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Integration of quantitative phosphoproteomics and transcriptomics
revealed phosphorylation-mediated molecular events as useful tools
for a potential patient stratification and personalized treatment

of human nonfunctional pituitary adenomas
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Abstract

Background Invasiveness is a very challenging clinical problem in nonfunctional pituitary adenomas (NFPAs), and currently,
there are no effective invasiveness-related molecular biomarkers. The post-neurosurgery treatment is much different as for
invasive and noninvasive NFPAs. The aim of this study was to integrate phosphoproteomics and transcriptomics data to reveal
phosphorylation-mediated molecular events for invasive characteristics of NFPAs to achieve a potential tool for patient strati-
fication, and prognostic/predictive assessment to discriminate invasive from noninvasive NFPAs for personalized attitude.
Methods The 6-plex tandem mass tag (TMT) labeling reagents coupled with TiO, enrichment of phosphopeptides and liquid
chromatography-tandem mass spectrometry (LC-MS/MS) were used to identify and quantify each phosphoprotein and
phosphosite in NFPAs and controls. Differentially expressed genes (DEGs) between invasive NFPA and control tissues were
obtained from the Gene Expression Omnibus (GEO) database. The overlapping analysis was performed between
phosphoprotiens and invasive DEGs. Gene Ontology (GO) enrichment, the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway, and protein—protein interaction (PPI) analyses were used to analyze these overlapped molecules.

Results In total, 1035 phosphoproteins with 2982 phosphorylation sites were identified in NFPAs vs. controls, and 2751 DEGs
were identified in invasive NFPAs vs. controls. Overlapping analysis of these phosphoproteins and DEGs exposed 130 over-
lapped molecules (phosphoproteins; invasive DEGs). GO enrichment and KEGG pathway analyses of 130 overlapped molecules
revealed multiple biological processes and signaling pathway network alterations, including cell-cell adhesion, platelet activa-
tion, GTPase signaling pathway, protein kinase signaling, calcium signaling pathway, estrogen signaling pathway, glucagon
signaling pathway, cGMP-PKG signaling pathway, GnRH signaling pathway, inflammatory mediator regulation of TRP chan-
nels, vascular smooth muscle contraction, and Fc gamma R-mediated phagocytosis, which were obviously associated with tumor
invasive characteristics. For 130 overlapped molecules, PPI network-based molecular complex detection (MCODE) identified 10
hub molecules, namely SLC2A4, TSC2, AKT1, SCG3, ALB, APOL1, ACACA, SPARCLI1, CHGB, and IGFBPS5. These hub
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molecules are involved in multiple signaling pathways and represent potential predictive/prognostic markers in NFPA patients as
well as they represent potential therapeutic targets.

Conclusions This study provided the first large-scale phosphoprotein profiling and phosphorylation-related signaling pathway
network alterations in human NFPA tissues. Further, overlapping analysis of phosphoproteins and invasive DEGs revealed the
phosphorylation-mediated signaling pathway network changes in invasive NFPAs. These findings are the precious resource for
in-depth insight into the molecular mechanisms of NFPAs, as well as for the discovery of effective phosphoprotein biomarkers
and therapeutic targets for invasive NFPAs.

Keywords Nonfunctional pituitary adenomas - Invasiveness - Tandem mass tag (TMT) labeling - TiO, enrichment - Quantitative
phosphoproteomics - Transcriptomics - Differentially expressed genes - Overlapped molecule (phosphoprotein - invasive DEG) -

Signaling pathway - Patient stratification - Prognostic/predictive assessment - Personalized treatment

Introduction

Pituitary adenoma is a common intracranial tumor that occurs
in the anterior lobe of the pituitary gland, which seriously
impacts the human endocrine systems [1—4]. Pituitary adeno-
mas are classified into functional pituitary adenomas (FPAs)
and nonfunctional pituitary adenomas (NFPAs) [5]. FPAs
have the clinically increased levels of the corresponding blood
hormones, whereas NFPAs do not have any clinically in-
creased levels of blood hormones to cause the difficulty in
its early diagnosis. NFPA is often diagnosed when it grows
up to compress its surrounding tissues and organs. Further,
NFPAs are classified into invasive and noninvasive NFPAs
[6-8]. Noninvasive NFPA is easily treated with neurosurgery.
However, the treatment of invasive NFPAs is a big challenge
because its invasive behavior injures or damages tumor-
surrounding structures, which cannot be completely removed
with neurosurgery and causes a risk of recurrence after neuro-
surgery. Thus, patients with invasive NFPAs are often treated
with radiation therapy after neurosurgery. The clinical diag-
nosis of invasive NFPAs is mainly derived from nuclear mag-
netic resonance (NMR) image changes and tumor morpholog-
ical changes observed by neurosurgery, which actually is not
fully correct because it is not easy to determine its invasive-
ness when this tumor is at its early stage with small size [9,
10]. Currently, there are no effective invasiveness-related bio-
markers used in clinical practice. Characterizing any
invasiveness-related molecular events in NFPAs may benefit
the patient stratification and prognostic assessment to discrim-
inate invasive from noninvasive NFPAs for personalized med-
ical procedures. There is an urgent need to discover the
changed molecular events for invasive NFPAs.

It is well-known that invasive NFPA is a multicause,
multiprocess, and multiconsequence disease, with a series of
molecular changes at the levels of genome, transcriptome,
proteome, and metabolome, and those molecules interact mu-
tually in a molecular network system [4, 11, 12]. It is driving
one to shift the previous single factor model to multiparameter
systematic model. Multiomics is an effective approach to re-
alize this multiparameter systematic model shift [13—15]. The
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proteome and transcriptome are the functional performer of
genome, and the proteome and transcriptome are regulated by
extensive post-translational modifications (PTMs) [16, 17].

Among those PTMs, phosphorylation is an important and
extensively studied PTM with the addition of phosphorus
group (—HPO; to —OH or —H3PO, to —NH,) to residues such
as serine (Ser, S), threonine (Thr, T), and tyrosine (Tyr, Y) in a
protein, which plays crucial roles in signaling pathways and
many pathophysiological processes [18]. Phosphorylation and
dephosphorylation are reversibly dynamic reactions that are
catalyzed by kinases and phosphatases, respectively, which
regulate the basic biological functions [19, 20].
Phosphorylation in a protein promotes the conformational
changes through interacting with other hydrophilic and hydro-
phobic residues [19]. Human genome sequencing identifies
107 human phosphatase genes and 518 human protein kinase
genes including 90 known tyrosine kinases that include 58
receptor tyrosine kinases. These kinases and phosphatases
are the potential targets of anticancer drugs, and tyrosine ki-
nases accounting for 0.3% of genome contribute to 30% of
100 known dominant oncogenes [18, 21]. In eukaryotic cells,
protein phosphorylation is a low abundance event, and serine
phosphorylation accounts for ~ 90%, threonine phosphoryla-
tion for ~ 10%, and tyrosine phosphorylation for ~ 0.05%
[18]. Identification and characterization of the altered phos-
phorylation and functional activities of phosphoproteins in
different types of cancers have directly assisted in the discov-
ery of protein kinase inhibitors to treat a tumor [22, 23].
Therefore, it emphasizes the scientific merits of investigating
phosphoproteins in pituitary adenomas.

Tandem mass tag (TMT) labeling/TiO, phosphopeptide
enrichment-based quantitative phosphoproteomics [24, 25] is
an effective method to identify phosphoprotein amino acid
sequence and phosphorylation sites, and quantify the level
of phosphorylation in cancers compared to controls. Briefly,
the proteins from cancer and control tissues, respectively, are
digested with trypsin, followed by TiO, enrichment of
phosphopeptides, and liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis. The MS/MS data are
used to determine the amino acid sequence and



EPMA Journal (2020) 11:419-467

421

phosphorylation sites, and the TMT reporter ions were used to
quantify the level of phosphorylation. The studies on phos-
phorylation in single molecules have been extensively carried
out in pituitary adenomas with documented 267 publications
when the key words “phosphorylation and pituitary adenoma”
were used to search the PubMed database, and those studies
are mainly involved in phosphorylation-involved signaling
pathways. However, only five publications were found in
the PubMed database that are about phosphoproteome or
phosphoproteomics in pituitaries or pituitary adenomas
[26-30]. Of these publications, Carretero et al. studied the
phosphorylation of ERK (extracellular signal-regulated ki-
nase) and RSK (ribosomal S6 kinase) for thyrotropin-
releasing hormone (TRH)-induced inhibition of rat ether-a-
go-go-related (r-ERG) channel potassium currents in rat pitu-
itary growth hormone 3 (GH3) cells [26]. Zhao et al. used
proteomics to reveal abnormally phosphorylated AMPK
(AMP-activated protein kinase) and ATF2 (activating tran-
scription factor 2) involved in glucose metabolism and tumor-
igenesis of growth hormone (GH)-secreting pituitary adeno-
mas [27]. Delcout et al. found the role of phosphorylation in
pituitary adenylyl cyclase activating polypeptide (PACAP)
type I receptor transactivation for insulin growth factor-1
(IGF-1) receptor signaling and antiapoptotic activity in neu-
rons [28]. Beranova-Giorgianni et al. performed
phosphoproteomics analysis of the human pituitary and iden-
tified 28 phosphoproteins [29]. Zhan et al. used PTMScan
experiment that combined immunoaffinity enrichment and
LC-MS/MS to analyze a total of 1006 unique phosphorylation
sites within 409 proteins in more than 19 signaling pathways
in human NFPAs relative to control pituitary tissues [30], and
found that lots of hub molecules in many signaling pathways
such as mTOR (mammalian target of rapamycin), PI3K/Akt
(phosphatidylinositol 3 kinase/protein kinase B), NFkB (nu-
clear factor kappa-B), Wnt, p38, ERK/MAPK (extracelluar
signal-regulated kinase/mitogen-activated protein kinase),
and JNK signaling pathways in NFPAs were phosphorylated
in NFPAs, and that mTOR, PI3K/AKT, NFkB, Wnt, p38,
ERK/MAPK, and JNK signaling pathways were excessively
activated in NFPAs [30]. Those publications clearly demon-
strated the important roles of protein phosphorylations in pi-
tuitary adenoma pathophysiological processes. However, the
large-scale global phosphoproteomics analysis has not been
carried out in human NFPA tissues. The large-scale profiling
of phosphoproteome in human NFPA tissues has important
scientific value to understand in-depth the molecular mecha-
nism of NFPAs and discover effective phosphoprotein bio-
markers in NFPA patients.

Transcriptome is another level of functional performer of
genome. In-depth investigation of transcriptome alterations in
invasive NFPAs will directly benefit for the discovery of
invasiveness-related molecular events. The public Gene
Expression Omnibus (GEO) dataset includes the

transcriptomics data between invasive NFPAs and controls,
which can be directly extracted to identify differentially
expressed genes (DEGs), followed by integration with
phosphoproteomics data for comprehensive consideration of
invasiveness-related molecular events in invasive NFPAs,
from the view point of the multiparameter systematic model.

