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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.

Frontiers in Endocrinology | www.frontiersin.org 1

December 2019 | Volume 10 | Article 854


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2019.00854
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2019.00854&domain=pdf&date_stamp=2019-12-05
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:yjzhan2011@gmail.com
https://doi.org/10.3389/fendo.2019.00854
https://www.frontiersin.org/articles/10.3389/fendo.2019.00854/full
http://loop.frontiersin.org/people/690506/overview
http://loop.frontiersin.org/people/604210/overview
http://loop.frontiersin.org/people/689139/overview
http://loop.frontiersin.org/people/167500/overview

Cheng et al.

Non-functional Pituitary Adenoma Proteomic Profiling

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
NEFPA, 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 (IncRNAs), 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.
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TABLE 1 | Clinical characteristics of NFPA and control tissue samples.

Group Sex Age (year) Immunohistochemistry (IHC) or clinical information Experiments
NFPAs Male 49 ACTH(), hGH(-), PRL(-), FSH(), LH(), TSHE) Proteomics
Female 53 ACTH(-), hGH(-), PRL(-), FSH(-), LH(-), TSH(-) Proteomics
Male 40 ACTH(-), hGH(-), PRL(-), FSH(+), LH(=), TSH(-) Proteomics
Male 52 ACTH(-), hGH(-), PRL(-), FSH(+), LH(=), TSH(-) Proteomics
Female 43 ACTH(-), hGH(-), PRL(), FSH(+), LH(-), TSH(-) Proteomics; Western blot
Male 58 ACTH(-), hGH(-), PRL(-), FSH(-), LH(-), TSH(-) Proteomics; Western blot
Female 44 ACTH(-), hGH(-), PRL(-), FSH(+), LH(-), TSH(-) Western blot
Male 53 ACTH(-), hGH(-), PRL(-), FSH(-), LH(-), TSH(-) Western blot
Controls Female 40 White, Multiple toxic compounds. Blood: HepB (+), HepC (+), HIV(-). IHC: do not test. Western blot
Male 36 White, Multiple toxic materials. Blood alcohol = 0.5 g/L. Blood: HepB (+), HepC (=), HIV (-). Western blot
IHC: do not test.
Female 34 Black, Gunshot wound to chest. Blood alcohol = 0.3 g/L; no drugs. Blood: HepB (+), HepC Western blot
(), HIV (). IHC: do not test.
Female / White, 15 h gunshot wound to head. No drugs or alcohol. Blood: HepB (=), HepC (=), HIV (). Western blot

IHC: do not test.

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
NEFPA 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).

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), 2mM 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 (2h; —20°C)
with a volume of 15% trichloroacetic acid (TCA), and centrifuged
(4°C, 10min) 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 pl 100mM 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; 2h) 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 jLg)
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
0.5M 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 pg of tryptic peptides. Briefly, the tryptic
peptide sample was incubated (room temperature; 2h) 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 (5um 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
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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 Fusion™ 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 coeflicient >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 B-actin antibody (1:2000), followed by incubation
(2h; 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). Students 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
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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), MARCI1 (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 (Figure2), 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.

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).

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)

3%

1%

1%

FIGURE 1 | Classification of 6076 proteins according to the cell components with PANTHER.
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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.
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FIGURE 3 | olcano 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 logqq [false discovery rate (FDR) adjusted p-values] in the y-axis was plotted against the average logs(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.

(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).

GO Enrichment Analysis
Those 1088 overlapped molecules (DEGs; proteins) were
grouped according to BP, CC, and MF with Cytoscape software
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2510

NFPA DEGs

NFPA proteins

FIGURE 4 | The 1088 overlapped molecules (DEGs; proteins) between 6076
identified proteins and 3598 DEGs obtained from GEO database.

(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.

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.

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 (HSPAS8; 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).

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.

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
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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

Fig5C-MF

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.

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
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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.

Frontiers in Endocrinology | www.frontiersin.org 9 December 2019 | Volume 10 | Article 854


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Cheng et al.

