differential expression of imatinib targets were analyzed in a cohort of 157 patients with giant pituitary adenomas (>4 cm). The patient characteristics are shown in Table 2. c-Kit was expressed in a large proportion of pituitary adenomas (100% in somatotropinomas and prolactinomas and 97% in NFPAs; Figures 2, 3). In patients with somatotropinomas, moderate to strong positivity was much more frequent as compared to NFPAs (88 vs. 55%, P = 0.009). No difference was found when compared to normal pituitary for both adenomas. PDGFR-α positivity was observed in all controls, 79% NFPA, 50% prolactinomas and only 35% somatotropinomas (Figures 2, 3). The PDGFR-α cytoplasmic staining showed significant increase in NFPA, compared to somatotropinoma (P < 0.001). As compared to the controls, the PDGFR-α was poorly expressed in somatotropinoma (100 vs. 35%, P = 0.03). The PDGFR-β was expressed in all adenoma subtypes as well as controls, with somatotropinomas showing higher expression compared to NFPA or control (59 vs. 20%, P < 0.001; Figures 2, 3). Strong PDGFR-β positivity was observed in somatotropinomas as compared to control. VEGF expression was observed in both normal (100%) and adenomatous pituitaries. Overall, VEGF positivity was identified in 96% NFPA, 82% somatotropinomas and 50% prolactinomas (Figures 2, 3). However, strong VEGF positivity was observed in NFPA more often than somatotropinomas (19 vs. 0%, P < 0.003) but no difference was observed when compared to the controls.



Table 2. Patient characteristics for tissue microarray staining.
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FIGURE 2. Immunohistochemistry (IHC) of pituitary adenoma shows differential expression of tyrosine kinases (c-kit, VEGF, and PDGFR-α/β). Cytoplasmic immunopositivity for c-Kit was high in somatotropinoma followed by NFPA, prolactinoma, and normal pituitary (a–d). Strong cytoplasmic expression for VEGF was observed in NFPA as compared to somatotropinomas, prolactinomas and normal pituitaries (e–h). PDGFR-α expression was weakly positive in NFPA as compared to normal pituitary while it was negative for somatotropinoma and prolactinomas. (i–l), PDGFR-β expression was strongly positive in somatotropinomas as compared to normal pituitary while it was weakly positive in NFPA and prolactinomas (m–p).
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FIGURE 3. Graph showing percentage of cytoplasmic TK (c-Kit, VEGF, PDGFR-α/β) immunostaining in normal pituitary (n = 4), NFPAs (n = 121), somatotropinomas (n = 32), and prolactinomas (n = 4). c-Kit showed moderate to strong positivity in somatotropinomas. VEGF showed higher percentage of positivity in NFPA. PDGFR-β was strongly positive in maximum number of somatotropinomas (59%), whereas PDGFR-α was negative (65%).



Comparison between various tyrosine kinase pathway members in different pituitary adenomas are enlisted in Figure 3. Though all patients had giant pituitary adenoma, they were not overtly proliferative (Ki-67 < 3% in all). There was no correlation between TK pathway members expression (VEGF, c-kit, PDGFR-α/β), immuno-positivity to pituitary adenoma subtypes and Ki-67, p53, age, gender, recurrent, or residual lesion (data not shown).



Co-localization of GH and PDGFR-α/β in Somatotropinomas and Normal Pituitary

In order to determine which cell type expresses imatinib targets, double immunofluorescence staining was performed with anti-GH, anti-PDGFR-α, and PDGFR-β on somatotropinoma and normal pituitary tissues. Colocalization between GH and both PDGFR-α/β was observed in both normal pituitary and somatotropinoma cells. There was loss of PDGFR-α and gain of PDGFR-β in somatotropinomas (Figure 4). This data shows that GH cells express the imatinib target PDGFR-α/β.
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FIGURE 4. Double immunofluoroscence showing co-expression (arrows) of PDGFR-α and PDGFR-β (green) and of hGH (red) in normal pituitary gland (A,B,G,H) and in somatotropinoma (D,E,J,K). Overlays of the green and red channels are shown in the third column. (C′,F′,I′,L′) are the magnified views of the boxes marked in (C,F,I,L) respectively. Scale bar = 100 μm (A–L), 50 μm (C′,F′,I′,L′).





Quantitative Analysis of c-Kit, PDGFR-α, PDGFR-β, and VEGF

To quantify the differential expression between tumor subtypes and imatinib targets, we evaluated protein expression of c-Kit VEGF, PDGFR-α, and PDGFR-β in somatotropinomas (n = 27), NFPA (n = 27), prolactinomas (n = 4), and normal pituitaries (n = 9) using western blotting (Figure 5). As compared to normal pituitaries, c-Kit protein expression was found to be significantly higher in somatotropinomas (224.3%, P < 0.05) and NFPA (193.5%, P < 0.05). Notably, somatotropinoma cells exhibited higher expression of PDGFR-β protein when compared to normal pituitary tissue (195.8 vs. 100%, P < 0.05). Compared to normal pituitary, the relative expression of PDGFR-α was found to be lower in somatotropinomas (37.1%, P < 0.05) and NFPA (81.4%, P = 0.08). Hence, these data indicate a relative over expression of PDGFR-β and under expression of PDGFR-α in somatotropinomas. VEGF was differentially expressed between somatotropinomas and NFPA (68.2 vs. 104.7%, P < 0.03), compared to normal pituitary (100%). However, no correlation was observed between TKs protein expression in both adenomas. Our quantification studies indicate that PDFGR-β is unregulated in somatotropinaomas compared to both NFPAs and normal pituitary.
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FIGURE 5. Quantification of tyrosine kinases (c-Kit, VEGF, PDGFR-α, and PDGFR-β) using western blot in (A) normal pituitary (n = 9), (B) NFPA (n = 27), and (C) somatotropinomas (n = 27). Data were normalized to β-Actin and compared to expression in normal pituitary. (D) Similar to IHC findings, PDGFR-β and c-Kit was overexpressed in somatotropinoma (P < 0.01) compared to normal pituitary whereas PDGFR-α was under expressed in somatotropinoma (P < 0.05). *P < 0.05; **P < 0.01 and ***P < 0.001.





Efficacy of Imatinib Compared to Gold Standard Drugs—Octreotide and Pasireotide

The somatotropinoma cells were exposed to different concentration of GHRH (0–10 μM), octreotide (0–10−9 M) and pasireotide (0–20 μM). After standardization, the effect of imatinib on somatotropinomas was compared with octreotide (0.1 μM), pasireotide (10 μM), and GHRH (0.5 μM). It was observed that, compared to vehicle-treated controls, GHRH stimulation enhances GH synthesis (125%, P < 0.01) whereas pasireotide and octreotide cause significant decrease in GH (39 and 45.8%, P < 0.0001 and P < 0.003, respectively; Supplementary Figure 2). Although imatinib causes GH reduction in somatotropinoma cells (30%, P < 0.01), it was found to be less efficient than pasireotide (54%, P < 0.01) and octreotide (64%, P < 0.01; Supplementary Figure 4).



Mechanism of Imatinib Inhibition of GH Secretion

Our data indicates that imatinib has inhibitory effect on GH secretion in somatotropinomas. In order to understand the mechanism of action of imatinib in GH reduction in somatotropinoma cells we employed a tyrosine kinase (RTK) array. Cell lysates from somatotropinomas were subjected to tyrosine kinase array. Importantly we identified that PDGFR-beta was significantly decreased in the imatinib treated cell compared to the untreated cells. Importantly, this suggests that imatinib-mediated inhibition of GH release is mediated through PDGFR-β activation and the array detect phosphorylation status of the receptors (Figure 6).
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FIGURE 6. Phospho-tyrosine profiling of somatotropinomas treated and untreated with 0.5 μM Imatinib. **P < 0.01. (A) Phospho-tyrosine profiling of somatotropinomas treated and untreated with 0.5 μM Imatinib. Note the absence of PDGFR-β after imatinib treatment (B) Bar diagram showing reduction in PDGFR-β levels after treatment with 0.5 μM imatinib in primary culture of somatotropinoma cells (P < 0.01).






DISCUSSION

In this study, we have demonstrated the differential expression of imatinib targets (c-kit, PDGFR-α/β, and VEGF) in different pituitary adenomas subtypes and we have shown that imatinib decreases GH secretion in cultured somatotropinoma cells and GH3 cell line acting through PDGFR-β pathway.

In the present study, we found differential expression of TK pathway members (c-kit, VEGF and PDGFR-α/β) on a large cohort of pituitary adenoma subtypes compared with normal pituitary samples. We have shown that in somatotropinomas and prolactinomas there is increased positivity of c-kit and PDGFR-β, whereas in NFPAs exhibit higher VEGF and PDGFR-α positivity. Thus, it was speculated that prolactinomas and somatotropinomas lose PDGFR-α and acquire PDGFR-β. This result could have potentials for more precise mechanistic insights and therapeutic approaches.

La Rosa et al. have evaluated c-kit expression in normal human pituitary and 62 well characterized pituitary adenomas. In their study, c-kit expression was predominantly found in corticotropinomas followed by NFPA. However, it was absent in prolactinomas and somatotropinomas (8). Unlike their study, we found predominant expression of c-kit in NFPA and somatotropinomas, though we have not examined any patient with corticotropinoma and the intensity of positivity varied from tumor subtypes. Similar to our study, Casar et al. found cytoplasmic c-kit positivity in 52.4% and membranous positivity in 8.3% (9). Usually it is believed that the mutated protein translocates into the nucleus and gives nuclear positivity. However, neither our study nor Casar et al. had identified any mutations in c-kit (10). We did whole exome sequencing in both in blood and tumor tissue in 11 patients with acromegaly and didn't find any mutation of c-kit (data not shown). Platelet-derived growth factor (PDGF) is a potent mitogen known to stimulate tumor growth in a number of human tumors through autocrine and/or paracrine loops (11). PDGF receptor and its ligand are believed to be expressed predominantly in folliculo stellate cells of the pituitary gland and regulate VEGF expression and activity (12). In a study by Sullivan et al. PDGF has been reported to stimulate GH secretion in somatotrophs and inhibit prolactin release from lacto-somatotroph GH4C1 and GH3 cell-lines (13). However, little is known about the expression of PDGFR in pituitary adenomas. In our study, the expression of PDGFR isoforms varied greatly between the pituitary tumor subtypes. Our results showed that PDGFR-α was over-expressed in NFPA compared to somatotropinomas, whereas PDGFR-β was increased in somatotropinomas as compared to NFPA. Double immunofluorescence confirmed reduced expression of PDGFR-α and increased expression of PDGFR-β. However, quantification by western blot showed definite increase in PDGFR-β levels.

The VEGF family consists of five glycoproteins (VEGF A-D) as well as placental growth factor. Of these, VEGF-A is the best characterized and commonly referred to as VEGF in humans (14). There have been contradicting reports about VEGF expression in pituitary adenomas. A study from McCabe et al. has shown that VEGF mRNA expression is higher in pituitary adenomas compared to the normal pituitary gland, probably due to PTTG action (15). Lloyd et al. have reported stronger VEGF expression in normal pituitary as compared to pituitary adenomas (16). Moreover, another report showed no significant difference in VEGF immunostaining between normal and adenomatous pituitary gland (17). However, decreased VEGF expression in pituitary adenomas has also been reported by Raica et al. (18). Anti-angiogenic therapy can sensitize tumor stem cells to radio- and chemo-therapy. Inhibition of the VEGF pathway can be achieved via neutralizing antibodies against VEGF (19). The VEGF receptor (VEGFR) expression is poorly studied in normal and adenomatous pituitary. VEGFR-2 expression analyzed on rodent showed elevated expression of VEGFR-2 after estrogen treatment (20). In our cohort, we observed significantly high expression of VEGF in NFPA as compared to somatotropinomas. Consistent with the results from previous study by McCabe et al. (15). VEGF was found to be differentially expressed in adenomatous pituitary in our cohort also (18). Like in our study, the work done by Cristina et al., showed that all our patients with prolactinoma (though small in number) were VEGF positive (21). Further, they have also shown that expression of above mentioned TK pathway members were not influenced by gender, age and Ki-67 index (21).

In vitro samples of primary cultures of somatotropinoma and rat pituitary adenoma cell line (GH3) showed that imatinib, a drug that causes growth failure in CML probably targeting GH or IGF-1 axis, inhibited GH secretion in a dose-independent manner and without affecting cell viability. GH lowering response was much robust in GH3 cell line, compared to primary culture. This could be because of pure cell population in case of commercial cell line. Our results also shed light on the mechanism of action of imatinib, which acts by inhibiting GH signaling via PDGFR-β/PKC pathway. However, it does not causes apoptosis. Further, real time PCR for Pit-1 and GH1 genes showed that imatinib does not affect GH synthesis but inhibits GH secretion, which is also corroborated by electron microscopic findings of loss of GH secretory granules in imatinib-treated GH3 cells. Similar to our cell viability results, a previous study by Venalis et al. have also shown that imatinib does not affect proliferation, viability, migration and metabolic activity of endothelial cells (22). At low concentration, it has relatively similar inhibition of BCR-ABL and c-kit in various malignancies. In patients with CML treated with 400–600 mg imatinib per day, the plasma concentration of 0.17–5.68 μM shows cytogenetic and hematologic response. The ED50 of imatinib calculated from our experiment was 0.015 μM, which is lower than the clinically relevant plasma concentrations (Supplementary Figure 5). Therefore, the plasma concentrations that can be achieved are likely to inhibit GH synthesis enough to be beneficial in patients with somatotropinoma. The maximum achievable plasma levels of imatinib in patients are not higher than 6.7 μM at maximum administered dose of 600 mg per day. Higher level of plasma concentration of imatinib is difficult to achieve because of adverse side effects of the drug. However, extrapolation of the data obtained from in vitro model to real life situation in patients with acromegaly needs long term trials. Although octreotide and pasireotide are more efficacious, imatinib could be used as an inexpensive alternative therapy or as an adjunct.

Patients with childhood CML who are on imatinib (targets-c-kit, PDGFR-α/β, and VEGF) and are in remission have growth retardation by affecting GH/IGF-1 axis, probably acting on somatotrophs (5). Previously we have shown a close association in common pathogenic mechanism in acromegaly and hematological disorders (23). Our observation of use of anti-VEGF therapy in childhood somatotropinomas demonstrated that it was very effective (24). Similarly, Ortiz et al. have successfully used the anti-VEGF antibody in a patient with silent corticotroph carcinoma with successful outcome (25). So, it could be a therapeutic option in selected subgroup of aggressive pituitary adenoma with or without other TKIs. Increased expression of VEGF in tumors that undergo apoplexy is well-known (26). We presume that this can be tried in future as a therapeutic option in patients with pituitary apoplexy who are poor surgical candidates, akin to vitreous hemorrhage in patients with diabetic retinopathy. A previous study by Fukuoka et al. have shown successful use of gefitinib, an epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor in human and canine cultured corticotropinoma (27). They also reported that in mice, gefitinib treatment decreased both tumor size and cortisol level. However, mere expression of receptor in a tumor seen on IHC does not necessarily mean response to therapies targeting these receptors. Thus, NFPA express somatostatin receptor type 2 (SSTR2) and somatostatin receptor type 5 (SSTR5), they poorly responded to somatostatin analogs (28).

The cross-talk between different hormones, cytokines, receptors and growth factors play an important role in regulating cellular response. The GH receptor and the downstream pathways share a complex relationship with other receptor and signaling pathway members. A variety of signaling pathways, including the Src, Grb2, MEK/MAP kinase, the phosphatidylinositol 3 (PI-3)-kinase, and the protein kinase C (PKC) pathways has been shown to be activated by both GH and PDGF. GH has been shown to interact with the IGF-1 receptor and downstream members of IGF-1 signaling pathways (29). A study by Rui et al. has reported that PDGF down regulate GH signaling via PKC dependent pathway. Further, they have shown that PDGF significantly reduces the tyrosyl phosphorylation of GHR (by 90%) and the amount of both total cellular GHR (by 80%) and GH binding (by 70%) (30). In somatotropinomas, both GH/GHR and PDGF/PDGFR can synergize the signal transduction that they elicit, at least in part by virtue of GH's ability to potentiate and sustain GH signaling. We hypothesize that imatinib might inhibit PDGFR-β preventing the binding of PDGF to PDGFR-β, thereby increasing the extracellular concentration of PDGF which further inhibits GH signaling pathway. In future we need to prove by adding PDGFR beta ligand to primary culture and see that GH is stimulated. On the other way PDGFR-β can be absorbed with an antibody and the cells can be thwart with this mixture to show that the antibody takes away the release effect of PDGFR-β. The somatostatin receptor ligands also inhibits GH through PKC and downstream pathway. In pediatric CML cases, growth retardation due to imatinib could be through this pathway.

The strength of our study is large sample size for validation through IHC, in vitro culture using both somatotropinoma cells and GH3 cell line. Four tire validation of protein expression doing IHC, western blot, RTK array, co-localization using double immunofluorescence and negative and positive controls using brain, tonsilar and placental tissue to exclude non-specific antibody binding (Supplementary Figure 6).

The limitations of our study are use of TMA which can sometimes not represent the expression of the whole sample due to heterogeneity. The second limitation is we had not looked for the impact of imatinib in densely and sparsely granulated somatototroph adenomas of variable sizes. We would have been wiser looking at the combined effect of imatinib and octreotide/pasireotide to look for augmented effect if any. Last but not the least data on PDGF stimulation and inhibition could have strengthened the study.

In conclusion, Imatinib targets (c-kit, VEGF, PDGFR-α/β) are differentially expressed between various giant pituitary adenoma subtypes and can serve as potential biomarkers. PDGFR-β was found to be over-expressed in giant somatotropinomas and possibly be used as selective target. Imatinib reduces GH secretion both in GH3 cell line and cultured somatotropinoma cell in vitro without affecting cell number. Therefore, it could be used as an adjunct for treating GH secreting pituitary adenoma.

Way forward: A clinical trial in a large cohort showing the response of somatotropinoma of variable sizes both in sparsely and coarsely granulated tumors to imatinib is required. Similarly, we have to weigh the risk and benefits of this drug because of potential side effects before it can be recommended for clinical use. Multi-targeted TKIs might be a suitable alternative treatment for these tumors in desperate cases.
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Human prolactin (hPRL) plays multiple roles in growth, metabolism, development, reproduction, and immunoregulation, which is an important protein synthesized in a pituitary. Two-dimensional gel electrophoresis (2DE) is an effective method in identity of protein variants for in-depth insight into functions of that protein. 2DE, 2DE-based PRL-immunoblot, mass spectrometry, and bioinformatics were used to analyze hPRL variants in human normal (control; n = 8) pituitaries and in five subtypes of pituitary adenomas [NF− (n = 3)-, FSH+ (n = 3)-, LH+ (n = 3)-, FSH+/LH+ (n = 3)-, and PRL+ (n = 3)-adenomas]. Six hPRL variants were identified with different isoelectric point (pI)-relative molecular mass (Mr) distribution on a 2DE pattern, including variants V1 (pI 6.1; 26.0 kDa), V2 (pI 6.3; 26.4 kDa), V3 (pI 6.3; 27.9 kDa), V4 (pI 6.5; 26.1 kDa), V5 (pI 6.8; 25.9 kDa), and V6 (pI 6.7; 25.9 kDa). Compared to controls, except for variants V2-V6 in PRL-adenomas, V2 in FSH+-adenomas, and V3 in NF−-adenomas, the other PRL variants were significantly downregulated in each subtype of pituitary adenomas. Moreover, the pattern of those six PRL variants was significantly different among five subtypes of pituitary adenomas relative to control pituitaries. Different hPRL variants might be involved in different types of PRL receptor-signaling pathways in a given condition. Those findings clearly revealed the existence of six hPRL variants in human pituitaries, and the pattern changes of six hPRL variants among different subtypes of pituitary adenomas, which provide novel clues to further study the functions, and mechanisms of action, of hPRL in human pituitary and in PRL-related diseases, and the potential clinical value in pituitary adenomas.

Keywords: prolactin variants, human pituitary, post-translational modifications, mass spectrometry, variant pattern


INTRODUCTION

Prolactin (PRL) is a four long α-helix protein hormone, which was discovered in mammals in the 1930s by Oscar Riddle, and in humans in the 1970s by Friesen et al. (1). The PRL-encoded gene is located on chromosome 6 in the human, and consists of five exons and four introns (2). The hPRL cDNA consists of 914 nucleotides and includes a 681-nucleotide open-reading frame that encodes the PRL prohormone with 227 amino acids (positions 1–227), 25.9 kDa, which contains a signal peptide in amino acid positions 1-28 (Table 1). Mature hPRL contains 199 amino acids (positions 29–227), 22.9 kDa, which removed the signal peptides (positions 1–28). PRL was originally named because of the fact that it promotes lactation in rabbit (3). PRL is a polypeptide hormone with complex function, and is synthesized and secreted in the anterior pituitary gland, but also in other tissues and organs, such as skin, prostate, and the immune system. Pituitary PRL secretion is regulated by a series of factors that are derived from the external environment and internal milieu. In mammals, hypothalamic regulation of pituitary PRL secretion is largely inhibitory. The physiological stimuli include suckling, stress, and increased levels of ovarian steroids; primary estrogen can elevate pituitary PRL secretion. PRL is produced in autocrine/paracrine and endocrine systems. After secretion, PRL transports to the target tissues mammary gland, prostate, liver, and ovary via the blood circulation to bind to two different types of short or long PRL receptors (PRLRs) to activate signal pathways, which include JaK2 activation, Ras-Raf-MAPK pathway, modulatory pathways, PI3K and downstream pathways, and stats (4). PRLs that interact with different short or long PRLRs must be different PRL variants.



Table 1. The amino acid sequence of hPRL prohormone (Swiss-Prot No.: P01236; position 1–227; 227 amino acids long, and 25.9 kDa), and mature PRL (position 29-227; 199 amino acids long, 22.9 kDa).
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Protein variants are mainly due to alternative splicing, post-translational modifications (PTMs), translocation, re-distribution, and spatial conformation alteration (5). Normal hPRL is 25.9 kDa with 227 amino acid residues for PRL prohormone in the pituitary gland or 22.9 kDa with 199 amino acid residues for mature PRL secreted into body fluid. However, PRL variants have been found in many mammals, which are derived from proteolytic cleavage, alternative splicing, and other PTMs such as phosphorylation, glycosylation, and polymerization in amino acid residues to result in changes in their pI and Mr. Further studies found that the main source of PRL variants in mammals is not alternative splicing, but cleavage of PRL, and those variants were 14-, 16-, and 22-kDa (6). Liu et al. found one variant of hPRL with a sperm-penetration assay to be relative to breast cancer (7). Sohm et al. discovered two variants of PRL in the tilapia species Oreochromis niloticus and in fish (8). Although PRL is involved in osmotic regulation, PRL variants contribute to an osmotic adjustment disorder. Bollengier et al. indicated four variants of rat PRL in the pituitary cell with two-dimensional gel electrophoresis (2DGE), and also found that those variants were derived from different PTMs (9). Most of publications are involved in the studies of non-human PRL variants with identity of only a few non-human PRL variants (10–12). Some studies also found hPRL variants (n = 3–4) (13). However, until now 2DGE has not been used to study the hPRL variants.

2DGE is an effective method to separate proteins according to different pI values in the isoelectric focusing (IEF) direction, and different Mr values in the sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) direction (14). pI and Mr are the basic properties of a protein variant. 2DGE-based Western blotting coupled with antibody of a given protein can also be used to detect the variants of that protein. Therefore, 2DGE is able to array PRL variants with different pI and Mr. Mass spectrometry (MS) is an effect method to characterize the isolated PRL variants and identify PTMs with an analysis of amino acid sequence and determination of PTM sites. These types of MS have been used to study the 2DGE-separated pituitary proteins, including matrix-assisted laser desorption/ionization time-of-flight MS (MALDI-TOF MS) peptide fingerprint (PMF), MALDI-TOF-TOF MS and tandem mass spectrometry (MS/MS), and liquid chromatography-electrospray ionization-quadruple-ion trap MS (LC-ESI-Q-IT MS) MS/MS analysis (15–18).

This present study used 2DGE, 2DGE-based Western blotting, and MS to detect and identify hPRL variants in human pituitaries and differentially expressed profiles of hPRL variants among different subtypes of pituitary adenomas relative to controls, which will provide novel clues to further study the functions, and mechanisms of action, of hPRL in human pituitary and in PRL-related diseases, and the potential clinical value in pituitary adenomas.



MATERIALS AND METHODS


Tissue Samples

Human control pituitary glands were post-mortem tissues obtained from the National Disease Research Interchange (n = 1) and the Memphis Regional Medical Center (n = 7), which were approved by University of Tennessee Health Science Center (UTHSC) Internal Review Board (IRB). Human pituitary adenoma tissues were obtained from the Emory University Hospital, which were approved by Emory University Hospital IRB, and Department of Neurosurgery of Xiangya Hospital, which were approved by the Xiangya Hospital Medical Ethics Committee of Central South University, China. Consent was obtained from each patient or the family of control pituitary subject after full explanation of the purpose and nature of all procedures used. All tissues were removed, frozen immediately in liquid nitrogen, and stored at −80°C until processing. The clinical information of pituitary adenoma and control samples is summarized in Table 2.



Table 2. Clinical information of human pituitaries and pituitary adenomas.
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Protein Extraction

Tissue processing and protein extraction of pituitary control and adenoma tissues have been previously described (17, 19). Briefly, each tissue sample (~600 mg) was washed with 0.9% NaCl (3 ml, 5×) to thoroughly remove blood, and was finely ground in liquid nitrogen. A volume (5 ml) of protein extraction buffer that contained 2 mol/L thiourea, 7 mol/L urea, 40 g/L CHAPS, 100 mmol/L dithiothreitol (DTT), 5 mol/L immobilized pH gradient (IPG) buffer pH 3-10 NL, and a trace of bromphenol blue was added, and the mixture was thoroughly mixed. The mixture was vortexed (2 h) on ice and was centrifuged (15,000 × g, 15 min, 4°C). The supernatant was collected, and its protein concentration was determined with a Bio-Rad 2D Quant kit (Bio-Rad). The supernatant was the “protein sample solution.”



2DGE and Western Blot

First Dimension—IEF

IEF was performed with precast IPG strips (pH 3-10 NL, 180 × 3 × 0.5 mm) and 18 cm IPG strip holder on an IPGphor instrument (GE Healthcare). Before IEF, an aliquot (350 μl) of protein sample solution was loaded onto an IPG strips. The IPG strip was rehydrated about 18 h. IEF was performed at 25°C with the following parameters: a gradient 250 V and 1 h for 125 Vh, a gradient at 1000 V and 1 h for 500 Vh, a gradient at 8000 V and 1 h for 4000 Vh, a step-and-hold at 8000 h and 4 h for 32000 Vh, a step-and-hold at 500 V and 0.5 h for 250 Vh to achieve a total of 36,875 Vh and ~7.5 h analysis. The IPG strip was removed and laid on its plastic back to blot off mineral oil. After IEF, IPG strips were processed with SDS-PAGE.

Second Dimension—SDS-PAGE

After IEF, an Ettan DALT II system (GE Healthcare, up to 12 gels at a time) was used. An Ettan DALTsix multiple casters (GE Healthcare) was used to cast the 12% PAGE resolving gel (250 × 215 × 1.0 mm). The resolving-gel solution was made by mixing 75 ml of 1.5 mol/L Tris-HCl pH 8.8, 90 ml of 400 g/L acrylamide/bis-acrylamide (29:1 = weight:weight, cross-linking ratio = 3.3%), 3 ml of 10% ammonium persulfate, 150 ml deionized distilled water (ddH2O), and 50 μl of tetramethylethylenediamine. The IPG strip was equilibrated in 15 ml of reducing equilibration buffer (15 min) that consisted of a trace of bromphenol blue, 375 mmol/L Tris-HCl pH 8.8, 2% w/v SDS, and 20% v/v glycerol. The IPG strip was equilibrated in 15 ml of alkylation equilibrium solution (15 min) that consisted of 2.5% w/v iodoacetamide instead of 2% w/v DTT. A boiled solution that consisted of 1% w/v agarose solution was used to seal the equilibrated IPG strip onto the top of the resolving gel. 2DGE was performed in 25 L of Tris-glycine-SDS electrophoresis buffer that consisted of 192 mmol/L glycine, 25 mmol/L Tris-base, and 0.1 % w/v SDS at 25°C with a constant voltage (250 V, 360 min).

2DGE-Based Western Blot With Anti-hPRL Antibody

After electrophoresis, the 2D gel was removed, and proteins in the 2D gel were transferred to a polyvinylidene fluoride (PVDF) membrane (0.8 mA/cm2 for 1 h 20 min) with an Amersham Pharmacia Biotech Nova Blot semi-dry transfer instrument. The proteins on the PVDF membrane were blocked for 1 h at room temperature with a solution (100 ml) of 0.3% bovine serum albumin/phosphate-buffered saline (BSA/PBS) with 0.2% Tween 20 and 0.1% sodium azide (PBST). The proteins on the PVDF membrane were incubated for 1 h at room temperature with rabbit anti-hPRL antibodies that were diluted (v:v = 1:1000) in a 0.3% BSA/PBST solution. After incubation with the primary antibody, the PVDF membrane was washed with 200 ml PBST solution (15 min × 4) and rinsed twice with ddH2O. The secondary antibody, goat anti-rabbit alkaline phosphtase-conjugated IgG was diluted (v:v = 1:4000) in a 0.3% BSA/PBST solution. The solution was added to the blots for 1 h at room temperature. The membrane was washed with 200 ml PBST solution (15 min × 4), and proteins were visualized with 5-bromo-4-chloro-3-indolyl phosphate.

Protein Staining and Image Analysis

All 2DGE-separated proteins were visualized with silver-staining (20). The silver-stained 2D gel was digitized and analyzed with Discovery Series PDQuest 2D Gel Analysis software (15, 21).



MS Analysis and Database Searching

MALDI-TOF MS

MALDI-TOF MS was used to analyze each protein that was digested with trypsin. Experiments were performed on a Perseptive Biosystems MALDI-TOF Volyager DE-RP MS (Framingham, MA, USA). The parameters of the instrument were described (15). The protonated molecule ion [M+H]+ was produced with MALDI-TOF MS. Data-processing software (DataExplore) was used to obtain accurate masses. Blank-gel experiments were conducted simultaneously to remove masses from known contaminants (usually keratin), matrix, trypsin, and other unknown contaminants. Each protein was identified by using the data obtained from MALDI-TOF MS PMF by searching the Swiss-Prot database 091215 (513877 sequences; 180750753 residues; January 19, 2015) with PeptIdent software.

LC-ESI-Q-IT MS

Proteins in 2D gel-spots that corresponded to each positive Western blot were excised and digested in the gel with trypsin. According to the manufacturer's method recommendations, the mixture of tryptic peptides was purified with a ZipTipC18 microcolumn. Purified tryptic peptides were analyzed with an LCQDeca mass spectrometer (Thermo-Finnigan, San Jose, CA, USA). The instrument parameters were: electron multiplier-900 V, ESI voltage 2.0 kV, and capillary probe temperature 110°C. The detailed experimental steps have been described (15). Data from LC-ESI-Q-IT MS were used to identify the protein with Swiss-Prot database.

MALDI-TOF-TOF MS

Proteins in the 2D gel-spots that corresponded to the positive Western blot were excised and digested in the gel with trypsin. For Perspective Biosystems MALDI-TOF-TOF MS analysis, the tryptic peptide extraction was eluted directly from a liquid chromatography microcolumn onto a MALDI plate with a matrix that contained 3 mg/ml saturated α-cyano-4-hydroxycinnamic acid solution. The purified tryptic peptide mixture was analyzed (n = 5). Tryptic peptides were analyzed with MALDI-TOF-TOF MS that operated in the reflective mode at an acceleration voltage of 25 kV over m/z 800-4000. Precursor ions close to the theoretical m/z were selected for TOF-TOF [UltraFlex III MALDI-TOF-TOF (Bruker Daltonics)] MS analysis. After automatic analysis, any remaining unidentified ions were manually analyzed. In the results obtained from MS, data compared to the theoretical values from the database were used to determine whether these peptides had undergone PTMs.



Bioinformatics Analysis

NetPhos 3.1 Server (http://www.cbs.dtu.dk/services/NetPhos) (22, 23), NetNGlyc 1.0 Server (http://www.cbs.dtu.dk/services/NetNGlyc) (24), and NetOGlyc 4.0 Server (http://www.cbs.dtu.dk/services/NetOGlyc) (25) were used to predict phosphorylation sites, N-glycosylation sites, and O-glycosylation sites in the hPRL in human pituitaries, respectively.



Statistical Analysis

The Chi-square test included in SPSS 22 software was used to analyze the difference in proportional ratio of PRL variants among five subtypes of pituitary adenomas, with a significance level of p = 0.05.




RESULTS


2DGE Pattern of Six Human Pituitary PRL Variants and Their Differential Expression Changes Among Different Subtypes of Pituitary Adenomas

Approximately 1,200 protein spots were detected in each silver-stained 2D gel. Six protein spots were found to contain PRL (Swiss-Prot No. P01236) (Figure 1). Six 2D gel spots were MS-identified to contain hPRL with a different pI-Mr pattern, including hPRL variants v1 (pI 6.1; 26.0 kDa), v2 (pI 6.3; 26.4 kDa), v3 (pI 6.3; 27.9 kDa), v4 (pI 6.5; 26.1 kDa), v5 (pI 6.8; 25.9 kDa), and v6 (pI 6.7; 25.9 kDa).
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FIGURE 1. A representative 2DGE image (master gel image from a control) between a comparison between 8 control tissues and 16 human pituitary adenoma tissues. IEF was done with an 18-cm IPG strip (pH 3–10, nonlinear), and vertical SDS-PAGE was done with a 12% polyacrylamide gel.



The MS-identification of hPRL in spot v6 will be used here as a representative example. The tryptic peptides from spot v6 were analyzed with MALDI-TOF MS or MALDI-TOT-TOF MS. The PMF data were obtained from spot V6 (Figure 2), and four peptides were significantly matched to hPRL (P01236) in the Swiss-Prot human database. Moreover, the tryptic peptides from spot V6 were also analyzed with MALDI-TOF-TOF MS/MS or LC-ESI-Q-IT MS/MS. Three peptides from spot V6 were sequenced with MS/MS data, including 72YTHGRGFITK81, 118SWNEPLYHLVTEVR131, and 171ENEIYPVWSGLPSLQMADEESR192, to significantly match with hPRL (P01236) in the Swiss-Prot human database. The MS/MS spectrum of the tryptic peptide 118SWNEPLYHLVTEVR131 contained a robust product-ion series that included b8, b9, b12, b13, y1, y2, y5, y6, y7, y10, y11, and y12 ions (Figure 3). Similarly, the hPRL in the other spots v1-v5 were identified (Figure 1 and Table 3).
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FIGURE 2. MS spectrum of hPRL that was contained in spot v6.
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FIGURE 3. MS/MS spectrum of the tryptic peptide 118SWNEPLYHLVTEVR131 that was derived from hPRL in spot v6. The upper right corner is the theoretically calculated b- and y-ions for this analyzed tryptic peptide. The corresponding observed b- and y-ions were labeled in the MS/MS spectrum.





Table 3. Prolactin variants changed in different subtypes of pituitary adenomas relative to control pituitaries.
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In the non-hormone expressed nonfunctional pituitary adenoma (NF-NFPA) group relative to controls (Table 3), hPRL was downregulated by 8.3-fold in spot v1 and 4.9-fold in spot v2, was not changed in spot v3, and was lost in spots v4, v5, and v6. In the leuteinizing hormone (LH)-positive NFPAs relative to controls, hPRL was downregualted by 12.6-fold in spot v1, 4.1-fold in spot v2, 26.2-fold in spot v3, 20.1-fold in spot v4, 36.7-fold in spot v5, and 33.6-fold in spot v6. In the follicle-stimulating hormone (FSH)-positive NFPAs relative to controls, hPRL was not changed in spot v2, lost in spot v5, and was downregulated by 46.2-fold in spot v1, 14.6-fold in spot v3, 17.6-fold in spot v4, and 11.3-fold in spot v6. In FSH/LH-positive NFPAs relative to controls, hPRL in all spots was downregulated by 99.9-, 3.8-, 12.3-, 19.0-, 19.7-, and 32.6-fold, respectively. However, for prolactinomas (PRL-adenomas) relative to controls, hPRL was downregulated in only spot v1 by 3.4-fold, and not changed in the other spots. Moreover, the overall proportional ratio of six PRL variants was significantly different among the five subtypes of pituitary adenomas (NF−, FSH+-, LH+-, FSH+/LH+-, and PRL+-adenomas) analyzed here with the Chi-square test performed with SPSS 22 software (p < 0.05) (Figure 4). The Chi-square tests carried out between every two subtypes of pituitary adenomas indicated that the proportional ratio of six hPRL variants was significantly different between every two subtypes of pituitary adenomas (p < 0.05), except for no significant difference between subtypes FSH+/LH+ and PRL+, and between subtypes FSH+ and PRL+.
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FIGURE 4. Comparison of the proportional ratio of PRL variants among different subtypes of pituitary adenomas.





Validation of hPRL Variants With 2DGE-Based PRL Immunoaffinity Blot

2DGE-based Western blot coupled with anti-hPRL antibody and MS was an effective method to validate hPRL variants in human pituitaries. Four hPRL variants in human pituitary, including variants v1, v4, v5, and v6, were detected with an hPRL Western blot-immunopositive reaction (Figure 5). Furthermore, the protein in each immunopositive spot (v1, v4, v5, and v6) was identified as PRL (Swiss-Prot No. P01236) with MALDI-TOF-MS PMF data and MALDI-TOF-TOF MS/MS. The PMF data (calculated; observed) of those four validated hPRL variants are collected in Table 4. Two tryptic peptides were obtained in spot v1, including 72YTHGRGFITK81 with a [M+H]+ ion at m/z 1179.7 and 118SWNEPLYHLVTEVR131 with a [M+H]+ ion at m/z 1743.0. Two tryptic peptides that is the same as spot v1 were also identified in spot v4. Compared to spots v1 and v4, one more tryptic peptide 171ENEIYPVWSGLPSLQMADEESR192 with a [M+H]+ ion at m/z 2550.6 was identified in spot v6. The tryptic peptide 118SWNEPLYHLVTEVR131 of PRL in spot v6 was also analyzed with MALDI-TOF-TOF MS/MS. Those two tryptic peptides 118SWNEPLYHLVTEVR131 and 171ENEIYPVWSGLPSLQMADEESR192, were also identified at spot v5, with [M+H]+ ions at m/z 1743.0 and 2550.2, respectively.
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FIGURE 5. 2DGE-based Western blot confirmed hPRL variants in pituitary tissues. IEF was done with an 18-cm IPG strip (pH 3-10, nonlinear), and vertical SDS-PAGE was done with a 12% polyacrylamide gel. The primary antibody was rabbit anti-hPRL antibody. The second antibody was goat anti-rabbit alkaline phosphtase-conjugated IgG. (A) Western blot image of anti-hPRL proteins (rabbit anti-hPRL antibodies + goat anti-rabbit alkaline phosphtase-conjugated IgG). (B) Silver-stained image on a 2D gel after transfer of protein to a PVDF membrane.





Table 4. Tryptic peptides of prolactin identified with mass spectrometry.

[image: image]




2DGE-based Western blot coupled with anti-hPRL antibody and MS clearly confirmed hPRL variants that were contained in spots v1, v4, v5, and v6 (Figure 1 vs. Figure 5). However, the hPRL variants in spots v2 (pI 6.3; 26.4 kDa) and v3 (pI 6.3; 27.9 kDa) were not confirmed; that finding might be due to several factors: (i) the PRL antibody was a general antibody, not specific to a given variant, and (ii) the Mr of hPRL in the spots v2 and v3 was larger than the Mr (25.9 kDa) of hPRL, obviously some adducts were added to the hPRL, which could be result in its non-reaction with the hPRL antibody. Whether the hPRL was detected with an immunoblot or not the hPRL in spots v2 and v3 was unequivocally identified with MS and MS/MS (Figure 1). Therefore, hPRL in spots v2 and v3 is still recognized as the hPRL variants in human pituitaries.



Determination of Signal Peptide (Position 1-28) Contained in Each hPRL Variant in Human Pituitaries

PRL in human Swiss-Prot database contains 227 amino acids (position 1–227) with a signal peptide (position 1-28) (Table 1), which is a prohormone of hPRL with a molecular weight of 25.9 kDa, whereas mature hPRL contains 199 amino acids (position 29–227) with a removal of the signal peptide (position 1–28), with a molecular weight of 22.9 kDa. Therefore, it is necessary to determine whether those identified six hPRL variants are derived from hPRL prohormone or mature hPRL. With the theoretical calculation using PeptideMass Cleavage software (Table 5), there are seven characteristic tryptic peptides (positions 1–4, 1–9, 1–38, 5–9, 5–38, 10–38, and 10–44) derived from hPRL prohormone (position 1–227) that can be used to determine the signal peptide (position 1–28) in the identified hPRL variants, and there are three characteristic tryptic peptides (positions 29–38, 29–44, and 29–49) derived from mature hPRL (position 29–227) that can be used to determine the removal of signal peptide (position 1–28) in the identified hPRL variants. Comprehensive analysis of all MS data and MS/MS data of hPRL in spots v1–v6, demonstrated that three characteristic tryptic peptides (positions 29–38, 29–44, and 29–49) were not found (Table 5), and that one characteristic tryptic peptide (position 1–9, MNIKGSPWK, [M+H]+ m/z 106.5608) was identified (Table 5 and Figure 2). Two small characteristic tryptic peptides (position 1-4, MNIK, [M+H]+ m/z 505.2803; position 5–9, GSPWK, [M+H]+ m/z 574.2983) were not detected because they were out of the range of MS acquisition (Figure 2). Moreover, from the 2DGE pattern of six hPRL variants (Figure 1), it is clear that variants v1, v4, v5, and v6 had the corresponding Mr of 26.0 kDa, 26.1 kDa, 25.9 kDa, and 25.9 kDa, respectively, which are very close to the molecular weight of hPRL prohormone 25.9 kDa; and that the variants v2 and v3 have the corresponding Mr of 26.4 kDa, and 27.9 kDa, which is a bit larger than the molecular weight of hPRL prohormone 25.9 kDa. Therefore, according to MS data and 2DGE pattern, the identified six hPRL variants in human pituitary tissue should be derived from hPRL prohormone (position 1–227), but not from mature hPRL (position 29–227).



Table 5. Characteristic tryptic peptides to determine signal peptide (position 1–28) within the identified hPRL variants.
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Bioinformatic Prediction of Potential Factors to Result in hPRL Variants

Alternative splicing and PTMs are two main factors to result in protein variants. From the analysis in the section determination of signal peptide (position 1–28) contained in each hPRL variant in human pituitaries, six identified hPRL variants were not from splicing and truncation. Thus, PTMs might be the main factor to result in six hPRL variants. In the 2DGE map of hPRL variants (Figure 1), variants v1, v4, v5, and v6 had the very similar Mr, but with obviously measurably different pI. The deamidation of an asparagine (N) residue to aspartate (D) and of glutamine (Q) residue to glutamate (E) is an effect of protein aging, and is often observed in 2-D gels (26–29). Deamidation results in a series of spots with the same Mr values but measurably different pI values (30), with an increase of 1 Da in peptide mass and a decrease in the apparent pI from the uncharged amide to a negatively charged carboxylate anion at pH 7.4. Moreover, deamidation might be produced under the basic conditions for storing samples (30).

In the 2DGE map of hPRL variants (Figure 1), variants v2 and v3 had the same apparent pI but obviously measurably different Mr, and their Mr 26.4 kDa and 27.9 kDa were a bit larger than hPRL prohormone (25.9 kDa). This phenomenon might arise from some PTMs with a relatively larger chemical group, such as glycosylation or phosphorylation. Glycosylation means that the protein contains one or more covalently linked carbohydrates of various types from monosaccharides to branched polysaccharides. Phosphorylation means that the protein is modified by the attachment of either a single phosphate group, or of a complex molecule such as 5'-phospho-DNA through a phosphate group at the targeted serine, threonine, or tyrosine residues. The annotation page of hPRL in the UniProt database (https://www.uniprot.org/uniprot/P01236); P01236, or PRL_HUMAN) clearly demonstrates the hPRL is a glycoprotein or phosphoprotein. Moreover, multiple phosphorylated sites at the serine (S), threonine (T), and tyrosine (Y) residues were significantly predicted by NetPhos 3.1 Server, including 14 pS sites, 5 pT sites, and 3 pY sites in the hPRL (Table 6). Ten significantly N-glycosylated sites were predicted by NetNGlyc 1.0 Server in the hPRL (Table 7), and six significantly O-glycosylated sites were predicted by NetOGlyc 4.0 Server in the hPRL (Table 8).



Table 6. Prediction of phosphorylation sites in hPRL (position 1–227) with NetPhos 3.1 Server with a score more than 0.5.
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Table 7. Prediction of N-glycosylation sites in hPRL (position 1–227) with NetNGlyc 1.0 Server with score more than 0.5.
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Table 8. Prediction of O-glycosylation sites in hPRL (position 1–227) with NetOGlyc 4.0 Server with score more than 0.5.
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DISCUSSION


Biological Functions of PRL in Different Physiological and Pathological Conditions

PRL plays an extremely important role in different vertebrate species and organ systems, such as growth, metabolism, development, reproduction, immunoregulation (31), behavior and brain (6), water and balance (32), stress response, and suppression of (33–35) and regulation of firing of oxytocin neurons (36, 37). As it is named, PRL exerts multiple effects that include development (mammogenesis) and stimulation of mammary gland growth, synthesis of milk (lactogenesis), and maintain the secretion of milk (galactopoiesis) on the mammary gland (38). Moreover, PRL affects reproduction of the mammalian species. During pregnancy, PRL concentrations are high. During pregnancy, low immunity might be associated with PRL. Decreased serum PRL might cause anxiety in the first trimester of pregnancy (39). PRL induces and maintains maternal behaviors in rabbit, rat, hamsters, and sheep (40). These maternal behaviors include cleaning, nesting, grouping, and nursing of the baby by the mother (41, 42). Aside from the effects of PRL on reproductive processes, PRL also plays a significant role to maintain homeostasis of the body's environment by development of blood vessels (angiogenesis), regulation of the immune systems, and osmotic balance (3). PRL is also involved in the synthesis and secretion of milk, and the major ions in milk are sodium, potassium, and chloride ions. The levels of chloride and sodium ions in milk are low, and potassium is high (43). PRL might maintain low levels of sodium in milk because it can promote sodium retention in the mammary gland.

Moreover, PRL is involved in some endocrine-related cancers. PRL plays a vital role in the regulation of the immune responses; it interferes with inhibiting apoptosis, induces B-cell tolerance, increases antibody secretion, enhances antigen presentation, and upregulates cytokine production (44). PRL has different functions in the immune system of healthy people, including Treg cell inhibitory factor and inhibition of cell secretion (45). PRL contributes to the inflammatory microenvironment by reducing the inhibitory effect of Treg cells on T cells (45, 46). The proteolytic fragments of native PRL inhibit angiogenesis. Anti-angiogenic activity is achieved by the interaction between the 16 kDa N-terminal fragment of PRL and a specific receptor (47). Under normal conditions, PRL can promote the growth and development of the mammary gland, and the 16 kDa fragment of PRL can inhibit angiogenesis. Dilatation and regression of blood vessels seriously affect the normal growth and degeneration of breast cancer. However, angiogenesis disorders are the characteristics of growth and metastasis of breast cancer. That is not given physiological significance. It seems possible that the 16-kDa fragment of PRL plays a pathological role to inhibit angiogenesis or a local inhibitor of tumorigenesis.



Determination of the Number of hPRL Variants in Human Pituitaries

The pituitary proteome was separated with 2DGE, followed by MS identification. Six 2D gel spots were found to contain hPRL with MS-identification, which represents six hPRL variants in human pituitaries. Of them, four hPRL variants (v1, v4, v5, and v6) were confirmed with 2DGE-based Western blotting in combination with anti-hPRL antibodies and followed by MS identification. However, two hPRL variants (v2 and v3) was not detected with 2DGE-based Western blotting in combination with anti-hPRL antibodies, which is due to the factors: (i) anti-hPRL antibody was not a variant-specific antibody, and (ii) those two hPRL variants might have different properties including different PTMs and unknown factors to cause its no-reaction with anti-hPRL antibody. Anyway, this present study directly MS-identified the hPRL in six different 2D gel spot with different pI and Mr. Therefore, the present study still used the six hPRL variants to study their differential expression profile among different subtypes of pituitary adenomas.



Formation of hPRL Variants in Human Pituitaries

There are many factors that might produce protein variants: (i) Estimates of DNA level variation. Major sources of human protein variation include the encoding of single nucleotide polymorphisms and mutations. (ii) The main source of RNA level variation. Alternative splicing is a key factor in transcriptome complexity and regulating complex human characteristics. (iii) Errors in translation. Errors in protein translation provide a very large potential source of proteome expansion, especially in stressed or aging cells. (iv) PTMs. Due to PTMs, the potential number of proteoforms can increase exponentially (48). PTMs might have a certain influence on the structure and function of the protein; for example, PTMs of α-synuclein are major regulators of their function, structure, degradation, and toxicity (49). PTMs of the FUS protein might affect its associated pathology and serve as a therapeutic target (50). Currently, different types of PTMs have been found in the human, including glycosylation, phosphorylation, acetylation, ubquitination, methylation, deamidation, and nitration (27, 28, 51). These factors could also produce hPRL variants.

The present study found that six PRL variants that are derived from the same PRL gene in human pituitaries were not due to alternative splicing, but rather to PTMs, including deamidation, glycosylation, and phosphorylation. The hPRL variants v1, v4, v5, and v6 on the 2DGE map had a very similar Mr but obviously different pI, which might be mainly due to deamidaton. The hPRL variants v2 and v3 with a slightly larger Mr relative to hPRL (position 1–227) might be mainly due to the glycosylation and phosphorylation. Therefore, PTMs might be the main reason to produce hPRL variants. Furthermore, we confirmed that the amino acid sequence of six identified hPRL variants in human pituitaries contained the signal peptide (position 1–28), which is the hPRL prohormone (position 1–227), but not the mature PRL (position 29–227).



Potential Molecular Mechanisms of Action of hPRL Variants Elucidated by Signaling Pathway Networks

The study of the hPRL signaling pathway network is helpful to understand its functions; explore molecular mechanism of PRL-related tumors such as pituitary adenomas, including prolactinomas; develop effective therapeutic drugs; and discover tumor biomarkers (52). Only after the interaction between PRL and its receptors can PRL play a corresponding function. For example, for the secretion of milk, the binding of PRL and PRL receptor (PRLR) does not activate cell membrane binding enzyme, but phospholipase A. The signaling pathway map of hPRL is complex (Figure 6). There are two types of PRLRs: long-PRLR and short-PRLR. PRL binding to different receptors can cause different physiological functions. The signaling pathways activated by PRL binding to different receptors are specific and exhibit crossover. PRL binding to short receptors activates the PI3K/Akt signaling pathway, whereas PRL binding to long receptors activates the JAK2/STAT signaling pathway. The cross-signaling pathway activated by the binding of PRL to long or short receptors is a MAPK signaling pathway that activates cell cycle regulators and thus affects cell proliferation. The different short or long PRLRs should bind different hPRL variants v1–v6 to activate different signaling pathways and produce different biological effects in different physiological and pathological conditions. Furthermore, the significantly differential expression of six hPRL variants (Table 3) might result in different signaling pathway alteration. The further studies on the association of different hPRL variants and PRLR signaling pathway might have important scientific merits and clinical significance.
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FIGURE 6. The PRL-driven signaling pathways via the short or long PRL receptors, which was achieved from KEGG pathway database.






STRENGTH AND LIMITATION

The present study clearly demonstrated the existence of six hPRL variants in human pituitaries with 2DGE and MS analyses, and its differential expression profile of six hPRL variants among different subtypes of pituitary adenomas; and confirmed that those six hPRL variants in human pituitary tissues were derived from hPRL prohormone with 227 amino acids (position 1–227), but not from mature hPRL with 199 amino acids (position 29–227).

However, mature PRL is secreted by prolactotroph cells concentrated on both sides of the posterior pituitary gland and enters the bloodstream after secretion. After blood transport, PRL will bind to its specific receptor before it can play a corresponding physiological role. PRL in pituitary tissue is difficult to detect with routine examinations, but PRL in blood is relatively easy to detect. Under normal circumstances, the level of PRL in the blood plays its role in a certain range. The abnormal secretion of PRL is related to many diseases, such as hyperprolactinemiaemia, tumor, and autoimmune diseases. Studies have shown that PRL has a direct or indirect relationship with many diseases. Whether these diseases are associated with serum PRL variants remains unknown. Therefore, it is necessary in our future studies to in-depth investigate the mechanisms and function of different PRL variants and the status of serum PRL variants. The present study provides the basis for us to in-depth study serum PRL variants and their functions.



CONCLUSION

2DGE, 2DGE-based Western blot coupled with anti-hPRL antibody, MS, and bioinformatics were used to identify hPRL variants in human pituitaries, and their differential expression profiles among different pituitary adenomas. Six hPRL variants in human pituitaries were identified, including two hPRL variants that were not detected by Western blotting. The differential expression patterns of six hPRL variants were significantly different among five subtypes of pituitary adenomas (NF−, FSH+-, LH+-, FSH+/LH+-, and PRL+-adenomas). Moreover, six hPRL variants in human pituitaries derived from hPRL prohormone (position 1–227) with different PTMs such as deamidation, glycosylation, and phosphorylation, but not from mature hPRL (position 29–227). Those findings provide novel insights into the functions, and mechanisms of action, of hPRL in human pituitary and in PRL-related diseases, and into the potential clinical value in pituitary adenomas. Furthermore, the hPRL variants involved signaling pathways that might clarify the biological functions of different PRL variants and their potential clinical significance, and contribute to the development of drugs that block the PRL signaling pathway for clinical treatment.
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2DGE, two-dimensional gel electrophoresis; BSA, bovine serum albumin; ddH2O, deionized distilled water; DTT, dithiothreitol; ESI, electrospray ionization; FSH, follicle-stimulating hormone; hPRL, human prolactin; IEF, isoelectric focusing; IPG, immobilized pH gradient; LC, liquid chromatography; LH, leuteinizing hormone; MALDI, matrix-assisted laser desorption ionization; MS, Mass spectrometry; Mr, relative molecular mass; PBS, phosphate-buffered saline; pI, isoelectric point; PRL, prolactin; PRLR, prolactin receptor; PTMs, post-translational modifications; PVDF, polyvinylidene fluoride; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; TOF, time-of-flight.
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Integration of Proteomics and Metabolomics Revealed Metabolite–Protein Networks in ACTH-Secreting Pituitary Adenoma
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An effective treatment for the management of adrenocorticotropic hormone-secreting pituitary adenomas (ACTH-PA) is currently lacking, although surgery is a treatment option. We have integrated information obtained at the metabolomic and proteomic levels to identify critical networks and signaling pathways that may play important roles in the metabolic regulation of ACTH-PA and therefore hopefully represent potential therapeutic targets. Six ACTH-PAs and seven normal pituitary glands were investigated via gas chromatography-mass spectrometry (GC-MS) analysis for metabolomics. Five ACTH-PAs and five normal pituitary glands were subjected to proteomics analysis via nano liquid chromatography tandem-mass spectrometry (nanoLC-MS/MS). The joint pathway analysis and network analysis was performed using MetaboAnalyst 3.0. software. There were significant differences of metabolites and protein expression levels between the ACTH-PAs and normal pituitary glands. A proteomic analysis identified 417 differentially expressed proteins that were significantly enriched in the Myc signaling pathway. The protein–metabolite joint pathway analysis showed that differentially expressed proteins and metabolites were significantly enriched in glycolysis/gluconeogenesis, pyruvate metabolism, citrate cycle (TCA cycle), and the fatty acid metabolism pathway in ACTH-PA. The protein–metabolite molecular interaction network identified from the metabolomics and proteomics investigation resulted in four subnetworks. Ten nodes in subnetwork 1 were the most significantly enriched in cell amino acid metabolism and pyrimidine nucleotide metabolism. Additionally, the metabolite–gene–disease interaction network established nine subnetworks. Ninety-two nodes in subnetwork 1 were the most significantly enriched in carboxylic acid metabolism and organic acid metabolism. The present study clarified the pathway networks that function in ACTH-PA. Our results demonstrated the presence of downregulated glycolysis and fatty acid synthesis in this tumor type. We also revealed that the Myc signaling pathway significantly participated in the metabolic changes and tumorigenesis of ACTH-PA. This data may provide biomarkers for ACTH-PA diagnosis and monitoring, and could also lead to the development of novel strategies for treating pituitary adenomas.
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INTRODUCTION

Adrenocorticotropic hormone (ACTH)-secreting pituitary adenoma (ACTH-PA), also known as Cushing disease, is a monoclonal functioning pituitary adenoma that secretes excessive ACTH, which can cause multisystem symptoms, including central obesity, diabetes, hypertension, and psychiatric consequences. Although the majority of ACTH-PAs are benign, they are usually associated with high morbidity and mortality (1, 2). To date, tumor radiation and/or medical suppression of cortisol production have been used to treat this disease, but the efficacy is remains debatable. Surgery is the predominant treatment option, yet patients may suffer from recurrence. Unfortunately, an alternative treatment for the adequate management of ACTH-PA is currently lacking. A deeper understanding of the molecular mechanisms of ACTH-PA initiation and progression is warranted to develop novel strategies to treat this disease.

Tumor metabolic reprogramming has been considered a hallmark of cancer (3). Many oncogenes and suppressor genes play key roles in regulating the metabolism of tumor cells in order to support their growth and survival. These genes include but are not limited to, Ras, Myc, HIF1A, and Tp53 (4). Tumors generally utilize glycolysis for energy production, which meet the requirements of both rapid growth and macromolecule biosynthesis. Many glycolytic enzymes are upregulated in tumors because of elevated c-Myc and HIF-1α transcriptional activities. In contrast, p53 is known to suppress glucose uptake by directly inhibiting the transcription of glucose transporters Glut1 and Glut4 and by suppressing the expression of Glut3 (4–6). An increase in lipid metabolism is another prominent feature of cancer metabolism. Lipid synthesis is a multistep process involving several enzymes, such as ATP citrate lyase (ACLY), fatty acid synthase (FASN), and stearoyl-CoA desaturase (SCD). FASN is a target gene of HIF-1α and is frequently upregulated by hypoxia (7). In addition, several studies have demonstrated that c-Myc promotes both glutamine uptake and the catabolic process of glutamine (4).The activity of glucose-6-phosphate dehydrogenase (G6PD), a critical enzyme participating in the pentose phosphate pathway, was reported to be increased in cancer cells. In fact, G6PD function is tightly controlled by p53. However, to date, the mechanism of abnormal metabolism in ACTH-PA is yet to be understood. Therefore, we have focused on ACTH-PA to investigate the metabolic and protein changes related to tumorigenesis.

Tumor is a complex disease and many high-throughput “-omic” technologies (genomics, transcriptomics, proteomics, and metabolomics) have been applied to tumors to study large-scale biological processes (BP) (8–10). The data generated from “-omic” studies have also driven the rapid development of integrative omics, whose aim is to integrate the information obtained from different levels of omic experiments into one unified model and to address the network of interactions and regulatory events that characterize the essential underlying biology.

In the present study, through gas chromatography-mass spectrometry (GC-MS) analysis and nano liquid chromatography tandem-mass spectrometry (nanoLC-MS/MS), we describe and integrate the data from the metabolomic and proteomic levels to identify critical networks and signaling pathways that may play important roles in the metabolic regulation of ACTH-PA, and therefore hope to elucidate potential therapeutic targets.



MATERIALS AND METHODS


Patients and Specimens

All six patients without preoperative treatment suffered from hypercortisolemia with Cushing disease. The cortisol level of each patient is listed in Supplementary Table 1. The diagnosis of ACTH-PA was based on pathological and electron microscopic examination, as previously described. The low/high dose dexamethasone suppression tests supported the diagnosis. All six patients were diagnosed with functioning ACTH-PA and received trans-sphenoidal surgery at Beijing Tiantan Hospital. Fresh tumor tissue samples from these patients were frozen and stored in liquid nitrogen. Patients who had previously received radiation therapy or experienced tumor recurrence were not included in this study. All six functioning ACTH-PAs were used for metabolomic analysis, and five of them were used for proteomic analysis.

Seven healthy pituitary glands were used as controls. All control donors died from accidents and their pituitary glands had not been damaged. Written informed consent for the healthy donors was obtained from the next of kin. All seven pituitary glands were used for metabolomic analysis, and five of them were used for proteomic analysis.

This study was approved by the ethics committees of the Beijing Tiantan Hospital (KY2013-015-02). Informed consent was obtained from all of the enrolled subjects, and the study was performed in full compliance with all principles of the Helsinki Declaration.



Protein Preparation and NanoLC-MS/MS Analysis

The workflow of the protein preparation and nanoLC-MS/MS analysis are shown in Figure 1A. The proteins were extracted using a total protein extraction kit (2140, Millipore, Billerica, MA, USA). The protein concentrations were measured using a bicinchoninic acid protein assay kit (23225, Pierce, Rockford, IL, USA).
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FIGURE 1. (A) The workflow of the protein preparation and nano LC-MS/MS analysis, (B) The workflow of the metabolomics analysis.



The proteins from five ACTH-PAs or five healthy pituitary glands were equally combined into a single pool, as previously described (11). The pooling of samples in proteomics should reduce the measured biological variation giving increased power to detect treatment differences (12, 13). A total of 100 μg of each pooled sample was denatured, reduced, and alkylated, as described in the iTRAQ protocol (Applied Biosystems Sciex, USA) and digested overnight with 0.1 μg/μL trypsin solution at 37°C. The digested ACTH-PA and healthy pituitary gland pooled samples were labeled with 121 and 117 iTRAQ tags, respectively, according to the manufacturer's protocol (Applied Biosystems Sciex, USA). The tagged peptides were dried via vacuum centrifugation and combined in one tube. Strong cation-exchange (SCX) chromatography was performed according to a previously described method (11). Briefly, the pooled sample was separated on an apoly-LC SCX column (4.6 × 250 mm, 5 μm, 100 Å) using an LC 100 instrument (Eksigent, Dublin, CA, USA), and the labeled peptides were detected by ultraviolet radiation using an SPD-20 (Shimadzu, Japan). In this study, a total of 48 fractions were collected, dried by speed vacuum centrifugation, and combined into 10 fractions according to the SCX chromatogram. Each fraction was injected onto a desalting column (350 μm × 0.5 mm, 3 μm C18, 120 Å) and separated on an analytical column (75 μm × 150 mm, 3 μm C18, 120 Å) using an Eksigent nanoLC instrument (Eksigent, Dublin, CA, USA). The samples were separated via capillary high-performance liquid chromatography and were subsequently analyzed using a Triple TOF 5600 system (Applied Biosystems Sciex, USA).

Protein identification and differentially expression were performed using the ProteinPilot software package (Applied Biosystems Sciex, USA) and searched against the SwissProt database (March 2013) using the Mascot 2.2 search engine (Matrix Science, London, UK). The following search parameters were utilized to analyze the MS/MS data: trypsin as the digestion enzyme, with a maximum of two missed cleavages allowed; fixed modifications of carbamidomethyl (C) and iTRAQ Plex (K and N-terminus); variable modifications of oxidation (M); peptide mass tolerance of ±20 ppm; fragment mass tolerance of ± 0.1 Da; and peptide FDR ≤ 0.01.



Metabolomics and GC-MS Analysis

The workflow of metabolomics analysis is shown in Figure 1B. For GC-MS analysis, tissue samples were mixed with 600 μl of a methanol/water (v/v 4:1) solution containing internal standards and homogenate. Supernatants were lyophilized for subsequent oximation and silylation reactions. A QP 2010 GC-MS system (Shimadzu, Japan) with a DB-5 MS fused-silica capillary column (30 m × 0.25 mm × 0.25 μm, Agilent Technologies, Santa Clara, CA, USA) was used for metabolic profiling. A pseudotargeted GC-MS metabolomics method was established elsewhere (14–16). The ion peak area of the metabolite was normalized to the internal standard and multiplied by 1 × 106, then utilized for following data processing. A total of 288 features assigned to 32 groups were defined for data collection and quantification. The system parameter settings have previously been described (16). Metabolite identities were determined based on commercial libraries (Mainlib, NIST, Wiley, and Fiehn) and an internal metabolite library.



Bioinformatic Analysis and Statistics

Student's t-test and SAM were performed to calculate the differential expression and false discovery rate (FDR) between ACTH-PAs and normal pituitary glands. Filtering was performed to identify metabolites that were either overexpressed or underexpressed by at least 2.0-fold and to determine q-values of < 5% in ACTH-PAs compared with normal pituitary glands. Comprehensive metabolomic data analysis was performed by using MetaboAnalyst 3.0 (http://www.metaboanalyst.ca/faces/home.xhtml).

Hierarchical cluster analysis was performed to create a heatmap of the differentially expressed metabolites using MetaboAnalyst 3.0. Protein enrichment pathway analysis was used based on the hallmark gene set database determined by Gene Set Enrichment Analysis software (GSEA, http://software.broadinstitute.org/gsea/msigdb/index.jsp). The joint pathway analysis conducted using MetaboAnalyst 3.0 enabled the visualization of significant genes and metabolites that were enriched in a particular pathway. Network analysis was performed by MetaboAnalyst 3.0 in three different modes: gene-metabolite interaction network, metabolite–disease interaction network, and metabolite–gene–disease interaction network. Functional annotation databases were utilized based on the BP determined by gene ontology (GO).




RESULTS


Hierarchical Clustering of Metabolic Profiling in ACTH-PA

Significant differences of metabolites between ACTH-PAs (n = 6) and normal pituitary glands (n = 7) were observed. A total of 192 metabolites were identified among the ACTH-PAs and normal pituitary glands, and 37 of these metabolites were diversely expressed between the two groups (P-value < 0.05, with a fold change >2 or < 0.5). Specifically, 17 metabolites were upregulated and 20 were downregulated in ACTH-PA samples. A heatmap with two-dimensional hierarchical clustering (Figure 2) illustrated that the analyzed metabolites clearly segregated the samples into two groups and was consistent with the clinical diagnosis of the patients.
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FIGURE 2. A heatmap illustrating that the 37 metabolites clearly segregate patients with ACTH-PAs and normal pituitary glands. Each colored cell on the map corresponds to a concentration value in the data table, with samples in rows and features/compounds in columns. The heatmap was used to identify samples/features that are unusually high/low.





Protein Enrichment Pathway Analysis in ACTH-PA

We next explored the proteins that were differentially expressed between ACTH adenomas (n = 5) and normal pituitary glands (n = 5). A proteomic analysis identified 48,391 peptides that were mapped to 4,568 proteins in this study. A total of 417 differentially expressed proteins were further identified (P < 0.05; FDR < 0.01; iTRAQ ratio >2 or < 0.5). Of these proteins, 218 and 199 were upregulated and downregulated in ACTH-PAs, respectively, compared to the normal pituitary glands.

The overlap computing tool of GSEA evaluates the overlap of a provided differentially expression protein/gene set with hallmark gene sets from MSigDB and estimates the statistical significance. The protein/gene sets with a P-value < 0.05 and an FDR q-value < 0.05 are shown in Figure 3. These hallmark pathways were closely related to tumor metabolism and included HALLMARK_MYC_TARGETS_V1, HALLMARK_MTORC1_SIGNALING, HALLMARK_OXIDATIVE_PHOSPHORYLATION, HALLMARK_FATTY_ACID_METABOLISM, and HALLMARK_GLYCOLYSIS. The expression of proteins in metabolism-related hallmark pathways is listed (Figure 3). Intriguingly, the majority of proteins in the HALLMARK_OXIDATIVE_PHOSPHORYLATION, HALLMARK_FATTY_ACID_METABOLISM, and HALLMARK_GLYCOLYSIS pathways were found to be downregulated (Figures 4C–E).
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FIGURE 3. Hallmark pathways enriched by the differentially expressed proteins. The significant pathways are displayed along the X-axis. The Y-axis displays the –log of the p-value.




[image: image]

FIGURE 4. The expression of proteins in metabolism-related hallmark pathways. The proteins differentially expressed between ACTH-PAs and normal pituitary glands are displayed along the X-axis. The Y-axis displays the –log of the p-value. (A) Proteins in HALLMARK_MYC_TARGETS_V1, (B) Proteins in HALLMARK_MTORC1_SIGNALING, (C) Proteins in HALLMARK_OXIDATIVE_PHOSPHORYLATION, (D) Proteins in HALLMARK_FATTY_ACID_METABOLISM, (E) Proteins in HALLMARK_GLYCOLYSIS.





Protein–Metabolite Joint Pathway Analysis

A joint pathway analysis was performed using the enrichment analysis and the topology analysis. The enrichment analysis showed the identified proteins and metabolites that were significantly enriched in a particular pathway (P < 0.05; Figure 5), including aminoacyl-tRNAbiosynthesis, glycolysis/gluconeogenesis, pyruvate metabolism, propanoate metabolism, citrate cycle (TCA cycle), fatty acid metabolism, terpenoid backbone biosynthesis, fatty acid biosynthesis, pentose phosphate pathway, beta-alanine metabolism, and galactose metabolism. The topology analysis showed the identified genes or metabolites that probably play an important role in pathways based on their positions within these pathways.
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FIGURE 5. The stacked bars below show a summary of the protein–metabolite joint evidence from enrichment analysis and topology analysis.





Protein–Metabolite Interaction Network

The protein–metabolite interaction network provides visible interactions between functionally related metabolites and proteins. The metabolites and proteins identified from proteomics and metabolomics were mapped to the protein–metabolite molecular interaction network to create four subnetworks (Figure 6).
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FIGURE 6. The protein–metabolite interaction network provides a visualization of the interactions between functionally related metabolites and genes (proteins) identified from proteomics and metabolomics. (A) Subnetwork 1, (B) Subnetwork 2, (C) Subnetwork 3, (D) Subnetwork 4.



Subnetwork 1 includes 10 nodes (proteins, metabolites), and two of them were upregulated, including EPRS and adenosine monophosphate (AMP) (Figure 6A). The nodes (proteins, metabolites) in subnetwork 1 were the most significantly enriched in cell amino acid metabolism and pyrimidine nucleotide metabolism based on the GO:BP database (Table 1).



Table 1. Pathways enriched by proteins and metabolites in subnetwork 1 of the protein–metabolite interaction network based on the GO:BP database.
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Subnetwork 2 includes seven nodes (proteins, metabolites), and two of them were upregulated, including SND1 and pyruvate acid (Figure 6B). The nodes in subnetwork 2 were the most significantly enriched in cellular carbohydrate metabolism and aerobic respiration based on the GO:BP database (Table 2).



Table 2. Pathways enriched by proteins and metabolites in subnetwork 2 of the protein–metabolite interaction network based on the GO:BP database.
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Subnetwork 3 includes six nodes (proteins, metabolites), and only uric acid was upregulated (Figure 6C). The nodes in subnetwork 3 were the most significantly enriched in protein import into the nucleus and nuclear import based on the GO:BP database (Table 3).



Table 3. Pathways enriched by proteins and metabolites in subnetwork 3 of the protein–metabolite interaction network based on the GO:BP database.
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Subnetwork 4 includes five nodes (proteins, metabolites), two of which were upregulated, including MPG and FASN (Figure 6D). The nodes in subnetwork 4 were the most significantly enriched in base-excision and the DNA catabolic process based on the GO:BP database (Table 4).



Table 4. Pathways enriched by proteins and metabolites in subnetwork 4 of the protein–metabolite interaction network based on the GO:BP database.
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Metabolite–Disease Interaction Network

The metabolite–disease interaction network provides an exploration of disease-related metabolites. The metabolites identified from metabolomics were mapped to the metabolite–disease interaction network to create two subnetworks (Figure 7).
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FIGURE 7. The metabolite–disease interaction network provides a visualization of the disease-related metabolites identified from metabolomics.



Subnetwork 1 includes 48 nodes (metabolites, connected proteins, and target diseases), and 14 of them were metabolites identified from the present study. In detail, 3 of the 14 metabolites were upregulated: uric acid, citrulline, and glycolic acid (Figure 7).



Metabolite–Protein–Disease Interaction Network

The metabolite–protein–disease interaction network provides a global view of potentially functional relationships between metabolites, connected proteins, and target diseases. The metabolites and proteins identified from the metabolomics and proteomics analyses were mapped to the metabolite–gene–disease interaction network and successfully created nine subnetworks.

Subnetwork 1 includes 92 nodes (metabolites, connected proteins, and target diseases), and 36 of them were metabolites and proteins identified from the present study. Five of the 36 metabolites and proteins were upregulated: uric acid, EPRS, AMP, glycolic acid, and FASN (Figure 8A). Figure 8A indicates the potentially functional relationships between metabolites such as D-glucose, L-cysteine, L-tyrosine, L-leucine, mannitol, and Alzheimer's disease.
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FIGURE 8. The metabolite–protein–disease interaction network provides a global view of the potential functional relationships between metabolites, connected proteins identified from proteomics and metabolomics and target diseases. The nine subnetworks are indicated in (A–I), respectively.



Subnetwork 2 includes six nodes, and three of them were proteins identified from the present study. FGB was indicated to be upregulated (Figure 8B). Subnetwork 2 showed potential functional relationships between proteins FGB, FGA, APOA1, and afibrinogenemia congenital, amyloidosis familial visceral, and hypoalphalipoproteinemia.

The other 7 subnetworks (3–9) are also shown in Figure 8. Subnetwork 3 and subnetwork 4 include four nodes, and one node consisted of proteins identified from the current study. CHD1 in subnetwork 3 was indicated to have a potentially functional relationship with tumors such as breast cancer, gastric cancer, and prostate cancer. DCTN1 in subnetwork 4 was shown to have a potentially functional relationship with neuronopathy distal hereditary motor, Perry syndrome, and amyotrophic lateral sclerosis 1.

