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Abstract
Pituitary neuroendocrine tumors (PitNETs) are the second most common type of intracranial neoplasia. Since their manifestation
usually causes hormone hypersecretion, effective management of PitNETs is indisputably necessary. Most of the non-
functioning PitNETs pose a real challenge in diagnosis as they grow without giving any signs. Despite the good response of
prolactinomas to dopamine agonist therapy, some of these tumors persist or recur; also, about 20% are resistant and 10% behave
aggressively. The silent corticotropinomas may not cause symptoms until the tumor mass causes a complication. In
somatotropinomas, the possibility of recurrence after transsphenoidal resection is more common in pediatric patients than in
adult patients. Therefore, detection of tumors at early stages or identification of recurrence and remission after transsphenoidal
surgery would allow wiser management of the disease. Extensive studies have been performed to uncover potential signatures
that can be used for preventive diagnosis and/or prognosis of PitNETs as well as for targeted therapy. These molecular signatures
at multiple biological levels hold promise for the convergence of preventive approaches and patient-centered disease manage-
ment and offer potential therapeutic strategies. In this review, we provide an overview of the omics-based biomarker research and
highlight the multi-omics signatures that have been proposed as pitNET biomarkers. In addition, understanding the multi-omics
data integration of current biomarker discovery strategies was discussed in terms of preventive, predictive, and personalized
medicine. The topics discussed in this review will help to develop broader visions for pitNET research, diagnosis, and therapy,
particularly in the context of personalized medicine.
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Introduction

PitNETs were considered a rare condition in the past, but as
the number of patients diagnosed is increasing day by day, it
seems to be becoming a common disorder [1]. Although these
tumors usually behave benignly, some of them have invasive
and aggressive features [2]. Moreover, a significant number of
patients do not respond to currently used medical therapies

including somatostatin analogs (SSAs) or dopamine agonists
(DA) [3–5]. Despite these challenging characteristics of
PitNETs, previous developments in high-throughput technol-
ogies have led to the identification of pitNET-specific bio-
markers using genomics, transcriptomics, proteomics,
epigenomics, and glycomics. The systems biomedicine per-
spective can illuminate biomarker discovery by integrating
multi-omics data and provide predictive diagnostics, targeted
prevention, and personalization of medical services.

Cancer biomarkers play a crucial role in revealing tumor
proliferation, progression, invasion and metastasis and could
be associated with disease prevention, diagnosis and treatment
[6]. The main goal of precision oncology is to decipher mo-
lecular mechanisms to efficiently control tumor behavior and
its heterogeneity, and to translate these findings into useful
means to treat the disease. Translational medicine is a prom-
ising bridge between predictive, preventive, and personalized
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medicine (PPPM or 3PM) science and their real-life
application/implementation [7].

In the era of precision medicine, “All for one and one for
all” becomes a naïve slogan regarding the heterogeneity of
each disease and the variety of lifestyles of the patients.
Therefore, person-centered medicine requires logical ap-
proaches and validated strategies to reach the desired level
of wisdom in health care [7]. This could be possible by the
way of the right patient that is treated with the right medication
and dose at the right time. To reach this goal an integrative
medical approach to improve health care services is a multi-
disciplinary duty that is composed of cooperation between
research, business, and politics [8].

In the last decade, we have witnessed extensive and
accelerated advances in omics research related to the anal-
ysis of the genome, transcriptome, proteome, metabolome,
glycome, metagenome, and epigenome in normal and dis-
ease states [9–17]. The growing number of omics-driven
studies has provided unparalleled insights into elucidating
the molecular mechanisms and key alterations behind each
disease. Moreover, the ability to decipher the changes in
each phase of omics that affect our understanding of dis-
ease pathogenesis and progression has greatly increased.
At this point, pattern recognition, an efficient framework
to uncover key molecules/panels in cancer, is a crucial
concept that should be expressed. Pattern recognition can
be described as the use of a set of patterns consisting of
different types of biomarkers to increase the accuracy and
specificity of tumor prediction, diagnosis, prognosis, and
prevention/therapy [6]. The pattern can consist of bio-
markers from different omics and can also be combined
to form an integrative pattern that leads to the detection of
the disease. We now know that, except in certain diseases,
each omics stage, either alone or mostly in harmony, has
elucidated clinical course, disease progression, and thera-
peutic efficacy. In addition to the omics-driven repertoire

of identified changes, their consequences at the different
omics levels could pave the way for logical, systems-
based approaches and smart methods to predictive diag-
nostics, targeted prevention, and personalized treatment
modalities to cure the disease [9, 18–21].

In this study, we present a systems biomedicine-oriented
literature review of the current status of pitNET biomarkers
with respect to different omics levels (Fig. 1 and Table 1). We
reported biomarkers of PitNETs, some of which have been
associated with prediction, diagnostic/prognostic evaluation,
some as therapeutic targets, and some with the molecular
mechanism of PitNETs. In addition, we highlighted how the
integration of multi-omics data can uncover novel biomarkers
that can be to implement preventive, predictive and personal-
ized medicine strategies used in the future and presented ex-
pert recommendations.

Genomic signatures

With the advent in the era of high-throughput techniques,
including next-generation sequencing, genome-level research
has peaked and revolutionized molecular science into a deeper
horizon where every step of the central dogma is illuminated.
At the DNA level, the determination of potential biomarkers
leading to the elucidation of disease mechanisms and stratifi-
cation of patients is possible via the identification of chromo-
somal aberrations, single nucleotide polymorphisms (SNPs),
or copy number variations. In somatotrophic PitNETs, a mu-
tation of GHR was found (histidine to leucine substitution in
codon 49) that negatively affects receptor activation, matura-
tion, GH binding, and signal transduction [22]. This mutation
has also been associated with the responsiveness to pharma-
cotherapy, which provided well-matched therapeutic regi-
mens via molecular and morphological studies. In another

Fig. 1 A conceptual workflow of retrieving disease biomarkers from a variety of “omics” levels
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study, aGNASmutation was found in somatotrophic PitNETs
[23]. The GRB10 mutations in somatotrophic PitNETs have
been linked to the pathogenesis of these tumors [27].

Recurrent mutations in the USP8 and PABPC1 genes have
been reported for corticotrophic PitNETs [23]. An exome se-
quencing study of corticotrophic PitNETs identified somatic mu-
tations in theUSP8 gene [24]. Thesemutations have been report-
ed to increase proteolytic cleavage and cause high
deubiquitination activity, leading to accumulation of EGFR—a
cellular substrate of USP8-, which in turn leads to increased
plasma ACTH levels [24]. A novel truncation mutation in
corticotrophic PitNETs was found in the NR3C1 gene, which
is an unusual player in PitNET pathogenesis [27].