This study used quantitative phosphoproteomics based
on TMT labeling in combination with TiO, enrichment of
phosphopeptides to identify the large-scale phosphopro-
tein profile in human NFPA relative to control pituitary
tissues, followed by bioinformatics analysis to determine
the functional characteristics of phosphoproteins in
NFPAs. Further, these identified phosphoproteins and
DEG data identified between invasive NFPAs and con-
trols were integrated to determine the overlapped mole-
cules (phosphoproteins; invasive DEGs). Gene ontology
(GO) enrichment and the Kyoto Encyclopedia Gene and
Genome (KEGG) pathway analysis were performed to
determine the functional roles of invasiveness-related
phosphoproteins (the overlapped molecules) in NFPAs.
These overlapped molecules (phosphoproteins; invasive
DEGs) were the precious resource to understand the mo-
lecular mechanisms of invasive NFPAs and discover
invasiveness-related phosphoprotein biomarkers for po-
tential prognostic/predictive assessment, and patient strat-
ification to discriminate invasive from noninvasive
NFPAs, for personalized attitude in medical services of
invasive NFPAs. Figure 1 shows the experimental flow-
chart to identify phosphoproteins in NFPAs and the inte-
grative analysis of phosphoproteomics and transcripto-
mics data of invasive NFPAs.

Methods
Pituitary adenoma and control tissue samples

Control post-mortem pituitary tissues (n = 4; tissues from 3
white and 1 black patients) were from the Memphis Regional
Medical Center (n = 4), which were approved by the
University of Tennessee Health Science Center Internal
Review Board. Pituitary adenoma biopsy tissues (n = 4; tis-
sues from 4 Chinese patients) were from the Department of
Neurosurgery of Xiangya Hospital, China, and were approved
by the Xiangya Hospital Medical Ethics Committee of Central
South University (Table 1). Written informed consent was
obtained from each patient for pituitary adenoma biopsy tis-
sues or the family of each control post-mortem pituitary sub-
ject after full explanation of the purpose and nature of all
experimental procedures. Quantitative phosphoproteomics
was performed with the four mixed NFPA samples and the
four mixed control samples.
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data in invasive NFPAs
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Fig. 1 Experimental flowchart to identify phosphoproteins in NFPAs.
Thanks to the 6-plex TMT labeling, it is possible to run six samples at
one MS analysis. T1, T2, and T3 were three equal amounts of NFPA
protein samples. C1, C2, and C3 were three equal amounts of control
pituitary protein samples. The amount of T1, T2, and T3 was equal to that
of C1, C2, and C3. Each protein sample was reduced with dithiothreitol

Protein extraction and quantification

A volume (1 mL) of urea pyrolysis solution [9 M urea,
2.5 mM sodium pyrophosphate, 20 mM 2-hydroxyethyl
(HEPES), 1 mM f-glycerophosphate, and 1 mM sodium
orthovanadate, and pH 8.0] was added to each tissue sample
(100 mg), which was treated with an ultrasonic ice bath (100
W, 10 s; interval 10 s; 10 times), and then followed by centri-
fugation (18,000%g, 10 min, 4 °). The supernatant was the
sample of extracted proteins, whose protein content was
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A

PPI network analysis,
identification of hub molecules

(DTT), alkylated with iodoacetamide, and digested with trypsin. NFPA,
nonfunctional pituitary adenoma; TMT, tandem mass tag; LC, liquid
chromatography; MS/MS, tandem mass spectrometry; GO, gene
ontology; KEGG, Kyoto Encyclopedia Gene and Genome; DEG,
differentially expressed gene

measured with a Bradford protein quantification kit
(YEASEN, Cat# 20202ES76).

Protein digestion with trypsin

Four control protein samples were equally mixed as control
protein sample (1.5 mg/sample x 4 = 6 mg), and four NFPA
protein samples were equally mixed as NFPA protein sample
(1.5 mg/sample X 4 = 6 mg). An amount (300 ng) of each
mixed sample (control; NFPA) was mixed with a volume of
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Table 1 Clinical information of NFPA and control tissue samples
Group Sex Age Clinical information Immunohistochemistry Experiments
NFPA Male 58 Chinese, NFPA in sellar region. Sellar floor bone ACTH (=), hGH (), PRL (-), Proteomicst
destruction, enriched blood supply in tumor, and FSH (-), LH (=), TSH (-)
tumor size 4.5 x 3 x 3 cm’
Male 53 Chinese, NFPA in sellar region. Sellar floor bone ACTH (-), hGH (-), PRL (-), Proteomics
thinning and tumor size 3 x 3 x 2.5 cm® FSH (), LH (=), TSH (-)
Female 43 Chinese, NFPA in sellar region. Sellar floor bone ACTH (-), hGH (-), PRL (-), Proteomics
thinning, enriched blood supply in tumor, and FSH (+), LH (=), TSH (-)
tumor size 4 x 3 x 3 cm’
Female 43 Chinese, NFPA in sellar region. Adhesion of ACTH (-), hGH (-), PRL (-), Proteomics
surgounding tissues, and tumor size 4.5 X 4 X 6 FSH (+), LH (-), TSH (-)
cm
Control Male 36 White American, multiple toxic materials. Blood DNT Proteomics
alcohol = 0.5 g/L. Blood: HepB (+), HepC (-),
HIV (=)
Female White American, 15 h gunshot wound to head. No DNT Proteomics
drugs or alcohol. Blood: HepB (—), HepC (-),
HIV (-)
Female 34 Black African American, gunshot wound to chest. DNT Proteomics
Blood alcohol = 0.3 g/L; no drugs. Blood: HepB
(+), HepC (=), HIV ()
Female 40 White American, multiple toxic compounds. DNT Proteomics

Blood: HepB (+), HepC (+), HIV(-)

DNT, did not test, which means hormone expressions were not tested in each control pituitary tissue with immunohistochemistry; ACTH, adrenocor-
ticotropic hormone; #GH, human growth hormone; PRL, prolactin; FSH, follicle-stimulating hormone; LH, luteinizing hormone; 7SH, thyrotropin-

stimulating hormone or thyrotropin; —, negative; +, positive

1 M dithiothreitol (DTT) (the final DTT concentration was 10
mM) (control: n = 3; tumor: n = 3), followed by incubation (37
°C; 2.5 h) and cooling to room temperature, and then mixed
with a volume of 1 M iodoacetamide (the final iodoacetamide
concentration was 50 mM), followed by incubation (in the
dark; 30 min). The urea concentration was diluted to 1.5 M
with five volumes of water. Finally, the mixture was mixed
with trypsin (2 pg/pL) at 1:50 (v:v) and then was digested (37
°C; 18 h), followed by desaltation and lyophilization using an
SPE C18 column (Waters WAT051910).

TMT labeling of tryptic peptides and enrichment of
phosphopeptides

For each sample (control and NFPA, respectively), a total of
300 pg tryptic peptides was equally divided into three parts
(100 pg/part) (control: n = 3 parts; NFPA: n = 3 parts). The 6-
plex TMT sixplex ™ isobaric label reagent set (Thermo
Scientific) was used to label those six parts of tryptic peptides,
respectively. The six labeled tryptic peptide samples were
equally mixed and lyophilized in vacuum. The lyophilized
TMT-labeled peptide was resuspended in 1x DHB buffer that
was mixed (1:4) with one volume of 5x DHB [3% DHB, 80%
acetonitrile (ACN), and 0.1% trifluoroacetic acid (TFA)] and
four volumes of water. The TiO, beads were added to the
resuspended TMT-labeled peptide mixture and shaken for
40 min, followed by centrifugation (5000xg, 1 min) to remove

the supernatant. The TiO, beads with phosphopeptides were
washed with 50 uL of washing buffer I (30% ACN and 3%
TFA) (3%) and then with 50 uL of washing buffer II (80%
ACN and 0.3% TFA) (3%) to remove the remaining nonbind-
ing peptides. The phosphopeptides were eluted with 50 uL of
elution buffer (40% ACN and 15% NH;-H,O) (3%) and then
lyophilized. The dried TiO,-enriched phosphopeptides were
redissolved in a volume (30 uL) of 0.1% TFA for LC-MS/MS
analysis.

LC-MS/MS of enriched phosphopeptides

A volume (20 uL) of TiO,-enriched phosphopeptides was an-
alyzed with LC-MS/MS. First, phosphopeptides were separated
with a high-performance liquid chromatography (HPLC) sys-
tem EASY-nLC1000 at nanoliter flow rate. The enriched phos-
phopeptide sample was automatically loaded onto Thermo
Scientific EASY column (2 cm x 100 wm; 5 pm C18) that
was balanced in 95% of liquid A (0.1% formic acid aqueous
solution), then the enriched phosphopeptides were separated by
an analytical column (75 um x 250 mm 3 um C18 at a flow rate
of 250 nL/min) with a linear gradient of solution B (0.1%
formic acid in 84% ACN aqueous solution): from 0 to 55%
during 0-220 min, 55 to 100% during 220-228 min, and main-
taining at 100% during 228-240 min. The LC-separated pep-
tides were online input into a Q-Exactive mass spectrometer
(Thermo Finnigan) for MS/MS analysis. The MS parameters
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were set as follows: positive-ion scan mode, precursor ion scan
range 350-1800 m/z with a resolution 70,000 at m/z 200, auto-
matic gain control (AGC) target 3e6, maximum inject time 20
ms, number of scan ranges 1, and dynamic exclusion 30.0 s.
For each MS scan, the 10 most abundant precursor ions were
selected for MS/MS analysis. The MS/MS parameters were set
as follows: high-energy collision dissociation (HCD) ion frag-
mentation, isolation window 2 m/z, resolution 17,500 at m/z
200, maximum injection time 60 ms, normalized collision en-
ergy 29 eV, and underfill ratio 0.1%. The MS/MS spectra were
used to search the protein database
(Uniprot_human 154578 20160815.fasta; 154,578 human se-
quences; downloaded on 15 August 2016) with MASCOT en-
gine (Matrix Science, London, UK; version 2.2) embedded into
Proteome Discoverer 1.4 (Thermo Scientific).