Subnetworks 5–9 include three nodes, one of which was a protein or metabolite identified from our study. The metabolite pyroglutamic acid in subnetwork 5 has a potentially functional relationship with diseases such as glutathione synthetase deficiency and 5-oxoprolinase deficiency. NRAS in subnetwork 7 was indicated to have a potentially functional relationship with colorectal cancer and thyroid cancer. HSPB1 in subnetwork 6, EPHX1 in subnetwork 8, and TPM2 in subnetwork 9 were indicated to have potentially functional relationships with diseases such as neuronopathy distal hereditary motor, Charcot-Marie-Tooth disease axonal, hypercholanemia familial, preeclampsia/eclampsia 1, and arthrogryposis distal.




DISCUSSION

The present study, for the first time, used integrative omic analysis from proteomics and metabolomics to reveal the significant molecular signaling pathways and networks that have potentially functional relationship with ACTH-PA. Among the complicated pathway networks described above, several protein–metabolite joint pathways and networks were found to be significantly associated with the abnormal metabolism in ACTH-PA.


Glycolysis/Gluconeogenesis

It is well-known that tumor cells preferentially use glycolysis for their energy supply. The majority of glycolytic enzymes were markedly elevated in most tumors. In addition to their metabolic functions, glycolytic enzymes also play important roles in cell survival, metastasis, invasion, chromatin remodeling, regulation of gene expression, and other essential cellular processes (4, 17). In addition, glycolysis provides cancer cells not only with energy but also with the necessary precursors for biosynthesis. For example, several glycolytic metabolites, such as glucose-6-phosphate and pyruvate, could be diverted into other metabolic pathways. Furthermore, lactate not only is taken up by other cancer cells in the tumor microenvironment to enhance TCA flux but also lowers the pH of the extracellular microenvironment, facilitating the activity of metalloproteases for tumor invasion (4, 18).

Notably, most of the proteins involved in glycolysis and glucogenesis, including LDHA, HK1, and PKM2, showed lower levels in ACTH-PAs than in normal pituitary glands (Figure 4). Some metabolites, such as glucose-6-phosphate, which is used for the synthesis of nucleotides and NADPH, were reduced in ACTH-PAs (Supplementary Tables 2, 3). These phenomena are markedly different from the Warburg effect seen in most tumors.

Furthermore, pyruvate was found to be significantly higher in ACTH-PAs compared to normal pituitary glands, but it appeared to not be diverted into mitochondrial TCA and lactate metabolism. We speculate that pyruvate was detoured into alanine metabolism.



Fatty Acid Metabolism

An increase in fatty acid metabolism is another remarkable feature of tumor metabolism. Tumor cells upregulate fatty acid synthesis to meet their requirements for fatty acid. Fatty acid synthesis is a multistep process involving several critical enzymes. Fatty acid synthase (FASN) was reported to be elevated in many cancers, including breast, prostate and other types of cancer. However, fatty acid catabolic metabolism, including fatty acid oxidation, still remains a poorly understood metabolic pathway.

In the present study, FASN was shown to be upregulated in ACTH-PAs, which was similar to other types of cancer (4, 19), while enzymes related to fatty acid catabolic metabolism, such as ACADVL, ACADM, and ACAA2, were downregulated in ACTH-PAs (Figure 4). A limited number of metabolites from fatty acid metabolism were identified due to the GC-MS methods. Additionally, short chain fatty acids, such as capric acid, hexanoic acid, heptanoic acid, nonanoic acid, and octanoic acid, were found to be increased in ACTH-PAs (Table 5).



Table 5. The differentially expressed level of metabolites between ACTH-PAs and normal pituitary glands.
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Mitochondrial Metabolism

Another major change in cancer metabolism is the abnormal mitochondrial biogenesis and metabolism. Mitochondria play essential roles in cancer cells because mitochondria are not only involved in energy production but also in the synthesis of many indispensable molecules for cellular biosynthesis, growth, and proliferation (20). In contrast to normal cells that use mitochondrial TCA and oxidative phosphorylation for energy production, tumor cells preferentially use glycolysis for energy production (4), which was similar to our results. Our data also showed that the proteins and metabolites involved in mitochondrial TCA and oxidative phosphorylation, such as MDH1, MDH2, FH, CYCS, ATP5H, ATP5J, ATP5F1, ATP1B1, citrate, and isocitrate, were reduced in ACTH-PAs (Figures 4, 5). Alternatively, mitochondrial biogenesis was increased in tumors. TUFM is a Tu translation elongation factor that participates in protein translation in mitochondria. In the present study, the expression of TUFM, which is indispensable for mitochondrial biogenesis, was shown to be increased in ACTH-PAs. Therefore, our results suggested enhanced mitochondrial biogenesis in ACTH-PA.



Myc Signaling Pathway and Metabolism

Our proteomic profiling results further indicated that Myc signaling was deeply involved in the altered metabolism of ACTH-PA. In the previous study, Myc as the master inducer of tumor glycolysis, promoted the expression of key glycolytic enzymes (21). Most glycolytic gene promoter areas contain consensus Myc-binding motifs. However, the expression of glycolytic enzymes such as LDHA and PGK1 in the Myc signaling pathway was decreased in ACTH-PA, which was consistent with the reduced glycolysis observed in this tumor type. It is thus possible that the Myc signaling pathway takes part in regulating the glycolysis of ACTH-PAs.

In addition, Myc upregulates glutaminolysis in tumor cells. Many studies have demonstrated that Myc promotes both glutamine uptake and the catabolic process of glutamine. Myc also participates in mitochondrial biogenesis and metabolism (22). This is associated with the transcriptional induction of TFAM, the proteins of the complex I subunits, uncoupling proteins, mitochondrial membrane proteins, and the proteins involved in intermediary metabolism (20). Although we did not find any proteins of the Myc signaling pathway related to glutaminolysis in ACTH-PA, we did notice that some proteins in the Myc signaling pathway that were associated with mitochondrial biogenesis (such as TUFM) were increased in ACTH-PA.

It has been reported that the Myc signaling pathway is often activated during tumorigenesis. Consistently, our proteomic profiling revealed that Myc signaling pathway proteins that are involved in protein and nucleotide synthesis, such as PSMC2, PSMC4, EIF4G2, and IMPDH2, had increased expression in ACTH-PA (Figure 4).




CONCLUSIONS

The present study clarified pathway networks that function in ACTH-PA. Our results demonstrated a downregulated glycolysis and fatty acid synthesis in ACTH-PA. We also revealed that the Myc signaling pathway significantly participates in the metabolic changes and tumorigenesis of ACTH-PAs. Further experimental investigations are required to elucidate the biological consequences of these pathway networks and their relevance to the tumorigenesis of ACTH-PAs. The data from the current study may provide biomarkers for ACTH-PA diagnosis and monitoring, and possibly lead to the development of novel strategies to treat the tumors.
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Sex-related differences have been reported in various cancers, in particular men with lactotroph tumors have a worse prognosis than women. While the underlying mechanism of this sexual dimorphism remains unclear, it has been suggested that a lower estrogen receptor alpha expression may drive the sex differences observed in aggressive and malignant lactotroph tumors that are resistant to dopamine agonists. Based on this observation, we aimed to explore the molecular importance of the estrogen pathway through a detailed analysis of the transcriptomic profile of lactotroph tumors from 20 men and 10 women. We undertook gene expression analysis of the selected lactotroph tumors following their pathological grading using the five-tiered classification. Chromosomic alterations were further determined in 13 tumors. Functional analysis showed that there were differences between tumors from men and women in gene signatures associated with cell morphology, cell growth, cell proliferation, development, and cell movement. Hundred-forty genes showed an increased or decreased expression with a minimum 2-fold change. A large subset of those genes belonged to the estrogen receptor signaling pathway, therefore confirming the potent role of this pathway in lactotroph tumor sex-associated aggressiveness. Genes belonging to the X chromosome, such as CTAG2, FGF13, and VEGF-D, were identified as appealing candidates with a sex-linked dysregulation in lactotroph tumors. Through our comparative genomic hybridization analyses (CGH), chromosomic gain, in particular chromosome 19p, was found only in tumors from men, while deletion of chromosome 11 was sex-independent, as it was found in most (5/6) of the aggressive and malignant tumors. Comparison of transcriptomic and CGH analysis revealed four genes (CRB3, FAM138F, MATK, and STAP2) located on gained regions of chromosome 19 and upregulated in lactotroph tumors from men. MATK and STAP2 are both implicated in cell growth and are reported to be associated with the estrogen signaling pathway. Our work confirms the proposed involvement of the estrogen signaling pathway in favoring the increased aggressiveness of lactotroph tumors in men. More importantly, we highlight a number of ER-related candidate genes and further identify a series of target molecules with sex-specific expression that could contribute to the aggressive behavior of lactotroph tumors in men.

Keywords: pituitary tumors, gene expression, estrogen signaling, sexual dimorphism, chromosome, aggressiveness


INTRODUCTION

Epidemiological data indicates that tumors such as lung cancer, hepatocarcinoma, and melanoma have a worse prognosis in men than in women. This observation is also true for both metastatic and primary brain tumors including gliomas, meningiomas, and a subset of pituitary tumors that produce prolactin. These latter tumors, defined as pituitary lactotroph tumors, are larger in men than in women (1), less sensitive to dopamine agonists (2), and their proliferative activity is reported to be higher in men and older women (>40 years of age) than in young women (3). The longer diagnostic delay in men cannot solely explain the sex-related differences in lactotroph tumors. Indeed, in a large surgical series of patients with lactotroph tumors, we previously demonstrated the increased aggressiveness of this type of tumor related to a higher proliferative index among men (2). More recently, we confirmed the sexual dimorphism that exists in lactotroph pituitary tumors by demonstrating that low expression of estrogen receptor alpha (ERα) is more frequently observed in men and further associated in both sexes with high-grade lactotroph tumors that are resistant to therapeutic treatments (4). Besides the sex specificity that exists in terms of hormone regulation and secretion, the most evident differences between men and women lie in their epigenome and the existence of X and Y sex chromosomes. Among X located genes, the androgen receptor (AR), glucose metabolic enzymes, proteins of the apoptotic cascade are expressed in normal tissues and modified in various tumors. Moreover, other X-located genes as cancer-testis antigens are expressed in numerous tumors, while in normal tissues, the expression of most of them remains restricted within the testis and the placenta (5). Expression of cancer-testis antigens is regulated by epigenetic mechanisms and could be associated with tumor progression (6). Increasing data also support the role of genes located on the Y chromosome, such as the candidate tumor suppressor TMSB4Y (7), a hypothesis further confirmed by the loss of the Y chromosome that is observed in cancers (8, 9). Surprisingly, little is known about the molecular mechanisms that drives the sexual dimorphism observed in pituitary lactotroph tumors, and studies comparing gene expression between tumors in men and women are lacking.

Here, we addressed these questions in order to delineate the mechanisms and identify genes that drive the sex specificity that exists in aggressive lactotroph tumors. While our data confirm the implication of estrogen signaling in the sexual dimorphism observed in these tumors, it further highlights a number of candidate genes and pathways that could represent appealing targets contributing to sex-related differences in lactotroph tumors.



MATERIALS AND METHODS


Human Pituitary Tumors

Thirty frozen tumors stored at the Neurobiotec Bank (Lyon, France) were selected from a series of 89 lactotroph pituitary tumors we had previously used to report the existence of ERα-associated sex-related differences among men and women (4). All included tumors were resected between 1989 and 2005 by the transsphenoidal route and were further shown to be positive for prolactin expression by immunohistochemistry. Their grading was carried out according to the clinicopathological classification we have previously established (10). Briefly, they were classified into five grades (grades 1a, 1b, 2a for non-aggressive tumors, grade 2b for aggressive, and grade 3 for malignant tumors). The expression of ERα in those tumors was quantified as previously reported (4). The surrounding normal pituitary of each non-invasive microadenoma was macroscopically discarded by manual dissection to avoid any potent contamination that could interfere with our gene expression analysis. A subsequent qRT-PCR was also performed on the 30 selected tumors to address prolactin (PRL), growth hormone (GH), proopiomelanocortin (POMC), and luteinizing hormone LHβ in order to exclude PRL/GH co-producing tumors and normal tissues that co-express POMC/LHβ. Note that although normal pituitary tissues are not representative of normal lactotroph cells, we used a pool of normal pituitary from men and women as control references (data not shown). Microarray data for transcriptomic analysis were obtained from patients participating to the HYPOPRONOS (Programme Hospitalier de Recherche Clinique National 27-43) study, and genotyping and copy number alteration (CNA) analysis from patients included in the PITUIGENE study PHRC-INCa 2012 (ClinicalTrials.gov Identifier: NCT01903967). These studies were approved by the ethics committee of Lyon, and informed consent was obtained from each patient according to French law.



Transcriptomic Analysis

Total RNA was extracted from pituitary tumors using Trizol (Invitrogen), according to the manufacturer's protocol (Invitrogen, Carlsbad, California, USA). For qRT-PCR, total RNA was subjected to DNAse treatment using an RNeasy minikit (Qiagen, Hilden, Germany) according to the manufacturer's protocol. Total RNA yield was measured by the OD260, the purity was checked by a A260/A280 ratio of 1.9-2.1, and the quality was evaluated on nanochips with the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) according to the manufacturer's protocol.



RNA Amplification

Total RNA (2 μg) was amplified and biotin-labeled by a round of in vitro transcription with a Message Amp aRNA kit (Ambion, Austin, Texas, USA) following the manufacturer's protocol. Before amplification, spikes of synthetic mRNA at different concentrations were added to all samples; these positive controls were used to ascertain the quality of the process. aRNA yield was measured using a UV spectrophotometer and the quality on nanochips with the Agilent 2100 Bioanalyzer (Agilent).



Array Hybridization and Processing

Ten micrograms of biotin-labeled aRNA was fragmented using 5 μl of fragmentation buffer in a final volume of 20 μl and was then mixed with 240 μl of Amersham hybridization solution (GE Healthcare Europe GmbH, Freiburg, Germany) and injected onto CodeLink Uniset Human Whole Genome bioarrays containing 5,5000 human oligonucleotide gene probes (GE Healthcare Europe GmbH, Freiburg, Germany) as described previously (11). Arrays were hybridized overnight at 37°C at 300 rpm in an incubator. The slides were washed in stringent TNT buffer at 46°C for 1 h, then a streptavidin-cy5 (GE Healthcare) detection step was performed. Each slide was incubated for 30 min in 3.4 ml of streptavidin-cy5 solution, was then washed four times in 240 ml of TNT buffer, rinsed twice in 240 ml of water containing 0.2%Triton X-100, and dried by centrifugation at 600 rpm. The slides were scanned using a Genepix 4000B scanner (Axon, Union City, USA) and Genepix software, with the laser set at 635 mm, the laser power at 100%, and the photomultiplier tube voltage at 60%. The scanned image files were analyzed using CodeLink expression software, version 4.0 (GE Healthcare), which produces both a raw and normalized hybridization signal for each spot on the array. Transcriptomic data have been deposited in Gene Expression Omnibus under the accession number GSE120350.



Microarray Data Analysis

The relative intensity of the raw hybridization signal on arrays varies in different experiments. CodeLink software was therefore used to normalize the raw hybridization signal on each array to the median of the array (median intensity is 1 after normalization) for better cross-array comparison. The threshold of detection was calculated using the normalized signal intensity of the 100 negative control samples in the array; spots with signal intensities below this threshold are referred to as “absent.” Quality of processing was evaluated by generating scatter plots of positive signal distribution. Signal intensities were then converted to log base 2 values. Differential expression analysis was performed using RStudio (http://www.rstudio.org) to isolate differentially expressed mRNAs between men and women lactotroph tumors. A mRNA transcript was considered differentially expressed if the difference gave a p ≤ 0.05 with the Student's t-test, and showed a minimal 2-fold variation. Functional Analysis were created with Ingenuity Pathway Analysis software (IPA®, QIAGEN Redwood City, www.qiagen.com/ingenuity).



Quantitative Gene Expression Analysis Through qRT-PCR

Total RNA (0.5 μg) was reverse transcribed using MMLV reverse transcriptase (Invitrogen). The absence of contaminating genomic DNA in the RT reactions was checked by qRT-PCR directly on total RNA. The cDNA synthesized was measured using qRT-PCR (SYBR Green PCR, LightCycler, Roche Diagnostics Indianapolis, USA) following manufacturer's recommendations. The LightCycler experimental run consisted of an initial Taq activation at 95°C for 10 min and 45 cycles of the amplification and quantification program (95°C for 15 s, 60°C for 5 s, and 72°C for 10 s, with a single fluorescence measurement). The specificity of PCR amplification was always analyzed with a melting curve program (69–95°C) with a heating rate of 0.1°C per second and continuous fluorescence measurement. Primers were designed using Primer3 software (Whitehead Institute/MIT, USA) to insure their respective Tm were between 59 and 61°C and their use produces amplicons between 100 and 150 bp.



Comparative Genomic Hybridization (CGH) Analysis

Genomic DNA was isolated from 13 tumoral and 1 pool of normal pituitary frozen fragments using the QIAamp DNA micro kit (Qiagen, Hilden, Germany), quantified with nanodrop (NanoDrop, Wilmington, DE, USA), and quality verified on agarose gel. Genotyping and CNA analysis was performed using the Affymetrix Genome-wide human SNP array 6.0 chip following manufacturer protocol (Affymetrix, Santa Clara, CA, USA). Briefly, 250 ng of genomic DNA was digested by the nsp/sty enzyme, adaptor ligated and PCR amplified using a single primer with titanium Taq polymerase (Invitrogen, Carlsbad, California, USA). Amplified PCR products were pooled, concentrated, and fragmented with DNase I. Products were subsequently labeled, denatured, and hybridized overnight to the respective arrays. Arrays were washed using the Affymetrix 450 fluidic array station and scanned using the GeneChip scanner 3000 7G. We generated CEL files using the Affymetrix GeneChip Command Console software (AGCC) 3.0. The tissues and reference 103 genomic DNA were processed in a same batch and hybridized using the ProfileXpert platform. CGH and genotyping data have been deposited in Gene Expression Omnibus under the accession number GSE 22615.



Copy Number Alterations (CNA) Analysis

Affymetrix CEL files were extracted using the Genotyping Console software version 3.0 (Affymetrix). For SNP genotyping, we used the Birdseed (v2.2) analysis algorithm. Accuracy of genotyping was checked by performing a concordance test between the processed reference 103 and a pre-processed reference 103 (Affymetrix). The test of concordance showed a 99.79% homology between the two genotypes indicating a good performance of the platform. Moreover, samples showing a call rate >96% and a median of the absolute values of all pairwise differences (MAPD) metric <4 were considered in further analysis. CNA analysis was performed using Partek Genomics Suite version 6.4 (Partek, St Louis, MO) following normalization by invariant set normalization procedure and computed signal intensities using perfect match and mismatch (PM/MM) model-based expression. Raw copy number data was computed using a batch of 270 normal external controls samples from the International HapMap project and used as reference. To remove alterations not associated with tumor phenotype, copy number variation was also analyzed on a pool of normal pituitary samples processed simultaneously in the same batch as tumor samples and compared to the references. Inferred copy numbers were predicted using genomic segmentation algorithm. Only copy number alterations with cut-offs of >2.7 copies for gain and <1.3 for loss were considered.




RESULTS


Clinical and Pathological Features of the Analyzed Cohort of Lactotroph Tumors

In order to explore the genes and mechanisms related to estrogen signaling in the sex-associated aggressiveness of lactotroph tumors, we selected a cohort of 30 tumors from 20 male and 10 female patients. Tumors were classified into five grades, ranging from benign (grades 1a-1b), invasive (grade 2a), suspected of malignancy (grade 2b), to malignant with metastasis (grade 3). Detailed clinical features of the selected tumors are summarized in Table 1. Interestingly, while the number of patients is rather limited, with an overrepresentation of tumors from men, the sex-related clinicopathological differences previously reported are obvious (4). Tumors in men were significantly larger, mostly invasive, and negative for ERα. Proliferation markers and tumor grades were also higher in men although this was not statistically significant. Taken together, these observations indicate that our cohort of 30 lactotroph tumors present consistent sex-related differences that should facilitate the identification of sex-associated candidate genes.



Table 1. Sex-related comparison of clinical, biological, and pathological characteristics in 30 patients with lactotroph tumors.
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Transcriptomic Analyses Reveal Sex-Specific Gene Expression Differences Between Lactotroph Tumors From Men and Women

Having validated the sexual dimorphism of our cohort, we next performed a gene expression analysis. Transcriptomic profiling was achieved through the use of a CodeLink Uniset Human Whole Genome Bioarray. Comparative exploration of male and female expression profiles revealed that 140 genes showed a significant deregulation of at least 2-fold between lactotroph tumors from men and women (Table S1), with an overrepresentation of genes with increased expression. Indeed, while 120 genes were increased, only 20 showed a reduced expression. Interestingly, we found that nearly 10% (11/120) of the genes showing an increased expression in men were located on the Y chromosome (DDX3Y, EIF1AY, KDM5D, NLGN4Y, PRKY, RPS4Y1, RPS4Y2, TTTY14, TXLNGY, USP9Y, ZFY). Surprisingly, analysis of the Y chromosome-located TMSB4Y tumor suppressor did not reveal any altered expression between lactotroph tumors from men and women. Similarly, our analysis revealed that almost 6% (7/120) of the genes overexpressed in male tumors were located on the X chromosome (FGF13, VEGFD, CTAG2, SLC6A8, DDX3P1, FRMPD4, TMEM35A). Out of these candidates, we found that FGF13 was already expressed at higher levels in normal male pituitaries compared to female ones, whereas VEGFD, CTAG2, and SLC6A8 showed comparable expression between the sexes in normal pituitary tissues. Interestingly, FGF13 and VEGFD are both involved in mechanisms such as angiogenesis, cell growth/proliferation, and control of cellular movement/morphology. VEGFD is further involved in cell cycle control (12, 13), supporting the overall importance of this candidate in the sex-linked aggressiveness of lactotroph tumors. Besides FGF13 and VEGFD, the candidate CTAG2 is involved in cellular movement and has previously been associated with invasion in breast cancer (6). As shown in Table 2, correlative analysis revealed that, in men, CTAG2 expression was strongly correlated with known lactotroph tumor aggressiveness markers implicated in the cell cycle (CENPE, AURKB, CCNB1, ADAMTS6) (11). Finally, it is interesting to note that the overexpression of the phosphocreatine transporter gene SLC6A8 suggests the existence of metabolic advantages in male tumors.



Table 2. Correlation between CTAG2 and markers of aggressiveness in lactotroph tumors.
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Chromosomic Alterations in Lactotroph Tumors Define a Sex-Specific Gene Landscape

Following the identification of a sex-specific gene expression, we further determined whether exploration of chromosomic alterations could pinpoint a genetic origin of the sexual dimorphism that exists in lactotroph tumors. Taking advantage of a CGH array we previously performed on 13 lactotroph tumors (14), of which 12 are included in the transcriptomic study, we investigated whether the observed chromosomal alterations were sex-linked. Clinical details and sex (seven men, six females) of those 13 tumors are provided in Table 3. Through this work, we confirmed the sex-independent association of several abnormalities of chromosome 1 (gain & loss) and chromosome 11 (deletion) in aggressive tumors grade 2b (10). We further found that chromosomes 3, 5, and 14 were frequently affected without any sex- or tumor grade-specific correlations. Interestingly, we observed that chromosomic abnormalities were more numerous in aggressive than in non-aggressive tumors and that a specific gain of chromosome 19p was found in three aggressive lactotroph tumors from men (Table 3 and Figure 1). Comparative analysis of CGH and transcriptomic data was subsequently carried out using the average number of known genes for each chromosome to calculate the chromosomic distribution of deregulated genes between lactotroph tumors from men and women. As summarized in Table 4, we found that chromosomes 19, 3, 2, and 5 represented the top four chromosomes with the highest percentage of deregulated genes (0.8, 0.77, 0.75, and 0.73%, respectively) that stand furthest from the median (0.53%). Having revealed chromosome 19 to be the sole chromosome subjected to sex-specific rearrangement, we wished to identify the candidate genes located within the concerned regions. We subsequently identified four genes (CRB3, FAM138F, MATK, and STAP2) that presented a minimum of a 2-fold statistically significantly increased expression in male lactotroph tumors (Table S1).



Table 3. Pathological and genetic data from patients with lactotroph tumors.
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FIGURE 1. Main chromosomic abnormalities in lactotroph tumors from seven men and six women. Gains are indicated by red bars and losses by blue bars. NA, non-aggressive lactotroph tumors; A, aggressive lactotroph tumors. Genomic DNA reference was cont103 (Affymetrix).





Table 4. Chromosomic deregulated genes between men and women in lactotroph tumors.
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Identification of Sex-Associated Candidate Genes Through a Functional Signature Analysis

We next proceeded with gene stratification using an Ingenuity pathway analysis combined with an in-depth exploration of the scientific literature to further understand the function of the identified genes (Table S1). Using such an approach, we reviewed the 140 identified candidate genes with a focused interest in biological function relating to cancer biology, tumor progression, and aggressiveness. In this way, we found that several genes had been reported to contribute to angiogenesis (10 genes), cell growth and proliferation (29 genes), cell death and survival (6 genes), control of cell morphology (12 genes), control of cellular movement (32 genes), and development (35 genes) (Table S1). In parallel, we further categorized genes involved in normal and pathological pituitary functions and found a substantial number of the identified genes to be related to the endocrine system (10 genes), estrogen signaling (25 genes), pituitary tumors (10 genes), or to be involved in sexual dimorphism (11 genes) (Table S1). Following this classification, we cross-analyzed the two lists (i.e oncology processes vs. normal/pathological pituitary functions) of genes and isolated a subset of 32 candidates that were the most representative genes linked to the potent sex specificity of lactotroph tumors (Table 5).



Table 5. Major functions of genes deregulated by a factor of two between male and female lactotroph tumors.
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Genes Involved in Estrogen Signaling and Sexual Dimorphism

Having previously reported the contribution of the estrogen signaling pathway in the sex specificity of lactotroph tumors through the identification of a low expression level of ERα in male tumors (4), we first confirmed that the expression of the estrogen receptor 1 gene (ESR1) found in our analysis strongly correlated (pearson correlation = 0.817, p = 1.767e-08) with the protein expression of ERα addressed by immunohistochemistry in our previous work (Figure 2) (4). Despite this observation, analysis of both ESR1 and AR genes, coding for ERα and the andogen receptor, respectively, did not reveal significant different expression levels between lactotroph tumors from men and women. In contrats to protein expression of ERα addressed by immunohistochemistry, expression of the ESR1 mRNA between men and women lactotroph tumors was not significantly reduced (FC = −1.5; p = 0.13), but in the aggressive tumors in women, the level of ESR1 mRNA is very low. Then, if we removed these two samples from our statistical analysis, we observed that ESR1 mRNA expression was significantly lower in men (n = 20) than in women (n = 8) (FC = −1.9, p = 0.0016) lactotroph tumors. Comparing only the non-aggressive lactotroph tumors between men and women, the expression level of ESR1 mRNA remained significantly lower in men compared to women (FC = −1.6; p = 0.031) and in normal pituitary, although not representative of the normal prolactin cells, the level of ESR1 mRNA expression was lower in men than in women (FC = −2.41). Next, we assessed whether a subset of estrogen signaling-related genes could be found within our list of candidates (Table S1). Out of the 140 genes differentially expressed between male and female lactotroph tumors, we found that 25 genes related to estrogen signaling (Table S1). Out of these, 22 were also associated with oncologic processes (Table 5) and 9 were related to sex differences (Table S1 and Table 5). From these analyses, a series of appealing candidate genes were identified. Among them we found ERBIN, previously shown to be expressed in hepatocellular carcinoma and to promote tumorigenesis (15), and FOXA1, which significantly negatively correlated with ESR1 expression (Pearson Correlation = −0.45; p = 0.014) and is known to regulate ISL1 and PPP1R14C, two other identified estrogen-related genes. Finally, SLC6A8 also attracted our interest based on its significant 2.6-fold overexpression in male lactotroph tumors (p = 0.00231) and its capacity to be inhibited by estrogens and stimulated by testosterone (16).
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FIGURE 2. Correlation between ERα and ESR1 mRNA expression in lactotroph tumors. ERα data from immunoblotting (4) strongly correlated (pearson correlation = 0.817, p = 1.767e-08) with the expression of the ESR1 gene.






DISCUSSION

We have previously reported that lactotroph tumors that develop in men are of a higher grade and are resistant to treatment, and men have an overall worse prognosis compared to women (4). Despite this evident sexual dimorphism, there have been few studies carried out to compare gene expression between the sexes. Here, we used a comparative set of analyses involving transcriptomic and CGH experimental data obtained from lactotroph tumors from 20 men and 10 women to undertake such an analysis. We paid particular attention to the importance of the estrogen signaling pathway in sex-specific behavior due to our previous identification of a reduced ERα protein expression in male lactotroph tumors (4) and the well-established correlation between the grade of malignancy and low ERα protein expression that exists in breast tissues and bladder tumors (17–19).

Here, we confirm the importance of estrogen signaling in defining the sex specificity of aggressive lactotroph tumors. While our work demonstrates that a very strong correlation exists between the expression of ERα and the product of its gene ESR1, our analysis further reveals that 18% of the genes differentially expressed between male and female lactotroph tumors are involved in estrogen signaling (Table S1). Whereas, a low level of ERα expression correlated with aggressiveness for all tumors from men, out of ten tumors from women, this observation only occurred in the two tumors that were classified as aggressive (tumor grade 2b). The low ESR1 mRNA level observed in aggressive female lactotroh tumors, may explain the non-significant differential expression of ESR1 mRNA, between men and women. When the expression data of this gene from the two aggressive women tumors were removed, the differential expression of ESR1 mRNA became significantly different between men and women lactotroph tumors. We therefore hypothesized that a high level of ERα expression may result in a protective effect against aggressiveness in lactotroph tumors in women. In contrast, the low expression level of ERα found in male tumors may explain the higher risk of more aggressive tumor behavior, recurrence, and resistance to treatment. As the ESR1 mRNA level was already lower in the normal pituitaries of men compared to women, we suggested that early divergence of the ERα level and sex-associated regulation of estrogen signaling may have a major influence on vascularization, tumor growth, and chromosomic alteration (Figure 3).
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FIGURE 3. Hypothetical model of lactotroph tumor progression explaining the higher prevalence of aggressive tumors in men compared to women. ERα level influences tumor incidence and progression. A high level of ERα induces the development of lactotroph tumors and protects against worse progression. In contrast, a low level of ERα reduces incidence but promotes tumor evolution to higher grade by inducing cell proliferation and vascularization. Discrete and sparse alterations lead to a non-aggressive phenotype. These data highlight the impact of the ERα expression level on genetic instability, cell growth, and vascularization, therefore explaining the prevalence of high-grade tumors and a predisposition to treatment resistance in men compared to women.



Among all the estrogen signaling-associated genes we identified, STAP2 appears to be one of the most interesting candidates to explore. Indeed, STAP2 is regulated by estrogen and increases during menopause in women, when the estrogen level decreases (20). Thus, the higher STAP2 mRNA level in lactotroph tumors from men compared to women may be related to the lower level of ERα. STAP2 is known to increase cell growth and tumor progression in breast and prostate cancer by interacting with the Brk and STAT pathways (21–23). In male lactotroph tumors, while we found STAP2 to be increased at all tumor grades, we noted that STAT3 and STAT5 were higher in male grade 2b/3 than in female grade 2b tumors (Figure S1). More interestingly, the unphosphorylated form of STAT has been shown to participate in DNA damage protection through the stabilization of the heterochromatin protein 1 (24). Taken together, such observations suggest that the low level of ERα could increase the level of STAP2 mRNA, therefore contributing to the aggressiveness of male lactotroph tumors through a reduced genome integrity mediated by STAT signaling. Consistent with this hypothesis, we found chromosome abnormalities to be more numerous in both tumors from men and aggressive tumors (14). Even if the following observations as to be confirmed on a larger number of lactotroph tumors, the additional gain of chromosome 19p which was observed only in the 3 aggressive or malignant tumors in man may suggest that specific gains of chromosome 19p could have an influence on tumors aggressiveness. These findings suggest that the sexual dimorphism of lactotroph tumors and their more aggressive behavior in men than in women may be related to increased chromosomic abnormalities in men compared to women.

Besides confirming the importance of estrogen signaling in the sex-related aggressiveness of lactotroph tumors, our work sheds light on the potent role of a series of sex chromosome-related candidates. Indeed, our analysis highlights several X chromosome-located genes that are overexpressed in male lactotroph tumors, especially the cancer-testis antigen (CTAG2), the creatine-transporter (SLC6A8), and two growth factors (FGF13 and VEGFD). CTAG2, normally only expressed in the testis, is involved in the invasive behavior of breast cancer (6) and is highly expressed in gastrointestinal and breast carcinomas (25). Moreover, the cancer-testis antigens are implicated in repressing estrogen signaling (26). In our study, CTAG2 is specifically upregulated and correlated with markers of aggressiveness ADAMTS6, AURKB, CCNB1, CENPE, and PTTG1 (11, 27) only in male lactotroph tumors. SLC6A8, a transporter that imports extracellular phosphocreatine into the cell inhibited by estrogens, was shown to induce sex differences in creatine metabolism (16). As in lactotroph tumors in men, FGF13 is upregulated in cancer cells (28, 29). This growth factor is not a cancer driver but serves to enhance survival of cancer cells (28, 29). Indeed, the higher expression of SLC6A8 and FGF13 genes may contribute to increased cell survival in lactotroph tumors in men. Not only VEGFD, but also an adaptor protein involved in VEGF signaling, SH2D2A, and five other genes LTBP1, ISL1, PTGS1, PTPRZ1, and ROBO1 (30–34), known to promote angiogenesis, were overexpressed in men. A high expression of VEGF was observed by immunohistochemistry in 60.7% of the lactotroph tumors (35). Its expression was higher in pituitary carcinomas compared to benign adenomas (36), as was microvascular density (37). One case of our series (case 3) illustrates the importance of VEGF in lactotroph tumors. This malignant lactotroph tumor from a man had abnormalities in chromosome 1, chromosome 11, chromosome 19, a neoangiogenesis (38), and showed endothelial cell expression of endocan, another angiogenic factor which is controlled by VEGF and FGF2 (39). This overexpression of VEGF in lactotroph tumors could be of therapeutic interest. Indeed, it has been also reported that an anti-VEGF (bevacizumab) treatment stabilized the progression of a pituitary carcinoma and induced extensive perivascular fibrosis (40). Finally, despite the fact that lactotroph tumors are less responsive to dopamine agonists in men than in women, we did not find a sex-related difference in the expression of the dopamine agonist receptor D2 itself. However, the growth inhibiting action of dopamine on lactotroph cells is partly mediated by the transforming growth factor (TGF)- β1 system (41). The availability of TGFβ1 is modulated by latent TGFβ-binding proteins (LTBP) and bone morphogenetic protein 1 (BMP1) is one of the activators of latent TGFβ1. Estradiol has been shown to inhibit pituitary LTBP1 expression (42) and we observe in our series a significantly increased LTBP1 expression among males. Sclerostin domain-containing 1 (SOSTDC1), a BMP antagonist, is inhibited by estrogens (43) and appears here to be highly upregulated in males lactotroph tumors. Thus, we can speculate that the lack of ERα observed in men could result in an inhibition of TGFβ1 and thus in an impairment of the control of lactotroph proliferation by dopamine.

This study, based on a combined series of analysis ranging from transcriptomics and CGH array to a detailed literature review, demonstrates that the prevalence of aggressive lactotroph tumors in men is not linked to a single factor. Our data further suggest that among the many factors differentially expressed between lactotroph tumors from men and women, an important subset belongs to the estrogen signaling pathway, while androgen or testosterone signaling molecules are not differently impacted. To that extent, this study enriches our model of lactotroph tumor progression by highlighting that a low expression of ERα is an early factor favoring higher aggressiveness of lactotroph tumor cells in men compared to women. Besides this important observation, our work sheds light on a novel series of mechanisms, identifying a sex-specific gene expression in lactotroph tumors in men that relates to a genetic instability and to the increased expression of several candidate genes promoting angiogenesis, cell proliferation, and survival of lactotroph tumor cells.
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Background: Metabolomics—the novel science that evaluates the multitude of low-molecular-weight metabolites in a biological system, provides new data on pathogenic mechanisms of diseases, including endocrine tumors. Although development of metabolomic profiling in pituitary disorders is at an early stage, it seems to be a promising approach in the near future in identifying specific disease biomarkers and understanding cellular signaling networks.

Objectives: To review the metabolomic profile and the contributions of metabolomics in pituitary adenomas (PA).

Methods: A systematic review was conducted via PubMed, Web of Science Core Collection and Scopus databases, summarizing studies that have described metabolomic aspects of PA.

Results: Liquid chromatography tandem mass spectrometry (LC-MS/MS) and nuclear magnetic resonance (NMR) spectrometry, which are traditional techniques employed in metabolomics, suggest amino acids metabolism appears to be primarily altered in PA. N-acetyl aspartate, choline-containing compounds and creatine appear as highly effective in differentiating PA from healthy tissue. Deoxycholic and 4-pyridoxic acids, 3-methyladipate, short chain fatty acids and glucose-6-phosphate unveil metabolite biomarkers in patients with Cushing's disease. Phosphoethanolamine, N-acetyl aspartate and myo-inositol are down regulated in prolactinoma, whereas aspartate, glutamate and glutamine are up regulated. Phosphoethanolamine, taurine, alanine, choline-containing compounds, homocysteine, and methionine were up regulated in unclassified PA across studies. Intraoperative use of ultra high mass resolution matrix-assisted laser desorption/ionization mass spectrometry imaging (MALDI-MSI), which allows localization and delineation between functional PA and healthy pituitary tissue, may contribute to achievement of complete tumor resection in addition to preservation of pituitary cell lines and vasopressin secretory cells, thus avoiding postoperative diabetes insipidus.

Conclusion: Implementation of ultra high performance metabolomics analysis techniques in the study of PA will significantly improve diagnosis and, potentially, the therapeutic approach, by identifying highly specific disease biomarkers in addition to novel molecular pathogenic mechanisms. Ultra high mass resolution MALDI-MSI emerges as a helpful clinical tool in the neurosurgical treatment of pituitary tumors. Therefore, metabolomics appears to be a science with a promising prospect in the sphere of PA, and a starting point in pituitary care.

Keywords: pituitary adenoma, metabolomics, metabolite, mass spectrometry (MS), nuclear magnetic resonance (NMR), MALDI-MS, magnetic resonance spectroscopy (MRS)


INTRODUCTION

Metabolomics, one of the newest “omics” sciences, assesses small molecules with molecular mass below 1,500 Da (1) within various bio-fluids (e.g., serum, plasma, cerebrospinal fluid, urine, saliva etc.) or tissues, to potentially set correlates to physiological or pathological status of an organism. Given its contribution to the understanding of cellular signaling mechanisms, in addition to identification and quantification of novel biomarkers in various clinical conditions, metabolomics is underpinning the development of personalized medicine.

Metabolites include carbohydrates, amino acids, nucleic acids, lipids, vitamins, organic acids, polyphenols, alkaloids, and inorganic species. A range of analytical techniques is applied, with either nuclear magnetic resonance (NMR), also known as magnetic resonance spectroscopy (MRS), or, more frequently, mass spectrometry (MS)-based platforms being routinely employed in assessing the metabolic fingerprint, the later method as a combination with other analysis techniques (i.e., gas-chromatography-mass spectrometry (GC-MS), liquid chromatography-mass spectrometry (LC-MS) (2, 3), ultra-performance liquid-chromatography tandem mass spectrometry (UPLC–MS/MS) (4, 5), ultra-high performance liquid chromatography-quadrupole time-of-flight mass spectrometry (UHPLC/Q-TOF-MS) (6, 7), capillary electrophoresis (CE-MS) (8, 9) or matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) (10, 11) etc.) to overcome the limitations of MS, such as erroneous interpretation of the metabolomic analysis in presence of impurities or modest reproducibility of the method (12, 13). Further, complex informatics tools (e.g., principal component analysis, Mascot search etc.) that significantly improve identification of metabolomic panels by multivariate statistical analysis are integrated into most types of equipment.

Ionization of atoms and molecules followed by their separation according to the mass/charge ratio is a key principle of MS-based techniques; the methods most commonly used being electrospray ionization and electron impact ionization, followed by atmospheric pressure photoionization and atmospheric pressure chemical ionization (14).

Although sensitivity of MS is clearly superior to NMR spectrometry, the later is increasingly employed because the method is fast, highly reproducible and does not require additional steps of biological samples preparation, including separation and derivatization (15). In addition, NMR spectrometry can identify unknown compounds with identical masses, even those with different isotopic distribution.

The basic principle of NMR spectrometry consists of the spinning of atomic nuclei. The most common nuclei used in this technique are 1H (proton), 13P (phosphorus), 15N (nitrogen) and 13C (carbon), the highest sensitivity being attributed to 1H (16). With the time, MRS has proven to be a highly used and non-invasive technique in cerebral tumors, particularly in vivo MRS, using brain MRI images (17). The technique allows identification of various metabolites by obtaining signals from a cerebral region of interest (ROI), more exactly a three-dimensional volume of this region measuring at least 1 cm3 or the so-called voxel (18). However, a considerable disadvantage using this technique is the identification of a limited number of metabolites, those with extremely high concentrations (17).

Matrix-assisted laser desorption/ionization mass spectrometry imaging (MALDI-MSI) profiles as a valuable method that is able to identify peptides and proteins with a mass of up to 50,000 Da (19–21). In view of this aspect, MALDI-MSI appears to be useful in approaching pituitary gland disorders, since most of the pituitary hormones are proteins or peptides. The underlying principle of MALDI-MSI is to use a matrix that absorbs the energy emitted from an ultraviolet or infrared laser beam, followed by desorption and ionization of the analyzed metabolite, similarly to electrospray ionization (19). The method is fast and highly sensitive (22). Implementation of MALDI-MSI has made it possible to shift from assessing the metabolic fingerprint in biological products such as plasma, serum or urine directly to tissue sections.

A major advantage of the development of this technique is the correlation of MALDI-MSI results with the tumor histopathology, thus the demarcation of the tumor contour can be established. Further, MALDI-MSI is able to identify new biomarkers in an in situ context (i.e., paraphin embedded tissue or fixed tissue sections), while the combination of MALDI-MSI with computed tomography (CT), magnetic resonance imaging (MRI) or positron emission tomography (PET) imaging aims to improve the future approach to research (22).

Whichever technique is used, untargeted metabolomic analysis allows rapid and global description of a large number of metabolites (e.g., lipids, amino acids etc.), termed metabolomic fingerprint in a single sample that subsequently is subjected to interpretation and validation to define differences between physiological and pathological conditions (15, 23–25); while, targeted metabolomic analysis consists of the qualitative and quantitative assessment of a small number of preselected well known metabolites that are specific to a particular metabolic pathway (15).

The future prospects for improving the identification and quantification of metabolites are the combination of NMR spectrometry (MRS) and MS (26).

In past years, metabolomics has considerably developed in the field of endocrinology, including diabetes mellitus (27–30), obesity (27, 31, 32), polycystic ovary syndrome (33–37), thyroid cancer (38–41), osteoporosis (42, 43) and particularly adrenal diseases, i.e., adrenal cancer, Cushing's syndrome (44, 45), primary aldosteronism (46, 47) and pheochromocytoma (48) and resulted in description of novel cellular and molecular signaling mechanisms and characterization of complex panels of biomarkers of risk.

Metabolomics in pituitary disorders is currently at an early stage. In 2014, Höybye et al. (49) conducted a pilot study comparing serum metabolites in adult patients with growth hormone deficiency (GHD) to a healthy control group. The endpoint was to identify potential biomarkers for the diagnosis of GHD, concomitantly aiming to draw up a metabolomics-based individualized recombinant human GH (rhGH) replacement treatment protocol among affected subjects. Metabolomics analysis performed by GC-MS identified a number of 285 untargeted metabolites, 13 of them differentiating between patients with GHD and controls. Among these, lower levels of threonic acid, cystine, cysteine and palmitoleic acid and higher levels of glutamic acid, glyceric acid, aspartic acid, uridine and hypoxanthine-like were reported in adult GHD. Furthermore, rhGH treatment caused a decrease in levels of glutamic and glyceric acid and an increase in levels of hexadecanoic and palmitoleic acid.

Recently, Zhan and Desiderio (50) described the remarkable contribution that “omics” sciences, including metabolomics, will play in understanding the heterogeneity of pituitary adenomas (PA). The present review will focus on the contribution that metabolomics analysis techniques might provide to improve the diagnosis of PA, aiming to shed light on some molecular mechanisms underlying their tumor development.



MATERIALS AND METHODS


Search Strategy and Eligibility Criteria

A systematic review of the literature was conducted independently by two of the authors via PubMed, Web of Science Core Collection and Scopus databases until 11th December 2018, using following keywords: metabolomics pituitary adenoma/tumor, metabolomic biomarker pituitary adenoma/tumor, metabolomic analysis pituitary adenoma/tumor, metabolomic profile pituitary adenoma/tumor, metabolites pituitary adenoma, LC-MS pituitary adenoma/tumor, GC-MS pituitary adenoma/tumor, NMR spectrometry pituitary adenoma/tumor, MALDI pituitary adenoma/tumor, deoxycholic acid pituitary adenomas, 4-pyridoxic acid pituitary adenomas, phosphoethanolamine pituitary adenomas, alanine pituitary adenomas, N-acetyl aspartate pituitary adenomas, myo-inositol pituitary adenomas, 3-methyladipate pituitary adenomas, glutamate pituitary adenomas, glutamine pituitary adenomas, taurine pituitary adenomas. Search keywords included specific metabolites to optimize data selection. The endpoint was to perform an overview of metabolomic aspects relevant to the approach of PA and potentially provide a source of detection and treatment targets for pituitary tumors. Inclusion criteria were represented by (1) studies that have evaluated the metabolomic profile or metabolomic biomarkers associated with PA or the contribution of NMR spectrometry and MS-based techniques in PA, (2) studies written in English, and (3) studies on human subjects. Exclusion criteria included (1) absence of PA group, (2) evaluation of other types of pituitary tumors, (3) studies that provide insufficient data on metabolomics in PA, (4) studies including overlapping groups of patients, (5) studies written in languages other than English, (6) proteomics studies, (7) high molecular weight compounds studies, and (8) reviews. According to the flowchart (Figure 1), 1,107 articles were included for analysis by searching electronic databases. Additionally, an article has been added to our research through hand searching (51). Duplicate (n = 389) and irrelevant (n = 692) articles were excluded. An article was excluded due to insufficient data on metabolomics in PA (52). Three articles studied the same group of patients with PA (53–55), so only the last one (55) was included in our review, the other two being excluded (53, 54). An article was excluded because it was not written in English (56). Two articles were excluded because they provided proteomics data (57, 58) and another article was excluded, evaluating compounds with a molecular weight greater than 1,500 Da (59). A study that evaluated other types of pituitary tumors (60) and a review (61) were also excluded. Finally, 18 studies enrolling 241 patients with PA were eligible for our review (Table 1). Of these, 8 articles described in vivo MRS approach in PA, providing specific metabolites measurements.
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FIGURE 1. PRISMA style flowchart of the selected studies.





Table 1. Clinical cases of pituitary adenomas (PA) included for metabolomics analysis.
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Study Quality Assessment

Assessment of the quality of included studies was performed using the QUADAS2 tool (62) following four domains: patient selection, index test, reference standard and flow and timing. The index test was represented by metabolomic analysis. Histopatological examination was the reference standard for PA diagnosis. We evaluated the risk of bias using all four domains of QUADAS2 tool. We also used the first three domains for the concern regarding applicability.




RESULTS


Metabolomics vs. Immunohistochemistry in Functional PA

Calligaris et al. (63) demonstrated the specific endocrine functionality of both non-pathological pituitary tissue (6 samples) and pituitary tumors (45 samples), using MALDI-MSI. The purpose of this study was to locate functional PA and to identify the delineation between them and healthy pituitary tissue, an aspect of potentially key relevance, especially during surgery, on one hand facilitating total adenoma resection and on the other hand preserving vasopressin secretory cells within the neurohypophysis and pituitary stalk, thus avoiding central diabetes insipidus, the most common postoperative complication. In a first step, using positive-mode MALDI-MS, the metabolic fingerprint of non-pathological pituitary tissue was assessed, to confirm presence of vasopressin and neurophysin 2 in the neurohypophyseal tissue in addition to GH, α-melanocytic stimulation hormone (MSH), adrenocorticotrophic hormone (ACTH), β-endorphin, joining peptide, γ-lipotrophin (LPH), and β-LPH in the anterior pituitary (Table 2). Afterwards, using matrix sublimation/recrystallization, prolactin (PRL) was identified in the lactotrophic area of the anterior lobe, in addition to detection of neurophysin 1 in the posterior pituitary. The distribution of these metabolites, reported by this study, highly corresponds to the immunohistochemical distribution of hormones within the pituitary gland (79).



Table 2. Metabolomic aspects in pituitary adenomas (PA).
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GH, ACTH and neurophysin 2 were identified by Mascot searches. In addition, secretion of these peptides was confirmed by MALDI in-source decay (ISD) fragmentation, by identification of c-series ion fragments of GH (c13), ACTH (c10) and neurophysin 2 (c16) in the anterior and posterior pituitary gland. Moreover, the identification of b- and y-series ions of vasopressin was possible using MALDI time-of-flight/time-of-flight mass spectrometry (MALDI TOF/TOF).

In his study, Calligaris et al. (63) included ACTH- (n = 6), GH- (n = 7), PRL- (n = 6), GH- and PRL- (n = 4), FSH- (n = 2), FSH- and LH-secreting PA (n = 5) and clinically non-functional PA (n = 15). In the majority of cases, metabolomics analysis confirmed hormonal hypersecretion within pituitary tumor cells in agreement to clinical and biochemical suspicion. Metabolomics data correlated with histopathological findings, including haematoxylin-eosin and reticulin staining, respectively. Therefore, identification of intact GH and the c13 ion fragment, corroborated with a disruption of reticulin fiber network diagnosed GH-secreting PA. In the same manner, identification of intact ACTH and the c10 ion fragment, corroborated with a disruption of reticulin fiber network diagnosed ACTH-secreting PA.

Besides the ability to confirm pituitary hypersecretion, MALDI-MSI seems to be a good approach in differentiating pituitary tumor tissue from intact pituitary tissue with an overall specificity (Sp) of 93% and a sensitivity (Se) of 83%. To be emphasized, sensitivity was highly variable among various types of PA, reaching 100% in ACTH-secreting PA but only 50% in prolactinomas and 82% in GH-secreting PA. On the contrary, specificity was high, irrespective of the type of PA (i.e., 93% in ACTH-secreting PA and 100% in PRL- and GH-secreting PA, respectively).



Metabolomic Pathways in ACTH-Secreting PA

In a metabolomics research, Oklu et al. (64) evaluated 8 patients with suspicion of Cushing's disease in whom clinical features of hypercorticism were present (i.e., weight gain, hypertension, osteoporosis, easy bruising, moon face, fatigue, diabetes mellitus, and hirsutism), nonetheless with indeterminate pituitary imaging.

To confirm diagnosis, all patients underwent bilateral inferior petrosal sinus sampling (IPSS). ACTH-secreting PA was confirmed in 7 patients, while in one patient the diagnosis was excluded. The metabolic profile was determined in plasma samples from the ipsilateral IPS of patients (7 samples) and compared to contralateral samples plus two samples from the patient in whom ACTH hypersecretion failed to be confirmed (9 samples).

Postoperative follow-up showed improvement of symptomatology in 4 patients and disease remission in the remaining three.

Using LC-MS/MS, 12 distinct metabolites were reported in patients with ACTH-secreting PA in comparison to the control group, specifically 2-hydroxybutyric acid, aminoadipic acid, L-aspartic acid, 3-hydroxyphenylacetic acid, hypoxanthine, 4-pyridoxic acid, quinolinic acid, sucrose, xanthine, glucose 6-phosphate, deoxycholic acid, and 3-methyladipate. After Bonferroni adjustment, however, only deoxycholic and 4-pyridoxic acids and 3-methyladipate remained statistically significant (Table 2).

Using Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database, 8 main pathways affected in Cushing's disease were identified (64) that involved: (1) Alanine, aspartate and glutamate metabolism, which appeared to be the most affected metabolic pathway, (2) Vitamin B metabolism, (3) Lysine biosynthesis, (4) Purine metabolism, (5) Amino sugar and nucleotide sugar metabolic pathways, (6) Glycolysis and gluconeogenesis pathways, (7) Aminoacetyl-tRNA biosynthesis, and (8) Starch and sucrose metabolism (Table 2).

Recently, Feng et al. (65) conducted a metabolomic (via GC-MS) and proteomic study in a group of patients with ACTH-secreting PA. For metabolomic analysis, the author included brain tumor samples from 6 patients with ACTH-secreting PA vs. healthy brain tissue from 7 control subjects. It was found that short chain fatty acids (heptanoic acid, octanoic acid, nonanoic acid, hexanoic acid and capric acid) were up regulated, while glucose-6-phosphate was down regulated. Thus the metabolomic pathways involved in PA were the metabolism of fatty acids and glycolysis/gluconeogenesis (Table 2).



Metabolomics Studies in Gonadotropin- and PRL-Secreting PA

In 2017, Ijare et al. (51) used ex vivo NMR spectrometry to assess the metabolomic profile of postoperative pituitary tissue sampled from patients with gonadotropin- and PRL-secreting PA, respectively, with the main finding that both types of PA contain central nervous system metabolites such as phosphoethanolamine, glutamate, glutamine, N-acetyl aspartate, aspartate, and myo-inositol.

When comparing these two types of PA, it was found that phosphoethanolamine, N-acetyl aspartate and myo-inositol are down regulated in prolactinoma, whereas aspartate, glutamate and glutamine are up regulated (Table 2). Ijare's study is currently underway, so a larger number of patients could provide additional insights into the evaluation of the metabolomic fingerprint in these types of pituitary tumors. However, a true control group was apparently not considered, a major limitation of this study.

Lee et al. (66) conducted a study of 26 women with PRL-secreting PA compared to 31 healthy controls, analyzing their urine using GC-MS. A high level of all estrogen metabolites and 17-ketosteroids in the urine of these patients was shown. In addition, high c5 beta/5 alpha-hydrogensteroids and delta 5/delta 4-steroids ratios were identified (Table 2).



Metabolites of PA Compared to Other Brain Tumors

In 2015, Jarmusch et al. (67) performed a study of 58 brain tumors, including 14 patients with PA, the rest of the tumors being gliomas, astrocytomas and meningiomas. Analyzing brain tissue samples through desorption electrospray ionization (DESI)-MS, the author identified lipid peaks, which allow differentiation of PA from normal brain parenchyma and other brain tumors (gliomas, meningioma), respectively (Table 2). Moreover, the discriminant model of brain tumors using DESI-MS shows an overall Sp of 99.7% and Se of 99.4%. The metabolomic profile was explicitly described in the case of gliomas, indicating a decrease in N-acetyl aspartate and 2-hydroxyglutaric acid, while this was not very well achieved in PA.

Bicíková et al. (68) analyzed tumoral brain tissue samples from 25 patients with PA within a series of brain tumors, using GC with flame ionization detection (GC/FID). Patients with PA presented a marked increase in homocysteine. Homocysteine was also increased in patients with glioblastoma. At the opposite pole, meningiomas and gliomas were characterized by low level of homocysteine. Likewise, PA were characterized by an increased level of methionine, while gliomas exhibited low levels of this amino acid (Table 2).

A large body of evidence resulted from MRS-based studies (55, 69, 70) to show alterations of phospholipid metabolism in PA tumor samples as evidenced by high levels of phosphoetanolamine (55), phosphatidylcholine (69, 70) and phosphatidylinositol (70) concentrations (Table 2). The pattern is not specific, as phosphoetanolamine and choline-containing compounds were abundantly present in meningioma (55), medulloblastoma (80), glioblastoma (81) and malignant lymphoma tumor samples (70). Cerebral metastases from hepatocellular carcinoma presented high concentrations of choline-containing compounds, while craniopharyngiomas showed decreased levels of these (55). Elevated alanine but low N-acetyl-aspartate concentrations were reported in PA, nonetheless, a similar pattern was apparent in meningioma and gliomas (55, 69). Additionally, a high level of taurine was observed in PA, medulloblastoma and cerebral metastases with kidney starting point (55, 80) (Table 2). Ependymoma presented an increased level of myo-inositol, whereas pilocytic astrocytoma exhibited increased levels of fatty acids (80).

An increased concentration of glycine was linked to neuroectodermal tumors (81), while neurinomas, glioblastomas (55) and ependymomas (80) showed a high peak of myo-inositol.



PA Metabolites by in vivo Proton MRS

A series of studies performed single vortex proton (1H)-MRS on patients with various suprasellar tumors that included cases of PA. Across 3 studies including a total of 57 patients with both functional (29/57) and non-functional (28/57) PA, markedly decreased N-acetyl aspartate levels were demonstrated by single vortex 1H MRS, in addition to absent or low levels of creatine and moderately elevated levels of choline-containing compounds (71–73) (Table 2). Moreover, in up to 50% of cases, including 2 cases of pituitary apoplexy, the concentration of N-acetyl aspartate remained unidentified. No significant differences between the two types of PA were observed (71, 72). Nonetheless, a similar metabolomic pattern was found in suprasellar gliomas and chordomas while craniopharyngiomas presented low levels of all evaluated metabolites (71, 72). Further, it was found that in diagnosis of suprasellar tumors the overall efficacy of proton MRS in association with MRI (87%) was greater than MRI alone (69.6%), but this difference was not statistically significant (73). Referring to other types of suprasellar tumors, the authors reported low levels of N-acetyl aspartate and creatine and high levels of choline-containing compounds in the case of gliomas. Chordomas showed low levels of N-acetyl aspartate and creatine, but high levels of lipids and choline-containing compounds. Craniopharyngiomas showed low levels of all evaluated metabolites (71, 72).

Likewise, in a series of brain tumors from 57 patients, including 5 PA vs. 7 healthy volunteers, Isobe et al. (74) identified an increased peak of choline and a lack of N-acetyl aspartate and total creatine. The choline peak was confirmed in a small series of 3 children with non-functional PA (75) (Table 2).

Stadlbauer et al. (76) evaluated 27/37 patients with large functional and non-functional PA and a volume ≥4 cm3. Of the 27, 11 PA presented hemorrhagic areas, while 16 were non-hemorrhagic. Non-hemorrhagic PA group revealed a peak of choline (Table 2). The concentration of this metabolite was strongly correlated with the MIB-1 index on the immunohistochemical examination of these 16 patients.

Kozić et al. (77) described the case of a 41-year-old patient with an ectopic 53/40 mm pituitary macroadenoma. Preoperatively, the patient was examined using in vivo single vortex 1H-MRS, and a high peak of choline was noticed (Table 2). Due to disease persistence, after surgery the patient required treatment with somatostatin analogs (lanreotide 120 mg/4 weeks). Approximately 1 year later marked adenoma shrinkage and the lack of choline peak in the tumor were demonstrated along with a favorable clinical outcome.

Khiat et al. (78) evaluated a series of 13 patients including 7 patients with ACTH-secreting PA and 6 patients with ACTH-independent Cushing's syndrome vs. 40 healthy individuals. The objective of the study was the characterization of cerebral metabolites in the thalamic, temporal and frontal region by analyzing the brain MRI sequences. Irrespective of the etiology of Cushing's syndrome, choline/creatine ratio showed a marked decrease in the thalamus and frontal area (Table 2).



Quality Assessment of Studies

The risk of bias and the concern regarding applicability in included studies is illustrated in Figures 2, 3. Patient selection in studies was low in 16.66% of cases. Regarding the index test, 88.88% of studies accurately described the metabolomic analysis. The reference standard for PA diagnosis was histopatological examination that was described in 66.66% of cases. The flow of patients through the study and timing of reference standard and the index test were low in 27.77% of cases.
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FIGURE 2. Risk of bias of the included studies.
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FIGURE 3. Concern regarding applicability of the included studies.






DISCUSSION

The approach of metabolomics techniques in neuroendocrinology and neurosurgery has grown in recent years, providing additional information to genomics and proteomics. As from the metabolomic perspective, glioblastoma, the most common and severe type of brain cancer in adults (82), has begun to be studied years ago when elevated concentration of phosphocholine was reported and found to be even higher in primary glioblastoma compared to recurrent disease (81). Recently, MALDI-MSI has been successfully implemented in differentiation of brain tumor vs. healthy brain tissue on a murine model of high-grade glioblastoma (83).

Metabolomic analysis has already proven its potential with regard to brain tumors, as in the classification of both meningioma and astrocytoma, depending on their aggressiveness. High-grade meningioma presents decreased levels of alanine and creatine in comparison to low-grade meningioma (84). Also, N-acetyl aspartate, myo-inositol, lactate, creatine and glycine show statistically significant differences depending on tumor aggression in astrocytoma (85).

The present review, conducted in a systematic manner, identified a series of metabolites to be altered in PA as illustrated in Figure 4.
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FIGURE 4. The main altered metabolites in pituitary adenomas (PA).



Summarizing data, we observed that N-acetyl aspartate, choline-containing compounds and creatine were main metabolites highly effective in differentiating PA from healthy tissue. The most obvious pattern consisted of decreased N-acetyl aspartate and creatine and increased choline-containing compounds levels.

N-acetyl aspartate is a derivative of aspartic acid abundantly found in the human brain. Except for Canavan disease, a genetic disorder characterized by toxic accumulation of N-acetyl aspartate caused by aspartoacylase inactivation (86), down regulation of this metabolite seems to be constant in clinical conditions that associate neuronal dysfunction, including epilepsy (87–89), multiple sclerosis (90), Alzheimer's disease (91, 92), schizophrenia (93, 94), stroke (95), brain injury (96, 97) and brain tumors (98, 99).

Choline-containing compounds (choline, phosphatidylcholine etc.) are involved in the synthesis and degradation of the cell membrane. Thus, a high concentration of these compounds is suggestive of accelerated cell membrane turnover in PA (100). In addition, the high level of choline correlates with tumor proliferation (71). Decreased creatine availability may suggest a disruption of energy metabolism in PA, given that this metabolite plays an important role in the ATP/ADP cycle (71).

Phosphoethanolamine, which appeared to be the key metabolite found in pituitary tumor tissue vs. non-tumoral pituitaries, is a precursor of phosphatidylcholine and phosphatidylethanolamine, both of which are components of cell membranes. It seems that phosphoethanolamine down regulation is involved in tumor genesis, given that pharmacologic administration of phosphoethanolamine suppressed tumor growth both in vivo and in vitro studies performed in mice bearing melanoma (101). In line with that, Ferreira et al. (102) reported that synthetic phosphoethanolamine reduces tumor growth and has an inhibitory action on clonal metastases in an acute promyelocytic leukemia model.

Another observation of our review included the alteration of myo-inositol, aspartate, glutamate and glutamine in gonadotropin- and PRL-secreting PA. More than that, phosphoethanolamine, myo-inositol and N-acetyl aspartate were down regulated in prolactinoma, whereas aspartate, glutamate and glutamine were up regulated.

Myo-inositol, a component of many phospholipids that is found in considerable amounts in the brain functions as a second messenger in multiple intracellular signaling pathways. The low concentration of myo-inositol is linked to an imbalance in osmolyte function of malignant cells (103, 104). Myo-inositol is responsible for cell cycle control, apoptosis, inhibition of the PI3K/Akt pathway and NF-kB activity (105). Moreover, it exerts antioxidant, anti-inflammatory and anti-tumoral effects, through insulin modulation (104). Its potential role has been described in breast and colon cancer (106, 107). Accordingly, Kesler et al. (106) reported an increased level of prefrontal myo-inositol in a group of 19 breast cancer survivors after chemotherapy. Moreover, Derbal-Wolfrom et al. (107) postulated that myo-inositol trispyrophosphate treatment increased the oxygen load to result in inhibition of colon tumor growth and stimulation of homeobox gene Cdx2 expression within the intestinal wall.

As in the research conducted by Oklu et al. (64), Ijare et al. (51) also identified that the aspartate and glutamate metabolism is affected in PRL-secreting PA. Glutamine is another abundant free amino acid with roles in protein synthesis. Thus, it plays important roles in the growth of normal and cancerous cells and many studies have demonstrated these cells are dependent on glutamine concentration (108, 109), while glutamine deprivation on cell cultures is associated with malignant cells death (110, 111). The down regulation of this metabolite, which is particularly emphasized in PRL-secreting PA, seems to be involved in tumor genesis. At the opposite pole, the up-regulation of phosphoethanolamine in unclassified PA may suggest an activation of phosphatidylethanolamine metabolism, which is involved in membrane shape changes in tumor cells (55).

Alterations of the amino acids metabolism in PA, especially involving alanine, glutamate and aspartate represents another feature that deserves to be taken into account. Alanine, a non-essential amino acid, is an end product of glutamate oxidation, which is a major source of respiratory energy in the tumor cell. In addition, alanine exerts proliferative effects on malignant cells (112, 113).

A similar effect is attributed to glutamate (114); its actions are mediated through two main receptors predominantly expressed in the brain: ionotropic glutamate receptors (iGluRs) and metabotropic glutamate receptors (mGluRs) (114). Recent studies have described these receptors in peripheral organs and implicitly in a wide range of cancers such as lung, thyroid, digestive tract, breast and ovarian cancer (115–120).

Aspartate is a metabolite of the urea cycle, involved in gluconeogenesis, being derived from asparaginase. The concentration of this metabolite is decreased in malignant cells, being synthesized from oxaloacetate by aminotransferase activity (121). In 2015, Xie et al. (122) noticed a decreased level of aspartate in the plasma of 35 patients with breast cancer. In addition, Dornfeld et al. (123) demonstrated improved cell mitochondrial function and reduction of doxorubicin toxicity in breast cancer samples.

Up-regulation of homocysteine in PA may be responsible for citotoxicity (68) and oxidative stress. Increased levels of homocysteine have also been reported in anxiety disorders, Alzheimer's disease, dementia, breast cancer and thyropathies (68). Moreover, the alteration of methionine metabolism leads to neurological dysfunction (68).

The identification of estrogen metabolites and 17-ketosteroids in the urine of patients with PRL-secreting adenomas is most likely to be due to decreased activity of 3 beta-hydroxysteroid dehydrogenase and 5α-reductase that occurs among these patients (66).

Another important finding is the identification of deoxycholic acid, 4-pyridoxic acid, 3-methyladipate, short chain fatty acids and glucose-6-phosphate as potential metabolomic biomarkers in patients with Cushing's disease (64, 65).

Deoxycholic acid is a bile acid that acts as a fat emulsifier, improving intestinal absorption. Moreover, it induces deoxyribonucleic acid (DNA) damage by increasing intracellular production of oxidative stress (124, 125). Up to now, increased levels of deoxycholic acid have been demonstrated in digestive (126, 127) and breast cancers (128), but its involvement in the appearance of pituitary tumors has not yet been documented.

4-pyridoxic acid is a urinary catabolite of vitamin B6, being a biomarker of vitamin B6 status. Thus, deficiency of 4-pyridoxic acid is correlated with a deficiency in vitamin B6 that has been shown to be involved in tumor development and its progression by following mechanisms: cell cycle alteration, angiogenesis, chromosomal instability, inflammation and increased oxidative stress (129–131).

13-methyladipate is a catabolic product of phytanic acid, being a saturated fatty acid obtained by eating dairy products and ruminant meat. Recent studies have shown that the intake of phytanic acid is associated with an enhanced risk of non-Hodgkin lymphoma (132) and prostate cancer (133, 134).

Metabolic pathway analysis has shown that amino acid metabolism is the most altered one among patients with Cushing's disease. The same aspect has been highlighted in other endocrine tumors, such as thyroid cancer, where an elevated concentration of methionine, glutamine, glycine, tyrosine and taurine was reported (39, 103, 104, 135–139). This high level of amino acids is linked to cell proliferation and energy substrate. The main sources of amino acids are represented by the combination between the increase of protein catabolism, de novo amino acids synthesis and augmented extracellular matrix degradation (140–142). On the other hand, by using 1H-NMR, a down-regulation of leucine, lysine, valine, serine, alanine and tyrosine was observed in plasma and serum of patients with thyroid cancer (138, 139). Also, alterations in amino acid metabolism have been observed in ovarian (143), breast (144) and prostate cancer (145)

Another important aspect was the involvement of short chain fatty acids metabolism in the pathogenesis of ACTH-secreting PA. This dysregulation is likely correlated with the increased cell turnover and lipids demand in membrane biosynthesis needed for cell proliferation (146).

Likewise, the decreased level of glucose-6-phosphate, which is a glycolic metabolite, along with pyruvate, represents a first step in demonstrating the involvement of glycolysis/gluconeogenesis pathway in ACTH-secreting PA.

The contribution of MALDI-MSI technique in the diagnosis of functional PA appears to be a major one, due to its high sensitivity and specificity in identifying pituitary hormones and fragments in addition to the possibility of delineating pituitary tumor tissue, making this method the most pertinent metabolomic assessment to be employed in the investigation of pituitary tumors.

The present review shows several limitations. Although conducted in a systematic fashion, only few articles could be included. Further, the limited number of patients/samples included in studies, the different types of biological samples analyzed (plasma, post-surgical tumor tissue, urine), differences in analytical techniques and a lack of homogeneity of PA may explain the heterogeneous results. Sensitivity and specificity of the metabolomic techniques was described in few studies. Moreover, the use of single voxel 1H-MRS in some studies was able to identify only a limited number of metabolites by analyzing the brain MRI sequences. Furthermore, the sensitivity of these methods in the detection of PA needs to be considerably improved, perhaps the best approach in the future would imply the combination of NMR and MS-based techniques, the implementation of MALDI-MSI on an increased group of patients or the combination of MALDI-MSI with CT, MRI or PET imaging.


Future Perspectives

Although an emerging science, metabolomics has a huge potential compared to genomics, transcriptomics or proteomics, given its ability to characterize the molecular phenotype (147). This aspect makes it possible to significantly improve clinical approach to pituitary disorders in a personalized manner, for example in the diagnosis of MRI negative ACTH-secreting PA or gonadotropin-secreting PA. Likewise, identification of new metabolomic biomarkers in GH-secreting PA would considerably alleviate the prognosis of acromegaly and, potentially, predict therapeutic response. Characterization of specific metabolic pathways underlying PA including their functional alteration would bring new data into understanding their pathogenesis, thus making it possible to identify new therapeutic targets.

Metabolomics seems to be a promising tool in the future in neurosurgery, given that LC/MS and nanostructure imaging mass spectrometry (NIMS) have been able to identify brain region mapping on the animal model (148) and that first steps toward clinical application of MALDI MSI were initiated (63). Nonetheless, further studies are warranted to confirm preliminary results and deepen knowledge in the field.




CONCLUSION

Implementation of ultra high performance metabolomics analysis techniques in the study of PA will significantly improve diagnosis and, potentially, the therapeutic approach, by identifying highly specific disease biomarkers in addition to novel molecular pathogenic mechanisms. Ultra high mass resolution MALDI-MSI emerges as a helpful clinical tool in the neurosurgical treatment of pituitary tumors. Therefore, metabolomics appears to be a science with a promising prospect in the sphere of PA, and a starting point in pituitary care.
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Dopamine agonists such as bromocriptine and cabergoline are the predominant treatment drugs for prolactinoma by inhibiting prolactin secretion and shrinking tumor size. However, the pathways of either dopamine or its agonists that lead to the death of cells are incompletely understood and some are even conflicting conclusions. The main aim of this paper is to review the different pathways of dopamine and its agonists in prolactinomas to help to gain a better understanding of their functions and drug resistance mechanisms.
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INTRODUCTION

Pituitary adenomas (PAs) are common intracranial neoplasms. Typically, PAs are classified as either clinically non-functioning PAs or functioning PAs with characteristic clinical and endocrine symptoms, such as acromegaly and hyperprolactinemia or Cushing disease (1, 2).

Prolactinomas are the most common type of functioning PAs, which can cause headache, visual dysfunction, hypopituitarism, and hyperprolactinemia (3). The clinical features of hyperprolactinemia include impotence in males and oligo/amenorrhea in females (4, 5). The normalization of serum prolactin (PRL) levels and shrinkage of tumors are among the major goals of treatment in patients with prolactinomas (6). Dopamine agonists (DAs), such as bromocriptine (BRC) and cabergoline (CAB) are the first-line drugs for the treatment of patients with idiopathic hyperprolactinemia and prolactinomas (3, 7). The lactotroph adenoma cells express dopamine receptors, and DAs effectively suppress prolactin secretion and shrink the tumor by binding the cell-surface dopamine receptors in most patients (7, 8). This suggests that a “gene-network” may exist to regulate the activation of dopamine receptors, and may be involved in the mechanism of action of DAs for the treatment prolactinomas.

Although, two main DAs, namely BRC and CAB, have been approved as first-line drugs for the treatment of patients with hyperprolactinemia, a minority of patients with prolactinoma were resistant or intolerant to BRC, but responded adequately to CAB (9, 10). Currently, a better understanding of the pathophysiology of prolactinomas and the precise mechanisms of action of DAs in prolactinomas is greatly needed, especially considering that different pharmacological compounds act on lactotroph cells through different intracellular molecular pathways.

In this review, we summarize the current research advances on different pathways and mechanisms of dopamine and DAs effects on prolactinoma cells to help accelerate future research in this field (Figure 1).
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FIGURE 1. The pathways of dopamine and dopamine agonists in prolactinomas.





DOPAMINE AND DOPAMINE RECEPTORS

Multiple in vitro and in vivo studies have demonstrated that dopamine is an effective inhibitor of PRL secretion (11, 12), PRL gene expression and lactotroph cell proliferation (13). It can also induces the apoptosis of lactotroph cells (14).

Based on the functions of the dopamine receptors, they can be divided into D1-like receptors, such as D1 and D5, and D2-like receptors including D2, D3, and D4. The two DA receptor families play different roles. For example, D1-like receptors can induce the production of cyclic adenosine monophosphate (cAMP) and activate cAMP-dependent protein kinase (PKA) (15). Conversely, D2-like receptors (D2, D3, and D4) can reduce the accumulation of cAMP through interaction with Gi/G0 proteins (16). The activation of D2 receptors can also inhibit PRL secretion by decreasing the cell calcium levels through the G13 protein (17), but the activation of D1 receptors instead stimulates PRL secretion by stimulating vasoactive intestinal peptide (VIP) secretion (18, 19).