No notable recurrent mutations have been reported in NF-
PitNETs [23]. In plurihormonal PitNETs that produced growth
and prolactin hormones, two novel loss-of-function mutations
were identified. In a whole-exome sequencing study that includ-
ed all subtypes of PitNETs, patients carrying a MEN1 mutation
accounted for 42%. It has been reported that MEN1 mutation
carriers may be more aggressive than non-MEN1 patients [25].
Moreover, MEN1 affects cell cycle dysregulations and correlates
with more aggressive behavior in PitNETs [26].KIF5A has been
found to be recurrently mutated in PitNETs [27].

PIK3CA is an important oncogene in various cancers and
has also been studied in PitNETs for the effects of mutations
and insertions [16]. Somatic mutations in PIK3CA have been
associated with tumor invasiveness and recurrence.

The presented genome-level biomarkers of PitNETs generally
reveal disease mechanism-associated features such as biological
behavior and pathogenesis. These efforts could lead to understand-
ing broader visions related to personalization of medical services,
as each signaturemay vary from individual to individual. Through
increasing efforts, great progress has been made in genome-level
research for PitNETs. However, these reported mutations may not
be the sole cause of tumorigenesis, so adopting mutations as the
sole diagnostic marker for PitNETs would not lead to influential
management of the disease. Integration of genomic data with
transcriptomic, proteomic, or other types of omic data is needed
to gain broader visions for PitNETs.

Epigenomic signatures

DNA methylation and histone modification are two critical com-
ponents of the epigenome that result in altered expression of genes,
including those involved in cell growth or immune response.
DNA methylation is the addition of the methyl group to DNA
bases, which normally silences the gene. Histone modification is
a covalent posttranslationalmodification (PTM) to histone proteins
that includes methylation, acetylation, ubiquitylation, phosphory-
lation, and sumoylation of histones. These epigenetic changes can
lead to malignant cell transformation and contribute to tumorigen-
esis through activation of oncogenes or inactivation of tumor

suppressors. Epigenetic abnormalities can lead to changes in the
phenotype of PitNETs, and therefore, studies on these changes can
help in the stratification of PitNETs. Moreover, unlike genetic
mutations, epigenetic aberrations have the potential to be reversed
and normalized by epigenetic therapy, making such interventions
promising and therapeutically useful [80].

There are several biomarker-targeted studies based on meth-
ylation profiling being conducted by several initiatives from dif-
ferent countries to provide the most appropriate personalized
therapy for PitNET patients (Table 1). Remarkable methylation
analysis in PitNETs was performed by Kober et al. who demon-
strated DNA hypermethylation in SFN, STAT5A, DUSP1,
PTPRE, and FGFR2 genes and the effect of methylation on
reducing the expression level of these genes in NF-PitNET pa-
tients, suggesting a role of aberrant DNA methylation in the
pathogenesis of NF-PitNETs [29]. Their results suggest the in-
fluence of aberrant DNA methylation in the dysregulation of
cancer-related signaling pathways and the pathogenesis of NF-
PitNETs. Another study was designed by Cheng et al. who inte-
grated methylation patterns of genes andmRNA profiles to iden-
tify key genes involved in tumor invasiveness. They discovered
increased methylation with decreased expression of PHYHD1,
LTBR, C22orf42, PRR5, ANKDD1A, RAB13, CAMKV, KIFC3,
WNT4, and STAT6, and decreased methylation with increased
expression ofMYBPHL, suggesting that the invasive behavior of
tumors is due to aberrations in the methylation status of these
genes in NF-PitNETs [10]. The correlation with CpG hyperme-
thylation and downregulation of the GSTP1 gene was found
strikingly significant in a study using methylation-specific poly-
merase chain reaction (MS-PCR) and immunohistochemical
methods in PitNETs [35]. They concluded that GSTP1 inactiva-
tion by CpG hypermethylation may be highly involved in the
aggressiveness of pituitary tumors. In a study based on methyl-
ation patterns of tumor suppressor genes, García-Martínez et al.
showed that DNA methylation of tumor suppressor genes has a
selective effect on their expression patterns and invasive behavior
of PitNETs [15]. Their study revealed different methylation pro-
files of TP73, MSH6, CADM1, ESR1, RASSF1, and CASP8
genes among PitNET subtypes. Therefore, they suggested that
subtypes of PitNETs should be considered distinct entities and
molecular clinical trials must be designed considering their dif-
ferences. This approach might provide personalization of clinical
management of each case. Another study also concluded that
changes in the methylome profile are responsible for the inva-
siveness of PitNET subtypes [30]. They also claim that the dif-
ferential DNA methylome profile of PitNETs, which indicates
tumor invasion, correlates with cell adhesion. The other major
finding of their study was significant downregulation of the
GALNT9 gene independent of DNA methylation in invasive
PAs. KCNAB2 is known for its role in ion channel activity sig-
naling pathways and it has been reported that hypermethylation
of the KCNAB2 promoter may be associated with the endocrine-
inactive status of NF-PitNETs [34].
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In an animal study, Zhu et al. suggested that histone meth-
ylation and DNA methylation likely have a reinforcing rela-
tionship, as both are involved in the control of Ikaros (Ik) gene
expression in PitNETs [32]. In another animal study focusing
on the strategy of silencing DNA methyltransferase (cytosine
5)-1 (DNMT1), Dudley et al. showed that decreased expres-
sion of NNAT and S100A10 genes was associated with in-
creased CpG methylation in the murine PitNET cell line
AtT-20 [31]. Supportive results were reported in a study that
investigated the role of DNMT1 and DNMT3A in tumor sup-
pressor gene promoter methylation leading to PitNET inva-
sion [33].

A study on the pangenomic classification of PitNETs
showed that PitNETs from the POU1F1/PIT1 lineage
are associated with common DNA hypomethylation
[25]. Salomon et al. designed a study integrating gene
expression profiling and epigenetic analysis to gain a
deeper understanding of how various omic-level changes
interact in PitNETs. This integrated study reported that
hypomethylation of promoter regions is associated with
increased expression of the GH1, GH2, and SSTR5
genes in GH-secreting PitNETs and the POMC gene
in ACTH-secreting PitNETs. Their results support the
notion that each subtype is unique and should be eval-
uated considering the disease-specific etiology in
PitNETs [23].