Database searching and functional characteristics of
phosphoproteins

Phosphoproteins and phosphosites were identified with MS/
MS data using the MASCOT software. The searching param-
eters were set as follows: MS/MS ion search, trypsin, 2 max
missed cleavages, fixed modifications (carbamidomethyl at
residue C, TMT 6 plex at the N-terminal, TMT 6 plex at
residue K), variable modifications (oxidation at residue M,
phosphorylation at residues S, T, and Y), + 20 ppm for peptide
mass tolerance, + 0.1 Da for fragment mass tolerance, ESI-
TRAP (electrospray ionization-ion trap) for instrument type,
unrestricted protein mass, true for decoy database pattern, de-
coy for database pattern, and peptide FDR (false discovery
rate) < 0.01. The MS/MS data were used to determine phos-
phoprotein amino acid sequences and phosphosites. The in-
tensities of TMT-reporter ions were used to determine the
phosphorylation level in NFPAs compared to controls. GO
enrichments, including cellular components (CCs), molecular
functions (MFs), and biological processes (BPs), were ana-
lyzed with Cytoscape ClueGO to reveal the functional char-
acteristics of identified phosphoproteins. KEGG pathway en-
richment analysis was used to obtain the statistically signifi-
cant signaling pathways found on the basis of identified phos-
phoproteins. P value for GO enrichment analysis was obtain-
ed by two-sided hypergeometric test and corrected by
Benjamini—Hochberg. P value for pathway enrichment anal-
ysis was obtained by two-sided hypergeometric test and
corrected by Q value. The level of statistical significance
was set as P < 0.05.

Transcriptomics data of invasive NFPAs relative to
control pituitaries

The microarray gene data GSE51618 datasets of human pitu-

itary adenomas were obtained from the public GEO database
(http://www .ncbi.nlm.nih.gov/geo/) at the National Center for
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Biotechnology Information (NCBI). It contained 4 invasive
NFPA tissue samples and 3 control pituitary tissue samples,
which were analyzed with a gene chip human genome
platform (Agilent-014850 Whole Human Genome
Microarray 4x44K G4112F) in another laboratory. The R-
software (The R Foundation for Statistical Computing,
https://www.r-project.org/) was used to analyze DEGs
between invasive NFPAs and controls. FDR < 0.05 and fold
changes (FC) > 2 were used to determine each DEG.

Overlapping analysis of phosphoprotein data and
invasive DEG data

The gene name of each phosphoprotein was obtained from the
UniProt human database. The overlapping analysis was car-
ried out between the gene names of phosphoproteins in
NFPAs and DEG data between invasive NFPAs and controls
to obtain the overlapped molecules (invasive DEGs; phospho-
proteins). DAVID GO and KEGG pathway enrichments were
used to analyze those overlapped molecules, with statistically
significant parameters (P < 0.05 and gene count > 3). Each P
value was corrected with FDR for multiple testing.

Protein-protein interaction and hub molecules with
molecular complex detection based on overlapped
molecules (invasive DEGs; phosphoproteins)

To investigate their interactive associations, all overlapped
molecules between phosphoprotein data and invasive DEG
data were mapped to the STRING database. The protein—
protein interactions were analyzed by Cytoscape software
(version 3.2.1; National Resource for Network Biology) to
obtain the protein—protein interaction (PPI) network. The
criteria of hub molecule searching were set as a molecular
complex detection (MCODE) score > 5 and a statistically
significant difference (P < 0.05).

Results
Phosphorylation profiling in NFPAs

Totally, 2982 phosphorylation sites within 2076
phosphopeptides derived from 1035 phosphoproteins were
identified with TMT-TiO, enrichment-LC-MS/MS in
NFPAs and controls, including 1207 (1207/2076 = 58%)
quantified phosphopeptides with 1660 phosphorylation sites
and 869 (869/2076 = 42%) qualified phosphopeptides with
1322 phosphorylation sites (Supplemental Table 1). A repre-
sentative MS/MS spectrum was from the phosphorylated pep-
tide "*?ERADEPQWSLYPSDSQVS*EEVK'>® ([M+3H]**,
m/z = 1039.83, S* = phosphorylated serine residue) derived
from secretogranin-1 (Swiss-Prot No. P05060) (Fig. 2), with a
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high-quality MS/MS spectrum, excellent signal-to-noise
(S/N) ratio, and extensive product-ion b-ion and y-ion series
(bs, bs, b, by, bs, by, bio, bi1, y1, Y2, ¥3, ¥4, ¥5: Y6» Y7, ¥, Yoo
Y10, Y11» Y12, and y16). The phosphorylation site was localized
to amino acid residue Ser149, and the phosphorylation level
was significantly decreased in NFPAs compared to controls
(ratio of T/N = 0.29; P = 2.80E-05) (Supplemental Table 1).
With the same method, each phosphopeptide and phosphory-
lation site was identified with MS/MS data (Supplemental
Table 1). Among 2076 identified phosphopeptides, 1362
(1362/2076 = 66%) phosphopeptides only contained one sin-
gle phosphorylation site, and 714 (714/2076 = 34%)
phosphopeptides contained at least two phosphorylation sites.
Among 2982 identified phosphorylation sites, 2591
(2591/2982 = 86.89%) phosphorylation sites occurred on res-
idue Ser, 357 (357/2982 = 11.97%) phosphorylation sites on
residue Thr, and 34 (34/2982 = 1.14%) phosphorylation sites
on residue Tyr. Among 1035 phosphoproteins, 486 phos-
phoproteins were identified with only one phosphorylation
site, 242 phosphoproteins with 2 phosphorylation sites,
133 phosphoproteins with 3 phosphorylation sites, 61
phosphoproteins with 4 phosphorylation sites, 39 phospho-
proteins with 5 phosphorylation sites, and 74 phosphopro-
teins with over 5 phosphorylation sites (Supplemental

Table 1), including CIC (n = 6 sites), C2CD2L (n = 6),
ARHGEF11 (n = 6), EPB41L2 (n = 6), PHF2 (n = 6),
POMC (n = 6), VIM (n = 6), NEFH (n = 6), BRAF (n =
6), HTT (n = 6), MECP2 (n = 6), MSH6 (n = 6), SRSF2 (n
= 6), TJP1 (n = 6), EPB49 (n = 6), TCOF1 (n = 6), SAFB
(n = 6), SMNI1 (n = 6), CTR9 (n = 6), KIF21A (n = 6),
ZC3H18 (n=6), RSF1 (n =6), IRF2BPL (n = 6), THRAP3
(n = 6), CTAGES (n =17), EIF5B (n = 7), MAP4 (n = 7),
SUBI1 (n = 7), MFAP1 (n = 7), HNRNPUL2 (n = 7),
AAKI1 (n = 7), ZC3H13 (n = 7), TNKSIBP1 (n = 7),
HNRNPC (n = 8), PRPF4B (n = 8), SMARCC2 (n = 8),
LMNA (n =8), PML (n =8), ADDI1 (n =8), ADD2 (n = 8),
PSIP1 (n =9), ANKI1 (n =9), ANK2 (n =9), TOP2B (n =
9), TRIM2 (n = 9), TGOLN2 (n = 10), AHNAK (n = 10),
SPARCLI1 (n = 10), MARCKS (n = 11), HIRIP3 (n = 11),
SCG2 (n=12), LEO1 (n = 12), ACIN1 (n = 12), SPTBN1
(n=13), FAM169A (n = 13), ATRX (n = 14), AKAP12 (n
=14), EPB41L3 (n = 14), MAPT (n = 15), NEFM (n = 15),
MAP2 (n = 15), BCLAF1 (n = 15), HTATSF1 (n = 17),
CHGA (n = 19), NUCKS1 (n = 22), IWS1 (n = 23),
MAPIA (n = 24), TP53BP1 (n = 26), FGA (n = 35),
SRRM1 (n = 42), MAPIB (n = 42), CHGB (n = 50), and
SRRM2 (n = 76). These highly phosphorylated proteins
might play important roles in the NFPA pathogenesis.
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Fig. 2 A representative MS/MS spectrum of phosphopeptide derived
from NFPAs. The identified phosphopeptide
132ER ADEPQWSLYPSDSQVS*EEVK'> (IM+3H]*, m/z = 1039.83,

S* = phosphorylated serine residue) was derived from secretogranin-1
(Swiss-Prot No. P05060)
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Functional characteristics of phosphoproteins

Those identified 1035 phosphoproteins between NFPAs and
controls were analyzed with GO enrichment analysis, includ-
ing CCs (Supplemental Table 2), MFs (Supplemental
Table 3), and BPs (Supplemental Table 4).

CC analysis revealed those phosphoproteins were mainly
distributed in the nucleoplasm, cytosol, cell-cell adherens
junction, cytoplasm, nuclear speck, nucleus, membrane, focal
adhesion, cytoskeleton, protein complex, nuclear matrix,
spliceosomal complex, perinuclear region of cytoplasm,
Golgi apparatus, chromatin, intracellular ribonucleoprotein
complex, Z disc, extracellular exosome, actomyosin, secretory
granule, postsynaptic density, costamere, spectrin, microtu-
bule, cell cortex, nuclear heterochromatin, spindle, synaptic
vesicle, nuclear membrane, microtubule-associated complex,
T-tubule, chromosome, transport vesicle, nuclear envelope,
transcriptional repressor complex, PcG protein complex,
npBAF complex, Sin3 complex, cAMP-dependent protein ki-
nase complex, soluble N-ethylmaleimide-sensitive factor at-
tachment protein receptor (SNARE) complex, and centro-
some (Supplemental Table 2).

MF analysis revealed that the identified phosphoproteins were
mainly involved in RNA binding, protein binding, cadherin
binding involved in cell-cell adhesion, nucleotide binding, actin
filament binding, structural constituent of cytoskeleton, chroma-
tin binding, calmodulin binding, structural molecule activity, mi-
crotubule binding, mRNA binding, actin binding, protein kinase
binding, 14-3-3 protein binding, spectrin binding, vinculin bind-
ing, nucleosomal DNA binding, protein domain—specific bind-
ing, translation initiation factor activity, helicase activity, protein
binding bridging, protein serine/threonine kinase activity, ion
channel binding, histone deacetylase binding, kinase activity,
intramolecular transferase activity phosphotransferases, and
GTPase activator activity (Supplemental Table 3).

BP analysis revealed that those identified phosphoproteins
were mainly involved in multiple biological processes, includ-
ing cell—cell adhesion, mRNA splicing via spliceosome, RNA
splicing, mRNA processing, viral process, RNA processing,
mRNA export from nucleus, RNA export from nucleus, mi-
crotubule cytoskeleton organization, mRNA 3'-end process-
ing, regulation of alternative mRNA splicing via spliceosome,
termination of RNA polymerase II transcription, regulation of
cellular response to heat, negative regulation of mRNA splic-
ing via spliceosome, ER to Golgi vesicle-mediated transport,
protein sumoylation, membrane fusion, ATP-dependent chro-
matin remodeling, regulation of mRNA stability, chromatin
remodeling, platelet aggregation, regulation of translational
initiation, positive regulation of axon extension, negative reg-
ulation of transcription DNA-templated, protein phosphoryla-
tion, IRE1-mediated unfolded protein response, covalent
chromatin modification, platelet activation, and actomyosin
structure organization (Supplemental Table 4).