Non-functional Pituitary Adenoma Proteomic Profiling

Oﬁv
i

omn
?(.
"

!

|

i
;;ﬁ

o'o'g:‘.
il

FIGURE 7 | Protein-protein interaction (PPI) network of 1088 overlapped molecules (DEGs; proteins). Pearson’s correlation coefficient >0.50, and P < 0.05. Green
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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.

The ¢<GMP/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 c¢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 Gl
(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
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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.

yet. This present study provided a basis for further in-depth ~ Our study for the first time reported a correlation between
investigation of cGMP/PKG pathway in pituitary adenomas. platelet activation and the development of NFPAs.

The platelet activation pathway was always in a prominent Comparison of GEO transcriptomics data (DEGs) and
position in the list of enriched KEGG pathways (Figure 14,  proteomics data found that not all DEGs were expressed at the
Supplemental Table 11). In recent years, the change of tumor  protein level. For many upregulated DEGs, the corresponding
microenvironment has become a research hotspot. Different  proteins were not detected. It reminded one not all DEGs in
tumor microenvironments were formed in each progression  this study were transcribed into proteins to exert their functions.
step of cancer and had multiple abilities to induce adverse = However, the molecular mechanisms of these DEGs without
and beneficial consequences of tumorigenesis (41). The roles  expressions at the protein level have not been fully understood
of platelets in hemostasis and thrombosis were well-recognized. ~ yet. Among 1088 overlapped molecules (DEGs; proteins), the
Platelets were also looked as multi-functional cells; for example,  highest change in the GEO database was GH (log, FC = —12.56.).
it recruited and regulated monocytes and granulocytes in tumor ~ This means that GH was most significantly downregulated in
tissues, which indicated that platelet played important roles in ~ NFPAs compared to normal pituitary tissues. It is consistent with
production of tumor-associated macrophages/neutrophils (42).  previous research results (8, 13). Also, pituitary adenoma itself
Many studies revealed that platelets were relevant to cancer  often results in the development of hypopituitarism, including
biology as a hallmark of cancer, and that platelets participated ~ GH deficiency (GHD). GHD has been reported in up to 85% of
in multistep processes of tumorigenesis (43, 44). In addition = NFPA patients (45, 46).
to its traditional role in hemostasis and thrombosis, platelets The 1088 overlapped molecules (DEGs; proteins) were
involved in hemostasis, thrombosis, inflammation and cancer  analyzed with String and Cytoscape software, and the hub
interactions are complex and important in every disease process. ~ molecules were obtained according to the degree, including
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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.
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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
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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
NEFPA 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 FGFRI1
oncogene partner 2 (FGFR10P2) 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,
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FIGURE 13 | cGMP-PKG pathway altered in an NFPA. Red means the upregulated overlapped molecule. Blue means the downregulated overlapped molecule.

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 Table1) 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

NEFPNA 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
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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
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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.

ETHICS STATEMENT

The NFPA tissues were obtained from the Department of
Neurosurgery, Xiangya Hospital, Central South University, and
was approved by the Medical Ethics Committee of Xiangya
Hospital of Central South University. Control pituitary glands
were post-mortem tissues obtained from the Memphis Regional
Medical Center, which were approved by University of Tennessee
Health Science Center Internal Review Board (UTHSC-IRB).
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.

AUTHOR CONTRIBUTIONS

TC analyzed data, performed Western blot experiment, prepared
figures and tables, and wrote the manuscript. YW, ML, TZ,
and BL participated in Western blot experiment and partial

REFERENCES

1. Daly AFI, Rixhon M, Adam C, Dempegioti A, Tichomirowa MA, Beckers
A. High prevalence of pituitary adenomas: a cross-sectional study in the
province of Liege, Belgium. J Clin Endocrinol Metab. (2006) 91:4769-75.
doi: 10.1210/jc.2006-1668
2. Fernandez A, Karavitaki N, Wass JAH. Prevalence of pituitary adenomas:
a community-based, cross-sectional study in Banbury (Oxfordshire,
UK). Clin Endocrinol. (2010) 72:377-82. doi: 10.1111/j.1365-2265.2009.
03667.x
3. Raappana A, Koivukangas
of pituitary
Clin  Endocrinol
10-0537