Duong et al. investigated the causal relationship between
the reduced expression pattern of the EFEMP1 gene and tu-
morigenesis of PitNET subtypes from an epigenetic perspec-
tive using the ChIP method. ChIP analysis revealed enrich-
ment for the histone modification H3K27Me3 and depletion
of the H3K9Ac modification as associated with reduced ex-
pression of EFEMP1 in a subtype-independent manner [37].
The tumor suppressor gene RIZ1 directly represses the expres-
sion of the c-MYC gene and also has great potential for histone
methylation. Methylation of the promoter region of RIZ1may
play an important role in epigenetic silencing of RIZ1 expres-
sion, thereby altering histone methylation of H3K4 and
H3K27 in pituitary tumors [36]. Another study integrating
ChIP array and RNA sequencing methods reported that his-
tone citrullination represses the expression of microRNAs let-
7c-2, 23b, and 29c, which directly target the mRNA of onco-
genes encoding HMGA, IGF-1, and N-MYC, which play a
significant role in the pathogenesis of human prolactinoma/
somatoprolactinoma [13].

Most of the reported epigenomic signatures were as-
sociated with the molecular mechanisms of PitNETs and
provided a deeper understanding of the pathogenesis of
the disease. The remaining epigenomic signatures were
associated with disease progression and tumor behavior,
which could be useful for personalizing the treatment of
the disease by providing the ability to distinguish each
patient from another.

Transcriptomic signatures

Analysis of protein-coding RNA profiles of different PitNETs
has been performed to look for disease-related alterations,
whereupon comparative studies between tumor and healthy
counterpart tissues have gained great potential as they allow
to identify of differences between these two stages. Several
studies have reported many potential biomarkers for progno-
sis, diagnosis, and treatment (Table 1). With the implementa-
tion of microarray and RNA sequencing (RNA-seq) technol-
ogies, it is now possible to further decipher the molecular
alterations that contribute to the development of these tumors,
their progression, therapeutic response, and resistance, ac-
cording to the molecular basis. In this section, significantly
altered molecules as biomarkers not only mRNAs but also
non-coding RNAs such as long non-coding RNAs
(lncRNAs), microRNAs (miRNAs), and circular RNAs
(circRNAs) were presented at transcriptome level for different
subtypes of PitNETs.

Coding RNAs Concerning prolactinoma, microarray studies
have revealed disease-related mRNA biomarkers [38–40].
TLE4, ANGPT1, DNAJB5, and NOTCH3 were significantly
upregulated in microarray mRNA profiling, whereas
TGFBR3was downregulated. qRT-PCR analysis of these five
genes confirmed their aberrant expression, with TLE4,
ANGPT1, DNAJB5, and NOTCH3 were significantly upregu-
lated 15- to 34-fold, and TGFB3 downregulated 8-fold in
prolactinomas compared with normal pituitary controls [38].
In another study, microarray data from rats showed that
PTTG1, EGF, EGFR, E2F1,MYC,CCNB1, andCCNB2were
abnormally expressed in prolactinomas. Among these genes,
GHRHR and MYC showed convergent expressions between
human prolactinomas and rat models [39]. Wierinckx and
colleagues reported nine genes confirmed with qRT-PCR to
be involved in invasion (ADAMTS6, CRMP1, and
DCAMKL3), proliferation (PTTG, ASK, CCNB1, AURKB,
and CENPE), or pituitary differentiation (PITX1). These
genes, with the exception of PITX1, have also been associated
with tumor persistence and resistance [40].

When we consider NF-PitNETs, more studies have been
performed using bothmicroarray and RNA-seq methods com-
pared to prolactinomas [9, 17, 30, 42–45]. In one RNA-seq
profiling study, tumors were classified into subgroups as slow
and fast-growing based on tumor volume doubling time. In
the same study, MTDH (metadherin) was found to be an im-
portant factor in tumor aggressiveness and was proposed as a
promising biomarker for fast-growing tumors. Moreover,
MTDH has been suggested as a potential drug target [42].
More recently, a differential co-expression network was re-
constructed to evaluate the invasiveness-related signatures of
NF-PitNETs and co-expressed and co-regulated mRNA mod-
ules were proposed as potential system biomarkers for
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prognosis and invasiveness of NF-PitNETs [9]. CEACAM6,
CYP4B1, EIF2S2, HID1, IFFO1,MYO18A, PDCD2, SGIP1,
and SWSAP1 have been suggested as prognostic biomarkers
and potential therapeutic targets in future studies [6]. The in-
vasiveness of NF-PitNETs was also investigated in another
microarray study. The expression patterns of MYO5A and
IGFBP5 confirmed by qRT-PCR were able to distinguish
grossly invasive from non-invasive tumors. The upregulation
of the protein level of MYO5A was also reported and sug-
gested as a marker of invasiveness [27]. In another study,
the expression of GALNT9 was significantly downregulated
in invasive NF-PitNETs and may predict tumor invasiveness
or recurrent growth features [30]. Survivin (encoded by
BIRC5 gene) is another proposed therapeutic biomarker that
has been upregulated in NF-PitNETs [44]. The low-level ex-
pressions of IL-6, STAT3, POUF1, and BCL6 genes have been
linked to the hormone- and immune-related signaling path-
ways that promote the occurrence of PitNETs [45].
Microarray analysis of NF-PitNETs revealed aberrant expres-
sions of SFRP1, TLE2, PITX2, NOTCH3, and DLK1, which
were associated with the developmental Wnt and Notch sig-
naling pathways, suggesting these genes as therapeutic targets
in terms of enhancing Notch signaling [17].