There are two isoforms of D2R produced by alternative splicing, namely the short and long isoforms (D2S and D2L) (13), which differ by only 29 amino acids derived from an additional exon in D2L, encoding the third intracellular loop of the receptor (20). D2S and D2L receptors are hypothesized to have distinct functions in the mitogen-activated protein kinase (MAPK) pathways (21). The pituitary size and PRL levels were found to be reduced in mice overexpressing D2S compared to wild type (WT) or D2L overexpressing mice (22). These observations suggest that dopamine effects on lactotrophs are mediated through the D2S receptor isoform and is an estrogen-dependent process. The decrease of D2S expression may play a part in D2R agonist resistant prolactinomas (21). In the pituitary gland, the expression level of D2L is much lower than that of D2S (20).

Most researchers use rodent or murine tumor cell lines to study dopamine functions in the pituitary and PAs (22, 23). In particular, studies on the rodent GH3 pituitary cell line have contributed significantly to the understanding of mechanisms of dopamine-induced apoptosis (23, 24). The receptors for VIP, thyroid-stimulating hormone (TRH) were found in GH3 cells, but no dopamine receptors (25). Many studies have demonstrated that GH3 cells do not express functional D2 receptors (26, 27). Indeed, some studies suggested that dopamine-induced apoptosis could not occur in the GH3 cell line unless it was transfected with a functional D2R (26).



DOPAMINE REDUCE PRL AND INDUCE APOPTOSIS OF PITUITARY ADENOMA CELLS

In cells expressing either transfected or endogenous D2R receptors, the p38 MAPK or extracellular-signal-regulated kinase (ERK) were shown to be involved in the process of dopamine-induced apoptosis (22, 26). However, it should be noted that there are many conflicting reports about the regulation of the ERK pathway by the D2S receptor and it could be a cell type-dependent process. Previous research found that in non-neuronal cells, dopamine-D2 receptors stimulate ERK activity and cell proliferation (28). However, in neuroendocrine cells, such as GH4-rD2S, the phosphorylation of ERK was inhibited by D2S receptors (29). Another study found that in normal rat pituitary cells, ERK was inhibited by D2R (30). There is another hypothesis suggesting that the regulation of the ERK pathway by dopamine is a dynamic process, whereby the activated ERK may be reduced by dopamine to antagonize the stimulation thus leading to changes in gene expression and cell growth (30).

Different from these findings, another study demonstrated that the apoptosis induced by dopamine is promoted through the dopamine transporter (DAT) instead of D2R (23). In contrast, based on this assumption, in a co-culture experiments with a specific DAT inhibitor and dopamine, the apoptotic response was not attenuated, thus indicating that dopamine-induced apoptosis is not mediated through the DAT (31). Nevertheless, in GH3 cells which do not express D2R, an increase in apoptosis was observed with increasing time and concentration of dopamine (23, 31). Although no activation of any of the analyzed MAPKs was observed within 0.25–24 h, including p38-kinase, JNK, and ERK which is different from BRC challenged cells (23, 31). These observations indicate that dopamine may also induce apoptosis through other receptors and pathways.

Some studies indicated that the apoptosis of lactotrophs induced by dopamine is also an estrogen-dependent process (21). Studies on PRL cells found that it is not sufficient for D2S to induce apoptosis by dopamine, and estradiol-dependent activity is also needed. Estradiol can also increase the phosphorylation of p38 MAPK induced by dopamine. Despite this, the phosphorylation of p38 is induced by D2S activation regardless of the presence or absence of estradiol (21). Based on these findings, estradiol seems to be necessary but not sufficient for p38 MAPK phosphorylation to induce apoptosis in lactotrophs. The expression of p53 was also found to be increased by estradiol in anterior pituitary cells (32). As p53 is a target of p38 MAPK, the estradiol on anterior pituitary cells may induce p53 activation by increasing p38 MAPK phosphorylation (33).



DOPAMINE AGONISTS

BRC and CAB are the two main DAs used as first-line treatment for prolactinomas, including microprolactinomas, macroprolactinomas, and giant prolactinomas. They can inhibit PRL secretion and shrink tumors effectively.

BRC was the first dopamine agonist used in clinical practice. It is a D2 receptor agonist, as well as D1 receptors antagonist. BRC is a semi-synthetic ergot derivative which binds to the D2R of anterior pituitary cells, especially on lactotrophs. The secretion of PRL is decreased by BRC through the stimulation of Na+, K+-ATPase activity and/or cytosolic Ca2+ elevation, which further inhibit the production of cAMP (34).

CAB has a higher affinity and selectivity for D2 receptors compared with BRC. In most people, CAB is more effective and has a longer half-life than BRC. It is also better-tolerated and has fewer side effects. For patients who are resistant or not very responsive to BRC, CAB has been proven to be effective (10). Besides prolactinomas, CAB is also effective for other types of PAs, such as acromegalic and ACTH-secreting adenomas (35). Accordingly, it is a valuable medicine for PAs.

The effect of CAB on reducing the size of prolactinomas is also mediated through the activation of the D2R (D2S) of anterior pituitary cells and is estrogen-dependent. Studies have found that ERK and phosphatidylinositol 3-kinase (PI3K) signaling is oppositely regulated by D2S and D2L, with D2L inhibiting both pathways, and D2S stimulating both pathways once activated by CAB (36).


DAs Induced Pituitary Adenoma Cell Death

According to different criteria, such as morphological appearance, immunological characteristics, enzymological property and functions (37), programmed cell death (PCD) can be classified into three main types (38). Type 1 is known as apoptosis, in which cells display obvious morphological appearance, such as cytoplasmic, nuclear shrinkage, and chromosomal DNA fragmentation. The activation of caspases is a central mechanism of apoptosis (39). Type 2 corresponds to autophagic cell death (ACD), in which cells show regular degradation and recycling of cellular components (40). Mammalian target of rapamycin (mTOR) and PI3K pathways are considered as primary autophagy regulatory pathways (41). Microtubule-associated protein 1A/1B-light chain 3 (LC3) is also associated with autophagy activation. A cytosolic form of LC3 (LC3-I) is converted to an LC3-phosphatidylethanolamine conjugate (LC3-II), which is associated with autophagic vesicles (42). Type 3 is called paraptosis, which is a non-lysosomal vacuolated degeneration (43, 44). The features of paraptosis are cytoplasmic vacuoles, lack of apoptotic morphology and independence of caspase activation and inhibition (45).

BRC Induces Apoptosis

During treatment with BRC, typical apoptotic features were found in GH3 and AtT-20 cell lines, such as fragmented nuclei and condensed chromatin, which are indicative of apoptosis (46). The proportion of tumor cells undergoing apoptosis also increased with time (46). As an initial anti-apoptotic regulator, which protect cells from apoptosis (47), the suppression of bcl-2 was also observed in BRC-treated GH3 cells and AtT-20 cells (46).

Studies in GH3 cells revealed that apoptosis induced by BRC is regulated through the activation of certain MAPK pathway members, such as p38-MAPK, 24, JNK, and ERK (31). P38 MAPK was found to be more closely associated with BRC-induced apoptosis. However, inhibition of p38 MAPK did not reduce the apoptotic effect of BRC (31). Accordingly, there may be other mechanisms mediating the apoptotic response to BRC and they should be studied to understand such a complex regulatory process involving numerous factors (24, 46).

Additional studies in GH3 cells show that dopamine and BRC utilize distinct intracellular pathways. BRC-induced apoptosis is sensitive to the inhibition of JNK, whereas dopamine-induced apoptosis is not. However, subsequently caspase-3/7 can be activated by both of them (31). The activation of JNK precedes cytochrome c release (31). In dopamine-treated cells the release of mitochondrial cytochrome c was also observed but it was preceded by an increase in reactive oxygen species (ROS) (23, 31). Through engagement and co-activation of these pathways BRC and dopamine ultimately synergistically induce cell death (31). These findings have motivated us to study the effects of these drugs in co-incubation experiments (31).

CAB Induces Apoptosis

The CAB-induced apoptosis observed in PRL-D2S cells involved the p38 MAPK pathways and could be reverted by a p38 MAPK inhibitor (21). Another study in MMQ cells, a prolactin-secreting clonal cell line that is responsive to dopamine, demonstrated that CAB increased the expression of apoptotic related proteins, such as PARP and cleaved caspase-3, indicating that the apoptosis is caspase-dependent (42). However, in CAB-treated GH3 cells, the PARP protein was not involved in the process of cell death (42).



DA-Regulated Paraptosis and ACD

Some studies have demonstrated that CAB and BRC not only induce apoptosis but also non-apoptotic cell death (42, 48). The autophagic degradation of organelles which precedes nuclear destruction is an important characteristic of ACD (49). The JNK pathway may also participate in ACD (50). Cytoplasmic vacuolization in mitochondria and endoplasmic reticulum is one of the morphological features of paraptosis, and do not involve the lysosomal system (48). Paraptotic cells lack apoptotic morphology (48). For apoptosis, an explicit mechanism is the activation of caspases (39), but it is not involved in parapoptosis. ERK1/2 has also been shown to promote cell death by paraptosis in 293T cells and Hepa1c1c7 cells (45).

BRC Induces Parapoptosis and ACD

Protein kinase C δ (PKCδ) is also involved in tumor progression of various tumor types and plays an important role in the PCD of prolactinomas cells. A study in GH3B6 tumor somatolactotrophic cells found that PKCδ may also contribute to the apoptotic process (51). Also, a study on male rats found that BRC caused mainly paraptosis instead of apoptosis with the involvement of PKCδ, p38, and the ERK1/2 pathways. As indicated by the absence of morphological features of apoptosis, such as internucleosomal fragmentation and the production of an unspecific smear compatible with necrosis, as well as the failure to detect the active fragment of caspase 3 in the experiment (48).

It has also been reported that BRC may induce cell death by ACD, as indicated by a higher conversion ratio of LC3-I to LC3-II found in MMQ and GH3 cells compared with the controls (52). BRC could also regulate the cell cycle as more cells were arrested in the G0-G1 phase and there were much fewer cells in the S phase compared with the controls. However, the precise mechanism still remains to be elucidated (52). Several cell cycle regulators may be important for such study, such as cyclin E/D1, p16/21/27, etc. (5).

CAB Induces ACD

Several studies have demonstrated that autophagic and apoptotic cell death may coexist in CAB-mediated tumor shrinkage, as a result of the release of lysosomal enzymes (42, 53).

In MMQ and GH3 cells treated with CAB, a time-dependent decrease in mTOR and AKT phosphorylation was found, indicating that ACD is involved in CAB-treated cells through the inhibition of the mTOR or AKT pathways (42). In addition, it has been found that the AKT and mTOR pathways can regulate cell survival and death by integrating signals from various stresses and growth factors (54). mTOR has also been identified as a negative regulator of ACD (55). The conversion of LC3-I to LC3-II was also detected in GH3 and MMQ cells at early stages of CAB treatment (42). By knocking-down certain proteins, such Becn1 and ATG5/7, which are essential for autophagy, it was confirmed that CAB can induce ACD (42).




DISCUSSION

Prolactinomas are the most common pituitary tumors and DAs have been shown to be highly effective in most cases. Nevertheless, many patients, who do not respond satisfactorily to DAs, are considered to be drug resistant (56, 57). The potential mechanisms involved in such resistance are not completely understood. Some studies found that less D2R mRNA was expressed in prolactinomas patients who are resistant to DAs compared to responsive patients (58). As another key receptor in prolactinomas, the estrogen receptor also plays important roles in tumorigenesis, metastasis and therapy (59), which should be studied further. Some studies have found that DA-induced apoptosis in lactotrophs is an estrogen and D2R dependent process. Furthermore, in DA-resistant prolactinoma patients, the D2L/D2S expression ratio has been found to be reduced (60), which is contradictory to other studies (21, 61, 62). Noteworthy, some studies found that the expression of D2S mRNA was significantly different for invasive and non-invasive tumors (62), thus researchers should pay more attention to the patients/cell lines in the studies. Since D2L and D2S receptors have distinct functions in MAPK pathways, more studies should be focused on them, especially in cell lines transfected with D2R. Reduced TGFβ1 activity is a common feature in the development of prolactinoma, studies also found that the recovery of TGFβ1 activity emerges as a novel therapeutic target for the treatment of DA-resistant patients (6). According to some studies, in diabetic patients with different types of tumors, metformin showed a survival benefit (63). There were two clinical cases showing that the combination of BRC and metformin might be a new effective therapy for DA-resistant prolactinomas patients (64). Ultimately, there is a great need to explore the molecular mechanisms of dopamine and DAs effects on prolactinomas in order to find a better treatment.

It has been confirmed by many studies that apoptosis induced by DAs is mediated through D2S, involve the activation of the MAPK pathway and is an estrogen-dependent process. However, studies in cell lines without dopamine receptors, such as GH3, indicate that DAs can also induce apoptosis without the activation of any of the MAPKs, suggesting that other receptors may participate in the process. In BRC-treated GH3 cells, which do not have the D2R, apoptosis is induced and is closely associated with the activation of p38 MAPK. However, the inhibition of p38 MAPK has no impact on the apoptotic response, so other mechanisms may contribute to the apoptotic process, which need to be explored.

Although some studies have demonstrated the involvement of paraptosis or autophagic mode of cell death in BRC and CAB treated cells, more evidence is still needed. Also, even though CAB and BRC are both dopamine agonists, the signal transduction pathways activated by the two drugs seem to be different. It has been found that the inhibition of p38 MAPK can revert CAB-induced apoptosis, which is different from BRC. Autophagy and apoptosis are also considered to coexist in CAB-treated cells. Autophagy, paraptosis and apoptosis are different cell death modes that share some regulators, thus further studies should be concentrated on the detailed regulation of DAs in prolactinoma. Finally, dopamine-induced oxidative stress has been proposed as a potential mechanism of apoptosis and neurotoxicity (65). Since it has been reported that dopamine neurotoxicity can induce the death of neurons (66), more attention should be paid to the cytotoxic mechanisms of dopamine in pituitary adenoma cells.
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Cases with pituitary adenoma comprise 10–25% of intracranial neoplasm, being the third most common intracranial tumor, most of the adenomas are considered to be benign. About 35% of pituitary adenomas are invasive. This review summarized the known molecular basis of the invasiveness of pituitary adenomas. The study pointed out that hypoxia-inducible factor-1α, pituitary tumor transforming gene, vascular endothelial growth factor, fibroblast growth factor-2, and matrix metalloproteinases (MMPs, mainly MMP-2, and MMP-9) are core molecules responsible for the invasiveness of pituitary adenomas. The reason is that these molecules have the ability to directly or indirectly induce cell proliferation, epithelial-to-mesenchymal transition, angiogenesis, degradation, and remodeling of extracellular matrix. HIF-1α induced by hypoxia or apoplexy inside the adenoma might be the initiating factor of invasive transformation, followed with angiogenesis for overexpressed VEGF, EMT for overexpressed PTTG, degradation of ECM for overexpressed MMPs, creating a suitable microenvironment within the tumor. Together, they form a complex interactive network. More investigations are required to further elucidate the mechanisms underlying the invasiveness of pituitary adenomas.
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INTRODUCTION

Cases with pituitary adenoma comprise 10–25% of intracranial neoplasm (1) and has a prevalence rate of about 17% in the general population (2). Most of the adenomas are considered to be benign. The symptoms of pituitary adenomas contain two major aspects, endocrine related and tumor occupying symptoms, the former differs according to the various hormones that get involved, the later one includes vision loss and headache. Some adenomas found accidentally on an MRI scan also show no clinical symptoms at all. The diagnosis of pituitary adenoma requires both imaging evidence and serum hormone level. About 35% of pituitary adenomas are invasive (3), which are defined and graded by the extent of tumor invading the adjacent sphenoid sinus and cavernous sinus. Invasive pituitary adenomas not only are more difficult to achieve total resection, but also have a higher recurrent rate after standard surgery compared to benign ones.

A few classification systems are available for evaluating invasive pituitary adenomas to aid surgical planning, including Hardy classification, Wilson–Hardy classification, and Knosp classification. Invasive pituitary adenomas are more difficult to surgically remove, and most of the time, they require surgical resection for the relatively more severe symptoms. An invasive pituitary adenoma was considered synonymous with an aggressive adenoma in a number of studies, moreover, aggressive ones are usually macroadenoma (4). However, some scholars (4, 5) preferred to regard an aggressive adenoma as a separated type that displays more aggressive clinical progression despite of the tumor size and should be diagnosed based on the elevated immunoreactivity of Ki-67 and P53 over more “benign” types of pituitary adenoma using tissue immunohistochemistry. Ki-67 is a biomarker widely used to evaluate cell proliferation. P53 is also a biomarker that indicates malignancy and invasiveness when found strongly positive on tumor tissue immunohistochemistry. The 4th edition of WHO classification of pituitary tumors has removed the term atypical pituitary adenoma (APA) for the difficulty and inconsistency in determining proper cutoff of the diagnostic criteria being used before (4, 6–9), in the previous 3rd version, APA is defined as tumors that display invasive growth, Ki-67 index >3%, extensive nuclear staining for p53 and elevated mitotic activity (10), which is vague. So the 4th edition of WHO classification of pituitary tumors has also suggested that the grading of aggressive pituitary adenoma should be evaluated on an individual case basis with criteria mentioned above (7). In some ways, aggressive, and invasive pituitary adenomas can be different in clinical behavior, but they largely share the same molecular basis in terms of malignancy and invasiveness. P53 protein and Ki-67 protein are common biomarkers shared between kinds of tumors, the difficulty (i.e., inconsistent criteria) of using them in grading of pituitary adenoma means that we need some more accurate biomarkers to better distinguish them from benign pituitary adenomas.

Compared with non-invasive pituitary adenomas, those with invasive behavior are difficult to tackle with. Therefore, it is necessary to identify their causes. This review summarized the known molecular basis of the invasiveness of invasive pituitary adenomas, providing insights for further exploration in this field.



VASCULAR ENDOTHELIAL GROWTH FACTOR AND RELATED FACTORS IN AN INVASIVE PITUITARY ADENOMA

Increased angiogenesis is found to be essential for the invasiveness and spread of many types of tumors including invasive pituitary adenoma. Invasive macroprolactinomas and non-functional adenomas were more vascular compared with non-invasive ones (11) on surgically removed human pituitary adenomas. As shown in Figure 1, angiogenesis in the tumor is a complex and dynamic process involving the endothelial matrix degradation, proliferation, and migration of endothelial cells, and remodeling of the vascular basement membrane. In general, whether pituitary adenomas are more vascular is still controversial (12–14), but when it comes to invasive or aggressive pituitary adenomas and carcinomas, it is safe to say that angiogenesis is essential (15).
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FIGURE 1. VEGF secreted by tumor cells promotes neovascularization via downstream pathways including the MAPK signaling pathway, FAK pathway, PI3K/Akt pathway, and p38 MAP kinase pathway, it also directly promotes tumor cell proliferation. IP3 pathway and VEGF-induced immune escape might be involved in invasiveness of the pituitary adenoma.




Vascular Endothelial Growth Factor

Vascular endothelial growth factor (VEGF) is proved to be the key factor in angiogenesis in many human tumors. Overexpression of VEGF in clinical samples of invasive pituitary adenomas is observed by many scholars (16). Meaning that VEGF could also be used as an independent prognosis-predicting factor except for Ki-67 and P53. There is a significant relationship between the expression of VEGF and apoplexy of pituitary adenoma (17), which, from another point of view, is an indicator of rapid tumor vascular growth. VEGF secreted by tumor cells promotes neovascularization via downstream pathways including the MAPK signaling pathway (18), FAK pathway (19), PI3K/Akt pathway (20), and p38 MAP kinase pathway (21), directly stimulating tumor cell proliferation (22). The function and the role of IP3 signaling pathway, which is also a classic downstream pathway of VEGF, in the invasiveness of pituitary adenoma are not clear yet. This could be a new entry point for the investigation of VEGF and its peripheral signaling pathways. The activation of these pathways promotes angiogenesis in many ways, including vascular endothelial cell proliferation, migration, and increase in the permeability of newly formed vessels. The controversial results on the microvascular density of pituitary adenomas indicate that VEGF has a more direct and pivotal role in tumorigenesis and invasiveness rather than just in angiogenesis because VEGF-related pathways have been found to directly promote tumor cell proliferation in other cancers recently (23). The immune escape modulated by VEGF was reported (24) and left untested in pituitary adenomas.



Tumor Necrosis Factor α

Some other molecules involving angiogenesis have shown a regulatory effect on the expression of VEGF. Tumor necrosis factor- α (TNF-α) has been reported to upregulate the expression of VEGF and matrix metalloproteinase-9 (MMP-9) in rodent cell line MMQ. In human pituitary adenoma surgical specimens, higher expression levels of TNF-α, VEGF, and MMP-9 were found in hemorrhagic adenomas than in non-hemorrhagic ones. Also, the expression levels of both VEGF and MMP-9 were positively correlated with TNF-α (25). Pituitary apoplexy can cause secondary hypoxia of the tumor tissue, so the elevation of TNF-α and VEGF expression might just be the self-saving struggle under extreme conditions.



Hypoxia-Inducible Factor-1α

Hypoxia-inducible factor-1α (HIF-1α) is able to regulate VEGF in pituitary adenomas and other human tumors. More than a decade ago, the apoptotic protective function of HIF-1α in human pituitary adenoma cell line HP75 under hypoxic conditions via a knockdown experiment was observed (26). VEGF was then confirmed to be activated by HIF-1α (27), but the HIF-1α overexpression model of rodent MMQ cell culture showed a higher apoptotic rate compared with the control, which contradicted the results of knockdown experiments in the human cell line. RWD-containing sumoylation enhancer (RSUME), a stabilizer of HIF-1α under hypoxia (28), is reported to upregulate VEGF in vitro, substantiating the interaction between HIF-1α and VEGF (29). There is overexpression of RSUME, HIF-1α, and VEGF-A in invasive pituitary adenoma surgical specimens compared with non-invasive ones, confirming RSUME as an upstream regulator of expression after the HIF-1α knockdown. Furthermore, the RSUME knockdown rodent AtT-20 cell line demonstrated a more invasive behavior (30). All these experiments displayed the whole picture of an invasiveness-inducing pathway of RSUME–HIF-1α-VEGF.

Notably, the von Hippel-Lindau gene-related protein (pVHL) is a known negative regulator of HIF-1α. Its low expression with a high expression level of VEGF leads to a higher recurrence rate and more aggressive behavior (31). A study reported an aggressive GH-PRL pituitary adenoma in a young patient with a VHL gene missense mutation (32). All these further confirm the importance of VEGF-related pathways in the invasiveness and aggressiveness of pituitary adenomas.



Fibroblast Growth Factor-2

It has been shown that fibroblast growth factor-2 (FGF-2), a growth factor, also promotes vascular endothelial cell proliferation and differentiation similar to VEGF. It is an upstream upregulator of VEGF in human vascular endothelial cells (33) and rodent GH3 pituitary cell line (34). However, FGF-2 had no significant modulatory effect on VEGF at the transcription level in human pituitary cell line HP75 (35). The overexpression of fibroblast growth factor receptor 1 (FGFR1), a receptor of FGF-2, is also closely related to the invasiveness of pituitary adenomas (36). Additionally, FGF-2 had significantly reduced expression levels in male and female prolactinoma patients (37), together with the study showing that FGF-2 had no regulatory effect on cell proliferation (38) and no significant modulating effect on VEGF at the transcription level in human gonadotrophic cell line HP75 (35), indicating FGF-2 might only be effective only in early stages of the development of pituitary adenoma, moreover, only in human prolactinoma.



Exploiting VEGF-Related Pathways in Treating Pituitary Adenoma

Advances in molecular biology have provided a better understanding of invasive pituitary adenomas, improving clinical prognosis. Many successful attempts had been made to exploit VEGF-related pathways in treating pituitary adenomas, from directly targeting VEGF (39–42) to its upstream pathways (43, 44), and to other related molecules (45).




PITUITARY TUMOR TRANSFORMING GENE

First cloned in 1997 (46), the pituitary tumor transforming gene (PTTG) is a known oncogene and upregulator of VEGF (47). The relationship between PTTG and VEGF was later elucidated with the findings that the PTTG upregulate and co-locate with VEGF, thus indirectly promoting angiogenesis in pituitary adenomas.

The PTTG1 is also called securin protein, which counters the function of separin. The degradation of PTTG1 triggers the anaphase of mitosis. Separin then promotes chromosome segregation (48). In human pituitary surgical specimens, invasive pituitary adenomas had the highest level of PTTG followed by non-invasive ones. And the PTTG doesn't express in a normal pituitary tissue (36, 49). Other researchers also reported PTTG as an indicator of both invasiveness and aggressiveness of pituitary adenomas in clinical studies (50–52). A meta-analysis on 15 cohorts of a total 752 patients with a pituitary adenoma further corroborated the relationship between PTTG and invasiveness in pituitary adenomas (53). The elevated PTTG expression level is expected to directly increase cell proliferation and chromosomal instability (54), implying enhanced tumor invasiveness.

Apart from the relationship with VEGF, the PTTG has a wide interaction spectrum with many genes and molecules related to survival, mitogenesis, tumor growth, and invasion. Estrogen receptor α (ERα), a nucleus-located receptor and the mediator of estrogen, is positively related to the invasiveness of human pituitary adenomas (55, 56) and has a significantly higher expression in male patients with prolactinoma than in normal pituitary tissue (37). In the present study, male patients had much higher serum PRL level and much larger tumor volume compared with female patients. The expression of ERα was also elevated in female patients, but not significantly. Estrogen is the first discovered inducer of PTTG, the transcription and translation levels of the PTTG both increased within 48 h after estrogen administration in a “synced” fashion to the estrogen administration in a study using prolactinoma rat model, and under the administration of estrogen, PTTG, FGF-2, VEGF showed the same expression pattern, showing that estrogen is an inducer of PTTG. In the same study, microscopic observation of the pituitary tumor showed progressive neovascularization and remodeling of the extracellular matrix (ECM) (57). All these findings elucidated that PTTG, FGF-2, and VEGF might act in synergy from the early development to increase the invasiveness and angiogenesis of pituitary adenomas, especially prolactinoma (58) and growth hormone–secreting adenomas (59). Connexins (Cx) is a protein family forming the gap connections of cells, expression changes of which between tumor and normal tissue have been reported in many types of cancers (60). Among them, Cx43 is ubiquitously expressed in vertebrates and is considered a tumor suppressor, in most cancer types like testis cancer (61, 62), breast cancer (63, 64), and colorectal cancer (65) tumor cells tend to have lower expression of it, but that is not the case in prolactinoma. Experiments on rat prolactinoma model has shown us that estrogen can induce increasing of gap junctions and of course Cx43, and the silencing of Cx43 could attenuate estrogen-induced up-regulation of PTTG (66). Cx43 might play an import part in tumorigenesis of prolactinoma, the relationship between Cx43 and VEGF, HIF-1α in pituitary adenomas requires future investigation. It is worth mentioning that the PTTG can upregulate the expression and secretion of MMP-2 in HEK293 cells (67), MMP-2 is capable of inducing invasiveness in pituitary adenomas. It could be the same for the PTTG in pituitary adenomas. The clarification of this would be worthwhile because both PTTG and MMPs are potentially valuable therapeutic targets.



DEGRADATION AND REMODELING OF ECM BY MATRIX METALLOPROTEINASES FAMILY

Matrix metalloproteinases (MMPs) are a group of calcium-dependent zinc-containing endopeptidases with the ability to degrade basement membrane and ECM. Together with the tissue inhibitor of metalloproteinases (TIMPs), they are the essential elements in the stability and remodeling of ECM (11). A dynamic balance is maintained between MMPs and TIMPs. The major types of MMPs involved in pituitary adenoma invasion can be classified into collagenases (MMP-1), gelatinases (MMP-2 and MMP-9), stromelysins (MMP-3), and membrane type (MMP-14) according to their function and location. TIMPs (TIMP-1, TIMP-2, TIMP-3, and TIMP-4) and reversion-inducing cysteine-rich protein with Kazal motifs (RECK) act as inhibitors, and extracellular matrix metalloproteinase inducer (EMMPRIN) acts as the inducer of MMPs.

MMP-9 is the first matrix metalloproteinase found to have a significantly higher expression level in pituitary adenomas invaded to cavernous sinus (68). However, TIMP-1 was undetectable by immunochemistry staining in all samples (69). The correlation between MMP-9 overexpression and invasiveness of pituitary adenomas has been verified by many researchers in human pituitary adenoma specimens (70–75) as well as cell lines (76). Later studies showed that high expression levels of EMMPRIN (77, 78), MMP-2 (71, 75, 79), and MMP-14 (80, 81) and low expression levels of TIMP-2 (82, 83), TIMP-3 (82, 84), and RECK (85) were also correlated with invasiveness. There is a report that found TIMP-2 have higher expression in more patients of invasive prolactinomas then non-invasive ones (74), most of the aforementioned studies were performed on patients with prolactinoma or mixed patients of all secreting types, the contradicting results of TIMP-2 indicating that different types of pituitary adenoma might have distinct signaling pathways regarding to invasiveness. However, no statistical difference in the MMP-9 expression level between invasive and non-invasive non-functioning pituitary adenomas could be found (86).

MMP-9 plays an important role in promoting invasiveness in many type of pituitary adenomas. A transcriptome analysis on somatotroph pituitary adenomas (87) identified genes having a differential expression pattern between the two groups depending on the invasiveness. Hepatocellular carcinoma, downregulated 1 (HEPN1) was found to be less expressed in invasive somatotroph pituitary adenoma. First found to be downregulated in hepatocellular carcinoma. HEPN1 can induce apoptosis when overexpressed in HepG2 (88). In rodent cell lines GH3 and GT1-1, it inhibited the expression of MMP-2 and MMP-9, resulting in reduced invasiveness (87). A transcriptome and proteome analyses on pituitary null cell adenomas, a subtype of non-functioning pituitary adenomas, by the same research team (89), identified that upregulated IL-6R/JAK2/STAT3 promoted invasiveness via MMP-9.

MMPs not only promote invasiveness by the degradation of ECM and the consequential release of various ECM-anchored growth factors (90, 91), other functions are also observed. Interfering with the expression of MMP-14 using shRNA could result in the reduced expression of PTTG, VEGF, and TGFβ in rodent AtT-20 cells (80), implying that MMPs would also directly promote tumor growth and angiogenesis. IL-17 and IL-17 receptors were positively related to MMP-19 in terms of expression levels. The levels were all elevated in invasive pituitary adenomas compared with non-invasive ones (92).

More recent studies have demonstrated the difference in genotyping of patients with pituitary adenoma; polymorphisms of MMP-9 (93) and promoter of MMP-1 (94) could affect invasive phenotype. Other proteases were also demonstrated to promote the invasiveness of human pituitary adenomas, including a disintegrin and metalloproteinase 12 (ADAM12) (81) and serine proteases urokinase-type plasminogen activator (uPA) (83). Interestingly, the same research team reported the involvement of ADAM12 in invasiveness. They later demonstrated that ADAM12 was also involved in epithelial-to-mesenchymal transition (EMT) (95).

Enhancer of zeste homolog 2 (EZH2) is widely involved in many cancers. It is a key catalytic component in polycomb repressive complex 2 (PRC2), which is responsible for the methylation modification of many development- and differentiation-related genes. It is therefore important in tumorigenesis of many human cancers (96). The overexpression of EZH2 in pituitary tumors was found to be related to invasiveness possibly via the upregulation of MMP-14 (97).


Potentials of MMP Inhibitors in Treating Pituitary Adenoma

Efforts were made to evaluate the potential of MMP inhibitor in treating invasive and chemotherapy-refractory pituitary adenomas. Batimastat showed inhibitory effect on the rat prolactinoma model (98) by reducing the cell proliferation rate and promoting the apoptosis.




EMT AND INVASIVE PITUITARY ADENOMA

EMT is a process that increases the invasiveness of tumor characterized by the loss of epithelial-cadherin (E-cadherin) and the enhanced expression of transcription factor snail family transcriptional repressor 1 (SNAI1) gene (also referred to as Snail), transcription factor snail family transcriptional repressor 2 (SNAI2) gene (also referred to as Slug), forkhead box C1 (FOXC1), twist-related protein 1(TWIST1), neural cadherin (N-cadherin), and Vimentin.

In an early study employing immunohistochemistry on 30 pituitary adenomas, the semi-quantified immunoreactivity of E-cadherin level was not correlated with cavernous sinus invasion (99). A follow-up study with larger sample size and better methodology, using quantitative real-time polymerase chain reaction on cadherin 13 (CDH13) and immunohistochemistry on E-cadherin and β-catenin, demonstrated the expected significantly lower expression levels of E-cadherin (100–102), CHD13 (101), and β-catenin (100, 102) in invasive pituitary adenomas, resulting from a more frequently methylated CDH13 and E-cadherin genes (101). Also, a study reported the nuclear accumulation and translocation of E-cadherin (103), suggesting another possible mechanism for the less expressed E-cadherin in invasive pituitary adenomas.

In a microarray analysis of human somatotroph adenomas, epithelial splicing regulatory protein 1(ESRP1) was differentially expressed in two groups with relatively low or high transcription levels of E-cadherin; the results were validated with RT-PCR and in vivo experiment in GH3 cells. A gene set comprising ESRP1, PKP2, TP53, PERP, IRF6, ROBO1, BICC1, SPINT1, and of course, CDH1 (E-cadherin) was also found to have reduced expression levels (104). With the same sample set, they demonstrated that it was possible to accurately discriminate invasive pituitary adenomas from non-invasive ones using the binary tree analysis on a group of genes including ESRP1, CDH1, and CTNNb1. Therefore, the potential EMT and invasiveness promoting function of genes in this set makes them valuable targets worth further investigation. Among them, the expression level of ESRP1 was confirmed related to the invasiveness of prolactinoma and GH-secreting adenoma later (105).

A number of miRNAs were reported to regulate EMT. The overexpressed miR-133 could upregulate the expression of E-cadherin and downregulate the expression of N-cadherin and Snail (106). The overexpression of miR-132, miR-15a, and miR-16 could downregulate the expression of N-cadherin and TWIST1 genes (107). The expression of Slug was positively correlated with ERα and invasiveness in clinical pituitary adenoma specimens (56), showing that the ERα-Slug–E-cadherin pathway was vital in the invasiveness of pituitary adenomas. The overexpression of miR-133 suppressed invasion by downregulating the expression of transcription factor forkhead box C1 (FOXC1) in HP75 cells (106), implying the involvement of miR-133 in EMT; FOXC1 is a known promoter of EMT (108).

PTTG-induced EMT is an important mechanism of tumor invasiveness and metastasis in lung cancer (109) and ovarian cancer (110). However, its involvement in pituitary adenomas has not been elucidated yet.



MIRNAS AND INVASIVE PITUITARY ADENOMA

Available evidence shows that the levels of miR-24, miR-34a, miR-93 (111), miR-148-3p, miR-152 (112), miR-132, miR-15a, and miR-16 (107) are significantly lower in invasive pituitary adenomas (111) compared with non-invasive ones. The overexpression of miR-148-3p and miR-152 suppressed invasion by downregulating activated leukocyte cell adhesion molecule (ALCAM) in rodent GH3 cells (112). Also, the overexpression of miR-132, miR-15a, and miR-16 suppressed invasion by downregulating sex-determining region Y-box protein 5 (Sox5) gene in rodent GH3 cells (107). Some miRNAs are reported to have elevated expression levels in invasive pituitary adenomas. MiR-93-5p was overexpressed in invasive (113) corticotroph pituitary adenomas. The expression of miR-106b-5p, miR-93-5p, miR-93-3p, and miR-25-3p, as a cluster, is also positively correlated with invasiveness. The enhanced expression of miR-106b can induce invasiveness via PI3K/PTEN/Akt pathway and sequential overexpression of MMP-9 in HP75 cells (114). Using a miRNA microarray, many differentially expressed miRNAs in non-functioning pituitary adenomas was identified in a single study. The expression levels of miR-181b-5p, miR-181d, miR-191-3p, and miR-598 were upregulated, and the expression levels of miR-3676-5p and miR-383 were downregulated (115). Caveolin-1 (Cav-1) was reported to promote invasiveness via the EGR1/KLF5 pathway in GH3 cells. Its knockdown resulted in a cytoplasmic enrichment of EGR1, which then induced miR-145, miR-124, and miR-183 targeting FSCN1, PTTG1IP, and EZR, respectively (116). MiRNAs are critical in prompting invasiveness in pituitary adenoma, many molecules and pathways are involved, miRNA sequencing would be a proper method comprehensively identifying differentiatly expressed miRNAs, after which targets of these miRNAs can be predicted with bioinformatics tools, functions of them would then be validated with pertinence.



OTHER GENES INVOLVED IN THE INVASIVENESS OF PITUITARY ADENOMA

In a prospective study on 94 patients with prolactinoma, A Disintegrin And Metalloproteinase With Thrombospondin Motifs 6 (ADAMTS6) and Collapsin Response Mediator Protein 1 (CRMP1) were found to be positively related to invasiveness, while the overexpression of PTTG, Cyclin B1(CCNB1), Aurora Kinase B(AURKB), and Centromere Protein E(CENPE) indicated both invasive and aggressive behavior (51), these genes are all mitosis or development related, they might be the key biological processes that transduce invasiveness transformation. A causative CDH23 gene mutation was identified in a family of familial pituitary adenoma and sporadic patients with this mutation have non-invasive phenotype (117). Secreted frizzled-related protein 1(sFRP1) and Wnt inhibitory factor 1(WIF-1) genes were found to be less expressed in invasive non-functioning pituitary adenomas (118). Also, transforming growth factor, beta receptor II(TGFβII), is less expressed in invasive non-functioning pituitary adenomas (119).

Epidermal growth factor-like domain multiple 7(EGFL7) has a higher level of cytoplasmic expression in invasive growth hormone–secreting pituitary adenomas (120), and is positively correlated with Notch2 and Dll3 in knockdown experiments on GH3 cells. Later the invasiveness reduction phenomenon was reported after the knockdown of EGFL7 in GH3 and GT1-1 cells in vitro (121), confirming EGFL7 as a valuable therapeutic target.

Recent reports implied that long non-coding RNAs (lncRNAs) were involved in invasiveness. The expression of lncRNA C5orf66-AS1 was downregulated and inversely related to invasiveness in pituitary null cell adenoma compared with normal pituitary and non-invasive ones (122). However, lncRNA H19 was upregulated in invasive growth hormone–secreting pituitary adenomas (123).

Epigenetic modification of certain genes has been proved to induce invasiveness in pituitary adenomas including P16, DAPK, and Rb1 (124–129), these genes could be new targets of therapy (130). High throughput sequencing of methylation status (i.e., ChIP-sequencing) in the future will hopefully provide us with the global view of the epigenome of pituitary adenomas.

Next-generation sequencing (NGS) is a powerful tool discovering new disease-related genes at a relatively low cost, especially RNA sequencing and whole-exome sequencing. Using NGS on invasive pituitary adenomas and 6 non-invasive pituitary adenomas, 15 genes with pathogenic mutations were identified (131), including EGFL7, LRP1B, MGAM, MAST4, DSPP, PRDM2, PRDM8, ZNF717, LRRC50, TRIOBP, MX2, DPCR1, PRB3, SPANXN2, and KIAA0226. They also reported that CAT, CLU, CHGA, EZR, KRT8, LIMA1, SH3GLB2, and SLC2A1 were invasion-related genes in non-functioning pituitary adenomas (132). And data mining on existing pituitary adenoma RNA sequencing data from the National Center for Biotechnology Information Gene Expression Omnibus identified invasion-associated genes (133), including CLDN7, CNTNAP2, ITGA6, JAM3, PTPRC, and CTNNA1. All these genes could be the critical cause for invasiveness, which needs further exploration.



CONCLUSIONS AND PERSPECTIVE

Efforts were made to elucidate the molecular mechanisms of the invasiveness in pituitary adenomas, from the observation of possible biomarkers on tumor specimens to function verification experiments in vitro, and to recent application of multi-omics analysis. Yet, the whole picture is unclear because the molecular basis of invasiveness is highly complex involving multiple genes, proteins, and pathways. What makes it even more difficult is the fact that subtypes of pituitary adenomas are different in many ways rather than just the hormone they secrete.

Luckily, studies in the last two decades provide some clues in this regard. The key nodes of the invasiveness molecular network are easily spotted out in the review of literature. As shown in Figure 2, HIF-1α, PTTG, VEGF, FGF-2, and MMPs (mainly MMP-2 and MMP-9) are core molecules responsible for invasiveness owing to their ability to directly or indirectly induce cell proliferation, EMT, angiogenesis, degradation, and remodeling of ECM. HIF-1α induced by hypoxia or apoplexy inside the adenoma might be the initiating factor of invasive transformation, followed with angiogenesis for overexpressed VEGF, EMT for overexpressed PTTG, degradation of ECM for overexpressed MMPs, creating a suitable microenvironment within the tumor. Next generation sequencing could be the next point of breakthrough for the investigation of pituitary adenomas, high throughput genomic data on methylation status, expression, copy number variance $$et al. on bulk samples and single cell level would push our understanding of the invasive pituitary adenomas to a much higher level.


[image: image]

FIGURE 2. Interaction of core molecules with each other and their relationship with EMT, angiogenesis, and ECM degradation. HIF-1α induced by hypoxia or apoplexy inside the adenoma might be the initiating factor of invasive transformation, followed with angiogenesis for overexpressed VEGF, EMT for overexpressed PTTG, degradation of ECM for overexpressed MMPs.



Many of the studies demonstrated interactions between these molecules both in vivo and in vitro. Most of them focusing on the invasiveness of pituitary adenomas finally came down to the conclusion that a molecule or part of the network was involved. This network is far from complete, and the factors inducing the aforementioned changes are still not known.

More systemic investigations are required to fully understand the mechanisms of the invasiveness of different subtypes of pituitary adenomas. Attempts can still be made targeting one or many molecules at a time, to the invention of new drugs or testing existing chemicals on certain molecules.
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A Corrigendum on
 Molecular Network Basis of Invasive Pituitary Adenoma: A Review

by Yang, Q., and Li, X. (2019). Front. Endocrinol. 10:7. doi: 10.3389/fendo.2019.00007



In the original article, there was an error. In Gültekin's article, Matrix metalloproteinase-9 and tissue inhibitor of matrix metalloproteinase-2: Prognostic biological markers in invasive prolactinomas, he found that TIMP-2 is lowly expressed in more clinical samples from invasive pituitary adenoma, which was incorrectly cited by us to prove the opposite.

A correction has been made to the section Degradation and Remodeling of ECM by Matrix Metalloproteinases Family, paragraph two:

“MMP-9 is the first matrix metalloproteinase found to have a significantly higher expression level in pituitary adenomas invaded to cavernous sinus (68). However, TIMP-1 was undetectable by immunochemistry staining in all samples (69). The correlation between MMP-9 overexpression and invasiveness of pituitary adenomas has been verified by many researchers in human pituitary adenoma specimens (70–75) as well as cell lines (76). Later studies showed that high expression levels of EMMPRIN (77, 78), MMP-2 (71, 75, 79), and MMP-14 (80, 81) and low expression levels of TIMP-2 (82, 83), TIMP-3 (82, 84), and RECK (85) were also correlated with invasiveness. There is a report that found TIMP-2 have higher expression in more patients of invasive prolactinomas then non-invasive ones (74), most of the aforementioned studies were performed on patients with prolactinoma or mixed patients of all secreting types, the contradicting results of TIMP-2 indicating that different types of pituitary adenoma might have distinct signaling pathways regarding to invasiveness. However, no statistical difference in the MMP-9 expression level between invasive and non-invasive non-functioning pituitary adenomas could be found (86).”

The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.

Copyright © 2019 Yang and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
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Human phosphodiesterases (PDEs) comprise a complex superfamily of enzymes derived from 24 genes separated into 11 PDE gene families (PDEs 1–11), expressed in different tissues and cells, including heart and brain. The isoforms PDE4, PDE7, and PDE8 are specific for the second messenger cAMP, which is responsible for mediating diverse physiological actions involving different hormones and neurotransmitters. The cAMP pathway plays an important role in the development and function of endocrine tissues while phosphodiesterases are responsible for ensuring the appropriate intensity of the actions of this pathway by hydrolyzing cAMP to its inactive form 5'-AMP. PDE1, PDE2, PDE4, and PDE11A are highly expressed in the pituitary, and overexpression of some PDE4 isoforms have been demonstrated in different pituitary adenoma subtypes. This observed over-expression in pituitary adenomas, although of unknown etiology, has been considered a compensatory response to tumorigenesis. PDE4A4/5 has a unique interaction with the co-chaperone aryl hydrocarbon receptor-interacting protein (AIP), a protein implicated in somatotroph tumorigenesis via germline loss-of-function mutations. Based on the association of low PDE4A4 expression with germline AIP-mutation-positive samples, the available data suggest that lack of AIP hinders the upregulation of PDE4A4 protein seen in sporadic somatotrophinomas. This unique disturbance of the cAMP-PDE pathway observed in the majority of AIP-mutation positive adenomas could contribute to their well-described poor response to somatostatin analogs and may support a role in tumorigenesis.

Keywords: phosphodiesterases, cAMP pathway, pituitary, AIP (Aryl hydrocarbon receptor interacting protein), acromegaly, gigantism


INTRODUCTION

Human phosphodiesterases (PDEs) comprise a complex superfamily of enzymes classified into 11 families, encoded by 24 genes representing over 100 different proteins. Many of these genes express several different mRNAs, and the resulting proteins vary widely in their distribution in various tissues and in various intracellular compartments (1).

PDE isoforms differ in their kinetics, distribution, and susceptibility to pharmacological inhibition, as well as selectivity for their different substrates, 3',5' cyclic monophosphate (cAMP) and 3',5' cyclic guanosine monophosphate (cGMP) (1). PDEs share some common structural characteristics: all PDE isoforms have a conserved catalytic domain of ~300 amino acids, located in the C-terminal portion of the protein, and most PDE isoforms contain family-specific regulatory regions in their N-terminal portions (2).

The catalytic regions of each family member differ in amino acid sequence and tertiary structure, which accounts for their specificity for substrate (cAMP and/or cGMP) and their ability to be inhibited by family- and isoform-specific inhibitors. PDE 4, 7, and 8 selectively hydrolyze cAMP, PDE 5, 6, and 9 are selective for cGMP, while PDEs 1, 2, 3, 10, and 11 hydrolyze both, although the specificity is variable (1, 3, 4).

The expression pattern of PDE isoforms varies between tissues and reflects their proliferative state and hormonal stimuli. In this mini review we aim to highlight the important role of these enzymes in pituitary diseases, especially the PDE4A4/5 isoform, encoded by the PDE4A gene, which has been implicated in GH-secreting adenomas due to its selective interaction with aryl hydrocarbon receptor-interacting protein (AIP), a known tumor suppressor gene (5).



PDES AND CAMP PATHWAYS IN THE NORMAL PITUITARY GLAND

The pituitary gland is a target of different neuroendocrine hormones, which play a crucial role in the control of cell differentiation and proliferation, in addition to hormone secretion, through specific interactions with members of the superfamily of G protein-coupled receptors (GPCRs) (6, 7) (Figure 1). The regulatory, usually hypothalamic, hormone couples to the G protein-coupled receptor in the cell of interest and a conformational change results in activation of the G protein complex. In the case of GHRH, the Gsα subunit is released from the αβγ G protein complex and binds to adenylyl cyclase, which then catalyzes the conversion of ATP into the second messenger cAMP. cAMP activates a cascade of other enzymes, thus amplifying the cellular reaction (3). Following GHRH activation of somatotrophs cAMP binds the regulatory subunit of protein kinase A (PKA) (3, 6). The activated catalytic subunit of PKA then phosphorylate a series of targets that regulate effector enzymes, ion channels, and activate the transcription of specific genes that mediate cell growth and differentiation. Additional effectors of cAMP include the exchange factor regulated by cAMP (EPAC) protein, cyclic nucleotide-gated ion channels, Popeye proteins, and possibly additional targets that are still under investigation (1, 8).
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FIGURE 1. The role of phosphodiesterases (PDEs) in the pituitary gland: After stimulation of somatotroph cells via GHRH, the G protein coupled receptor is activated, which causes a conformational change of the receptor. The Gsα subunit detaches from the complex, and binds to adenylyl cyclase, which catalyzes the conversion of ATP to cAMP. Elevation of intracellular cAMP leads to dissociation of the catalytic subunit and the regulatory subunit of protein kinase A (PKA). Activation of protein kinase A can then phosphorylate a number of targets that regulate effector enzymes and ion channels as well as activates gene transcription that play a role in cell growth and differentiation. PDEs are fundamental in regulating this pathway, since they are the only enzymes capable of hydrolyzing cAMP to its inactive 5'-AMP form. PDE4A, PDE4B, PDE4C, PDE4D, PDE8B, and PDE11A are increased in GH-secreting adenomas, possibly as a compensatory mechanism. However, gsp and AIP mutations interfere with the expression of these PDEs.



PDEs act as regulators of the cAMP pathway, as they are capable of hydrolyzing cAMP to its inactive 5'-AMP form, which is the main pathway for inactivation of cAMP (3, 6). As a consequence, cAMP can either suppress cell proliferation and the mitogenic action of growth factors in some cell types, or conversely, promote the transition from cell cycle G0 to G1 and stimulate cell growth in others (9, 10). It is unclear, for example, why cAMP has a proliferative role in the somatotroph cells while an anti-proliferative role in gonadotroph cells (6, 9, 10). cAMP signaling is temporally, spatially, and functionally regulated by compartmentalization and influenced by a complex network of cell- and tissue-specific downstream effectors and regulators (11). In the pituitary, cAMP acts as a key signaling molecule that controls responsiveness to mitogens and secretagogues, such as hypothalamic hormones, neurotransmitters, and other peripheral factors (7) and a dysregulated cAMP-pathway is involved in the pathogenesis and response to therapy of pituitary adenomas (11).

PDEs are directly implicated in various endocrine disorders affecting the pituitary, adrenals, thyroid, testes, and ovaries (3). Little is known about the expression of PDE isoforms in the pituitary gland, especially in humans, since the vast majority of studies on the association between PDEs and endocrine functions have been performed in vitro or in animals. mRNA studies have implicated PDE1, PDE2, PDE4, and PDE11A as being the most highly expressed PDEs in the pituitary (3, 12–14). Interestingly, PDE4 is the only selective PDE for cAMP. The discovery of the physiological role of PDEs in the human pituitary has been hindered due to the lack of availability of specific antibodies. In addition, mRNA does not always reflect the protein amount or function due to variations in translation, protein stability, or posttranslational modifications.

PDE4 isoforms in mammals are encoded by four different genes (PDE4A, PDE4B, PDE4C, and PDE4D) and each of these genes encodes multiple isoforms, through the use of specific promoters for each isoform and alternative messenger RNA processing (15–17). PDE4s differ from the other PDE families by their specific catalytic regions (15–17), as well as by the presence of two “signature” regions called upstream conserved regions (UCRs), which are located in the N-terminal third of the proteins and referred to as UCR1 and UCR2 (18). The various isoforms encoded by each of the PDE4A, PDE4B, PDE4C, and PDE4D genes are divided into three groups: 'long' isoforms that contain both UCR1 and UCR2, “short” isoforms that do not have UCR1 but include UCR2, and “super short” isoforms that do not have UCR1 and contain a truncated UCR2 (18).

PDE4A8 is a long isoform of the PDE4A family with an N-terminal region distinct from the other PDE4A long isoforms PDE4A4, PDE4A10, and PDE4A11 (19–22). It is expressed at significant levels in various regions of the brain, especially in regions involved in coordination, sensation and higher cognitive functions (12, 20). It is also expressed in the pituitary gland (23).

PDE4A4, the human analog of rodent PDE4A5, is an isoform expressed in a wide variety of tissues, including lung and various brain regions (18–20, 24, 25). This isoform has UCR1 and UCR2 as well as a unique N-terminal region, which is highly conserved in mammals and has 88% similarity to the N-terminal region of rat PDE4A5 (20). This high degree of conservation between species suggests that the unique amino-terminal region of the PDE4A4 isoform has specific functions (26). The truncation of the PDE4A4 N-terminal region alters its enzymatic activities, its intracellular targeting, and its interaction with other proteins (27, 28). PDE4A5 interacts with AIP and has a reduced expression in AIP-mutation-positive adenomas (5, 26, 29, 30). PDE4A4 is expressed in the human pituitary (23). Furthermore, reduced AIP levels were shown to disproportionally enhance the PKA pathway activity under PDE4-specific inhibition in pituitary somatotrophs, pointing out to a link with the disease process involved in Carney complex (31).

By semi quantitative RT-PCR, PDE4C, and PDE4D were also shown to be expressed in the normal pituitary while no expression was detected for PDE8B (14).



PHOSPHODIESTERASES IN PITUITARY TUMORS

Both PDE4A4 and PDE4A8 expression is increased in GH-, PRL-, ACTH- and FSH-secreting adenoma cells compared to their respective normal pituitary cells (23). Interestingly, the augmentation of PDEs observed in pituitary adenomas reflects a consequent increase in PKA activating transcription of cell growth promoting genes, suggesting that these phosphodiesterases might be increased as a possible adaptation or compensation to tumorigenesis, in an attempt to suppress the proliferative drive (23).

Protein-protein interaction between AIP and PDE2A (PDE2A1, PDE2A2, and PDE2A3) has been described (32). Although PDE2As has cGMP as their preferred substrate it may also hydrolyze cAMP (33).

PDE11A has higher expression in GH-secreting adenomas when compared with normal GH-cells (13), which is also described as a phenotype modifier in patients with Carney complex due to PRKAR1A mutations (34). The presence and role of PDE11A expression and variants were studied in somatotroph adenomas. Although nonsense and missense PDE11A variants were found in 20% of patients with acromegaly, there was no significant difference in variant frequency compared with controls, suggesting that these variants are unlikely to contribute to the pathogenesis of GH-secreting adenomas since the conservation of the wild-type allele of PDE11A remains in the majority of tumor samples and no significant clinical phenotype could be observed in patients with variant PDE11A (13).

Interestingly, although PDE8B was not detected in normal pituitary, this isoform was shown to be overexpressed in all GH-secreting adenomas, especially higher levels were observed in gsp-positive tumors (14). This study also showed that while PDE4C and 4D RNA expression is not increased in gsp-mutation negative GH-secreting adenomas compared to normal pituitary, gsp-positive samples had seven times higher expression (14). As cAMP-responsive element-binding protein represents the main endpoint of the cAMP pathway, the observed enhanced phosphodiesterase activities may significantly impact the phenotypic expression of gsp mutations in somatotrophinomas (14).



PDE4A FAMILY AND AIP

Compared to other PDE isoforms, human PDE4A4 is specifically associated with AIP (also called XAP2 or ARA9), a co-chaperone of HSP90 and HSC70 (26, 35). AIP has several partners, including the aryl hydrocarbon receptor (AhR), PDE4A5, PDE2A, survivin, Tom20, hepatitis B virus protein X, thyroid hormone receptor 1 (TRβ1), Epstein-Barr virus encoded nuclear antigen 3 and peroxisome proliferator-activated receptor—PPARα (36). This gene is described as a tumor suppressor gene in the pituitary (37, 38). Loss-of-function germline mutations predispose to pituitary adenomas, while reduced expression could be lead to altered epigenetic regulation via microRNAs alterations (39, 40).

AIP is expressed in GH- and PRL-cells and electron microscopy studies have identified AIP in the secretory vesicles (5). AIP is abundant in NFPAs (non-functioning pituitary adenomas), and has been shown in corticotrophinomas, although not in the secretory vesicles. However, no AIP expression has been detected in normal gonadotroph and corticotroph cells. Interestingly, it has been demonstrated that the overexpression of wild-type AIP reduces the cell proliferation in three different types of cell lines: GH3 cells, HEK293 cells, and TIG3 fibroblasts (5). These data confirmed that AIP has tumor suppressor gene properties (37, 41). Loss of interaction between AIP and PDE4A5 was seen in a β-galactosidase quantitative two-hybrid assay for pathogenic AIP mutations (R81*, Q164*, K103R, Q217*, C238Y, Y248del, R271W, V291M, and R304* (5, 23). For the K241E and R304Q variants, a borderline statistical significance was found for this interaction. For the R16H, V49M, I257V, and A229V variants, there were no clear reduction in their binding (23, 29). Many of the changes disrupting PDE4A5—AIP interaction are known to be important to the stability of the TPR structure of the AIP (42). Clinical data suggest that the R16H, V49M, and A229V may be polymorphisms while the I257V variant affects the TPR structure and clinical data would support a functional impact (29). We summarized data from variants tested in the PDE4A4/5—AIP interaction assay or with PDE4A4 or PDE4A8 immunostaining (Table 1), gathering clinical, frequency, prediction, and experimental data. We note that few variants were tested with more than one functional assay.



Table 1. Summary of data for variants tested in in the PDE4A4/5—AIP interaction assays.
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There are different PDE4A4 and PDE4A8 expression patterns in somatotroph adenomas from patients with AIP mutations compared to patients with wild-type AIP (Table 2). It has been previously shown that the C-terminal part of AIP is a key for its functional effects. Mutations affecting the C-terminal end lead either to nonsense-mediated decay of the abnormal RNA (probably relevant for p.E222*), create a protein with significantly shortened half-life [as shown for p.F269_H275dup (44) and p.R304* (35)], or lose interaction with protein partners (91). AIP mutation-positive samples had significantly decreased PDE4A4 expression compared to sporadic somatotroph adenomas, suggesting that AIP mutation-positive somatotroph cells are unable to upregulate PDE4A4 expression (30).



Table 2. Phosphodiesterases (PDE) isoforms and their respective protein/RNA expression in different pituitary cells types.
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For PDE4A8, although no interaction with AIP has been shown due to the fact that this protein cannot be produced in vitro for the two-hybrid assay, a reduced protein expression was observed in AIP mutation-positive samples (30). These differences in PDE4A8 protein expression suggest that, similarly to PDE4A4/5, AIP may support expression or stability of PDE4A8, leading to closely regulated cAMP pathway activity (30).



PHOSPHODIESTERASE INHIBITION

The use of PDEs inhibitors, either selective or nonselective, represents an effective targeted strategy for the treatment of many human diseases, such as respiratory disorders, erectile dysfunction, prostate cancer and inflammatory diseases (92–95).

The inhibitory effect of heterologously expressed AIP on cAMP levels has not been altered by the general inhibition of phosphodiesterases (by IBMX) or the PDE4-specific inhibitor rolipram. Furthermore, the GH secretion was not altered by the use of these inhibitors (45). However, it has been shown that in rat somatotrophinoma GH3 cells, AIP regulates cAMP signaling and GH secretion independently of the AIP–PDE interaction. In the rat somatotrophinoma GH3 cells treated with forskolin, a drug that increases the cAMP levels, it was shown that the AIP overexpression could attenuate the cAMP response to the drug, even in the absence of PDE activity, while AIP knockdown activates the cAMP pathway. Although these effects are not observed in untreated cells, these results suggest that AIP may itself act as a tumor suppressor by reducing cAMP signaling (38, 45). However, GH-secreting adenomas with positive AIP mutation show reduced phosphorylation of the mitogen-activated protein kinases (MAPKs) 3 and 1 as well as reduction of phosphorylation of the cAMP response element binding protein (CREB). Also, AIP knockout causes reduced CREB phosphorylation in mouse embryonic fibroblasts although AIP knockdown rat somatotrophinoma GH3 cells do not show any of these changes on cAMP effectors (38, 96). To this point, the binding between PDE4A5-AIP does not seem to be the only regulator of this pathway.

In rat corticotroph cells, cAMP levels are related to selective activity of PDE1 (PDE1A or PDE1C) or PDE4, depending on the type and intensity of stress conditions (97). On the other hand, mouse corticotroph cell line AtT-20 with forskolin-induced elevated cAMP levels showed no response to IBMX with or without rolipram (98). Further studies are needed to clarify the possible therapeutic role of PDE manipulation in pituitary adenomas.



SUMMARY

The cAMP pathway plays a key role in somatotroph tumorigenesis, as suggested by altered cAMP pathway in GNAS, PRKAR1A, AIP, and GPR101 mutated samples. Targeted therapies influencing this pathway may have a key role in the medical treatment of these currently often treatment-resistant conditions.
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Background: The vast majority of pituitary tumors are benign and behave accordingly; however, a fraction are invasive and are more aggressive, with a very small fraction being frankly malignant. The cellular pathways that drive transformation in pituitary neoplasms are poorly characterized, and current classification methods are not reliable correlates of clinical behavior. Novel techniques in epigenetics, the study of alterations in gene expression without changes to the genetic code, provide a new dimension to characterize tumors, and may hold implications for prognostication and management.

Methods: We conducted a review of primary epigenetic studies of pituitary tumors with a focus on histone modification, DNA methylation, and transcript modification.

Results: High levels of methylation have been identified in invasive and large pituitary tumors. DNA methyltransferase overexpression has been detected in pituitary tumors, especially in macroadenomas. Methylation differences at CpG sites in promoter regions may distinguish several types of tumors from normal pituitary tissue. Histone modifications have been linked to increased p53 expression and longer progression-free survival in pituitary tumors; sirtuins are expressed at higher values in GH-expressing compared to nonfunctional adenomas and correlate inversely with size in somatotrophs. Upregulation in citrullinating enzymes may be an early pathogenic marker of prolactinomas. Numerous genes involved with cell growth and signaling show altered methylation status for pituitary tumors, including cell cycle regulators, components of signal transduction pathways, apoptotic regulators, and pituitary developmental signals.

Conclusions: The limited clinical predictive capacity of the current pituitary tumor classification system suggests that tumor subclasses likely remain to be discovered. Ongoing epigenetic studies could provide a basis for adding methylation and/or acetylation screening to standard pituitary tumor workups. Identifying robust correlations between tumor epigenetics and corresponding histological, radiographic, and clinical course information could ultimately inform clinical decision-making.

Keywords: pituitary tumor, pituitary adenoma, epigenetics, precision medicine, endocrine surgery, epigenome


INTRODUCTION

Pituitary tumors constitute at least 15% of intracranial neoplasms (1–4). The anterior pituitary is composed of several hormone-producing cell types, including corticotrophs, somatotrophs, lactotrophs, mammosomatotrophs, thyrotrophs, and gonadotrophs, all of which can give rise to tumors, leading to the heterogeneous group of neoplasms encompassed by the diagnosis of pituitary adenomas (5, 6). Recent work suggests that the term “pituitary tumor” may be more appropriate than “pituitary adenoma,” but “adenoma” has been used in this review in some instances to accurately reflect findings reported in the literature (7). These tumors can be functional—producing hormones that reflect their lineage with concordant systemic effects—or nonfunctional, producing systemic sequelae through compromised pituitary function. Each general group can produce symptoms by offending any of a number of adjacent anatomical structures. These groups and individual tumors can have a wide range of clinical behaviors, from benign to highly invasive. Their long-term behavior and response to therapy are not reliably predicted by current classification methods.

The biological underpinnings of pituitary tumors have been investigated to predict and manage them with more precision. The accumulation of genetic mutations confers downstream oncogenic changes such as sustained proliferation, invasion, angiogenesis, growth suppression evasion, and cell death resistance (8). These mutations can consist of changes to the DNA sequence, as well as chromosomal alterations and copy number changes (Figure 1; Table 1). Large scale genomic sequencing has revealed several mutations in subtypes of pituitary adenomas (9–18). However, on the whole, mutations that drive oncogenesis are sparse across pituitary tumors. Consequently, non-mutational sources of gene expression alteration in pituitary tumors are undergoing investigation.
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FIGURE 1. Pre-translational modifications that affect gene expression. Modifications that affect gene expression can occur at any point along the path from packaged DNA to protein expression. Alterations to chromosome structure or changes in chromosome copy number can affect expression at a chromosomal level. Epigenetic chromatin modifications, including histone acetylation and histone methylation, can also alter gene expression levels. At the DNA level, mutations in DNA sequence or DNA methylation can change the nature of the genes expressed as well as their level of expression. RNA transcript copy number also affects protein expression.





Table 1. Genetic, regulatory, and epigenetic mutations.
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Epigenetics—the study of alterations in gene expression without changes to DNA sequence—provides an alternative avenue of tumorigenesis and disease characterization (Figure 1). DNA methylation by DNA methyltransferases (DMNTs), amongst other enzymes, typically silences gene expression by reducing the access of transcriptional machinery to methylated segments of DNA (Table 1). Changes to histone placement can also affect DNA transcription. Histone deacetylases (HDACs) and sirtuins modulate histone acetylation, which generally improves transcriptional access to surrounding DNA, while histone methyltransferases like RIZI alter methylation, which either improves or restricts transcriptional access depending on the methylation site (Table 1). Histone citrullination can also affect chromatin expression, and it can be mediated by peptidylarginine deaminase (PAD) enzymes (Table 1).

Epigenetic changes can also alter mRNA transcript levels, resulting in either upregulation or downregulation of gene expression. Changes in messenger RNA (mRNA) transcript levels can occur as part of oncogenic transformation (Figure 1; Table 1). Alterations in mRNA expression can modulate downstream changes in protein expression levels, which in turn drive cellular function. Additionally, differential expression of long non-coding RNA (lncRNA) and microRNA (miRNA) can result in or accompany oncogenesis (Table 1).

Incorporating epigenetics into tumor classification schemes for other types of cancer has improved clinical reliability. In breast cancer, DNA hypermethylation of promoter CpG islands corresponds to the presence of certain hormonal receptors as well as clinical tumor progression (19). Similarly, promoter methylation in glioblastoma correlates with response to therapy (20), and DNA methylation-based classification schemes have shown utility in tumor subclassification and prognosis in meningioma (21). For pituitary tumors, subclassification is a more complicated problem given that the multiple cell types present in the pituitary can give rise to tumors with varied secretory properties. Additionally, with the exception of metastasis, criteria for pituitary tumor malignancy remain unclear. Recent studies profiling epigenetic changes in pituitary tumors have shed new insights into the classification of pituitary tumors and may possibly augment prediction of clinical behavior.



CURRENT CLASSIFICATION SCHEMES

The World Health Organization (WHO) classification draws upon pituitary adenohypophyseal cell lineage to categorize tumors into acidophilic, corticotroph, and gonadotroph subtypes based on transcription factor and hormone expression (22, 23). The absence of hormones and transcription factors defines a null cell adenoma. Subtypes with a propensity to exhibit invasiveness, rapid growth, recurrence, and resistance are categorized as clinically aggressive. Terms such as “aggressive,” “invasive,” and “large” are sometimes used interchangeably in the literature, even though these terms refer to distinct features of pituitary tumors. This review maintains the same terminology accompanying the discussed finding from the cited literature. Clinically aggressive tumors often have high mitotic activity and Ki-67 expression but are not defined by a single biomarker (24). Invasive tumors are loosely defined by a combination of clinical, radiological, and histopathological findings, and do not necessarily imply clinical aggressiveness in terms of disease control or recurrence risk (24). Aggressive tumors are defined by clinical characteristics, and primarily reflect a tumor's rate of recurrence (25). Invasion of the dura can be seen in up to 45.5% of pituitary adenomas (26). Combining multiple modes of information to classify tumors likely provides more accurate prognostic information (27). Novel biomarkers may facilitate the division of pituitary tumors into more clinically useful categories.



GENOMIC ALTERATIONS

Large-scale genomic studies to identify molecular alterations have been thorough, but pituitary tumors display relatively few genetic aberrations compared to other tumor types and cancers. As a result, pituitary tumor genetic information has limited potential to inform the course of treatment for the numerous pituitary tumors without these identified genetic aberrations. Genome-wide association studies (GWAS) have been used to identify genetic markers associated with pituitary tumor development. GWAS has revealed common variants (10p12.31, 10q21.1, and 13q12.13) that are associated with sporadic pituitary tumors (17).

Recurrent genetic mutations have been identified in small subsets of pituitary tumors. The first category of tumors with recurrent genetic mutations are those that arise due to familial syndromes (Table 2) which include McCune-Albright syndrome, multiple endocrine neoplasia types 1 and 4 (MEN1 and MEN4), familial isolated pituitary adenomas (FIPA), and Carney complex (28). Interestingly, only a small percentage of sporadic pituitary tumors harbor mutations in the genes implicated in familial pituitary tumor disorders [MEN1, Cyclin Dependent Kinase Inhibitor 1B (CDKN1B), Cyclin Dependent Kinase Inhibitor 2C (CDKN2C), Aryl-Hydrocarbon Receptor Interacting Protein (AIP), and Protein Kinase cAMP-Dependent Type 1 Regulatory Subunit Alpha (PRKAR1A) (9–11)]. Select somatic genetic alterations have been identified in several subtypes of adenomas, including high mobility group A 2 (HMGA2) amplification via focal amplification or abnormalities of chromosome 12 in prolactinomas (12), Ubiquitin Specific Peptidase 8 (USP8), Ubiquitin Specific Peptidase 48 (USP48), and BRAF in corticotroph adenomas (13, 15, 29), and activating mutations in GNAS in GH-secreting pituitary adenomas (14, 16). Chromosome arm-level copy-number alterations also recur within a subset of pituitary tumors, the majority of which are functional macroadenomas (18). In some cases, familial mutations and chromosome abnormalities have been associated with larger tumor size. Genetic associations offer limited utility beyond distinguishing tumor subtype, which may indicate that epigenetic regulation plays a role in the clinical course of pituitary tumors.



Table 2. Familial and somatic mutations associated with pituitary tumors.
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TRANSCRIPTIONAL PROFILING

The distinct gene expression profiles of pituitary tumors correlate to some extent with hormone expression status. Additionally, gene expression profiles may have some predictive value with respect to clinical aggressiveness (18). Tumor classification systems with a molecular basis often yield more insight into tumor origin, tumor behavior, and probable clinical outcomes than purely histological approaches (21, 30, 31). The idea that gene expression signatures may provide insights about tumor behavior and outcome has motivated transcriptomic studies in pituitary tumors to gain a better understanding of how signatures correlate with tumor properties and patient outcomes. These studies also permit the evaluation of the effect of genetic mutations on a protein level, which can improve the clinical utility of tumor genetic information.

Subtypes of pituitary tumors express distinct transcriptional profiles from each other and from normal pituitary gland tissue as assessed by gene microarrays and RNA-Seq. Given that transcription profile differences correlate with tumor presence and subtype, it is possible that they also offer a molecular approach to improving classification schemes. Relative to normal pituitary tissue, pituitary tumors have differentially expressed mRNA transcripts (32–37), lncRNA transcripts (36, 38), and miRNA transcripts (39–42). Notably, investigations have found that two miRNAs (miR196a-2 and miR-212) which target HMGA transcripts can be deregulated in all tumor types (43–47). Changes in expression profile also manifest in different subclasses of tumors (48–50). In particular, deregulation of miR-183 in prolactinomas has been associated with clinical aggressiveness (51).

However, large-scale transcriptome analyses often produce gene expression results that conflict with the findings in other studies. Heterogeneity within tumor samples, a small patient sample that fails to capture a representative selection of tumor samples, and different experimental conditions may contribute to divergent study results. Furthermore, one potential shortcoming of transcriptome studies is the use of predetermined histological or radiographic categories to partition gene expression results. This approach can identify gene expression differences representative of each tumor type or subclass but precludes identification of novel classes within the tumor population that are independent of histological characteristics. The disparate clinical trajectories of pituitary tumor subtypes suggest that there are likely to be subclasses with varying degrees of invasiveness and aggressiveness that remain to be discovered. However, no system for classifying pituitary tumors accurately correlates genetic markers with clinical outcomes, so tumor genetic information still has limited clinical utility.



EPIGENETIC MODIFICATIONS

Given the centrality of gene expression changes and the relative dearth of genetic abnormalities in pituitary tumors, epigenetic modifications have received considerable attention.

DNA methylation was examined (Figure 2), particularly at CpG islands in gene promoters, where methylation often correlates with gene silencing (52). Approximately two-thirds of reference epigenomes have been found to contain quiescent signatures, whereas only 5% of genomes contain promoter and enhancer signatures (53). The “histone code” hypothesis, which states that certain patterns of post-translational modifications on histone tails can function as signals in gene regulatory processes (54) (Figure 2), has also led to a small number of studies that assay histone modifications in pituitary tumors.
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FIGURE 2. Epigenetic modifications and regulators. Epigenetic modifications are carried out by a set of specialized enzymes that act directly on DNA or on the histones around which chromatin is wrapped. Histone acetyltransferases (HATs) place acetyl groups on chromatin, while histone deacetylases (HDACs) and sirtuins do the opposite. Acetylation of histones typically upregulates gene expression, denoted here by the light blue region of DNA. DNA methyltransferases (DNMTs) and ten-eleven translocation enzymes (TETs) can alter the level of DNA or histone methylation, which typically downregulates gene expression. This is denoted by the navy-blue regions of DNA.




DNA Methylation

Methylation of gene promoters is frequently deregulated in tumors (55), and appears to be a common mechanism for gene inactivation in pituitary tumors. Given the simplicity of detecting DNA methylation at targeted locations within the genome, clinically meaningful epigenetic findings could be implemented rapidly to guide treatment plan development.

DNA methyltransferase (DNMT) enzymes catalyze methylation at CpG dinucleotides, with DNMT3A and DNMT3B serving as the de novo methyltransferases, and DNMT1 as the maintenance methyltransferase. Ten-eleven translocation (TET) enzymes may also participate in regulating methylation as removers of methylation modifications (56). Early observations that classic oncogene and tumor suppressor mutations were absent in pituitary tumors led to the realization that promoter methylation changes constituted an alternative mechanism by which causative genes could be deregulated. Numerous genes involved with cell growth and signaling show altered methylation status, including cell cycle regulators [Cyclin Dependent Kinase 1 (CDK1) (57), CDKN1B (58), Cyclin Dependent Kinase Inhibitor 2A (CDKN2A) (59), CDKN2C (59, 60), Retinoblastoma Transcriptional Corepressor 1 (RB1) (58, 61), CDKN2A protein (p16INK4a) (58), Retinoblastoma (Rb) (62), CDKN1B protein (p27kip1) (63), Growth Arrest and DNA Damage 45γ (GADD45γ) (64, 65)]; components of signal transduction pathways [Ras Associated Domain Family Member 1A (RASSF1A) (66) and Ras Associated Domain Family Member 3 (RASSF3)]; apoptotic regulators [Death-Associated Protein Kinase (DAPK) (67) and Pituitary Tumor Apoptosis Gene (PTAG) (68)]; developmental gene Maternally Expressed 3 (MEG3) (69); and the growth factor signaling component Fibroblast Growth Factor Receptor 2 (FGFR2) (70).