@ Springer

KEGG pathway network analysis identified 31 statistically
significant signaling pathways involved in phosphoproteins
(Table 2), including spliceosome, platelet activation, RNA
transport, endocytosis, mTOR signaling pathway, vascular
smooth muscle contraction, SNARE interactions in vesicular
transport, proteoglycans in cancer, insulin signaling pathway,
glucagon signaling pathway, cGMP-PKG signaling pathway,
focal adhesion, estrogen signaling pathway, progesterone-
mediated oocyte maturation, protein processing in endoplas-
mic reticulum, gap junction, gonadotropin-releasing hormone
(GnRH) signaling pathway, mitogen-activated protein kinase
(MAPK) signaling pathway, and mRNA surveillance
pathway.

Further, functional clustering analysis based on CCs, MFs,
BPs, and KEGG pathways grouped those identified phospho-
proteins into 8 functional clusters (Table 3). Cluster 1 mainly
functions in cell-cell adherens junction, cadherin binding in-
volved in cell—cell adhesion, and cell—cell adhesion. Cluster 2
mainly functions in SNARE interactions in vesicular trans-
port, SNAP (soluble N-ethylmaleimide-sensitive fusion at-
tachment proteins) receptor activity, and SNARE complex.
Cluster 3 mainly functions in histone H2B ubiquitination, his-
tone monoubiquitination, endodermal cell fate commitment,
and Cdc73/Pafl complex. Cluster 4 mainly functions in my-
osin II complex and myosin II filament. Cluster 5 mainly
functions in oxygen transporter activity, oxygen transport,
haptoglobin binding, haptoglobin—hemoglobin complex, and
hemoglobin complex. Cluster 6 functions in cAMP-
dependent protein kinase complex, protein kinase A catalytic
subunit binding, and cAMP-dependent protein kinase regula-
tor activity. Cluster 7 functions in ESCRT (endosomal sorting
complex required for transport) III complex disassembly and
positive regulation of viral release from host cell. Cluster 8
functions in eukaryotic 43S preinitiation complex. Those find-
ings clearly demonstrate that protein phosphorylations are ex-
tensively involved in multiple biological processes and mo-
lecular functions in NFPAs.

Integration of phosphoproteomics data and
transcriptomics data in invasive NFPAs relative to
controls

Microarray transcriptomic data between invasive NFPAs and
controls were obtained from the GEO database, which identi-
fied 2751 DEGs, consisting of 1477 (53.69%) downregulated
and 1274 (46.31%) upregulated DEGs (Supplemental
Table 5). An overlapping analysis was performed between
1035 phosphoproteins identified in NFPAs relative to controls
and 2751 DEGs identified in invasive NFPAs relative to con-
trols, which identified 130 overlapped molecules (invasive
DEGs; phosphoproteins) (Table 4). Those 130 invasiveness-
related molecules (DEGs, phosphoproteins) were the precious
resource to identify phosphorylation-mediated invasive



427

EPMA Journal (2020) 11:419-467

gD0€ddd ‘VZIdlddd
‘OIAVIN PICdLY ‘TAdIVIN ‘TLAV ‘1d7dLV ‘TOVAA ‘TIdLI

‘TYdLL ‘1O ‘TOVAA ‘O3NAd ‘TIAYN ‘TVSITS ‘TSI DTAIN T0-HLT'T  €0-H8¥'8 v0c 1871 L1 Kemyped Sureusis HId-dIND:TTOL0ESY  AVMHLVA DOHN
CIIONAQd GOE&OmQ&DH Jorem
TANVA ‘9DVAd ‘SVND ‘dAV TITIONAA ‘vXLIS ‘TITIDONAA 10-901'T  €0-HLEL 9a'e  S80 8 payendor-uissaidoseA:z96v0esy  AVAMHLYA DOAN
TYdLI ‘T¥d1I 'ddVad
‘ATINVYD ‘9D€ddd ‘€AdVIN ‘AVIE ‘EVI9ISAY ‘TAdVIN 'VOAd 10-9¢1'T  €0-dCl'L 88C  LOI 01 uopenuojod wi-SUOT:0ZLy0BSY  AVMHLVA DOHN
gOVIAd ‘1VVd ‘SVND ‘dTINVD ‘dD€ddd
TVZYTIS ‘TLAV ‘TAdLI ‘TddLI 'VOVOV ‘TAVOd “gYHd ‘TVIIHd W0-ary'6  €0-H6ES 0T 6¢1 el Aemyped Surreusis uogeon|D:TZ6R0BSY  AVMHLVA DO
dOVdd
‘gO€ddd ‘ATIANYI ‘CAIVIN TS “€VIISAY ‘TAIVIN
TAALL ‘TYd LI “€ONS ‘AVHMA ‘€20dD ZVHMA ‘T1DdVNV ¢0-498'6  €0-d8I°S or'c  6¥l 14! sisorow AK00O [ [H08SY  AVMHLVd DOHN
addd “INIE ‘HOMU ‘SADAVIN ‘1dVSV stsojfoogeyd
TAVSV “SAdVIN TTISHIDAVIN ‘NAT TAdVIN 1LV VO 0-498'8  €0-dITY ILc  8T1 4 paeIpaw-y ewwes 94:999%08sY  AVMHLVJ DOHN
dOVUd ‘1VVId ‘TOSL
‘OIAVIN VYA ‘TSOS ‘vVZITS ‘Vaavadd TdVIN
‘ATIVIId ‘11 WOLdY ‘VOVIV ‘@MHd ‘dvdd ‘TSHl ‘TVIHd 0-dyes €0-9¥C'C yee 181 Ll Kemyyed Sureusts urnsur:01640esy AVMHLVd DOE
INA ‘TV6DTS "dIVIAd ‘ATIAVD VZId1ddd ‘€AdVIN
ISOS “€ANV TNV [NV ‘NLLD ‘IAdVIN ‘gydId ‘LAY
TYdLL ‘TEdLI 'NXd ‘VNTd $ADAd TIADHYY AV ad ‘VOMUd 0-dSLy €0-dLL'T 60T SeC (44 100uEd Ul SuedA[302)01d:50TS0LSY AVMHLVd DO
qIXLS podsuen Te[noIsoA ur
‘TANVA ‘€2dVNS “T1139 ‘YdINVA ‘d2zOdS vXLS ‘VIXLS 20-486't €0-4¢9°'1 LYy $8°0 8 suondeIUl FIVNS-0€ 11708y AVMHLVd DO
OV ‘SYND ‘VZIdIddd
OIVIN ‘TIdVIN ‘TTdGDHYYV ‘TddLI ‘TYdLL ‘dDM¥d uonoenuoo sfosnul
‘TOYMAd TIADHAV AIMAd ‘TIAIN ‘TATVO ‘dvdd ‘VOId 20-d86°¢ €0-dITT 09°C LT 91 qjoouws Ie[nose 0L 0esY AVMHLYd DOTN
YOLdY ‘dDOVIY ‘TVVINId ‘€AdVIN ‘TISL
AVEL “TISTINV ‘€VIISAY ‘TAdVIN ‘1LY ‘dydld ‘VOXAd €0-dLY'L YO-dSL'1 £€6'¢ 8C'1 4! Aemyped Sureudts YOLW:QS T H0ESY AVMHLYd DOTN
TANA ‘INIE ‘TIXNS ‘1dE3EHS ‘TIVOV UTdDI 1999V
1449V ‘S1SdA ‘VITNVA ‘AN VOaIVd ‘TLID ‘TOFSOI
‘TAHA ‘SESAA ‘VFSdA ‘9D(VNA ‘dySdA ‘149D ‘dTdINHD
TAADAYYV ‘171S1Sd4 ‘1dVSV “TAd ‘TdVSV ‘8dSN ‘VZdAHD €0-40L°L Y0-H0¥'1 17T 66'C 8¢ SISOIKO0PUT [ #0BSY AVMHLVd DI
SgTdId ‘TDOHL
TIANVA ‘INIDV “TNIAS VSNEN 19V ‘DedId ‘dedId
PITINN ‘€DOVAIE TOVAI “IO€AIE ‘1DVAIH ‘dpAld “17OddVvVd
‘NNd ‘INIAIS ‘SSTINN “TSINY ‘dSAId ‘864NN ‘TdIIN ‘VISNTO €0-d¢1'C S0-468°C S9C 9¢°C e yodsuen VN:€10£0ESY AVMHLYd DO
[SEAZNN|
‘€TdVNS ‘dOVUd ‘SYND Vd1dD 'VZIdlddd ‘€dVIN
‘dd1dD ‘gDd ‘VOI ‘TAdVIN ‘LAY TIdLI ‘TAdLL TTAIOHYV
‘TOMAd ‘I TAN ‘SEdVOHIY ‘TINILS ‘INTL ‘NAT ‘INTIL Y0-459°¢ 90-dcee we SET [44 uoneAnose J9[91e[d: [ 1910.sY AVMHLYd DOT
LINEY ‘TDOHL ‘d8€dd¥d ‘LOTS “00ZdNINS
‘6dSUS “9ASUS “LASUS ‘TASUS ‘NANINH ‘TVEAS ‘TVININH
‘€dd¥d ‘TMNS ‘T¥Xdd ‘VOrdddd ‘STNEY ‘dovdddd
DANINH ‘INIDV ‘6£dSN ‘1ddOd ‘VSNGY ‘€7XAd ‘Td€dS
TTANNLD ‘T1dIM VIVUL ‘014S¥S ‘dYdHD ‘1dgON ‘1ASUS 01-d4€8'1  €I-dTe'8 LSy 1¥e [43 awosodNdS:0r0c0esy  AVMHLYA DOE
urojordoydsoyd jo owreu ouony  rurweluog oneA J  JUSWIYOLIUD P[O] 9%  Wuno) weu Kemyed K103918)
Kemyped s1y) ur payoLIuD SAULS JO JoquuNnU Y} Suedw Juno)) sy JIN W surjordoydsoyd ge1 woxy paynuopr skemyjed ureudis HOFY JuedyIusIs A[[eonsnels g ajqel