In a recent comprehensive study to elucidate the
pangenomic classification of PitNETs, silent corticotrophic
PitNETs exhibited corticotrophic and gonadotrophic signatures
such as GATA3 and NR5A1 [25]. Another integrated bioinfor-
matics analysis of PitNETs revealed ten hub genes, including
PHLPP, ENO2, ACTR1A, EHHADH, EHMT2, FOXO1,DLD,
CCT2, CSNK1D, and CETN2, which have been proposed as
potential biomarkers with diagnostic value in PitNETs [46].
The expression of MMP-9 has been reported to distinguish
invasive PitNETs from non-invasive ones, even in the early
stages of invasiveness. Moreover, MMP-9 has been proposed
as a potential biomarker to predict the invasive behavior of
PitNETs and as a therapeutic target to control dural invasion
[47]. Differential expression of LGALS3, hASH1, ID2, and
TLE-4 genes was found to play an essential role in the devel-
opment of pituitary carcinomas [48]. In another study, a novel
direct data integration strategy was used to comprehensively
identify PitNET markers and GAL, LMO4, STAT3, PD-L1,
TGFB, and TGFBR3 were suggested as promising target can-
didates for the development of PitNET immunotherapy [49].
Overexpression of DNA methyltransferases (DNMTs) has also
been detected in PitNETs. DNMT1 expression was found sig-
nificantly increased in macroadenomas and invasive tumors.
DNMT3A expression was also detected at elevated levels in
invasive tumors and grade IV tumors. There was also a signif-
icant association between DNMT1-DNMT3A and high-
methylation status after adjusting for clinicopathological fea-
tures. Therefore, upregulation of DNMT1 and DNMT3A has
been associated with aggressive tumor behavior and high-
methylation status in PitNETs [33].

With respect to null cell adenomas, a microarray study
reported that SYT, ATP5B, andMDH1 were upregulated com-
pared to normal pituitary and suggested as genes with poten-
tial oncogenic significance [51]. In another study comparing
gonadotrophic and null cell tumors with healthy pituitary, up-
regulation of GADD45β was reported. It was associated with
tumor suppression, decreased colony formation, and blockage
of proliferation in mouse gonadotrophic cells. Moreover,
GADD45β has been proposed as a novel pituitary tumor sup-
pressor [50].

miRNAs miRNAs are small non-coding RNAs and are classi-
fied as regulatory molecules essential for development and
viability [81]. Based on the increasing evidence about
miRNAs, their aberrant expression is associated with human
diseases, including cancer, and they have been investigated as
candidate cancer biomarkers for the diagnosis, prognosis, and
treatment of various cancers [82]. Several miRNAs have been
proposed as promising biomarkers contributing to diagnosis,
prognosis, prediction of progression/recurrence/remission,
and postoperative outcomes for PitNETs [83].

Among the different PitNET types, a large number of
miRNAs have been reported as biomarkers, including miR-
15a, miR-16, miR-133 [52, 57, 59]. In one of the recent stud-
ies conducted by Neou and colleagues (2020), thyrotrophic
tumors exhibited higher expression of a particular miRNA
cluster (including MEG3 and other 84 miRNAs) among all
subtypes of PitNETs, whereas another miRNA cluster
(miR532-let7 and other 16 miRNAs) was expressed at lower
levels in the same tumor subtype [25]. Moreover, the expres-
sion of four miRNAs, including miR-574, miR-195, miR-
497-5p, and let-7b, was found to negatively correlate with
DNA methylation status in thyrotrophic tumors.
Differentially expressed miRNAs including miR-212, miR-
026a, miR-150, miR-152, miR-191, and miR-192 were
overexpressed, while miR-024-1 and miR-098 were downreg-
ulated in pitNET samples compared to healthy pituitary tis-
sues. These miRNAs were described as inducers of tumor cell
proliferation [52]. Moreover, miR-15a and miR-16-1 were
found to be downregulated in PitNETs and associated with
tumor growth via an increase in tumor diameter and p43 se-
cretion [53].

miR-516a-3p, miR-93, and miR20a were significantly up-
regulated and associated with decreased expression of tumor
suppression protein Wee1 in NF-PitNETs and gonadotrophic
tumors. The significantly upregulated miR-128a, miR-516a-
3p, and miR-155 also targeted Wee1 and downregulated its
expression in hormonally silent and gonadotrophic PitNETs
[54]. Among the six most dysregulated differentially
expressed miRNAs, hsa-miR-181b-5p, hsa-miR-181d, hsa-
miR-191-3p, and hsa-miR-598 were found upregulated and
hsa-miR-3676-5p and hsa-miR-383 were downregulated.
The expression of hsa-miR-181a-5p was further verified by
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qRT-PCR, and the results suggested hsa-miR-181a-5p as an
effect ive biomarker and therapeut ic target [55] .
Overexpression of miR-424-5p was associated with suppres-
sion of proliferation, migration, and invasion, and promoted
apoptosis of invasive PitNET cells [56].

In the case of invasive PitNETs, miR-132 and miR-15a/16
were found downregulated in invasive pituitary tumor tissues
and reported as tumor suppressors via inhibition of cell pro-
liferation, migration, and invasion. Therefore, these miRNAs
have also been described as potential therapeutic targets for
invasive PitNETs [57]. Another study focusing on the inva-
siveness of PitNETs identified upregulation of miR-106b in
invasive tumors. Inhibition of miR-106b significantly de-
creased tumor cell proliferation by cell cycle arrest and tumor
invasiveness. It also increased PTEN expression, which af-
fected tumor cell migration and invasion via the PI3K/AKT
pathway and MMP-9 activity [58]. In addition to miR-106b,
miR-133 was also reported for inhibiting migration and inva-
siveness in PitNETs. The miR-133 was negatively associated
with FOXC1, whose suppressed expression destroyed the in-
creased migration and invasion ability of tumors; thus, miR-
133 was proposed as a potential therapeutic target for the
treatment of invasive PitNETs [59].

Exosomal RNAs Exosomes are small extracellular vesicles and
contain proteins, lipids, and nucleic acids. In addition to var-
ious cell types, tumor cells also secrete exosomes. Therefore,
exosomes are promising molecules for the study of disease
mechanisms. In addition, exome-based therapeutics are now
frequently used as part of personalized medicine approaches.
In a recent study, exosomal RNAs from serum samples of NF-
PitNET patients were used to investigate the effects of serum
exosomes on the invasiveness of NF-PitNETs, and CDK6 and
RHOU were detected as invasiveness markers [60].
Moreover, the elevation of exosomal miR-21 isolated from
somatotrophic PitNETs and GH3 cells was found to increase
osteoblast maturation, matrix protein secretion, and minerali-
zation in vitro. Therefore, miR-21 has a function in the path-
ogenesis of acromegaly and has been proposed as a new po-
tential therapeutic target [61]. More recently, miR-149-5p and
miR-99a have been reported as tumor suppressors for invasive
PitNETs and have been proposed as therapeutic agents in the
form of exosomes [62].

LncRNAs LncRNAs are a class of cellular RNAs and are more
than 200 base pairs long. They have also evolved in essential
basic biological processes. Increasing efforts have indicated
that lncRNAs have great potential as diagnostic, prognostic
biomarkers, and therapeutic targets in various diseases, in-
cluding cancer [84].