DNA Methylation Enzymes

High levels of methylation may be associated with clinically aggressive behavior in pituitary tumors (Table 3). DNMT1 and DNMT3A overexpression has been detected in pituitary tumors (77). Both were significantly associated with more aggressive tumors, with DNMT1 levels also significantly higher in macroadenomas. Relatively higher levels of expression of DNMT3B has also been found in pituitary tumors in comparison to normal tissue with no difference in DNMT1 and DNMT3A expression (71). It is possible that the transfer of methyl groups will also result in regions of DNA being hypomethylated and therefore expressed at a higher level. As DNA hypomethylation has also shown some association with cancerous behavior, high levels of DNMT expression could theoretically increase the risk of malignancy through hypomethylation mechanism as well (79).



Table 3. Altered regulation of epigenetic modifiers in aggressive, invasive, or large, and functional tumors.
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CpG Methylation

Genome-wide methylome studies have found methylation differences at promoter region CpG sites to distinguish several types of adenomas from normal pituitary tissue (80). A subset of genes are hypermethylated in nonfunctional adenomas as well as growth hormone (GH) and prolactin (PRL) secreting adenomas. However, only Echinoderm Microtubule Associated Protein Like 2 (EML2), Homeobox B1 (HOXB1), and Rho-Related GTP-Binding Protein (RHOD), also demonstrate a corresponding decrease in expression, suggesting that the degree of promoter methylation may not always translate to actual changes in gene expression. HOXB1 has been identified as a tumor suppressor gene in glioma (81), and RHOD may affect cytoskeletal reorganization and transportation (82).

Variations in methylation may also exist at CpG sites across the genome, including intergenic sites and gene body regions (83, 84). Nonfunctional tumors have displayed global hypermethylation relative to hormonally active tumors (84), particularly GH (83). Genes involved in ion channel signaling, including Voltage-Gated Potassium Channel Subunit Beta-2 (KCNAB2), Calcium-Activated Potassium Channel Subunit Beta-4 (KCNMB4), and Calcium Voltage-Gated Channel Subunit Alpha1 C (CACNA1C), can be hypermethylated in nonfunctional tumors (83). However, expression does not consistently correlate with methylation at promoter CpG sites, so it is unclear to what extent such epigenetic changes affect phenotype. Hypomethylated CpGs are significantly more common in invasive NF pituitary adenomas than hypermethylated CpGs (84). One differentially methylated site was associated with Polypeptide N-acetylgalactosaminyltransferase 9 (GALNT9), and its expression was downregulated significantly in the invasive tumors. A number of other differentially methylated sites correspond to genes involved in cell adhesion, indicating a possible mechanism by which methylation changes influence tumor phenotype. Characteristic methylation patterns can also be associated with GH-secreting, ACTH-secreting and NF pituitary tumor subtypes, but further investigation is required to better elucidate the extent to which differential methylation exists across subtypes of pituitary tumors (85).

Promoter Methylation

The lack of correlation between hypermethylation and gene expression implies that additional regulatory mechanisms beyond methylation remain to be discovered. Methylation and expression levels of the N-myc Downstream-Regulated Gene 2 (NDRG2) and Signal Transducer and Activator of Transcription 3 (STAT3) promoters are also uncorrelated, along with a lack of correlation with clinical factors (86, 87). Methylation of the Matrix Metallopeptidase 14 (MMP-14) and Transforming Growth Factor Beta 1 (TGFβ-1) promoters was also not associated with tumor functionality or recurrence (88). Hypermethylation of the Human Telomerase Reverse Transcriptase (hTERT) promoter, which can contribute to cellular immortalization and tumorigenesis, has also been noted across different pituitary tumor subtypes but has not been associated with significant differences in tumor parameters, tumor subtype, or prognosis (89). However, differential methylation of TERT promoters has not been consistently observed (90). Larger patient sample sizes are required to better understand the clinical impact of specific epigenetic changes in pituitary tumors.

Methylation at the O6-Methylguanine-DNA Methyltransferase (MGMT) promoter is of particular interest given its utility epigenetic modification in determining response to temozolomide (TMZ) in glioblastoma (20). Temozolomide has been used for aggressive pituitary adenomas, with mixed results (91, 92). Thus far, MGMT expression, rather than promoter methylation, appears to better correlate with TMZ response in pituitary adenomas; however, a limited number of studies have examined this relationship, and TMZ is still administered, particularly in the context of aggressive pituitary tumors, regardless of MGMT status (24, 93). MGMT promoter methylation has also been associated with tumor regrowth in pituitary adenoma (94). Even though MGMT methylation does not offer as much predictive value for pituitary tumors as glioblastoma, finding clinically informative methylation markers remains the goal.



Histone Modifications

Acetylation of histone tails, particularly H3 and H4, is generally seen as a mark of active regions of the genome, whereas methylation of histone tails, particularly lysine 9 on H3 (H3K9), is associated with inactive heterochromatin (95). Epigenetic markers can be dynamically modified by chromatin regulators including the histone acetyltransferases (HATs) and histone deacetylases (HDACs).

Histone Acetylation Regulators

Multiple chromatin regulators are differentially regulated in pituitary tumors, including HMGA2 and HDAC2 (73, 78), suggesting that pituitary tumors likely have altered patterns of histone modifications (Table 3). HDAC11 has been shown to interfere with p53 expression in pituitary tumor cells (72). Global acetylation resulted in an increase in Pituitary Tumor-Transforming Gene 1 (PTTG1), Bone Morphogenic Protein 4 (BMP4), and Dopamine Receptor 2 (DR2) expression in pituitary tumor cells, suggesting that global alterations in epigenetic modifications may result in gene expression changes (96, 97). Given the nonspecific effects of global acetylation modification, it is unclear how relevant global acetylation findings are to pituitary tumor pathogenesis and therapeutic applications.

The differential expression of some members of the sirtuin family (SIRT) of HDACs has been observed in somatotropinomas as compared to NF pituitary adenomas (76). SIRT1 was overexpressed in somatotropinomas, while SIRT3, SIRT4, and SIRT7 were under-expressed in NF pituitary adenomas. SIRT1 overexpression correlated with smaller tumor size, while SIRT3 under-expression correlated with larger tumor size. There was no association between sirtuin levels and invasiveness or Ki-67 proliferative index.

Histone Methylation Regulators

Non-invasive pituitary adenomas express significantly higher levels of RIZI, which acts as a tumor-suppressor as well as a possible histone methyltransferase, and lower levels of C-myc, as compared to invasive pituitary adenomas (74). Increased RIZI expression also correlates with significant differences in methylation at four CpG sites, reduced H3K4/H3K9 methylation, and enhanced H3K27 methylation, as well as significantly longer progression-free survival (74). Additionally, p53 mis-expression correlates with H3K9 methylation (98). Specific examples of correlations between epigenetic modifications and gene expression further affirm the possibility that histone modifications may alter gene expression in pituitary tumors.

Histone Citrullination Regulators

Peptidylarginine deaminase (PAD) enzymes facilitate histone citrullination, which can modulate chromatin expression (Table 3). Increased PAD prevalence in prolactinomas and somatoprolactinomas has been associated with increased mRNA targeting of oncogenes HMGA, Insulin-like Growth Factor 1 (IGF-1), and Neuroblastoma MYC Oncogene (N-MYC) by miRNAs, which may yield insight into the etiology of the affected tumor subtypes (75).




CURRENT LIMITATIONS AND FUTURE DIRECTIONS

The limited ability of existing pituitary tumor classification systems to predict clinical behavior motivates investigation into a molecular taxonomy with clinical implications. Though epigenetic signatures are not yet incorporated into clinical decision making for pituitary tumors, the importance of methylation and epigenetic signatures is increasingly appreciated across brain tumors with clinical implications (20, 21). Given the absence of recurrent oncogenic mutations and copy number alterations in many pituitary tumors, epigenetic mechanisms present an intriguing biological avenue for further exploration.

Further elucidation of the mechanisms underlying gene deregulation is needed before viable therapeutic strategies can be developed. Several compounds that inhibit epigenetic modifications are FDA approved, though it remains to be determined whether compounds that globally affect DNA methylation and histone modifications can provide specificity and efficacy in targeting the genetic pathways deregulated in pituitary tumors. More targeted strategies for modulating epigenetic modifications, though currently still in early development, may hold promise for treatment of pituitary tumors (99). Ultimately, an integrated classification of epigenetic, genetic, and histopathologic features may augment the collective predictive power of molecular taxonomy in translating to clinical practice.
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Protein ubiquitination is an important post-translational modification that is associated with multiple diseases, including pituitary adenomas (PAs). Protein ubiquitination profiling in human pituitary and PAs remains unknown. Here, we performed the first ubiquitination analysis with an anti-ubiquitin antibody (specific to K-ε-GG)-based label-free quantitative proteomics method and bioinformatics to investigate protein ubiquitination profiling between PA and control tissues. A total of 158 ubiquitinated sites and 142 ubiquitinated peptides in 108 proteins were identified, and five ubiquitination motifs were found. KEGG pathway network analysis of 108 ubiquitinated proteins identified four statistically significant signaling pathways, including PI3K-AKT signaling pathway, hippo signaling pathway, ribosome, and nucleotide excision repair. R software Gene Ontology (GO) analysis of 108 ubiquitinated proteins revealed that protein ubiquitination was involved in multiple biological processes, cellular components, and molecule functions. The randomly selected ubiquitinated 14-3-3 zeta/delta protein was further analyzed with Western blot, and it was found that upregulated 14-3-3 zeta/delta protein in nonfunctional PAs might be derived from the significantly decreased level of its ubiquitination compared to control pituitaries, which indicated a contribution of 14-3-3 zeta/delta protein to pituitary tumorigenesis. These findings provided the first ubiquitinated proteomic profiling and ubiquitination-involved signaling pathway networks in human PAs. This study offers new scientific evidence and basic data to elucidate the biological functions of ubiquitination in PAs, insights into its novel molecular mechanisms of pituitary tumorigenesis, and discovery of novel biomarkers and therapeutic targets for effective treatment of PAs.
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INTRODUCTION

Pituitary adenomas (PAs) are a common type of intracranial tumor (1) that accounts for about 10% of intracranial tumors (2). Clinical manifestations include abnormalities of hormone secretion, pituitary apoplexy, compressing syndromes of tumor that surrounds the pituitary gland, and other anterior pituitary dysfunctions. PAs are divided into functional PAs (FPAs) and nonfunctional PAs (NFPAs) according to their hormone-secreting functions (3). FPAs display hormone hypersecretion. Because an FPA has its secondary symptoms and signs of excessive secretion of tumor hormones, it is easily diagnosed and treated at an earlier stage. NFPAs do not have any hormone hypersecretion and are more difficult to diagnosis (4). An NFPA usually has a larger volume at the time of diagnosis, and is often characterized by hypophysis dysfunction, visual field defect, and headache (5). Although a PA is commonly a benign tumor (6), secondary symptoms are caused by a large number of hormones produced by FPA and compression of surrounding tissues—causing vision loss, headaches, and so on by NFPA (7). Therefore, it is necessary to in-depth understand its molecular mechanisms of PAs and to discover novel biomarkers and therapeutic targets for effective treatment of PAs.

Protein ubiquitination is an important post-translational modification (PTM), which plays important roles in maintenance of the balance between protein synthesis and degradation, and in cell signaling, and associates with multiples diseases, including cancers (8, 9). For example, Luo et al. (10) found that TRAF6 regulates melanoma invasion and metastasis through ubiquitination of Basigin. Ubiquitin is a highly conserved small protein that consists of 76 amino acids, and is a heat-stable protein. In structure, ubiquitin is a polypeptide of 8.5 kDa (9, 11, 12). The full length of the ubiquitin molecule contains seven lysine sites (K6, K11, K27, K29, K33, K48, and K63), a methionine site at the N-terminus, and one glycine site at the C-terminus (13, 14). Ubiquitin can be covalently bound to the target protein under catalysis of a series of enzymes. This process is called ubiquitination. Ubiquitination is a process that modulates the PTMs of multiple cells and modifies protein function, stability, and localization (15–19). The ubiquitination process involves the synergy of three enzymes: ubiquitin-activating enzyme E1, ubiquitin-coupled enzyme E2, and ubiquitin ligase E3 (20–22). First, E1 utilizes the energy provided by ATP to form a high-energy thioester bond between the carboxyl group on the lysine C-terminal Lys residue and the thiol group on its own cysteine residue to activate the ubiquitin molecule. The activated ubiquitin is re-bound to the Cys residue of E2 through the thioester bond. Finally, the activated ubiquitin is either directly linked to the protein substrate via E2, or the ubiquitin is transferred to the ubiquitin to form an amino isopeptide bond between the carboxyl terminal of ubiquitin and the amino group of the Lys residue of the target protein under the action of E3 (9, 11). In this series of enzymatic cascades, E3 plays the most-important role in the specific recognition of target proteins and the regulation of ubiquitination system activity (20, 23), because E3 ligase recognizes substrates through specific protein-protein interactions (21). E1, E2, and E3 can form several different ubiquitination substrates. Some substrate proteins are only monoubiquitinated, and some have multiple lysine residues. Under appropriate conditions, multiple sites are monoubiquitinated, and some proteins form polyubiquitin chains at a single lysine site.

NFPAs are more common than FPAs in the population of PA patients. However, it is difficult for NFPA patients to obtain an early accurate diagnosis. The treatment of PA patients is generally surgery, radiotherapy, and chemotherapy; however, it is often difficult to achieve a complete cure. It is necessary to investigate new molecular mechanisms of pituitary tumorigenesis and biomarkers for treatment of PAs. Protein ubiquitination is one of PTMs that contribute to the generation of proteoforms. It is well-known that an important function of protein ubiquitination is in the degradation of proteins to maintain the balance of synthesis and degradation of proteins in human body. Furthermore, studies found that the ubiquitin proteasome system changes in pituitary adenomas (24), and that ubiquitination is involved in pituitary tumorigenesis (25). Our previous study also identified ubiquitin-proteasome, and that its proteasome subunit alpha type 2 was nitrated in pituitary adenomas, which affected the function of the proteasome that is a multicatalytic proteinase complex in the cytoplasmic and nuclear regions and is involved in an intracellular, ATP/ubiquitin-dependent, nonlysosomal proteolytic pathway (26). In addition, in our previous series of studies on PA comparative proteomics, an interesting phenomenon is that the number of down-regulated proteins is much more than the number of up-regulated proteins in PAs (27–30), the mRNA expression of ubiquitin-conjugating enzymes E2 and E3 was significantly increased in NFPAs (28), the mRNA expression of ubiquitin specific protease 34 was significantly decreased in PAs (29), ubiquitin carboxyl-terminal hydrolase isozyme L1 was identified in NFPAs (27), and the protein ubiquitination pathway was changed in NFPAs (30). Therefore, it is hypothesized that ubiquitination plays important roles in this interesting phenomenon to discover the key protein ubquitinations for in-depth insights into molecular mechanisms of NFPAs, and to discover reliable biomarkers and effective therapeutic targets. It is important to investigate protein ubiquitinations in human NFPAs.

Anti-ubiquitin antibody-based label-free quantitative proteomics is an effective method to globally detect, identify, and quantify protein ubiquination in a given condition, such as tumors vs. controls (31–43). Briefly, the total proteins extracted from tumor and control tissues were digested with trypsin, respectively. The ubiquitinated tryptic peptides in the tryptic peptide mixture were isolated and enriched with an anti-ubiquitin antibody specific to a K-ε-GG group. Isolated ubiquitinated peptides were analyzed with liquid chromatography-tandem mass spectrometry (LC-MS/MS). The MS/MS data were used to search protein database to identify proteins and determine ubiquitinated sites, and the level of protein ubiquitination was determined with MaxQuant algorithms. MaxQuant is the leading qualitative and quantitative algorithm for label-free quantitative proteomics.

Trypsin digestion, anti-ubiquitin antibody-based enrichment, and label-free quantitative proteomics are addressed here. The ubiquitin molecule is made up of 76 amino acids, and the C-terminal glycine is conjugated via its carboxy group to the amino group of a lysine side-chain or to the N-terminus. Trypsin digestion of ubiquitinated proteins cleaves off all but the two C-terminal glycine residues of ubiquitin from the modified protein. These two C-terminal glycine (GG) residues remain linked to the ε-amino group of the modified lysine residue in the tryptic peptide derived from digestion of the substrate protein. The presence of the GG on the side chain of that lysine prevents cleavage by trypsin at that site, to result in an internal modified lysine residue in a formerly ubiquitinated peptide. The K-ε-GG group is recognized and enriched with an antibody specific to K-ε-GG (37). For the ubiquitinated K (Ub-K) residue at the C-terminus, N-terminus, or the middle in a peptide, it mainly results from steric bulk hindrance, which does not affect the MS identification (42). The distinct mass shift (114.04 Da) caused by the GG remnant enables identification and precise localization of ubiquitylation sites based on peptide fragments (41). The identified ubiquitinated peptides were quantified with MaxQuant algorithms (43).

This study used anti-ubiquitin antibody-based label-free quantitative proteomics to identify ubiquitinated proteins and sites, and to quantify the level of ubiquitination. Pathway network analysis was used to investigate any molecular network alteration that protein ubiquitination is involved in. Selected ubiquitinated proteins were further analyzed to reveal the roles of ubiquitinated proteins in PAs. These findings will help to elucidate the molecular mechanisms, and discover biomarkers and therapeutic targets for PAs.



MATERIALS AND METHODS


Tissue Samples

Eight PA tissues were obtained from the Department of Neurosurgery of Xiangya Hospital, China, as approved by the Xiangya Hospital Medical Ethics Committee of Central South University. Post-mortem control pituitary tissues were obtained from the Memphis Regional Medical Center (n = 5), as approved by the University of Tennessee Health Science Center Internal Review Board. Written informed consent was obtained from each patient or the family of each control pituitary subject (post-mortem tissues) after full explanation of the purpose and nature of all experimental procedures. The detailed information of PA and control pituitary tissue samples are collected in Table 1. Quantitative ubiquitination proteomics was performed between the four mixed NFPA samples and the four mixed control samples. Western blot experiments were performed between the six mixed NFPA samples and the three mixed control samples.



Table 1. Clinical characteristic of NFPA and control tissue samples.

[image: image]






Cleavage and Quantification of Proteins

A volume (1 ml) of urea pyrolysis solution [20 mM 2-hydroxyethyl (HEPES), 9 M urea, 2.5 mM sodium pyrophosphate, 1 mM sodium orthovanadate, and 1 mM β-glycerophosphate, pH 8.0] was added to each tissue sample (100 mg) for an ice-bath ultrasonic treatment (100 W, 10 s, interval 10 s, 10 times). The solution was centrifuged (18,000 × g, 30 min, 4°C). The supernatant was the protein extraction, and its protein content was determined with a Bradford Protein Quantification Kit (YEASEN, Cat# 20202ES76).



Enzymatic Hydrolysis of Proteins

Four NFPA protein samples (1.5 mg/each sample) were equally mixed as tumor protein sample (6 mg), and four control protein samples (1.5 mg/each sample) were equally mixed as control protein sample (6 mg). Each mixed sample (tumor; control) was equally divided into three parts (2 mg/part) for proteomics experiment. A volume of 1 M dithiothreitol (DTT) was added to each sample part (tumor: n = 3; control: n = 3) to produce a final concentration of 10 mM; the mixture was incubated (37°C for 2.5 h), and cooled to room temperature. A volume of 1 M iodoacetamide was added to the mixture to achieve a final concentration of 50 mM, and the mixture was incubated in the dark for 30 min. Five volumes of water were added to dilute the urea concentration to 1.5 M. Trypsin (2 μg/μL) was added at 1:50 (v:v) and the mixture was digested (37°C for 18 h). The tryptic peptide mixture was desalted and lyophilized with an SPE C18 column (Waters WAT051910).



Enrichment of Ubiquitinated Peptides

Each lyophilized tryptic peptide sample (tumor; control) was reconstituted in 1.4 mL of pre-cooled immunoaffinity purification (IAP) buffer. The pretreated anti-K-ε-GG antibody beads [PTMScan ubiquitin remnant motif (K-ε-GG) kit, Cell Signal Technology] were added. The mixture was incubated (1.5 h at 4°C) and centrifuged (2,000 × g, 30 s, 4°C). The supernatant was discarded (44). The pretreated anti-K-ε-GG antibody beads with peptides were washed three times with 1 mL of pre-cooled IAP buffer, and washed three times with 1 mL of pre-chilled water. After washing the anti-K-ε-GG antibody beads with peptides, 40 μL of 0.15% trifluoroacetate (TFA) was added. The mixture was incubated at room temperature for 10 min and centrifuged (30 s at 2,000 × g). The above incubation with 0.15% TFA and centrifugation steps (2,000 × g, 30 s) was performed three times. The supernatant that contained ubiquitinated peptides was desalted with C18 STAGE Tips (45).



LC-MS/MS Analysis of Enriched Ubiquitinated Peptides

The enriched ubiquitinated peptides from PA and control tissues were analyzed with LC-MS/MS. Peptides of each sample were separated with a high performance liquid chromatography (HPLC) system EASY-nLC1000 at nanoliter flow rate. The solution A was 0.1% formic acid and 2% acetonitrile aqueous solution. The solution B was 0.1% formic acid and 84% acetonitrile aqueous solution. The chromatographic column was equilibrated with 100% solution A. The enriched ubiquitinated peptide sample was loaded with an autosampler onto a sample-spindle Thermo Scientific EASY column (2 cm*100 μm 5 μm-C18), and peptides were separated with an analytical column of 75 μm × 250 mm 3 μm-C18 at a flow rate of 250 nL/min. The HPLC liquid-phase gradients were as follows: solution B linear gradient from 0 to 55% during 0–220 min, solution B linear gradient from 55 to 100% during 220–228 min, and solution B maintained at 100% during 228–240 min. The enriched peptide products were separated with capillary HPLC according to the HPLC liquid-phase gradients within 240 min, and analyzed with a Q-Exactive mass spectrometer (Thermo Finnigan). The mass spectrometry (MS) detection was in the positive-ion mode. The scan range of the precursor ion was m/z 350–1800. The most-intense 20 ions in each MS spectrum were selected for higher-energy collisional dissociation (HCD) fragmentation for MS/MS analysis. The MS resolution was 70,000 at m/z 200, and the resolution of MS/MS was 17,500 at m/z 200. The enriched ubiquitinated peptide products from PAs or controls were analyzed three times with LC-MS/MS.



Label-Free Analysis With MaxQuant

Six LC-MS/MS original files (tumor: n = 3; Control: n = 3) were imported into MaxQuant software (version 1.3.0.5) for database review, protein identification, ubiquitination-site determination, and quantification of ubiquitination level. The protein database was uniprot_human_154578_20160815.fasta (list of 154,578 entries, downloaded on 15 August 2016). The main search parameters were: main search ppm was 6, missed cleavage was 4, MS/MS tolerance ppm was 20, de-isotopic was TRUE, enzyme was trypsin, database was uniprot_human_154578_20160815.fasta, fixed modification was carbamidomethyl (C), variable modification was oxidation (M), acetyl (protein N-term), and GlyGly (K), decoy database pattern was reverse, iBAQ was TRUE, match between analyses was 2 min, peptide false discovery rate (FDR) was 0.01, and protein FDR was 0.01. Thus, the protein was characterized, ubiquitination site was determined with amino acid sequence analysis, and its ubiquitination level was quantified with MaxQuant algorithms.



Statistical and Bioinformatics Analysis

The checksum files obtained by MaxQuant were analyzed with Perseus software (version 1.3.0.4). The DAVID database was used to perform KEGG signaling pathway-enrichment analysis of the ubiquitinated proteins. Gene ontology (GO) was used to annotate proteome with R software, and these ubiquitinated proteins were classified with GO annotation based on three categories: cellular components (CC), biological processes (BP), and molecular functions (MF). Motif-X software (http://motif-x.med.harvard.edu/motif-x.html) was used to analyze the model of ubiquitinated peptide sequences in specific positions of ubiquityl-31-mers (15 amino acid upstream and 15 amino acid downstream at the ubiquitination site) in all protein sequences. The International Protein Index (IPI) human proteome was used as the background database; setting parameters were width = 15, occurrences = 20, significance = 0.005; other parameters were set to default values.



Western Blot Analysis of 14-3-3 Zeta/Delta Protein

Six NFPA protein samples were equally mixed as the tumor protein sample, and three control protein samples were equally mixed as the control protein sample (Table 1); the equal-load amount (tumor: 22 μg; control: 22 μg) of mixed samples were used for Western blot experiment. Based on the enriched signaling pathways, which include the PI3K-AKT signaling pathway and the Hippo signaling pathway, protein 14-3-3 zeta/delta was the key molecule, and was ubiquitinated in theses pathways; therefore, protein 14-3-3 zeta/delta was selected for Western blot (WB) analysis, and detailed experimental steps for protein extraction was described previously (46). The anti-protein 14-3-3 zeta/delta antibody (Cusabio, China) was diluted with Tris-buffered saline tween (TBST) (v1: v2 = 1:1000). The secondary antibody (Signalway Antibody, U.S.A.) was diluted with TBST (v1: v2 = 1:5000). The detailed experimental steps for WB were described previously (47–49). Briefly, proteins from PA and control samples were separated with 10% SDS-PAGE gel, transferred to a polyvinylidene fluoride (PVDF) membrane, incubated with anti-protein 14-3-3 zeta/delta antibody, incubated with secondary antibody, and visualized.




RESULTS


Protein Ubiquitination in Control Pituitaries and Pituitary Adenomas

Antibody enrichment-based label-free quantitative proteomics identified 158 ubiquitinated sites and 142 ubiquitinated peptides from 108 proteins in PAs and control pituitaries (Table 2). A representative MS/MS spectrum was from ubiquitinated peptides 7TLTGK*TITLEVEPSDTIENVK27 ([M + 2H]2+, m/z = 1202.14; K* = ubiquitinated lysine residue) of epididymis luminal protein 112 (B2RDW1) or ubiquitin-40S ribosomal protein S27a (P62979) (Figure 1A), with a high-quality MS/MS spectrum, excellent signal-to-noise (S/N) ratio, and extensive product-ion b-ion and y-ion series (b2, b3, b4-H2O, b5, b6, b7, b8, b9, b10, b11, and b12; y1, y2, y3, y4, y5, y6, y7, y8, y9, y10, y11, y12, y13, y14, y15, and y16). The ubiquitination site was localized to amino acid residue K[image: image], and the ubiquitination level was significantly increased in PAs compared to controls (Table 2). Another representative MS/MS spectrum was from ubiquitinated peptide 67ADALQAGASQFETSAAKLK*85 of uncharacterized protein (L7N2F9) (Figure 1B), which localized the ubiquitination sites at K residue in the peptide C-terminal, with a high-quality MS/MS spectrum, excellent S/N ratio, and extensive product-ion b-ion and y-ion series (b2, b3, b4, b5, and b6; y2, y3, y4, y5, y6, y7, y8, y9, y11, y12, y13, y14, and y15). The ubiquitination site was localized to amino acid residue K[image: image], and the protein was ubiquitinated in PAs but not in controls (Table 2). The third representative MS/MS spectrum was from ubiquitinated peptide 67K*VLGAFSDGLAHLDNLK83 of hemoglobin subunit beta (P68871) or beta-globin (D9YZU5) (Figure 1C), which localized the ubiquitination site at K residue in the peptide N-terminal, with a high-quality MS/MS spectrum, excellent S/N ratio, and extensive product-ion b-ion and y-ion series (b2, b3, b5, b6, b8, b9, b10, b11, b14, and b15; y1, y2, y3, y4, y5, y6, y7, y9, y10, y11, y12, y13, y14, y15, and y16). The ubiquitination site was localized to amino acid residue K[image: image], and the ubiquitination level was significantly increased in PAs compared to controls (Table 2). With the same method, each ubiquitinated peptide and ubiquitination site was identified with MS/MS data, and quantified. Among the 142 ubiquitinated peptides that were identified, 45 ubiquitinated peptides were quantified in PA and control tissues, including 30 statistically significantly differentially ubiquitinated peptides in PAs compared to controls (p < 0.05). A total of 56 ubiquitinated peptides were quantified in PAs, but not in control pituitaries, and six ubiquitinated peptides were quantified in control pituitaries, but not in PAs. A total of 35 ubiquitinated peptides were identified but not quantified in PAs and controls. Moreover, most ubiquitinated peptides were 8–22 amino acids long (Figure 2A). Among 142 ubiquitinated peptides 90.1% (128/142) peptides contained only one ubiquitinated site, 8.5% peptides contained two ubiquitinated sites, 7.8% peptides contained three ubiquitinated sites, and 1.4% peptides contained over three ubiquitinated sites (Figure 2B).



Table 2. Ubiquitinated proteins identified in nonfunctional pituitary adenomas relative to controls.
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FIGURE 1. MS/MS spectrum of the tryptic peptide. (A) The tryptic peptide TLTGK*TITLEVEPSDTIENVK from epididymis luminal protein 112 (B2RDW1) or ubiquitin-40S ribosomal protein S27a (P62979). (B) The tryptic peptide ADALQAGASQFETSAAKLK* from uncharacterized protein (L7N2F9). (C) The tryptic peptide K*VLGAFSDGLAHLDNLK from hemoglobin subunit beta (P68871) or beta-globin (D9YZU5). The observed b- and y-ions were labeled in each MS/MS spectrum. K* = ubiquitinated lysine residue.
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FIGURE 2. The ubiquitination profile in normal pituitaries and pituitary tumors. (A) Peptide length distribution of all ubiquitinated peptides. (B) Distribution of ubiquitinated peptides based on number of ubiquitination sites.





Signaling Pathways Involved in Ubiquitinated Proteins

Eight statistically significant KEGG signaling pathways (p < 0.05) were identified with DAVID KEGG pathway-enrichment analysis from 108 ubiquitinated proteins, including PI3K-AKT signaling pathway, Hippo signaling pathway, ribosome, nucleotide excision repair, alcoholism, systemic lupus erythematosus, African trypanosomiasis, and malaria. Among them, PI3K-AKT signaling pathway (Figure 3) is activated by many types of cellular stimulation and toxic damage, and regulates essential cellular functions such as transcription, translation, proliferation, survival, and growth. Hippo signaling pathway (Figure 4) is an evolutionarily conserved signaling pathway that controls the size of organs from flies to humans. For human and mouse, Hippo signaling pathway consists of MST1 and MST2 kinases, their cofactors Salvador, LATS1, and LATS2. In response to high cell density, activated LATS1/2 phosphorylates the transcriptional coactivators YAP and TAZ to promote their cytoplasmic localization, leads to apoptosis, and limits organ-size overgrowth. When the Hippo signaling pathway is inactivated at low cell densities, YAP/TAZ translocate into the nucleus to bind to the transcriptional factor enhancer (TEAD/TEF) family to promote cell growth and proliferation. YAP/TAZ also interact with other transcriptional factors or signaling molecules to allow Hippo pathway-mediated processes interact with other key signaling cascade processes, such as TGF-β and Wnt signaling pathways. Because the function of ribosomes is to translate the genetic code (nucleotide sequence) on the mRNA into the amino acid sequence on the polypeptide chain, the ribosome is closely related to protein synthesis. Ribosome signaling pathway (Figure 5) was enriched, and indicated that certain ubiquitinated proteins are closely related to this signaling pathway to thus affect protein synthesis. Nucleotide Excision repair (NER) (Figure 6) is a mechanism to recognize and repair large amounts of DNA damage caused by compounds, environmental carcinogens, and ultraviolet radiation. Protein ubiquitination might be involved in the nucleotide excision repair process to affect protein synthesis and the corresponding biological functions in PAs. Therefore, protein ubiquitination participated in multiple signaling pathway systems and biological processes in human PAs.
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FIGURE 3. The PI3K-AKT signaling pathway which was achieved by DAVID pathway analysis. The ubiquitinated proteins are shown by red stars.




[image: image]

FIGURE 4. The Hippo signaling pathway which was achieved by DAVID pathway analysis. The ubiquitinated subunits are shown by red stars.
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FIGURE 5. The ribosome signaling pathway which was achieved by DAVID pathway analysis. The ubiquitinated subunits are shown by red stars.
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FIGURE 6. The nucleotide excision repair which was achieved by DAVID pathway analysis. The ubiquitinated subunits are shown by red stars.





Functional Characteristics of Ubiquitinated Proteins

In order to further understand the biological function of the ubiquitinated proteins in the development of PAs, GO enrichment analysis of identified ubiquitinated proteins revealed multiple CCs, BPs, and MFs. For CC analysis (Table 3), 33 ubiquitinated proteins were assigned to different CCs. A large number of ubiquitinated proteins were located on ribosome and vesicle. It is well-known that ribosomes are complexes composed of rRNA and proteins, and are important sites for protein synthesis. In addition, vesicles and ribosomal subunits also play an important role in protein synthesis. Ubiquitinated proteins can be degraded by the proteasome pathway (8). When the protein on ribosome or vesicle is usually ubiquitinated, the protein might degrade and affect the synthesis and secretion of other proteins, affect the normal physiological function of the body, and lead to PAs. For BP analysis (Table 4), most ubiquitinated proteins were associated with some important biological processes such as cellular responses to certain substances, self-regulation of cells, DNA repair, etc. Abnormal DNA repair was involved in the occurrence and development of tumors (50). When the proteins involved in DNA repair were ubiquitinated, abnormal DNA repair might occur and lead to PAs. In PA patients, the primary treatment was surgery; however, prolactinomas were usually treated with dopamine agonists (51, 52). The ubiquitinated proteins were associated with drug transport, which might make it difficult for drugs in PA patients to get to the target and thus allow development of tumors. For MF analysis (Table 5), 31 ubiquitinated proteins were significantly enriched in different MFs. The molecular functions of enriched ubiquitinated proteins were mainly combined with other substances, such as oxygen, organic acids, cofactors, etc. An important tumor marker was the infinite proliferation of tumor cells and angiogenesis (53). The proliferation of cells and the production of new blood vessels were inseparable from oxygen and nutrients. Ubiquitinated proteins could bind to oxygen, which might affect the transport of oxygen and nutrients, to thus affect the occurrence and development of PAs.



Table 3. Statistically significant GO cellular components (CC) derived from ubiquitinated proteins in human pituitary adenomas.
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Table 4. Statistically significant GO biological processes (BP) derived from ubiquitinated proteins in human pituitary adenomas.
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Table 5. Statistically significant GO molecular functions (MF) derived from ubiquitinated proteins in human pituitary adenomas.
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Characterization of Ubiquitinated Peptides

Some studies showed that conservative ubiquitination motifs might not exist in humans (34, 40, 54). To elucidate regulation of ubiquitination in human PAs, ubiquitination motif analysis was carried out by examining the sequences from −15 to +15 amino acid residues in the ubiquitination sites of the 142 ubiquitinated peptides with Motif-X software. Five significantly distinguished motifs were identified (Figures 7A,B), including K*-X(2)-E, D-X(4)-K*, K-X(4)-K*, K-X(3)-K*, and K*A, which refers to 42, 22, 29, 26, and 23 unique ubiquitinated peptides, respectively (K* = the ubiquitinated lysine residue; X = any amino acid residue). Those ubiquitinated peptides had different abundances, which together accounted for 99.3% of the identified ubiquitinated peptides (Figure 7C). Although Zhang et al. studied the ubiquitination modification of wheat (55), the ubiquitination motifs of wheat are completely different from the human ubiquitination motif. This result might reveal differences in ubiquitination motifs among different species. The ubiquitination motifs of human proteins obtained in this study might provide ubiquitin-binding loci for future research. However, one must realize that because this study incorporated a small number of ubiquitinated peptides, the characterized human protein ubiquitination motifs still need to be validated from a large number of ubiquitinated peptide sequences.
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FIGURE 7. Ubiquitinated protein motifs in human. (A) Ubiquitination motifs and the conservation of ubiquitination sites. The central K stands for the ubiquitinated protein. The size of each letter is related to the frequency of amino acid residues occurring at that position. (B) Taking the ubiquitinated peptide sequence as a foreground, the sequence window of the ubiquitinated related protein non-ubiquitinated lysine was used as a background control. (C) The number of identified ubiquitinated peptides in each motif. K* = ubiquitinated lysine residue. X = any amino acid residue.





Further Analysis of Ubiquitinated Proteins in Pituitary Adenomas

After comprehensive analysis of ubiquitination data, KEGG pathways, and GO enrichment data, eight statistically significant KEGG signaling pathways (p < 0.05) were identified. Only four of these enriched signaling pathways were associated with tumors, and the protein 14-3-3 zeta/delta was an important molecule in the PI3K-AKT signaling pathway and the Hippo signaling pathway. Also, the peptide from protein 14-3-3 zeta/delta underwent ubiquitination in control pituitary tissues, but not in NFPA tissues (Table 2). Therefore, the ubiquitinated protein 14-3-3 zeta/delta was chosen for further analysis with Western immunoaffinity blot. The result showed that protein 14-3-3 zeta/delta was significantly upregulated in NFPAs compared to controls. Quantitative ubiquitinated proteomics showed that the peptide from protein 14-3-3 zeta/delta was ubiquitinated in controls but not in NFPAs (Figure 8; Table 2). The decreased ubiquitination level of protein 14-3-3 zeta/delta in NFPAs might inhibit degradation of this protein and change the signaling transduction of this protein in PAs.
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FIGURE 8. The protein expression level and its ubiquitinated level of protein 14-3-3 zeta/delta in NFPAs compared to controls. (A) Western blot analysis of the protein expression level of protein 14-3-3 zeta/delta in NFPAs compared to controls. (B) The ubiquitination level of protein 14-3-3 zeta/delta in NFPAs compared to controls. *p < 0.05. **p < 0.01. NFPA, nonfunctional pituitary adenomas; Control, control pituitaries.






DISCUSSION


The Functions of Protein Ubiquitination

Ubiquitination in a protein is under a wide range of functions, and regulates a variety of basic cellular processes, including gene transcription, DNA repair and replication, protein degradation, viral particle sprouting, and intracellular trafficking (56). Monoubiquitination is involved in the regulation of lysosome targeting, endocytosis, and chromatin remodeling and meiosis. Polyubiquitination involves DNA damage and repair, targets modified proteins to proteasomal degradation, and includes immune signal transduction (17). Chen et al. suggest that ubiquitination has become a key regulator of the immune system involved in transduction of intracellular signals, control of T cell differentiation, and induction of immune tolerance (57). The ubiquitination regulatory pattern recognizes receptor signaling, initiates adaptive immune responses, and maturates dendritic cells required to mediate innate immune responses. For T cells, ubiquitination regulates their development, activation, and differentiation to thereby maintain immune tolerance to their own tissues and an effective adaptive immune response to pathogens (20). The role of ubiquitination in immune regulation was first discovered in studies of antigen presentation and transcription factor nuclear factor NFκB family (58). The transcription factor nuclear factor NF-κB controls basic functions of many cells, including cell proliferation, immune responses, and apoptosis (59). Excessive apoptosis can result in anemia, neurodegenerative diseases, and graft rejection. A reduction of apoptosis can lead to autoimmune diseases and cancer. Therefore, moderate apoptosis is of great importance to the body. Ubiquitination of apoptotic proteins is a key component of the apoptosis signaling cascade (60). The ubiquitination mentioned above has an effect on DNA damage and repair. Improper response of DNA damage might accelerate the aging process, cause genomic instability, and eventually lead to various human diseases, including neurodegenerative diseases and cancer (61). Ubiquitination plays an important role to regulate the tumor suppressor function of Beclin1 (62). Thus, ubiquitination might play a crucial part in cancer. Some publications have described that ubiquitination disorders affect the occurrence, development, and metastasis of cancer (22, 63, 64).



Ubiquitinated Proteins Regulated Diverse Biological Process

This study found the mainly GO biological processes were related to synthesis and metabolism of proteins, which included glycoprotein, amyloid precursor protein, regulation of proteasomal ubiquitin-dependent protein, etc. This result suggests that ubiquitinated proteins might be involved in the synthesis and metabolism of certain proteins. Our long-term proteomics studies found that the number of down-regulated proteins was much more than up-regulated proteins in different subtypes of NFPAs compared to control pituitaries (28), mRNA expressions of ubiquitin-conjugating enzymes E2 and E3 were significantly increased in NFPAs (28), mRNA expression of ubiquitin specific protease 34 was significantly decreased in PAs (29), proteasome subunit alpha type 2 was nitrated in PAs (26), and the protein ubiquitination pathway was changed in NFPAs (30). It is well-known that synthesis and degradation of proteins in humans maintain in a dynamic balance. The increased number of down-regulated proteins in PAs might mean a disrupted balance between synthesis and degradation of proteins compared to control pituitaries. This study clearly found that ubiquitinated proteins in PAs were related to the synthesis and metabolism of proteins. The ubiquitinated proteasome system is one of the main pathways for intracellular protein degradation (8, 65, 66). Ubiquitination can achieve protein degradation by ubiquitinating the proteasome. Therefore, the increased number of these downregulated proteins in human NFPAs might undergo ubiquitination to result in more degradation of the proteins relative to normal pituitaries.

The phosphatidylinositol 3-kinase (PI3K)-AKT signaling pathway is activated by many types of cellular and toxic damage and regulates basic cellular functions such as transcription, translation, proliferation, growth, and survival. Binding of growth factors to their receptor tyrosine kinase or G protein-coupled receptor stimulates the Ia and Ib PI3K subtypes, respectively. PI3K catalyzes the production of phosphatidylinositol-3, 4, 5-triphosphate on the cell membrane. PIP3 in turn acts as a second messenger to activate AKT. The activated AKT can control key cellular processes through phosphorylation involved in apoptosis, protein synthesis, metabolism, and cell cycle substrates. The PI3K-AKT signaling pathway is an important signaling pathway in cells, and its main function is to inhibit apoptosis and promote proliferation. In various malignant tumors, the PI3K-AKT signaling pathway is abnormally regulated to promote formation of new blood vessels, proliferation of tumor cells, and inhibition of apoptosis, and is closely related to tumor metastasis and invasion. The HVP90 inhibitor NVPAUY922 and the PI3K-mTOR inhibitor NVP-BEZ235, alone or in combination, have a significant effect on the apoptosis of cholangiocarcinoma cells; and these inhibitors act on the rat model of cholangiocarcinoma to decrease the tumor (67). These results indirectly indicate that activation of PI3K-AKT signaling pathway contributes to the proliferation of cholangiocarcinoma cells. Study also found that the P110α subunit of PI3K is a regulator of angiogenesis, and the inactivation of P110α leads to non-functional angiogenesis, which in turn prevents tumor growth (68). In the PI3K-AKT signaling pathway, the key molecules are cytokine, ECM, ITGB, and 14-3-3. Lamnin subunit gamma2 (LAMC2), which is a molecule in ECM, has been reported to be involved in the development and progression of various tumors (69). Smith et al. (70) found that LAMC2 was associated with bladder cancer metastasis, and its expression level increased with an increase of human tumor stage. In colorectal cancer, stable overexpressed LAMC2 promotes proliferation, migration, and invasion of cancer cells (71). The grade of LAMC2 expression was significantly associated with the pattern and depth of invasion of oral squamous cell carcinoma (72). This study found that LAMC2 was ubiquitinated at position 219. PAs are generally benign tumors, and do not metastasize; however, they do proliferate and invade of tumor cells.

The core components of the Hippo signaling pathway include upstream and downstream regulatory factors, core kinase cassettes, and downstream oncogenes. The core kinase cassette includes Lats1/2, Mst2, SAV1, and Mob. Activation of the Lats1/2 phosphorylation of the transcriptional coactivators YAP and TAZ ultimately leads to apoptosis, limits organ size overgrowth, or promotes cell growth and proliferation (73). Therefore, the Hippo signaling pathway prevents tissue growth and tumorigenesis (74). However, the abnormality of this pathway usually leads to the occurrence of tumors (75). For example, when Lats1 is ubiquitinated, the kinase activity of Lats1 is reduced and subsequently inhibited by Hippo signaling only promotes cell proliferation, but also inhibits cell apoptosis and attenuates tumor suppressor function (76). NEDD4, an E3 ubiquitin ligase, can directly interact with Lats1 to lead to its ubiquitination and decreased levels of Lats to thereby increase the localization of nuclear YAP, and activate proliferative and anti-apoptotic genes (77). Lignitto et al. (78) found that the ubiquitination-proteasome system can degrade Mob to attenuate the Hippo cascade and maintain the growth of glioblastoma cells in vivo. So what is the impact of ubiquitination on the Hippo signaling pathway? Toloczko et al. (73) found that USP9X, a deubiquitinating protease, can enhance LATS kinase to inhibit tumor growth. Therefore, the Hippo signaling pathway is closely related to tumorigenesis, and the ubiquitination and deubiquitination of the core kinase cassette in the Hippo signaling pathway have a great influence on tumor growth. Therefore, ubiquitination and deubiquitination of the core kinase cassette are worthy of further study, and might lead to the development of new treatments for tumors. In addition, some key molecules in the Hippo signaling pathway are 14-3-3 protein and F-actin. The 14-3-3 protein in the Hippo signaling pathway is closely related to tumors.



The Ubiquitination of 14-3-3 Proteins in Pituitary Adenomas

Humans 14-3-3 proteins have many subtypes, including 14-3-3 protein beta/alpha, 14-3-3 protein gamma, 14-3-3 protein theta, etc. 14-3-3 subtypes are considered to play nocogenic roles in a variety of tumors (79). Raungrut et al. (80) found that 14-3-3 gamma is involved in the metastasis of lung cancer cells, and found that knockdown of 14-3-3 gamma could inhibit lung cancer metastasis. The 14-3-3 beta protein has been shown to possess carcinogenic potential, and its increased expression has been detected in many types of cancers. Tang et al. (81) found that 14-3-3 beta promotes migration and invasion of human hepatocellular carcinoma cells by modulating expression of MMP2 and MMP9 through the PI3K/Akt/NF-κB pathway. Also, 14-3-3 τ can promote breast cancer invasion and metastasis by inhibiting RhoGDI (82). However, few studies are involved in the relationship of 14-3-3 zeta/delta proteins and tumorigenesis. This study found the 14-3-3 zeta/delta protein was ubiquitinated in pituitary control tissues but not in PA tissues. However, Western blot analysis found that 14-3-3 zeta/delta protein was highly expressed in NFPAs compared to control tissues. The ubiquitinated proteasome system is one of the major pathways for intracellular protein degradation (8, 65, 66). Ubiquitination can achieve protein degradation by ubiquitination of the proteasome. Thus, it is hypothesized that proteins can be degraded by ubiquitination modification to result in lower protein levels in tumors than control tissues. Therefore, up-regulated expression of 14-3-3 zeta/delta protein in NFPAs might be due to the decreased ubiquitination level, and contribute to pituitary tumorigenesis. These findings might provide a better basis for biomarker discovery and the early treatment of PA patients.



Strengths and Limitations of This Study

This study, for the first time, used anti-ubiquitin antibody (specific to K-ε-GG)-based label-free quantitative proteomics to identify protein ubiquitination profiling between NFPAs and control pituitaries. A total of 158 ubiquitinated sites in 108 ubiquitinated proteins was identified and quantified, which is the first ubiquitinome profile in NFPAs compared to controls. Further, pathway network analysis revealed alterations of multiple ubiquitination-involved signaling pathway systems in NFPAs to offer novel insights into molecular mechanisms of NFPAs and to provide a new source to discover new biomarkers for NFPAs. However, one must realize that a ubiquitinome is dynamic, and varies with different conditions and pathophysiological status. PAs are highly heterogeneous among tumor individuals, different subtype of NFPAs, and different subtypes of FPAs. In order to further in-depth insight into functional significance of each ubiquitination in PA pathogenesis, one must significantly expand the number of human tissue samples studied to validate and quantify each ubiquitination among individuals and different PA subtypes; also, biological functions of each ubiquitination should be examined in the cell model and animal model. For this current study, due to the very limited, precious pituitary adenoma and control tissue samples, only very limited amount of proteins were used for trypsin digestion, anti-ubiquitin antibody-based enrichment, and LC-MS/MS analysis. The number of ubiquitinated sites and ubiquitinated proteins might be significantly increased with an increased amount of proteins in future ubiquitinomics analysis among PA individuals and among different PA subtypes, to significantly expand the ubiquitinome database of PAs, which will offer the increased opportunity to in-depth explore biological roles of protein ubiquitination in PAs.




CONCLUSION

Ant-ubiquitin antibody-based label-free quantitative proteomics effectively identified and quantified protein lysine ubiquitination in human PAs compared to controls. This study provides the first protein ubiquitination profiling of human PAs and control pituitaries to understand ubiquitination-mediated multiple cellular functions and biological processes. This study expanded the range of physiological processes regulated by ubiquitination, and serves as a valuable reference for biological functions of protein ubiquitination in human PAs.



ETHICS STATEMENT

PA tissues were obtained from the Department of Neurosurgery of Xiangya Hospital, China, as approved by the Xiangya Hospital Medical Ethics Committee of Central South University. Control pituitary tissues were obtained from the Memphis Regional Medical Center (n = 5), as approved by University of Tennessee Health Science Center Internal Review Board. The consent was attained from each patient or the family of each control pituitary subject (post-mortem tissues) after full explanation of the purpose and nature of all experimental procedures.



AUTHOR CONTRIBUTIONS

SQ analyzed data, carried out Western blot experiment, prepared figures and tables, designed and wrote the manuscript. XhZ participated in the analysis, and revised the manuscript. ML and NL participated in partial data analysis. YL prepared the protein samples. XL collected tissue samples and performed clinical diagnosis. DD provided the control tissues, and critically evaluated and revised the manuscript. XqZ conceived the concept, designed experiments and manuscript, instructed experiments, analyzed data, obtained the ubiquitinated proteomic data, supervised results, coordinated, wrote and critically revised manuscript, and was responsible for its financial supports and the corresponding works. All authors approved the final manuscript.



FUNDING

This work was supported by the grants from the China 863 Plan Project (Grant No. 2014AA020610-1 to XqZ), National Natural Science Foundation of China (Grant No. 81572278, 81272798, and 81770781), the Hunan Provincial Hundred Talent Plan (to XqZ), the Xiangya Hospital Funds for Talent Introduction (to XqZ), and the Hunan Provincial Natural Science Foundation of China (Grant No. 14JJ7008 to XqZ).



ABBREVIATIONS

BP, biological process; CC, cellular component; DTT, dithiothreitol; FPA, functional pituitary adenoma; GO, gene ontology; HCD, higher-energy collisional dissociation; HPLC, high performance liquid chromatography; IAP, immunoaffinity purification; LAMC2, lamnin subunit gamma 2; LC, liquid chromatography; MF, molecular function; MS/MS, tandem mass spectrometry; NER, nucleotide excision repair; NFPA, nonfunctional pituitary adenoma; PA, pituitary adenoma; PI3K, phosphatidylinostiol 3-kinase; PTMs, post-translational modifications; TFA, trifluoroacetate.



REFERENCES

 1. Zhan X, Wang X, Cheng T. Human pituitary adenoma proteomics: new progresses and perspectives. Front Endocrinol. (2016) 7:54. doi: 10.3389/fendo.2016.00054

 2. Levy A. Molecular and trophic mechanisms of tumorigenesis. Endocrinol Metab Clin North Am. (2008) 37:23–50. doi: 10.1016/j.ecl.2007.10.009

 3. Jaffe CA. Clinically non-functioning pituitary adenoma. Pituitary. (2006) 9:317–21. doi: 10.1007/s11102-006-0412-9

 4. Andela CD, Lobatto DJ, Pereira AM, van Furth WR, Biermasz NR. How non-functioning pituitary adenomas can affect health-related quality of life: a conceptual model and literature review. Pituitary. (2018) 21:208–16. doi: 10.1007/s11102-017-0860-4

 5. Greenman Y, Stern N. Non-functioning pituitary adenomas. Best Pract Res Clin Endocrinol Metab. (2009) 23:625–38. doi: 10.1016/j.beem.2009.05.005

 6. Tampourlou M, Fountas A, Ntali G, Karavitaki N. Mortality in patients with non-functioning pituitary adenoma. Pituitary. (2018) 21:203–7. doi: 10.1007/s11102-018-0863-9

 7. Penn DL, Burke WT, Laws ER. Management of non-functioning pituitary adenomas: surgery. Pituitary. (2018) 21:145–53. doi: 10.1007/s11102-017-0854-2

 8. Mettouchi A, Lemichez E. Ubiquitylation of active Rac1 by the E3 ubiquitin-ligase HACE1. Small GTPases. (2012) 3:102–6. doi: 10.4161/sgtp.19221

 9. Popovic D, Vucic D, Dikic I. Ubiquitination in disease pathogenesis and treatment. Nat Med. (2014) 20:1242–53. doi: 10.1038/nm.3739

 10. Luo Z, Zhang X, Zeng W, Su J, Yang K, Lu L, et al. TRAF6 regulates melanoma invasion and metastasis through ubiquitination of Basigin. Oncotarget. (2016) 7:7179–92. doi: 10.18632/oncotarget.6886

 11. Lin AW, Man HY. Ubiquitination of neurotransmitter receptors and postsynaptic scaffolding proteins. Neural Plast. (2013) 2013:432057. doi: 10.1155/2013/432057

 12. Gao C, Huang W, Kanasaki K, Xu Y. The role of ubiquitination and sumoylation in diabetic nephropathy. Biomed Res Int. (2014) 2014:160692. doi: 10.1155/2014/160692

 13. Xiao Z, Zhang P, Ma L. The role of deubiquitinases in breast cancer. Cancer Metastasis Rev. (2016) 35:589–600. doi: 10.1007/s10555-016-9640-2

 14. Hock AK, Vousden KH. The role of ubiquitin modification in the regulation of p53. Biochim Biophys Acta. (2014) 1843:137–49. doi: 10.1016/j.bbamcr.2013.05.022

 15. Ding F, Yin Z, Wang HR. Ubiquitination in rho signaling. Curr Top Med Chem. (2011) 11:2879–87 doi: 10.2174/156802611798281357

 16. Fulda S, Rajalingam K, Dikic I. Ubiquitylation in immune disorders and cancer: from molecular mechanisms to therapeutic implications. EMBO Mol Med. (2012) 4:545–56. doi: 10.1002/emmm.201100707

 17. Zhou MJ, Chen FZ, Chen HC. Ubiquitination involved enzymes and cancer. Med Oncol. (2014) 31:93. doi: 10.1007/s12032-014-0093-6

 18. Vadasz I, Weiss CH, Sznajder JI. Ubiquitination and proteolysis in acute lung injury. Chest. (2012) 141:763–71. doi: 10.1378/chest.11-1660

 19. Ebner P, Versteeg GA, Ikeda F. Ubiquitin enzymes in the regulation of immune responses. Crit Rev Biochem Mol Biol. (2017) 52:425–60. doi: 10.1080/10409238.2017.1325829

 20. Hu H, Sun SC. Ubiquitin signaling in immune responses. Cell Res. (2016) 26:457–83. doi: 10.1038/cr.2016.40

 21. Kawabe H, Brose N. The role of ubiquitylation in nerve cell development. Nat Rev Neurosci. (2011) 12:251–68. doi: 10.1038/nrn3009

 22. Morrow JK, Lin HK, Sun SC, Zhang S. Targeting ubiquitination for cancer therapies. Future Med Chem. (2015) 7:2333–50. doi: 10.4155/fmc.15.148

 23. Zheng N, Shabek N. Ubiquitin ligases: structure, function, and regulation. Annu Rev Biochem. (2017) 86:129–57. doi: 10.1146/annurev-biochem-060815-014922

 24. Lehman NL. The ubiquitin proteasome system in neuropathology. Acta Neuropathol. (2009) 118:329–47. doi: 10.1007/s00401-009-0560-x

 25. Xu M, Knox AJ, Michaelis KA, Kiseljak-Vassiliades K, Kleinschmidt-DeMasters BK, Lillehei KO, et al. Reprimo (RPRM) is a novel tumor suppressor in pituitary tumors and regulates survival, proliferation, and tumorigenicity. Endocrinology. (2012) 153:2963–73. doi: 10.1210/en.2011-2021

 26. Zhan X, Desiderio DM. Nitroproteins from a human pituitary adenoma tissue discovered with a nitrotyrosine affinity column and tandem mass spectrometry. Anal Biochem. (2006) 354:279–89. doi: 10.1016/j.ab.2006.05.024

 27. Zhan X, Desiderio DM. A reference map of a human pituitary adenoma proteome. Proteomics. (2003) 3:699–713. doi: 10.1002/pmic.200300408

 28. Moreno CS, Evans CO, Zhan X, Okor M, Desiderio DM, Oyesiku NM. Novel molecular signaling and classification of human clinically nonfunctional pituitary adenomas identified by gene expression profiling and proteomic analyses. Cancer Res. (2005) 65:10214–22. doi: 10.1158/0008-5472.CAN-05-0884

 29. Evans CO, Moreno CS, Zhan X, McCabe MT, Vertino PM, Desiderio DM, et al. Molecular pathogenesis of human prolactinomas identified by gene expression profiling, RT-qPCR, and proteomic analyses. Pituitary. (2008) 11:231–45. doi: 10.1007/s11102-007-0082-2

 30. Zhan X, Wang X, Long Y, Desiderio DM. Heterogeneity analysis of the proteomes in clinically nonfunctional pituitary adenomas. BMC Med Genomics. (2014) 7:69. doi: 10.1186/s12920-014-0069-6

 31. Zhang H, Fang L, Zhu X, Wang D, Xiao S. Global analysis of ubiquitome in PRRSV-infected pulmonary alveolar macrophages. J Proteomics. (2018) 184:16–24. doi: 10.1016/j.jprot.2018.06.010

 32. Chen XL, Xie X, Wu L, Liu C, Zeng L, Zhou X, et al. Proteomic analysis of ubiquitinated proteins in rice (Oryza sativa) after treatment with pathogen-associated molecular pattern (PAMP) elicitors. Front Plant Sci. (2018) 9:1064. doi: 10.3389/fpls.2018.01064

 33. Lee KA, Hammerle LP, Andrews PS, Stokes MP, Mustelin T, Silva JC, et al. Ubiquitin ligase substrate identification through quantitative proteomics at both the protein and peptide levels. J Biol Chem. (2011) 286:41530–8. doi: 10.1074/jbc.M111.248856

 34. Kim W, Bennett EJ, Huttlin EL, Guo A, Li J, Possemato A, et al. Systematic and quantitative assessment of the ubiquitin-modified proteome. Mol Cell. (2011) 44:325–40. doi: 10.1016/j.molcel.2011.08.025

 35. Liu B, Jiang S, Li M, Xiong X, Zhu M, Li D, et al. Proteome-wide analysis of USP14 substrates revealed its role in hepatosteatosis via stabilization of FASN. Nat Commun. (2018) 9:4770. doi: 10.1038/s41467-018-07185-y

 36. Aguilar-Hernandez V, Kim DY, Stankey RJ, Scalf M, Smith LM, Vierstra RD. Mass spectrometric analyses reveal a central role for ubiquitylation in remodeling the arabidopsis proteome during photomorphogenesis. Mol Plant. (2017) 10:846–65. doi: 10.1016/j.molp.2017.04.008

 37. Udeshi ND, Mertins P, Svinkina T, Carr SA. Large-scale identification of ubiquitination sites by mass spectrometry. Nat Protoc. (2013) 8:1950–60. doi: 10.1038/nprot.2013.120

 38. Yu K, Phu L, Varfolomeev E, Bustos D, Vucic D, Kirkpatrick DS. Immunoaffinity enrichment coupled to quantitative mass spectrometry reveals ubiquitin-mediated signaling events. J Mol Biol. (2015) 427:2121–34. doi: 10.1016/j.jmb.2015.03.018

 39. Xu G, Paige JS, Jaffrey SR. Global analysis of lysine ubiquitination by ubiquitin remnant immunoaffinity profiling. Nat Biotechnol. (2010) 28:868–73. doi: 10.1038/nbt.1654

 40. Kim DY, Scalf M, Smith LM, Vierstra RD. Advanced proteomic analyses yield a deep catalog of ubiquitylation targets in Arabidopsis. Plant Cell. (2013) 25:1523–40. doi: 10.1105/tpc.112.108613

 41. Wagner SA, Beli P, Weinert BT, Nielsen ML, Cox J, Mann M, et al. A proteome-wide, quantitative survey of in vivo ubiquitylation sites reveals widespread regulatory roles. Mol Cell Proteomics. (2011) 10:M111.013284. doi: 10.1074/mcp.M111.013284

 42. Beaudette P, Popp O, Dittmar G. Proteomic techniques to probe the ubiquitin landscape. Proteomics. (2016) 16:273–87. doi: 10.1002/pmic.201500290

 43. Li XM, Chao DY, Wu Y, Huang X, Chen K, Cui LG, et al. Natural alleles of a proteasome alpha2 subunit gene contribute to thermotolerance and adaptation of African rice. Nat Genet. (2015) 47:827–33. doi: 10.1038/ng.3305

 44. Thompson JW, Nagel J, Hoving S, Gerrits B, Bauer A, Thomas JR, et al. Quantitative Lys–Gly-Gly (diGly) proteomics coupled with inducible RNAi reveals ubiquitin-mediated proteolysis of DNA damage-inducible transcript 4 (DDIT4) by the E3 ligase HUWE1. J Biol Chem. (2014) 289:28942–55. doi: 10.1074/jbc.M114.573352

 45. Rappsilber J, Mann M, Ishihama Y. Protocol for micro-purification, enrichment, pre-fractionation and storage of peptides for proteomics using StageTips. Nat Protoc. (2007) 2:1896–906. doi: 10.1038/nprot.2007.261

 46. Qian S, Yang Y, Li N, Cheng T, Wang X, Liu J, et al. Prolactin variants in human pituitaries and pituitary adenomas identified with two-dimensional gel electrophoresis and mass spectrometry. Front Endocrinol. (2018) 9:468. doi: 10.3389/fendo.2018.00468

 47. Bi W, He CN, Li XX, Zhou LY, Liu RJ, Zhang S, et al. Ginnalin A from Kujin tea (Acer tataricum subsp. ginnala) exhibits a colorectal cancer chemoprevention effect via activation of the Nrf2/HO-1 signaling pathway. Food Funct. (2018) 9:2809–19. doi: 10.1039/C8FO00054A

 48. Guo AY, Liang XJ, Liu RJ, Li XX, Bi W, Zhou LY, et al. Flotilin-1 promotes the tumorigenicity and progression of malignant phenotype in human lung adenocarcinoma. Cancer Biol Ther. (2017) 18:715–22. doi: 10.1080/15384047.2017.1360445

 49. Yang S, Xing Z, Liu T, Zhou J, Liang Q, Tang T, et al. Synovial tissue quantitative proteomics analysis reveals paeoniflorin decreases LIFR and ASPN proteins in experimental rheumatoid arthritis. Drug Des Devel Ther. (2018) 12:463–73. doi: 10.2147/DDDTS153927

 50. Loriot Y, Meynard G, Klajer E, Bolognini C, Gassian N, Thiery-Vuillemin A. [DNA damage repair: an emerging strategy in metastatic prostate cancer]. Bull Cancer. (2018) 105:944–54. doi: 10.1016/j.bulcan.2018.05.017

 51. Maldaner N, Serra C, Tschopp O, Schmid C, Bozinov O, Regli L. [Modern management of pituitary adenomas - current state of diagnosis, treatment and follow-up]. Praxis. (2018) 107:825–35. doi: 10.1024/1661-8157/a003035

 52. Zatelli MC, Ambrosio MR, Bondanelli M, Uberti EC. Control of pituitary adenoma cell proliferation by somatostatin analogs, dopamine agonists and novel chimeric compounds. Eur J Endocrinol. (2007) 156(Suppl. 1):S29–35. doi: 10.1530/eje.1.02352

 53. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. (2011) 144:646–74. doi: 10.1016/j.cell.2011.02.013

 54. Danielsen JM, Sylvestersen KB, Bekker-Jensen S, Szklarczyk D, Poulsen JW, Horn H, et al. Mass spectrometric analysis of lysine ubiquitylation reveals promiscuity at site level. Mol Cell Proteomics. (2011) 10:M110.003590. doi: 10.1074/mcp.M110.003590

 55. Zhang N, Zhang L, Shi C, Tian Q, Lv G, Wang Y, et al. Comprehensive profiling of lysine ubiquitome reveals diverse functions of lysine ubiquitination in common wheat. Sci Rep. (2017) 7:13601. doi: 10.1038/s41598-017-13992-y

 56. Chen Z, Zhou Y, Zhang Z, Song J. Towards more accurate prediction of ubiquitination sites: a comprehensive review of current methods, tools and features. Brief Bioinform. (2015) 16:640–57. doi: 10.1093/bib/bbu031

 57. Chen Z, Luo X, Lu Y, Zhu T, Wang J, Tsun A, et al. Ubiquitination signals critical to regulatory T cell development and function. Int Immunopharmacol. (2013) 16:348–52. doi: 10.1016/j.intimp.2013.01.023

 58. Jiang X, Chen ZJ. The role of ubiquitylation in immune defence and pathogen evasion. Nat Rev Immunol. (2011) 12:35–48. doi: 10.1038/nri3111

 59. Won M, Byun HS, Park KA, Hur GM. Post-translational control of NF-kappaB signaling by ubiquitination. Arch Pharm Res. (2016) 39:1075–84. doi: 10.1007/s12272-016-0772-2

 60. Vucic D, Dixit VM, Wertz IE. Ubiquitylation in apoptosis: a post-translational modification at the edge of life and death. Nat Rev Mol Cell Biol. (2011) 12:439–52. doi: 10.1038/nrm3143

 61. Wang Z, Zhu WG, Xu X. Ubiquitin-like modifications in the DNA damage response. Mutat Res. (2017) 803–805:56–75. doi: 10.1016/j.mrfmmm.2017.07.001

 62. Abrahamsen H, Stenmark H, Platta HW. Ubiquitination and phosphorylation of beclin 1 and its binding partners: tuning class III phosphatidylinositol 3-kinase activity and tumor suppression. FEBS Lett. (2012) 586:1584–91. doi: 10.1016/j.febslet.2012.04.046

 63. Chen Z, Lu W. Roles of ubiquitination and SUMOylation on prostate cancer: mechanisms and clinical implications. Int J Mol Sci. (2015) 16:4560–80. doi: 10.3390/ijms16034560

 64. Gallo LH, Ko J, Donoghue DJ. The importance of regulatory ubiquitination in cancer and metastasis. Cell Cycle. (2017) 16:634–48. doi: 10.1080/15384101.2017.1288326

 65. Portney BA, Khatri R, Meltzer WA, Mariano JM, Zalzman M. ZSCAN4 is negatively regulated by the ubiquitin-proteasome system and the E3 ubiquitin ligase RNF20. Biochem Biophys Res Commun. (2018) 498:72–8. doi: 10.1016/j.bbrc.2018.02.155

 66. Nguyen LK, Kolch W, Kholodenko BN. When ubiquitination meets phosphorylation: a systems biology perspective of EGFR/MAPK signalling. Cell Commun Signal. (2013) 11:52. doi: 10.1186/1478-811X-11-52

 67. Chen MH, Chiang KC, Cheng CT, Huang SC, Chen YY, Chen TW, et al. Antitumor activity of the combination of an HSP90 inhibitor and a PI3K/mTOR dual inhibitor against cholangiocarcinoma. Oncotarget. (2014) 5:2372–89. doi: 10.18632/oncotarget.1706

 68. Soler A, Serra H, Pearce W, Angulo A, Guillermet-Guibert J, Friedman LS, et al. Inhibition of the p110alpha isoform of PI 3-kinase stimulates nonfunctional tumor angiogenesis. J Exp Med. (2013) 210:1937–45. doi: 10.1084/jem.20121571

 69. Garg M, Braunstein G, Koeffler HP. LAMC2 as a therapeutic target for cancers. Expert Opin Ther Targets. (2014) 18:979–82. doi: 10.1517/14728222.2014.934814

 70. Smith SC, Nicholson B, Nitz M, Frierson HF Jr., Smolkin M, Hampton G, et al. Profiling bladder cancer organ site-specific metastasis identifies LAMC2 as a novel biomarker of hematogenous dissemination. Am J Pathol. (2009) 174:371–9. doi: 10.2353/ajpath.2009.080538

 71. Huang D, Du C, Ji D, Xi J, Gu J. Overexpression of LAMC2 predicts poor prognosis in colorectal cancer patients and promotes cancer cell proliferation, migration, and invasion. Tumour Biol. (2017) 39:1010428317705849. doi: 10.1177/1010428317705849

 72. Nguyen CT, Okamura T, Morita KI, Yamaguchi S, Harada H, Miki Y, et al. LAMC2 is a predictive marker for the malignant progression of leukoplakia. J Oral Pathol Med. (2017) 46:223–31. doi: 10.1111/jop.12485

 73. Toloczko A, Guo F, Yuen HF, Wen Q, Wood SA, Ong YS, et al. Deubiquitinating enzyme USP9X suppresses tumor growth via LATS kinase and core components of the hippo pathway. Cancer Res. (2017) 77:4921–33. doi: 10.1158/0008-5472.CAN-16-3413

 74. Bao Y, Hata Y, Ikeda M, Withanage K. Mammalian hippo pathway: from development to cancer and beyond. J Biochem. (2011) 149:361–79. doi: 10.1093/jb/mvr021

 75. Tremblay AM, Camargo FD. Hippo signaling in mammalian stem cells. Semin Cell Dev Biol. (2012) 23:818–26. doi: 10.1016/j.semcdb.2012.08.001

 76. Mei L, Yuan L, Shi W, Fan S, Tang C, Fan X, et al. SUMOylation of large tumor suppressor 1 at Lys751 attenuates its kinase activity and tumor-suppressor functions. Cancer Lett. (2017) 386:1–11. doi: 10.1016/j.canlet.2016.11.009

 77. Salah Z, Cohen S, Itzhaki E, Aqeilan RI. NEDD4 E3 ligase inhibits the activity of the Hippo pathway by targeting LATS1 for degradation. Cell Cycle. (2013) 12:3817–23. doi: 10.4161/cc.26672

 78. Lignitto L, Arcella A, Sepe M, Rinaldi L, Delle Donne R, Gallo A, et al. Proteolysis of MOB1 by the ubiquitin ligase praja2 attenuates Hippo signalling and supports glioblastoma growth. Nat Commun. (2013) 4:1822. doi: 10.1038/ncomms2791

 79. Tzivion G, Gupta VS, Kaplun L, Balan V. 14-3-3 proteins as potential oncogenes. Semin Cancer Biol. (2006) 16:203–13. doi: 10.1016/j.semcancer.2006.03.004

 80. Raungrut P, Wongkotsila A, Champoochana N, Lirdprapamongkol K, Svasti J, Thongsuksai P. Knockdown of 14-3-3gamma suppresses epithelial-mesenchymal transition and reduces metastatic potential of human non-small cell lung cancer cells. Anticancer Res. (2018) 38:3507–14. doi: 10.21873/anticanres.12622

 81. Tang Y, Lv P, Sun Z, Han L, Zhou W. 14-3-3beta promotes migration and invasion of human hepatocellular carcinoma cells by modulating expression of MMP2 and MMP9 through PI3K/Akt/NF-kappaB pathway. PLoS ONE. (2016) 11:e0146070. doi: 10.1371/journal.pone.0146070

 82. Xiao Y, Lin VY, Ke S, Lin GE, Lin FT, Lin WC. 14-3-3tau promotes breast cancer invasion and metastasis by inhibiting RhoGDIalpha. Mol Cell Biol. (2014) 34:2635–49. doi: 10.1128/MCB.00076-14

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Qian, Zhan, Lu, Li, Long, Li, Desiderio and Zhan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	REVIEW
published: 22 May 2019
doi: 10.3389/fendo.2019.00330






[image: image2]

The MAPK Pathway-Based Drug Therapeutic Targets in Pituitary Adenomas


Miaolong Lu1,2,3, Ya Wang1,2,3 and Xianquan Zhan1,2,3,4*


1Key Laboratory of Cancer Proteomics of Chinese Ministry of Health, Xiangya Hospital, Central South University, Changsha, China

2Hunan Engineering Laboratory for Structural Biology and Drug Design, Xiangya Hospital, Central South University, Changsha, China

3State Local Joint Engineering Laboratory for Anticancer Drugs, Xiangya Hospital, Central South University, Changsha, China

4National Clinical Research Center for Geriatric Disorders, Xiangya Hospital, Central South University, Changsha, China

Edited by:
Hidenori Fukuoka, Kobe University, Japan

Reviewed by:
Odelia Cooper, Cedars-Sinai Medical Center, United States
 Sergei I. Bannykh, Cedars-Sinai Medical Center, United States
 Zhousheng Xiao, The University of Tennessee Health Science Center, United States

*Correspondence: Xianquan Zhan, yjzhan2011@gmail.com.