pringer

Qs



EPMA Journal (2020) 11:419-467

428

dCVOLL ‘INA ‘TV6DTS ‘'VZIdlddd ‘GAALNId
‘EAdVIN ‘ISOS ‘TAVd ‘TIdVIN “IDA ‘NXd ‘TIAHOHIV

‘TIDOND ‘GCITAN ‘SEAVOHUY 9JdDHYY ‘AVid ‘LLID 10-980°¢  TO-H06'Y €91 6T 81 UOPYSOIAO UNdE JO UONBNSIY:0[8F0BSY  AVMHLVA DOH
NNd ‘TdSdD ‘INIDV
TSANY ‘TINTES ‘VSINGY ‘€4LSD ‘1T1dId ‘TdION “TrOddvd 10-9P1°€  T0-HP8Y 60T  LOT 01 Aemyped oue[IoAms VNYWES[OE08SY  AVMHLYA DO
IVV3Ad ‘€IdVIN ‘1SOS ‘€4dNOH ‘tVTD1S
‘CANDD ‘TAdVIN ‘TLAV TT9Y ‘AVad ‘€30S ‘TSI ‘LdSN 1092T¢ 2098t 8T 6€T €1 Aemuped Sureusis OX01:890708SY  AVMHLVI DOTN
FOVdd ‘INALS ‘€dISIIdVIN ‘19dSH ‘dD€ddd ‘©IdVIN
‘LAVIA ‘1SOS ‘TEIIV ‘€AEdVIN ‘TAVd ‘€VIISAY ‘TIdVIN
TLMV ‘YN ‘TIDOND ‘IMOV.L ‘TIOVL ‘Avad OTIAN ‘VOSIdd 10966 TO-HITY 8T $TT 1T Kemyped Sureusis SIAVIN:010708SY  AVMHLYd DOT
TIIDNAA ‘YN ‘TOTA
PO “TNDI “€IdVIN ‘TITIONAQ ‘TdLL ‘TITIONAQ ‘TIdVIN 1041TC  20-4167T 6TT  LOT 01 uonoJuI DjjUOwDSITEISORBSY  AVMHLYA DOH
Y41l ‘TYdLI ‘dO3Nd ‘gIVId
‘SVND ‘ATIAVD ‘€dVIN ‘1SOS ‘€AEdVIN ‘TAdVIA ‘VOId 10-dS9'T  T0-HE0'T 0€T LTI 1 Kemuyped SureusSis HYUD:Z16H08SY  AVMHLVA DO
TOA “INA ‘TYNNLD s[109 TerPydd Jo
‘NXd ‘TINNA ‘TVNNLD ‘9TIIOHYIV ‘TLdAS ‘NLLD ‘€IANA 10-dIL'T  T0HE0T YT LOTT 01 UOISBAUI [BLIJBG:001S0BSY  AVMHLVd DOTI
1V6D7TS ‘TIODN ‘dOVIAd ‘INVOY ‘TVZOTS ‘€IdVIN Kemyped Surpeusdts
‘TOSL ‘IDVAH ‘TOVAH ‘TVOON ‘TIdVIA ‘TLMV ‘VO3dd 10-9¢S' T TOHOL'T SIT  6€1 €1 auowloy proIAYL:616¥08sY  AVMHLVd OOE
T4d1I ‘1941l ‘d1veanL
‘1O ‘OVIId ‘SYND ‘€IdVIA ‘1SOS ‘TdLL ‘TIdVIN ‘VOdd 1042’ T 20-d¥9'1 8€T  LI'T I uonoun( den:Qpsyoesy  AVMHLVA OOEY
€4SS ‘7dzddn ‘12rVNd ‘1S
T19IVNA ‘TNOAH ‘dELLS ‘TANLS XNV ‘T9D4S ‘9vIdd wn[nonax drwse[dopus
OTTASN ‘T ‘1SAM ‘TVV06dSH VIEDES ‘T9V06dSH 109281 T0-99S°1 161 1871 L1 ur Surssadoxd wolOIL: [H 108y AVMHLVA DOT
GOV ‘€70AD ‘€AdVIN AV ¥4 ‘1VV06dSH UOnEINJEU 8)A900
‘EVII9SY ‘€ANDD ‘TAdVIN ‘TLIV ‘TDdVNV ‘T9V06dSH 10-4SS' T TOHIS'T vz LI 11 PATRIPAW-oU0INSABOILH 6708 AVMHLV DOTI
OTHAW ‘T1dVIL ‘TdfL ‘6HAW
‘GO ‘PITHAW ‘GC1TAN ‘TTHAN ‘NLLD ‘Id(L ‘Voadvd [0-4SS' T 20-deS'| orz LT I uonounl Y3IL:0esH0esY  AVMHLVA OOFY
T4d1I ‘T4d1I ‘dd3Ad ‘gOVaTdd ‘SVND
‘CAVIN “TSOS ‘S ‘TVV06dSH ‘TdVIN ‘1LY ‘19V06dSH [0-HES T 2o-deh'| 0€T 8Tl l Aemyed Sureuds uoonsg:SI6p0esy  AVMHLY DOTN
T4dLI ‘TV6DTS ‘TddLI ‘T1OMAd
TANVA GOV ‘SYND ‘TVZIDTS ‘veded LV ‘TdZdLV ‘VONId 109651 0dIt'] T LT 11 uonaxds AIRAIeS:0L6708sY  AVMHLVA DO
TddlLI
‘TYdLL ‘TOMAd ‘SVND ‘€IdVIN ‘NAT ‘Avad ‘TIdVIN ‘VOUd 10-90S'T  TOHST'T S8T 960 6 uoissa1dop WR-SUOT:0ELP0BSY  AVMHLYd DO
g7VOLI ‘INA ‘1ddS ‘VZIdlddd ‘€IdVIN
‘1SOS ‘TAVd ‘SAVOHAV ‘IdVIN ‘TLMV “IDA ‘YN
‘NXd ‘2T TAN ‘SEdVOHIV ONL ‘INIL ‘Avad ‘INIL ‘VO3dd 104471 20-dST'] v81T €T 0T UOISYPE [BIOL:Q[SHOBSY  AVMHLVA OOHY
urdjordoydsoyd jo sureu suan urweluog oNeA 4 JUSWIYOLIUD P[O] % unop oJweu Aemyped K103918)

(ponunuod) g J[qeL,

pringer

Qs



EPMA Journal (2020) 11:419-467

429

characteristics in NFPAs for potential prognostic/predictive
assessment, patient stratification, and personalized treatment
of NFPA patients. Further, the functional characteristics of
those 130 overlapped molecules (phosphoproteins; invasive
DEGs) were revealed with GO and clustering enrichment
analyses.

Gene ontology enrichment analysis The GO enrichment anal-
ysis of those identified 130 overlapped molecules (phospho-
proteins; invasive DEGs) was annotated with CCs
(Supplemental Table 6), MFs (Supplemental Table 7), and
BPs (Supplemental Table 8). CC analysis revealed those 130
overlapped molecules (phosphoproteins; invasive DEGs)
were mainly distributed in the cytosol, focal adhesion, secre-
tory granule, actin cytoskeleton, cell-cell adherens junction,
cytoskeleton, plasma membrane, cell—cell junction, cell cor-
tex, membrane, stress, protein complex, COP9 signalosome,
cytoplasm, Golgi apparatus, nuclear speck, SNARE complex,
and kinesin complex (Supplemental Table 6). MF analysis
revealed that those overlapped molecules (phosphoproteins;
invasive DEGs) were significantly involved in cadherin bind-
ing involved in cell-cell adhesion, actin filament binding,
protein binding, actin binding, structural constituent of cyto-
skeleton, guanyl-nucleotide exchange factor activity, Rho
guanyl-nucleotide exchange factor activity, calmodulin bind-
ing, GTPase activator activity, ankyrin binding, structural
molecule activity, calcium ion transmembrane transporter ac-
tivity, spectrin binding, poly(A) RNA binding, microtubule
binding, neuropeptide hormone activity, inositol 1,4,5-tris-
phosphate-sensitive calcium-release channel activity, phos-
phatidylinositol binding, hormone activity, phos-
phatidylinositol-3,4,5-trisphosphate binding, and protein ki-
nase activity (Supplemental Table 7). BP analysis revealed
multiple statistically significant biological processes, includ-
ing cell—cell adhesion, regulation of insulin secretion, striated
muscle cell differentiation, positive regulation of GTPase ac-
tivity, neurotransmitter secretion, glucose homeostasis, cellu-
lar response to prostaglandin E stimulus, regulation of small
GTPase-mediated signal transduction, regulation of Rho pro-
tein signal transduction, positive regulation of apoptotic pro-
cess, renal water homeostasis, glucose transport, positive reg-
ulation of endodeoxyribonuclease activity, peptidyl-threonine
phosphorylation, transmembrane transport, positive regula-
tion of cAMP biosynthetic process, cellular response to hy-
droperoxide, signal transduction, platelet degranulation and
activation, cellular iron ion homeostasis, and peripheral ner-
vous system myelin maintenance (Supplemental Table 8).

Clustering analysis The clustering analysis of 130 overlapped
molecules (phosphoproteins; invasive DEGs) identified 6 sig-
nificantly functional categories (Table 5). Cluster 1 was main-
ly associated with cell—cell adherens and regulation, which
was involved in the important overlapped molecules

(phosphoproteins; invasive DEGs), including ALDOA,
TNKSIBPI, LIMA1, CALDI1, ASAP1, EPSI5L1, HIFX,
NDRG1, PLEC, CHMP2B, and PGMS5. Cluster 2 was in-
volved in platelet activation, which was involved in the im-
portant overlapped molecules (phosphoproteins; invasive
DEGs), including AKT1, TLN2, STIMI, GNAS, SNAP23,
PRKG1, ARHGEF12, ITPR1, ITPR2, and ITGA2B. Cluster
3 was mainly associated with GTPase signaling and regula-
tion, which was involved in the important overlapped mole-
cules (phosphoproteins; invasive DEGs), including AKTI,
ARHGEF11, ARHGEF11, ARHGEF12, ARHGEF6,
ASAP1, ASAP2, BCLAF1, CDC42EP4, DOCKI11,
DOCK7, GAL, GNAS, NGEF, SPTB, STXBPS5L, and
TSC2. Cluster 4 was associated with the microtubule and its
regulation, which was involved in the overlapped molecules
(phosphoproteins; invasive DEGs), including CLASP2,
KIF13B, KIF16B, KIF1A, MAP4, NDRGI, and STIMI1.
Cluster 5 was mainly associated with protein kinase activity
and peptidyl-threonine phosphorylation, which was involved
in the important overlapped molecules (phosphoproteins; in-
vasive DEGs), including AKT1, AVP, CASK, STK39,
PRKCD, CDK14, and DCLK1. Cluster 6 was mainly associ-
ated with calcium signaling pathway and regulation, which
was involved in the overlapped molecules (phosphoproteins;
invasive DEGs), including SLC8A2, STIMI1, ITPR1, ITPR2,
and GNAS. Thereby, those phosphoproteins participated in
the corresponding biological functions in NFPAs. It clearly
demonstrated the important roles of phosphorylation in inva-
sive NFPA pathogenesis.