In somatotrophic PitNETs, the expression of lncRNA H19
was found remarkably upregulated in invasive somatotrophic
PitNETs and suggested as a potential target for invasiveness

research [63]. RPSAP52 is a novel lncRNA targeting the
HMGA2 gene. It was searched in somatotrophic PitNETs
and found variable expression in somatotrophic tumors, while
it was significantly upregulated in gonadotrophic and
lactotrophic tumors. It has been reported that RPSAP52 con-
tributes to tumorigenesis and has been accepted as an essential
player for the development of PitNETs via affecting oncogen-
ic proteins such as HMGA1 and HMGA2 [12]. In lactotrophic
tumors, significant upregulation of lncRNA H19 was associ-
ated with tumor suppression via mTORC1 function in a mi-
croarray study both in vivo and in vitro [64].

In another microarray study, the expression of the lncRNA
XIST was upregulated and associated with the progression of
invasive PitNETs via increased bFGF and decreased mir-424-
5p expression. Moreover, XIST has been presented as a novel
therapeutic target [56]. The expressions of MEG3 and
HOTAIR were investigated to determine their influence on
the invasiveness of PitNETs. MEG3 was found to be down-
regulated, while HOTAIR was upregulated in invasive NF-
PitNETs. These lncRNAs were reported as potential diagnos-
tic biomarkers for invasive NF-PitNETs [65].

The co-expression network approach was also performed
for NF-PitNETs and revealed potential targets such as MEG3,
ENST00000501583, and n334366 for future studies. These
lncRNAs were reported to be the most significantly downreg-
ulated and n334366 was also associated with the neuroactive
ligand-receptor interaction pathway [66]. CCAT2 is a newly
identified lncRNA that is upregulated in PitNETs and associ-
ated with poor prognosis. CCAT2 has been reported to have a
positive correlation with cell proliferation, migration, and in-
vasion. It also has an oncogenic function that promotes tumor
development via suppression of PTTG1 degradation [67]. For
null cell PitNETs, the expression of C5orf66-AS1 was signif-
icantly downregulated in invasive PitNETs compared to non-
invasive ones. It also had a negative association with tumor
diameter. Due to its ability to inhibit tumor development,
C5orf66-AS1 has been proposed as a tumor suppressor [68].

circRNAs circRNAs have been studied extensively in the last
five years. They play many important roles in molecular pro-
cesses, including cell proliferation, pluripotency, and cell lin-
eage differentiation, and function as miRNA sponges [85]. A
limited number of studies reported circRNAs as biomarkers in
the case of PitNETs. The circRNA expression profiles were
screened by microarray for invasive and non-invasive
PitNETs. As a result, the expression of hsa_circ_102597
was found to be downregulated and remarkably associated
with tumor size. The expression of hsa_circ_102597 was de-
scribed as a promising diagnostic and prognostic biomarker
for NF PitNETs [69]. Recently, circRNA profiling of
somatotrophic PitNETs using a circRNA array was performed
and circRNAs were found to be aberrantly expressed in these
tumors compared to the normal pituitary gland. The circRNA
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hsa_circ_0001368 was significantly upregulated in
somatotrophic PitNETs and confirmed by qRT-PCR.
Knockdown of hsa_circ_0001368 was associated with a sig-
nificant decrease in proliferation, hormone secretion, and in-
vasion. It also showed a direct correlation with PIT1 and has
been proposed as a new potential biomarker and therapeutic
target for somatotrophic PitNETs [70]. CircOMA1
(hsa_circRNA_0002316) expression was shown to be associ-
ated with significantly decreased miR-145-5p, which plays a
role in suppressing cell proliferation and invasion via TPT1 in
NF-PitNETs. The interactive interaction of the circOMA1-
miR-145-5p-TPT1 axis has been described as a promising
treatment target and has the potential to capture the molecular
pathogenesis of NF-PitNETs [14].

Considering the transcriptomic signatures reported in this
section, most of them were related to uncovering the molecu-
lar mechanisms of PitNETs and contributed to new insights
into the pathogenesis of the disease. Some transcriptomic sig-
natures were associated with disease progression and tumor
behavior (invasiveness, aggressiveness, proliferation), which
are crucial parameters for the development of PitNET-specific
predictive diagnostics. Since these parameters may be differ-
ent in each patient due to tumor heterogeneity, a clear under-
standing of these parameters may be a great asset for the
personalization of PitNET treatment regimens in the near fu-
ture. Some of the transcriptomic signatures have also been
reported as therapeutic targets that could be used in treatment
modalities. These therapeutic target markers also have the
potential to assess treatment efficacy, as their expressions
may be affected by treatment.

Proteomic signatures

With the ability to integrate “omics” approaches, it has recent-
ly become possible to gain profound insights into the molec-
ular mechanisms underlying disease processes and ultimately
to develop successful precision or personalized medicine.
Proteomics is an important discipline that aims to study the
totality of all proteins in an organism, tissue, cell, or
subfraction thereof. The proteome is not fixed; it differs from
cell to cell and changes over time. To some extent, the prote-
ome reflects the underlying transcriptome. However, because
only 1.5 to 2 percent of the human genome is represented in
the transcriptome as protein-coding genes, proteomic studies
may allow active proteomes to be distinguished from inactive
ones, enabling accurate functional inferences from gene ex-
pression data [86]. In terms of translating “omics” approaches
to clinical applications, protein-based signatures are promis-
ing. Many studies have focused on accessible and non-
invasive body fluids such as serum, plasma, urine, and saliva
to investigate proteomic signatures as this could be useful for
early diagnosis of various tumors in the clinic [87]. Proteomic

analysis of PitNETs and healthy tissues has been performed in
several studies and has revealed many potential biomarkers
for early diagnosis, prognosis, and predictive, preventive,
and personalized treatment of patients as clinical therapeutic
targets (Table 1).