. Karavitaki N, Collison K, Halliday J, Byrne JV, Price P, Cudlip S, et al. BWhat
is the natural history of nonoperated nonfunctioning pituitary adenomas?
Clin  Endocrinol. (2007) 67:938-43. doi: 10.1111/j.1365-2265.2007.0
2990.x

5. Dekkers OM, Hammer S, de Keizer RJ], Roelfsema FE Schutte PJ,
Smit JW, et al. The natural course of non-functioning pituitary
macroadenomas. Eur ] Endocrinol. (2007)156:217-24. doi: 10.1530/eje.1.
02334

6. Melmed S. Pituitary tumors. Endocrinol Metab Clin North Am. (2015) 44:1-9.
doi: 10.1016/j.ecl.2014.11.004

7. Zhan X, Long Y. Exploration of molecular network variations in different
subtypes of human non-functional pituitary adenomas. Front Endocrinol.
(2016) 7:13. doi: 10.3389/fendo.2016.00013

T. Incidence
1992-2007. ]
10.1210/jc.20

J,  Ebeling T, Pirild
Northern Finland
(2010)  95:4268-75.

in

doi:

adenomas in

Metab.

data analysis. XiaohanZ participated in language revisions and
partial data analysis. XianquanZ conceived the concept, designed
experiments and manuscript, collected the samples, obtained
TMT quantitative proteomic data, instructed experiments and
data analysis, supervised results, coordinated, critically revised
and wrote the 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 XianquanZ), National
Natural Science Foundation of China (Grant Nos. 81572278
and 81272798 to XianquanZ), Hunan Provincial Hundred
Talent Plan (to XianquanZ), the Xiangya Hospital Funds for
Talent Introduction (to XianquanZ), and the Hunan Provincial
Natural Science Foundation of China (Grant No. 14J]J7008
to XianquanZ).

ACKNOWLEDGMENTS

Authors acknowledged the assistances of Dr. Dominic M.
Desiderio in collection of control pituitary tissues and of Dr.
Xuejun Li in collection of pituitary adenoma tissues.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fendo.
2019.00854/full#supplementary-material

8. 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

9. Liuzzi A, Tassi V, Pirro MT, Zingrillo M, Ghiggi MR, Chiodini I, et al.

Nonfunctioning adenomas of the pituitary. Metabolism. (1996) 45(8 Suppl.

1):80-2. doi: 10.1016/50026-0495(96)90090-6

Ramirez C, Cheng S, Vargas G, Asa SL, Ezzat S, Gonzalez B, et al. Expression

of Ki-67, PTTG1, FGFR4, and SSTR 2, 3, and 5 in nonfunctioning pituitary

adenomas: a high throughput TMA, immunohistochemical study. J Clin

Endocrinol Metab. (2012) 97:1745-51. doi: 10.1210/jc.2011-3163

. HuX, Zhang P, Shang A, Li Q, Xia Y, Jia G, et al. A primary proteomic analysis

of serum from patients with nonfunctioning pituitary adenoma. J Int Med Res.

(2012) 40:95-104. doi: 10.1177/147323001204000110

Zhan X, Long Y, Zhan XH, Mu Y. Consideration of statistical vs. biological

significances for omics data-based pathway network analysis. Med One. (2017)

1:e170002. doi: 10.20900/mo0.20170002

Zhan X, DM Desiderio. Comparative proteomics analysis of human pituitary

adenomas: current status and future perspectives. Mass Spectrom Rev. (2005)

24:783-813. doi: 10.1002/mas.20039

Thompson A, Schifer ], Kuhn K, Kienle S, Schwarz J, Schmidt G, et al.

Tandem mass tags: a novel quantification strategy for comparative analysis

of complex protein mixtures by MS/MS. Analyt Chem. (2003) 75:1895-904.

doi: 10.1021/ac0262560

Corthals GL, Wasinger VC, Hochstrasser DE Sanchez JC. The dynamic range

of protein expression: a challenge for proteomic research. Electrophoresis.