Signaling pathways involved in overlapped molecules
(phosphoproteins; invasive DEGs)

The KEGG pathway enrichment analysis of 130 overlapped
molecules (phosphoproteins; invasive DEGs) identified 14
statistically significant signaling pathways (Table 6;
Supplemental Fig. 1) that were related to tumor invasiveness
and involved in protein phosphorylations (Table 4), including
(i) platelet activation involved in phosphorylation at residues
Ser122 and Ser124 in AKT1; Thr1843 (ratio of T/N =1.16, P
=1.17E-02) in TLN2; Ser257 in STIM1; Ser995 (ratio of T/N
=2.77, P = 2.32E-05) in GNAS; Ser110 (ratio of T/N =2.13,
P =6.07E-04) in SNAP23; Thr515 in PRKG1; Ser309 (ratio
of T/N = 2.94, P = 9.07E-04) in ARHGEF12; Ser1177,
Thr1178, Ser1180, and Tyr1181 in ITPR1; Ser1687 (ratio of
T/N=0.67, P=2.20E-03) in ITPR2; and Ser880 in ITGA2B
(Table 6; Supplemental Fig. 1.1); (ii) vascular smooth muscle
contraction involved in phosphorylation at residues Ser207
(ratio of T/N = 3.30, P = 2.31E-06) in CALD1; Ser995 (ratio
of T/N = 2.77, P = 2.32E-05) in GNAS; Thr515 in PRKGI;
Ser309 (ratio of T/N = 2.94, P = 9.07E-04) in ARHGEF12;
Tyr514 in PRKCD; Ser1177, Thr1178, Ser1180, and Tyr1181
in ITPR1;, Ser663 (ratio of T/N =2.32, P =4.24E-04); Thr668
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(ratio of T/N = 2.32, P = 4.24E-04); Ser1295 (ratio of T/N =
1.45, P = 1.11E-03); Ser115 (ratio of T/N = 1.81, P = 1.02E-
02); Ser1478 and Ser1480 in ARHGEF11; and Ser1687 (ratio
of T/N = 0.67, P = 2.20E-03) in ITPR2 (Table 6;
Supplemental Fig. 1.2); (iii) estrogen signaling pathway in-
volved in phosphorylation at residues Ser122 and Ser124 in
AKT1; Serl3 in FKBP5; Ser995 (ratio of T/N = 2.77, P =
2.32E-05) in GNAS; Tyr514 in PRKCD; Ser1177, Thr1178,
Ser1180, and Tyr1181 in ITPR1; and Ser1687 (ratio of T/N =
0.67, P = 2.20E-03) in ITPR2 (Table 6; Supplemental Fig.
1.3); (iv) Fc gamma R-mediated phagocytosis involved in
phosphorylation at residues Ser122 and Ser124 in AKTI;
Ser701 (ratio of T/N = 1.57, P = 2.02E-03) in ASAP2;
Ser717 (ratio of T/N = 2.04, P = 1.35E-04) in ASAPI;
Ser27 (ratio of T/N = 8.66, P = 3.86E-06); Ser26 (ratio of
T/N = 5.66, P = 8.79E-06), Thr150 (ratio of T/N =3.88, P =
1.52E-05), Ser145 (ratio of T/N = 1.62, P = 8.15E-03),
Ser147, Ser118, Thr120, Ser128, Thr130, Ser138, and
Ser101 in MARCKS; and Tyr514 in PRKCD (Table 6;
Supplemental Fig. 1.4); (v) glucagon signaling pathway in-
volved in phosphorylation at residues Ser122 and Ser124 in
AKT1; Ser29 (ratio of T/N =2.98, P = 6.08E-05) in ACACA;
Ser995 (Ratio of T/N = 2.77, P = 2.32E-05) in GNAS;
Ser1177, Thr1178, Ser1180, and Tyr1181 in ITPRI; and
Ser1687 (ratio of T/N = 0.67, P = 2.20E-03) in ITPR2
(Table 6; Supplemental Fig. 1.5); (vi) proteoglycans in cancer
involved in phosphorylation at residues Ser122 and Ser124 in
AKT1; Ser781 (ratio of T/N = 3.58, P = 4.13E-06), Ser1428
(ratio of T/N = 1.72, P = 1.74E-05), Thr961 (ratio of T/N =
1.61, P = 4.31E-04), Ser960 (ratio of T/N = 1.70, P = 5.29E-
04), Thr961 (ratio of T/N = 1.70, P = 5.29E-04), Ser1607
(ratio of T/N = 0.76, P = 3.19E-03), Thr1684, Ser1686,
Ser1686, and Thr1688 in ANK1; Ser309 (ratio of T/N =
2.94, P = 9.07E-04) in ARHGEF12; Ser1177, Thr1178,
Ser1180, and Tyr1181 in ITPR1; Ser302 (ratio of T/N =
1.43, P = 2.16E-02), Ser303 (ratio of T/N = 1.43, P =
2.16E-02), Ser322 (ratio of T/N = 1.88, P = 4.60E-02),
Thr318, and Ser320 in PXN; and Ser1687 (ratio of T/N =
0.67, P = 2.20E-03) in ITPR2 (Table 6; Supplemental Fig.
1.7); (vii) insulin signaling pathway involved in phosphoryla-
tion in residues Ser122 and Ser124 in AKT1; Serl 14 (ratio of
T/N = 0.7, P = 6.75E-04) in PRKAR2B; Thr486 and Ser488
in SLC2A4; Ser1385, Ser1386, and Ser1387 in TSC2; and
Ser29 (ratio of T/N = 2.98, P = 6.08E-05) in ACACA
(Table 6; Supplemental Fig. 1.8); (viii) gap junction involved
in phosphorylation at residues Ser995 (ratio of /N =2.77, P=
2.32E-05) in GNAS; Thr515 in PRKG1; Ser1177, Thr1178,
Ser1180, and Tyr1181 in ITPR1; and Ser1687 (ratio of T/N =
0.67, P = 2.20E-03) in ITPR2 (Table 6; Supplemental Fig.
1.10); (ix) cGMP-PKG signaling pathway involved in phos-
phorylation at residues Ser122 and Ser124 in AKT1; Ser622
(ratio of T/N = 1.60, P = 1.40E-01) in SLC8A2; Thr515 in
PRKG1; Ser1177, Thr1178, Ser1180, and Tyr1181 in ITPR1;

@ Springer

and Ser1687 (ratio of T/N = 0.67, P = 2.20E-03) in ITPR2
(Table 6; Supplemental Fig. 1.11); (x) GnRH signaling path-
way involved in phosphorylation at residues Ser995 (ratio of
T/N = 2.77, P = 2.32E-05) in GNAS; Tyr514 in PRKCD;
Ser1177, Thr1178, Ser1180, and Tyr1181 in ITPRI; and
Ser1687 (ratio of T/N = 0.67, P = 2.20E-03) in ITPR2
(Table 6; Supplemental Fig. 1.12); (xi) inflammatory mediator
regulation of TRP channels involved in phosphorylation at
residues Ser995 (ratio of T/N = 2.77, P = 2.32E-05) in
GNAS; Tyr514 in PRKCD; Ser1177, Thr1178, Serl1180,
and Tyr1181 in ITPR1; and Ser1687 (ratio of T/N = 0.67, P
=2.20E-03) in ITPR2 (Table 6; Supplemental Fig. 1.13); and
(xii) calcium signaling pathway involved in phosphorylation
at residues Ser622 (ratio of T/N = 1.60, P = 1.40E-01) in
SLC8A2; Ser257 in STIM1; Ser995 (ratio of T/N = 2.77, P
= 2.32E-05) in GNAS; Ser1177, Thr1178, Ser1180, and
Tyr1181 in ITPR1; and Ser1687 (ratio of T/N = 0.67, P =
2.20E-03) in ITPR2 (Table 6; Supplemental Fig. 1.14).
These findings clearly demonstrate that phosphorylation par-
ticipates in invasiveness-related signaling pathways in inva-
sive NFPAs.

Hub molecules identified with protein-protein inter-
action analysis of 130 overlapped molecules (phos-
phoproteins; invasive DEGs)

The PPI network was constructed using molecules with com-
bined scores greater than 0.4, based on 130 overlapped mole-
cules (phosphoproteins; invasive DEGs) (Fig. 3a;
Supplemental Table 9). Some overlapped molecules (phos-
phoproteins; invasive DEGs) in PPI networks trend to be co-
expressed or co-localized with high combined score, the dif-
ference might be related to functional differences between the
overlapped molecules, and various co-expression and co-
localization might be reflected in the molecular characteristics
or structures of two molecules [31], which help to understand
the function and biological mechanisms of NFPA invasive-
ness. Among 130 overlapped molecules (phosphoproteins;
invasive DEGs), some between molecules had very high com-
bined score; for example, SNAP23 and STX1A, AKT1 and
TSC2, CHD3 and GATAD2A, SPTB and ANK1, ALDOA
and TPI1, POMC and AVP, STIMI and ITPR1, SCG3 and
CHGA, DMTN and ADD2, CHGB and SCG3, ALDOA and
PKM, STIM1 and ITPR2, PKM and TPI1, POMC and GAL,
SYNI1 and STX1A, DMTN and ADD3, and HNRNPA1 and
SRRM2 had the combined score over 0.95 (Supplemental
Table 9).

The hub molecules based on the PPI network play impor-
tant roles in a molecular network system, which also reflects
its crucial roles in a biological system such as NFPA invasive
behavior system. The entire PPI network was analyzed using
MCODE, and one module was obtained with module score =
5.778 (Fig. 3b). Thus, a total of 10 hub molecules were
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Fig. 3 The hub molecules were identified with protein—protein
interaction (PPI)-based molecular complex detection (MCODE) using
130 overlapped molecules (phosphoproteins; invasive DEPs) in
NFPAs. a The protein—protein interactions (PPIs) with combined scores
greater than 0.4 were selected to construct PPI network. b The entire PPI
network was analyzed using molecular complex detection (MCODE),

identified in invasive NFPAs (Table 7), including SCG3
(secretogranin-3), TSC2 (tuberin), ALB (serum albumin),
AKT1 (RAC-alpha serine/threonine-protein kinase), APOL1
(apolipoprotein L1), ACACA (acetyl-CoA carboxylase 1),
SPARCLI (SPARC-like protein 1), SLC2A4 (solute carrier
family 2 facilitated glucose transporter member 4), CHGB
(secretogranin-1), and IGFBPS5 (insulin-like growth factor-
binding protein 5). These hub molecules not only had the
differential expression at the mRNA level but also had the
changed level of phosphorylation. These hub molecules
assisted in improving the understanding of the key molecular
mechanisms underlying NFPA invasiveness, and the results
may help the further study of the biological mechanism of
NFPA invasive behavior. It also clearly demonstrated that
phosphorylation of these hub molecules played important
roles in NFPA invasive behavior; for example, phosphoryla-
tion occurred at residues Ser37 (ratio T/N = 0.46, P = 1.5E-04)
in SCG3; Ser1385, Ser1386, and Ser1387 in TSC2; Serg2
(ratio T/N = 0.74, P = 3.24E-04) in ALB; Serl122 and
Ser124 in AKT1; Ser352 (ratio T/N = 0.71, P = 5.33E-03)
and Ser355 (ratio T/N=0.71, P =5.33E-03) in APOL1; Ser29