MS-based comparative proteomic analysis of 11 non-
functional PitNETs and eight normal pituitary glands showed
that dysregulation of SFRP1, TLE2, PITX2, NOTCH3, and
DLK1 proteins indicated activation of Wnt and Notch signal-
ing pathways and could represent potential NF-PitNET bio-
markers [17]. Similarly, Evans et al. observed changes in var-
ious molecules of the Notch pathway in prolactinomas in their
study. They integrated transcriptomic and proteomic strategies
and usedmicroarray analysis to identify 726 unique genes that
were statistically differentially expressed between
prolactinomas and normal glands. They also validated the
upregulation of four genes and downregulation of 19 proteins
by proteomic analysis. Based on the results of a proteomics
strategy, Evans et al. indicated that dysregulations in various
molecules (NOTCH3, DLK1, HES1, ASCL1, and FDZ7) of
the Notch pathway were observed in prolactinomas, and the
expression of the transcription factor Pit-1 and the survival
factor BAG1 increased, while the expression of E-cadherin
and N-cadherin decreased. In addition, the overexpression of
TLE4, ANG-1,D-2, RIS1, andNBL1 genes were also observed
in prolactinomas by using microarray or combining with qRT-
PCR. Increased expression of multiple MHC class I antigen
presenting genes in prolactinomas was also found to be sig-
nificant [38]. Yu et al. performed a proteomic analysis focus-
ing on differentially expressed molecules associated with NF-
PitNET invasion. They examined 29 common DEGs and fur-
ther validated the differential expression of CHGA and CLU
in invasive NF-PitNETs and non-invasive NF-PitNETs, sug-
gesting that they are a potential clinical predictive biomarker
and drug-responsive molecule in invasive NF-PitNETs [77].
Another notable proteomics-based study was performed in
invasive and non-invasive PA tissues using the 2DE-MS sys-
tem and discovered the significantly high expression of Hint1
protein in PitNETs, suggesting that Hint1 may be associated
with the invasive behavior of PitNETs [88]. Another study
focused on proteomic evaluations suggested that LGALS3,
hASH1, ID2, and TLE-4 proteins are involved in tumorigen-
esis and metastasis of pituitary carcinomas [48]. The study
focusing on proteomic biomarker discovery by integrating
transcriptomic and TMT-based quantitative proteomics ap-
proaches in non-functional PitNETs identified 10 highly
interacting hub proteins and they further confirmed upregula-
tion of SRC and AKT1 proteins by western blotting as poten-
tial biomarkers in non-functional PitNETs [76].

Feng et al. investigated adrenocorticotropic hormone-
secreting PitNETs (somatotrophic PitNETs) at both
metabolomic and proteomic levels to identify critical net-
works and signaling pathways potentially involved in the
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progression of ACTH-producing PitNETs using gas
chromatography-mass spectrometry (GC-MS) and nano-
liquid chromatography-tandem mass spectrometry (nanoLC-
MS/MS) methods. Their results showed that glycolysis and
fatty acid synthesis were downregulated in this tumor type.
They also demonstrated that the Myc signaling pathway plays
an important role in the metabolic changes and the formation
of ACTH-secreting PitNETs [74]. Based on the results of a
study investigating human prolactin (hPRL) protein in PAs by
2DE-MS method, Qian et al. reported that human pituitary
glands contain six hPRL variants, and the differential expres-
sion patterns of the six hPRL variants differed significantly
among subtypes of PitNETs [75].

Protein ubiquitination is an important posttranslational
modification associated with several diseases, including
PitNETs. Qian et al. performed the first ubiquitination analy-
ses using an anti-ubiquitin antibody (specific for K-ε-GG)-
based label-free quantitative proteomics method in PitNETs.
Their results suggest that reduced ubiquitination of the 14-3-3
zeta/delta protein in PAs may end with its upregulation in NF-
PitNETs, suggesting a contributing role of the 14-3-3 zeta/
delta protein in disease progression [78].

Protein nitration is highly involved in various biological
processes such as protein degradation, signal transduction,
enzyme inactivation, apoptosis, and cell death, thus providing
further dysfunctional changes. A remarkable study focuses on
pituitary tumor-related nitroproteins intending to identify ni-
tration regions and characterize the function of each
nitroprotein using NTAC, MALDI-LTQ MS/MS system.
They discovered 9 nitroproteins and 3 proteins that interacted
with nitroproteins in NF-PitNET tissues [73]. These results are
promising to elucidate the nitroproteome of PitNETs and to
achieve a better understanding of the tumorigenesis of
PitNETs that might provide to apply 3PM approach by
highlighting molecular mechanisms and having the potential
to develop preventive diagnostics. More recently, Aydin and
colleagues reported protein level expressions of PI3K and Akt
were dysregulated according to the treatment of proposed
repurposed drugs for the treatment of lactotroph PitNETs
and pointed out the importance of these proteins as targets
for future treatment strategies [21]. Liu and colleagues per-
formed a large-scale phosphoprotein profiling that reported
phosphorylation-related signaling pathway network alter-
ations in NF-PitNETs. The resultant hub molecules are
SCG3, TSC2, ALB, AKT1, APOL1, ACACA, SPARCL1,
SLC2A4, CHGB, and IGFBP5 that were obtained from pro-
teome and transcriptome and belong to both phosphoproteins
and invasive DEGs groups. The findings of the study provided
insights into the molecular mechanisms of NF-PitNETs which
might lead to the application of 3PM in clinical practice via
elucidation of the phosphoprotein biomarkers that can be used
as therapeutic targets [18]. Another proteome study unveiled
FSH-related proteomic variations and alterations in the

molecular networks in FSH-positive NF-PitNETs. They re-
ported three signaling pathways including ECM-receptor in-
teraction, focal adhesion, and PI3K-Akt signaling pathways
and corresponding overexpressed proteins such as ITGA1,
ITGA6, ITGB4, pAKT, and FSHR. These signaling pathways
and proteins were associated with the invasiveness of the tu-
mors. The results of the study showed efficient stratification of
post-surgical patients [19].

One of the most important points to mention at the prote-
ome level is the availability of high-throughput methods for
detecting posttranslational modifications of proteins. Since
proteins are not static molecules, spatiotemporal detection of
these modifications in different proteoforms is essential. This
topic has been extensively addressed in some studies related to
PitNETs [89, 90]. In addition, there is an unmet need to study
PitNETs from tissues collected by less invasive methods rath-
er than collecting only PitNET tumor tissues. Tissues that are
less invasive to collect, such as CSF, blood plasma, urine,
saliva, need to be studied to uncover if there is a correlation
between tumor tissue signatures and non-invasive tissue sig-
natures [91].