(2015) 21:1104-15. doi: 10.1002/(SICI)1522-2683(20000401)21:6<1104::AID-

ELPS1104>3.0.CO;2-C

Frontiers in Endocrinology | www.frontiersin.org

17

December 2019 | Volume 10 | Article 854


https://www.frontiersin.org/articles/10.3389/fendo.2019.00854/full#supplementary-material
https://doi.org/10.1210/jc.2006-1668
https://doi.org/10.1111/j.1365-2265.2009.03667.x
https://doi.org/10.1210/jc.2010-0537
https://doi.org/10.1111/j.1365-2265.2007.02990.x
https://doi.org/10.1530/eje.1.02334
https://doi.org/10.1016/j.ecl.2014.11.004
https://doi.org/10.3389/fendo.2016.00013
https://doi.org/10.3389/fendo.2016.00054
https://doi.org/10.1016/S0026-0495(96)90090-6
https://doi.org/10.1210/jc.2011-3163
https://doi.org/10.1177/147323001204000110
https://doi.org/10.20900/mo.20170002
https://doi.org/10.1002/mas.20039
https://doi.org/10.1021/ac0262560
https://doi.org/10.1002/(SICI)1522-2683(20000401)21:6<1104::AID-ELPS1104>3.0.CO;2-C
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Cheng et al.

Non-functional Pituitary Adenoma Proteomic Profiling

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

Jiang X, Zhang X. The molecular pathogenesis of pituitary adenomas: an
update. Endocrinol Metab. (2013) 28:245-54. doi: 10.3803/EnM.2013.28.4.245
Du Q, Hu B, Feng Y, Wang Z, Wang X, Zhu D, et al. circOMAIl-
Mediated miR-145-5p suppresses tumor growth of nonfunctioning pituitary
adenomas by targeting TPT1. J Clin Endocrinol Metab. (2019) 104:2419-34.
doi: 10.1210/j¢.2018-01851

Barbieri F, Bajetto A, Stumm R, Pattarozzi A, Porcile C, Zona G, et al.
Overexpression of stromal cell-derived factor 1 and its receptor CXCR4
induces autocrine/paracrine cell proliferation in human pituitary adenomas.
Clin Cancer Res. (2008) 15:5022-32. doi: 10.1158/1078-0432.CCR-07-4717
Lu M, Zhan X. The crucial role of multiomic approach in cancer
research and clinically relevant outcomes. EPMA J]. (2018) 9:77-102.
doi: 10.1007/s13167-018-0128-8

Cheng T, Zhan X. Pattern recognition for predictive, preventive,
and personalized medicine in EPMA ]. (2017) 8:51-60.
doi: 10.1007/s13167-017-0083-9

Bader GD, Hogue CW. An automated method for finding molecular
complexes in large protein interaction networks. BMC Bioinformatics. (2003)
13:2. doi: 10.1186/1471-2105-4-2

Ferreli E Turrizanoni M, Canevari FR, Battaglia P, Bignami M, Castelnuovo
P, et al. Endoscopic endonasal management of non-functioning pituitary
adenomas with cavernous sinus invasion: a 10-year experience. Rhinology.
(2015) 53:308. doi: 10.4193/Rhin14.309

Boucrot, E, Kirchhausen T. Endosomal recycling controls plasma membrane
area during mitosis. Proc Natl Acad Sci USA. (2007) 104:7939-44.
doi: 10.1073/pnas.0702511104

Lehtonen S, Shah M, Nielsen R, Iino N, Ryan JJ, Zhou H, et al. The endocytic
adaptor protein ARH associates with motor and centrosomal proteins and
is involved in centrosome assembly and cytokinesis. Mol Biol Cell. (2008)
19:2949-61. doi: 10.1091/mbc.e07-05-0521

El Marabti E, Younis I. The
of alternative splicing in cancer.
doi: 10.3389/fmolb.2018.00080

Ikeda K, Horieinoue K, Inoue S. Identification of estrogen-responsive genes
based on the DNA binding properties of estrogen receptors using high-
throughput sequencing technology. Acta Pharmacologica Sinica. (2015) 36:24.
doi: 10.1038/aps.2014.123