Specialty section: This article was submitted to Pituitary Endocrinology, a section of the journal Frontiers in Endocrinology

Received: 08 January 2019
 Accepted: 07 May 2019
 Published: 22 May 2019

Citation: Lu M, Wang Y and Zhan X (2019) The MAPK Pathway-Based Drug Therapeutic Targets in Pituitary Adenomas. Front. Endocrinol. 10:330. doi: 10.3389/fendo.2019.00330



Mitogen-activated protein kinases (MAPKs) include ERK, p38, and JNK MAPK subfamilies, which are crucial regulators of cellular physiology, cell pathology, and many diseases including cancers. For the MAPK signaling system in pituitary adenomas (PAs), the activation of ERK signaling is generally thought to promote cell proliferation and growth; whereas the activations of p38 and JNK signaling are generally thought to promote cell apoptosis. The role of MAPK in treatment of PAs is demonstrated through the effects of currently used medications such as somatostatin analogs such as SOM230 and OCT, dopamine agonists such as cabergoline and bromocriptine, and retinoic acid which inhibit the MAPK pathway. Further, there are potential novel therapies based on putative molecular targets of the MAPK pathway, including 18beta-glycyrrhetinic acid (GA), dopamine-somatostatin chimeric compound (BIM-23A760), ursolic acid (UA), fulvestrant, Raf kinase inhibitory protein (RKIP), epidermal growth factor pathway substrate number 8 (Eps8), transmembrane protein with EGF-like and two follistatin-like domains (TMEFF2), cold inducible RNA-binding protein (CIRP), miR-16, and mammaliansterile-20-like kinase (MST4). The combined use of ERK inhibitor (e.g., SOM230, OCT, or dopamine) plus p38 activator (e.g., cabergoline, bromocriptine, and fulvestrant) and/or JNK activator (e.g., UA), or the development of single drug (e.g., BIM-23A760) to target both ERK and p38 or JNK pathways, might produce better anti-tumor effects on PAs. This article reviews the advances in understanding the role of MAPK signaling in pituitary tumorigenesis, and the MAPK pathway-based potential therapeutic drugs for PAs.
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INTRODUCTION

Pituitary adenomas (PAs) are commonly benign tumors, accounting for about ten percent of intracranial tumors (1, 2), and are clinically divided into functioning PAs (FPAs) and non-functioning PAs (NFPAs) (3, 4). It can cause significant morbidity and mortality (5). The molecular mechanisms in tumorigenesis and functional regulation of PAs have been extensively studied. This review article focuses on the roles of mitogen-activated protein kinase (MAPK) in PA tumorigenesis and the MAPK pathway-based potential therapeutic targets for PAs. MAPKs mainly include three subfamilies based on the conserved Thr-Xaa-Tyr motif signature: ERK1/2, p38, and JNK (Jun N-terminal kinase) (6), which are activated by multiple factors such as growth factors and stress. The activation of ERK promotes cell proliferation; whereas, the activations of p38 and JNK promote cell apoptosis. Studies demonstrate that MAPKs are involved in multiple cellular processes, such as cell differentiation, proliferation, apoptosis, inflammation, stress responses, and immune defense (7–9).

The MAPK signaling pathways play important roles in cell dissemination, survival, and drug resistance of human cancers including PAs (2, 10–12). With the in-depth studies of the MAPK signaling pathway network, MAPK pathways-based target-specific drugs have been developed, and some drugs has been used for clinical trials; and the relevance of MAPK in response and resistance to antitumor drugs has also been recognized (Figure 1 and Table 1). Because of the important roles of MAPK signaling pathways in tumorigenesis, the use of the MAPK signaling pathways as therapeutic targets has continuously been considered as a promising strategy for cancer therapy. This review highlights new advances in the role of MAPK signaling in pituitary tumorigenesis and development, the key molecules in this pathway network, and anti-pituitary tumor drugs targeting MAPK signaling pathway.
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FIGURE 1. MAPK signaling pathways and the potential therapeutic targets. In the ERK signaling, Ras activates the serine/threonine protein kinase Raf to activate MEK1/2, then MEK1/2 phosphorylates the ERK1/2. In p38 signaling, TNF receptor-associated factor (TRAF) activates ASK1, TAK1, or MEKK1, which activates MKK3/6, and then MKK3/6 phosphorylates p38 isoforms. In JNK signaling, RAC1 activates MEKK1 or MEKK2/3 to activate MKK4/7, and then MKK4/7 phosphorylates JNK1/2/3. The ASK1 in the p38 signaling also activates MKK4/7 to crosstalk with JNK signaling. ROS means reactive oxygen species. GA means 18beta-glycyrrhetinic acid. BIM-23A760 is a dopamine–somatostatin chimeric compound. OCT means octreotide. SOM230 and OCT are somatostatin analogs. Rectangle means the potential drug targets.





Table 1. Drugs or molecules involved in MAPK signaling pathway in PAs.
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THE ERK PATHWAY IN PAS

The ERK/MAPK pathway delivers signals from cellular surface receptors via ERK pathway. Briefly, different cellular surface receptors such as EGFR, GPCR, and RKT are activated by the corresponding extracellular factors (e.g., growth factors, hormones, and stresses) to activate Ras and small GTPase. The activated Ras-small GTPase complex recruits Raf kinase to the cell membrane and activates it. Then, Raf activates MEK (MAPK and ERK kinase) through phosphorylation. The phosphorylated MEK subsequently activates ERK through phosphorylation (35) (Figure 1). Rafs include Raf-1, A-Raf, and B-Raf. Raf-1 can bind to the pro-apoptotic kinases, such as mammalian sterile-twenty-like-2 (MST2) and apoptosis signal-regulating kinase (ASK1), to involve in cell apoptosis (36). Raf-1 also exerts scaffolding function in regulation of the Rho pathway (37). Typically, cytokines and growth factors binding to TKR activate ERK1/2, which transduces the signals into its upstream Ras/Raf/MEK pathway. In PAs, H-Ras mutations have been identified in two cases of prolactinomas, which indicates that Ras/ERK takes part in regulation of PAs (38, 39). Overexpression of B-Raf is pre-dominantly observed in NFPAs (40). The downstream kinases of B-Raf in ERK MAPK pathway are also over-activated in NFPAs, growth hormone (GH)-secreting PAs, ACTH-secreting PAs, and prolactinomas. The phosphorylation levels at pSer217/221 of MEK 1/2 and pThr183 of ERK1/2 are significantly increased in these PAs compared to controls (41), which indicates that Raf/MEK/ERK pathway acts as a pro-proliferative role in PAs.


The Effects of ERK MAPK on Different-Origin PAs

The effect of ERK signaling on PAs depends on the PA subtypes. (i) In lactotroph cells, the ERK signaling exerts different effect on cell proliferation based on the exposure time. Short-time activation of the ERK (24–96 h) leads to increased proliferation in rat pituitary lactotroph or somatolactotroph cell lines in vitro (42, 43). However, long-time activation of ERK (over 6 days) promotes somatolactotroph cell differentiation into a lactotroph cell phenotype, and then decreases proliferation and tumorigenicity with time (44). Thus, persistent activation of ERK signaling produces anti-proliferative and anti-tumorigenic effects in somatolactotroph cells. (ii) In somatotroph cells, ERK signaling produces pro-proliferative effects. Protein kinase A (PKA) and C (PKC) pathways regulate ERK signaling. PKA pathway activates ERK signaling, and leads to improved proliferation in GH-secreting cells. PKC stimulates ERK signaling and increases cell proliferation through regulating GH-releasing hormone (GHRH) (45). ERK pathway is necessary for somatotrophs to produce GH. In somatotroph PAs, GH-releasing hormone (GHRH) can promote cell proliferation through activating ERK signaling (46). In addition to regulation of cell proliferation, ERK signaling also contributes to GH secretion by somatotrophs (47). Somatostatin (SST) analogs are used in clinical treatment of GH-secreting PAs due to its anti-proliferative effect on somatotroph cells. SST treatment results in a reduction of pERK1/2 expression and a significant increase in p27 protein expression. In addition, cell proliferation is driven by cell cycle which is regulated by a series of cyclins and cyclin dependent kinases (CDKs). A cyclin-dependent kinase (CDK) inhibitor has a negative effect on cell-cycle progression which has a synergistic effect with SST analogs (13). (iii) In gonadotroph cells, gonadotropin-releasing hormone (GnRH) can activate ERK, p38, and JNK signaling in the LβT2 gonadotroph cell lines to contribute to production of luteinizing hormone (LH), and GnRH phosphorylated ERK via PKC-dependent pathways (48). Most of NFPAs originate from gonadotroph cells where B-Raf is upregulated and ERK is over-activated relative to control pituitary tissues (40, 49). (iv) In thyrotroph cells, ERK cascade has anti-proliferative effects. The ERK pathway is activated to cause growth arrest after thyrotroph adenomas are treated with thyroid hormone (50). And (v) In corticotroph cells, ERK signaling is activated to produce pro-proliferative effects (51).



ERK MAPK Pathway-Targeted Pharmacological Treatments of PAs

Somatostatin (SST) Analogs Treatment

SST inhibits cell growth, through G protein-coupled receptors to inhibit the release of growth factors and angiogenesis, and increases apoptosis. The majority of NFPAs express SST receptors on cell membranes. An appropriate concentration of SST analogs (octreotide or SOM230) can inhibit the release of GH, prolactin (PRL), and their α-subunit in GH-secreting PAs, PRL-secreting PAs, ACTH-secreting PAs, and NFPAs, respectively (14–18). Their anti-tumor effects are in that SST analogs can inactivate ERK signaling pathways; for example, octreotide acts on both ERK and PI3K/Akt signaling pathways, and SOM230 acts on ERK signaling pathway (13, 52). Octreotide can bind to and activate SST receptor subtype-2 (SSTR2) and SSTR5, while pasireotide (SOM230) can activate SSTR1, 2, 3, and 5 (53, 54). A study shows that octreotide or SOM230 reduces cell proliferation and pERK1/2 expression in rat somatotroph cell line GH3 (13). Octreotide also blocks the transient G0/G1 cell cycle to produce a cytostatic effect on GH3 cell proliferation (55). SST analogs (octreotide and pasireotide) also decrease secretion of LH induced by GnRH in LβT2 cells (19), and inhibit NFPA cell viability in vitro (56–59). The SST analogs are the primary medical therapy to treat acromegaly for maintenance of GH homeostasis and shrinkage of tumor size (60–62). Moreover, octreotide and lanreotide bind with high affinity to SSTR2, and with low affinity to SSTR3 and SSTR5. The decreased expression of SSTR2 in tumor is associated with lack of response to SST analogs (63, 64). Some studies demonstrate that SST analogs exert their anti-proliferative effects on somatotroph cells through inhibition of ERK signaling (13).

Dopamine and Dopamine Agonists Treatment

Hypothalamic dopamine suppresses the production of pituitary PRL (65). Dopamine acts via the D2 receptor to inhibit cAMP/PKA and MAPK signaling pathways to control PRL-secretion and lactotroph proliferation (20). Dopamine agonists such as bromocriptine (BRC) and cabergoline (CAB) are primary medical therapy drugs for prolactinomas and idiopathic hyperprolactinemia and prolactinomas (66). Dopamine agonists target the dopamine D2 receptor (D2R) subtype to exert its anti-tumor effects. D2R-activated ERK signaling cascades inhibit the synthesis and release of PRL in the pituitary. D2R includes D2L and D2S isoforms. Overexpression of D2L elevates PRL, and overexpression of D2S reduces PRL. The ratio of D2L to D2S affects PRL-secretion of lactotroph cells (67). A study shows that when pituitary tumor cells are treated with dopamine, D2S activation stimulates ERK signaling to inhibit lactotroph cell proliferation (68).

TGFβ Treatment

TGFβ is widely considered to be a tumor suppressor (69). However, TGFβ1 produces weak growth inhibitory effect on pituitary tumor cells. TGFβ mainly uses Smad signaling pathway to convey signals from cytosol to nucleus to regulate expression of genes that control cell cycle progression (70). In addition, TGFβ can also use non-Smad signaling pathway to convey signals, such as MAPK pathway (71). TGFβ1 treatment decreases pituitary tumor cell proliferation, and this inhibitory effect is amplified by MEK inhibitors, because TGFβ1/Smad pathway cross-talks with MEK/ERK1/2 pathway (23). It clearly demonstrates that inhibition of MEK/ERK1/2 pathway synergizes with TGFβ1 to inhibit pituitary tumor cell proliferation.



Potential Targets Related to ERK MAPK Signaling Pathway for PA Treatment

Components and regulators of the ERK MAPK pathway are all potential targets for treating pituitary tumors. (i) Raf kinase inhibitory protein (RKIP). RKIP is a modulator of MAPK signaling, which inhibits Raf-1 phosphorylation to inhibit Ras/Raf-1/MEK/ERK signaling pathway (72–74). RKIP interferes with Raf-1 in several mechanisms. One is that Raf-1 binding to RKIP causes the conformational change of Raf-1 (75). Another is that RKIP inhibits phosphorylation of MAPK-MEK-1 to interfere with the interaction between two kinases (76). Moreover, protein kinase C (PKC) can negatively regulate the roles of RKIP because PKC phosphorylates RKIP to cause the separation of RKIP from Raf-1 (73). Studies demonstrate that the low expression level of RKIP in GH-secreting adenomas is correlated with less GH and IGF-1 reduction with SST analog therapy because RKIP can inhibit the phosphorylation of Raf1 kinase to attenuate the activity of MAPK signaling pathway (28).

(ii) Epidermal growth factor pathway substrate number 8 (Eps8). Over-expression of Eps8 and over-activation of Raf, MEK, and ERK in the ERK signaling pathway promote cell proliferation and survival in PAs (41). Also, Eps8 is a substrate of receptor tyrosine kinases (RTKs) in the ERK signaling pathway (Figure 1), which can enhance EGF-dependent mitogenic signaling (29). Eps8 expression is significantly higher in human gonadotroph adenomas relative to controls. Upregulation of EGFR protein and phosphorylation of ERK are demonstrated in Eps8-overexpressing LβT2 cells. EGF ligand stimulation leads to increased proliferation in Eps8-overexpressing LβT2 cells. MAPK kinase inhibitor (PD98059) can abrogate the proliferative effects. Silence of Eps8 also inhibits cell proliferation, which suggests that Eps8 promotes pituitary tumor cell proliferation through enhancing the Raf/MEK/ERK signaling (30). Therefore, Eps8 is a potential drug target for PA treatment.

(iii) Retinoic acid (RA). RA has antiproliferative effect in corticotroph cell, and long-term treatment with RA has some clinical efficacy in patients with Cushing's disease (77). The mechanism of RA anti-tumor effects is shown with the expression of TMEFF2 (transmembrane protein with EGF-like and two follistatin-likedomains) that inhibits phosphorylation of AKT and ERK1/2 (31). TMEFF2 is significantly downregulated in corticotropinomas relative to control tissues, which suggests that TMEFF2 might be a tumor suppressor. Silence of TMEFF2 in pituitary corticotroph cell line AtT20 promotes cell proliferation, while over-expression of TMEFF2 inhibits cell proliferation (31). Thus, TMEFF2 is a potential therapeutic target for ACTH-secreting adenomas.

(iv) Cold inducible RNA binding protein (CIRP). The underlying mechanism of cold-shock protein (CIRP) in its role in tumorigenesis is through its induction of cyclinD1 which decreases p27 expression via ERK1/2 signaling (32, 78). CIRP is significantly upregulated at the mRNA and protein levels in multiple cancers (79, 80), including human corticotroph adenomas relative to normal pituitary tissues. CIRP over-expression is associated with recurrence of corticotroph adenomas in murine models (32). CIRP-overexpressing AtT20 cells have increased cell proliferative abilities. Tumor xenografts generated by CIRP-overexpressed AtT20 cells are significantly larger than AtT20 cells with normal level of CIRP expression.




THE P38 PATHWAY IN PAS

The p38 MAPK includes isoforms p38α, p38β, p38γ, and p38δ, with ~60% of sequence similarity among four isoforms (81). Of these, p38α (MAPK14) and p38β (MAPK11) are highly expressed in various tissues, p38γ (MAPK12/ERK6) in muscle, and p38δ (MAPK13/SAPK4) in lung and kidney (34, 82). The p38 MAPK plays vital roles in cell responses to stimulators, including proinflammatory cytokines and environmental stresses such as ultraviolet irradiation and heat shock; and is involved in cellular differentiation, cell migration, and inflammation. Activation of p38 kinases are due to phosphorylations at Thr180 and Tyr182 within Thr-Gly-Try motif (83). This canonical phosphorylation is regulated by MKK3 and MKK6, which are highly selective for p38 MAPKs (84–86) (Figure 1). There exist a large body of substrates of p38 MAPKs both in cytoplasm and nucleus, such as transcription factors (p53, MEF2, CHOP, and ATF2), and other protein kinases (MNK1/MNK2, and MSK1/MSK2) which in turn phosphorylate other important proteins (Hsp27, and eIF-4E) (81). In PAs, p38 MAPK plays an important role in immune escape. Tumor immune escape means that tumor cells escape from the body's immune system recognition and attacking to survive and proliferate in the body. When tumor cells appear in the healthy body, the body's immune surveillance system can recognize and specifically remove these “non-self” tumor cells through natural and acquired immunity to prevent the development of tumors (87). However, in some cases, malignant cells can escape the immune surveillance of the body through various mechanisms to rapidly proliferate and form tumors. Studies demonstrate that phosphorylated p38 stimulates the expression of matrix metalloproteinase 9 (MMP9), which is involved in accelerating the process of tumor immune escape (88). In addition, studies based on murine gonadotroph cells LβT2 reveal that mammalian sterile-20-like kinase (MST4) is upregulated in the levels of mRNA and protein to promote cell proliferation by activating p38 MAPK and AKT during long-term hypoxia (89).


PA Treatment Related to p38 MAPK Signaling

Previous studies demonstrate that p38 MAPK is associated with apoptosis, and drugs that activate this pathway can thereby induce apoptosis in pituitary tumor cells. A study found that dopamine agonists such as BRC and CAB activate p38 pathway to induce cell apoptosis; for example, when BRC is used to treat rat lactosomatotroph GH3 cells, BRC activates p38 MAPK and promotes cell apoptosis. Moreover, p38 MAPK inhibitors (SB202190, SB203580) completely inhibit BRC-induced p38 MAPK activation and cell apoptosis (21). Similarly, CAB also activates p38 MAPK and induces apoptosis in PRL-D2S cells (22). In addition to dopamine agonists, the natural compound 18beta-glycyrrhetinic acid (GA) extracted from liquorice can induce several types of tumor cell apoptosis (24, 90). In rat PA cells MMQ and GH3, GA can induce cellular damage, decrease cell viability, and cause G0/G1 phase arrest to contribute to cell apoptosis (91). GA can enhance the phosphorylation of JNK and p38, and these effects are abrogated through pretreatment with JNK inhibitor (SP60125) or p38 inhibitor (SB203580). Furthermore, the fact that ROS inhibitor (NAC) abolished the activation of JNK and P38 suggests that GA exerts the anti-PA effects by activating ROS/MAPKs (JNK and P38)-dependent pathway (91). BIM-23A760, a dopamine-somatostatin chimeric compound, by activating p38 and ERK1/2, inhibits cell proliferation and demonstrates cytotoxic effects in primary culture of NFPAs (25).



Potential Targets Related to p38 MAPK Signaling Pathway for PA Treatment

In recent years, with the development of next-generation sequencing (NGS), a large number of non-coding RNAs have been identified (92, 93). Non-coding RNAs not only deepen our understanding of tumorigenesis and development, but also provide new directions for the diagnosis and treatment of tumors. Studies demonstrate that microRNA-16 (miR-16) is significantly downregulated in PAs compared to the healthy controls, and overexpression of miR-16 reduces the protein expressions of phosphorylated p38, VEGFR2, MMP-9, and NF-kB in HP75 cells, which suggests that miR-16 is involved in PA cell proliferation and angiogenesis via VEGFR2/p38/NF-κB pathway (94). Studies show that miR-16 suppresses MEK1 expressions thereby inhibiting ERK/MAPK pathway activity, leading to inhibition of cell proliferation, cell-cycle arrest, and apoptosis in PAs (33). Therefore, miR-16, as a regulator of p38 MAPK, might be a diagnostic biomarker and a target of PAs. In addition, based on miR-6-related studies, miR-6-protein and/or miR-6-lncRNA interactions are also worth further exploring for discovery of potential therapeutic targets. Further, MST4 promotes cell proliferation by activating p38 MAPK under long-term hypoxia. Therefore, MST4 might be a target for PA treatment (34).




THE JNK MAPK PATHWAY IN PAS

The JNK MAPK pathway is mainly activated by various stress stimuli, including oxidative stress, UV irradiation, osmotic shock, heat shock, and proinflammatory cytokines (95), and plays vital roles in controlling proliferation, cell growth, apoptosis, inflammatory, and immune responses (96–98). JNK includes three isoforms: JNK1 and JNK2 are extensively distributed in different tissues, and JNK3 is mainly expressed in testis, heart, and brain (99, 100). JNK is activated by a cascade reaction: stress signals are delivered by small GTPases (Rac, Rho, and cdc42) to a series of kinase cascades, and eventually MKK4/7 activates JNKs (101). In addition, MKK4/7 can also be activated by a member of the germinal center kinase (GCK) family to activate JNKs (95). Moreover, MKK4 might also activate p38 MAPKs (p38α and p38δ), which lets JNK pathway cross-talk with p38 MAPK pathway (34). The activated JNKs are translocated from cytoplasm to nucleus where it can regulate the activity of multiple transcription factors (ATF-2, Elk-1, Smad4, p53, NFAT4, and Stat3) (102).

JNK pathway has been reported to be involved in many kinds of cancers, including retinoblastoma, melanoma, colorectal cancer, breast cancer, and ovarian cancer; and these cancers exhibit the elevated JNK activities (103–107). While there are limited studies on the role of the JNK pathway in the initiation and progression of pituitary tumors, several studies have demonstrated that alteration of JNK in the pituitary gland could be associated with pituitary tumoregensis. For instance, mice with a conditionally inactivated JNK1 in nestin-expressed cells (JNK1ΔNES) are used to study the effects of JNK1 signaling on glucose metabolism. Unexpectedly, the decreased somatic growth and increased thyroid axis activities are observed in JNK1ΔNES mice with decreased levels of circulating GH and IGF1 (108). Another study shows that ablation of Jnk genes in anterior pituitary gland of mice leads to increased energy expenditure, and decreased obesity compared to control mice; and pituitary thyroid-stimulating hormone (TSH) and blood thyroid hormone (T4) are increased (109). Thus, JNK signaling might be involved in pituitary tumorigenesis (110).


JNK MAPK Pathway-Targeted Pharmacological Treatments of PAs

The first one is ursolic acid (UA), a triterpenoid compound found in food, medical herbs, and other plants (111), which has antitumor effects in a number of tumors such as hepatocellular carcinoma, melanoma, breast cancer, colorectal cancer, bladder cancer, and prostate cancer (112–117). In the treatment of PAs, UA decreases cell viability and induces apoptosis in AtT20 cells by upregulating JNK phosphorylation. JNK signaling can also cross-talk with UA-induced mitochondrial apoptotic signaling transduction through phosphorylation and degradation of Bcl-2 (26). Moreover, GA, as described above, can induce cellular cytotoxicity and apoptosis by enhancing the phosphorylation of JNK. With further research progress, it is strongly believed that more drugs will be developed to target JNK MAPK pathway.




THE MAPK PATHWAY NETWORK IN PAS

ERK, p38, and JNK signaling pathways both independently and concordantly contribute to pituitary tumorigenesis. Thus, some chemotherapeutic drugs for PAs may target several subfamilies of the MAPK signaling pathway at the same time. For example, fulvestrant is an estrogen receptor antagonist without agonist effects (118), which is approved in the EU and USA to treat post-menopausal women who have hormone-sensitive advanced breast cancer, after prior antiestrogen therapy (119). In the treatment of PAs, recent studies reveal that fulvestrant significantly suppresses the cell viability and invasion of rat PA GH3 cells by simultaneous regulation of ERK1/2, JNK1/2, and p38 signaling pathways (27). GA exerts anti-tumor effects against PAs through enhancing the activations of JNK and p38 MAPK signaling pathways (91). BIM-23A76 that is a dopamine-somatostatin chimeric compound demonstrates the function of inhibiting cell proliferative and cytotoxic effects by activating p38 and ERK1/2 (25).

The comprehensive pathway-network analysis of multiple sets of proteomic data in PAs (120–124) reveals that MAPK signaling abnormalities, including ERK-MAPK signaling pathway, are significantly associated with PAs (125), and that some important molecules such as ERK, p38, JNK, Ras, Akt, NF-kB, TNF, and TGFb1 in MAPK signaling pathway network are identified in human PAs. In addition, the regulatory effect of MAPK cascades on cell differentiation, proliferation, survival and apoptosis interact with other transduction pathways (126). For instance, both PI3K-Akt and Raf/MEK/ERK pathways synergistically promote cell proliferation at the initial stage of PAs (127). Another study demonstrates the critical role of ERK1/2 and cAMP in determination of tumoural phenotype in PAs (128). Thus, a combination of drugs that target pathways which cross-talk with MAPK signaling may produce a more effective treatment for PAs.

In the MAPK network system in PAs, the activation of ERK is generally thought to promote cell proliferation and growth; whereas the activations of p38 and JNK are generally thought to promote cell apoptosis. The MAPK signaling pathway can be targeted by several mechanisms. Two types of combination strategies can be used: (i) A single drug to target ERK pathway and p38 or JNK pathway. For example, BIM-23A76 inhibits cell proliferation through targeting ERK1/2 pathway, and promotes cytotoxic effects through targeting p38 pathway (25). And (ii) multiple drugs to target different ERK and p38 or JNK pathways, such as ERK inhibitor (e.g., SOM230, OCT, or dopamine) plus p38 activator (e.g., cabergoline, bromocriptine, and fulvestrant) and/or JNK activator (e.g., UA). Also, fulvestrant can target both p38 and JNK pathways to promote the cell apoptosis for cell cytotoxic effects. These MAPK pathway-based combination therapies might produce better anti-cancer effects on PAs.



CONCLUSION

This review summarized the studies of MAPK signaling in pituitary tumorigenesis. We discussed some important molecules involving in MAPK signaling pathway and potential drugs targeting the MAPK signaling (Figure 1 and Table 1). The ERK-MAPK signaling, p38-MAPK signaling, and JNK signaling all play important roles in PAs. Some therapeutic drugs exert anti-tumor effects by targeting one of these pathways or all these three pathways at the same time. MAPK signaling is a very complex network, and always interacts with other pathways such as PI3K and cAMP pathway to affect tumor progression. The latest development of MAPK signaling in PAs and the related anti-tumor drugs targeting MAPK signaling pathways would provide new insights on PA pathogenic mechanisms and pre-clinical data for treatment.
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Mitochondrion is a multi-functional organelle, which is associated with various signaling pathway networks, including energy metabolism, oxidative stress, cell apoptosis, cell cycles, autophagy, and immunity process. Mitochondrial proteins have been discovered to modulate these signaling pathway networks, and multiple biological behaviors to adapt to various internal environments or signaling events of human pathogenesis. Accordingly, mitochondrial dysfunction that alters the bioenergetic and biosynthetic state might contribute to multiple diseases, including cell transformation and tumor. Multiomics studies have revealed that mitochondrial dysfunction, oxidative stress, and cell cycle dysregulation signaling pathways operate in human pituitary adenomas, which suggest mitochondria play critical roles in pituitary adenomas. Some drugs targeting mitochondria are found as a therapeutic strategy for pituitary adenomas, including melatonin, melatonin inhibitors, temozolomide, pyrimethamine, 18 beta-glycyrrhetinic acid, gossypol acetate, Yougui pill, T-2 toxin, grifolic acid, cyclosporine A, dopamine agonists, and paeoniflorin. This article reviews the latest experimental evidence and potential biological roles of mitochondrial dysfunction and mitochondrial dynamics in pituitary adenoma progression, potential molecular mechanisms between mitochondria and pituitary adenoma progression, and current status and perspectives of mitochondria-based biomarkers and targeted drugs for effective management of pituitary adenomas.
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INTRODUCTION

Pituitary adenomas are intracranial tumors that develop in the pituitary gland, and account for 10 to 25% of all intracranial neoplasms. Most pituitary adenomas are benign, nearly 35% sufferers present invasiveness and just 0.1–0.2% are diagnosed as carcinomas (1). Pituitary adenomas are commonly divided into functional pituitary adenomas, and non-functional pituitary adenomas according to the clinical level of hormone secretion (2). Functional pituitary adenomas are hormone-secreting pituitary adenomas that could cause hyperpituitarism, such as Cushing's syndrome, acromegaly, and hyperprolactinaemia; and non-functional pituitary adenomas are non-hormone-secreting pituitary adenomas (3). Pituitary adenomas are also divided into microadenomas (<10 mm) and macroadenomas (≥10 mm) according to tumor size (4). The clinically chief complaints of pituitary adenomas are visual field defects, headache, and increased intracranial pressure, which are usually derived from a compression of the neighboring tissues and structures. Another type of clinical problem is an inappropriate hormone secretion in hormone-secreting pituitary adenomas (5).

Currently, high-throughput omic technologies have been extensively used to study pituitary adenomas (6) from a multi-parameter systematic biology angle to overcome the irrationality that use a single molecule as biomarker for accurate predictive, preventive, and personalized medicine (PPPM) practice, because numerous molecules alter at the different levels of DNAs (genome), RNAs (transcriptome), proteins (proteome), and metabolites (metabolome), and are involved in different pathway network systems for tumorigenesis (7). Among the field of multiomics, transcriptomics, and proteomics are two important ways to systematically study the functions of genes (8, 9). Thousands of differentially expressed genes have been identified in human pituitary adenomas (10–12), which have addressed at a certain degree the functions of genes. However, transcriptiomics study cannot fully reveal the functions of genes, because proteins are the final performer of the corresponding genes, there are lots of regulations and modifications occurred in the process from mRNA to proteins. The number of proteins is much more than the number of transcripts, and the correlation coefficient only reaches 0.4 between proteomics and transcriptomics (13, 14). Therefore, proteomics is a more important way to address the functions of genes, especially subcellular proteomics such as mitochondrial proteomics is an effective method to reveal the specialized functions of a organelle to associate with a given diseases such as cancer (15). Currently mitochondrial proteomics has become a research hotpot because mitochondria are ubiquitously subcellular organelles responsible for providing energy to eukaryotic cells, and are the key links of metabolism, oxidative stress, cell apoptosis, cell cycles, autophagy, and immunity process (16), which are involved in a wide range of diseases including cancers (17). This review article will mainly focus on the mitochondrial dysfunction pathway alterations in pituitary adenomas from a systematic viewpoint.

Pituitary adenoma proteomics-based molecular network study have revealed that mitochondrial dysfunction, oxidative stress, cell cycle dysregulation, and MAPK signaling abnormality are significantly associated with the pathogenesis of pituitary adenomas (18–21). Mitochondria are actually center of oxidative stress, which clearly demonstrate that mitochondrial dysfunction pathway plays important roles in pituitary adenomas. Furthermore, electron microscopy morphology study demonstrates that mitochondria are abundantly filled in cytoplasm of pituitary oncocytoma cells (22–24). Some studies demonstrate that the volume of mitochondria is different among different subtypes in pituitary adenomas; for example, the volume of mitochondria of prolactinoma is larger than acromegaly (25). More important are that some drugs targeting mitochondria have been reported as a therapeutic strategy for pituitary adenomas (Table 1) (26–39), including melatonin, melatonin inhibits, temozolomide and pyrimethamine, 18 beta-glycyrrhetinic acid, gossypol acetate, Yougui pill, T-2 toxin, grifolic acid, and paeoniflorin. Those evidences clearly demonstrate the important roles of mitochondrial biological functions and dynamic shift in pituitary adenoma pathogenesis, however, their molecular mechanisms remain unclear yet (2, 40). Mitochondria-based study might provide new insights into molecular mechanisms of pituitary adenomas, discover new biomarkers and molecular targets for effective management of pituitary adenomas. This review article discusses observations in the context of how mitochondrial dysfunction can influence the biological status in pituitary adenoma, including energy metabolism, oxidative stress, cell apoptosis, autophagy, and immunity (Figure 1; Table 2).


Table 1. Some drugs targeting mitochondria as a therapeutic strategy for pituitary adenomas.
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FIGURE 1. Mitochondrial functions. Emerging data show that mitochondria are associated with energy metabolism, oxidative stress, cell apoptosis autophagy, and immunity process in pituitary adenomas.



Table 2. Mitochondrial dysfunction pathway in the pathogenesis of pituitary adenomas.
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MITOCHONDRIAL DYSFUNCTION-MEDIATED REPROGRAMMING ENERGY METABOLISM

Energy metabolism alterations are an emerging hallmark in tumor, which are still an unresolved issue that how energy metabolism system plays in formation and progression of tumors or metastases. Tumor cell energy metabolism has mainly focused on glucose metabolism and lipid metabolism. The metabolism of glucose to lactic acid in the presence of oxygen have been recognized in cancer cells, commonly called the Warburg effect (63). Further, the reverse Warburg effect put forward in 2009 provides complementary mechanisms for cancer energy metabolism (64). In addition, novel evidence is shedding light on alterations in lipid metabolism-associated pathways that have been discussed for past years. A gene expression study find that the upregulated lipogenesis pathways are associated with poor survival outcomes (65), and the elevated levels of lipid droplets are associated with cancer aggressiveness, which has been proposed to predict prognosis of cancer (66). More interesting is that lipids could be transferred from adipocytes to cancer cells by co-culture condition to promote cancer cell growth (67). It clearly indicates that lipid metabolism disorder is closely associated with tumorigenesis, whose study would be significantly enhanced with the development of lipidomics based on electrospray ionization/mass spectrometry (ESI-MS) (68).

The citric acid cycle, oxidative phosphorylation (OXPHOS), and fatty acid beta-oxidation occur in the matrix of the mitochondrion in eukaryotic cells. Mitochondrial dysfunction is closely associated with energy metabolism reprogramming to associate cancer formation or progression (69). In the Warburg and reverse Warburg effects, cancer cells have metabolic symbiosis with mesenchymal cells, especially cancer-associated fibroblasts (CAFs), namely cancer cells produce reactive oxygen species (ROS) to induce oxidative stress and aerobic glycolysis of CAFs; in turn, CAFs produce lots of nourishments (especially lactate and pyruvate) to feed the adjacent cancer cells to produce more ATPs (64). The reverse Warburg effect shows metabolic interplay between high glycolytic cells and mitochondrial OXPHOS activates cells via lactate shuttle. Important enzymes involved in mitochondrial OXPHOS include the enzymes in the citric acid cycle and electron transport chain. The citric acid cycle is a series of enzymatic reactions to release energy through the oxidation of acetyl-CoA into ATP and carbon dioxide. The citric acid cycle is undergoing 10 steps to complete ATP production with a series of enzymatic reactions, including citrate synthase, aconitase, isocitrate dehydrogenase, α-ketoglutarate dehydrogenase, succinyl-CoA synthetase, succinate dehydrogenase, fumarase, and malate dehydrogenase. OXPHOS is the metabolic pathway in which cells use enzymes to oxidize nutrients for releasing energy to produce ATP. The eukaryotic electron transport chain contains NADH-coenzyme Q oxidoreductase (complex I), succinate-Q oxidoreductase (complex II), Q-cytochrome c oxidoreductase (complex III), cytochrome coxidase (complex IV), and ATP synthase (complex V). Furthermore, fatty acid molecules are broken down in the eukaryotic mitochondria to transform into acetyl-CoA to enter the citric acid cycle, and generate NADH and FADH2 that are co-enzymes used in the electron transport chain (Figure 2).


[image: Figure 2]
FIGURE 2. Mitochondrial physiology. Acetyl-CoA enters the mitochondrion via pyruvate or fatty acids. Pyruvate is imported through the mitochondrial inner membrane by the pyruvate dehydrogenase complex (PDC), and is oxidatively decarboxylated to produce acetyl-CoA. Fatty acids form acyl-CoA in the cytosol, and are transported into mitochondrion through carnitine (CAT) for β-oxidation. Acyl-CoA enters the citric acid cycle, and generates NADH and FADH2 (co-enzymes used in the electron transport chain) to produce ATP.


Mitochondria are the main location of energy metabolism pathways (citric acid cycle, OXPHOS, and fatty acid beta-oxidation). Some mitochondria-associated proteins have been reported to play a critical role in pituitary adenomas. For example, overexpression of lactate dehydrogenase A significantly promotes proliferation and invasion of pituitary adenomas, and positively correlates with higher Ki-67 index (41). Mutant succinate dehydrogenase in the citric acid cycle occurs in the pituitary adenomas (42). In addition, DNA sequencing-based genotypic studies demonstrate identical IDH1 mutations (c.394 C > T) in pituitary adenomas tissues (43). The high frequency of respiratory complex I mutations are found in mitochondrial DNA in a large panel of oncocytic pituitaries, which indicates dysfunction of respiratory complex I to cause instability of HIF1alpha in pituitary adenomas. Briefly, mutations in the mitochondria-coded MT-ND1 gene, an important composition of respiratory complex I, is closely associated with energy metabolic impairment to influence balance of succinate and alpha-ketoglutarate, which leads to the abnormal citric acid cycle metabolites (succinate and alpha-ketoglutarate) to be responsible for HIF1alpha stabilization in pituitary adenomas (44). The multifunctional succinate dehydrogenase (SDH) is located in the inner membrane of mitochondria, and serves as a critical step in Krebs cycle and a crucial member of the respiratory chain. SDH subunit D (SDHD) mutation is found in an aggressive GH-secreting pituitary adenoma, indicating SDHD mutation might link to the progression of pituitary adenomas (45). The study on SDH subunit B (SDHB) (+/–) mice finds that SDHx-deficiency is a main initiator to result in the cascade of molecular events for the formation of pituitary adenomas (46). The whole-exome sequencing analysis of pituitary oncocytomas found mitochondrial DNA mutations, respiratory complex I dysfunction, and reductions of lactate and lactate dehydrogenase A (LDHA) (48). Besides glycometabolism change, lipid metabolism is also alerted in pituitary adenomas. The gene microarray analysis of miRNAs expression profile between invasive and non-invasive non-functional pituitary adenomas finds that fatty acid metabolism plays a prominent role in pituitary adenomas (47). Therefore, energy metabolism alteration plays important roles in pituitary adenomas with high metabolic demand, which also influences cell proliferation, growth, and angiogenesis. The development of new drugs targeted mitochondria might be an new approach to block energy metabolism pathways for effective treatment of pituitary adenomas (70).



MITOCHONDRIAL DYSFUNCTION-MEDIATED OXIDATIVE STRESS

Oxidative stress reflects an imbalance between free radical/reactive oxygen/nitrogen species (ROS/RNS) productions and endogenous antioxidant defense mechanisms in the cells and body, which results in damage to proteins, DNA, membrane, and cellular organelles so on (71). ROS/RNS can be beneficial because they take part in attacking and killing pathogens by the immune system (72). Short-term oxidative stress might also be meaningful in prevention from aging (73). However, oxidative stress is also involved in the development of various diseases including cancers (74–79). Severely oxidative stresses even cause cell death, apoptosis, necrosis, cell migration, fibrosis, and angiogenesis. The lipid peroxidation of fatty acids as a type of oxidative stress increased ROS/RNS to injury bilayer lipid membranes. The secondary products of lipid peroxides such as malondialdehyde, aldehydes, 4-hydroxynonenal (HNE), hexanal, or acrolein have very long and broad effects (80).

Elevated level of ROS was a key constituent in cancer survival and resistance to treatment. The mitochondrial OXPHOS system is the major sites where produce endogenous ROS, including OH and superoxide radicals ([image: image]) (81). Mitochondrial complexes I, II, and III play a crucial role in the generation of mitochondrial ROS. Electrons tend to be leaky at complexes I and III to cause the incomplete reduction of oxygen to generate a free radical such as superoxide (80). Mitochondrial dysfunction could result in the increased ROS in cancer cells to mediate tumor-related signaling pathways and activate pro-oncogenic signaling, which regulate cancer progression, angiogenesis, metastasis, and survival (Figure 3). Although increased ROS does not benefit the cancer cell survival, however, antioxidant substance system is also activated in cancer cells to help cancer cell death escape (82). Moreover, the presence of mitochondrial nitric oxide synthase (mtNOS) provided the opportunity to review complementary aspects of mitochondrial physiology. The mtNOS could cause the generation of a partial nitric oxide (NO) in mitochondria (83), besides large amounts of NO produced by inducible NOS (iNOS) in pathophysiological status (84). NO can react quickly with the superoxide radicals to generate more toxic peroxynitrite anion (ONOO−) or hydroxyl radical (.OH). Mitochondria, as generators and targets of NO, determine the steady-state of NO though modulating the rates of consumption and production at the subcellular levels. Thus, mtNOS plays a crucial role in this process, which was activated by calcium and transcriptional/translational regulation (85). Furthermore, NO production in mitochondria was still decided by subcellular localization of mtNOS due to post-translational modification or protein-protein interactions. Therefore, mitochondria could produce NO by temporospatial distribution of mtNOS, and receive NO signal to regulate mitochondrial events (86).
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FIGURE 3. Mitochondrial generation of ROS. Complexes I, II, and III (complexes located on electron transport chain) play a pivotal role in the generation of ROS during the process of oxidative phosphorylation. The increased ROS regulated cancer progression, angiogenesis, metastasis, and survival.


It needs further study for imbalance of ROS and RNS production resulted from mitochondria dysfunction in pituitary adenomas. Many studies found the presence of ROS/RNS in human pituitaries, and the increased activities of ROS/RNS in pituitary adenoma compared to control tissues (41, 49). Also, oxidative stress in pituitary adenoma cells is accompanied by mitochondria swelling during tumor development, and associated with an increased fusion process and augmented biogenesis. An activation of the nuclear factor erythroid 2 like 2 (Nrf2) pathway and the reduction of oxidative damage signals were also observed during tumor development, which might provide survival advantages to pituitary adenoma cells (50). ROS pathway tends to be a medium in human pituitary cells. The pro-apoptotic effects are regulated partly by the dopamine transporter in GH3 pituitary cell lines, and involve oxidative stress as well as ROS formation. The use of only dopamine to treat hypophysis cells found that intracellular ROS was increased rapidly, and antioxidant N-acetyl-L-cysteine effectively inhibited dopamine-induced ROS generation and apoptosis (51). These data clearly demonstrated that ROS formation was closely related to signaling pathways in pituitary adenomas to affect tumor biological behavior. Studies found that 18beta-glycyrrhetinic acid had significantly antitumor effects on pituitary adenomas because this drug activated mitochondria-mediated ROS-mitogen-activated protein kinase (MAPK) pathways to induce cell apoptosis in pituitary adenomas, and that these activating effects were attenuated in pituitary adenomas by pretreatment with N-acetyl-L-cysteine, a ROS inhibitor (29). Moreover, many studies found the presence of NOS in human pituitaries, and NOSs were markedly higher expressed in invasive relative to non-invasive pituitary adenomas (52). NO mediated oxidative stress in pituitary adenoma cell lines to induce caspase-dependent apoptosis (53). Another study found that serum NO concentration was significantly decreased after the surgery of patients with pituitary adenomas (n = 21), thus monitoring serum NO level after pituitary adenoma surgery might benefit the prediction of its occurrence (54).

Thereby, oxidative stress has been considered as one of essential factors to contribute in the pathogenesis of pituitary adenomas. However, its molecular mechanisms remain unclear. The previous studies have been provided clues to the mechanism; for example, “mitochondrial theory of aging” increased production of ROS with altered expression of caveolae (87). It is meaningful to explore the roles of oxidative stress-mediated apoptosis, ER stress, DNA damage, metabolism, autophagy, migration, and anticancer drugs. The in-depth understanding of the relationship between oxidative stress and mitochondrial dysfunction might benefit improvement of chemotherapeutic approaches based on ROS/RNS-modulating drugs in the treatments of pituitary adenomas.



MITOCHONDRIAL DYSFUNCTION-MEDIATED CELL APOPTOSIS DYSREGULATION

Apoptosis is a gene-controlled form of programmed cell death, and is closely related to cancer. Apoptosis activation mechanisms include extrinsic and intrinsic pathways (88). The extrinsic pathway including FAS path and TNF path is activated by receptor-ligand-mediated model. Extracellular ligands binding to membrane death receptors result in the formation of death-inducing signaling complex (89). The intrinsic pathway including mitochondrial apoptosis and endoplasmic reticulum apoptosis pathways is activated by intracellular signals. Internal mitochondrial apoptosis pathway could be activated by internal apoptosis stimulators, such as persistent DNA damage, cell hypoxia, and cell growth factor deletion (90), or by death ligands and caspase 12. The Bcl-2 family proteins decrease the mitochondrial membrane potential promotion and increase mitochondrial outer membrane permeabilization, which leads to release pro-apoptotic factors such as AIF, cytochrome c, SMAC/DIABL, HTRA2/OMI, and ENDOG from the mitochondria into the cytosol (91). The increased mitochondrial outer membrane permeabilization is generally considered to activate the apoptotic pathway because the formation of apoptosome in the cytosol induces the caspase cascade (Figure 4) (92). Mitochondrial dysfunction occurred in a human pituitary tumor with mitochondrial morphological and functional changes, including large mitochondria, mitochondrial irregular swelling, and partly or fully disintegrated cristaes (16). Mitochondrial dysfunction caused change of mitochondrial membrane potential and internal apoptosis stimulator responses, which leads to mitochondria-mediated apoptosis signaling pathway alteration (93).


[image: Figure 4]
FIGURE 4. Apoptosis pathway. Two apoptosis activation mechanisms are the extrinsic and intrinsic pathways. The extrinsic pathway, including Fas path and TNF path, is activated by receptor-ligand-mediated model. The intrinsic pathway, including the mitochondrial apoptosis pathway and endoplasmic reticulum apoptosis pathway, is activated by intracellular signals.


From the embryology angle, many apoptotic cells are formed in Rathke's pouch tissues from the roof of oral ectoderm at an early stage of pituitary gland formation. However, when adenohypophysis is formed in the distal part of the gland, the ratio of apoptotic cells was significantly lower than early stage. It means that an imbalance in apoptosis process might be the boundary between embryonic development and tumor progress. It is interested that pituitary adenoma cells undergo the imbalanced expressions of apoptosis-related genes/proteins to cause uncontrolled cell proliferation (55). Study found that targeting mitochondria could have an effective impact on the treatment of pituitary tumors through apoptosis pathway (56). For example, trefoil factor 3 (TFF3) is an apoptosis-related protein, and its knockout in human pituitary adenoma cell line decreased the levels of apoptosis-related proteins Bcl-2 and caspase-3, and increased the levels of Bax and cleaved caspase-3. It clearly demonstrated that TFF3 protein knockout can accelerate the apoptosis in human pituitary adenoma cells via mitochondrial apoptosis pathway (57). Moreover, apoptotic protease-activating factor-1 (APAF-1) is a pivotal functional protein to involve in the intrinsic mitochondrial apoptosis pathway. Low expression of APAF-1 was detected in most invasive pituitary adenomas, and was negatively correlated with the aggressive behavior of invasive pituitary adenoma, which suggested that shifting the balance of apoptosis mediators in cells could lead to changes of pituitary tumor behaviors (58). In addition, some microRNAs-target genes to mediate apoptosis pathway also have been found in pituitary adenomas. For example, tumor suppressor microR-34a overexpression significantly inhibited cell proliferation and promoted cell apoptosis in pituitary adenoma cells (59). miR-21 expression was lower in invasive relative to non-invasive pituitary adenoma tissues, and miR-21 targeted 3'-UTR of PITX2 gene to enhance caspase-3 activity, which inhibits cell proliferation and facilitates apoptosis in pituitary adenoma cells (60). Dysregulation of apoptosis-related proteins might be meaningful indicator of tumor progression because mitochondrial dysfunction pathway might facilitate tumorigenesis and tumor development (94).

The novel mechanisms in mitochondrial dysfunction-mediated cell apoptosis would facilitate the development of effective anti-cancer drugs. For example, the classical antitumor effect of paclitaxel is to target on tubulin in the cytoplasm. However, further study found that paclitaxel induced apoptosis by promoting the release of Cyt C after binding with Bcl-2 (95), which promoted one to accurately deliver paclitaxel though well-designed nanocarrier to improve its treatment performance (94). Furthermore, for adrenocorticotrophic hormone (ACTH)-producing pituitary adenomas (96), ursolic acid was found to be a potential agent targeting ACTH-producing AtT20 cells because ursolic acid inhibited cell proliferation, reduced ACTH secretion, and induced cell apoptosis in AtT20 cells with the decreased ratio of Bcl-2 to Bcl2-associated X protein to cause the release of mitochondrial cytochrome c from mitochondria to the cytosol, and activate subsequently caspase-9, -3/7, and -8. It indicates that ursolic acid may be a promising candidate drug for the treatment of ACTH-producing pituitary adenomas (61). Therefore, insights into mitochondria-mediated apoptosis might benefit the development of novel pro-apoptotic therapeutic drugs and discovery of biomarkers for early detection to treat a pituitary adenoma.



MITOCHONDRIAL DYSFUNCTION-MEDIATED AUTOPHAGY DYSREGULATION

Autophagy or autophagocytosis meaning “self-devouring” is the natural process and common cellular phenomenon, which is involved in the processes of phagocytosis and degradation of dysfunctional or unnecessary cell components, and also reusing of cellular components (97, 98). Briefly, the dysfunctional or unnecessary components are engulfed to form a double membrane called autophagosome, and then autophagosome is fused with the lysosome, followed by degradation of the contents into smaller constituents via acidic lysosomal hydrolase within lysosome (99). Autophagy takes part in various cellular functions, and particular attention has been paid to dual functions of autophagy in cancer—both protection cells against cancer and a potentially factor in cancer cell survival. Autophagy is regulated by many of the proteins, including oncogene and tumor suppressor proteins. Specifically, tumor suppressor proteins that negatively regulate mTOR pathway, such as LKB1, PTEN, TSC1/2, and AMPK, stimulate autophagy, while oncogenes that activate mTOR pathway, such as Ras, class I PI3K, AKT, and Rheb, inhibit autophagy, indicating the contribution of autophagy to cancer growth or tumor suppression. Moreover, the inhibition of autophagy induces genomic instability, oxidative stress, and tumorigenesis. Nevertheless, autophagy also functions as a protective factor under stress conditions, including nutrient starvation, and hypoxia that facilitates tumor cell survival and sensitivity and resistance to chemotherapy (100).

Mitophagy is the complex biological process that cells selectively eliminate mitochondria by autophagy. The engulfment of mitochondria forms a double-membrane-enclosed autophagosome and then fuses with lysosomes. The process emits high-energy substances to recycle cell compartment, including fatty acids and amino acids (Figure 5) (101). Defective mitochondria undergoing damage or stress tend to the induction of mitophagy. However, the occurrence of mitophagy is not only restricted to the defective mitochondria but also involves normal ones (102). Mitophagy promotes turnover and the selective degradation of mitochondria, and prevents accumulation of dysfunctional mitochondria, which can lead to keep steady-state mitochondrial turnover, cellular metabolic needs, and certain cellular developmental stages (102). In this process, mitophagy depends on the general autophagy mechanism, meanwhile, both “mitophagy adaptors” and regulatory molecules are involved, such as p62, FUNDC1, prohibitin2, BNIP3L (NIX), PGAM5, OPA1, TBK1, CK, OPTN, and Bcl2-L13 (103). Those autophagy-related proteins activate downstream mitophagy pathways by post-translational modifications (104). Two distinct principal mitophagy mechanisms had been proved in mammalian cells. Firstly, receptor-mediated mitophagy is activated, and then recruits Atg8-like proteins to mitochondria to increase combination. Secondly, the highly ubiquitylated mitochondrial outer membrane proteins recruit bifunctional adapter proteins, which in turn increases the binding of Atg8-like proteins (105). Atg8-like proteins prompts encapsulation of mitochondria into autophagosomes through the expansion of the phagophore membrane; and fusion with the lysosome results in the formation of autolysosomes facilitating degradation of selected dysfunctional mitochondria (106). Also, mitophagy receptors exist some complex regulation mechanisms. An unmodified receptor is phosphorylated by a kinase, activating or deactivating downstream mitophagy pathway by increasing or decreasing Atg8-like proteins binding. This effect can be reversed by phosphatases. For NIX (BNIP3L), BCL2L13, and BNIP3, only the activated phosphorylation and the modified residue mechanism are understood but the kinases or phosphatases have not been identified yet for FUNDC1, the activated and deactivated phosphorylation intracellular mechanisms, the modified residues and participated kinases or phosphatases are well-known (107).


[image: Figure 5]
FIGURE 5. Depiction of the process of mitophagy. The engulfment of mitochondria forms a double-membrane-enclosed autophagosome, and then fuses with lysosomes. The process emits high-energy substances to recycle cell compartment, for example fatty acids and amino acids. Modified from Li et al. (15), with permission from Bioscientifica Limt.


Mitochondrial dysfunction might affect mitophagy that can be related to metabolic reprogramming, inflammatory signaling, cell fate determination and differentiation, DNA damage responses in response to stress, which in turn lead to human disease incidence and etiology, including malignant tumor (103). It is well-known that mitophagy and mitochondrial dysfunction are related to pituitary adenomas. The mitochondrial toxicity and protective mechanisms of T-2 toxin are not fully understood in mammalian cells (108). The investigation of the cellular and mitochondrial toxicity of T-2 toxin shows that T-2 toxin significantly increases mitophagic activity, ROS and DNA damage in rat pituitary GH3 cells. With the increased expression of mitophagy-specific proteins, including E3 ubiquitin ligase Parkin, NIP-like protein X (NIX), and PTEN-induced putative kinase protein 1 (PINK1), T-2 toxin can be increased (109). The regulating mechanism of mitophagy is also mediated by nuclear factor (erythroid-derived 2)-like 2 (Nrf2)/PINK1/Parkin pathway in pituitary GH3 cells. The relevant drug activates the protective protein kinase A signaling pathway, which activates the Nrf2/PINK1/Parkin pathway to mediate mitophagy. Taken together, increasing mitophagy and mitochondrial dysfunction might increase chemo-resistance in pituitary GH3 cells (36). Sometimes apoptosis and autophagy coexist. Dopamine agonists such as bromocriptine and cabergoline have been successfully used in the treatment of pituitary prolactinomas. DRD5 activation increases production of ROS, inhibits the MTOR pathway, induces macroautophagy/autophagy, and leads to autophagic cell death (ACD) in human pituitary tumor cells (38). In addition, when cyclosporine A (CsA) induces apoptotic and ACD in pituitary GH3 cells, Bcl-2 levels show dose-dependent augmentation in autophagy and are decreased in apoptosis (37).

Autophagy can promote survival of tumor cells in starvation mode, or degrade cell apoptotic mediators to maintain the tumor clone. In such cases, treated patients with the late stage of autophagy—blockers (such as chloroquine), on the cells that depend on autophagy to survive, may be one of viable therapeutic measurements in fighting cancer (110). Thus, the qualities of mitophagy can be used as a therapeutic method for cancer prevention. Mitophagy plays a role in tumor suppression and tumor cell survival. One strategy is to induce mitophagy and enhance the function of antitumor. The other strategy is to inhibit mitophagy and thus induce apoptosis (111). The first strategy has been tested by monitoring dose-response anti-tumor effects during autophagy-targeted therapies. These treatment effects have shown that autophagy has some dose-dependence in tumor suppression and tumor cell survival progression. The result supports the development of therapies through autophagy (112). In addition, inhibition of the protein related to autophagy pathways may also serve as an anticancer therapy (113). Autophagy is a protein degradation system to play a role in maintaining homeostasis and inducing apoptosis. Thus, sometimes inhibition of autophagy has on the probability of existential risk as it may lead to tumor development instead of the desired cell death (114).



MITOCHONDRIAL DYSFUNCTION-MEDIATED TUMOR IMMUNITY

Tumor immune escape is an important hallmark in cancer (115). Tumor-evading immune destruction is closely correlated with prognosis or survival in various tumors (116). A study found a number of tumor immunity-related inflammatory cells, for example, cytotoxic T cells (CTLs), regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSCs), and natural killer (NK) cells (37). It also found a number of tumor immunity-related pathways, such as altered interleukin signaling (117), MHC-I pathway (118), type 1 cytokine-induced T-cell (119), interferon gamma signaling (120), type I interferon-mediated responses (121), and transcription factor nuclear factor-kappa B (122). Along with the advancement in tumor immunology, the immune-checkpoint blockade therapy has been an important aspect in the mode of combined therapy of tumor. One of the most important immune checkpoint pathways has been applied between the PD-1 receptor expressed on activated T cells and its ligands, programmed death-1 ligand (PD-L1) and PD-L2 (123).

Immunity process is interlinked with mitochondrial function. Mitochondria can regulate immunity in different ways (Figure 6): (i) Current literature shows that many changes of cancers occurred in substance metabolism pathways such as TCA cycle, oxidative phosphorylation, fatty acid oxidation, and amino acid metabolism. Mitochondria that induce transcriptional key enzymes or important molecule changes can lead to completely different results in immune cells (116). Thus, mitochondria can regulate differentiation, activation, and survival of immune cells (124). (ii) Mitochondrial DNA (mtDNA) could translocate from the mitochondria to cytoplasm and activate the NLRP3 inflammasome to induce IL-1β and IL-18 release (125). (iii) Mitochondria can transmit signals through mtDNA or mitochondrial ROS (mtROS) to regulate gene expressions of immune cells (126). (iv) Mitophagy is crucial for degradation of the damaged mitochondria, and the decreased mitophagy causes ROS increasing which further makes the susceptibility to infections (127). (v) Immune functions are influenced by fission and fusion of mitochondria, which determines mitochondrial mobility and mass. (vi) When mitochondria are located near endoplasmic reticulum (ER), the mitochondria and ER junction signaling could be activated in immune cells to influence immune cell metabolism (128). (vii) The inflammatory response can be initiated by mitochondrial antiviral signaling (MAVS). Therefore, mitochondrial machinery is crucial for immune functions, such as metabolic pathways, mtDNA, mtROS, mitochondrial dynamics, and mitophagy.
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FIGURE 6. Immunity and mitochondria are interlinked with each other. Mitochondria can regulate immunity in different ways, including metabolic pathways, mitochondrial dynamics, mtDNA, mitophagy, mtROS, MAVS, UCP2, and ER-mitochondria junction.


Tumor immune microenvironment is gradually recognized as a critical contributor in tumor progression, development, and control. The increasing studies show that immune cells infiltrate in pituitary adenomas. Dysregulation of several genes in granulocyte-macrophage colony-stimulating factor signal transduction has been regarded as a possible alteration underlying the occurrence and development of pituitary tumors, such as mitochondria-associated protein Tim 16. High-expression of Tim 16 is identified in mouse and human ACTH-secreting pituitary adenomas compared to normal pituitary to protect pituitary cells from apoptosis (62). Also, more macrophages are identified in larger pituitary adenomas, and more T cells are detected in GH-secreting pituitary adenomas. A positive correlation is found between the numbers of CD68+ macrophages and tumor sizes and grades for pituitary adenoma invasiveness. The density of infiltrated CD4+ and CD8+ T-lymphocytes may be relatively insufficient in these pituitary adenomas, but CD4+ and CD8+ T lymphocytes are significantly more in GH-secreting adenomas than non-GH adenomas. Both densely and sparsely granulated GH-adenomas had significantly more CD4+ cells than ACTH-adenomas, and significantly more CD8+ cells than null cell adenomas. These results suggest an association of the enhanced T-lymphocytes infiltration and invasiveness in pituitary adenomas, and that adjuvant immunotherapy might block the tumor enlargement and invasiveness of pituitary adenomas (129). Furthermore, study shows that low expression levels of immune-related genes induce the occurrence of pituitary adenomas (130). Another study show reveals the association of NF-κB, MMP-9, and MICA in pituitary adenomas, the higher expressions of MICA, MMP-9, and NF-κB in mRNA and protein levels in pituitary adenomas relative to healthy tissues; which found that the upregulation of NF-κB can activate the expression of MICA and increase MMP-9 expression to hydrolyze MICA into sMICA to facilitate tumor immune escape (131). Although most pituitary adenomas are treated successfully, it remains challenging to treat invasive non-functional pituitary adenomas as well as functional pituitary adenomas unresponsive to traditional therapy. Immunotherapy might be a potential alternative therapy for pituitary tumors that are resistant to traditional therapy (132). The positive PD-L1 immunostaining is significantly more frequent in functional relative to non-functional pituitary adenomas (p = 0.000). The expression level of PD-L1 is more related to the increased blood levels of ACTH-, PRL-, GH-, and cortisol-secreting pituitary adenomas. PD-L1 expression is also associated with GH and PRL immunostaining density and higher Ki-67 index (133). Thereby, immunotherapy might be a promising therapy option of functional pituitary adenomas on the basis of in-depth understanding of mitochondria-mediated immunity in pituitary adenomas.



THE MITOCHONDRIAL DYNAMICS IN CANCER

Mitochondrion is a highly dynamic organelle under the coordination between fission and fusion cycles, which is referred as “mitochondrial dynamics.” Fission-fusion cycles affect mitochondria shape, size, and distribution (134). Mitochondria transient and rapid morphological adaptations are crucial for various cellular processes such as apoptosis (135), energy metabolism (136), cell cycle (137), ROS (138), immunity (139), mitophagy (140), and mitochondrial quality control (Figure 7). Mutations of the key machinery components or defects of mitochondrial dynamics are associated with lots of human diseases, including cancer (141). These dynamic transitions are primarily regulated by large GTPases. Mitochondrial fission and fusion cycle is a multi-step process. Mitochondrial fission is controlled by recruitment of dynamin-related protein 1 (Drp1) by adaptors at ER- and actin-mediated mitochondrial constriction sites. Drp1 oligomerization results in mitochondrial constriction, which leads to dynamin 2 recruitment to terminate mitochondrial outer membrane scission. Inner mitochondrial membrane constriction is an independent process, and mediated by calcium influx. Mitochondrial fusion is driven by mitofusins 1 and 2 within the outer mitochondrial membrane, and mediated by optic atrophy 1 with inner membrane (142). Moreover, several members of membrane lipid composition could undergo post-translational modifications to regulate these processes (143). Therefore, it is crucial for one to in-depth understand molecular mechanisms of mitochondrial dynamics for further studying various cellular processes associated with human diseases.


[image: Figure 7]
FIGURE 7. Mitochondrial dynamics in cancer. Cycles of fission and fusion are crucial for various cellular processes such as apoptosis, energy metabolism, cell cycle, ROS, immunity, mitophagy, and mitochondrial quality control.


Various cellular processes, such as apoptosis (135), energy metabolism (136), cell cycle (137), ROS (138), immunity (139), and mitophagy (140), are closely related to mitochondrial dynamics and mitochondrial dysfunction. The relationship study between cell apoptosis and mitochondrial fission found that IR-783 induces Drp1 translocation from cytoplasm to mitochondria, makes the expression of mitochondrial fission proteins (MFF) and mitochondrial fission factor fission-1 (Fis1) increased, and the expression of optic atrophy 1 (OPA1) and mitochondrial fusion proteins mitofusin1 (Mfn1) decreased. The process of mitochondrial translocation of Drp1 mediated mitochondrial fission and markedly induced apoptosis in vivo and xenograft model (144). The signaling pathways involved in mitochondrial dynamics regulation and their roles in maintaining energy metabolism has become an active area of research. Mitochondrial dynamic events, such as fusion, fission, and transport, affect the mitochondrial shape, size, function, and subcellular localization. Mitochondria dynamic changes play a crucial role in assisting metabolite transfer, biogenesis, and degradation to maintain energy homeostasis (136). Mitochondrial electron transport chain-derived ROS and mitochondrial fission/fusion rates influence this delicate balance between mitochondrial dynamics and mitochondria-derived ROS production, which plays main roles in malignant diseases (138). In addition, mitochondrial dynamics role in cancer growth connects with the immune system activity, especially T cells. Although it has not been directly verified whether or not mitochondrial dynamics are associated with lymphocytes memory formation, Drp1-dependent mitochondrial fission has the potential contribution to regulate NK memory phase. It is indicated that mitochondrial dynamics is also possible to play role in the cytotoxic activity of these lymphocytes against cancer. Thereby, mitochondria can control local calcium influx to regulate the inner mitochondrial membrane constriction. It would be then interesting to see how mitochondrial dynamics to regulate the release of cytotoxic granules by T lymphocytes (139). The close interactions between mitochondrial dynamics and mitophagy become main players in the physiological cell processes in cancers. The new metabolic changes that mainly lead to mitochondrial functions and dysfunctions are strongly related to cancers, mitochondrial dynamics, and mitophagy (140). Study demonstrates that the BCL2/BCLXL inhibitor ABT737 mediates intrinsic apoptotic pathways and mitophagy through increasing levels of DRP1 in mitochondria and rates of mitochondrial fission (145).



CONCLUSION

In spite of considerable progresses in understanding mitochondrial dysfunction pathway networks and mitochondrial dynamics in the pathogenesis of pituitary adenomas, many key issues remain unclear. Several lines of evidence indicate that mitochondrial dysfunction emerge cross-links with various complex biological processes, including energy metabolism, oxidative stress, cell apoptosis, cell cycle, mitophagy, and immunity process. Moreover, mitochondrial dynamics is closely associated with mitochondrial dysfunction, and also plays a critical role in many biological processes. This review breaks new ground in the comprehensive understanding of potential mechanisms underlying between mitochondrial homeostasis and tumorigenesis in pituitary adenomas. The association of mitochondrial dysfunction, mitochondrial dynamics, and the complex biological processes helps to broaden the knowledge of mitochondrial functions in cancer and perspectives regarding tumor treatment. It offers the new promising to develop new candidate targets based on mitochondrial dysfunction pathway and mitochondrial dynamics, for effective therapy in pituitary adenomas.
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ACTH, Adrenocorticotrophic hormone; AIF, Apoptosis-inducing factor mitochondria-associated 1; AMPK, Protein kinase AMP-activated catalytic subunit alpha 1; APAF-1, Apoptotic protease-activating factor-1; ATP, Adenosine triphosphate; Bcl-2, Apoptosis regulator; BNIP3L, BCL2 interacting protein 3 like; CAF, Cancer-associated fibroblasts; CAPN2, Calpain 2; CK, Choline kinase alpha; CTLs, Certain cytotoxic T cells; DNA, Deoxyribonucleic acid; Drp1, Dynamin-related protein 1; ER, Endoplasmic reticulum; ESI-MS, Electro-spray ionization-mass spectrometry; FADH2, Flavin adenine dinucleotide reduced; Fis1, Mitochondrial fission factor fission-1; FUNDC1, FUN14 domain containing 1; GH, Growth hormone; HNE, 4-hydroxynonenal; HTRA2/OMI, HtrA serine peptidase 2; IDH1, Isocitrate dehydrogenase 1; IL-18, Interleukin-18; IL-1β, Interleukin 1β; ITPR1, Inositol 1, 4, 5-trisphosphate receptor type 1; KIi-67, Nuclcar-associated antigen; LDHA, Lactate dehydrogenase A; LKB1, Serine/threonine kinase 11; MAVS, Mitochondrial antiviral signaling; MDSCs, Myeloid-derived suppressor cells; MFF, Mitochondrial fission proteins; Mfn1, Mitochondrial fusion proteins mitofusin 1; MHC-I, Major histocompatibility complex, class I; MMP-9, Matrix metallopeptidase 9; MT/ND1, Mitochondrially encoded NADH dehydrogenase 1; mtNOS, Mitochondrial nitric oxide synthase; mtROS, Mitochondrial ROS; NADH, Nicotinamide adenine dinucleotide; NF-κB/IRF, Nuclear factor kappa B subunit 1/tripartite motif containing 63; NK, Natural killer; NLRP3, NLR family pyrin domain containing 3; NO, Nitric oxide; Nrf2, Nuclear factor erythroid 2 like 2; OPA1, Optic atrophy 1; OPTN, Optineurin; OXPHOS, Oxidative phosphorylation; PD-L1, Programmed cell death 1 ligand 1; PD-L2, Programmed cell death 1 ligand 2; PGAM5, PGAM family member 5; PI3K, Phosphatidylinositol-4, 5-bisphosphate 3-kinase catalytic subunit beta; PINK1, PTEN-induced putative kinase protein 1; PITX2, Paired like homeodomain 2; PPP3CA, Protein phosphatase 3 catalytic subunit alpha; PPPM, Predictive, preventive, and personalized Medicine; PRKCA, Protein kinase C alpha; PTEN, Phosphatase and tensin homolog; Ras, RAS proto-oncogene GTPase; Rheb, Ras homolog mTORC1 binding; RIG-I, Retinoic acid-inducible gene I; RNA, Ribonucleic acid; RNS, Reactive nitrogen species; ROS, Reactive oxygen species; SDH, Succinate dehydrogenase; SIRT3, Programmed cell death 1PD-1, sirtuin 3; SMAC/DIABL, Diablo IAP-binding mitochondrial protein; TBK1, TANK binding kinase 1; TCA, Tricarboxylic acid cycle; TFF3, ENDOG trefoil factor 3; TLR2, Toll-like receptor 2; TNF, Tumor necrosis factor; Tregs, Regulatory T cells; TSC1/2, TSC complex subunit [image: image].
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Background: Non-functional pituitary adenoma (NFPA) is a common tumor that occurs in the pituitary gland, and generally without any symptoms at its early stage and without clinical elevation of hormones, which is commonly diagnosed when it grows up to compress its surrounding tissues and organs. Currently, the pathogenesis of NFPA has not been clarified yet. It is necessary to investigate molecular alterations in NFPA, and identify reliable biomarkers and drug therapeutic targets for effective treatments.

Methods: Tandem mass tags (TMT)-based quantitative proteomics was used to identify and quantify proteins in NFPAs. GO and KEGG enrichment analyses were used to analyze the identified proteins. Differentially expressed genes (DEGs) between NFPA and control tissues were obtained from GEO datasets. These two sets of protein and gene data were analyzed to obtain overlapped molecules (genes; proteins), followed by further GO and KEGG pathway analyses of these overlapped molecules, and molecular network analysis to obtain the hub molecules with Cytoscape. Two hub molecules (SRC and AKT1) were verified with Western blotting.

Results: Totally 6076 proteins in NFPA tissues were identified, and 3598 DEGs between NFPA and control tissues were identified from GEO database. Overlapping analysis of 6076 proteins and 3598 DEGs obtained 1088 overlapped molecules (DEGs; proteins). KEGG pathway analysis of 6076 proteins obtained 114 statistically significant pathways, including endocytosis, and spliceosome signaling pathways. KEGG pathway analysis of 1088 overlapped molecules obtained 52 statistically significant pathways, including focal adhesion, cGMP-PKG pathway, and platelet activation signaling pathways. These pathways play important roles in cell energy supply, adhesion, and maintenance of the tumor microenvironment. According to the association degree in Cytoscape, ten hub molecules (DEGs; proteins) were identified, including GAPDH, ALB, ACACA, SRC, ENO2, CALM1, POTEE, HSPA8, DECR1, and AKT1. Western-blotting analysis confirmed the upregulated expressions of SRC and PTMScan experiment confirmed the increased levels of pAKT1, in NFPAs compared to controls.

Conclusions: This study established the large-scale quantitative protein profiling of NFPA tissue proteome. It offers a basis for subsequent in-depth proteomics analysis of NFPAs, and insight into the molecular mechanism of NFPAs. It also provided the basic data to discover reliable biomarkers and therapeutic targets for NFPA patients.

Keywords: non-functional pituitary adenomas, quantitative proteomics, molecular network, Transcriptomics, Integrative analysis of proteomics and transcriptomics, signaling pathway, predictive preventive personalized medicine, biomarker pattern


INTRODUCTION

Pituitary adenoma is an intracranial tumor, which is clinically classified as functional pituitary adenomas (FPAs) with the elevation of the corresponding hormone in blood and non-functional pituitary adenomas (NFPAs) without clinical elevation of hormones in the blood. NFPA has the prevalence of 7-22/100,000 (1, 2), the standardized incidence of 1.02/100,000 (3), and accounts for 15–37% of all pituitary adenomas, with a median age range from 51.5 to 65.5 years (1–3). Because NFPA does not have excessive hormone secretion, it is not easily diagnosed at its early stage, but is often recognized only when it grows up to compress its surrounding tissues and organs; and commonly 67–90% of diagnosed NFPAs have reached up to a quite large volume (1–3). The natural course of NFPA has not been fully understood. Most NFPAs are benign, only a very small number of NFPAs has the characteristics of invasiveness, aggressiveness, or malignancy. Conversely, the tumor volume of some NFPA patients is also gradually decreasing during its pathological process (4, 5). Currently, no early-stage-diagnosis biomarkers are used for NFPAs, and the classic oncogene mutations that occur in other tumors are not also found in NFPAs. However, studies show that the disrupted cell cycle control and growth factor signaling likely contribute to pathogenesis and natural history of NFPAs (6).

NFPA has a very complex pathogenesis process, involves multiple molecular systems (7), and has heterogeneity in origin of cells and in hormone expressions (8, 9). A study shows that Ki-67 is involved in the growth and reproduction of NFPA, just like other tumors, which is the most consistent marker to assess biological behavior in NFPAs (10). One proteomics analysis of 34 sera from NFPA patients and healthy controls with matched age and sex factors identified nine serum differentially expressed proteins (DEPs) (7 up-regulated and 2 down-regulated), which was able to discriminate NFPAs from normal controls with a good sensitivity (82.4%) and specificity (82.4%) (11). A two-dimensional gel electrophoresis (2DGE)-based mapping proteomic analysis of human FSH-positive NFPA tissues detected ~1,200 protein spots, which identified 192 redundant proteins from 141 spots and revealed several important pathway-network changes (cell cycle dysregulation, oxidative stress, mitochondrial dysfunction, and MAPK signaling abnormality) (12). However, this 2DGE mapping proteomic study has a relative narrow throughput in identification of proteins, and does not get quantitative information of proteins. Therefore, it is necessary to obtain a high-throughput and large-scale proteomic profile for in-depth understanding of molecular mechanisms and discovery of effective biomarkers for NFPAs. Mass spectrometry (MS) is an essential technique to identify and quantify proteins and post-translational modifications (PTMs) in a proteome (12). 2DGE or two-dimensional difference in-gel electrophoresis (2D DIGE) coupled with MS was extensively used to study pituitary adenomas (8, 13). However, the previous 2DGE-based proteomics in human pituitary adenomas usually achieved the relative low throughput (dozens to several hundreds) in identification of proteins due to the conventional concept of 2DGE (14, 15). Tandem mass tags (TMT)-based two-dimensional liquid chromatography-tandem mass spectrometry (2DLC-MS/MS) can easily achieve several thousands of proteins to significantly increase the throughput in identification of proteins for more effectively mining proteomic components, which is an effective peptide-based protein identification method (13). Moreover, studies have demonstrated that non-coding RNAs, including microRNAs (miRNAs) and long non-coding RNAs (lncRNAs), are involved in the development of NFPAs (16). For example, miR-145-5p in NFPA samples is significantly reduced and negatively correlated with NFPA invasiveness, and overexpression of miR-145-5p can inhibit proliferation and invasiveness of NFPA cells and promote apoptosis (17). Another study shows that CXCR4 mRNA is expressed in 92% of growth hormone secretory pituitary adenomas (GHoma) and 81% NFPAs, whereas SDF1 is found in 63% of GHomas and 78% of NFPAs; and CXCR4 and SDF1 are the strong homogenous markers in all tumor cells of GHomas and NFPAs (18). Therefore, integrative analysis of protomics and transcriptomics has significantly scientific merit for NFPAs (19, 20).