Glycomic signatures

“Glycome” is the entire repertoire of glycans and
glycoconjugates that can be varied in response to specific
conditions such as location, biochemical environment, or time
in a cell/tissue. Tumor growth, differentiation, transformation,
adhesion, metastasis, and immune surveillance are influenced
by changes in the glycome profile [92]. Until recently, cancer
research has focused mainly on the genome and tran-
scriptome, with relatively little investigation of glycan alter-
ations and glycoprotein biomarkers [93–95]. However, in par-
allel with the use of state-of-the-art technologies to identify
glycan structures, the application of cancer-related glycan
studies to determine potential cancer glycan biomarkers has
increased over time. Direct analysis of glycan changes without
any protein identification represents a new and innovative
approach to disease marker discovery. Moreover, changes in
proteoglycan profiles are associated with tumor differentiation
and biological behavior. In cancer cells, changes in glycome
and proteoglycan profiles are functionally important and may
provide information for the development of potential diagnos-
tic and therapeutic strategies. In this context, several studies
have been reported on glycan changes and glycome profiles in
PitNETs (Table 1).

Cornelius et al. studied endocan proteoglycan expression in
18 normal post-mortem pituitaries and 107 patients with
PitNETs to investigate the relationship of endocan expression
and aggressive behavior of PitNETs using immunohistochem-
istry and reverse transcription polymerase chain reaction (RT-
PCR) techniques. They found that endocan has the potential
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as a novel and promising biomarker for aggressive behavior in
PitNETs [11].

Glycosylation-the addition of a carbohydrate moiety to a
protein, lipid, carbohydrate, or other organic molecule-is the
most widespread and complex posttranslational modification
of proteins and significantly affects protein function. Protein
glycosylation plays an important role in cancer cell behavior
in regulating cancer development and progression, serves as
an important indicator, and provides several specific targets
for therapeutic intervention. Chesnokova et al. examined clus-
terin glycosylation in PitNETs to investigate the mechanism
of inhibition of cell proliferation. The study concluded that
clusterin can limit the proliferation of benign adenomatous
pituitary cells by stimulating the expression of p15 and p16
[71].

Polysialation represents a unique posttranslational modifi-
cation of the neural cell adhesion molecule (NCAM).
Trouillas et al. studied 82 pituitary tumors and 6 healthy tis-
sues to compare the expression levels of NCAM and
polysialylated NCAM. The results showed that the expression
of NCAM was observed in both healthy and tumor tissues.
However, polysialylated NCAMwas not expressed in healthy
pituitary but was found in 46.3% of typical pituitary tumors
and in 85% of tumors selected as highly aggressive. The ex-
pression of polysialylated NCAMwas significantly correlated
with tumor invasion and confirmed the clinical diagnosis of
aggressiveness [72].

Given the glycome signatures reviewed in this section, we
can conclude that glycoproteins and glycan alterations may
have significant potential for identifying disease progression
and developing preventive diagnostics. The reported glycome
signatures could provide additional information on tumor be-
havior such as proliferation potential, invasiveness and
aggressiveness.

Integrating multi-omics data to converge
personalized medicine

Molecules from different levels such as genome (genes), tran-
scriptome (RNAs), proteome (proteins), metabolome (metab-
olites), lipidome (lipids), glycome (glycoproteins and glycan
modifications), and epigenome (histone modifications and ab-
errant DNA methylations) are interconnected and in wonder-
ful harmony with each other. In the disease stage, some
dysregulations occur and this unique orchestra goes into dys-
function. Omics technologies have opened the gateway in
which scientists can gain valuable knowledge and a holistic
view of the dysfunction stage to elucidate what exactly is
going on when a normal cell transition into tumor transforma-
tion. Biomarker discovery will help us shed light on this trans-
formation and evaluate potential targets for disease progres-
sion, prevention, and therapy.

Theoretically, the basic idea underlying biomarker discov-
ery is quite unproblematic: if we had adequate information
about the intrinsic factors causing molecular pathophysiology,
it would be likely to uncover disease-promoting pathways and
targets to take preventive precautions even before the disease
occurs [96, 97]. Since almost all diseases have multifactorial
roots, their manifestation is influenced by genetic, epigenetic,
environmental, and lifestyle factors. Therefore, knowledge
from only one level of omic data can only provide a snapshot.
However, disease mechanisms need to be considered from a
multi-omics perspective within the systems biomedical ap-
proach [91, 96, 98, 99].

In recent decades, high-throughput technologies have
contributed undeniable opportunities to unravel the mech-
anisms underlying not only cancers but also other diseases
at multiple molecular levels. The integration and analysis
of these multi-level data are essential and play a central
role in uncovering disease mechanisms and generating
actionable knowledge in the context of precision medicine
[98, 100, 101]. Therefore, there is a logical shift in cancer
care towards predictive, preventive, and personalized
medicine [63, 91]. For the integration of multi-omics data,
the most commonly used approaches are network-based
methods, but machine learning methods are also becom-
ing popular.

Integrative omics in the study of PitNETs have recently
been seen in a couple of studies [20, 102]. It can be seen that
research using the integration ofmulti-omics data is increasing
to identify the molecular basis of PitNETs. Recently, Li and
colleagues represented the proteoforms of human growth hor-
mone in somatotroph PitNETs via utilization of 2DGE and
2DGE-based Western blot in combination with MS [20].
The findings of the study reported elevated abundance of 30
growth hormone proteoforms, reduced abundance of 5 growth
hormone proteoforms, and 11 novel growth hormone
proteoforms in somatotroph PitNETs compared to healthy
counterparts. In another integrative multi-omics study, Long
et al. performed a meta-analysis collecting numerous tran-
scriptome and proteome data and concluded that four major
molecular pathways were altered in NF PitNETs, including
PI3K/AKT, mTOR, Wnt, and ERK/MAPK [102]. Wei and
colleagues performed an integrated analysis of copy number
variations, DNA methylation, and mRNA expression in both
highly proliferative and low proliferative NF-PitNETs [103].
They concluded that both genetic and epigenetic aberrations
altered gene expressions.

In this study, we gathered and summarized the current bio-
markers for PitNETs in the multi-omics level (Fig. 2) and
pointed out the importance of the multi-omics approach for
the future elucidation of potential diagnostic/prognostic bio-
markers, new therapeutic modalities and early detection tech-
niques in the context of predictive diagnostics, targeted pre-
vention, and personalized medicine.
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Moreover, the use of machine learning algorithms is anoth-
er way to perform multi-omics integration studies. Machine
learning-based methods for performing multi-omics data inte-
gration have been extensively investigated in various studies
[101, 104, 105]. Cancer Integration via Multikernel Learning
(CIMLR), a ML-based subtyping method that uses multi-
omics data to reveal molecular subtypes of cancer that inte-
grates multi-omics data to stratify cancer by molecular sub-
types [106]. It has also been reported that CIMLR is able to

predict outcomes and responses to treatments to promote per-
sonalized medical therapies. NEighborhood based Multi-
Omics clustering (NEMO) is another ML-based novel algo-
rithm for clustering multi-omics data and allows defining can-
cer subtypes faster and much easier than currently available
clustering algorithms [107].