Eke I, Cordes N. Focal adhesion signaling and therapy resistance in cancer.
Semin Cancer Biol. (2015) 31:65-75. doi: 10.1016/j.semcancer.2014.07.009
Schaller MD, Borgman CA, Cobb BS, Vines RR, Reynolds AB, Parsons JT.
ppl25FAK a structurally distinctive protein-tyrosine kinase associated
with focal adhesions. Proc Natl Acad Sci USA. (1992) 89:5192-6.
doi: 10.1073/pnas.89.11.5192

Parsons JT. Focal adhesion kinase: the first ten years. J Cell Sci. (2003)
116:1409-16. doi: 10.1242/jcs.00373

Polte TR, Hanks S. Interaction between focal adhesion kinase and Crk-
associated tyrosine kinase substrate p130Cas. Proc Natl Acad Sci USA. (1995)
92:10678-82. doi: 10.1073/pnas.92.23.10678

Tomar A, Lawson C, Ghassemian M, Schlaepfer DD. Cortactin as a target for
FAK in the regulation of focal adhesion dynamics. PLos ONE. (2012) 7:e44041.
doi: 10.1371/journal.pone.0044041

Fajardo AM, Piazza GA, Tinsley HN. The role of cyclic nucleotide signaling
pathways in cancer: targets for prevention and treatment. Cancers. (2014)
6:436-58. doi: 10.3390/cancers6010436

Alamolhodaei NS, Tsatsakis AM, Ramezani M, Hayes AW, Karimi G.
Resveratrol as MDR reversion molecule in breast cancer: an overview. Food
Chem Toxicol. (2017) 103:223-32. doi: 10.1016/j.fct.2017.03.024

Wang E Shu K, Lei T, Xue D. The expression of integrinbetal and FAK in
pituitary adenomas and their correlation with invasiveness. ] Huazhong Univ
Sci Technolog Med Sci. (2008) 28:572-5. doi: 10.1007/s11596-008-0518-6
Karakhanova S, Golovastova M, Philippov PP, Werner ], Bazhin AV. Interlude
of cGMP and cGMP/protein kinase G type 1 in pancreatic adenocarcinoma
cells. Pancreas. (2014) 43:784-94. doi: 10.1097/MPA.0000000000000104
Wang Y, Chen Y, Wu M, Lan T, Wu Y, Li Y, et al. Type II cyclic guanosine
monophosphate-dependent protein kinase inhibits Racl activation in gastric
cancer cells. Oncol Lett. (2015) 10:502-8. doi: 10.3892/01.2015.3173

Tuttle TR, Mierzwa ML, Wells SI, Fox SR, Ben-Jonathan N. The
cyclic GMP/protein kinase G pathway as a therapeutic target in head

cancer.

cancer spliceome:
Front Mol Biosci.

reprograming
(2018)  5:80.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

and neck squamous cell carcinoma. Cancer Lett. (2016) 370:279-85.
doi: 10.1016/j.canlet.2015.10.024

Abusnina A, Keravis T, Yougbaré I, Bronner C, Lugnier C. Anti-proliferative
effect of curcumin on melanoma cells is mediated by PDEIA inhibition
that regulates the epigenetic integrator UHRF1. Mol Nutrit Food Res. (2011)
55:1677-89. doi: 10.1002/mnfr.201100307

Whitt JD, Li N, Tinsley HN, Chen X, Zhang W, Li Y, et al. A novel sulindac
derivative that potently suppresses colon tumor cell growth by inhibiting
c¢GMP phosphodiesterase and p-catenin transcriptional activity. Cancer Prev
Res. (2012) 5:822-33. doi: 10.1158/1940-6207.CAPR-11-0559

Fallahian F, Karami-Tehrani F Salami S, Aghaei M. Cyclic GMP
induced apoptosis via protein kinase G in oestrogen receptor-positive
and-negative breast cancer cell lines. FEBS J. (2011) 278:3360-9.
doi: 10.1111/j.1742-4658.2011.08260.x

Jurasz P, Alonso-Escolano D, Radomski MW. Platelet-cancer interactions:
mechanisms and pharmacology of tumour cell-induced platelet aggregation.
Br ] Pharmacol. (2004) 143:819-26. doi: 10.1038/sj.bjp.0706013