This study used TMT-labeled 2DLC–MS/MS to identify and quantify protein expression profiles of NFPAs. The identified protein data were compared to differentially expressed genes (DEGs) that were obtained from the Gene Expression Omnibus (GEO) database to obtain the overlapped molecules (DEGs; proteins). The overlapped molecules were analyzed with gene ontology (GO) enrichment, KyotoEncyclopaedia Gene and Genome (KEGG) pathway, and protein-protein interactions. The hub molecules (DEGs; proteins) were obtained from KEGG pathway networks, and verified with Western blotting analysis. The resulting data established the large-scale database for NFPA proteome, and provided the scientific data to in-depth understand molecular mechanisms of NFPAs, and discover reliable biomarkers for NFPA treatment.



MATERIALS AND METHODS


NFPA and Control Pituitary Tissues

The post-mortem control pituitary tissue samples used for Western blotting analysis were obtained from Memphis Regional Medical Center, with an approval of University of Tennessee Health Science Center Internal Review Board (UTHSC-IRB). The NFPA tissue samples used for proteomics and Western blotting analyses were obtained from Department of Neurosurgery, Xiangya Hospital, Central South University, with an approval of the Medical Ethics Committee of Xiangya Hospital of Central South University. The written consent information was obtained from the family of each control pituitary donor or each patient after the purpose and nature of all used procedures were fully explained. The detailed information was shown for these NFPA and control pituitary tissue samples (Table 1).


Table 1. Clinical characteristics of NFPA and control tissue samples.

[image: Table 1]



Protein Extraction

Each sample was grinded with liquid nitrogen. The grinded samples were collected into a 5-mL centrifuge tube, and a volume of lysis buffer was added that contained 8 M urea, 10 mM dithiothreitol (DTT), 2 mM ethylene diamine tetraacetic acid (EDTA), and 1% protease inhibitor cocktail III, followed by sonication (3x; ice), and centrifugation (20,000 g, 4°C, 10 min). The proteins in the supernatant were precipitated (2 h; −20°C) with a volume of 15% trichloroacetic acid (TCA), and centrifuged (4°C, 10 min) to discard the supernatant. The proteins in precipitate were washed with cold acetone (3x), and then redissolved in a volume of buffer that contained 8 M urea, and 150 μl 100 mM tetraethylammonium bromide (TEAB) at pH 8.0. The 2-D Quant kit was used to determine the protein concentration.



Trypsin Digestion

A volume of reducing solution including 10 mM DTT was added to the protein samples, incubated (37°C; 2 h) in water bath, and cooled at room temperature, followed by a quick addition of alkylating reagent (20 mM iodoacetamide) and incubation in the dark (room temperature; 45 min). The solution of 100 mM TEAB was added to each protein sample to dilute urea concentration to 2M or less. Finally, an amount of trypisn (trypsin/protein mass ratio = 1:50) was added to each tube for overnight hydrolysis, and then added trypsin (trypsin/protein mass ratio = 1: 100) to each tube for another 4 h digestion. The tryptic peptides (100 μg) of each sample were used for subsequent experiments.



TMT Labeling

Each tryptic peptide sample was desalted with Strata X C18 solid-phase extraction column (Phenomenex), and vacuum dried. Each desalted tryptic peptide sample was dissolved in the solution of 0.5 M TEAB, and labeled with 6-plex TMT reagent according to the manufacturer's procedure with a ratio of 1 unit of TMT reagent to 100 μg of tryptic peptides. Briefly, the tryptic peptide sample was incubated (room temperature; 2 h) with TMT reagent, mixed together (1:1), desalted, and lyophilized by vacuum centrifugation. Parallel replicates of the peptide fragments of two groups were performed to eliminate errors due to external confounding factors such as experimental procedures and instrument.



HPLC Fractionation

The desalted TMT-labeled tryptic peptide mixture was fractionated into 80 fractions over 80 min with high-pH reverse-phase high-performance liquid chromatography (HPLC). The Agilent 300 Extend C18 column (5 μm particles, 4.6 mm ID, and 250 mm length) was used to separate peptides with a 2–60% acetonitrile (ACN) plus 10% ammonium bicarbonate at pH 10. Finally, 80 fractions were grouped into 18 fractionated samples, and vacuum dried.



LC-MS/MS

For 18 fractionated peptide samples, each fractionated peptide sample was added with a volume of 0.1% trifluoroacetic acid (TFA), mixed well, and loaded onto the Acclaim PepMap 100 reverse-phase precolumn (Thermo Scientific) to online enter the Acclaim PepMap RSLC reverse-phase analytical column (Thermo Scientific). The LC gradient was set as a 5–25% increase of solvent B (0.1% TFA plus 98% ACN) over 60 min, a 25–35% increase of solvent B in 12 min, and an increase to 80% of solvent B in 4 min, then remained in 80% of solvent B for the last 4 min, with a constant flow-rate (320 nl/min) on an EASY-nLC 1000 UPLC system. MS/MS spectra were obtained on an OrbiTrap FusionTM MS instrument (ThermoFisher Scientific). Its detection resolution was set as 70,000 for precursor ions in the MS spectrum. Product ion information in the MS/MS spectrum was obtained with high energy collision dissociation (HCD) cleavage for fragmentation of precursor ion, with the collision energy of 38. The resolution of product ions was set as 15,000. The electrospray voltage was set as 2.0 kV. With the automatic gain control (AGC) function, the pre-scan before each sample scan automatically balanced the number of ion implants to prevent charge overload in the analyzer. Cumulative 5E4 intensity ions in the MS spectra were analyzed for MS/MS. The primary MS scan range was set as m/z 400–1,600, the starting point of the secondary MS scan range was fixed at m/z 100.



Database Search of MS/MS Data and Functional Characteristics of Identified Proteins

Mascot search engine (v.2.3.0) was used to search proteins with MS/MS data against UniProt human database (https://www.uniprot.org). UniProt is the most informative and resource-rich protein database. Its data are mainly the subsequent protein sequences, which are derived from the completion of the genome sequencing. It contains a wealth of information on the biological functions of proteins from the literature. The R-software cluster profile was used to reveal gene ontology (GO) characteristics of identified proteins: cellular components (CCs), biological processes (BPs), and molecular functions (MFs). KEGG pathway enrichments were performed for the identified proteins. Benjamini-Hochberg-based adjusted p < 0.05 was used as statistical significance. PANTHER (http://www.pantherdb.org/) and Cytoscape software were also used to enrich CCs.



GEO Gene Data of NFPAs

The GEO database is a high-throughput gene expression database submitted by research institutions around the world, which is created in 2000 and maintained by the National Center for Biotechnology Information (NCBI). This study obtained microarray gene data GSE51618 profile datasets of human pituitary adenomas from the public GEO database (http://www.ncbi.nlm.nih.gov/geo/), which were derived from the analysis of 11 tissue samples (3 control pituitaries, 4 non-invasive NFPAs, and 4 invasive NFPAs) with a gene chip human genome platform (Agilent-014850 Whole Human Genome Microarray 4x44K G4112F) in other laboratory. The R-software was used to analyze these NFPA vs. control GEO gene data. False discovery rate (FDR) < 0.05 and fold-changes (FC) ≥ 2 were used to determine each DEG. DEGs were obtained between non-invasive NFPAs and controls, and between invasive NFPAs and controls. Because non-invasive and invasive NFPAs were all NFPAs, thus two sets of DEG data were combined to become one set of DEG data between NFPA and control tissues, which were overlapped with the identified proteins in NFPAs.



Overlapping Analysis of Protein Data and DEG Data

The gene name corresponding to each identified protein was obtained in UniProt human database. Thus, overlapping analysis was performed between the gene names of identified proteins in NFPAs and DEG data between NFPA and control tissues, to obtain the overlapped molecules (DEGs; proteins) for further bioinformatics and functional analysis.



GO and KEGG Pathway Enrichments of Overlapped Molecules

The Database for Annotation, Visualization, and Integrated Discovery (DAVID) provides the comprehensive functional annotation tools for investigators to understand biological meaning behind a large list of genes. DAVID-based GO and KEGG pathway enrichments were used to analyze those overlapped molecules (DEGs; proteins). The parameters (p < 0.05 and gene count > 5) were considered as statistical significance. Furthermore, each p-value was corrected with FDR for multiple testing.



Prediction of Protein–Protein Interaction

STRING 10.0 (http://string-db.org/cgi/input.pl) was used to construct the protein-protein interaction (PPI) network of those overlapped molecules (DEGs; proteins) with a high confidence (>0.700). Then Cytoscape software (3.6.1) was used to get hub molecules (genes; proteins) based on degrees (Pearson's correlation coefficient >0.50, P < 0.05).



Western Blotting

The 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel was used to separate proteins (NFPAs; controls). The separated proteins were transferred onto a polyvinylidene fluoride (PVDF) membrane. The proteins on PVDF membrane were incubated (4°C; overnight) with mouse anti-human SRC antibody (1:1000), AKT1 antibody (1:1000), and β-actin antibody (1:2000), followed by incubation (2 h; room temperature) with secondary antibody (horseradish peroxidase-conjugated goat anti-mouse antibody; 1:5000). The Western blotting experiments of each protein between NFPAs and controls were repeated (≥3). Student's t-test was used to calculate the p-value, with a statistical significance level of p < 0.05.




RESULTS


Proteomic Profiling of NFPAs and Its Functional Characteristics

TMT-based quantitative proteomics identified 6076 proteins in NFPAs (Supplemental Table 1), including 4666 proteins with quantitative information. Peptide sequence match (PSM) was set as ≥ 1 for identification of each protein. The analysis of 6076 proteins revealed that more than 94% of identified proteins were distributed in the range of 7–200 kDa and pH 4–10. The top 11 abundance proteins (Supplemental Table 1) were SNRPB (small nuclear ribonucleoprotein-associated proteins B), TECR (very-long-chain enoyl-CoA reductase), TMEM263 (transmembrane protein 263), MARC1 (mitochondrial amidoxime-reducing component 1), APMAP (adipocyte plasma membrane-associated protein), CSNK1A1 (casein kinase I isoform alpha), APOC3 (apolipoprotein C-III), CSTB (cystatin-B), TTR (transthyretin), IGHA1 (immunoglobulin heavy constant alpha 1), and GET4 (Golgi to ER traffic protein 4 homolog). However, it is worth noting that many lower abundance proteins might play more important roles in the molecular networks (12).

Moreover, GO and KEGG pathway enrichment analyses were used to reveal the potential functions of those 6076 proteins. GO-based CC, BP, and MF enrichment analyses revealed the overall functional characteristics of 6076 proteins. Those proteins were mainly distributed in cell part (38 %), organelle (26 %), macromolecular complex (17 %), and membrane (13%) (Figure 1). KEGG pathway enrichment analysis (P < 0.05) of 6076 proteins identified 114 statistically significant signaling pathways (Supplemental Table 2). Based on the number of matched proteins in each pathway and the p-value, 12 important pathways were identified (Figure 2), including endocytosis, protein processing in endoplasmic reticulum, spliceosome, ribosome, carbon metabolism, platelet activation, valine, leucine and isoleucine degradation, fatty acid metabolism, proteasome, fatty acid degradation, pyruvate metabolism, and SNARE interactions in vesicular transport. These pathways were involved in cellular energy metabolism, protein synthesis and processing, which played important roles in tumorigenesis and progression.


[image: Figure 1]
FIGURE 1. Classification of 6076 proteins according to the cell components with PANTHER.



[image: Figure 2]
FIGURE 2. The bubble plot of top 12 KEGG pathway enrichments with 6076 proteins (P < 0.05). The bubble color scaled the enrichment score. Red color means more significant enrichment. The size of the bubble scaled the count of the enriched genes. X-axis is equal to gene ratio, which means the percentage of enriched target genes among total 6076 genes. Y-axis is the name of the KEGG pathway.




DEG Profiling in NFPAs and Its Functional Characteristics

Microarray transcritpomic data of NFPAs were obtained from GEO database. A total of 1789 DEGs was obtained between non-invasive NFPAs and controls, including 900 (50.31%) upregulated and 889 (49.69%) downregulated DEGs (Figure 3A, Supplemental Table 3). A total of 2751 DEGs was identified between invasive NFPAs and controls, including 1274 (46.31%) upregulated and 1477 (53.69%) downregulated DEGs (Figure 3B, Supplemental Table 4). Because NFPAs include invasive and non-invasive NFPAs, these two sets of DEG data (n = 1,798 in non-invasive NFPAs; and n = 2,751 in invasive NFPAs) were combined into one set of DEG data (n = 3,598) between NFPAs and controls after removal of the repeated DEGs between invasive and non-invasive NFPAs, including 1761 upregulated DEGs, 1764 downregulated DEGs, and 73 genes that were inconsistent in two sets (non-invasive vs. invasive) of DEG data (Supplemental Table 5).


[image: Figure 3]
FIGURE 3. Volcano plots of differentially expressed genes (DEGs) that were derived from microarray analysis of non-invasive NFPAs (A) and invasive NFPAs (B) compared to control tissues. The native log10 [false discovery rate (FDR) adjusted p-values] in the y-axis was plotted against the average log2(fold changes in expression) in the x axis. DEGs were determined using Limma followed by FDR correction. Horizontal dashed line indicated the threshold for significance (FDR adjusted p < 0.05) and vertical dashed line indicated the upregulated (right side) and downregulated (left side) probes.




Overlapped Molecules Between 3598 DEGs and 6076 Proteins, and Their Functional Characteristics

Overlapped molecules (DEGs; proteins): An overlapping analysis was performed between 3598 DEG data and 6076 proteins, which obtained 1088 overlapped molecules (DEGs; proteins) (Figure 4), including 644 upregulated DEGs, 426 downregulated DEGs, and 18 genes that were inconsistent in two sets (non-invasive vs. invasive) of DEG data (Supplemental Table 6).


[image: Figure 4]
FIGURE 4. The 1088 overlapped molecules (DEGs; proteins) between 6076 identified proteins and 3598 DEGs obtained from GEO database.



GO Enrichment Analysis

Those 1088 overlapped molecules (DEGs; proteins) were grouped according to BP, CC, and MF with Cytoscape software (Figure 5). For BP enrichment, the overlapped molecules (DEGs; proteins) were mainly enriched in neutrophil degranulation, neutrophil activation, neutrophil-mediated immunity, regulation of vesicle-mediated transport, small molecule catabolic process, signal release, organic hydroxy compound metabolic process, coenzyme metabolic process, organic acid biosynthetic process, and carboxylic acid biosynthetic process. For CC enrichment, the overlapped molecules (DEGs; proteins) were mainly enriched in cell-substrate junction, focal adhesion, cell-substrate adhesion junction, myelin sheath, cytoplasmic vesicle lumen, vesicle lumen, secretory granule lumen, ruffle membrane, postsynapse, and ruffle. For MF enrichment, the overlapped molecules (DEGs; proteins) were mainly involved in cell adhesion molecule binding, actin binding, cadherin binding, tubulin binding, coenzyme binding, guanyl ribonucleotide binding, guanyl nucleotide binding, ATPase activity coupled, and microtubule binding.


[image: Figure 5]
FIGURE 5. The functional characteristics of 1088 overlapped molecules (DEGs; proteins) according to the biological process (BP), cellular component (CC), and molecular function (MF). The less p-value and more significant enrichments were shown with the greater node size. The same color indicated the same function group. Among the groups, a representative of the most significant term and lag highlighted was chosen. The larger node means less p-values and more significant enrichments. The same color represents the same functional group.




KEGG Pathways

KEGG pathway analysis of those 1088 overlapped molecules (DEGs; proteins) revealed 52 statistically significant pathways (adjusted p-value < 0.05, count>5) (Figure 6; Supplemental Figure 1). The overlapped molecules (DEGs; proteins) were mainly enriched in the following pathways: focal adhesion, cGMP-PKG signaling pathway, platelet activation, carbon metabolism, dopaminergic synapse, human cytomegalovirus infection, proteoglycans in cancer, regulation of actin cytoskeleton, retrograde endocannabinoid signaling, and biosynthesis of amino acids.


[image: Figure 6]
FIGURE 6. The bubble plot of KEGG pathway enrichments of 1088 overlapped molecules (DEGs; proteins) (P < 0.05). The bubble color scaled the enrichment score. Red color means more significant enrichment. The size of the bubble scaled the count of the enriched genes. X-axis is equal to gene ratio, which means the percentage of enriched target genes among total 1088 molecules (DEGs; proteins). Y-axis is the name of the KEGG pathway.




Construction of PPI Network to Select Hub Molecules

A hub molecule is a molecule that plays a vital role in biological processes, and regulates other molecules in a pathway network. The PPI network of 1088 overlapped molecules (DEGs; proteins) was constructed and the most significant module was obtained with Cytoscape (Figure 7). According to degree levels, the top 10 hub molecules (nodes: DEGs; proteins) were glyceraldehyde-3-phosphate dehydrogenase (GAPDH; degree = 148), serum albumin (ALB; degree = 143), acetyl-CoA carboxylase 1 (ACACA; degree = 137), proto-oncogene tyrosine-protein kinase (SRC; degree = 115), RAC-alpha serine/threonine-protein kinase (AKT1; degree = 114), calmodulin (CALM1; degree = 109), POTE ankyrin domain family member E (POTEE; degree = 108), heat shock cognate 71 kDa protein (HSPA8; degree = 92), mitochondrial 2,4-dienoyl-CoA reductase (DECR1; degree = 82), and gamma-enolase (ENO2; degree = 75). The degree of the vertice is the most basic structure of the graph, which refers to the number of edges associated with it. Molecular Complex Detection (MCODE) detects the densely connected regions in large protein-protein interaction networks that may represent molecular complexes (21). A significant module was subsequently constructed with 57 nodes and 347 edges, which gained the highest MCODE score (Figure 8).


[image: Figure 7]
FIGURE 7. Protein-protein interaction (PPI) network of 1088 overlapped molecules (DEGs; proteins). Pearson's correlation coefficient >0.50, and P < 0.05. Green indicates the downregulated genes, red indicates the upregulated genes, and blue indicates genes that are inconsistent in invasive or non-invasive NFPAs.



[image: Figure 8]
FIGURE 8. MCODE identification of the most significantly enriched module. The module with the highest MCODE score was selected from the PPI network. Green indicates the downregulated genes and red indicates the upregulated genes.




Western Blotting Validation of Overlapped Molecules (DEGs; Proteins)

To validate the hub molecules, which were also overlapped molecules (DEGs; proteins) in NFPAs, western blotting was used to analyze the randomly selected hub molecules (SRC and AKT1). The results showed the fold-change of 1.31 for SRC and 1.01 for AKT (Figure 9). For SRC, western blotting analysis confirmed SRC was an unregulated DEG and its proteomic result. For AKT1, western blotting results demonstrated that AKT1 protein was expressed in NFPAs, but did not have significant difference between NFPAs and controls.


[image: Figure 9]
FIGURE 9. Western blotting analysis of overlapped molecules (AKT and SRC) between NFPAs and controls. T, tumor (NFPAs); C, control (pituitary tissues). Ratio (T/C) means the ratio of the optic density (OD) values between NFPAs and controls (n = 3). The internal reference actin was no difference between NFPAs and controls.






DISCUSSION

NFPA is a type of pituitary adenomas without specific clinical symptoms of hormone hypersecretion in its early stages (22). However, NFPA gradually grows up to compress its surrounding tissues, which results in visual defects and may progress to hypopituitarism. Thus, it is not easily diagnosed at its early stage, but often diagnosed at its middle or late stages. It is critically important to clarify molecular mechanisms of NFPAs for identification and development of more effective diagnostic and therapeutic strategies. The NFPA is a complex disease, and involves a series of molecular changes at the levels of genome, transcriptome, proteome, and metabolome. Multi-omics strategy is an effective approach to achieve those molecular changes in NFPAs (19, 20). This study integrated TMT-based quantitative proteomics and the public GEO transcriptomic data in NFPAs.

TMT-based quantitative proteomics identified a total of 6076 proteins in NFPA tissues. A total of 114 statistically significant KEGG pathways were enriched with those 6076 proteins, including endocytosis and spliceosome pathways. KEGG pathway analysis found that 162 proteins among 6076 proteins were involved in endocytosis (Figure 10, Supplemental Table 7). Endocytosis was the basic process of all eukaryotic cells, including extracellular nutrient uptake, processing and presentation of antigens, apoptotic cell clearance, and cell surface protein regulation such as adhesion proteins, channel proteins, and receptors. Endocytosis and endocytic proteins regulated multiple biological processes, including cell apoptosis, cell cycle, and mitosis in cancer cells (23, 24). It is worth noting that 107 proteins among 6076 proteins were distributed in the spliceosome pathway (Figure 11, Supplemental Table 8). Spliceosome was an important way to regulate alternative splicing in cancer because spliceosomes made different transcripts for the same one gene in cancer cells, which was a driving factor for cancer progression (25). These pathways were involved in cellular energy metabolism, protein synthesis, and protein processing, which might significantly contribute to the pathogenesis of NFPAs.


[image: Figure 10]
FIGURE 10. Endocytosis pathway altered in an NFPA. Yellow means the identified proteins.



[image: Figure 11]
FIGURE 11. Spliceosome pathway altered in an NFPA. Yellow means the identified proteins.


Microarray and high throughput sequencing were widely used to detect and quantify the transcriptomic profile of the human genome, which is useful in the identification of target genes of interest for diagnosing or treating NFPAs (26). A total of 3598 DEGs was identified in NFPAs compared to controls with the public GEO transcriptomic data. An overlapping analysis was performed between 3598 DEG data and 6076 protein data, which obtained 1088 overlapped molecules (DEGs; proteins). It also means that these 1088 DEGs at the level of transcriptome, through transcriptional regulation and translation, ultimately functioned in the form of proteins in the body. The KEGG pathway analysis of those 1088 overlapped molecules (DEGs; proteins) revealed 52 statistically significantly KEGG pathways, including focal adhesion, cGMP/PKG, and platelet activation pathways.

The pathway with distribution of the most overlapped molecules (DEGs; proteins) was the focal adhesion pathway (Figure 12, Supplemental Table 9). Focal adhesion pathway consisted of many pro-survival signaling molecules such as growth factor receptors, intracellular molecules, and integrins. This pathway played important roles in the regulation of cell behavior and tumor cell survival, and might be cancer therapeutic targets (27). Thus, clarification of molecular processes of focal adhesion signaling might offer better insights into signal bypass and molecular mechanism of resistance, and help to develop reasonable multiple options of treatments. One of the important protein families in the pathway was the integrin family. FAK was a core mediator in the integrin signaling (28). FAK had three domains, including (i) focal adhesion targeting (FAT) region in the C-terminal, (ii) kinase domain in the central region, and (iii) band 4.1, ezrin, radixin and moesin (FERM) sequence in the N-terminal (29). Binding of integrin to ECM resulted in phosphorylation of FAK at several tyrosine residues including Tyr397 to increase kinase activities and promote the interaction of FAK with other proteins including SRC (30–32). One study found that FAK directly bond to cortactin (an actin regulator), which was not only a key force movement and focal adhesion conversion, but also affected cell survival (33). This study found 35 molecules (DEGs; proteins) distributed in this pathway (Supplemental Table 9), which suggested that the biological behavior of NFPA should be similar to that of other tumors, and that there should be a huge difference in cell adhesion between NFPAs and normal pituitaries. Previous studies examined the expression of FAK with immunohistochemistry in 49 human pituitary adenomas, and analyzed the relationship of FAK and invasiveness of pituitary adenomas. The results showed that there were 36 cases (73.5%) with FAK expression, and the expression level of FAK was highly correlated with invasiveness of pituitary adenomas, which clearly indicated that the integrin-focal adhesion kinase signaling pathway played a role in the invasion of pituitary adenomas (34). It also provided new ideas for one to study the pathogenesis and treatment of targeted drugs in pituitary adenomas.


[image: Figure 12]
FIGURE 12. Focal adhesion pathway altered in an NFPA. Red means the upregulated overlapped molecules. Blue means the downregulated overlapped molecule.


The cGMP/PKG pathway played complex roles in cancer, and differed in different tumor types and even in different model systems (32). This study found 23 molecules (DEGs; proteins) distributed in cGMP/PKG pathway (Figure 13, Supplemental Table 10). It has been reported that cGMP promoted tumorigenesis and anticancer effects. For example, the activated cGMP/PKG pathway induced multiple cancers (33, 35–37). Studies found specifically activated protein kinase G1 (PKG1) triggered MAPK signaling pathway to promote growth of melanoma (38). GMP analogs that activated PKG were a novel molecular strategy that interferes with tumor progression, and had attracted interest in oncology (32). Some studies demonstrated that cGMP/PKG pathway-targeted therapeutic potentials for multiple cancers (39, 40). This signaling was also involved in NFPA pathogenesis, with a wide distribution of DEGs from GEO database and of proteins identified with TMT-quantitative proteomics in human NFPAs. Generally NFPAs grow slowly, with low rate of invasiveness, it may be associated with activation of cGMP-PKG pathway. However, no cGMP/PKG pathway had been studied previously in NFPA yet. This present study provided a basis for further in-depth investigation of cGMP/PKG pathway in pituitary adenomas.


[image: Figure 13]
FIGURE 13. cGMP-PKG pathway altered in an NFPA. Red means the upregulated overlapped molecule. Blue means the downregulated overlapped molecule.


The platelet activation pathway was always in a prominent position in the list of enriched KEGG pathways (Figure 14, Supplemental Table 11). In recent years, the change of tumor microenvironment has become a research hotspot. Different tumor microenvironments were formed in each progression step of cancer and had multiple abilities to induce adverse and beneficial consequences of tumorigenesis (41). The roles of platelets in hemostasis and thrombosis were well-recognized. Platelets were also looked as multi-functional cells; for example, it recruited and regulated monocytes and granulocytes in tumor tissues, which indicated that platelet played important roles in production of tumor-associated macrophages/neutrophils (42). Many studies revealed that platelets were relevant to cancer biology as a hallmark of cancer, and that platelets participated in multistep processes of tumorigenesis (43, 44). In addition to its traditional role in hemostasis and thrombosis, platelets involved in hemostasis, thrombosis, inflammation and cancer interactions are complex and important in every disease process. Our study for the first time reported a correlation between platelet activation and the development of NFPAs.


[image: Figure 14]
FIGURE 14. Platelet activation pathway altered in an NFPA. Red means the upregulated overlapped molecule. Blue means the downregulated overlapped molecule.


Comparison of GEO transcriptomics data (DEGs) and proteomics data found that not all DEGs were expressed at the protein level. For many upregulated DEGs, the corresponding proteins were not detected. It reminded one not all DEGs in this study were transcribed into proteins to exert their functions. However, the molecular mechanisms of these DEGs without expressions at the protein level have not been fully understood yet. Among 1088 overlapped molecules (DEGs; proteins), the highest change in the GEO database was GH (log2FC = −12.56.). This means that GH was most significantly downregulated in NFPAs compared to normal pituitary tissues. It is consistent with previous research results (8, 13). Also, pituitary adenoma itself often results in the development of hypopituitarism, including GH deficiency (GHD). GHD has been reported in up to 85% of NFPA patients (45, 46).

The 1088 overlapped molecules (DEGs; proteins) were analyzed with String and Cytoscape software, and the hub molecules were obtained according to the degree, including GAPDH (degree = 148), ALB (degree = 143), ACACA (degree = 137), SRC (degree = 115), and AKT1 (degree = 114). GAPDH is glyceraldehyde-3-phosphate dehydrogenase, an enzyme in the glycolysis process. The gene encoding this enzyme is a housekeeping gene, which is highly expressed in almost all tissues. ALB is the main substance that maintains the body's nutrition and osmotic pressure. SRC is activated by different classes of receptors. The activated SRC regulates multiple biological processes such as cell adhesion, cell cycle, cell migration, immune response, cell transformation, and cell apoptosis (47). Studies found that when the SRC/FAK pathway was disturbed, FAK began to be depleted, and the isolation of FAK-high-efficiency cells or the expression of non-phosphorylated FAK proteins resulted in the active SRC to be isolated from focal adhesions into intracellular sites (48), and inhibition of autophagy recovered active SRC in the peripheral adhesion process to cause the death of cancer cells. Therefore, these proteins were considered to be the main targets of cancer treatment (49). In fact, SRC family kinases (SFKs) were overexpressed/overactivated in various malignancies, which was associated with poor disease progression and poor prognosis in patients with various cancers (50); for example, SRC was overexpressed in lung cancers (51). Some SFK inhibitors had successfully entered clinical trials, and were considered as the most potential drugs. For example, an SRC inhibitor BMS-354825 (aka Dasatinib) targeted all SFKs to inhibit the SRC signaling pathway (52). This present study also showed that SRC was a hub molecule and participated in multiple pathways in NFPAs. SRC inhibitors might be also potential target genes for the treatment of NFPA patients, which provided new ideas for treatment of NFPAs. Another hub molecule, acetyl-CoA carboxylase (ACACA) was a rate-limiting enzyme and upregulated in fatty acid synthetic pathway. ACACA was traditionally recognized as target of metabolic syndrome. However, studies found that malignant tumors had a strong capability for fatty acids synthesis (53), that ACACA was overexpressed in malignant cancers, and that the inhibition of ACACA resulted in cell-cycle arrest and apoptosis of cancer cells (54, 55). Thus, ACACA and some fatty acids might play important roles in cancer cell survival. Cancer cells could re-connect metabolic pathways from glycolysis-dependent patterns to lipogenesis-dependent patterns. AMPK was phosphorylated by an ACACA, which maintained cellular energy homeostasis to play an important role, while the cells were under stress (56, 57). Highly expressed lipogenic enzymes such as ACACA were integrated with certain signaling pathways that triggered tumorigenesis, invasion, and metastasis (58). The effects of abnormal metabolism on malignant transformations in cancer research have been underestimated for decades and may become another hallmark of anti-cancer and an attractive target for intervention. Akt kinase was an important protein in the PI3K-AKT-mTOR pathway and was activated by PI3K (phosphoinosidite-3-OH kinase). It was dysregulated in various tumors. Studies found that AKT was an important regulator in cell proliferation and apoptosis in the tumorigenesis process (59). Several studies demonstrated that AKT activation was associated with several tumor invasions (60). The PI3K-AKT pathway has been proposed to play an important role in the metabolic pathway of pituitary tumors, and future clinical studies should focus on the PI3K-AKT pathway for drug research and individualized treatment (61), which was consistent with our results regarding the overlapped molecule (DEG; protein)—AKT gene was upregulated in NFPAs compared to controls. Furthermore, this study used western blotting analysis to confirm that the expression of AKT1 protein in NFPA and control tissues although it was not changed significantly between NFPAs and controls. However, in our research group, another study found phosphorylated AKT1 in NFPA was significantly increased (62), which might lead to the activation of PI3K-AKT-mTOR pathway. In addition, studies also showed that low levels of APAF-1 were inversely related to invasiveness, and cathepsin B expression was positively related to invasiveness in pituitary adenomas (63). This TMT-quantitative proteomics identified multiple cathepsin family members, including cathepsin L1, cathepsin B, cathepsin G, cathepsin D, cathepsin Z, cathepsin S, cathepsin F, cathepsin W, and pro-cathepsin H, in human NFPA tissues (Supplemental Table 1). It clearly demonstrated that cathepsin family might play important roles in NFPA pathogenesis. Vascular endothelial growth factor (VEGF) and basic-fibroblast growth factor (bFGF) were significantly elevated in sera of pituitary adenoma patients (64). This TMT-quantitative proteomics found that FGF receptor 4 (FGFR4) and FGFR1 oncogene partner 2 (FGFR1OP2) were expressed in NFPA tissues. These findings demonstrated that these hub molecules (DEGs; proteins) were potential biomarkers for NFPAs.

For AKT1, western blotting results showed that AKT1 protein was expressed in NFPAs, but did not have significant difference between NFPAs and controls. This result indicated that AKT1 was a DEG at the level of transcriptome, but it was not a DEP at the level of proteome, between NFPAs and controls. It might be derived from different protein PTMs to produce different AKT1 proteoforms (65–68), which was confirmed by our another PTMScan experimental study that the phosphorylation levels at residues Ser473, Thr308, or Thr312 in AKT1 were significantly increased by at least 3 folds in NFPAs compared to controls (62). Therefore, the phosphorylated AKT1 (pAKT1) might contribute to NFPA pathogenesis.

Furthermore, a total of 6076 proteins identified from human NFPA tissues with TMT-based quantitative proteomics in this study (Supplemental Table 1) were compared to a total of 2175 proteins identified from human anterior pituitary gland with SDS-PAGE-LC-MS/MS and LC-LC-MS/MS (Supplemental Table 12) (69). A total of 1933 proteins were identified in both NFPAs and anterior pituitary gland, 242 proteins were only identified in anterior pituitary gland but not in NFPAs, 4143 proteins were only identified in NFPAs but not in anterior pituitary gland. It clearly demonstrated that much more proteins (n = 3,901 6,076–2,175) were identified in NFPAs compared to anterior pituitary gland. The main reason might be because we used more peptide fractions, longer LC gradient, and more sensitive mass spectrometer. Anyway, those two mapping proteomic data-sets from the corresponding NFPA tissues and anterior pituitary gland were precious resource to establish proteomic databases for human NFPA tissues and anterior pituitary glands, study the physiological functions of anterior pituitary glands and pathogenesis of NFPAs, and discover potential protein pattern biomarkers for NFPAs.



STRENTHS AND LIMITATIONS


Strengths

NFPNA is involved in a series of molecule changes at the levels of DNAs (genome), RNAs (transcriptome), proteins (proteome), and metabolites (metabolome). Of them, transcriptome and proteome are the functional performers of genome. This study performed a large-scale of proteomics analysis of NFPAs (n = 6), and integrated the transcriptomics data in NFPAs (n = 8) vs. controls (n = 3) from GEO database, which found 6076 proteins in NFPA tissues, and 3598 DEGs in NFPAs vs. controls. Overlapping analysis obtained 1088 overlapped molecules (proteins; DEGs). Moreover, a set of data about signaling pathway network alterations were obtained based on those 1088 overlapped molecules. Those data are currently the biggest protein database and molecule network changes for NFPA tissues, which is precious resource to discover reliable biomarker pattern and explore in-depth molecular mechanisms for NFPAs.



Limitations

One must note that for proteomics and transcriptomics analyses in this study, the sample size was not big, only 6 NFPA tissues for proteomics, and 8 NFPA tissues and 3 control tissues for transcriptomics. In future, it is necessary to significantly expand the tissue sample size for biomarker studies. Also, one must note that NFPA tissue is relative pure cell type in cell origin, while control pituitary tissue contains multiple pituitary cell types, which might cause bias when comparison is performed between NFPA and control pituitary tissues. However, this is a common problem for any researchers who study human pituitary adenoma tissues. In this study, more experiments such as western blotting among different NFPA and control tissues, and different omics methods were used to versify mutually the results, achieving the consistent results.




CONCLUSION AND OUTLOOK

NFPA is a type of complex disease involved in multiple molecule changes at the levels of genome, transcriptome, and proteome. This study identified 6076 proteins with quantitative information in NFPAs with TMT-based quantitative proteomics, which was the large-scale quantitative protein reference map for human NFPA tissue proteome. Also, 3598 DEGs were identified between NFPAs and controls with the transcriptomic data from GEO database. Further, 1088 overlapped molecules (DEGs; proteins) between 6076 proteins and 3598 DEGs were analyzed to confirm that NFPAs differed from normal pituitary tissues in terms of FAK, cGMP/PKG, and platelet activation signaling pathways. In addition, the hub molecules derived from PPI network of those overlapped molecules (DEGs; proteins) were obtained and verified in NFPAs, which confirmed the differences between NFPA and normal pituitary tissues. These proteomic and transcriptomic data were the important resource to screen out new tumor biomarkers to form a pattern biomarker for diagnosis and target treatments, which is emerging as a great promise for NFPAs (19, 20) to achieve predictive, preventive, and personalized medicine (PPPM) for NFPA future research and clinical practice (70). These overlapped molecules are the important biomarker resource for sample stratification and clinical significance analysis (71). Thereby, in clinical applications, patients can be classified according to changes in these important molecules, providing better treatment options and predicting patient outcomes.
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Non-functional pituitary adenoma (NFPA) seriously affects hypothanamus-pituitary-target organ axis system, with a series of molecule alterations in the multiple levels of genome, transcriptome, proteome, and post-translational modifications, and those molecules mutually interact in a molecular-network system. Meta analysis coupled with IPA pathway-network program was used to comprehensively analyze nine sets of documented NFPA omics data, including NFPA quantitative transcriptomics data [280 differentially expressed genes (DEGs)], NFPA quantitative proteomics data [50 differentially expressed proteins (DEPs)], NFPA mapping protein data (218 proteins), NFPA mapping protein nitration data (9 nitroproteins and 3 non-nitrated proteins), invasive NFPA quantitative transriptomics data (346 DEGs), invasive NFPA quantitative proteomics data (57 DEPs), control mapping protein data (1469 proteins), control mapping protein nitration data (8 nitroproteins), and control mapping phosphorylation data (28 phosphoproteins). A total of 62 molecular-networks with 861 hub-molecules and 519 canonical-pathways including 54 cancer-related canonical pathways were revealed. A total of 42 hub-molecule panels and 9 canonical-pathway panels were identified to significantly associate with tumorigenesis. Four important molecular-network systems, including PI3K/AKT, mTOR, Wnt, and ERK/MAPK pathway-systems, were confirmed in NFPAs by PTMScan experiments with altered expression-patterns and phosphorylations. Nineteen high-frequency hub-molecules were also validated in NFPAs with PTMScan experiment with at least 2.5-fold changes in expression or phosphorylation, including ERK, ERK1/2, Jnk, MAPK, Mek, p38 MAPK, AKT, PI3K complex, p85, PKC, FAK, Rac, Shc, HSP90, NFκB Complex, histone H3, AP1, calmodulin, and PLC. Furthermore, mTOR and Wnt pathway-systems were confirmed in NFPAs by immunoaffinity Western blot analysis, with significantly decreased expression of PRAS40 and increased phosphorylation levels of p-PRAS40 (Thr246) in mTOR pathway in NFPAs compared to controls, and with the decreased protein expressions of GSK-3β and GSK-3β, significantly increased phosphorylation levels of p-GSK3α (Ser21) and p-GSK3β (Ser9), and increased expression level of β-catenin in Wnt pathway in NFPAs compared to controls. Those findings provided a comphrensive and large-scale pathway network data for NFPAs, and offer the scientific evidence for insights into the accurate molecular mechanisms of NFPA and discovery of the effective biomarkers for diagnosis, prognosis, and determination of therapeutic targets.
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INTRODUCTION

Human non-functional pituitary adenoma (NFPA) is a common disease that occurs in the central regulatory organ pituitary, and seriously impacts on physiological functions and human health (1). Compared to functional pituitary adenomas (FPAs), NFPA has a very challenging clinical problem in early diagnosis and treatment because of the lack of the corresponding hormone elevation in NFPA patients (2, 3). NFPA is a complex whole-body disease that alters in the levels of gene (genome), RNA (transcriptome), protein (proteome), and metabolite (metabolome), and that involves multi-factors, multi-processes, and multi-consequences (4–6). Individual variations are involved in prediction/prevention, early-stage diagnosis/therapy, and late-stage diagnosis/therapy. Moreover, omics (genomics, transcriptomics, proteomics, peptidomics, metabolomics, and radiomics) and systems biology are promoting one to change paradigms from traditional single-factor strategy to multi-parameter systematic strategy in pituitary adenoma studies and clinical practice (4, 7), in the model of predictive screening and prognostic assessment, which traditionally only depended on the changes of serum single-hormone change and pituitary imaging, and in the therapeutic model of cancer from the general radiotherapy and chemotherapy to personalized strategy (8, 9). From multi-parameter systematic strategy opinion, it is necessary to systematically study the changes in genome, transcriptome, proteome, peptidome, and metabolome in individual pituitary adenoma tissue and body-fluid (cerebrospinal fluid, CSF; serum/plasma) (7). Systems biological technologies are able to integrate all experimental data and clinical information of individuals to identify key molecular networks specific to individual NFPA (10, 11). However, the data from genome, transcriptome, proteome, peptidome, metabolome, and radiome are much different among individual tumors, and between tumors and normals; and molecular networks alter among individuals, and between tumors and normals. Therefore, it is necessary to construct multiple omics data-based molecular networks for clarification of accurate molecular mechanisms of NFPAs, and discovery of tumor-specific biomarker pattern for efficient prediction screening, early diagnosis, prognostic assessment, and individualized prevention and therapy (12).

Molecular-network alterations are the hallmark in complex cancer disease (4, 7, 12). The molecules in the levels of gene (genome), RNA (transcriptome), protein (proteome), and metabolite (metabolome) are mutually regulated and form dynamically associated systems. Each molecule change is associated with the changes of other molecules in a pathway system. One molecule in a signaling pathway system might also trigger the effects of other signaling pathways in a tumor biological system. Thus, if only a single-one molecule is targeted or only a single-level of omics studies is focused on, then it must result in obvious limitations. A globally systematic and comprehensive recognition of molecular networks based on multi-omics data has an important scientific merit to understand the molecular mechanisms of NFPAs and discover really useful biomarkers for NFPAs. However, it is difficulty for a single research team to perform all studies in each level of genome, transcriptome, proteome, and metabolome commonly, due to the limited experimental conditions, expertise, and financial support in a single research team. The single and independent experimental data from different omics studies under a given condition can only explain and represent a certain aspects of a tumor because of tumor heterogeneity and plasticity (13, 14). The experimental subjects are also not same among different research groups. Thus, the experimental results from different research group have their own strengths and limitations. The concept and principle of Meta analysis (15), which is a secondary analysis based on multiple center published experimental data, offers one a new strategy to integrate and analyze different levels of NFPA omics data that were published by different research groups. Moreover, Ingenuity Pathway Analysis (IPA) system is an extensively used and classic pathway analysis system to construct pathway networks with different omics data from large-scale IPA knowledge base database (>6 million scientific findings and >800 canonical pathways) (16, 17). Meta analysis in combination with IPA pathway network analysis can construct integrative molecular networks to in-depth understand NFPA pathogenesis and discover accurate and reliable biomarkers for NFPAs (5).

The present study collected all published omics data about NFPAs (Supplemental Table 1), including mapping protein data in NFPAs and controls, quantitatively transcriptomic data and proteomic data between NFPAs and controls, mapping protein-nitration data in NFPAs and controls, mapping protein-phosphorylation data in controls, and quantitatively transcriptomic data and proteomic data between invasive and non-invasive NFPAs. IPA pathway analysis program (17) was used to reveal signaling networks, canonical pathways, and biological functions with each set of omics data. The important signaling pathways and the corresponding molecules were confirmed with PTMScan experiments and immunoaffinity Western blot in the real NFPA samples compared to control samples. Then, these data were comprehensively analyzed to reveal integrative molecular networks that function in an NFPA biological system. The experimental flow chart was shown to construct and validate pathway-network systems in NFPAs (Figure 1).
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FIGURE 1. Scheme to construct molecular networks based on an integrative analysis of the documented omics data in NFPAs. DEG, differentially expressed gene; DEP, differentially expressed protein.




MATERIALS AND METHODS


Omics Datasets

All documented omics data regarding NFPAs were collected from Pubmed and Google Scholar databases. Those omics data from NFPAs were classified into nine datasets (Figure 1 and Supplemental Table 1): (i) Dataset 1—NFPA quantitative transcriptomics data, including 280 differentially expressed genes (DEGs) (114 upregulated and 166 downregulated) (Supplemental Materials 1.1). (ii) Dataset 2—NFPA quantitative proteomics data: including 50 differentially expressed proteins (DEPs) (21 upregulated and 29 downregulated) (Supplemental Materials 2.1). (iii) Dataset 3—NFPA mapping protein data, including 218 proteins (Supplemental Materials 3.1). (iv) Dataset 4—NFPA mapping protein nitration data, including 9 nitroproteins and 3 non-nitrated proteins (Supplemental Materials 4.1). (v) Dataset 5—Invasive NFPA quantitative transriptomics data, including 346 DEGs (233 upregulated and 113 downregulated) (Supplemental Materials 5.1). (vi) Dataset 6—Invasive NFPA quantitative proteomics data, including 57 DEPs (30 upregulated and 27 downregulated) (Supplemental Materials 6.1). (vii) Dataset 7—Pituitary control mapping protein data, including 1,469 proteins (Supplemental Materials 7.1). (viii) Dataset 8—Pituitary control mapping protein nitration data, including 8 nitroproteins (Supplemental Materials 8.1). (ix) Dataset 9—Pituitary control mapping phosphorylation data, including 28 phosphoproteins (Supplemental Materials 9.1).



IPA Analysis

Each dataset was analyzed with IPA analysis program (http://www.ingenuity.com). Briefly, the ID numbers of genes and proteins in each dataset were used as the identifiers, and input into the IPA analysis program with the Core analysis platform. For DEG and DEP data, the ID numbers and corresponding fold-change values were input simultaneously into the IPA analysis system to automatically search the matched genes/molecules, and generate a two-dimensional table that includes the matched and unmatched genes/proteins. Five subdatasets were automatically generated, including (i) All IDs that contained all input IDs, (ii) Unmapped IDs that were without the matched molecules in the IPA system, which did not enter the next-step pathway analysis, (iii) Mapped IDs that were the matched molecules with duplicated IDs, (iv) Network-eligible IDs that were the mapped IDs without duplicated IDs, and (v) Functions/Pathways/List-eligible IDs. For the duplicated IDs for the same gene/protein, the identifier with the highest fold-change was used in the pathway analysis; or, the first appeared gene/protein was used in the pathway analysis without an expression value such as mapping proteomic data, nitroprotein data, and phosphorylation data. The Network-eligible IDs were proceeded into the pathway network analysis with comparison of network-eligible molecules (genes; proteins) with the IPA knowledge base (IPAKB); and IPAKB contains over 6 million scientific findings and over 800 canonical pathways (2, 17). The significances (p-values) of the associations between the dataset and the canonical pathways in the IPAKB were measured with comparison of the number of use-specific genes/proteins of interest that participate in a given pathway to the total number of occurrences of these genes in all pathway annotations that are stored in the IPAKB. The Benjamini-Hochberg for multiple testing was used to calculate each p-value to determine the probability that the association between genes in the dataset and the canonical pathways in IPAKB was explained only by chance, with a statistical significance of p < 0.05. Each IPA analysis generated statistically significant networks, canonical pathways, biofunctions, and tox functions. A toxic pathway is defined as a canonical pathway that is significantly associated with toxicity lists that describe adaptive, defensive, or reparative responses to xenobiotic insult, and could be used to understand biological responses.



Analysis of Molecular Networks

All IPA data (networks, canonical pathways, biofunctions, and tox functions) from different datasets together with the original gene/protein data were comprehensively analyzed in combination with literature-based bioinformatics and clinical features, to clarify molecular pathway-network alterations in NFPAs. Those common networks, canonical pathways, biofunctions, and tox functions derived from multiple datasets were important molecular events that occurred in NFPAs. Moreover, an important role of network is to find hub-molecules. All of those hub-molecules with at least five linked molecules among those networks identified from nine datasets were further analyzed to find hub-molecule panels. Each hub-molecule panel was further rationalized in NFPAs. Each canonical-pathway panel derived from nine datasets was also rationalized in NFPA biological processes.



Pituitary Tumor and Control Tissues

Pituitary adenoma tissue samples were obtained from Department of Neurosurgery, Xiangya Hospital, Central South University, and were approved by Xiangya Hospital Medical Ethics Committee of Central South University. Control pituitary glands were post-mortem tissues obtained from the Memphis Regional Medical Center, and were approved by University of Tennessee Health Science Center Internal Review Board (UTHSC-IRB). The written informed consent was obtained from each patient or the family of control pituitary subject, after full explanation of the purpose and nature of all used procedures. The tissues were removed during neurosurgery or autopsy, frozen immediately in liquid nitrogen, and stored (−80°C) until processed.



PTMScan Direct Multi-Pathway Analysis of Mined Signaling Pathways

Pituitary tissue samples from NFPA patients (n = 4) and control pituitaries (n = 4) (Supplemental Table 2-1) were analyzed with PTMScan® Direct Test (Cell Signaling Technology Company, Danvers, MA, USA) to experimentally investigate the roles of multiple pathways including PI3K/AKT, mTOR, Wnt, and ERK/MAPK signaling pathways derived from nine sets of omics data in NFPAs.


Tissue Lysate Preparation

An amount (100 mg) of pituitary tissue samples were added in a volume (1 ml) of urea lysis buffer (20 mM 2-hydroxyethyl (HEPES), 9 M urea, 2.5 mM sodium pyrophosphate, 1 mM sodium orthovanadate, and 1 mM β-glycerophosphate, pH 8.0), and homogenized with refiner on the ice. The lysates were sonicated (30 s x 3 times at 15 W output, chilled on ice with 1-min intervals), and centrifuged (20,000 g, 4°C, 15 min). The supernatant was collected, and its protein concentration was measured with Bio-Rad 2-D Quant assay using bovine serum albumin (BSA) as standard. Each sample was mixed with the equal protein amount in NFPA group and in control group, respectively.



Protein Digestion and Purification

Equal amount (10 mg/sample) of protein mixture (NFPAs; and controls) was reduced (55°C, and 30 min) with a final concentration of 4.5 mM dithiothreitol (DTT) in an incubator. After the solution was cooled on ice to room temperature, an appropriate volume (1 ml) of 100 mM iodoacetamide was added to 40 mg of protein extract, mixed well, and incubated (dark, 15 min, and room temperature). The reduced and alkalized samples were diluted (1:4) with 20 mM HEPES buffer at pH 8.0. The diluted samples were digested (overnight, room temperature, and gentle mixing) with 10 μg/ml trypsin-TPCK (TPCK = tosyl-phenylalanine chloromethyl-ketone) in 1 mM hydrochloric acid (HCl). After digestion, the tryptic peptides were acidified with 1% trifluoroacetic acid (TFA) to reach pH <3, and then stood on ice for 15 min to be precipitated. The acidified peptide solution was centrifuged (1,780 g, 15 min, and room temperature), followed by desalination through a C18 Sep-Pak cartridge (Waters) and elution by 40% acetonitrile in 0.1% TFA. The eluted peptides were lyophilized.



Immunoprecipitation Through PTMScan Direct Multi-Pathway Reagents and Purification

PTMScan Direct Multipathway V2.0 (18) antibody mixture was incubated (overnight; 4°C) with 30 μl protein G agarose beads (Roche). The beads with antibodies were washed four times with 1X phosphate buffered saline (PBS). Lyophilized peptides were resuspended in 1.4 ml 1X IAP buffer (50 mM MOPS, 50 mM sodium chloride, 10 mM sodium phosphate, pH 7.2), and centrifuged (10,000 g, 5 min, 4°C). The resupended peptides were added into the beads with PTMScan antibodies, and incubated (4°C, 2 h); and a mixture of tryptic peptides of various cell lysates was used as a positive control (18). After immunoaffinity reaction, the supernatant was removed, and beads with antibody-peptides were washed with 1 ml 1X IAP buffer for three times, then followed by wash with 1 ml high-performance liquid chromatography (HPLC)-grade water for three times. Enriched peptides were eluted (25°C, 10 min, and gentle mixing) from the beads with 50 μl 0.15% TFA, repeat the elution step, and all of the eluents were combined. The combined peptide solution was desalted through Stagetip by laying two layers of C18 EmporeTM materials into a 10-μl pipette tip (Cell Signaling Technology), passed with 50 μl 50% acetonitrile in 0.1% TFA (1,500 g, 2 min; 2 x), and followed by rinsing with 50 μl 0.1% TFA by centrifuging the tip (1,500 g, 1 min; 2 x). The peptides were eluted from the Stagetip through passing 10 μl 40% acetonitrile in 0.1% TFA and centrifuging (750 g, 1 min; 2 x). The eluted peptides were vacuum-dried.



LC-MS/MS

The PTMScan antibody-enriched peptides were resuspended in 12 μl of 0.125% formic acid for each sample, and separated through a reversed-phase C18 column (75 μm i.d. x 10 cm length) which packed into a PicoTip emitter (~8 μm i.d.) with a Magic C18 AQ (100 Å x 5 μm). Each sample was divided into two equal portions for liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis to increase the number of identifications and perform analytical reproducibility. Each sample was spiked with a standard peptide mixture [MassPREPTM Protein Digestion Standard Mix 1; an overall quantity of 100 fmol (33 fmol per injection)] ahead of LC-MS/MS analysis on an Easy-nLC 1000 hyphened Q-ExactiveTM mass spectrometer. Peptides were separated by a linear gradient from 2 to 32% acetonitrile over 120 min. Both MS and MS/MS data were acquired in centroid mode. For precursor ion scan, resolution was set at 70,000 with an automatic gain control (AGC) target of 1 x 106, and scan range was from m/z 300 to 1,500. For product ion scan, resolution was set at 17,500 with AGC target of 1 x 105, and scan range was from m/z 200 to 2,000. The top 10 intensive precursor ions in each MS scan were selected for MS/MS analysis with normalized collision energy of 25.



Database Searching and Label-Free Quantification

SEQUEST and the core platform from Harvard University were used to evaluate MS/MS spectra. MS/MS data were used to search against Swiss-Prot homo sapiens FAST database (updated on April 29, 2015; 42,104 forward and 42,104 reverse sequences, and isoform messages). A mass accuracy of ±0.02 Da was used for product ions and ±5 ppm for precursor ions. Enzyme was selected as trypsin with at least one tryptic (K- or R-containing) terminus required and up to four miscleavages allowed per peptide. Carboxamidomethylation at cysteine residues was set as a fixed modification; and oxidation at methionine residues and the appropriate PTMs were set as variable modifications. All searches included reverse decoy database was used to value false discovery rates (FDR), and the linear discriminant module of core was screened with 5% FDR. Progenesis V4.1 (Waters Cooperation) and Skyline Version 3.1 (MacCoss Lab, University of Washington) were used to generate quantitative data and to extract the whole peal area of the corresponding peptide assignments. Extracted ion chromatograms of peptide ions with abundance variations between samples were manually assessed to make sure the accurate quantification in Skyline.




West Blot Evaluation of Key Molecules in Signaling Pathways

Equal amount of tissue lysates (20 μg) were mixed (v:v = 1:1) with 2x loading buffer that mixed 50 μl β-mercaptoethanol (β-ME) and 950 μl Laemmli sample buffer (Bio-Rad, Cat#: 1610737), boiled (95–100°C, 5 min), and then chilled on the ice. The boiled protein samples were separated with 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Bio-Rad, Cat#: 4561033), transferred to a polyvinylidene fluoride (PVDF) membrane (Merck Millipore, Cat#: INCP00010), and blocked (1 h, room temperature) with 5% BSA in Tris buffered saline (TBS) containing 0.1% Tween 20 (TBST). The blocked proteins on the PVDF membrane were incubated (4°C, overnight) with primary antibodies, washed in TBST, and incubated (2 h, room temperature) with anti-mouse or anti-rabbit HRP-conjugated secondary antibodies. Each primary or secondary antibody was prepared (Supplemental Table 2-2). The membranes were washed and developed with chemiluminescence reaction (SuperSignal™ West Pico Chemiluminescent Substrate, Thermo Fisher Scientific, Cat#: 34077; or Clarity Max Western ECL Substrate, Bio-Rad, Cat#: 1705062s). The digital images were acquired with a scanner (FLURCHEM FC3, ProteinSimple), and optical density (O.D.) values were quantified with a specific densitometric software (Quantity One, Bio-Rad). Each targeted protein was analyzed with Western blot for at least three times. Student t-test with p < 0.05 was used to determine statistically significant difference between NFPAs and controls.



Statistical Analysis

For IPA analysis of multi-omics data, Benjamini-Hochberg for multiple testing with significance level of p < 0.05 was used to determine statistically significant molecular-networks, and canonical pathways. For PTMScan experiments, 5% FDR with reverse decoy database search using Progenesis V4.1 (Waters Cooperation) and Skyline Version 3.1 (MacCoss Lab, University of Washington) was used to quantitatively determine a reliable peptide, protein, and phosphorylation. For Western blot analysis, Student t-test with p < 0.05 and at least repetition three times were used to determine statistically significant difference in each protein or phosphorylation in NFPAs relative to controls.




RESULTS


Data Characteristics of Nine Sets of Omics Datasets

Nine sets of omics data (Supplemental Materials 1.1, 2.1, 3.1, 4.1, 5.1, 6.1, 7.1, 8.1, 9.1) were input into the IPA, respectively. Each set of omics data was classified into unmatched, matched, duplicated, and network-eligible IDs (Supplemental Table 3). Only network-eligible IDs were processed into network analysis. Among them, there were two sets of DEG data (Datasets 1 and 5), two sets of DEP data (Datasets 2 and 6), and one set of nitroprotein data (Dataset 4), from NFPAs or invasive NFPAs (Figure 1, Supplemental Table 1). Analyses of those DEG, DEP, and nitroprotein data from NFPAs or invasive NFPAs directly resulted in clarification of molecular profiling variations in NFPAs relative to controls. Four sets of mapping data (proteins, nitroproteins, and phosphoproteins) from controls (Datasets 7, 8, and 9) or NFPAs (Dataset 3) provided the baseline data for NFPA molecular profiling variations. Moreover, the data characteristics of nine sets of omics data were summarized (Supplemental Table 4), of which four types of common molecules were present in NFPA datasets 1 (DEGs) and 2 (DEPs), and invasive NFPA datasets 5 (DEGs) and 6 (DEPs), including growth factors, kinases/enzymes, transcriptional regulators, and transporters.



Molecular Network Alterations in NFPAs

IPA system compared and associated the network-eligible molecules (genes; proteins) in each omics dataset with the large-scale IPAKB to link molecules with direct or indirect relationship into a biological function group, and further generate the complicated interactive molecular-network diagrams. This study identified 62 statistically significant molecular-networks from nine sets of omics data, including 15 networks from NFPA DEGs (Supplemental Materials 1.2), 4 from NFPA DEPs (Supplemental Materials 2.2), 12 from NFPA mapping proteins (Supplemental Materials 3.2), 1 from NFPA nitroproteins (Supplemental Materials 4.2), 13 from invasive NFPA DEGs (Supplemental Materials 5.2), 3 from invasive NFPA DEPs (Supplemental Materials 6.2), 10 from control mapping proteins (Supplemental Materials 7.2), 1 from control nitroproteins (Supplemental Materials 8.2), and 3 from control phosphoproteins (Supplemental Materials 9.2). Each network performed the corresponding biological functions. The functions, nodes, molecules, and statistical score of each network were collected in Supplemental Materials 1.2–9.2. Two networks from NFPA DEP data (Dataset 2) were taken as representative examples (Figure 2). Network 1 mainly functioned in cancer, organismal development, and vascular system development and function, which contained 35 nodes (genes; proteins), 23 nodes (66%) were identified in this network, and ERK1/2, STAT5a/b, GH1, PRL, PLC, growth hormone, LH, ADCY, proinsulin, FSH, Cg, cytochrome C, LDL, GNAO1, and estrogen receptor were the key molecules in this network. Network 2 mainly functioned in drug metabolism, protein synthesis, and hereditary disorder, which contained 35 nodes (genes; proteins), 18 nodes (51%) were identified in this network, and Jnk, Hsp90, Akt, IL12 (complex), p38 MAPK, Ap1, HSP90B1, CD3, Mek, Tgf beta, ubiquitin, caspase, Hsp27, 14-3-3, YWHAQ, TCR, p85 (pik3r), VIM, Rock, Ige, IL15, IgG, Nos, HSP, HSPB1, HSPB8, and immunoglobulin were the key molecules in this network. Similarly, the rest 60 networks were present in Supplemental Materials 1.2–9.2. Comprehensive analysis of all 62 networks clearly found that some functional items of networks were present in different networks across nine different omics datasets.
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FIGURE 2. The representative molecular networks derived from NFPA DEG dataset.


To reveal the significance of overall variations in molecular networks from different datasets in NFPAs relative to controls, the frequencies of top functional items occurred among networks were counted and analyzed. The results revealed that top network-function items from control pituitary group were mainly related to essential biological processes of normal cell life, including RNA-transcriptional modifications, protein synthesis, carbohydrate metabolism, molecular transport, cell morphology, cell cycle, and cell growth and proliferation (Supplemental Figure 1A). Whereas, top network-function items from NFPA group were mainly related to the biological processes of endocrine and nervous system tumors, including cancer, cell signaling and interaction alteration, endocrine and nervous system disorder, inflammatory response, immunological response, cell death and survival, cell growth and proliferation, metabolism abnormalities, free radical and oxidative stress, and protein synthesis and degradation abnormalities (Supplemental Figure 1B). These results demonstrated that much different network-function variations were occurred between NFPAs and controls.



Molecular Network-Based Hub-Molecule Panels in NFPAs

Each network containing multiple node molecules (genes; proteins) formed a web to participate in the biological functions. However, different node molecules in a given network did not equally contribute to the biological functions of that given network. Some node molecules in a network were in the hub position, namely hub molecule that connected with many other node molecules in a direct or indirect way, and played key roles in that network. Some node molecules were at the boundary position in a network, and interacted with a relatively less number of other node molecules; such a boundary node molecule could only contribute a relatively weak role in a network. Furthermore, some hub molecules were present in multiple networks that were derived from nine different datasets, which clearly revealed that different networks were interacted mutually in an NFPA biological system. Therefore, the detailed analysis of all hub-molecules in 62 networks from nine sets of omics datasets might reveal and discover key molecules, molecule-panels, and corresponding biological functions that operate in an NFPA biological system, which benefits the discovery of biomarkers for NFPAs.

In this study, a hub-molecule was defined as a node molecule that directly or indirectly connected at least five other node molecules in a network. Thus, a total of 861 hub-molecules were identified from 62 networks, and the primary function annotation of each hub-molecule was obtained from UniProt annotation page, NCBI database, and extensive literature analysis (Supplemental Table 5). A total of 42 hub-molecule panels were generated from 861 hub-molecules according to primary functions of hub-molecules. Each hub-molecule panel was displayed with the number of hub-molecules originated from different dataset. Those 42 hub-molecule panels were further grouped into 16 functional categories, and each functional category was described in detail (Supplemental Figure 2). Here, the hub-molecule panel regarding GF, GFR, and related proteins from functional category A (Supplemental Figure 2A) was taken as an example for detailed description (Supplemental Figure 3). In this panel, those hub-molecules were GF, GFR and related molecules, and 9 hub-molecules (ANGPT1, FDF, FGF2, FGFR, FGFR1, PDGF BB, PTN, Tgf beta, and VEGF) from NFPA DEGs (Dataset 1), 6 (FLT4, GFR, PDGF BB, PDGFR, Tgf beta, and VEGF) from NFPA DEPs (Dataset 2), 5 (PDGF complex, PDGF BB, Tgf beta, TGFB1, and VEGF) from NFPA mapping proteins (Dataset 3), 6 (EGFR, FGFR1, PDGF BB, Tgf beta, TGFB1, and VEGF) from invasive NFPA DEGs (Dataset 5), 2 (EGFR, and Tgf beta) from invasive NFPA DEPs (Dataset 6), 3 (ACVRL1, EGFR, and FGFR1) from control mapping proteins (Dataset 7), and 1 (VEGF) from control nitroproteins (Dataset 8).

Comprehensive analysis of those 42 hub-molecule panels revealed 16 hub-molecule functional categories (Supplemental Figure 2). In each category, those hub-molecules derived from NFPA DEGs and DEPs (Datasets 1 and 2), nitroprotein data (Dataset 4), and invasive NFPA DEGs, and DEPs (Datasets 5 and 6) were directly associated with NFPA pathogenesis, compared to hub-molecules from mapping data (datasets 3, 7, 8, and 9). For cell movement, angiogenesis, invasion, and metastasis (Supplemental Figure 2A), the important hub-molecules included actin, F-actin, a-actin, cofilin, EZR, VIM, FLNA, Rar, Rxr, Rock, ANGPT1, FDF, FGF2, FGFR, FGFR1, PDGF BB, PDGFR, PTN, TGF beta, TGFB1, EFGR, VEGF, FLT4, GFR, CDH2, COL2A1, collegens, collegen type I, collegen type IV, integrin, Laminin, SELL, VCAN, ICAM3, and MMP, which were significantly associated with NFPAs. For kinase signaling pathways-related proteins (Supplemental Figure 2B), the important hub-molecules included DUSP4, ERK, ERK1/2, JNK, MAPK, MEK, p38 MAPK, MAP2K1/2, Shc, Rac, Ras, Ras homolog, K-Ras, Rsk, Sos, Akt, PI3K (complex), PI3K (family), p85, p70 S6k, PKA, PKC(s), PKG, PRKAA, PRKACA, PRKAR1A, TK, FAK, FYN, CK2, and PDPK1, which were significantly associated with NFPAs. For protein synthesis and degradation (Supplemental Figure 2C), the important hub-molecules included FBXO6, UBC, ubiquitin, PSMA2, 26s proteasome, CAND1, MDM2, EEF1A1, and KARS, which were significantly associated with NFPAs. For stress response (Supplemental Figure 2D), the important hub-molecules included P4HB, HSP, HSP27, HSP70, HSP90, HSP90B1, HSP90AA1, HSP90AB1, HSPB1, HSPB8, HSPA5, NOS, nitric oxide, SOD, MT1L, and CAT, which were significantly associated with NFPAs. For Notch-Wnt signaling pathway (Supplemental Figure 2E), the important hub-molecules included GSK3, LGR4, CTNNB1, Notch, NOTCH3, and ATXN1, which were significantly associated with NFPAs. For cell-cycle regulation (Supplemental Figure 2F), the important hub-molecules included 14-3-3, YWHAQ, YWHAG, CDC2, cyclin A, CCND1, CDH1, and CDKN1A, which were significantly associated with NFPAs. For transcription and its regulation (Supplemental Figure 2G), the important hub-molecules included C/ebp, CREB, CREM, ETV5, FOXO1, HES1, NFAT (complex), NFAT (family), ARNT2, CEBPA, E2F, XBP1, NFYB, NFkB (complex), NANOG, GATA3, NEUROD1, N-cor, BHLHE40, SAFB, and SMAD3, which were significantly associated with NFPAs. For DNA/RNA regulation and metabolism (Supplemental Figure 2H), the important hub-molecules included ZFP36, TARDBP, HDAC, histone, histone H3, histone H4, CBX5, TIP60, and RNA polymerase II, which were significantly associated with NFPAs. For immune and inflammation-related proteins and cytokines (Supplemental Figure 2I), the important hub-molecules included BCR (complex), BSG, IgE, IgG, IgM, immunoglobulin, LGALS3, CD1, CD3, TCR, Fc gamma receptor, CXCR4, IL1, IL12 (complex), IL12 (family), IL15, interferon-a, IFNG, TNF, TNF (family), and pro-inflammatory cytokines, which were significantly associated with NFPAs. For hormones and related proteins (Supplemental Figure 2J), the important hub-molecules included ADM, β-estradiol, CGA, CYP11A1, estrogen receptor, FSH, GH1, GRB2, GH, IGFBP3, insulin, LH, POMC, PRL, proinsulin, ADRB, ESR1, ESR2, IGFBP5, progesterone, EDNRA, and GAST, which were significantly associated with NFPAs. For energy metabolism (Supplemental Figure 2K), the important hub-molecules included cytochrome C, cytochrome-c oxidase, COX4I1, COX6C, POR, AMPK, ATP5B, and LDH, which were significantly associated with NFPAs. For proteins involved in tumorigenesis (Supplemental Figure 2L), the important hub-molecules included Ap1, FOS, JUN/JUNB/JUND, STAT5a/b, SKI, SNAI2, SRC (family), TP53, and Rb, which were significantly associated with NFPAs. For apoptosis-related proteins (Supplemental Figure 2M), the important hub-molecules included BCL2, caspase, BAX, BBC3, PARP, and CASP1, which were significantly associated with NFPAs. For Ca2+-related proteins (Supplemental Figure 2N), the important hub-molecules included calpain, CACNA1B, calmodulin, SLC8A1, S100A1, and TRPC6, which were significantly associated with NFPAs. For G protein-related signaling pathway (Supplemental Figure 2O), the important hub-molecules included ADCY, PLC, PLC gamma, RGS2, GNAO1, and Gpcr, which were significantly associated with NFPAs. Moreover, the hub-molecules, Nr1h, NR4A1, NR4A2, HNRNPU, PP1 protein complex group, PP2A, Ppp2c, LDH, LDL, SREBF1, and APOA1, were also significantly associated with NFPAs (Supplemental Figure 2P). Those NFPA-associated hub-molecules offered an important resource to determine reliable biomarkers for NFPAs.



High-Frequency Hub-Molecules Among Datasets in NFPAs

Some hub-molecules appeared multiple times in different NFPA dataset groups. For example, integrin, VEGF, PDGF BB, Ras, Mek, p38 MAPK, PKA, FAK, Creb, histone h3, estrogen receptor, growth hormone, cytochrome C, AP1, and ADCY appeared four times; TGF-β, ERK, Jnk, MAPK, Akt, PI3K complex, NFκB complex, immunoglobulin, LH, insulin, and LDL appeared five times; PKC, and UBC appeared six times. In this study, a hub-molecule that appeared at least three times among 42 hub-molecule panels across nine datasets was defined as a high-frequency hub-molecule. A total of 57 high-frequency hub-molecules were obtained (Table 1). Among them, 25 (43.8%) high-frenquency hub-molecules were also found with PTMScan experiment in NFPAs, including ERK, ERK1/2, Jnk, MAPK, Mek, p38 MAPK, AKT, PI3K complex, p85, PKC, FAK, Rac, Shc, HSP90, NFκB Complex, histone H3, AP1, calmodulin, and PLC, which were differentially expressed or modified at least 2.5-fold changes in NFPAs compared to controls; and actin, rock, PKA, creb, STAT5a/b, and caspase, which were differentially expressed with a fold-change of 1~2.5. Most of these high-frequency hub-molecules were kinases and signaling transduction-related molecules, which might contribute to oncogenesis and tumor development. Thereby, high-frequency hub-molecules did play essential roles in the progression of an NFPA. Those high-frequency hub-molecules might be used as targets for NFPA diagnostic indicators.


Table 1. High-frequency hub-molecules that were present in multiple datasets of NFPA group.
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Canonical Pathway Alterations in NFPAs

A total of 519 statistically significant canonical pathways were mined from nine datasets, including 68 canonical pathways from NFPA DEGs (Dataset 1), 25 from NFPA DEPs (Dataset 2), 89 from NFPA mapping proteins (Dataset 3), 29 from NFPA nitroproteins (Dataset 4), 30 from invasive NFPA DEGs (Dataset 5), 28 from invasive NFPA DEPs (Dataset 6), 174 form control mapping proteins (Dataset 7), 33 from control nitroproteins (Dataset 8), and 43 from control phosphoproteins (Dataset 9) (Supplemental Materials 1.3–9.3). Of them, some statistically significantly canonical pathways were mined from only one dataset, such a type of canonical pathways had 30 canonical pathways from dataset 1, 4 from dataset 2, 8 from dataset 3, 15 from dataset 4, 5 from dataset 5, 3 from dataset 6, 49 from dataset 7, 1 from dataset 8, and 3 from dataset 9 (Supplemental Table 6). Meanwhile, a total of 139 statistically significantly canonical pathways were mined from at least two datasets (Supplemental Table 7). After extensive literature analysis of these 139 canonical pathways, a total of 68 canonical pathways were found to obviously associate with the occurrence and development of a tumor in direct and indirect ways (Supplemental Table 8). Moreover, for those 68 cancer-related canonical pathways, 14 canonical pathways were not mined from any DEGs or DEPs datasets, and 54 canonical pathways involved in any DEGs or DEPs were divided into nine canonical-pathway panels according to the similar cellular functions and biological processes (Supplemental Table 8; Supplemental Figure 4). Nine canonical-pathway panels associated significantly with NFPA pathophysiological processes were addressed in detail (Supplemental Figure 4), and differentially expressed hub-molecules (DEGs, or DEPs) in those 54 significantly cancer-related canonical pathways among nine canonical-pathway panels were summarized (Table 2). Those important canonical-pathway panels with differentially expressed hub-molecules (DEGs; DEPs) in NFPAs benefited for in-depth understanding of NFPA molecular mechanisms and discovery of reliable biomarkers for NFPAs. For example, (i) Gao and CDK5 were upregulated in CDK5 signaling. Nectin and myosin were upregulated, and CLDN was downregulated in tight junction signaling. Notch, N-cadherin, and FGFR1 were upregulated in epithelial adherens junction signaling. Dysregulation of these molecules in those pathways might promote cytoskeleton, cell adhesion, and movement imbalance in pituitary cells (Table 2: Panel A). (ii) NDUFS8, COX6B, ATP5B, CAT, and β-secret 2 were upregulated in mitochondrial dysfunction pathway, which might cause mitochondrial dysfunction and energy metabolism abnormality in NFPAs (Table 2: Panel B). (iii) ESR1 was upreguated in eNOS signaling. CaM, IP3R, and SERCA were upregulated in nitric oxide signaling in the vascular system. EPHB, EFNE, and Gβ were upreguated in ephrin b/ephrin receptor signaling. The expression abnormalities of these molecules facilitated angiogenesis, and invasion abilities of NFPAs (Table 2: Panel C). (iv) AKR1B1 was upregulated in methylglyoxal degradation III pathway. GST (GSTM2) was upregulated in nrf2-mediated oxidative stress response pathway. This situation might convert toxin metabolism and oxidative stress response in pituitary to benefit the tumor progression (Table 2: Panel D). (v) VIM was upregulated, and 14-3-3 was downregulated, in 14-3-3-mediated signaling. CALM, NCX (SLC8A2), and tropomyosin (TPM3, TPM4) were upregulated in calcium signaling. Talin, FYN, and PPM1K were upregulated, and MKP2, PPM1A, and ESR2 were downregulated, in ERK/MAPK signaling. Various IGFBPs (IGFBP3, IGFBP5, and IGFBP6) were differentially expressed in IGF-1 signaling from multiple datasets (Table 2: Panel F). These changed molecules and pathways might cause the imbalance of many important processes such as cell cycle, and proliferation, and apoptosis to promote NFPA progression.