@ Springer

and one module was obtained with module score = 5.778. The different
colored nodes represent different query proteins and first shell of
interactors. The white nodes represent second shell of interactors. The
empty nodes represent the proteins with unknown 3D structure. The
filled nodes represent the proteins with known or predicted 3D structure

(ratio of T/N =2.98, P = 6.08E-05) in ACACA; Ser76, Ser80
(ratio T/N = 0.24, P = 1.86E-05), Ser84 (ratio T/N=0.35, P =
5.38E-05), Ser92 (ratio T/N = 0.28, P = 1.91E-05), Ser198
(ratio T/N =0.89, P=1.92E-01), Ser231, Thr238, Ser240, and
Ser295 (ratio T/N = 0.57, P = 1.15E-053) in SPARCLI;
Thr486 and Ser488 in SLC2A4; and Thr123 in IGFBPS5;
and CHGB was phosphorylated at 50 residues (41 Ser, 5
Thr, and 4 Tyr residues) (Table 7). The hub molecules (phos-
phoproteins; invasive DEGs) SLC2A4 and TSC2 were in-
volved in insulin signaling pathway, ACACA was involved
in insulin signaling pathway and glucagon signaling pathway,
and AKTI1 was involved in insulin signaling pathway, gluca-
gon signaling pathway, cGMP-PKG signaling pathway, pro-
teoglycans in cancer, Fc gamma R-mediated phagocytosis,
estrogen signaling pathway, and platelet activation pathway
(Table 6). It clearly demonstrated that one signaling pathway
included multiple hub molecules, and one hub molecule was
involved in multiple signaling pathways, to display a real sig-
naling pathway network system in NFPA invasive behavior.
Those hub molecules played the crucial roles in the signaling
pathway network system in the invasive behavior of NFPAs,
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which might be the effective panel biomarker and
multitherapeutic targets for NFPA invasiveness.

Discussion

Phosphorylation is one of the important protein PTMs (rang-
ing from 400 to 600 PTMs in humans [16]) that cause the
diversity of proteins, namely proteoforms or protein species
[17]. Proteoform or protein species is defined as a primary
amino acid sequence + PTMs + spatial conformation + bind-
ing partners + cofactors + localization + a defined function
[17]. The number of proteoforms (at least 1,000,000
proteoforms in humans) is much more than the number of
transcripts (at least 100,000 transcripts in humans) and genes
(about 20,300 genes in humans) [32, 33]. Proteoform is the
basic unit in a proteome and is the final performer of gene
functions. In-depth investigation of proteoforms in human
proteome will directly benefit the discovery of reliable bio-
markers for accurate molecular mechanisms, therapeutic tar-
gets, personalized medicine, or precision medicine in human
pituitary adenomas [32]. Therefore, proteoforms have impor-
tant scientific merit in the entire medical science and life sci-
ence [34, 35]. The studies on PTMs directly benefit the char-
acterization of proteoforms. This study focused on
phosphoproteomic profiling in human NFPA tissues, which
belongs to our long-term research program in proteomics,
PTMs, and proteoforms in human pituitary adenomas. TMT
labeling-TiO, enrichment-LC-MS/MS was an effective
quantitative proteomics approach [36] and identified a total
of 2982 phosphorylation sites within 1035 phosphoproteins,
with quantitative information for 1660 (1660/2982 = 55.67%)
phosphorylation sites and qualitative information for 1322
(1322/2982 = 44.33%) phosphorylation sites, in NFPA tissues
relative to controls. It is the first large-scale phosphoproteomic
profiling of NFPAs with quantitative information, and those
identified phosphoproteins participated in multiple biological
process and signaling pathways, including cell—cell adherens
junction, cadherin binding involved in cell—cell adhesion,
cell—cell adhesion, SNARE interactions in vesicular transport,
SNAP receptor activity, SNARE complex, histone H2B
ubiquitination, histone monoubiquitination, endodermal cell
fate commitment, Cdc73/Pafl complex, myosin II complex
and filament, oxygen transporter activity, oxygen transport,
haptoglobin binding, haptoglobin—hemoglobin complex, he-
moglobin complex, cAMP-dependent protein kinase com-
plex, protein kinase A catalytic subunit binding, cAMP-
dependent protein kinase regulator activity, ESCRT III com-
plex disassembly, positive regulation of viral release from host
cell, and eukaryotic 43S preinitiation complex. Also, 31 sta-
tistically significant signaling pathways were mined with
KEGG pathway analysis from 1035 phosphoproteins in
NFPAs, including platelet activation, mRNA surveillance

pathway, RNA transport, spliceosome, endocytosis, proteo-
glycans in cancer, mTOR signaling pathway, insulin signaling
pathway, MAPK signaling pathway, SNARE interactions in
vesicular transport, gap junction, focal adhesion, glucagon
signaling pathway, estrogen signaling endoplasmic reticulum,
and GnRH signaling pathway. Those data provided the largest
phosphorylation profiling and phosphorylation-mediated sig-
naling pathway systems, which are the precious resource to
deeply investigate biological functions of protein phosphory-
lations in NFPAs, and identify the reliable and effective new
biomarkers for patient stratification, prognostic/predictive as-
sessment, and personalized treatment of NFPAs.

Tumor invasiveness is a very challenging clinical problem
in NFPAs, which causes the different therapeutic strategies
after neurosurgery [37-39]. Investigation of tumor invasive-
ness in NFPAs is always very interesting and meaningful.
Some researchers have focused on several 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) such as MMP-2 and
MMP-9, and their interacted complex molecular network in
human pituitary adenoma [4, 38, 40]. However, the world of
molecules of invasive NFPAs is very complex; these molecules
[4, 38, 40] are only the partial molecules, which cannot repre-
sent the entire molecular world of NFPA invasive behavior.
Multiomics-based molecular pathway networks [4, 15, 30]
are an effective strategy and approach to study NFPA invasive-
ness, and annotate the interactome in invasive NFPA, and also
are the real way to resolve its clinical invasiveness challenge,
for in-depth clarification of its molecular mechanism of NFPA
invasiveness and discovery of reliable invasiveness-related bio-
markers for diagnosis, prognostic/predictive assessment, and
therapeutic targets for personalized therapy [6, 7, 16, 41, 42].
This study used transcriptomics data between invasive NFPAs
and control pituitaries, from the public GEO database, which
was integrated with the identified phosphoprotein data. An o-
verlapped analysis between 1035 phosphoproteins and 2751
DEGs in invasive NFPAs relative to controls revealed 130
overlapped molecules (phosphoproteins; invasive DEGs).
Those 130 overlapped molecules were involved in multiple
biological processes, including cell-cell adherens and regula-
tion, platelet activation, GTPase signaling and regulation, mi-
crotubule and its regulation, protein kinase activity and
peptidyl-threonine phosphorylation, and calcium signaling
pathway and regulation. Thereby, those phosphoproteins par-
ticipated in the corresponding biological functions in NFPA
invasive behaviors. We have clearly demonstrated the impor-
tant roles of phosphorylation in invasive NFPA pathogenesis.

Furthermore, based on 130 overlapped molecules (phos-
phoproteins; invasive DEGs), 12 statistically significant sig-
naling pathways (Table 6; Supplemental Fig. 1) were identi-
fied to associate with tumor invasiveness, and the identified
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phosphoproteins were involved in these signaling pathways.
For example, the platelet activation pathway included phos-
phoproteins (invasive DEGs) AKT1, TLN2, STIM1, GNAS,
SNAP23, PRKGI1, ARHGEF12, ITPR1, ITPR2, and
ITGA2B; the vascular smooth muscle contraction pathway
included phosphoproteins (invasive DEGs) CALD1, GNAS,
PRKGI1, ARHGEF12, PRKCD, ITPR1, ARHGEF11, and
ITPR2; the estrogen signaling pathway included phosphopro-
teins (invasive DEGs) AKTI1, FKBPS5, GNAS, PRKCD,
ITPR1, and ITPR2; Fc gamma R-mediated phagocytosis in-
cluded phosphoproteins (invasive DEGs) AKT1, ASAP2,
ASAP1, MARCKS, and PRKCD; the glucagon signaling
pathway included phosphoproteins (invasive DEGs) AKT],
ACACA, GNAS, ITPR1, and ITPR2; proteoglycans in cancer
included phosphoproteins (invasive DEGs) AKT1, ANKI,
ARHGEF12, ITPR1, PXN, and ITPR2; the insulin signaling
pathway included phosphoproteins (invasive DEGs) AKTI,
PRKAR2B, SLC2A4, TSC2, and ACACA; the gap junction
pathway included phosphoproteins (invasive DEGs) GNAS,
PRKGI, ITPR1, and ITPR2; the cGMP-PKG signaling path-
way included phosphoproteins (invasive DEGs) AKTI,
SLC8A2, PRKGI, ITPR1, and ITPR2; the GnRH signaling
pathway included phosphoproteins (invasive DEGs) GNAS,
PRKCD, ITPR1, and ITPR2; inflammatory mediator regula-
tion of TRP channels included phosphoproteins (invasive
DEGs) GNAS, PRKCD, ITPR1, and ITPR2; and the calcium
signaling pathway included phosphoproteins (invasive DEGs)
SLC8A2, STIM1, GNAS, ITPR1, and ITPR2. These KEGG
signaling pathways formed the signaling pathway profiling of
NFPA invasive behavior and mutually interacted through hub
molecules. Interestingly, PPI network-based MCODE analy-
sis identified 10 hub molecules (phosphoproteins; DEGs) in
invasive NFPAs (Table 7; Fig. 3b), namely SLC2A4, TSC2,
AKTI, SCG3, ALB, APOL1, ACACA, SPARCL1, CHGB,
and IGFBPS5. Comparative analysis of these hub molecules
with the nodes of signaling pathways (Table 6;
Supplemental Fig. 1) found that one signaling pathway might
include multiple hub molecules, and one hub molecule might
be involved in multiple signaling pathways [43]; for example,
the insulin signaling pathway included hub molecules
SLC2A4, TSC2, and AKT1; and AKT1 was involved in in-
sulin signaling pathway, cGMP-PKG signaling pathway, glu-
cagon signaling pathway, estrogen signaling pathway, platelet
activation pathway, Fc gamma R-mediated phagocytosis, and
proteoglycans in cancer. These signaling pathways and hub
molecules formed the real signaling pathway network system
for NFPA invasive behavior, which is offering great promise
to clarify the molecular mechanisms of NFPA invasive behav-
ior; determine the effective panel of biomarkers [11] for pa-
tient stratification, prognostic/predictive assessment, and per-
sonalized treatment of invasive NFPAs; and discover
multitherapeutic targets for personalized therapy for patients
suffering of invasive NFPAs [44-46].
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Currently, the diagnosis of NFPA invasive behaviors main-
ly relies on tumor morphological changes observed by neuro-
surgery and nuclear magnetic resonance (NMR) image chang-
es at its middle or late stages, and it is very difficult to deter-
mine its invasiveness at its early stage [9, 10]. Even at its
middle or late stages, NMR image and morphological
change-based diagnosis of invasive behavior of NFPAs are
also not fully accurate. In this study, the identified invasive-
ness-related, phosphorylation-mediated signaling pathways
and pathway network-based hub molecules (phosphoproteins;
invasive DEGs) have the potential for establishing panel of
biomarkers allowing early prediction of invasive behavior and
focusing on therapeutic targets to prevent its progression and
accurate prognostic/predictive assessment of invasive behav-
ior after neurosurgery, in order to personalize the treatment of
invasive NFPA patients. Here, 10 pathway—network-based
hub molecules (phosphoproteins; invasive DEGs) were taken
for further discussion in the context of PPPM in invasive
NFPAs. AKT1 is a crucial component in the PI3K—Akt sig-
naling pathway that is required for VEGF-A mRNA expres-
sion in GH3 cells induced by 17alpha-estradiol [47], and the
anticancer drug precursor methylseleninic acid (MSeA) can
decrease AKT phosphorylation to inhibit the growth and sur-
vival of human umbilical vein endothelial cells [48], and
AKTI1-mutant estrogen receptor (ER)-positive metastatic
breast cancer has a longer survival duration on mTOR inhib-
itor therapy [49]. Thus, AKT is an important therapeutic target
potentially capable of improving the treatment results of solid
tumors [50]. ACACA is acetyl-CoA carboxylase 1 that cata-
lyzes the ATP-dependent carboxylation of acetyl-CoA, a rate-
limiting step in fatty acid biosynthesis [51]. A study found that
ACACA is a potent therapeutic target for anticancer therapy
[52]. Also, phospho-ACACA protein is an independent
prognostic/predictive factor for human gastric cancer without
lymph node metastasis [53]. TSC2, tuberin, is a well-known
suppressor of the mTOR pathway [54]. SPARCLI1 can sup-
press cancer metastasis and recruit macrophases by activation
of canonical WNT/[3-catenin signaling [55], or it can suppress
cancer cell proliferation and migration via the MEK/ERK sig-
naling [56]. SLC2A4, namely solute carrier family 2 facilitat-
ed glucose transporter member 4, encodes glucose transporter
4 protein (GLUT4), which has been identified as a promising
therapeutic target for cancer, because the putative antimicro-
bial peptides (AMPs) can serve as a therapeutic drug in
treating cancer by inhibiting SLC2A4 that is responsible for
the production of energy for cancer cells during angiogenesis
[57]. IGFBPS is the insulin-like growth factor binding protein
5, which acts as a tumor suppressor, and is often dysregulated
in human cancers to associate with tumorigenicity and metas-
tasis; thus, IGFBP5 might be a novel therapeutic target for
human melanoma [58, 59]. Furthermore, clinical findings
demonstrate the potential of IGFBPS as an effective biomark-
er predicting the response to therapy and clinical outcome of
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cancer patients [60]. SCG3 is secretogranin-3 [61, 62], CHGB
is secretogranin-1 [63, 64], ALB is serum albumin [65, 66],
and APOL1 is apolipoprotein L1 [67-69]; these molecules
were found to be phosphorylated in this study, and they can
be secreted into body fluid thus having the potential for the
early prediction and prognostic assessment of invasive behav-
ior of NFPAs from the molecular view of point.