Sierko E, Wojtukiewicz MZ. Wojtukiewicz. Platelets and angiogenesis
in malignancy. Semin  Throm  Hemostasis. ~ (2004)  30:95-108.
doi: 10.1055/s-2004-822974

Lal I, Dittus K, Holmes CE. Platelets, coagulation and fibrinolysis in breast
cancer progression. Breast Cancer Res. (2013) 15:207. doi: 10.1186/bcr3425
Labelle M, Begum S, Hynes RO. Platelets guide the formation of
early metastatic niches. Proc Natl Acad Sci USA. (2014) 111:E3053-61.
doi: 10.1073/pnas.1411082111

Corneli G, Baldelli R, Di Somma C, Rovere S, Gaia D, Pellegrino M, et al.
Occurrence of GH deficiency in adult patients who underwent neurosurgery
in the hypothalamus-pituitary area for non-functioning tumour masses.
Growth Horm IGF Res. (2003) 13:104-8. doi: 10.1016/S1096-6374(03)00010-8
Dekkers O, Pereira A, Romijn J. Treatment and follow-up of clinically
nonfunctioning pituitary macroadenomas. J Clin Endocrinol Metab. (2008)
93:3717-26. doi: 10.1210/jc.2008-0643

Parsons SJ, Parsons JT. Src family kinases, key regulators of signal
transduction. Oncogene. (2004) 23:7906. doi: 10.1038/sj.onc.1208160
Sandilands E, Serrels B, McEwan DG, Morton JP, Macagno JP, McLeod K, et al.
Autophagic targeting of Src promotes cancer cell survival following reduced
FAK signalling. Nat Cell Biol. (2012) 14:51. doi: 10.1038/ncb2386

Gelman IH. Src-family tyrosine kinases as therapeutic targets in advanced
cancer. Front Biosci. (2011) 3:801-7. doi: 10.2741/e287

Gebregiworgis T, Marshall CB, Kano Y, Radulovich N, Tsao M-S, Ohh M, et al.
Altering the regulation of KRAS GTPase cycle via Src and SHP2 creates a
potential therapeutic vulnerability for pancreatic cancer. Cancer Res. (2018)
78:4360. doi: 10.1158/1538-7445.AM2018-4360

Masaki T, Igarashi K, Tokuda M, Yukimasa S, Han E, Jin Y, et al. pp6oc-
src activation in lung adenocarcinoma. Eur J Cancer. (2003) 39:1447-55.
doi: 10.1016/50959-8049(03)00276-4

Olivieri A, Manzione L. Dasatinib: a new step in molecular target therapy. Ann
Oncol. (2007) 18(Suppl.6):vi42-6. doi: 10.1093/annonc/mdm223

Wang C, Ma J, Zhang N, Yang Q, Jin Y, Wang Y. The acetyl-CoA carboxylase
enzyme: a target for cancer therapy? Expert Rev Anticancer Ther. (2015)
15:667-76. doi: 10.1586/14737140.2015.1038246

Fang W, Cui H, Yu D, Chen Y, Wang J, Yu G. Increased expression of
phospho-acetyl-CoA carboxylase protein is an independent prognostic factor
for human gastric cancer without lymph node metastasis. Med Oncol. (2014)
31:15. doi: 10.1007/s12032-014-0015-7

Menendez JA, Lupu R. Fatty acid synthase and the lipogenic phenotype in
cancer pathogenesis. Nat Rev Cancer. (2007) 7:763. doi: 10.1038/nrc2222
Hardie DG, Ross FA, Hawley SA. AMPK: a nutrient and energy sensor
that maintains energy homeostasis. Nat Rev Mol Cell Biol. (2012) 13:251.
doi: 10.1038/nrm3311

Currie E, Schulze A, Zechner R, Walther TC, Farese RV Jr. Cellular
fatty acid metabolism and cancer. Cell Metab. (2013) 18:153-161.
doi: 10.1016/j.cmet.2013.05.017

Hardie DG. The AMP-activated protein
players upstream and downstream. ] Cell Sci. (2004)
doi: 10.1242/jcs.01540

Saglam O, Garrett CR, Boulware D, Sayegh Z, Shibata D, Malafa M,
et al. Activation of the serine/threonine protein kinase AKT during the

kinase  pathway-new

117:5479-87.