Table 2. Differentially expressed hub-molecules (DEGs, or DEPs) in 54 significantly cancer-related canonical pathways among nine canonical-pathway panels in NFPAs.
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Validations of Networks and Canonical Pathways With PTMScan® Direct Test

PTMScan® Direct test that combined immunoaffinity enrichment and LC-MS/MS was used to identify and quantify phosphorylated peptides/proteins within multiple key canonical pathways (18). This study analyzed a total of 1006 unique phosphorylated-sites within 409 proteins that participated in more than 19 pathways. Moreover, many hub-molecules in multiple important canonical pathways including PI3K/Akt, mTOR, Wnt, NFκB, ERK/MAPK, p38, and JNK signaling pathways in NFPAs were identified with PTMScan® Direct test; and PI3K/AKT, mTOR, Wnt, NF-κB, ERK/MAPK, p38, and JNK signaling pathways were confirmed excessively activated in NFPAs with PTMScan experiments-based phosphorylation analysis (Table 3). From PTMScan® Direct results in NFPAs compared to controls, the phosphorylated sites and levels were identified and quantantified for proteins PI3K, SHIP, GAB2, SHC, SOS, HSP90, AKT, IKK, NFκB, GSK3, β-CATENIN, BAD, MEK1/2, and ERK1/2 in PI3K/Akt signaling pathway (Figure 3); for proteins PKC, p90RSK, mTOR, PRAS40, RICTOR, 4EBP, and RPS6 in the downstream mTOR signaling (Figure 4A); for proteins GSK3, β-catenin, Bcl-9, PLC, NFkB, JNK, AP-1, and ATF2 in Wnt pathways (Figure 5A); and for proteins SHC, SOS, PI3K, PKC, MEK1/2, ERK1/2, BAD, p90RSK, 4EBP1, PLC, PAK, B-RAF, FAK, MKP, HSP27, MSK1/2, c-Myc, NFATc, CREB, Histone H3, and Jun in ERK/MAPK signaling (Figure 6), and some of these proteins were also found in PI3K/Akt/mTOR signaling (Table 3). PTMScan experiments revealed the significantly increased phosphorylation levels at residues Thr308/309/305 in Akt1/2/3, Ser472 in Akt3, Ser2448 in mTOR, Ser246 in PRAS40; Thr37 and Thr46 in both 4E-BP1 and 4E-BP2, Thr23 in 4E-BP3; Ser235, Ser236, Ser240, Thr241 and Ser244 in S6, Ser376 in IKKγ, Ser21 in GSK3α, and Ser552 and Ser675 in β-Catenin (Table 3), which might stimulate and magnify PI3K/Akt signaling, and its downstream mTOR, NFκB, and canonical Wnt pathways to contribute to tumor progression. Moreover, the significantly increased phosphorylation levels were also found at residues Ser446 or Ser447 in B-Raf, Ser218 or Ser222 in MEK1, Thr202 and Tyr187 in both ERK1 and ERK2, Tyr220, Ser221, and Thr225 in RSK1, Tyr226, Ser227, and Thr231 in RSK2, Tyr231, Ser232, and Thr236 in RSK4, Ser376 in MSK1, Ser360 in MSK2, Thr575 and Tyr577 (Thr575 and/or Tyr576) in FAK, Thr180 and Tyr182 (Tyr182 and Thr185) in p38a, Thr183 and Tyr185 in JNK1, Thr221 and Tyr223 in JNK3, Thr183 and Tyr185 (Thr175 and Tyr185) in JNK2, and Thr69 and Thr71 in ATF2; whereas the decreased phosphorylation level was found at residue Ser359 in MKP1, and Ser71, Ser74, Ser75, and Tyr76 in BAD (Figure 6 and Table 3). Those findings demonstrated that ERK/MAPK and its related p38 and Jnk pathways were activated to significantly affect NFPA development. Thereby, PTMScan® experiment confirmed clearly PI3K/Akt, mTOR, Wnt, ERK/MAPK, p38, and Jnk pathways derived from IPA pathway network and bioinformatic analyses of multi-omics data, and further revealed the functions of those pathway-networks in NFPA tumorigenesis.


Table 3. PI3K/AKT, mTOR, Wnt, and ERK/MAPK signaling pathways confirmed with PTMScan experiments and phosphorylation sites.
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FIGURE 3. PI3K-AKT signaling pathway was involved in NFPA. This pathway was derived from the IPA analysis results of multi-omics, and then it was modified and verified according to the PTMScan results of NFPAs compared to controls. The red color means upregulation of a molecule in NFPAs, and the green color means downregulation of a molecule in NFPAs. The gradient color degree means slightly different expression tendency of that molecule.
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FIGURE 4. mTOR signaling pathway was involved in NFPA. (A) mTOR signaling pathway was derived from the IPA analysis results of multi-omics, and then it was modified and verified according to the PTMScan results of NFPAs compared to controls. The red color means upregulation of a molecule in NFPAs, and the green color means downregulation of a molecule in NFPAs. The gradient color degree means slightly different expression tendency of that molecule. (B) Immunoaffinity Western blot analyses of PRAS40 and p-PRAS40 (Thr246) confirmed. mTORC1 signaling was involved in NFPAs (n ≥ 3). The relative intensity was the ratio of absorbance units of NFPAs compared to controls. **p < 0.01.
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FIGURE 5. Wnt signaling pathway was involved in NFPA. (A) Wnt signaling pathway was derived from PTMScan results of NFPAs compared to controls. The red color means upregulation of a molecule in NFPAs, and the green color means downregulation of a molecule in NFPAs. The gradient color degree means slightly different expression tendency of that molecule. (B) Activation of canonical Wnt pathway in NFPAs was verified by Western blot results of GSK-3α, GSK-3β, p-GSK-3β (Ser9), p-GSK-3α/β (Ser21/9), β-catenin and β-actin in control pituitaries (Con) and NFPAs (n ≥ 3). The relative intensity was the ratio of absorbance units of NFPAs compared to Con. *p < 0.05, **p < 0.01.
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FIGURE 6. ERK-MAPK signaling pathway was involved in NFPA. This pathway was derived from the IPA analysis results of multi-omics, and then it was modified and verified according to the PTMScan results of NFPAs compared to controls. The red color means upregulation of a molecule in NFPAs, and the green color means downregulation of a molecule in NFPAs. The gradient color degree means slightly different expression tendency of that molecule.




mTORC1 Signaling and Canonical Wnt Pathway Are Activated in an NFPA

For mTOR signaling pathway (Figure 4A), PRAS40 was the pivotal modulator of the mTOR complex 1 (mTORC1). The total protein expression level of PRAS40 and its phosphorylation level at residue Thr246 in PRAS40 were the switch of mTORC1 pathway to decide the initiation of the downstream protein synthesis and metabolism enhancement (24). Western blot analysis found that PRAS40 was significantly downregulated in NFPAs (Figure 4B), while the phosphorylation level at residue Thr246 in p-PRAS40 was significantly increased in NFPAs relative to controls. For canonical Wnt pathway (Figure 5A), GSK3α and GSK3β were key inhibitors of canonical Wnt pathway. The enhanced phosphorylation level at residue Ser21/9 in GSK3α/β would remove the inhibition of Wnt pathway. The total protein expression levels of GSK3α and GSK3β were decreased slightly in NFPAs relative to controls (Figure 5B). Whereas, the phosphorylation levels at residues Ser21 in p-GSK3α and Ser9 in p-GSK3β were significantly increased in NFPAs relative to controls. In addition, the main effector β-catenin in Wnt pathway was significantly upregulated in NFPAs compared to controls. Therefore, the expression and phosphorylation levels of GSK3α/β could reflect the state of canonical Wnt pathway. These Western blot experiments further validated IPA pathway-network analysis results and PTMScan experimental results; namely, the canonical Wnt pathway and mTORC1 signaling were activated in NFPAs, and contributed to NFPA pathogenesis.




DISCUSSION

Molecular network changes are the hallmark in human pituitary adenoma pathogenesis, which is involved in multiple molecule alterations in different levels of genes (genome), RNAs (transcriptome), proteins (proteome), metabolites (metabolome), and imaging features (radiome), and those different levels of molecules are mutually interacted. Multiomics data-based pathway network analysis benefits for the complete and comprehensive understanding of molecular mechanisms and discovery of reliable pathway-network-based biomarkers for pituitary adenomas. This study collected nine sets of omics data from different research groups in the world, including DEG and DEP data in NFPAs compared to controls, DEG and DEP data in invasive NFPAs compared to non-invasive NFPAs, nitroproteins in NFPAs, mapping proteins in NFPAs, and mapping proteins/nitroproteins/phosphoproteins in control pituitaries. Each omics data was performed by pathway-network analysis and related bioinformatics analysis, and hub-molecules were identified from pathway-networks. Those pathway networks derived from mapping proteins in NFPAs and mapping proteins/nitroproteins/phosphoproteins in controls were the base line data, which provided the reference for determination of reliable NFPA-related pathway-networks. Those pathway networks derived from DEGs and DEPs in NFPAs and invasive NFPAs, and nitroproteins in NFPAs, were directly associated with NFPAs pathophysiological changes. Thus, a total of 62 molecular networks and 861 hub-molecules were identified. According to the primary functions of 861 hub-molecules, 42 hub-molecule panels that were grouped into 16 functional categories were identified (Supplemental Figure 2); and 57 high-frequency hub-molecules were identified. Moreover, among 519 statistically significant canonical pathways derived from nine sets of omics data, 54 significantly cancer-related canonical pathways were identified to involve differentially expressed hub-molecules (DEGs, or DEPs), and were further grouped into 9 canonical-pathway panels (Table 2). Many of these altered canonical pathways interact with each other through hub-molecules to form pathway networks. Comprehensive analysis of all these networks, hub-molecule panels, cancer-related canonical pathways, and canonical pathway panels, the PTMScan experiment (multiple antibodies-based enrichment and LC-MS/MS) that contained 1006 phosphorylated sites with 409 proteins within 19 important signaling pathways were carried out in NFPAs compared to control pituitaries, which confirmed the important pathway-networks and the corresponding hub-molecules in NFPAs and further investigate the functional roles of those pathway network and hub-molecules, including PI3K/Akt signaling, mTOR signaling, Wnt pathway, NFκB signaling, apoptosis-regulated pathways, ERK/MAPK signaling, p38 MAPK, and JNK pathways, and the corresponding hub-molecule changes (Table 3). Furthermore, differentially expressed hub-molecules and differentially phosphorylated hub-molecules in mTOR pathway and Wnt pathway were confirmed and validated with immunoaffinity Western blot in NFPAs compared to control pituitaries (Figures 4B, 5B). One might note that those important pathway-systems and hub-molecules were not directly further confirmed and validated in invasive NFPAs compared to non-invasive NFPAs to identify NFPA invasiveness-related pathways and hub-molecules, because there were not enough clinical information in our laboratory to distinguish those NFPA samples used for PTMScan experiment into invasive and non-invasive groups. However, NFPA samples used for PTMScan experiment included invasive and non-invasive NFPA tissues. Those solid data including 42 hub-molecule panels, 57 high-frequency hub-molecules, 9 canonical-pathway panels, and PTMScan and Western blot-valued pathway-systems and hub-molecules in NFPAs provided overall and large-scale pathway-network alteration profiles for NFPAs, which benefited for discovery of novel drug targets and tumor molecular biomarkers, and development of more specific and comprehensive diagnosis and target treatment strategies for NFPAs.

Based on multi-omics data, PTMScan experimental data, and immunoaffinity Western blot data of key hub-molecules within important signaling pathway systems, PI3K/Akt signaling pathways (mTOR signaling, Wnt pathway, NFκB signaling, and apoptosis-regulated pathways), and MAPK signaling pathways (ERK/MAPK signaling, and p38 and JNK pathways), were significantly associated with NFPA pathogenesis, and were further discussed in details below.


PI3K/Akt Signaling Pathways Were Activated in NFPAs

The PI3K/Akt cascade is an essential downstream effector of many protein-kinase signaling pathways, including receptor tyrosine kinases (RTKs) and G protein-coupled receptors (GPCRs), and its excessive activation often leads to genomic instability, tumor formation, progression, angiogenesis, and multidrug resistance (25). This study found that many abnormal protein expressions in the PI3K/Akt canonical pathway and mTOR pathway, including upregulated SHIP, GAB1/2, SHC, SOS, AKT, IKK, NFkB, MEK1/2, ERK1/2, mTOR, 4E-BP1, GSK3, and β-catenin, and downregulated PI3K p85, HSP90, and BAD, in PI3K/Akt pathway (Figure 3); upregualted ERK1/2, AKT, RSK, mTOR, PRAS40, RICTOR, 4EBP, RPS6, and 40S ribosome, and downregulated PKC, PKCa, and p-4EBP in mTOR pathway (Figure 4). These data indicated multi-level dysfunctions in PI3K/Akt signaling pathway in NFPA. Moreover, mTOR signaling abnormality was found with abnormally expressed proteins RSK, mTORC1 that regulated ATG13 and 40S ribosomes, and RICTOR in mTORC2 (Figure 4A). These findings demonstrated that mTOR pathway as the downstream signaling of PI3K/Akt was also dysregulated. Furthermore, the abnormally expressed 14-3-3 and HSP90 in PI3K/Akt signaling pathway played an important role in the aberrantly activated PI3K/Akt signaling.

Akt is also known as PKB, a serine/threonine kinase, and belongs to protein kinase A/G/C family. Akt modulates many important cellular processes. Aberrant activation of Akt often leads to multiple diseases including cancers (26). Three Akt isoforms (Akt1, Akt2, and Akt3) exist in mammals, and phosphorylation at two residues Thr308 and Ser473 in Akt1, Thr309 and Ser474 in Akt2, and Thr304 and Ser472 in Akt3 are needed for their full activation. The residues Thr308 in Akt1, Thr309 in Akt2, and Thr304 in Akt3 were located in the activation loop, and were phosphorylated by PDK1. Whereas, the residues Ser473 in Akt1, Ser474 in Akt2, and Ser472 in Akt3 were located in C-terminal regulatory domain, and were regulated by mTORC2, which were critical to stabilize their active conformation (27). This study found that Akt1, Akt2, and Akt3 were upregulated in NFPAs relative to controls, and phosphorylation levels at residues Thr308 in Akt1, Thr309 in Akt2, and Thr305 and Ser472 in Akt3 were upregulated in NFPAs relative to controls, which demonstrated Akt was overexpressed and fully activated in NFPAs. Furthermore, Akt can regulate the functions of more than 100 substrates in a cell, which suggests a possibility for PI3K/Akt to build crosstalk with other pathways, including ERK, JNK, p38, NFκB, and Wnt signaling (26). This study demonstrated that the activated PI3K/Akt signaling was substantially involved in stimulation of multiple cascades in NFPAs through the following pathways (Figure 3): (i) The activated Akt phosphorylated TSC2 and residue Thr246 in PRAS40 to inactivate these proteins and subsequently stimulated mTORC1 signaling; (ii) The functional loss of Akt consequentially activated canonical Wnt pathway by phosphorylation at residue Ser21 in GSK3α, and Ser9 in GSK3β; (iii) Akt activated NF-κB signaling through phosphorylating the upstream IκB kinase α; (iv) Akt blocked pro-apoptotic activity of BAD through phosphorylation and promoted cell survival; (v) PI3K/Akt signaling could interact with ERK, JNK, and p38 signaling from multiple levels; and (vi) Akt lead to degradation of the transcription factors NFAT and inhibited migration and invasion of a cancer.



The mTOR Signaling Pathway Was Activated in NFPAs

The mTOR was a conserved serine/threonine kinase, and belongs to the PI3K superfamily, which can integrate multiple signals such as pressure, oxygen content, nutrient availability, and mitogenic signals to regulate growth and homeostasis. The mTOR functioned in two functionally distinct complexes, including mTORC1 (mTORC1), and mTOR complex 2 (mTORC2) (Figure 4A). The core components mainly included mTOR, Raptor, PRAS40, and mLST8 in mTORC1, and mTOR, RICTOR, mSIN1, and mLST8 in mTORC2 (24). When stimulated by stress, oxygen, nutrition, energy and growth factors, mTORC1 regulated protein translation, autophagy and metabolism including adipogenesis, ketone formation and glucose homeostasis. The mTORC2 that can be activated by extracellular growth factors phosphorylated downstream kinases such as Akt, PKC and SGK to enhance signal cascade and regulate biological effects including cell survival, cytoskeleton, and metabolism (28). The activated mTORC1 phosphorylated S6K and eIF-4E binding proteins (4E-BPs), and mTORC2 was necessary for the maximal activation of Akt through phosphorylation of its residue Ser473 (29). Upon stimulation, mTOR was commonly phosphorylated at its residues Thr2446, Ser2448, and Ser2481, and the region of its residues 2430–2450 was important for function regulation of mTOR (29). The residue Ser2448 in mTOR was phosphorylated by S6K, and this phosphorylation increased associations of mTOR with Raptor in mTORC1 and Rictor in mTORC2. The phosphorylation status of mTOR Ser2448 was correlated with mTORC1 activity (30). In this study, PTMScan results demonstrated that phosphorylation levels at residues Thr2446 or Ser2448 in mTOR were significantly increased, which demonstrated that mTOR was activated in NFPAs, and contributed to the initiation and development of NFPAs. As a substrate, AKT-phosphorylated PRAS40 negatively regulated mTORC1 Rheb-GTP-dependent activation in normal state. When residue Thr246 in PRAS40 was phosphorylated by Akt, PRAS40 could not inhibit the activity of mTORC1 (24), thus activated mTORC1 phosphorylated downstream eIF4E-binding proteins (4E-BPs) and ribosomal S6 kinase (p70RSK) to enhance protein synthesis and regulate energy metabolism (31). Moreover, this study found that phosphorylation of residue Thr246 in PRAS40 was significantly increased in NFPAs with Western blot and PTMScan experiment, while the overall expression of PRAS40 was significantly decreased in NFPAs. These results demonstrated that the suppressions of PRAS40 on mTORC1 were dramatically relieved in NFPAs.

There are three kinds of 4E-BPs, including 4E-BP1, 4E-BP2, and 4E-BP3 in mammals. In quiescent state, 4E-BPs tightly interact eIF4E to prevent the initiation of translation (24, 32). Phosphorylation at residues Thr37 and Thr46 in 4E-BP2 by mTOR significantly decreased the affinity capability between 4E-BP2 and eIF4E by100 folds (33). 4E-BP3 had similar functional characteristics with 4E-BP1 and 4E-BP2 (34). In this study, PTMScan experiment found that many peptides derived from 4E-BPs were significantly increased in NFPAs, and phosphorylations at residues Thr37 and Thr46 in both 4E-BP1 and 4E-BP2, and Thr23 in 4E-BP3 were increased in NFPAs. The increased phosphorylation in 4E-BPs benefited for disassociation of 4E-BPs from eIF4E to promote the initiation of protein translation in NFPAs. Moreover, the highly conserved phosphorylation at residues Ser235, Ser236, Ser240, Ser244, and Ser247 in 40S ribosomal protein S6 played an important role in protein translation initiation. These phosphorylations especially at residues Ser235 and Ser236 in 40S ribosomal protein S6 could effectively facilitate the assembly of translational pre-initiation complex (35). In this study, PTMScan experiments found that phosphorylations at residues Ser235, Ser236, Ser240, Thr241 and Ser244 in 40S ribosomal protein S6 were obviously increased in NFPAs. In addition, Rictor was a scaffolding protein to regulate the localization, assembly, and substrate binding in mTORC2, and its overexpression was highly related to metastatic process (36). PTMScan experiment found the upregulated Rictor in NFPAs and increased phosphorylations at residues Ser472 in Akt3, which suggested that activation of mTORC2 contributed to the tumor progression in NFPAs.

Those findings clearly demonstrated that mTOR signaling, including mTORC1 and mTORC2 complexes, was involved in NFPA pathogenesis, including cell survival, protein synthesis, and metabolism.



Wnt Pathways Were Involved in NFPAs

Wnt pathways are pivotal to modulate many cellular and physiological processes such as cell polarity, motility, adhesion, proliferation, survival, stem cells self-renewal, and tissue homeostasis, and include canonical and non-canonical Wnt pathways according to different ligands and downstream effectors (37) (Figure 5A).


Canonical Wnt Pathway Was Activated in NFPAs

Canonical Wnt pathway mainly regulated the stability of β-catenin to modulate transcriptions of Wnt-targeted genes, and control cell fate, growth and differentiation (38). (i) β-catenin was the key effector in canonical Wnt pathway. There was a destruction complex containing two kinases [glycogen synthase kinase 3 (GSK3) and casein kinase I (CKI)], and two scaffold proteins [adenomatous polyposis coli (APC) and Axin 1/2] that controlled the stability of cytoplasmic β-catenin through phosphorylation and ubiquitylation on specific sites and then degraded it through proteasome. Without Wnt ligand stimulation, the destruction complex could keep cytoplasmic β-catenin in a low level (37). When canonical Wnt pathway was activated by Wnt ligand, the destruction complex was inhibited by the activated disheveled-protein (DVL or DSH), which lead to the cellular accumulation and nuclear import of β-catenin (39). In the nucleus, β-catenin acted as a co-activator for T-cell factor/lymphoid enhancer factor (TCF/LEF), and then recruited various transcriptional cofactors including B-cell CLL/lymphoma 9 protein (Bcl9), Pygopus (PYGO), CREB-binding protein (CBP), and histone acetyltransferase p300 (p300) to activate transcription of target genes such as FGF20, JUN, MYC, and CCND1. In order to degrade β-catenin, β-catenin should be initially phosphorylated at its residue Ser45 by CK1, and subsequently be phosphorylated at its residues Ser33, Ser37, and Thr41 by GSK3. The E3-ubiquitin ligase β-TrCP could bind to a short region containing phosphorylated residues Ser33 and Ser37 in β-catenin to result in its followed ubiquitylation and degradation (40); and phosphorylation at N-terminal in β-catenin regulated its degradation, while phosphorylation at C-terminal in β-catenin regulated its function. Phosphorylation at residues Ser552 and Ser675 in β-catenin, which was regulated by PI3K/Akt, Camp/PKA and/or GPCR/PKD, caused β-catenin to be accumulated in nucleus for stimulating its transcriptional activity to increase expressions of cyclin D1 and c-Myc (41, 42), and enhanced the ability of β-catenin to recruit many transcriptional coactivators such as CBP or TBP (TATA binding protein) to bind to its C-terminal tail (43). In this study, PTMScan experiment found that all detected peptides derived from β-catenin were dramatically elevated about 2.5 to 65.3-fold. No phosphorylation was found at residues Ser33, Ser37, Th41, and Ser45 in β-Catenin, which indicated that N-terminal of β-catenin was barely phosphorylated, thus degradation complex might be inhibited. However, PTMScan found that phosphorylations at residues S552 and S675 in β-catenin C-terminal were significantly increased, which might improve stability and transcriptional functions of β-catenin. These results were also confirmed by Western blot in its overall expression level of β-catenin (Figure 5). (ii) GSK3 was a highly conserved and multifunctional serine/threonine kinase to participate in various cellular processes (44), which was inactivated through phosphorylating residues Ser21 in GSK-3α and Ser9 in GSK-3β. In this study, Western blot found slightly decreased expression levels of GSK3α and GSK3β, and increased phosphorylation levels at residues Ser21 in GSK3α and Ser9 in GSK3β in NFPAs compared to controls; and PTMScan experiment also found increased phosphorylation at residue Ser21 in GSK3α. These findings clearly demonstrated that GSK3α was inhibited in NFPAs, which might cause differential expressions of many target genes that regulate apoptosis, proliferation, differentiation, and motility. (iii) Bcl9 was an important downstream transcriptional co-activator, which can augment and diversify the transcriptional output of canonical Wnt pathway. Bcl9 could also modulate interactions of β-catenin to improve EMT and invasion, and was associated with poor outcome in cancer (45). In this study, PTMScan experiment found the increased level of Bcl9 in NFPAs, and upregulations of many target genes such as c-Myc and c-Jun in canonical Wnt pathway. Moreover, some studies clearly demonstrated that β-catenin was accumulated in the nucleus of NFPAs (22), several Wnt target genes such as Cyclin D1 and c-MY were upregulated in NFPAs (21, 22), and the inhibitor of Wnt pathway including Wnt inhibitory factor 1 (WIF1) and secreted frizzled related protein (sFRP) were significantly decreased in NFPAs (22, 46). All these data revealed that canonical Wnt pathway was activated in NFPAs to participate in cell apoptosis, proliferation, differentiation, and motility.



Non-canonical Wnt Pathway Might Be Involved in Regulation of NFPAs

Non-canonical Wnt pathways were independent of β-Catenin, and involved many downstream signal transduction effectors, including multiple small GTPases (RAC, RHOA, and CDC42), G proteins, calmodulin/calcium, PKC, Src, and JNK (37). Among them, Wnt/planar cell polarity (Wnt/PCP) pathway and Wnt/Ca2+ pathway had been characterized (47) (Figure 5A). Wnt/PCP pathway mainly engaged GTPases to activate downstream targets such as JNK or rho-related kinase ROCK, which played important roles in reconfiguration of cytoskeleton, cell movement, polarity, and patterning in tissue (37, 38). When activated by a Wnt ligand, Wnt/Ca2+ pathway exerted its function by activating G proteins, phospholipase C (PLC) and phosphodiesterase (PDE), then invoked calcium-sensitive enzymes such as calcium–calmodulin-dependent kinase II (CaMK II) and PKC, which subsequently activated the corresponding transcription factor NFAT and CDC42 to cause a wide range of cellular effects, including cell adhesion, migration, inflammation, and tumorigenesis (47). In addition, non-canonical Wnt pathways could regulate canonical Wnt pathway through GTPases, PKC or other mechanisms. PKC especially PKCa could negatively regulate Wnt/β-catenin pathway through directly phosphorylating residues Ser33, Ser37, and Ser45 in β-catenin (48). This study found that JNK, Jun, ATF2, NFAT, PLC, PKC, CDC42, and NFκB were differentially expressed in non-canonical Wnt pathway in NFPAs compared to controls, which demonstrated non-canonical Wnt pathways were closely related to NFPAs. Moreover, this study also found that Rho/Rac-related proteins such as ARHGAP18 and ARHGEF17 were upregulated in NFPAs, and that canonical pathways were involved in cytoskeleton rearrangement and cell mobility, including Gaq signaling, RhoGDI signaling, Rho family GTPase signaling, and RhoA signaling, and in calcium modulation-related signaling, including calcium signaling, and calcium-induced T lymphocyte apoptosis. Those findings indicated that PCP signaling and calcium-related signaling might be involved in NFPA tumorgenesis. Also, Ephs and Ephrins signaling regulated activation of Rho GTPases such as RAC, RHO, CDC42, and JNK through PCP signaling (37). Ephrin B and Ephrin receptor signaling were identified as canonical pathway in this study, with upregulations of Ephrin B and Ephrin receptor in NFPAs, which means Ephrin B and Ephrin receptor signaling were activated in NFPAs. In this study, PTMscan experiment found most (80%) peptides derived from cPKCs were decreased in NFPAs. Only one peptide derived from PKCα was increased and its phosphorylation at residue Ser651 in PKCα was not involved in its own activation. All peptides derived from PKCδ are decreased in NFPAs, which means the decreased function of PKC to attenuate inhibition of β-catenin and improve apoptosis-resistance in NFPAs. Therefore, dysregulated non-canonical Wnt pathway might reduce inhibition of canonical Wnt pathway, and be involved in NFPA pathogenesis.




NFκB Signaling Was Provoked in NFPAs

Nuclear factor kappa B (NFκB) family members were critical transcription factors, and were involved in numerous cellular processes including cancer (49). After cellular stimulation, phosphorylation of IkBs by IκB kinase (IKK) complex resulted in ubiquitination and subsequent degradation to cause activation of NFκB signaling. The IKK complex was composed of two catalytic IκB kinases (IKKα and IKKβ) and one scaffold/adaptor protein IKKγ (49). Phosphorylation at residue Ser376 in IKKγ was required for signal dependent activation of IKKβ and regulated NFκB signaling. In this study, PTMScan experiment found the increased phosphorylation at residue Ser376 in IKKγ and the upregulated NFκB in NFPAs compared to controls, which indicated the activation of NFκB signaling in NFPAs. Moreover, NFκB signaling and Wnt pathway had crosstalk in multiple levels and modulated the activities and functions of other signaling pathways (50), such as the activation of NFκB signaling could infect Wnt pathway in NFPAs.



Apoptosis-Regulated Pathway was Involved in NFPAs

BAD was a proapoptotic member in Bcl-2 family, and was phosphorylated by many upstream kinases to control apoptosis. BAD could inhibit Ras/MEK/ERK and JNK signaling, and EMT. Studies found that downregulated p-BAD and BAD in cancer cells promoted tumor invasion and migration (26, 51). The dysregulated expressions and phosphorylation of BAD might lead to imbalance of programmed cell death and immortalized cancer cells. In this study, PTMScan experiment found most of peptides derived from BAD were dramatically decreased to cause significantly reduced binding among BAD, Bcl-2, and Bcl-xL, and promote cell survival and invasion in NFPAs. Thus, PI3K/Akt signaling and its related pathways including mTOR, Wnt, and NFκB signalings were dysregulated in NFPAs, and multiple molecules in these signaling pathways were further abnormally modulated in invasive relative to non-invasive NFPAs.



MAPK Pathways Were Dysregulated in NFPAs

MAPKs can regulate many biological processes, including proliferation, apoptosis, stress responses, and immune defense, and include four independent MAPK cascades: Extracellular signal-regulated kinase1/2 (ERK1/2) pathway (canonical ERK/MAPK pathway), c-Jun N-terminal kinase (JNK) pathway, p38 pathway, and ERK5 pathway (52) (Figure 6). In this study, mRNA expressions of PI3K, Talin, and cPLA2 in NFPA DEG data were significantly upregulated in ERK/MAPK signaling (PI3K: 2.26-fold; Talin: 2.9-fold; and cPLA2: 2.44-fold), while MKP1/2/3/4 was significantly downregulated (MKP2: −2.52 fold). For NFPA DEP data, FYN was significantly upregulated (3.9-fold), and 14-3-3 (β, γ, θ, η, ζ) and HSP27 were downregulated (14-3-3: −1,000-fold; HSP27: −4.7-fold). For invasive NFPA DEG data, PI3K, PKA, PP1/PP2A, 14-3-3 (β, γ, θ, η, ζ), MSK1/2 and ER were expressed abnormally [PI3K: −1.85-fold; PKA: −1.56-fold; PP1/PP2A (PPM1A −1.85-fold; PPM1K 1.66-fold; PPP1R11 1.59-fold); 14-3-3 (2.06-fold); MSK1 (−1.92-fold); and ER (ERα 2.12-fold; ERβ −3.7-fold)]. The abnormal expressions of key molecules in ERK/MAPK signaling pathway in NFPAs clearly demonstrated that ERK/MAPK signaling were dysregulated in NFPAs, and could intensely promote occurrence and development of an NFPA.


ERK/MAPK Signaling Was Stimulated at Multiple Levels in NFPAs

Extracellular signals were transducted to intracellular targets through phosphorylation cascade reactions in Ras-Raf-Mek-ERK1/2 activation pattern. The ectopic activation of this signaling could result in tumorigenesis, progression, and metastasis; and Ras-Raf-Mek-ERK1/2 signaling can interact with Ras-PI3K-Akt signaling to amplify signal regulation range and mutually modulate tumorigenesis (53). (i) In mammalian cells, Raf family includes A-Raf, B-Raf, and C-Raf (Raf-1). The constitutive phosphorylation at residues Ser446 and/or Ser447 and the presence of two aspartates acids at residues 448/449 in B-Raf promoted its activation, and activated ERK/MAPK pathway. In this study, PTMScan experiment found that phosphorylations at residues Ser446 or Ser447 in B-Raf were dramatically increased over 1,000-fold in NFPAs, which clearly demonstrated that B-Raf was utmostly invoked in NFPAs to constantly abnormally activate ERK/MAPK pathway. Thus, B-Raf might act as one of potential biomarkers or therapy targets for NFPA patients. (ii) Phosphorylations at residue Ser218 and Ser222 in human MEK1 were needed for its full activation. MEKs modulated the activation of ERKs through phosphorylations at residues Thr202 & Tyr204 and Thr185 & Tyr187 in human ERK1 and ERK2 in their activation loop Thr-Glu-Tyr motif (54). In this study, PTMScan experiment found phosphorylations at residues Ser218 or Ser222 in MEK1 were significantly increased over 300-fold in NFPAs, and phosphorylations at residues Thr202 in ERK1 and Tyr187 in ERK2 were also significantly increased in NFPAs. These data revealed that the phosphorylation cascade in ERK/MAPK pathway was full stimulated in NFPAs. (iii) As bispecific protein phosphatases, MKP proteins can inactivate the phosphorylated MAPK through dephosphorylation at residues Ser and Tyr of TXY motif. Among them, MKP1 and MKP2 can dephosphorylate ERK, JNK, and p38, which negatively regulated MAPK cascades (55). Phosphorylation at residues Ser359 and Ser364 in MKP1 by ERK1 and ERK2 enhanced MKP1 stability and protected it from proteasome-mediated degradation (56). Therefore, downregulated expressions of MKP1 and MKP2 might attenuate their inhibitory effect to promote tumorigenesis. Moreover, MKP1 with pSer359 was reduced, and MKP2 was decreased in NFPA DEG data, these findings demonstrated that the inhibition of MKPs to ERK1/2, JNK and p38 are decreased to further augment the MAPK signaling in NFPAs. (iv) PPM1A was a member of the protein phosphatase 2C family and an important tumor suppressor, which was involved in regulation of multiple pathways, such as TGFβ/Smad, JNK/p38, Cdk2, Cdk6, and Akt/ERK signaling (57). Its low expression can enhance NF-κB-dependent tumor invasion, tumor poor differentiation and prognosis. The invasive NFPA DEG data demonstrated that the downregulation of PPM1A might contribute to tumor invasion of NFPAs. Moreover, PPM1K was a highly conserved serine/threonine protein phosphatise, and mainly targeted mitochondrial matrix to regulate mitochondrial permeability transition pore (MPTP), which played important roles in cell survival, and nervous system development (58). The invasive NFPA DEG data found that PPM1K was increased in NFPAs. (v) Human p90 ribosomal S6 kinases (RSKs) are a family of Ser/Thr kinases that comprises of four isoforms (RSK1–4) and two structurally related homologs of RLPK (MSK1) and RSKB (MSK2) (59). RSKs are directly phosphorylated by ERK1/2 and PDK1, and RSKs are potently activated by ERK1/2 and p38 pathways to regulate various biological processes through phosphorylating numerous transcription factors, such as CREB, CBP, p300, SRF, c-Fos, ETV1, estrogen receptor-α (ERα), NF-κB, and NFATc4. Moreover, RSKs inhibit the tumor-suppressor TSC2 through phosphorylation at its residue Ser1798. MSKs predominantly resided in the nucleus and were required for phosphorylating histone H3, CREB, ATF1, and HMG-14. Phosphorylations at residues Ser221 in RSK1-3 and Ser376 in MSK1 were required for its catalytic activity (60). In this study, PTMScan experiment found phosphorylations at residues Tyr220, Ser221 and Thr225 in RSK1, Tyr226, Ser227, and Thr231 in RSK2, and Tyr231, Ser232, and Thr236 in RSK4 were significantly increased in NFPAs. Moreover, phosphorylations at resides Ser376 in MSK1 and Ser360 in MSK2 were also increased in NFPAs. Those data clearly demonstrated most of RSK family members were overexpressed and activated in NFPAs. (vi) Focal adhesion kinase (FAK) was a cytoplasmic non-receptor tyrosine kinase (61). When FAK was stimulated by integrin, FAK was autophosphorylated at its residue Tyr397 to result in subsequent phosphorylations at residues Tyr576 and Tyr577, and Tyr861 and Tyr925 in the C-terminal domain of FAK by Src. The activations of FAK and Src can exert their catalytic activities through promoting gene expressions of VEGF and MMPs (61). In this study, PTMScan experiment found that phosphorylations at residues Thr575, Tyr576, and Tyr577 in FAK are significantly increased in NFPAs (Table 3), which clearly demonstrated that FAK was strongly activated in NFPAs to further stimulate multiple cascades including Akt, MAPKs, p53, VEGF, and IGF-1 pathways in NFPAs. (vii) Many proteins associated with modulation of MAPK signaling were also downregulated in NFPAs, including SHC, SOS, PLC, PAK, HSP27, c-Myc, NFATc, histone H3, and Jun. In this study, PTMScan experiment found that peptides derived from SHC, SOS, PLC, PAK, c-Myc, Jun, ATF2, ATF7, GRB2-associated-binding protein 2 (GAB2), and Myc target protein 1 (MYCT1) were significantly increased in NFPAs, whereas derived from HSP27, NFATc, and Histone H3 were downregulated in NFPAs. Therefore, those findings clearly demonstrated that ERK/MAPk signaling pathway was changed in multiple levels in NFPAs.



The p38 and JNK Pathways Were Involved in NFPAs

p38 signaling primarily participated in responses to environmental stress, and also answers to immune response and inflammation. p38 MAPKs included four homologous members p38α, p38β, p38γ, and p38δ. p38α and p38β were ubiquitously expressed in human body, whereas p38γ and p38δ were restricted expressed in muscle, and lung and kidney, respectively (62). Upon stimulation, p38 MAPKs controlled cell fate by regulating activities of heat shock proteins and transcription factors (ATF2, CHOP, ELK1, and MEF2C). In addition, p38 signaling was also involved in modulation of eIFs function and protein synthesis (62). p38a was activated through dual phosphorylations at its residues Thr180 and Tyr182 in the activation loop Thr-Gly-Tyr motif (54). Another important stress-activated MAPK cascade was JNK signaling that has been involved in cell fate decisions responding to various stress stimulations. JNK regulated and activated the functions of its targets including transcription factors (Elk1, c-Myc, c-Jun, JunB, ATF2, and p53), and factors related to cell death such as the members of Bcl-2 family to modulate many cellular processes (54). JNK family included JNK1, JNK2, and JNK3. JNK1 and JNK2 were ubiquitously expressed in human body, and JNK3 was mainly expressed in the brain (63). JNKs were activated by phosphorylations at residues Thr183 and Tyr185 in JNK1 and JNK2, and Thr221 and Tyr223 in JNK3. Moreover, JNK and p38 cascades shared synergistically many components and functions. JNK and p38 contributed to AP-1 activities through phosphorylations at residues Thr69 and Thr71 in ATF2, and these two phosphorylations in ATF2 enhanced its histone acetyltransferase (HAT) activity (64). JNK and p38 played pivotal roles in coordination of immune and inflammatory responses through various cytokines including interleukin-1 (IL-1), IL-10, IL-12, and tumor necrosis factor α (TNFα). Cytokines, especially TNFα, contributed to the generation of reactive oxygen species/reactive nitrogen species (ROS/RNS) (65) to activate JNK and p38 signaling, thus continuously activated JNK and p38 signaling facilitated abnormal synthesis of ROS and chronic inflammation (63). In this study, PTMScan experiment found that phosphorylations at residues Thr180 & Tyr182 and/or Tyr182 & Thr185 in p38a, Thr183 & Tyr185 in JNK1, Thr221 & Tyr223 in JNK3, Thr183 & Tyr185 and/or Thr175 & Tyr185 in JNK2, and Thr69 & Thr71 in ATF2 were significantly increased in NFPAs. Those results strongly supported that activations of JNK and p38 signaling were involved in development of NFPAs, and were most likely responsible for the high oxidative stress state, immune and inflammatory disorders in NFPAs.

This present study used the systems biology opinion to find out the key pathological mechanisms commonly existing in NFPA through Meta analysis. The IPA system was used to further analyze different omics data of NFPA and extract important data such as molecular networks, canonical signaling pathways, and high-frequency hub molecules closely related to the occurrence and development of NFPAs, providing effective data to promote individualized precise treatment. Many studies have shown that targeting some high-frequency hub-molecules in Table 1 has achieved good results in other types of pituitary adenomas. For example, TGFβ1 is used as a novel therapeutic target to treat resistant prolactinomas (66); the microRNA-145 inhibits the activation of the mTOR signaling by targeting AKT3 to suppress the proliferation and invasion of invasive pituitary adenoma cells (67); lncRNA H19 inhibits mTORC1 by disrupting 4E-BP1/Raptor interaction in pituitary tumors (68); and MAPK Pathways act as therapeutic targets in pituitary tumors (69). Because PI3K/Akt/mTOR and ERK/MAPK signaling pathways are significantly dysregulated in NFPA, and these two essential signaling pathways are not only related to rapid proliferation and apoptosis resistance of tumor cells, but also can regulate the activities of many other pathways and then regulate tumor growth in the multiple levels. Therefore, these two pathways can act as the most convenient and effective therapeutic target in pituitary adenomas. Moreover, since NFPA is a multifactorial and multifaceted disease, it is reasonable to infer that the combination therapy targeting multiple pathways and hub-molecules based on the patient's tumor molecular subtype can achieve better therapeutic results. Researchers have shown that the combination treatment targeting AMPK and PI3K/Akt/mTOR pathway at the same time in GH-secreting pituitary tumors achieved a better treatment effect than the single medication alone (70). This study found that AMPK was a high-frequency hub-molecule in NFPA, and PI3K/Akt/mTOR signaling pathway was highly maladjusted in NFPA. Thus, has laterally proved that this kind of drug combination also achieved a good therapeutic effect in NFPA. In future studies, multiple combinations of drugs targeting different high-frequency hub-molecules and important signaling pathways would provide new hope for improving the therapeutic effects of NFPAs.





CONCLUSIONS

Pituitary adenoma is a common pituitary disease, with a series of molecule alterations in DNAs (genome), RNAs (transcriptome), proteins (proteome), metabolites (metabolome), and imaging characteristics (radiome) that resulted from exogenous and endogenous carcinogens, and those molecules associate mutually and function in a molecular network system. Molecular network-based molecule pattern has important scientific merits in clarification of molecular mechanisms and discovery of effective biomarkers and therapeutic targets for pituitary adenomas. This study used the Meta-analysis strategy and integratively analyzed all documented NFPA omics data (a total of nine sets of omics data) with IPA pathway network program. A total of 62 molecular-networks and 519 canonical-pathways were revealed with statistical significance from nine sets of NFPA omics data. A total of 861 hub-molecules were derived from those molecular-networks and were classified into 42 hub-molecule panels to associate with pituitary tumorigenesis. A total of 139 canonical-pathways were found from at least two sets of omics data, which generated 68 cancer-related canonical-pathways to obviously associate with the occurrence and development of tumor, and of them 54 canonical pathways involved in any DEGs or DEPs were divided into 9 canonical-pathway panels according to the similar cellular functions and biological processes. Those molecular networks, hub molecules, hub-molecule panels, canonical pathways, and canonical-pathway panels formed the overall pathway-network characterization of NFPAs. The important pathway-networks and hub-molecules were further validated and in-depth studied with PTMScan experiments and immunoaffinity Western blot analysis to quantify the alterations in the protein expressions and specific phosphorylation status. Comprehensive analysis of all data including multi-omics data, PTMScan experimental data, and immunoaffinity Western blot data revealed several important signaling pathway systems that operate in NFPA biological system, including PI3K/Akt signaling pathways (mTOR signaling, Wnt pathway, NFκB signaling, and apoptosis-regulated pathways), and MAPK signaling pathways (ERK/MAPK signaling, and p38 and JNK pathways). These findings are the solid scientific evidence and molecular targets to discover molecular-network-based biomarkers and effective therapeutic targets for the accurate diagnosis and treatment of the different types and different development stages of NFPAs. Here we specially emphasize that, NFPAs are very complex diseases, involving a series of molecule changes and pathway-network changes. One should change our thinking and working models from mono-targeting pharmacological treatment concept to the multi-targeting pharmacological treatment concept, from mono-molecule biomarker to multi-molecule-panel biomarker for insights into its molecular mechanism, patient stratification, diagnosis, and prognostic assessment. This present multi-omics data exactly offer the scientific data for multi-targeting pharmacological treatment concept and multi-molecule-panel biomarker for pituitary adenomas including NFPAs.
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PIGK/AKT HSPOO Y HSPOOB!  GRPO4 EAESSPFVER
pathway FAFQAEVNR
FQSSHHPTDITSLDQYVER
GTTITVLK
GWDSDDLPLNVSR
IKEDEDDKTVLOLAWLFETATLR
NLLHVTDTGVGMA#TR
TVWDWELM#NDIKPIWQRPSK
HSPOOB2P;  HSPOOB2P; GLFDEYGSKK
HSPOOBI  GRPO4
KK Y IKBKG IKKG; IKKGiso §374; 442:275  HVEVSQAPLPPAPAY'LSSPLALP 28
2, IKKGiso 8 saR
§376; 444; §277  HVEVSQAPLPPAPAYLS'SPLAL 28
PSQR
§377: 445,278 HVEVSQAPLPPAPAYLSS'PLAL 52
PSQR
NFKB Y NFKB2 NFKB-p100; DSGEEAAEPSAPSR 6.1
NFKB-p100
isod iso 4
SHIP N INPPLY SHIP-2; 5886644 ERLY'EWISIDKDEAGAK 387
SHIP-2is0 2
GAB2 N GAB2 GAB2; GAB2  §476; 438 AGDNSQSVYIPMH#SPGAHHFDSL 48
iso2 iso 2 GYPSTILPVHR
POIAKT  PIGK(P8S) Y PIK3R2 PIK3R2 VYHOQYQDK -29
r;’(‘}ga"- PIK3R4 PIK3R4 §926, 932 KPVIPVLSS'TILPST'YQIR -58
ety AKT Y AKTH AKT2; AR AKE2: ITDFGLCK 83 Phospho-Akt
AKTH AKTS; Akt is0 2 (Serd73), and Akt
AKTS; AKt3; Akt3 iso (Total), increased
RPSGKBI; 2 prOSBK; (19)
RPSGKBI;  prOS6K iso?
RPSEKBI;  is0 2; p70S6K
RPSGKBI;  iso2is03;
RPSGKBI;  prOSGK iso2
RPSEKB2;  iso 5 p70SBK
SGK1; SGK2;  is02i50 4;
SGK3; SGK1;  P70S6KB;
SGK1; SGK1;  SGKI; SGK2;
SGKI1; SGK2;
SGK2; SGKS  iso 2; SGK1
iso3is0 3;
SGK iso 4
SGK1 is05;
SGK2 iso2 iso
2 SGK2is0 3;
SGK3iso 2
AKTHAKT2, ARG AK2:  §308; §309; §246;  T*FCGTPEYLAPEVLEDNDYGR a1
AKTH; Adtiiso2;  §305;§305
ACTSATS AMSAKS sa12, 013,250, TFOGTPEYLAPEVLEDNDYGR a1
§309; §309
AKT2 A2 §313 EGISDGATMAKTFCGT'PEYLA 340
PEVLEDNDYGR
AKT2 A2 AK2 8475432 THFPQFSY'SASIRE a7
is0 2
AKT3 A3 472 RPHFPOFS'YSASGR 66
AKT3 A3 §472, 8476 RPHFPOFS'YSAS'GRE 99
AKT3 A3 §474, 8476 RPHFPQFSYS'AS'GRE 99
AKT3 AKI3; AKI3 EGITDAATMAK 43
is0 2
mTOR M mTOR mTOR 2444 TRTDSYSAGQSVEILDGVELGEPA 26 PhosphomTOR
HKK (Ser2448), and
§2446 TRT'DSYSAGQSVEILDGVELGEP 30 MTOR (Total). no
ALK significant change
0.
52446, §2449 T'DSY'SAGQSVEILDGVELGE 58
PAHK
2448 TRTDS'YSAGQSVEILDGVELGEPA 25
HK
52449 TRTDSY SAGQSVEILDGVELGEPA 26
HKK
52450 TRTDSYS'AGQSVEILDGVELGEPA 26
HKK
2454 TRTDSYSAGQS'VEILDGVELGEPA 5.1
HKK
2471 TGTIVPESHSFIGDGLVKPEALNK  23.3
PRAS40 N AKT1S1 PRASA0; §246; 116,266 LNT'SDFQK 227
PRASA0iso3
is0 2; PRAS40
iso3is0 3
6 N APS6 6 §235,§236, §240  RLS'S'LRAS'TSKSESSOK 558
5235, 5241, 5244 LS'SLRAST'SKS'ESSAK 342
5236, 5240 ALSS'LRAS'TSK 10.1
§236,§241,§242  RLSS'LRAST'S'KSESSOK 78
§236,§241, §244  RLSS'LRAST'SKS'ESSOK 558
§236, §242, §244  RLSS'LRASTS'KS'ESSOK 7.8
RICTOR Y RICTOR RICTOR; DAFGYATLK 39
RICTORs03
is03
VEGFR N FLT1 VEGFRY; 1295:513;420;  ESGLSDVSRPSFCHS'SCG 28
VEGFR1is02  300; 318 HVSEGK
iso 5; VEGFR1
50250 6;
VEGFRI iso2
iso 7; VEGFR1
is02is0 8
PISK/AKT ERK Y MAPK1 ERK2;ERK2  §185,§187; VADPDHDHTGFLTEY*VATR 906 Phospho-
pathway, is02 5185, §167 ERK1/2(Thr183),
mTOR . §185;§185 VADPDHDHTGFLTEYVATR 1145 E:fea?gi
pathway, N Ki/2(Tota), no
P 187 §187 VADPDHDHTGFLTEY*VATR 148 e
signaling VADPDHDHTGFLTEYVATR 49 o
MAPKI; ERK2; ERK2 APEIMHLNSK 65
MAPK(; iso 2; ERKI;
MAPKS; ERK1 iso2 50
MAPKS; 2, ERK1 iso2
MAPK3 is03
MAPK3 ERKT;ERK1  §198,§204;198,  IADPEHDHT'GFLTEY'VATR 3850
iso2is02; 204 198,204
1
EZKG %02 5500, §004; 202, IADPEHOHTGFLT'EYVATR 249
204; 202, 204
§202, §207; 202, IADPEHDHTGFLT'EYAT'R 249
207; 202, 207
§202,202,202  IADPEHDHTGFLT'EYVATR 624
§204;204;204  IADPEHDHTGFLTEY"VATR 624
RSK Y RPSGKAT;  pPYORSK: §220; §226; §281;  KAY'SFOGTVEYMA#APEWNR 28
RPSGBKA3;  RSK2; RSKé;  229; 128; 204;
RPSGKAS;  pUORSKiso2  §231
RPSBKAT; 150 2;p90RSK  §901; §207; §232;  KAYS'FOGTVEYMHAPEVWWNR 28
RPSBKAT: 150 3;P9ORSK  230; 120; 205;
RPSBKAT; iso 4 RSK4iso 3
RESOR0 e §225;§231; §235,  KAYSFCGT'VEYMAPEVVNR 77
234; 138; §209;
5236
RPSGKAG  MSK2; MSK2  §360, §365; IFQGYS'FVAPSILFDHNNAVMETD 3.0
iso2is02 360,365 GLEAPGAGDRPGR
5360, 360 IFQGYS'FVAPSILFDHNNAVMATD 124
GLEAPGAGDRPGR
RPSGKAS  MSKI; MSK1  §376; §376;207  LFQGYS'FVAPSILFK 184.0
iso 2; MSK1
is03 EFVADETER 75
4E8P N EIF4EBP1  4E-BP1 §34, 897 WLGDGVQLPPGDY'STTPGGTLF  61.1
STIPGGTR
534, 541 WLGDGVQLPPGDY'STIPGGT'LF  61.1
STIPGGTR
535, 541 WLGDGVQLPPGDYS'TIPGGT'LF 611
STIPGGTR
§35, 544 WLGDGVQLPPGDYS TTPGGTLF 61.1
STIPGGTR
535,546 RWLGDGVQLPPGDYS TTPGGTL 33
FSTTPGGTR
536 WLGDGVQLPPGDYSTTPGGTLF o7
STIPGGTR
837,845 WLGDGVQLPPGDYSTTPGGTLF 61.1
ST'TPGGTR
s41 WLGDGVQLPPGDYSTIPGGT'LF 97
STIPGGTR
541,844 WLGDGVQLPPGDYSTIPGGT'LF 61.1
STIPGGTR
§44 WLGDGVQLPPGDYSTIPGGTLFS 97
“TIPGGTR
546 WLGDGVQLPPGDYSTIPGGTLFS 7.4
TIPGGTR
DLPTIPGVTSPSSDEPPMAEASQSHLR  35.2
FLM#ECR 205
EIFAEBP1;  4E-BPY; §44; §44 TPGGTLFSTIPGGTR 2.0
EIFAEBP2  4E-BP2
§45; 545 TPGGTLFST'TPGGTR %0
§46; 546 TLFSTT'PGGTR 29
EIF4EBP2  4E-BP2 525,544 TVAIS'DAAGLPHDYCTTPGGTLFS 613
“TIPGGTR
525,545 TVAISDAAQLPHDYCTTPGGITLFS 613
TTPGGTR
525,546 TVAIS'DAAQLPHDYCTIPGGTLFS ar
TIPGGTR
34,845 TVAISDAAGLPHDY'CTIPGGTLFS 613
TTPGGTR
§34,846 TVAISDAAGLPHDY'CTTPGGTLFS 613
TIPGGTR
536 TVAISDAAGLPHDYCT'TPGGTLFS 69
TIPGGTR
536,546 TVAISDAAGLPHDYCTTPGGTLFS 613
TIPGGTR
s37 TVAISDAAGLPHDYCTT'PGGTLFS 69
TIPGGTR
37,545 TVAISDAAGLPHDYCTT*PGGTLFS 613
TTPGGTR
§37, 546 TVAISDAAQLPHDYCTT'PGGTLFS 613
TIPGGTR
44 TVAISDAAGLPHDYCTTPGGTLFS' 69
TIPGGTR
545 TVAISDAAGLPHDYCTTPGGTLFST 69
“TPGGTR
546 TVAISDAAGLPHDYCTTPGGTLFST 69
TPGGTR
TVAISDAAQLPH 77
VEVNNLNNLNNHDR 33.4
EIF4EBP3  4E-BP3 523 DQLPDCYSTT*PGGTLYATT 193
PGGTR
523,832 DQLPDCYSTT'PGGTLYATT'PGGTR  84.7
527 DQLPDCYSTTPGGT'LYATT 67.4
PGGTR
81 DQLPDCYSTTPGGTLYAT'T 67.4
PGGTR
s32 DQLPDCYSTTPGGTLYATT'P 67.4
GGTR
22 DQLPDCYST-TPGGTLYATT 67.4
PGGTR
PIBK/AKT PKC Y PRKCA PKCA 651 IANIDQS DFEGFSYVNPQFVHPILQ 2.4
pathway, SAV
mTOR
pathway, ERK/ PRKCA; PKCA; PKCB;  §48; §48; 48 QPT'FCSHOTDFIWGFGK -83.1
VIAPK PRKCB; PKCBIso2iso
signaling, . 2
Noncanonical PRKCA; PKCA; PKCB;  §497; §500;500;  T'FCGTPDYIAPEIAYQPYGK -34
Wit pathway PRKCB; PKCBIso2iso §514; 401
PRKCB; 2, PKCG;
aigerd PKOGIOZ 601, §604;504;  TFOGTPDYIAPEIAYOPYGK -36
§518; 405
§504; §507; 507, TFCGTPDY'IAPEIAYQPYGK -84
§521; 408
PRKCD PKCD; PKCD  §664; 695 NLIDSM#DQSAFAGFS'FYNPK -a7
iso2is0 2
FEHLLED —45
PIGK/AKT  GSK3 Y GSK3A GSK3A §19 T'SSFAEPGGGGGGGGAGPGGS 171
pathway, Wnt ASGPGGTGGGK
pathway §19, 539 T'SSFAEPGGGGGGGGEGPGGS! 178
ASGPGGTGGGK
s21 TS FAEPGGGGGGGGAGPGAS 17
ASGPGGTGGGK
521,839 TS FAEPGGGGGGGGEGPGGS" 221
ASGPGGTGGGK
CTNNBI Y CTNNBI CTNNBT 851 T'SMGGTQQQFVEGVR 50  Nosignificant
§652 RTS'MAGGTQQGFVEGVR 50 changeof total
656 TSM#GGT'CQQFVEGVR 47 Boatenn@),
§675, §679 RLS'VELT'SSLFR a7 nuclear
‘accumulation of
5675, 5680 KRLS'VELTS'SLFR 77 pecatenin 22)
5675, 681 ALS'VELTSS'LFR 100
§718 S'FHSGGYGQDAL 191
§721 SFHS'GGYGQDALGMADPM# 284
GGTQOQFVEGVR 178
GTCQOFVEGVR 495
QDDPSYR 40
RTSM#GGTQQQFVEGVR 67.3
SFHSGGYGQD 42
SFHSGGYGQDA 68
SFHSGGYGQDAL 32
TQCGFVEGVR 239
TSMH#GGTQQQFVEGVR 53
TSMGGTQOQFVEGVR 180
CTNNBT; JUP; CTNNBT; M#EEIVEGCTGALH 25
S gng( ) MHEENEGCTGALHI 49
h MEEIVEGCTGALH 528
Wnt pathway  BOLY N 80L9 Bl TVASSDDDSPPAR 29
Noncanonical  JNK Y MAPKS; INKT; UNK3;  §183, §185; §221,  TAGTSFMAMATPY'WIR 122
Wit pathway MAPKIO;  JUNKfiso2iso §223; §183, §185;
MAPKS; 2 UNK1iso2  §183, §185; §183,
MAPKS; is0 3 NKT  §185; §183, §185;
MAPKS; iso2isod;  §221,§223;
INK1 iso2 iso
5; UNK8 iso2
i50 2; JNK3
MAPKS; iso2is03; 183, 185,76,78
MAPKIO;  UNK3iso2
MAPKIO;  iso4
MAPK10
MAPK9 JNK2; UNK2  §183, §185; 183,  TACTNFMEMAT'PY"WIR 83
iso2is02;  §185; 183, 185;
INK2iso3iso 183, 185; 183, 185
3; UNK2 iso3
g:{;NsKZ 175,185,175, T'ACTNFMEMATPY'WIR 83
§185; 175, 185;
175, 185; 175, 185
cpc42 N cpca2 cDC42; IGGEPYTLGLFDTAGQEDYDR 286
CDC42isot
iso 1
ERK/MAPK  PLC Y PLCG1 PLCGT; §1248; 1249 AREGS'FESR 224
signaling, PLCGH iso2
Noncanonical is02
Wit pathway
PIBK/AKT SHO Y SHoe SHO4; SHO4  §424; 181 CSSVY'ENCLEQSR 212
pathway, ERK/ is02
VAPK .
Vi sos Y sos2 S0S2; 5082 §1132; 1099 SFFSS'CGSLHK 19
signaling poes
BAD N 8AD BAD §71 S'RHSSYPAGTEDDEGMHGEEPSP 269
FR
§74 SRHS'SYPAGTEDDEGMHGEEPSP 269
FR
75 SRHSS'YPAGTEDDEGMHGEEPSP 269
FR
576 SRHSSY'PAGTEDDEGMHGEEPSP  ~382.1
FR
80 HSSYPAGT'EDDEGMGEEPSPFR 75
MEK Y MAP2KT;  MEKT;MEK2; §218;§222;192  LCDFGVSGQLIDS'M#ANSFVGTR 3306 Phospho-MEK1/2
MAP2K2;  MEK1 iso2 (Ser217/221),
MAP2K1 is02 increased; MEK1/2
(Total), no significant
change (20).
§222,§226,196  LCDFGVSGQLIDSMEANS'FVGTR 3306
ERK/MAPK  FAK Y PTK2 FAK; FAKiso2  §575, §577; 423,  YMEDST'YY'K 163
signaling is02; FAK iso2  425; 423, 425; 423,
iso 3; FAK iso2 425; 575, 677;
iso 4; FAKiso5 575, 577
iso 5; FAK iso2
iso7
§575,423,423;  YMEDST'YYK 2334
423,575,575
§576; 424; 424; YMEDSTY*YK 2334
424; 576,576
PTK2; PTK2;  FAK; FAK iso2 LGDFGLSR 7.4
PTK2; PTK2; 0 2; FAK iso2
PTK2; PTK2; 50 3; FAK iso2
PTK2B; iso 4; FAK iso5,
PTK2B iso 5; FAK iso2
iso 7; Pyk2;
Pyk2iso2 iso 2
PAK N PAKS PAKG; PAKS  §132 §132 AQSLGLLGDEHWATOPDM#YLOS 27.1
is02 *POSER
RAF Y BRAF BRAF 446 RDS'SDDWEIPDGQITVGOR 11932 B-RafmANA,
increased, B-Raf
protein (Total)
variable expression,
increased,
decreased o no
significant change
@3)
s447 RDSSDDWEIPDGQITVGOR 11082
MKP N DUSP1 MKP-1 §350 GTSTTTVENFPVSIPVHSTNSALSY -28
LOSPITTSPSC
HsP27 Y HSPB1 HsP27 GPSWDPFR 56
LFDQAFGLPR —18.1
MYC N mye Myc; Myc iso2 NYDLDYDSVGPY 46 Phospho-omyc
is02 (Thi58/Ser62),
MYCTY MYCT1 MYCT1 112,114 S'RS'SYTHGLNR 590.0 decreased;
114 S'SYTHGLNR 125 m;“::"m
115 SRSS'YTHGLN 1893 ggnificant change;
NFAT Y NFATCS NFAT4NFATA LVFGEDGAPAPPPPGSR -28  cmyc(iotal) no
iso 2:NFAT4 significant change
iso 3iNFAT4 (20) or increased
iso 4:NFAT4 @1,22).
iso 5:NFAT4
is06
Histoneh8 Y HBF3A HBFSA FOSAAGALGEASEAYLVGLFEDTN 282
LCAHAK
HISTSHS;  HIST3HS; H3; YRPGTVALR —64
HISTIHGA;,  HIST2HBAC/D:
HIST2HIC;  H3FBA; HF3C
H3F3A; H3F3C
Jn Y JUN Jun §58, 863 AKNS'DLLTS'PDVGLLK 144
§63 NSDLLTS'PDVGLLK 161
NSDLLTSPDVGLLK 191
JUND JunD 59 ADGAPSAAPPDGLLAS'PDLGLLK 567
AMALKPAAAPPPTPLR 168
ADGAPSAAPPDGLLASPDLGLLK 182.4
KDALTLSLSEQUAAALKPAAAPPPTPLR  40.8
JUND;JUN  JunD;dun  §100; §73 LAS'PELER 14.4
ATE N ATF2 ATF-2; ATF-2 §69, §71; §69, §71; NDSVIVADQT'PT'PTR 8.1
is03; A2 51,53;51,53
iso 5; ATF-2
iso7 §71:§71:53;58  NDSVIVADQTPT'PTR 285
ATF7 ATFZ;ATF7  §424,§434;392,  TQGYLES'PKESSEPTGS'PAPVIQ 209
iso2is02;  402; 403, 413; 237, HSSATAPSNGLSVR
ATF7 isoBiso  247; 413, 423
S ATFTis06  §424; 302,403,  TQGYLES'PKESSEPTGSPAPVIOH 71
iso 4 ATF7 537 413
906106 qup8, 5434396,  TQGYLESPKES'SEPTGSPAPVIQ 251
402 407, 413; 241, H
247,417, 423
§420,807; 408;  TQGYLESPKESS'EPTGSPAPVIQH 71
242; 418
§432;400; 411,  ESSEPT'GSPAPVIQHSSATAPSNG 2187
245; 421 LSVR
§434;402; 413,  ESSEPTGS'PAPVIQHSSATAPSNG 2187
247,423 LSVR
ESSEPTGSPAPVIQH 208
ESSEPTGSPAPVIQHSSATAPSNGLSVR 2.5
SSATAPSNGLSVR 69
ATFZATF7  §58;53; 53; 53;53; TDSVIADQTPT'PTR 800
is02is0 2ATF7 53
is0Biso BATF7
i506 is0 4;ATF7
i506 iso GIATF7
is05is0 5
PISMAPK  PIBMAPK Y MAPK14  P3BAP3BA  §180,§182 180,  HTDDEMAT'GY'VATR 30 Phosphopds
signaling iso2is02;  §182; 180, §182; MAPK
P3gAiso2iso 180, §182; (Thr180/Tyr182) and
3;P3BAIs2 180, §182 P38 MAPK (total),
iS04, P3BA  §18p, §185;§182, HTDDEMATGYVAT'R 30 no significant
iso2is0 5 185; §182, 185; change (20).
5182, 185;
§182, 185

N. Not exist in this category: Y, Exist in this category. §. the phospho site was confirmed by literature. *, phosphoryiation, #, oxidized methionine.
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reactions |

Melatonin signaling

Methyiglyoxal
Degradation Il

NRF2-mediated
Oxicative Stress
Response

Superoxide Radicals
Degradation

EIF2 signaling

Polyarmine Regulation
in Colon Cancer

Putrescine Degradation
n

Protein Ubiquitination
Pathway

14-3-3-mediated
Signaiing
Calcium Signaling

Cardiac p-adrenergic
Signaling
ERK/MAPK Signaling

IGF-1 Signaling

mTOR Signaling

P53 signaling

PEDF signaling

PIBK/AKt signaling

Sonic Hedgehog
Signaiing
Tec kinase signaling

Telomerase Signaling
B-Adrenergic Signaling
IL-1 Signaling

Role of NFATRegulation
of the Immune
Response
Endoplasmic Reticulum
Stress Pathway
Unfolded protein
response

Adosterone Signaling
Epithelial Cells

Docosahexaenoic acid
(DHA) signaling
Endometrial Cancer
Signaling

Growth Hormone:
Signaling

Hereditary Breast
Cancer Signaling

PPARW/RXRo
Activation

PXR/RXR Activation

TR/RXR Activation

Upregulated
hub-molecules (DEGs;
DEPs)

Dataset 1: PI3K, Taiin,

and Myosin

Dataset 6: Gao and CDK5
Dataset 5: FILAMIN (FLNA)
and SLUG

Dataset 6: ADAM

Dataset 1: NECTIN

and MYOSIN

Dataset 1: Nectin, NOTCH,
N-cadherin, FGFR1

and Myosin

Dataset 2: NDUFS8,
COXBB and ATP5B;
Dataset 6: CAT and
B-secret2, ATPSB

Dataset 2: NDUFS8,
COX6B, ATPSB

Dataset 5: PP2C and PFK

Dataset 1: GB, PI3K
and IP3R

Dataset 5: ESR1 and
HSPSO (HSPCA

and HSPCB)

Dataset 1: PI3K, CaM, IP3R
and SERCA; Dataset 5:
HSPSO (HSPCA

and HSPCB)

Datasot 1: EPHB, EFNE
and Gp

Dataset 1: EPHB, EFNE
and G

Dataset 5: HSP90 (HSPCA
and HSPCB)

Dataset 2: St

Dataset 2: GST (GSTM2);
Dataset 5: HSP9O (HSPCA
and HSPCB), ESR1

and Bax

Dataset 1: CALM and IP3R

Dataset 1: PIBK

Dataset 2: AKR1B1

Datasot 2: GST (GSTM2)
and ERP29

Dataset 6: CAT

Dataset 5: 60S ribosomal
subunit (RPL10 and RPL32)

Dataset 1: ODC1 and
SSAT (SATY)

Dataset 1: MAOB

Dataset 5: HSP (HSPCA
and HSPCB)

Dataset 2: VIM

Dataset 1: CALM, IP3R,
PMCA, NCX (SLC8A2),
SERCA and Myosin;
Dataset 5: NnACHR, NCX
(SLC8A1) and Tiopomyosin
(TPM3, TPM4)

Dataset 5: PPMIK,
PPP1R11 and NOX
Dataset 1: PI3K, Talin and
PLA2; Dataset 2: FYN;
Dataset 5: 14-3-3(YWHAG),
PPM1K, PPP1R11

and ESR1

Dataset 1: PI3K; Dataset 5:
IGFBP (IGFBPS) and
14-3-3 (YWHAG)

Dataset 5: PROTOR (PRRS)

Dataset 1: PI3K; Slug,
Dataset 5: PUMA(BBCS3)
and BAX

Dataset 1: PI3K and
DOCKS3; Dataset 5: GDNF

Dataset 5: HSPO (HSPCA
and HSPCB) and
14-3-3 (YWHAG)

Dataset 2: Gt
and SRC(FYN)

Dataset 5: HSP9O
(HSPCA, HSPCE)

Dataset 1: GB, Calm, IP3R
and NCX

Dataset 1: PI3K, GB, CALM,
CSP (CSPGS) and IP3R

Dataset 1:
SREBP (SREBF1)

Dataset 5: HSPCA
and HSPCB

Dataset 1: PI3K; Dataset
5: BAX

Dataset 1: PI3K; Dataset
5: CEBPA

Dataset 1: PISK

Dataset 1: PI3K, ZAKI4 and
SREBP; Dataset 6: F10

Downregulated
hub-molecules (DEGs;
DEPs)

Dataset 1: TIAM, PIR121,
TMSB4 and ERM

Dataset 5: PI3K, PDK1 and
MSK1/2 (RPSSKAS)
Dataset 6: MMP19

Dataset 1: TIAM1, CLDN
and AP-1

Dataset 2: GPX4; Dataset 6:
ATPSA1

Dataset 5: PI3K, PKA and
PDK1

Dataset 1: CXCR4 and
c-FOS

Dataset 5: PI3K, PDK1,
PKA and ESR2; Dataset 6:
HSP70

Dataset 5: PI3K and PKA

Dataset 1: CXCR4

Dataset 1: CXCR4 and
ANGPT1

Dataset 5: UBE2
Dataset 2: FX (FXa)

Dataset 2: HSP27, HSPOO
and TGM2; Dataset 5: ESR2

Dataset 1: ACTH, Nur77
and ¢c-FOS

Dataset 1: HSP70, c-Fos,
CCL2, BCL2, PRLand
POMC

Dataset 2: GPX4

Dataset 2: HSP22, HSP27
and HSP9O

Dataset 5: PI3K, PDK1, 405
ribosomal subunit (RPS2
and RPS2) and 60S
ribosomal subunit (RPL18A)

Dataset 1: ALDH2 and
SSAT (SAT1)

Dataset 2: HSP (HSPBS,
GRP94 and HSPBI);
Dataset 5: E2

Dataset 2: 14-3-3

Dataset 1: DSCR1; Dataset
5: PKA

Dataset 5: IPKA, AKAP, PKA
and PKIPKIG)

Dataset 1: MKP2; Dataset
2:14-8-3(YWHAQ) and
HSP27; Dataset 5: PI3K,
PIA, PPM1A, ESR2 and
RPSEKAS

Dataset 1: IGFBP (IGFBP3),
FKHR and ¢-FOS; Dataset
2: IGFBP (GFBPE) and
14-3-3 (YWHAQ); Dataset
5: PIK, PDK1 and PKA
Dataset 5: PI3K, PDK1,
RSK (RPSBKAS) and 408
Ribosome(RPS2 and RPS2)
Dataset 1: GADD45, NOXA,
Bcl-2 and ZACT; Dataset 5:
PI3K

Dataset 1: BCL-2; Dataset
5: PIK, TCF

Dataset 2: HSPY0 (GRP94)
and 14-3-3 (YWHAQ);
Dataset 5: PI3K p110 and
PDK1

Dataset 5: PI3K and PDK1

Dataset 1: c-FOS

Dataset 2: GRP94; Dataset
6: BIP (HSPAS and HSPAG)
Dataset 1: PDI (P4HB),
/EBP, BCL2 and HSP70
(HSPA?)

Dataset 2: HSPBS,
HSP90B1 (GRPY4) and
HSPB1; Dataset 5:
DNAJBS, PI3K and PDK1
Dataset 1: FKHR and BCL2;
Dataset 5: PI3K and PDK1
Dataset 5: PI3K, PDK1 and
E-cadherin

Dataset 1: GH, c-FOS and
IGFBPS; Dataset 2: GH;
Dataset 5: PI3K and PDK1
Dataset 1: BLM, Wee1 and
GADD45

Dataset 2: GH, HSP90
(GRP94) and APOAT

Dataset 1: GH1 and FASN;
Dataset 2: F10 and GH1;
Dataset 6: GH1

Dataset 1: NFPA DEGs. Dataset 2: NFPA DEPs. Dataset 5: invasive NFPA DEGs. Dataset 6: NFPA DEPs. Dataset 4: NFPA nitroproteins.