Thereby, PTMs are the main factor to result in
proteoforms—the final functional forms of a gene/protein. In
the context of proteoforms, we focused on an important
PTM—phosphorylation that is involved in many biological
processes and cell signaling transductions, in NFPA patho-
genesis. Further, we integrated the phosphoproteomics and
transcriptomics data in invasive NFPAs to obtain
phosphorylation-mediated molecular events in invasive
NFPAs, which is the precious resource to (i) benefit the un-
derstanding of molecular mechanisms of NFPA invasive be-
havior, (ii) discover effective therapeutic targets to prevent the
occurrence and progression of invasive NFPAs, and (iii) de-
velop effective phosphorylation-related biomarkers for
prognostic/predictive assessment to stratify NFPA patients in-
to invasive and noninvasive groups who will undergo person-
alized therapeutic approaches after neurosurgery. This study
may serve as an example of effective contribution to the par-
adigm shift from experimental medicine to PPPM in pituitary
adenomas.

Strength and limitation

This study provided the first large-scale phosphoproteomic
profiling with 2982 phosphorylation sites within 1035 phos-
phoproteins in NFPAs and the corresponding
phosphorylation-mediated functional characteristics and sig-
naling pathway networks. Moreover, 1035 phosphoproteins
were integrated with transcriptomics data (2751 DEGs) in
invasive NFPAs relative to controls, which obtained 130 o-
verlapped molecules (phosphoproteins; invasive DEGs),
followed by pathway network analysis to obtain 12 statistical-
ly significant signaling pathways and 10 hub molecules asso-
ciated with NFPA invasive behaviors. These findings offer an
increasing promise for insights into the molecular mecha-
nisms, determination of effective therapeutic targets, and dis-
covery of effective pathway network-based panel of bio-
markers for patient stratification, prognostic/predictive assess-
ment, and personalized treatment of NFPA patients. However,
one must realize that those phosphoproteomic data (4 NFPAs
vs. 4 controls) and transcriptomics (4 invasive NFPAs vs. 3
controls from GEO database) were derived from a limited
sample size. In order to transit those findings into routine
practice, a significantly expanded sample size will be needed
to further validate and study in detail the molecular mecha-
nisms, functional roles, and potentially therapeutic targets of
these identified phosphorylation-involved signaling pathways

and hub molecules in NFPA patients. One should also try their
best to address the signaling pathway alterations at the
proteoform level for real evidence-based PPPM in invasive
NFPAs.

Moreover, one should note the potential bias resource of
phosphoproteomics analysis due to the different ethnic origin
of the samples. Because the post-mortem control pituitary
tissue samples were very difficult to be obtained, this
phosphoproteomics study used control pituitary tissues from
three subjects from the USA of Caucasian ethnic origin and
one subject of African-American ethnic origin, and NFPA
tissues from 4 Chinese patients (Table 1). It is also important
to emphasize yet another limitation as a source of potential
differences in phosphorylation—it is the fact that all control
samples were taken post-mortem, while NFPA tissues were
taken as biopsies from the living patients. For future thorough
investigation of phosphorylation level of each phosphoprotein
in NFPAs and control pituitary tissues, we would recommend
to investigate the variations of phosphorylation levels among
different ethnic origin of the samples (American Caucasian,
African-American, and Chinese tissue samples). However, for
transcriptomics data (DEG data) between 4 invasive NFPAs
and 3 control pituitary tissues in the GEO database, these
NFPAs and control pituitary tissue samples were from the
same ethnic origin. After the overlapped analysis of phos-
phoproteins and DEG data, the bias of phosphoproteomics
derived from ethnic origin of samples would be adjusted.
Also, our previous study investigated the heterogeneity of
human control pituitary proteome and identified differen-
tially expressed proteins (DEPs) in the group of different
genders (male vs. female), in the group of different ages
(30-, 40-, and 50-year-old groups), and in the group of
different ethnic origin (white vs. black), of control pitui-
tary tissues [70]. The heterogeneity of human control pi-
tuitary proteomes did not significantly affect the differ-
ences (DEPs) between NFPAs and control pituitary tis-
sues [71, 72]. It clearly indicated that the pituitary adeno-
ma disease-induced differences might be much larger
than, or different from, the gender-, age-, and ethnic
origin-induced differences, or the potential differences
arising from the type of the tissue origin (post-mortem
vs. biopsies), in pituitary tissue proteome, which might
help to assure our phosphoproteomics results.

Conclusions and expert recommendation

Protein phosphorylation is an important molecular event in the
pathological process of NFPA. This study is the first report to
provide the large-scale phosphorylation site profiling with
quantitative information and the potential biological functions
of protein phosphorylation in human NFPA tissues relative to
controls, with TMT-labeled TiO, enrichment-LC-MS/MS
method, bioinformatics, and pathway network analysis.
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A total of 2982 phosphorylation sites within 1035 phos-
phoproteins and their involved functional characteristics
and signaling pathways were identified in NFPAs.
Further, the identified phosphoproteins in NFPAs were
integrated with DEG data in invasive NFPAs relative to
controls, which revealed a set of overlapped molecules
(phosphoproteins; invasive DEGs), followed by analysis
of functional characteristics and signaling pathway alter-
ations of those overlapped molecules to reveal the impor-
tant protein phosphorylation in the pathological process of
invasive NFPAs. A total of 130 overlapped molecules
(phosphoproteins; invasive DEGs) and their functional
characteristics were revealed, and 12 statistically signifi-
cant signaling pathways were identified to associate the
invasive characteristics of invasive NFPAs. Ten hub mol-
ecules (phosphoproteins; DEGs) were identified with PPI
network-based MCODE analysis in invasive NFPAs, in-
cluding SLC2A4, TSC2, AKT1, SCG3, ALB, APOLI,
ACACA, SPARCLI1, CHGB, and IGFBPS5. Those find-
ings are the precious resource for new phosphoprotein
biomarkers to take deep insight into the molecular mech-
anisms of NFPAs, prognostic/predictive assessment, pa-
tient stratification, and personalized treatment of invasive
NFPAs, which might contribute to the development of
PPPM in pituitary adenomas [45, 46, 73, 74].

We recommend to strengthen the studies of the large-
scale phosphoproteins and their involved signaling pathways
in NFPA pathogenesis, and to integrate phosphoproteomics
data and transcriptomics data [15, 74] for invasive NFPAs to
discover reliable and effective phosphoprotein biomarkers
for molecular mechanism clarification of NFPA invasive
behavior. These invasiveness-related phosphoprotein bio-
markers might be used to discriminate invasive NFPAs from
noninvasive NFPAs for patient stratification. The stratified
patients (invasive vs. noninvasive NFPAs) will accept the
corresponding prognostic assessment and personalized treat-
ment, which will directly contribute to the predictive medi-
cine and personalized medicine in NFPAs. Further, the
invasiveness-related biomarkers might benefit the early-
stage diagnostics of invasive NFPAs to let invasive NFPA
patients undergo an early-stage medical treatment and pre-
vent its progression, or the invasiveness-specific biomarkers
might be developed into therapeutic targets for personalized
drug treatment to prevent the occurrence and progression of
NFPA invasive behavior. These will directly contribute to
the predictive, preventive, and personalized medicine ap-
plied in NFPA patients.
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