Frontiers in Endocrinology | www.frontiersin.org

December 2019 | Volume 10 | Article 854


https://doi.org/10.3803/EnM.2013.28.4.245
https://doi.org/10.1210/jc.2018-01851
https://doi.org/10.1158/1078-0432.CCR-07-4717
https://doi.org/10.1007/s13167-018-0128-8
https://doi.org/10.1007/s13167-017-0083-9
https://doi.org/10.1186/1471-2105-4-2
https://doi.org/10.4193/Rhin14.309
https://doi.org/10.1073/pnas.0702511104
https://doi.org/10.1091/mbc.e07-05-0521
https://doi.org/10.3389/fmolb.2018.00080
https://doi.org/10.1038/aps.2014.123
https://doi.org/10.1016/j.semcancer.2014.07.009
https://doi.org/10.1073/pnas.89.11.5192
https://doi.org/10.1242/jcs.00373
https://doi.org/10.1073/pnas.92.23.10678
https://doi.org/10.1371/journal.pone.0044041
https://doi.org/10.3390/cancers6010436
https://doi.org/10.1016/j.fct.2017.03.024
https://doi.org/10.1007/s11596-008-0518-6
https://doi.org/10.1097/MPA.0000000000000104
https://doi.org/10.3892/ol.2015.3173
https://doi.org/10.1016/j.canlet.2015.10.024
https://doi.org/10.1002/mnfr.201100307
https://doi.org/10.1158/1940-6207.CAPR-11-0559
https://doi.org/10.1111/j.1742-4658.2011.08260.x
https://doi.org/10.1038/sj.bjp.0706013
https://doi.org/10.1055/s-2004-822974
https://doi.org/10.1186/bcr3425
https://doi.org/10.1073/pnas.1411082111
https://doi.org/10.1016/S1096-6374(03)00010-8
https://doi.org/10.1210/jc.2008-0643
https://doi.org/10.1038/sj.onc.1208160
https://doi.org/10.1038/ncb2386
https://doi.org/10.2741/e287
https://doi.org/10.1158/1538-7445.AM2018-4360
https://doi.org/10.1016/S0959-8049(03)00276-4
https://doi.org/10.1093/annonc/mdm223
https://doi.org/10.1586/14737140.2015.1038246
https://doi.org/10.1007/s12032-014-0015-7
https://doi.org/10.1038/nrc2222
https://doi.org/10.1038/nrm3311
https://doi.org/10.1016/j.cmet.2013.05.017
https://doi.org/10.1242/jcs.01540
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Cheng et al.

Non-functional Pituitary Adenoma Proteomic Profiling

60.

61.

62.

63.

64.

65.

66.

67.

progression of colorectal neoplasia. Clin Colorectal Cancer. (2007) 6:652-6.
doi: 10.3816/CCC.2007.n.034

Ren D, Jia L, Li Y, Gong Y, Liu C, Zhang X, et al. ST6GalNAcII mediates the
invasive properties of breast carcinoma through PI3K/Akt/NF-kB signaling
pathway. IUBMB Life. (2014) 66:300-8. doi: 10.1002/iub.1268

Tanase C, Neagu M, Albulescu R. Key signaling molecules in pituitary tumors.
Expert Rev Mol Diagn. (2009)9:859-77. doi: 10.1586/erm.09.60

Long Y, Lu M, Cheng T, Zhan XH, Zhan X. Multiomics-based signaling
pathway network alterations in human nonfunctional pituitary adenomas.
Front Endocrinol. (2019) 10:835. doi: 10.3389/fendo.2019.00835

Tanase C, Albulescu R, Codrici E, Calenic B, Popescu ID, Mihai S, et al.
Decreased expression of APAF-1 and increased expression of cathepsin
B in invasive pituitary adenoma. Oncol Targets Ther. (2014) 8:81-90.
doi: 10.2147/OTT.S70886