Nitroproteins and
nitroprotein-related
proteins

Dataset 4: RHOGAP
and Rhophilin
are nitrated

Dataset 4: PKA
are nitrated

Dataset 4: PSMA2 is
nitrated, Ub is
nitroprotein-
interacted protein

Dataset 4: PKA
is nitrated

Dataset 4: IRAK-2 and
PKA are nitrated

Dataset 4: Ubis
nitroprotein-
interacted protein

Dataset 4: PKA
is nitrated
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PKC 6 1,2,8,4,5,6 Y Y
UBC 6 1,2,8,4,5,6

TGF-p 5 1,2,3,5,6

ERK 5 1,2,3,56 Y Y
ERK1/2 5 1,2,8,5,6 Y Y
Jnk 5 1,2,3,5,6 Y Y
MAPK 5 1,2,3,5,6 Y Y
Akt 5 1,2,3,5,6 Y Y
PI3K complex 5 1,2,3,5,6 v v
NFcB 5 1,2,3,5,6 Y Y
Complex

Immunoglobulin 5 1,2,8,5,6

Lh 5 1,2,3,5,6

Insulin 5 1,2,3,5,6

LoL 5 1,2,3,5,6

Integrin 4 1,2,3,5

VEGF 4 1,235

PDGF BB 4 1,2,3,5

Ras 4 1,235

Mek 4 1,2,3,5 Y Y
p38 MAPK 4 2,3,5,6 Y Y
PKA 4 2,3,56 Y N
FAK 4 2,3,5,6 Y Y
Creb 4 1,2,8,5 Y N
Histone h3 4 2,3,4,5 Y Y
Estrogen 4 1,2,3,5

receptor

GH1 4 1,2,3,6

Growth 4 1,2,8,5

hormone

Cytochrome 4 1,2,8,5

c

AP 4 1,235 Y Y
ADCY 4 12,36

Actin 3 1,8,5 Y N
F-Actin 3 1,3,5

Rock 3 1,2,3 Y N
Collagens. 3 1,35

Collagen type 3 2,35

I

Laminin 3 1,85

P85 3 2,3,5 Y Y
p70SBK 3 1,8,5

Rac 3 1,5,6 Y Y
She 3 23,5 Y Y
Ubiquitin 3 23,5

HSPYO 3 23,5 Y Y
Cycin A 3 1,85

l9G 3 23,6

TCR 3 2,3,5

IgE 3 1,23

IFNG 3 3,56

IFN-a 3 3,4,5

B-estradiol 3 1,85

FSH 3 1,25

Proinsulin 3 1,28

AMPK 3 1,35

STATSa/b 3 1,23 Y N
Caspase 3 2,35 Y N
Calmodulin 3 3,5,6 Y Y
Calpain 3 1,85

PLC 3 2,36 Y Y

Among 57 hub-molecules that were present in at least 3 datasets, a total of 25 hub-
molecules (25/57 = 43.9%) were detected by PTMScan experiments, 19(19/57 = 33.3%)
of which were changed more than 2.5 times in NFPAs compared to controls. Y, yes; N, no.
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Accession No.

AOAOABYY96
P16104
P48200
B2RDW1

P62979

P68871

L7N2F9

D9YZUs

P62979

F5H503

QYHCCY
AOAO24RO17

P69905

P08670

€8C804
Q96T46
QOH582
QSH3HY
EQPLS7
Q59EJ3
DBRY56

P14735
QBZUF2
P61088
DIMGR2

P02042
D3DQ48
K7EPI4
AOA024R5H9

B7WPAS

Q3BBVO
A4UGR9
B7ZMFO
AONOT1
AO0A024QZP6
AOA024R466
AOAO24R6B3
AOAO24R7G8

AO0A024RDBO

AOAOB7WZE4
AOAOKOKMI2

AOAOU1RRH7
AOAT40VJZ1
AOAVT1

A4D2PB
ABNNT2
ABZKI3

ABKBM4

B1A4G6
B4DPP6

B4DR52
B4E1J8

BYEGUS

coJLa8
E7EX29
K7EPFQ
M1VKI3

PO1241
PO2671

P02768

P04908
P09960
P19021

P2339%6
P31946
P35212
P35251
P45974
P54725

P54727
P55072
PBO709
P60866
P61981
P62979

P83916
QOVDD8
Q13763
Q15149
Q4LE39

Q59EQ3
Q510G2
Q5WF2

Q5VXU3

Q92625

Q93045

Q93100

QQ6AP7
QO6EIS
Q9ENB4
Q9BT67
Q9BUL8
Q9BWQ8
Q9H3Z4
Q9H598
Q9NQX7
QONVOB
QONX12

QOPOM6
Q9P1W3

QouBB4
QSUEUO

QOUF11

QUKJS

QsuaB3
Qo287

B4R435

UBFSN9

Gene name

IREB2
H2AFX
IREB2
RPS30A

RPS27A

HBB

HBB

RPS27A

TUBATC

ZFYVE28
HISTIH2AC

HBA1

VIM

HBB

HBA2
ZNF644
TCEAL2
NEDD8-MDP1

UCHL1

IDE

UBE2N
HBA2

HBD
TMEMS9
GFAP
PLEKHB1

PLEKHB2

NBPF1
XIRP2
CEP192
HBD
H2AFY2
IT™M2C
TMEM63C
RAD23A

UBE1L2

SPTA1
POUSF1

UBA6

GRID2IP
C16orfo6
FAM127A

GH1

RC3H1

AEBP1
YWHAZ
APOC1

SDC4-
ROS1_S4;R32

GH1
FGA

ALB

HISTIH2AB
LTA4H
PAM

RPS3
YWHAB
GJA4
RFC1
uspPs
RAD23A

RAD23B
vCP
ACTB
RPS20
YWHAG
RPS27A

CBX1
DNAH14
LAMC2
PLEC
ARID4B

PRL
GNAS

CHIC1

ANKS1A

STMN2

PHKB

ESAM
TCEAL4
PWWP2A
NDFIP1
PDCD10
FAIM2
DNAJCS
SLC32A1
IT™M2C
TMEMS0A

H2AFY2
TMEM63C

ATXN10
vTiiB

PLEKHB1

CHIC2

CTNND2
IT™M28

Protein name

Iron-responsive element-binding protein 2
Histone H2AX

Iron-responsive element-binding protein 2
Epidiyrmis luminal protein 112

Ubiquitin-408S ribosomal protein S27a

Hemoglobin subunit beta

Uncharacterized protein

Beta-globin

Ubiquitin-40S ribosomal protein S27a

Tubulin alpha-1C chain1

Lateral signaling target protein 2
Histone H2A

Hemoglobin subunit alpha

Vimentin

Beta-globin

Hemoglobin alpha 2

Zinc finger protein 644

Transcription elongation factor A protein-iike 2
Protein NEDD8-MDP1

Heat shock 70kDa protein 1A variant
Ubicitin carboxyl-terminal hydrolase

Insulin-degrading enzyme
cDNA FLJ43763 fis, clone TESTI2048603
Ubauitin-conjugating enzyme E2N
Alpha-2 globin chain

Hemoglobin subunit delta
Transmembrane protein 59, isoform CRA_e
Glial fibrillary acidic protein

Pleckstrin homology domain containing, family
B (Evectins) member 1, isoform CRA_a

Pleckstrin homology domain-containing family
B member 2

Neuroblastora breakpoint family member 1
Xin actin-binding repeat-containing protein 2
CEP192 protein

Delta globin

Core histone macro-H2A

Integral membrane protein 2C, isoform CRA_a
Transmembrane protein 63C, isoform CRA_a

RAD23 homolog A (S. cerevisiae), isoform
CRA_a

Ubiquitin-activating enzyme E1-like 2, isoform
CRA_a

Spectrin alpha chain, erythrocytic 1

POU class 5 homeobox 1 transcript variant
0OCT4B4

Histone H2A
Testicular tissue protein Li 218
Ubiauitin-iike modifier-activating enzyme 6

Delphilin
Uncharacterized protein C160rf6
Protein FAM127A

¢DNA FLJ75725, highly similar to Homo
sapiens vesicle transport through interaction
with t-SNAREs homolog 1B (yeast) (VTI1B),
mRNA

Growth hormone 1 isoform 1

GDNA FLI54371, highly similar to Serum
albumin

Histone H2B

GDNA FLI56285, highly similar to
ADP-ribosyation factor-like protein 88

Ring finger and CCCH-type zinc finger
domains 1

Adipocyte enhancer-binding protein 1
14-3-3 protein zeta/delta
Apolipoprotein C-|

Tyrosine-protein kinase receptor

Somatotropin
Fibrinogen alpha chain

Serum albumin

Histone H2A type 1-B/E
Leukotriene A-4 hydrolase

Peptidyl-glycine alpha-amidating
monooxygenase

408 ribosomal protein 3

14-3-3 protein beta/alpha

Gap junction alpha-4 protein

Replication factor C

Ubiquitin carboxyl-terminal hydrolase 5

UV excision repair protein RAD23 homolog A

LV excision repair protein RAD23 homolog B
Transitional endoplasmic reticulum ATPase
Actin, cytoplasmic 1

408 ribosomal protein $20

14-3-3 protein gamma

Ubiquitin-40S ribosomal protein S27a

Chromobox protein homolog 1
Dynein heavy chain 14, axonemal
Laminin subunit gamma-2

Plectin

AT-rich interactive domain-containing protein
48

Nudix-type motif 6 isoform a variant
Growth hormone A1

Guanine nuceotide-binding protein G(s)
subunit alpha isoforms XLas

Cysteine-rich hydrophobic domain-containing
protein 1

Ankyrin repeat and SAM domain-containing
protein 1A

Stathmin-2

Phosphorylase b kinase regulatory subunit
beta

Endotheiial cell-selective adhesion molecule
Transcription elongation factor A protein-like 4
PWWP domain-containing protein 2A

NEDDA4 family-interacting protein 1
Programmed cell death protein 10

Protein lfeguard 2

DnaJ homolog subfamily G member 5
Vesicular inhibitory amino acid transporter
Integral membrane protein 2G

Cell cycle control protein 50A

GDNA FLJ20496 fis, clone KAT08729

Core histone macro-H2A.2

Caloium permeable stress-gated cation
channel 1

Ataxin-10
Vesicle transport through interaction with
t-SNARES homolog 18

Pleckstrin homology domain-containing
family B member 1

Cysteine-rich hydrophobic domain-containing
protein 2

Catenin defta-2

Integral membrane protein 28

RPS10-NUDT3 Protein RPS10-NUDT3

Mprip-Nirk1
fusion gene

Tyrosine-protein kinase receptor

Ratio (T/N), Ration of tumors (B) to controls(A). K, Ubiquitinated lysine residue.

peptides

GFQIAAEK'QK*

KTSATVGPK

GFQIAAEK QK"
TLTGK'TITLEVEPSDTIENVK
TLSDYNIQK*ESTLHLVLR
LIFAGK"QLEDGR
IQDK'EGIPPDQQR
TITLEVEPSDTIENVK*AK
MQIFVKTLTGK
TITLEVEPSDTIENVKAK*
VDENGK'ISR
TLTGK*TITLEVEPSDTIENVK
TLSDYNIQK'ESTLHLVLR
FFESFGDLSTPDAVMGNPK*VK*
GTFATLSELHCDK'LHVDPENFR
K*VLGAFSDGLAHLDNLK
VNVDK'VLER
ADALQAGASQFETSAAK'LK
ADALQAGASQFETSAAKLK*
DQK'LSELDDR
FFESFGDLSTPDAVMGNPK'VK*
K*VLGAFSDGLAHLDNLK
IQDK*EGIPPDQQR
UFAGK*QLEDGR
VGINYQPPTWPGGDLAK'VOR
DVNAAIATIK*TK"
DFCVK'FPEEIR
NDEELNK'LLGR
VTIAQGGVLPNIQAVLLPK'K*
AAWGK'VGAHAGEYGAEALER
TYFPHFDLSHGSAQVK*®
K'LLEGEESR

EK'LQEEMLQR
QVDQLTNDK*AR

K'LLEGEESR
GTFATLSELHCDK'LHVDPENFR
TYFPHFDLSHGSAQVK*
RSFLQQDVNK*
QYK'EAIHDMNFSNEDMIR
TLTGK'EIEIDIEPTDKVER
MVQEAEK"YK
CFEK*NEAIQAAHDAVAQEGQCR
MQLK*PMEINPEMLNK
EVNAVDSEHEK*NVMNDAWR
FFSPPNMSVTHK'EAHERK
ICLDILKDK*
AAWGK'VGAHAGEYGAEALER
TYFPHFDLSHGSAQVK*
GTFSQLSELHCDK'LHVDPENFR
TEDHEEAGPLPTK'VNLAHSEI
GGK'STK*DGENHK"
LHLCAETK*DDALAWK

QNIEDK*VHMPMDCINIR

'VGWALDMDEIEK*
'WLFETQPMESLYEK*
IVSPK*NSDLK
GTFSQLSELHCDK'LHVDPENFR
IHPELLAK*K*
ISFQPAVAGIK*GDK
DIEDPELIK*HFHEAYPGSWTR
LIYAGK'ILSDDVPIR

IDAHLNK*VCPTTETIYNDEFYTK

'VNILTDK*SYEDPTNIQGK
K'LGGALGR

NDEELNK'LLGK
LEKIFQNAPTDPTQDFSTQVAK
IDAHLNK*VCPTTETIYNDEFYTK

GK*MGTVSK*SR
SALAGK'ASR
K'ESPLLNDYR
ASSAASSEHFEK'LHEIFR

EETQQK'SNLELLR
K'LVAASQAALGL

K'QTALVELVK
HAVSEGTK*AVTK
DLPNALDEK"QUEK

KEIMAQLEERK"

MPPEKTK*DK*
MDKNELVQKAK*
EFGNTLEDK*AR
AGSGSQVPTEPKK*

EETQQK"SNLELLR
EK'VTSGSTTTTR
TVIGPDGHK*EVTK
K'LVAASQAALGL
K*QTALVELVK
NDEELNK'LLGR
FSYK'SITTDDWK
AFGDSEHK'LETSSGR

KPLPDHVSIVEPK'DEILPTTPISEQK
SELVQKAK"
ALPAK*DPQVER
KLVSETVK*
LEK*IFQNAPTDPTQDFSTQVAK
LIYAGK'ILSDDVPIR
UYAGK'ILNDDTALK
LIYAGK'ILNDDTALK
ASGADSK'GDDLSTAILK
DSYVGDEAQSK'R
DTGK*TPVEPEVAIHR
EQLVQK*AR
TITLEVEPSDTIENVK*AK
MQIFVK*TLTGK
TITLEVEPSDTIENVKAK*
VDENGK'ISR
KEESEK'PR
SLLSNVSQWDTFK*
ITSTFHQDVDGWK*
SELELTLGK'LEQVR
KENIK*PSLGSK*

LDAAAFQK'GLQGK"
AVEIEEQTK'R
IDVIK*QADYVPSDQDLLR

SIQK*LIEWENNR

GK'EQELLEAAR

DLSLEEIQKK*
DLSLEEIQK'K
AYLQLGINEK*

ALEEPANDIK*EDAIAPR
EYK'EAIHDMNFSNEDMIR
TGLEK'MRSGK*
TK*AEATIPLVPGR
QILSK'IPDEINDR
APGTEGQQQVHGEK'K
FK*EINNAHAILTDATK
DQVGGGGEFGGHDK'PK
ISFQPAVAGIK*GDK
DEVDGGPPCAPGGTAK'TR
SGEEALIIPPDAVAVDCK*DPDDWWPVGQR
VTFNSALAQK'EAK
IHPELLAK'K"
DIEDPELIK*HFHEAYPGSWTR

ITSDEPLTK*DDIPVFLR
ASSAASSEHFEK'LHEIFR

LHLCAETK*DDALAWK

SIEK'LLEWENNR

SPSIDSIQK’DPR
SGEEALIPPDAVAVDCK'DPDDVVPVGQR
VTFNSALAQK'EAK

SAVPPGADKK"

SAVPPGADK'K

GWLTK'QYEDGQWK

Peptide
length

10
9
10
21
18
12
13
18
1
18
9
21
18
21
22
17
9
19
19
10
21
17
13
12
-
12
1
1
20
20
16
9
10
"
9
22
16
10
18
19
9
22
15
19
18
9
20
16
22
21
12
15

17

12
14
10
22
9
14
23
15

23

18

"
22
23

10
18

13
12

10
12
14

1
1
13

13
12
13
12
10
"
12
15

26

"

22
15
15
15
17
12
15

18
1
18

13
13
14

13
10
18

10
10
10

17
18

13
13
15
16
16
14
18
29
13

23

17
18

12
29
13
10
10
13

Modi

positions  probabilities

483,485
120
483;485
1
63
48
33
27
6
29
13
1
63
60;62
96
67
52
83
85
59
60,62
67
33
48
370
336,338
87
96
119,120
17
57
402
188
168
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96
33
1
154
11
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17
57
96
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262
13
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540
39
13
139
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11
1
11

1

1

1

1
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0.876
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1
1
1
1
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1
1
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o
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1
1
0.908
1
0.705; 0.585
0.855
1
1
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0.537
1
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0.672
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0.832
0.856
1
1
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0.705; 0.585
1
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0574
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Modified
evel (N)

3.69E+07
3.50E+07
3.46E+07
1.70E+08
B.71E+07
2.91E4+09
2.68E4-06
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3.71E+07
1.69E+06
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6.10E+06
2.48E4+06
1.79E406
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1.74E+07
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1.30E+07

8.76E+06
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1.14E407
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5.87E+06

2.35E406

4.23E+06

2.91E+07

1.06E+07

6.23E+06

Modified
level (T)

1.626408
1.43E+09
1.63E+08
1.26E+09
1.64E+08
7.32E409
3.68E407
1.96E+07

1.27E409
1.96E+08
2.01E+07
9.13E+07
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201E+07
4.61E+07
5.24E+07
2.02E+07
1.02E407
5.10E+07
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378E+07
2.98E+06
231E+07
3.45E+08
1136408
7.00E+06
2.06E+08
5.54E+06
2.026+07
2.97E+06
5.54E+06
8.43E+07
2.03E+08
4.56E+07
1.77E+07
1.20E407
9.36E+06
5.86E+06
8.80E+06
74TE+06
250E+08
227E+07
7.09E+06
1.26E408
2.01E+07
1.31E407
2.08E+07
0.00E+00

7.08E+06

5.34E+06
2.61E+07
1.96E+07
2.20E+07

1.33E+07
3.80E+06
1.24E+07

4.66E+06

6.34E+06
7.82E+06

4.54E+06

1.64E+07
9.09E+06

4.70E+07

7.15E+06

7.55E+06
1.58E+07

4.06E+06

3.45E+06
4.10E+06

2.84E+07

2.26E+06

9.83E+06
1.39E+07

7.91E+06
2.05E+06
9.48E+08

1.72E407

1.99E+07
2.72E+06
2.05E+07

5226406
5.21E+06

8.07E+08

2.05E+06

8.50E+06

254E+07
2.50E+06
481E+06
9.03E+06
1.83E+07
3726406
6.69E-+06

5.57E+06

1.14E+07
9.35E+06

4.92E4+06

3.08E+06
6.69E+06

5.99E+07
6.91E+07

Ratio
(T/N)

452
40.96
an
7.40
4.43
262
1874

7.37

527
11.87
4.83

4.92

11.86

8.60
8.14
5.69
1527
253
1.67

314

106.34
3.26
1.44
1.49

414
104.44
4.56
5.07
3.43
10.02

317
3.65
1.80
1.30

66.71
1.28
361
8.87
0.00

0.54

061
144
1.7
1.05

t-test
p-value

4.55E-06
1.39E-05
3.31E-05
3.64E-05
6.07E-03
6.88E-03
9.55E-03

3.78E-05
6.89E-04
3.71E-04
1.23E-02
1.22€-01
8.99E-04

2.47€-03
1.14E-08
4.65E-02
1.16E-03
6.90E-03
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1.50E-03

1.52E-03

5.10E-03
5.62E-03
2.44E-01
2.74€-01

5.79E-03
6.08E-03
6.13E-03
6.49E-03
6.76E-03
1.11E-02

1.61E-02
1.94E-02
5.15E-02
7.06E-02

1.21E-01
1.43E-01
1.63E-01
2.34E-01
1.39E-01

3.41E-01

4.18E-01
5.39E-01
6.03E-01
8.73E-01
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GO:0005840
GO:0060205
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GO:0030658
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GO:0031300
GO:0005844

Cellular components

Cytosolic small ribosomal subunit
Small ibosomal subunit
Cytosolic ribosorme

Cytosolic part

Blood microparticle
Haptoglobin-hemoglobin complex
Hemoglobin complex
Clathrin-sculpted vesicle
Ribosomal subunit

Endocytic vesice lumen
Ribosome

Cytoplasmic vesicle lumen
Vesicle lumen

Intrinsic component of synaptic vesicle membrane

Azurophil granule membrane
Transport vesicle membrane
Platelet alpha granule lumen

Intrinsic component of organelle membrane

Polysome

GeneRatio

4/33
4/33
4/33
5/33
4/33

BgRatio

45/19869
73/19859
115/19659
250/19659
147/19659
11/19859
12/19669
12/19859
191/19659
19/19869
276/19659
338/19659
339/19659
46/19859
58/19669
204/19659
67/19669
226/19659
73/19859

P-value

9.34E-07
6.60E-06
3.99E-06
5.67E-05
1.04E-04
1.49E-04
1.78E-04
1.78E-04
2.83E-04
4.59E-04
1.13E-03
2.37E-03
2.40E-03
2.70E-03
4.26E-08
4.78E-08
5.64E-08
6.34E-08
6.67E-03

Padjust

1.33E-04
4.68E-04
1.89E-03
2.01E-08
2.96E-03
3.17E-08
3.17E-08
3.17E-08
4.47E-03
6.52E-03
1.46E-02
2.62E-02
2.62E-02
2.74E-02
4.03E-02
4.24E-02
4.71E-02
4.98E-02
4.98E-02

Q-value

8.26E-05
2.92E-04
1.18E-03
1.25E-03
1.83E-03
1.97E-03
1.97E-03
1.97E-03
2.78E-03
4.06E-03
9.07E-03
1.63E-02
1.63E-02
1.71E-02
2.51E-02
2.64E-02
2.94E-02
3.10E-02
3.10E-02

GenelD

RPS3/RPS20/HBA1/HBA2
RPS3/RPS20/HBA1/HBA2
RPS3/RPS20/HBA1/HBA2
IDE/RPS3/RPS20/HBA1/HBA2
FGA/ALB/HBA1/HBA2
HBA1/HBA2

HBA1/HBA2
DNAJCS/SLC32A1
RPS3/RPS20/HBA1/HBA2
HBA1/HBA2
RPS3/RPS20/HBA1/HBA2
FGA/ALB/HBA1/HBA2
FGA/ALB/HBA1/HBA2
DNAJCS/SLC32A1
DNAJCS/TMEM30A
DNAJCS/SLC32A1/TMEM30A
FGA/ALB
DNAJCS/SLC32A1/ITM28
VIM/RPS3

Count
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GeneRatio = The ratio of the number of genes enriched by the CC to the total number of genes enriched. BgRatio = The ratio of the number of genes contained in the CC to the number
of genes in the BP database.
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GO:0097237  Cellular response totoxic substance ~ 5/30  285/18498  8.49E-05  1.66E-02  1.27E02 ALB/RPS3/HBAI/HBA2/PDCDIO 5

GO:0042542  Response to hydrogen peroxide 430  141/18493  761E-05  1.66E02  1.27E-02 RPSY/HBA1/HBA2/PDCDIO 4

GO:0045739  Positive regulation of DNA repair 3/30  61/18493  180E04  1.66E02  1.27E02 HRAFX/RPS3/UBE2N 3

GO:0042983  Amyloid precursor protein 2/30 1118493  1.39E-04  166E-02  1.27E:02 [TM2CATM2B 2
biosynthetic process

GO:0042984  Regulation of amyloid precursor 2/30  11/18493  139E-04  1.66E02  1.27E-02 ITM2CATM2B 2
protein biosynthetic process

GO:0046677  Response to antibiotic 5/30  328/18493 15704  1.66E02  1.27E02 RPSI/HBAIPRUHBA2/PDCDIO 5

GO:0010561  Negative reguiation of glycoprotein ~ 2/30  12/18493  166E-04  1.66E:02  1.27E02 [TM2CATM28 2
biosynthetic process

GO:0031581  Hemidesmosome assembly 2/30  12/18493  166E-04  1.66E02  1.27E-02 LAMCZ/PLEC 2

GO:0015671  Oxygen transport 2/30 1518493  264E-04  2.41E02  1.62E:02 HBAI/HBA2 2

GO:1903019  Negative reguiation of glycoprotein ~ 2/30  15/18493 ~ 2.64E-04  241E02  1.62E02 ITM2CATM28 2
metabolic process

GO:0015893  Drug transport 430 217/18498  B9BE-04  256E-02  1.96E-02 HBAI/HBAZ/SLCS2AI/TMEMIOA 4

GO:0015669  Gas transport 2/30  19/18493  428E04  256E02  1.96E02 HBAI/HBA2 2

GO:2001022  Positive regulation of response to 3/30  92/18493  4B9E-04  256E-02  1.96E-02 HARURPS3/UBEZN 3
DNA damage stimulus

GO:0000302  Response to reactive oxygen 4130 204/18493  448E-04  256E02  1.96E-02 RPSY/HBA1HBA2/PDCDIO 4
species

GO:0098869  Cellular oxidant detoxification 3/30  101/18493  577E-04  308E02  2.36E-02 ALB/HBAI/HBA2 3

GO:1990748  Cellular detoxification 3/30  105/18493 646E-04  B28E02  247E-02 ALB/HBAIHBA2 3

GO:0006282  Regulation of DNA repair 3/30  115/18498 841E04  B96E-02  BOSE-02 H2APRPS3/UBEZN 3

GO:0031112  Posttive regulation of microtubule 2/30  20/18493  101E-03  4.30E02  B.30E-02 RPS3/STMN2 2
polymerization or depolymerization

GO:0098754  Detoxification 3/30  123/18493 102608  4830E02  B.30E-02 ALB/HBAI/HBA2 3

GO:0042744  Hydrogen peroxide catabolic 2/30  32/18493  122E03  477E02  B66E-02 HBAI/HBA2 2
process

GO:0051291  Protein heterooligomerization 3/30  182/18493  125E03  477E02  B.66E02 IDE/HBAI/HBA2 3

GeneRatio = The ratio of the number of genes enriched by the BP to the total number of genes enriched. BgRatio = The ratio of the number of genes contained in the BP to the number
of genes in the BP database.
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GO:0031720
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GO:0005344
GO:0043177
GO:0016209
GO:0050699
GO:0048037
GO:0140104
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Oxygen binding
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Amyloid-beta binding
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Antioxidant activity

WW domain binding
Cofactor binding
Molecular carrier activity

GeneRatio

3/31
2/31
3/31
2/31
4/31
3731
2/31
5/31
2/31

BgRatio

36/17632
10/17632
61/17632
14/17632
204/17632
86/17632
31/17632
495/17632
43/17632

P-value

3.38E-06
1.33E-04
1.65E-04
2.69E-04
4.29€-04
4.56E-04
1.35E-03
1.59E-03
2.58E-08

P.adjust

4.97E-03
8.10E-03
8.10E-03
9.87E-03
1.12E-02
1.12E-02
2.83E-02
2.92E-02
4.22E-02

Q-value

3.48E-03
5.68E-03
5.68E-03
6.93E-03
7.84E-03
7.84E-03
1.99E-02
2.05E-02
2.96E-02

GenelD

ALB/HBA1/HBA2
HBA1/HBA2
IDE/ITM2C/ITM2B
HBA1/HBA2
ALB/PAM/HBA1/HBA2
ALB/HBA1/HBA2
NDFIP1/TCEAL2
ALB/PAM/RPS3/HBA1/HBA2
HBA1/HBA2

Count

[SIRC I CRE SR N R S

GeneRatio = The ratio of the number of genes enriched by the MF to the total number of genes enriched. BgRatio = The ratio of the number of genes contained in the MF to the number
of genes in the BP database.
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Group Sex

Control Female

Male

Male

Female

Female

NFPA Female

Male

Female

Male

Male

Male

Male

Female

DNT, do not test.

Age
)

45

43

43

0

59

49

ical information

White, Multiple toxic compounds. Blood: HepB (+),
HepC (), HIVE).

White, Drowning. Blood alcohol = 3.1 g/L; no other
drugs detected. Blood: HepB (+), HepG (+), HIV ().
White, Multiple toxic materials. Blood alcohol = 0.5 g/L.
Blood: HepB (+), HepC (-), HIV ().

Black, Gunshot wound to chest. Blood alcohol = 0.3
g/L; no drugs. Blood: HepB (+), HepC (-), HIV ()
White, 15 h gunshot wound to head. No drugs or
alcohol. Blood: HepB (-), HepC (), HIV ().

NFPA in sellar region. Sellar floor bone thinning, enriched
blood supply in tumor, and tumor size: 4 x 3 x 3 cm®
NFPA in sellar region. Sellar floor bone thinning, and
tumor size: 3 x 3 x 2.5 cm®

NFPA in sellar region. Adhesion of surrounding tissues,
and tumor size: 4.5 x 4 x 6cm®

NFPA in sellar region. Sellar floor bone destruction,
enriched blood supply in tumor, and tumor size: 4.5 x 3
x 3em3

NFPA in sellar region. Recurrent tumor, old blooding in
tumor, and tumor size 2 x 2 x 1.8cm®.

NFPA in sellar region. Sellar floor bone thinning, and
entiched blood supply in tumor, and tumor size 2.1 x
1.8 x 2cm®.

NFPA in sellar region. Selar floor bone thinning, old
blooding in tumor, and tumor size 2 x 4 x 3 cm®.
NFPA in sellar region. Selar floor bone thinning, enriched
blood supply, and tumor size 3 x 8.5 x 2.5 om3.

Immunohistochemistry

DNT
DNT
DNT
DNT
DNT

ACTH (), hGH (4), PRL (),
FSH (+), LH (), TSH ()
ACTH (), hGH (4), PRL (),
FSH (), LH (-), TSH ()
ACTH (5), hGH (4), PRL (),
FSH (+), LH (), TSH ()
ACTH (), hGH (4), PRL (),
FSH (), LH (), TSH ()

ACTH(), hGH(), PRLI),
FSH(), LHE), TSH()
ACTH(), hGH(), PRLI),
FSH(+), LHE), TSH()

ACTH(), hGH(), PRLE,
FSHE), LHE), TSHE)
ACTH(), hGH(), PRLE,
FSH(-), LH(-), TSH()

Experiments.

Proteomics; Western blot

Western blot

Proteomics; Western blot

Proteomics

Proteomics

Proteomics

Proteomics

Proteomics; Western blot

Proteomics; Western blot

Western blot

Western blot

Western blot

Western blot
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Group

NFPAs

Controls

Female
Male
Female
Male
Female
Male

Female

Female

Age (year)

49
53
40
52
43
58
a4
53
40
36

34

Immunohistochemistry (IHC) or clinical information

ACTHE), hGH(-), PRL(), FSH(-), LH(-), TSH(-)
ACTH(), hGH(-), PRL(), FSH(-), LH(-), TSH(-)

ACTH(), hGH(-), PRLE), FSH(), LHE), TSHE)

ACTH(), hGH(-), PRL(), FSH(+), LHE), TSH()

ACTH), hGH(-), PRL(), FSH(+), LH(), TSHE)

ACTH(-), hGHE), PRLE), FSHE), LH(), TSH(-)

ACTH(), hGH(), PRL(), FSH(+), LH(), TSHE)

ACTH(), hGH(-), PRL(), FSH(-), LH(-), TSH()

White, Multiple toxic compounds. Biood: HepB (+), HepG (+), HIV(-). IHC: do not test.
White, Multiple toxic materials. Blood alcohol = 0.5 g/L.. Blood: HepB (+), HepC (), HIV ().
IHC: do not test.

Black, Gunshot wound to chest. Blood alcohol = 0.3 g/L; no drugs. Blood: HepB (+), HepC
(), HIV (9. IHC: dio ot test.

White, 15 h gunshot wound to head. No drugs or alcohol. Blood: HepB (), HepC (), HIV (3.

IHC: do not test.

Experiments

Proteomics
Proteomics
Proteomics
Proteomics
Proteomics;
Proteomics;

Western blot
‘Western blot
Western blot
Western blot
Western blot
Western blot

Western blot

Western blot
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MNIKGSPWKG SLLLLLVSNL LLCQSVAPLP ICPGGAARCQ VTLRDLFDRA

60 70 80 % 100
WLSHYIHNL SSEMFSEFDK RYTHGRGFIT KAINSCHTSS LATPEDKEQA
110 120 130 140 150
QQMNQKDFLS  LIVSILRSWN ~ EPLYHLVTEV RGMQEAPEAI LSKAVEIEEQ
160 170 180 190 200
TKRLLEGMEL IVSQVHPETK ENEIYPVWSG LPSLOMADEE SRLSAYYNLL
210 220

HCLRRDSHKI DNYLKLLKCR IIHNNNC

Signal peptide is position 1-28 in the underlined bold letters.
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Groups

Control
pituitary

Prolactinoma
(PRL-PA)

NF-NFPA

LH-NFPA

LH/FSH-
NFPA

FSH-NFPA

Samples ID

c4

c2
c3

cs5

c7

cs

c9

C10

T237

T192
T131
87
T914933
T219

T164

T217
T208
T204
T237
T6s

T138
T185

57
T89
77

Sex/Age

M/45

w27
F/40

M/36

F/34

/55

F/47

M/36

w41
F/52
wa4g
F/45
m/es

M35

M/39
F/47

F/40
F/54

M/eo
m/e6

F/59
M/62
w67

Clinical information

White, Drowning. Blood alcohol = 8.1 g/L; no other
drugs detected. Blood: HepBb (+), HepC (+), HIV ()

Black, none
White, Multiple toxic compounds. Blood: HepB (+),
HepC (+), HIV ()

White, Multiple toxic materiats. Blood alcohol = 0.5g/L.
Blood: HepB (+), HepC (), HIV (-)

Black, Gunshot wound to chest. Blood alcohol =0.3g/L;
10 drugs. Blood: HepB (+), HepC (), HIV ()

White, 15 h gunshot wound to head. No drugs or
alcohol. Blood: HepB (-, HepC (), HIV ()

White, 12h gunshot wound to chest. No alcohol or
drugs. Blood: HepB (-), HepC (), HIV ()

White, smoke inhalation. No drugs or alcohol. Numerous
amylacea present in brain. Early autolytic changes to
brain. Blood: HepB (), HepC (+), HIV ()

Prolactinoma, 1.918ng/ml, 2.0 x 2.1 x 2.5¢cm

Prolactinoma,1.176ng/ml, 3 x 2.5 x2.0cm
Prolactinoma,359ng/ml, 2.5 x 3.6 x2.8cm
Prolactinoma with calcilication,

Prolactinoma, with active cell growth, invasive tumor

Non-functional, 1.9 x 2.3 x 2.2 cm, invasion of the right
cavernous sinus

Non-functional, visual loss, 3 x 8.5 x 4cm. Partial
hypopitutarism

Non-functional

Non-functional, 2 x 2 x 2cm

Non-functional

Non-functional, right cavernous sinus extension
Non-functional, 4 x 4 x 4cm, cavernous sinus invasion

Non-functional, 2.9 x 3.1 x 8.5cm

Non-functional, 2.8 x, 2 x 2.4 cm. Bilateral cavernous
sinus invasion

Non-functional, 2 x 3cm
Non-functional, 2 x 2.3 x 2.3cm

Non-functional, 2 x 2.2 x 2.4 cm, questionable
cavernous sinus

Immuno-histochemistry

DNT

DNT
DNT

DNT

DNT

DNT

DNT

DNT

PRL3+

PRL3+
PRL3+
PRL+
PRL++
Neg.

Neg.

Neg.
LH 124
LH3+

LH24

LH 2+, FSH 14+

LH 2+, FSH 2+
LH 2-3+, FSH 2-3+

FSH 1+
FSH 2+
FSH 2+

Neg, Immunoistochemical steins for ACTH, LH, FSH, PRL, GH, and TSH were negative. L H*, nonfunctional pituitery adenoma that expressed leuteinizing hormone, or lutropin; FSH*,
nonfunctional pituitary adenoma that expressed follcle-stimulating hormone, or folltropin; FSH* and LH*, nonfunctional pititary adenoma that expressed both folicle-stimulating
hormone and leuteinizing hormone. Adenomas were graded blindly by a neuropathologist (from O to 4) for the intensity of staining for each peptide hormone. NFPA, nonfunctional
pituitary adenoma. DNT, Do not know.
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A Proportional ratio of hPRL variants among five subtypes of pituitary adenomas (PAs)
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Drugs or molecules involved in MAPK signaling pathway Tumor subtype Molecular mechanism Biological effect Research models References
Therapeutic drugs ~ Somatostatin analogs  SOM230 (FDA GH-secreting PAs SOM230 combines with Inhibits GH release and Primary GH-secreting adenoma  (13-15)
(SSTs) approved) somatostatin receptor subtype 2 proliferation of tumor cells cells, and rat pititary cell line
(SSTR2) and inhibits ERK pathway (GH3)
PRL-secreting PAS SOM230 combines with SSTRS  Inhibits PRL release and Primary PRL-secreting adenoma ~ (13-15)
and inhibits ERK pathway proliferation of tumor cells cells, and rat pituitary cell line
(GH3)
Corticotropin-secreting PAs  SOM230 binds to SSTRS not ~ Suppresses CRH-induced ACTH A{T20/D16V mouse tumor cells,  (16-16)
SSTR2 to inhibit ERK pathway ~ release and decreases rinary  and pituitary dependent
free cortisol (UFC), and serum  Cushing’s disease patients
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Gonadotroph PAs Suppresses the phosphorytation of Reduces GnRH-induced LH  Mouse gonadotroph LBT2 cells (19)
ERK secretion
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(FDA approved) inhibits ERK pathway proliferation of tumor cells cells, and rat pititary cell line
(GH3)
Gonadotroph PAs Suppresses the phosphorylation of Reduces GnRH-induced LH  Mouse gonadotroph LBT2 cells (19
ERK secretion
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Changes in gene expression can result from changes in DNA sequence, RNA expression
as mediated by ANA interference, or epigenetic regulation. The changes in each of these
categories discussed in this review are outlined below.
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Lossof-  Yes
Function:

High-
confidence
Lossof-  Yos
Function:

High-
confdence
Polyhen:  Yes
possibly
_damaging:
ST
deleterious
Polyohen:  Likely
possibly.
_damaging;
SIFT:tolrated
Lossof- Yes
Function:

High
confidence
Polyhen:  Likely
possibly
_damaging;
ST tolrated
Polyphon:  Likely
benign; SIFT
tokrated
Lossof-  Yos
Function:

High-
confdence
Polyphon:  Yes
probably
_damaging;
SFT:
deleterious
Polyphen:  Likely
possibly
_damaging;
ST
deleterious
Polyphen:  Likely
probably
_damaging:
S
deleterious
Lossof  Yes
Function:

High-
confdence
Polyphen: WS
possibly
_damaging
SIFT:tokrated
Lossof-  Yes
Function:

High-
confdence
Polyphen: WS
probably
_damaging:
SFT.
deleterious
Lossofstop ~ Likely
codon

(@7-50

3,51

(48, 52-63)

63)

©4)

©5)

(5. 66-69)

(46,70)

@)

@5)

65.71)

©9)

(6,23,39)

©5)

2

@5)

3

(5,44)

(6,29,56,59,
68,69, 74,75)

(76-78)

“8)

6,29,97,48,
54,55, 59,
70-84)

6.29,48,53,
54,59, 81,
85-88)

(37 and many
others)

©0)

©9)

M, missense; N, nonsense; D, deletion; N/A, not availabl
insertion; MAF, minor allele frequency; Inc, increased; VUS, variant of unknown significance.

.OH, loss of heterozygosity; $ Pathogenicity is based on authors’ judgement following the American College of Medical Genetics and Genomics principles (90); F, frameshift; I,
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Parameters Value

Gender (M:F) 10:10
Mean age (years) 33.1+13
Mean tumor volume (mmS) 10672.82
Mean pre op GH (ng/ml) 25,09+ 22,68

Mean pre op IGF-1 (ng/mi) 872,00 + 852.22

GH+ 13
GH+ Pri+ 7
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Normal pituitary Sporadic Sporadic PRL- Sporadic ACTH- Sporadic GH-secreting

GH-secreting  secreting adenomas  secreting Adenomas  Non-functioning adenoma AIP
Adenomas adenomas (FSH+) mutation
PDEAA (14) Presence of RNA Gsp+ RNA T NA NA NA NA
in GH cells Gsp-RNA =
PDE4A4 (23, 30) Presence of the protein 1 1 1 T F269_H275dup =
in GH/PRUACTH/FSH R304
cells €202
PDE4AS (23, 30) Presence of the protein 1 1 1 T F269_H275dup |
in R304" =
GH/PRUACTH/FSH Qied’ |
cells
PDE4B (14) Presence of RNA in Gsp+ RNA 1 NA NA NA NA
GH cells Gsp- RNA 1
PDEAC (14) Presence of RNAn Gsp+ RNA T NA NA NA NA
GH cells Gsp- ANA =
PDEAD (14) Presence of RNAin Gsp+ RNA T NA NA NA NA
GH cells Gsp- RNA=
PDESB (14) Absent GH cells Gep+ RNA T NA NA NA NA
Gsp- RNA 1
PDET1A (13) Presence of the protein Protein 1 NA NA NA NA
GH cells

All comparisons are in relation to the respective normal cell. 1 increase | decrease = equal.
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Pituitary tumor  Functional

Upregulated ~ DNMTSB (71),  HDAC2 (73), RiZI (74),
HDAG11(72)  PAD (75), SIRT1 (76),
SIRT3 (76), SIRT4 (76),
SIRT7 (76)

Downregulated HVGA2 (78)

Aggressive,
invasive, or large

DNMT1 (77),
DNMT3A (77)

SIRT1 (76), SIAT3.
(7e)

DNA modifiers (in red) and histone modifiers (in blue) shown. (Gene names italicized,

protein names non-italicized).
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Fanilial syndrome Gene affected (Germline)

Multiple endocrine neoplasia type 1 MEN1, CDKN18B, CDKN2C
Multiple endocrine neoplasia type 4 CDKN1B

Familial isolated pituitary adenomas AP

Carney complex PRKARTA
McCune-Abright GNAS

Tumor subtype Gene affected
Prolactinoma HMGA2 (@)

Corticotroph USP8, USP48, BRAF
GH-secreting GNAS

Familial syndromes are listed in the top part of the table, and subtype-specific somatic
alterations and their mechanisms are listed in the bottom portion of the table. a,
amplification; all other genes are mutated.
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Tumor number

BN =

5

o

7
8
9
10
1
12
13

Sex

T EESSNERn S 28

Clinical behavior

Recurrence, death
Recurrences, metastasis, death
Recurrences, metastasis, death
Recurrence

Recurrences, metastasis, death
Recurrence

Persistence

Persistence

Remission

Remission

Remission

Remission

Remission

Pathological group

2b
2b->3
2b->3

2b
2b->3

Chromosome gains

3p, 5.8, 14q, 19p
14, 3p, 89, 9, 14q, 19p
1q,5, 15q, 19p#
4q
14,80, 15q

Y
7,9
8,y

9

7p,20

9

Chromosome losses

11p
1q, 11
11,17p
1p. 11p
1,4,5q, 11,134, 15, 16

13q

*Not included in transcriptomic analysis. #in the publication Wierinckx et al. (14), an error occurred in case 3 of this table; it was reported to have an insertion of 19g, while the insertion
is 19p as indicated here. In bold the chromosomes presented on figure 1.
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Localization

chr19
chr3
chr2
chrs
chr13
chr9
chr8
chri6
chr7
chri
chrit
chrd
chré
chri4
chr21
chri8
chr20
chri7
chri2
chr22
chr15
chr10

“Median, in bold number of genes above the median

Deregulated genes (1)

(SIS

AGenes represented by the chromosome

number of genes deregulated
chromosome .

A Genes represented (%)

0.80
077
075
0.73
0.60
0.60
059
059
058
0.57
053"
053"
0.44
0.42
033
029
029
022
0.17
0.15
0.13
0.10

number of genes on
chromosome A

number of deregulated genes

umber of total genes
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Symbol

BHLHE41

CDK8
CHL1

cTAG2
ENC1

ERBIN
182

EXT1

2R
FGF13

FOXA1
Foxat
GADD4SG
IsL1

KOMSD
[Re

MYH?
NMU
0BSCN

PITX1

ROBO1
SLo12A4.
SLC2At1
SLosAB

SNCB.
SOSTDC1

STAP2

TSPANS
VEGFD

Expr fold
change

2077

2.599
3417

2332
2023

2008
2366

281

~2.199
3.419

235
5758
2,656
2163

18.062
2246

~4.706
3336
2596
2450
2261
2554

2398

2.083
3348
2342
2577

2022
6814

2422

3232
227

Expr
p-value

000365

5591075
00206

00242
0,033

00191
576104

000196

0.0187
0.0067

0.0838
00393
0.0281
00338

41210710
0.0367

000688
000721
00158
000579
00369
0.0263

00496

00144
000534
0.0131
000231

0013
00103

000363

0.0371
00363

Description

Basic helix-loop-hel
famiy member e41

yclin dependent kinase 8
Cell adnesion molecue L1
ke

Cancertestis antigen 2
Ectodermal-neural cortex
1

Erbb2 nteracting protein
ETS proto-oncogene 2,
ranscription factor
Exostosin
ghycosylransterase 1
Ezin

Fibroblast growth factor
18

Forkhead box A1
Forkhead box Q1

Growth amest and DNA
damage inducible gamma.
1SLLIM homeobox 1
Lysine demethylase 5q
Latent transforming
growth factor beta binding
protein 1

Myosin heavy chain 7
Newromedin u

Obscuin, cytoskeletal
caimoduiin and
tiin-interacting rhogef
Paired like homeodomain
1

Peptidylprolyl isomerase d
Prostagindi-
endoperoxide synthase

1

Protein tyrosine
phosphatase, receptor
typezt

Roundabout guidance
receptor 1

Solute carrler famiy 12
member 4

Solute carrier famiy 2
member 11

Solute carrier famiy 6
member 8

Synudien beta

Sderostin domain
containing 1

Signal transducing
adaptor famiy mermber 2
Tetrasparin 8

vascular endothelal
growtn fector d

Chromosome

12

16

2

Angiogenesis

Cell growth and
proliferation

Cell death
and survival

cell Cellular
morphology movement

x x
x
x
x
x x
x x
x
x
x
x
x x
x x

Development ~ Endocrine

system
x

x

x

x

x

x

x

x x
x

x x
x

x

x x
x x

Estrogen Pituitary  Sexual

signaling tumors

dimorphism

Symbol

BHLHE41

CDK8
CHL1

cTAG2
ENC1

ERBIN
182

EXTY

2R
FGF13

FoXA1
Foxat
GADD4SG
1sL1

KOMSD
LT8Rt

MYH7
NMU
0BSON

PITX1

ROBO1
SLC12A4.
SLC2A11
SLosA

sNeB
SOSTDC1

STAP2

TSPANS
VEGFD
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Women (n = 10)

Age (years) 3543

MRI DATA

o Tumor size, (mm) e
-<10mm, n 3
—10-40mm, n 7
->40mm, n 0

« Invasive tumors, 1 (%) 3(30)

TUMOR CHARACTERISTICS

oERa expression (IR 71

score)

«Proliferative markers
-Mitotic count 1+1
-Ki-67 (%) 08+05
53 (%) 03+0.1

«Prognostic classification
~Grade 1a,n 6
~Grade 1b,n 1
~Grade 2a,n 1
~Grade 2b (-3, n 2

Men (n = 20)

5142

2743
1
13
6
15 (75)

31

4k
25+07
06+02

4
1
8

7@

*Two of the seven male tumors were classified grade 3 based on metastasis during the
follow-up. For continuous variables, results are presented as the mean + SE (median).
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Genes

ADAMTS6
AURKB
CCNB1
CENPE
PTTG1

Major
functions

Development
Cell cydle
Cel cydle
Cel cydle
Cell cycle

Tumors in women

Pearson
correlation

0.32
024
0.19
-0.02
-0.15

p-value

1.9.10°01
26100
3010°"
52.10°01
66.1079"

Tumors in men

Pearson
correlation

0.47
0.93
0.87
0.78
08

p-value

19.10°%
12.10°%
3010°7
29.10°%
1.3.10705
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No. of cases

241 patients

Pituitary adenoma type

ACTH:-secreting piuitary
adenoma

GH-secreting pituitary
adenoma
PRL-secreting pituitary
adenoma

GH and PRL-secreting
pituitary adenoma
FSH-secreting pituitary
adenoma

FSH and LH-secreting
pituitary adenoma
Clinically non-functional
pituitary adenoma
Pititary adenoma
(functional and
non-functional)

No.

26

36

Percentage (%)

10.78

3.31

14.93

0.82

3.31

11.61
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No.

10.

1.

12.

13.

14.

15.

18.

Reference

Callgaris et al. (63)

Oklu et al. (64)

Feng et al. (65)

ljare et al. (51)

Lee etal. (66)

Kinoshita et al. (55)

Jarmusch et al. (67)

Bickova et al. (68)

Usenius et al. (69)

Solivera et al. (70)

Einstein et al. (71)

Chernov et al. (72)

Faghih Joulbari et al. (73)

Isobe et al. (74)

Sutton et al. (75)

Stadibaver et al. (76)

Kozi¢ etal. (77)

Khiat et al. (78)

Biological sample

45PA vs. 6 healthy pituitary
glands

16 central blood samples
(plasma) from 7 patients with
ACTH:-secreting PA, who
underwent bilateral IPSS vs. 9
control samples

brain tissue samples from 6 PA
with ACTH-secreting PAvs. 7
healthy brain samples

post-surgery tumor tissue
samples from 3
gonadotropin-secreting PAand 3
PRL-secreting PA

urine samples from 27
PRL-secreting PA vs. 31 healthy
group

2 surgicaly excised samples of
PAvs. 4 non-tumorous brain
samples

brain tissue sample from 14 PA
vs. normal brain parenchyma
and other brain tumors (gliomas,
meningiomas)

brain tissue sample from 25
patients with PA vs. meningioma,
glioma and glioblastoma

brain tissue sample from 6PA vs.
normal brain tissue

brain tissue sample from 3PA vs.
3 health brain tissue

brain MRI sequences from 28PA

brain MRI sequences from 19 PA|

brain MRI sequences from 10
non-functional PA

brain MRI sequence from 5 PA
vs. 7 healthy volunteers

brain MRI sequences from 3
non-functional PA vs. 17 healthy
individuals

MR sequences from 27
functional and non-functional PA'
brain MRI sequences from 1
GH-secreting PA

brain MRI sequences from 7
ACTH-secreting PA vs. 40
healthy individuals

Analytical Technique

MALDI-MSI

LC-MS/MS

GC-MS

NMR spectrometry

GC-MS

TH-MRS

DESI-MS

GC/FID

TH-MRS

31p-MRS

TH-MRS

TH-MRS

TH-MRS
TH-MRS

TH-MRS

TH-MRS
TH-MRS

TH-MRS

Results

Non-pathological pituitary tissue
> presence of vasopressin, neurophysin 2 and
neurophysin 1 in the neurohypophysis

» identification of GH, a-MSH, ACTH, B-endorphin,
joining peptide, y-LPH, B-LPH and PRL in the anterior
lobe

» identification of b- and y-series ions of vasopressin
and o-series ion fragments of GH (¢13), ACTH (¢10)
and neurophysin 2 (16) in the posterior and anterior
pituitary gland, respectively

Pituitary adenomas

» clevated levels of GH, PRL and ACTH have been
identified within GH-secreting PA, PRL-secreting PA
and ACTH:-secreting PA, respecively

» identification of the demarcation between PA and
healthy pituitary tissue

Metabolites:

» deoxycholic acid, 3-methyladipate, pyridoxate
Pathways:

» alanine, aspartate and glutamate metabolism (the
most affected), B vitamin B metabolism, » lysine
biosynthesis, - purine metabolism, - amino sugar
and nucleotide sugar metabolism, b glycolysis and
gluconeogenesis, » aminoacetyl-tRNA
biosynthesis, p starch and sucrose metabolism
Metabolites: up-regulation of short chain fatty
acids (heptanoic acid, octanoic acid, nonanoic acid,
hexanoic acid and capric acid), down-regulation of
glucose-6-phosphate

Pathways:

» fatty acids metabolism,

» glycolysis/gluconeogenesis

Metabolites:

> phosphoethanolamine, glutamate, glutamine,
N-acetyl aspartate, aspartate and myo-inositol -
significantly altered in both types of adenomas

» down regulation of phosphoethanolamine,
N-acetyl aspartate and myo-inositol and up
regulation of aspartate, glutamate and glutamine in
PRL-secreting PA compared to
gonadotropin-secreting PA

Metabolites: up reguiation of estrogen metabolites
and 17-ketosteroids, high level of c5 beta/5
alpha-hydrogensteroids and delta 5/delta 4-steroids
ratio

Metabolites: up reguiation of
phosphoethanolamine, taurine and alanine

Metabolites: lipids

Metabolites: up-regulation of homocysteine and
methionine

Metabolites: down-regulation of N-acetyl aspartate
and creatine and up regulation of choline-containing
compounds.

Metabolites: up regulation of phosphaticylinositol
and phosphatidylcholine, down regulation of
phosphatidylserine and sphingomyelin

Metabolites: down-regulation of N-acetyl aspartate
and creatine and up regulation of choline-containing
compounds

Metabolites: down-regulation of N-acetyl aspartate
and creatine and up regulation of choline-containing
compounds

Metabolites: up reguiation of choline
Metabolites: up regulation of choline, lack of

N-acetyl aspartate and total creatine
Metabolites: up reguiation of choline

Metaboli

s: up regulation of choline

Metabolites: up regulation of choline

Metaboli

s: down regulation of choline

PA, pititary adenoma; MALDI-MS), matrix-assisted laser desorptior/ionization mass spectrometry imaging; LC-MS/MS, liquid chromatography tandem mass spectrometry; GC-MS,
gas chromatography-mass spectrometry; ' H-MRS, proton magnetic resonance spectroscopy; NMR, nuclear magnetic resonance; DESI-MS, desortion electrospray ionization-mass
spectrometry; GC/FID, gas chromatography with flame ionization detection; 31 P-MRS, 3 P-magnetic resonance spectroscopy.
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Biological process
Energy metabolism
Energy metabolism
Energy metabolism

Energy metabolism

Energy metabolism
Energy metabolism
Energy metabolism

Energy metabolism

Oxidative stress

Oxidative stress.

Oxidative stress.

Oxidative stress

Oxidative stress.

Oxidative stress.

Oxidative stress.

Apoptosis

Apoptosis

Apoptosis

Apoplosis

Apoplosis

Apoptosis

Apoptosis

Apoptosis

Autophagy

Autophagy

Autophagy

Tumor immune

The related molecules

Lactate dehydrogenase A
(LDHA)

Isocitrate dehydrogenase
(IDH) 1and 2

Isocitrate dehydrogenase 1
(IDH1)

Hypoxia inducible factor 1
subunit alpha(HIF1A)

Succinate dehydrogenase
(SDHX)

Succinate dehydrogenase
(SDH)

Hsa-mir-181a-5p

14-3-8n protein

Reactive oxygen species
(ROS) and Ca?+
concentration

Nitric oxide synthase (NOS)

Nuclear factor, erythroid 2
like 2 (Nrf2)

Dopamine (DA)

The inducible NOS (iNOS)

Nitric oxide (NO)

Nitric oxide (NO)
metabolites level in serum

Bcl-2 famiy

Humanin (HN) and Rattin
(HNP)

Trefoil factor 3 (TFF3)

Apoptotic
protease-activating factor-1
(APAF-1)

MicroRNA-34a

MicroRNA-21

MicroRNA-200c
Adrenocorticotrophic
hormone

T-2 toxin

Cyclosporine A

Dopamine agonists

Presequence translocase

associated motor 16
(MAGMAS)

Function mechanism

LDHA suppresses glucose uptake, lactate
secretion, invasion and proliferation.
Mutant IDH1 and IDH2.

Somatic IDH1 mutation.

Ahigh frequency of homoplasmic
disruptive mutations implicates
disassembly of respiratory complex | in
vivo which in tum contributes to the
inabiity of oncocytic tumors to stabilize
HiFtalpha.

Loss of heterozygosiy at the SDHD locus.
SDHD mutation.

Prolactin signaling pathway, and
mitochondia related calcium reabsorption.
14-3-8nis exclusively overexpressed in
oncocytomas, and 14-3-3n is capable of
inhibiting glycolysis, leading to
mitochondrial biogenesis in the presence
of rotenone. In particular, 14-3-3y inhibits
LDHA by direct interaction in the setting of
complex | dysfunction.

Activation of ROS/MAPKs-mediated
pathway.

NOS immunoreactivity is also detectable in
all but two human pituitary adenomas and
seems to negatively correlate with
microvascularization.

‘The evidence of oxidative stress in pituitary
cells, accompanies by bigger and round
mitochondia during tumor development,
associates with augmented biogenesis
and an increased fusion process.

(9 loss of mitochondial potential; (i)
relocation of Bax to the mitochondria; (i)
cytochrome c release; () caspase-3
activation, and (v) nuclear fragmentation,
resulting in apoptosis.

Invasive adenomas have higher INOS
immunoreactivity, and this correlates with
the MIB-1 labeling index.

Nitric oxide mediates Nivalenol
(NIV)-induced oxidative stress. Additionally,
NIV induces caspase-cependent
apoptosis, decrease in mitochondrial
membrane potential and mitochondrial
ultrastructural changes.

The decrease of NO level after pituitary
adenoma resection indicates the
relationship between NO synthesis and
pituitary adenoma occurrence.

The intrinsic pathway (or mitochondrial)
and extrinsic (or death-receptor pathway)

Intratumor injection of BV-shHNF to nude
mice bearing s.c. GH3 tumors increases
the number of apoptotic cells, delays
tumor growth, and enhances sunvival rate,
suggesting that endogenous HNr may be
involved in pituitary tumor progression.
TFF3 protein level in pituitary adenomais
about 3.61 = 0.48 folds of that in normal
tissues (P < 0.01). After transfecting with
small interference RNA (SIRNA) against
TFF3, the apoptotic ration is significantly
elevated.

Abidirectional-inverted relationship
between APAF-1 and cathepsin B
expressions may resultin changes in
pituitary adenoma behavior.

miR-34a expression is significantly lower in
GHACH cells, whereas miR-34a
overexpression significantly inhibits
GHA4CH cell proliferation and promotes cell
apoptosis though SRY-box 7 (SOX7).
MiR-21 targets -UTR of PITX2 gene to
inhibit its expression. The elevated miR-21
and/or silencing PITX2 significantly
depress PITX2 expression in HP75 cells,
potentiate caspase-3 activity, decrease
cel prolfferation, and faciltate apoptoss.
MicroRNA-200c expression was inversely
associated with Pten expression and
faciltated apoptosis.

UA inhibits the viabity, and induces
apoptosis of ALT20 cels, and decreases
AGTH secretion.

T2 toxin induces abnormal cell
morphology, cytoplasm and nuclear
shrinkage, nuclear fragmentation and
formation of apoptotic bodies, and
autophagosormes.

Bal-2 levels showed drug dose-dependent
augmentation in autophagy and were
decreased in apoptosis.

The increasing Reactive oxygen species
(ROS) inhibited the MTOR pathway,
induced macroautophagy/autophagy, and
led to autophagic cell death (ACD) in vitro
and n vivo.

Mitochondria-associated protein is
involved in granulocyte-macrophage
colony-stimulating factor signal
transduction.

Species

GH3 cells

Human tissue specimen

Human tissue specimen

Human tissue specimen
and cell

Human tissue specimen

Human tissue specimen
and rats

Human tissue specimen

Human tissue specimen
and cell

MMQ and GH3 cells

Human tissue specimen
and rats

Rats.

GH3 cells

Human tissue specimen

GH3 cells

Human

Rat pituitary cell Ines, and
human pituitaries tissue

GH3 cells

Human pituitary adenoma
cell HP75

Human tissue specimen

Rats

Human tissue specimen

GH3 cells

ALT20 cells

GH3 cells

GH3 cells

Human pituitary tumor cel

Human tissue specimen
and AtT-20 D16v-F2 cells
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References Drug Testing index Mechanisms Species

Yang et al. (26) Melatonin Caspase-3 activity, Bax mRNA expression, cytochrome ¢ Inhibits cell growthand ~ Rat
protein expression, Bol-2 MRNA expression, and mitochondrial - increases cell apoptosis
membrane potential.

Wang et al. (27) Meatonin inhibitor ‘The activities of mitochondrial respiratory complexes, and the  Induces apoptosis Rat
production of ATP.
Dai et al. (28) Temozolomide and Cell cycle arrest, DNA damage, cytochrome c release from  Inhibit proliferation, invasion Rat/mouse
pyrimethamine mitochondia into cytosol, the expression of cathepsin Band  and induce apoptosis of
Bax, decreased expressions of Bol-2, MMP-2 and MMP-9,  pititary adenoma cell nes

cleaved PARP, and phosphorylated histone H2AX as well as
caspased/7, 8, and 9 activities.

Wang et al. (29) 18beta-glycyrrhetinic acid  Cell damage, cell viabilty, lactate dehydrogenase release, Inhibits profferation, and  Rat
reactive oxygen species (ROS) and Ca(2-+) concentration, induces apoptosis
GO/G1 phase arrest, apoptosis rate, mitochondrial membrane
potential, a ratio of B cell lymphoma 2 (Bcl-2) and Bax,
calcium/calmodulin-dependent protein kinase Il (CaMKIl), c-Jun
N-terminal kinase (JNK), and P38.

Tang et al. (30) Gossypol acetate Expressions of Bel-2 and miR-15a. Inhibits cell growth Rat

Jiand Geng (31) Yougui pil The number of apoptotic cells, MRNA expressions of Mitochondria-mediated  Rat
cytochrome ¢, caspase-3, caspase-9, and Bol-2. apoptosis pathway

Zhoueetal. (32) T2 toxin Intracellular NO and antioxidant enzyme activity, DeltaPsim,  Induces cell apoptosis ~ Rat

morphometric changes of mitochondria, the caspase pathway,
and inflammatory factors.
Zhao et al. (33) Grifolic acid Cellular ATP levels and the intracellular NAD/NADH ratio. Induces cell death Rat
Zhang et al. (34) T2 toxin Reactive oxygen species (ROS), mitochondrial membrane Induces cell apoptosis Rat
potential, percentage of apoptotic cells, expression of p53, the
activation of caspase-3, G1 cell population, mRNA and protein
expressions of p16 and p21, cyclin D1, CDKA.

Wei et al. (35) Paconiflorin Protein expressions of cleave caspase-9, caspase-3, Bax, and  Inhibits cell prolferation, and Rat
Bel-2, and phosphorylated pS3. induces cell apoptosis
Deyu et al. (36) T2 toxin Reactive oxygen species (ROS), DNA damage, the Causes cell apoptosis Rat

mitochondial membrane potential, the superoxide dismutase
(SOD) activity, expressions of glutathione peroxidase 1 (GPx-1),
catalase (CAT), mitochondria-specific SOD-2, mitochondrial
uncoupling protein-1, -2, and -3 (UCP-1, 2, and 3), adenosine
triphosphate (ATP) levels, mitochondrial complex | activity, and
the expressions of most of mitochondrial electron transport
chain subunits, the expressions of mitophagy-specific proteins
NIP-iike protein X (NIX), PTEN-induced putative kinase protein 1
(PINK1), and E8 ubiquitin ligase Parkin.

Kim et al. (37) Cyclosporine A (CsA) CsA induced a dose-dependent increase in expression of the  Induction of apoptoticor  Rat
autophagy markers LC3-l and LC3-I. Cell viabilty decreased  autophagic cell death i
significantly with increasing CsA concentrations largely due to an
increase in apoptosis, with the changing level of Bcl-2 and Bax.

Leng etal. (38) Doparine agonists Doparmine receptor DS activation increased production of Induced Human pituitary
reactive oxygen species (ROS), inhibited the MTOR pathway,  macroautophagy/autophagy tumor cell
induced macroautophagy/autophagy, and led to autophagic cell
death (ACD) in vitro and in vivo.

Wang et al. (39) Bromocriptine (BRG) and  Low-dose ART combined with BRC synergisticaly inhibited the ~ Induction of apoptosis ~ Rat

artesunate (ART) growth of GH3 and MMQ cell ines, caused cell death,
attenuated cell migration and invasion, and suppressed the
expression of extracellular prolactin. The indluction of apoptosis
after co-treatment was confirmed by immunofiuorescent
staining, assessment of caspase-3 protein expression, and
flow cytometry.
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MNIKGSPWKGSLLLLLVSNLLLCQSVAPLPICPGGAARCQVTLRDLFDRAWLSHYIHNLSSEMFSEFDKRYTHGRGFIT

KAINSCHTSSVTLRDLFDRAQQMNQKDFLSLIVSILRSWNEPLYHLVTEVRGMQEAPEAILSKAVEIEEQTKRLLEGMEL

IVSQVHPETKENEIYPVWSGLPSLQMADEESRLSAYYNLLHCLRRDSHKIDNYLKLLCRIHNNNG
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Sequence
Sequence
Sequence
Sequence
Sequence
Sequence
Sequence
Sequence
Sequence
Sequence
Sequence
Sequence

Position

2 NIKG
19 NLLL
B59NLSS
84 NSCH
104 NQKD
120 NEPL
172 NEIY
198 NLLH
212 NYLK
224 NNNC
226 NNC-
226 NC-

Potential

0.7530
0.7161
0.7380
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0.6051
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0.6726
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0.3576
0.3351
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©9)

N-Glyc result
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Asn-Xaa-Ser/Thr sequons in the sequence are highlighted in biue. Asparagines predicted to be N-glycosylated are highlighted in red.

SEQUON
ASN-XAA-SER/THR.
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The bold values mean statistical significantly positive results.
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Variant No. SSP No. Protein description  Swiss-prot pl M, Ratio Ratio Ratio Ratio Ratio

No. (NF=:Con)  (FSH*/LH*:Con)  (FSH*:Con) (LH*:Con)  (PRL:Con)
Vi 4106 Chaint:prolactin PO1236 6.1 260 -83 -99.9 —462 —126 -84
v2 42159 Prolactin precursor PO1236 63 26.4 -49 -38 1 -4 1
V3 4216 Chaint:prolactin PO1236 63 27.9 1 ~12.3 —146 —262 1
V4 51145 Chaini:prolactin PO1236 65 26.1 ~100 ~19.0 —176 —20.1 1
V5 6109 Chaint:prolactin PO1286 68 259  —100 —19.7 —100 —86.7 1
v6 6119 Chaint:prolactin PO1236 67 259  —100 —326 —113 -336 1

“characterized with LC-ES! MS/MS; Plcharacterized with LC-ESI-MS/MS and MALDI-TOF PIF; al other proteins were characterized with MALDI-TOF PMF. LH*, NF that expressed
leuteinizing hormone, o lutropin; FSH*, NF that expressedfolicle-stimulating hormone, or foltropin; FSH* and LH*, NF that expressed both follicle-stimulating hormone and/leuteinizing
hormone; NF-, NF that had negative immunohistochemical stains for ACTH, FSH, GH, LH, prolactin, and TSH, Each adenoma was graded blindly by a neuropathologist from 0 to 4 for
intensity of staining for each peptide hormone. Con, control; -, decreased relative to controls;—100, lost relative to controls; 1, no change relative to controls; M,, kDa
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Variant No. Tryptic peptide Calculated ~ Observed
[M+H]* ion [M+H]* ion

(m/2) (m/2)
V1 T2YTHGRGFITKE! 11786 1797
T1BSWNEPLYHLVTEVRT3! 1741.9 1743.0
V4 T2YTHGRGFITKE! 11786 11797
T1BSWNEPLYHLVTEVR13! 17419 1743.0
V6 T2YTHGRGFITK8! 1178.6 11797
T1BSWNEPLYHLVTEVR13! 17419 17431
TTTENEIYPVWSGLPSLQMADEESR'®?  2549.2 2550.6
V5 T1BSWNEPLYHLVTEVR13! 17419 1743.0
171ENEIYPVWSGLPSLQMADEESR'%  2549.2 25502

The calculated (M-+H]* ion of each PRL tryptic peptide wes obtained with the EXPASY-
PeptideMass tool (https://web.expasy.org/peptide_mass/). The observed [M+HJ* ion
in each MALDI-TOF PMF spectrum was compared to the calculated [M+H]* ion to
determine the status of PRL variant in each 2-D gel spot.
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Calc. [M+H]*  Position
505.2803 1-4
1060.5608 1-9
3930.1893 1-38
5742983 59
3443.9268 5-38
2888.6463 10-38
3580.0154 10-44
9545189 29-38
1654.8879 20-44
2301.1954 29-49

Characteristic tryptic peptide
sequence

MNIK
MNIKGSPWK

MNIKGSPWKGSLLLLLVSNL
LLCQSVAPLPICPGGAAR

GSPWK

GSPWKGSLLLLLVSNLLLCQ
SVAPLPICPGGAAR

GSLLLLLVSNLLLCQSVAPL
PICPGGAAR

GSLLLLLVSNLLLCQSVAPL
PICPGGAARCQVTLR

LPICPGGAAR
LPICPGGAARCQVTLR
LPICPGGAARCQVTLRDLFD R

Observed
[M+H]*

+, this peptide ion was observed with mass spectrometry in each MS spectrum. -, this
peptide was not observed with mass spectrometry.
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Sequence # 4 Context Score Kinase Answer
Sequence 6 s NIKGSPWKG 0.779 unsp YES
Sequence 11 S PWKGSLLLL 0.848 PKA YES
Sequence 18 S LLLVSNLLL 0.523 cdc2 YES
Sequence 42 T RCQVTLRDL 0.891 unsp YES
Sequence 61 s IHNLSSEMF 0.718 unsp YES
Sequence 62 S HNLSSEMFS 0.553 unsp YES
Sequence 66 S SEMFSEFDK 0.991 unsp YES
Sequence 72 Y FDKRYTHGR 0.503 INSR YES
Sequence 73 T DKRYTHGRG 0.557 unsp YES
Sequence 90 s CHTSSLATP 0.585 DNAPK YES
Sequence 93 T SSLATPEDK 0.737 unsp YES
Sequence 110 s KDFLSLIVS 0.507 PKA YES
Sequence 118 S SILRSWNEP 0.749 unsp YES
Sequence 124 Y NEPLYHLVT 0.956 unsp YES
Sequence 142 s EAILSKAVE 0517 CKIl YES
Sequence 151 T IEEQTKRLL 0.983 unsp YES
Sequence 163 S ELIVSQVHP 0.623 ATM YES
Sequence 169 T VHTEPKENE 0.541 CKII YES
Sequence 175 Y ENEIYPVWS 0.804 unsp YES
Sequence 191 S ADEESRLSA 0.576 cdc2 YES
Sequence 194 s ESRLSAYYN 0.982 unsp YES
Sequence 207 S LRRDSHKID 0.993 unsp YES
MNIKGSPWKGSLLLLLVSNLLLCQSVAPLPICPGGAARCQVTLRDLFDRA # 50
'WLSHYIHNLSSEMFSEFDKRYTHGRGFITKAINSCHTSSVTLRDLFDRA # 100
‘QQMNQKDFLSLIVSILRSWNEPLYHLVTEVRGMQEAPEAILSKAVEIEEQ # 150
TKRLLEGMELIVSQVHPETKENEIYPVWSGLPSLQMADEESRLSAYYNLL # 200
HCLRRDSHKIDNYLKLLKCRIHNNNC # 250

# 50

# 100

# 150

# 200
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Name

Capric acid
Heptanoic acid
Hexanoic acid
Nonanoic acid

Octanoic acid
D-Glucose-6-phosphate

P-value

0.010
0.007
0.003
0.016
0.003
0.003

Fold change

1.65
220
226
1.72
205
0.14
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Pathway

Cellular amino acid metabolic
process

Pyrimidine nucleotide metabolic
process

Negative regulation of translation
Cellular modified amino acid
biosynthetic process

Carboxylic acid metabolic
process

Cellular amino acid catabolic
process

Cellular biogenic amine
metabolic process.

tRNA metabolic process
Organic acid metabolic process

Total

670

50

70
il

1,270

166

167

173
1,430

Expected

0.188

0.014

0.0196
0.0199

0.357

0.0465

0.0468

0.0484
04

Hits

2

P-value

0.0124

0.0139

0.0195
0.0197

0.0422

0.0457

0.0459

0.0476
0.0522
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Pathway

Cellular carbohydrate metabolic
process
Aerobic respiration

Energy derivation by oxidation of
organic compounds

Generation of precursor
metabolites and energy

Carbohydrate biosynthetic
process

Carbohydrate metabolic process
Cellular respiration

Coenzyme metabolic process
Glucose metabolic process.
Carboxylic acid metabolic
process.

Cofactor metabolic process
Organic acid metabolic process
Gene siencing

Nucleotide metabolic process
Triglyceride metabolic process
Coenzyme biosynthetic process

Total

259

61
437

603

203

1,040
236
266
290

1,270

331
1,430

1,040
126
133

Expected

0.0725

0.0171
0.122

0.169

0.0568

0.291
0.0661
0.0745
0.0812
0.357

0.0927
0.4
0.0277
0.292
0.0353
0.0372

Hits

3

PRSI SRS

N ]

P-value

2.326-05

0.000107
0.000111

0.00029

0.00118

0.00145
0.00159
0.00202
0.0024

0.00264

0.00311
0.00369
0.0274
0.0289
0.0348
0.0367
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Pathway

Protein import into nucleus
Nuclear import

Protein import

Microtubule cytoskeleton
organization
Nucleocytoplasmic transport
Nuclear transport

Cellular membrane organization
Microtubule-based process

Regulation of protein metabolic
process
Protein targeting

Total

228
232
272
337

388
392
47
516
1,820

545

Expected

0.0638
0.0649
0.0761
0.0943

0.109
011

0.132
0.144
0511

0.153

Hits

[SEESIESIENY

(RS SIESRE O

P-value

0.00149
0.00154
0.00211
0.00323

0.00426
0.00434
0.00623
0.00744
0.00753

0.00828
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Pathway

Base-excision repair
DNA catabolic process

DNA modification

Vitamin metabolic process
Triglyceride metabolic process
Coenzyme biosynthetic process
Fatty acid biosynthetic process
Cofactor biosynthetic process
Energy reserve metabolic
process

Cellular modified amino acid
metabolic process.

Goenzyme metabolic process
Cofactor metabolic process

Total

45
72
83
115
126
1338
151
185
199

241

266
331

Expected

0.0063
0.0101
0.0116
0.0161
00176
0.0186
0.0211
0.0259
0.0279

0.0337

0.0372
0.0463

Hits

P-value

0.00629
0.0101
0.0116
0.016
00176
0.0185
0.021
0.0257
0.0277

0.0335

0.0369
0.0458
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