Support vector machines (SVM) are another ML-based
unsupervised learning model. Ozer et al. pointed out that
SVM and machine learning approaches can create new
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solutions and pathways in biomedical, bioengineering, and
clinical applications to obtain better diagnostic and therapeutic
predictive models [108]. MixOmics is an R package used for
multivariate analysis of omics data with the goal of integration
and biomarker discovery from multi-omics studies [109].
Integrative Network Fusion (INF) is a combination of
network-based and ML-based methods and provides a com-
putational workflow for the integration of high-throughput
data [110]. It can integrate genomic, transcriptomic, and pro-
teomic data and showed higher predictive performance and
revealed more biologically informative biomarkers compared
to single-step omics data. INF also analyzed data from histo-
pathological and radiological images.

Despite these advances in computational and technological
innovations, PitNETs lack clinically useful biomarkers or
promising therapeutic candidates in clinical trial status derived
from the integration of multi-omics data. In this step, it is very
important and crucial to building collaborations between sci-
entific disciplines such as basic sciences, clinical sciences, and
computational sciences to address this unmet need. For the
integration of multi-omics data in the context of elucidating
disease mechanisms and patient stratification, the technologi-
cal improvements with the help of ML-based methods, clini-
cal sample selection that perfectly matches the disease with
the help of better clinical evaluations, will accelerate the re-
sults of the studies so that complex biological problems will
be easier to tackle in the near future.

Limitations of omics research

Accumulating evidence demonstrated that numerous studies
have been conducted to investigate the PitNET mechanism and
decipher molecular signatures. Despite the evidence of too many
biomarkers in different studies, the results could be very incon-
sistent due to the limited number of samples analyzed in each
study. Therefore, it is crucial to significantly increase the sample
size, which will lead to more robust assessments. Another size
issue arises from the signatures. In general, a small signature size
makes clinical applicability easier than larger sizes. However,
small signature sizes may decrease overall accuracy due to
patient/tissue heterogeneity. Therefore, to avoid reduced accura-
cy and clinical applicability, meta-analysis studies can help to
increase robustness and reliability [111].

Despite the contributing sides of “bulk” technologies, they
are limited in presenting a specific portrait of the disease be-
cause bulk studies are from heterogeneous cell mixtures.
Single-cell technologies have emerged to dissect the portrait
of individual cells, resulting in gaining valuable insights into
the cellular microenvironment of the tumor [112]. Single-cell
omics also enable the discovery of rare cells that are the driv-
ing force behind disease progression, non-response to drugs,
and metastatic/aggressive behavior. Even these advantages,

the noise and high dimensionality of single-cell omics create
compelling bottlenecks for data analysis [113].

Validation of proposed biomarkers is another pitfall for
omics research. In both omics and multi-omics research, bio-
markers or biomarker complexes are proposed and should be
validated by specific methods to confirm the results.
Perturbation by inhibitors, knockdown, or -out by siRNAs
(silencing RNAs) can be useful methods for validation. In
addition, correlation of the proposed marker(s) with other
molecules from other omics layers may be possible to validate
the results.

The individual drawbacks of each technology need to be
explored. The improvements in the above bottlenecks will
make omics-driven research in molecular biology studies
and medicine more efficient in the future.

Concluding remarks

As expert recommendations, we would like to make a few
points. First, there is no molecular marker for PitNETs from
noninvasively collectable tissues such as blood, saliva, hair, or
urine (with the exception of biochemical hormone assay from
blood). As field researchers, we hope to produce such non-
invasive biomarkers that provide a more patient-friendly
method of detecting specific disease states for each patient.
Second, the integration of multi-omics data holds great poten-
tial to study diseases holistically. As knowledge from different
omics stages will shed light on disease patterns, assessing
disease progression or applying the most appropriate treat-
ment regimens could be possible in a more precise and indi-
vidualized manner, leading to personalization of health care.
This effort can be extended by constructing a specific disease
screening panel consisting of multi-omics biomarkers from
PitNETs. Since it is not easy to achieve high sensitivity and
specificity with only a single biomarker, providing a panel of
multi-omics biomarkers will improve the predictive power of
diagnostics/prognostics. Such a disease monitoring/screening
panel could facilitate accurate 3PM practice in the field. Third,
technological advances in high-throughput biology are paving
the way for a better understanding of the complex biological
architecture of diseases. Since NF-PitNETs are difficult tu-
mors to diagnose, the tumor may evolve into a macroadenoma
by the time of diagnosis. Therefore, there is an urgent and
unmet need to develop tools for early detection of NF-
PitNETs using an integrative multi-omics approach. Fourth,
daily lifestyle habits such as eating habits, stress response,
smoking status, and heavy metal exposure are undeniable pa-
rameters that can influence disease progression. Therefore, a
holistic approach that incorporates both daily life parameters
and multi-omics patterns will lead to the discovery of precise-
ly obtained treatment modalities. Fifth, imaging data have a
great impact on disease diagnosis, therefore, merging imaging
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data with multi-omics data can provide more effective deci-
sions for the management of PitNETs.

In this review, we have provided an overview of the current
status of biomarker discovery in PitNETs. Numerous bio-
markers have been identified and some of them give hope,
but further confirmation and validation are needed. We also
await the discovery of new and promising biomarkers.
Disclosing the different levels of omics data is essential to
understand the systemic manifestations of PitNETs and to
better answer innovative integrative and multivariate ques-
tions in this disease. Integrative approaches provide us with
the opportunity to assess the flow of information from one
omics level to another and help us bridge the gaps from geno-
type to phenotype. Taking a holistic view of PitNETs can
achieve individual response to treatment in multiple ways,
increase the predictive and prognostic accuracy of disease
phenotypes, and thus ultimately contribute to better treatment
and prevention. In summary, a modern, systemic, and holistic
understanding of PitNETs that bridges the gaps between di-
agnostics and therapeutic options will unravel the
pathomechanisms under PitNETs and will directly redound
to the predictive, preventive, and personalized medicine ap-
plied in NF-PitNETs.
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