Tanase C, Codrici E, Popescu ID, Cruceru ML, Enciu AM, Albulescu R, et al.
Angiogenic markers: molecular targets for personalized medicine in pituitary
adenoma. Per Med. (2013) 10:539-48. doi: 10.2217/pme.13.61

Zhan X, Long Y, Lu M. Exploration of variations in proteome and metabolome
for predictive diagnostics and personalized treatment algorithms: Innovative
approach and examples for potential clinical application. J Proteomics. (2018)
188:30-40. doi: 10.1016/j.jprot.2017.08.020

Zhan X, Yang H, Peng E Li J, Mu Y, Long Y, et al. How many
proteins can be identified in a 2DE gel spot within an analysis of a
complex human cancer tissue proteome? Electrophoresis. (2018) 39:965-80.
doi: 10.1002/elps.201700330

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

68.

69.

70.

71.

gel electrophoresis and mass spectrometry. Front Endocrinol. (2018) 9:468.
doi: 10.3389/fendo.2018.00468

Zhan X, Huang Y, Long Y. Two-dimensional gel electrophoresis coupled with
mass spectrometry methods for an analysis of human pituitary adenoma tissue
proteome. J Vis Exp. (2018) 2018:134. doi: 10.3791/56739

Yelamanchi SD, Tyagi A, Mohanty V, Dutta P, Korbonits M, Chavan §, et al.
Proteomic analysis of the human anterior pituitary gland. OMICS. (2018)
22:759-69. doi: 10.1089/0mi.2018.0160

Janssens JP, Schuster K, Voss A. Preventive, predictive, and personalized
medicine for effective and affordable cancer care. EPMA ]. (2018) 9:113-23.
doi: 10.1007/s13167-018-0130-1

Golubnitschaja O, Polivka J Jr, Yeghiazaryan K, Berliner L. Liquid biopsy
and multiparametric analysis in management of liver malignancies: new
concepts of the patient stratification and prognostic approach. EPMA J. (2018)
9:271-85. doi: 10.1007/s13167-018-0146-6

Conflict of Interest: 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 Cheng, Wang, Lu, Zhan, Zhou, Li 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.

Frontiers in Endocrinology | www.frontiersin.org

19

December 2019 | Volume 10 | Article 854


https://doi.org/10.3816/CCC.2007.n.034
https://doi.org/10.1002/iub.1268
https://doi.org/10.1586/erm.09.60
https://doi.org/10.3389/fendo.2019.00835
https://doi.org/10.2147/OTT.S70886
https://doi.org/10.2217/pme.13.61
https://doi.org/10.1016/j.jprot.2017.08.020
https://doi.org/10.1002/elps.201700330
https://doi.org/10.3389/fendo.2018.00468
https://doi.org/10.3791/56739
https://doi.org/10.1089/omi.2018.0160
https://doi.org/10.1007/s13167-018-0130-1
https://doi.org/10.1007/s13167-018-0146-6
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

	Quantitative Analysis of Proteome in Non-functional Pituitary Adenomas: Clinical Relevance and Potential Benefits for the Patients
	Introduction
	Materials and Methods
	NFPA and Control Pituitary Tissues
	Protein Extraction
	Trypsin Digestion
	TMT Labeling
	HPLC Fractionation
	LC-MS/MS
	Database Search of MS/MS Data and Functional Characteristics of Identified Proteins
	GEO Gene Data of NFPAs
	Overlapping Analysis of Protein Data and DEG Data
	GO and KEGG Pathway Enrichments of Overlapped Molecules
	Prediction of Protein–Protein Interaction
	Western Blotting

	Results
	Proteomic Profiling of NFPAs and Its Functional Characteristics
	DEG Profiling in NFPAs and Its Functional Characteristics
	Overlapped Molecules Between 3598 DEGs and 6076 Proteins, and Their Functional Characteristics
	GO Enrichment Analysis
	KEGG Pathways
	Construction of PPI Network to Select Hub Molecules
	Western Blotting Validation of Overlapped Molecules (DEGs; Proteins)


	Discussion
	Strenths and Limitations
	Strengths
	Limitations

	Conclusion and Outlook
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


