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Abstract
Pituitary adenoma/pituitary neuroendocrine tumors (PitNETs) are the second
most common primary intracranial tumor and the most frequent neuroendo-
crine tumors/neoplasms of the human body. Thus, they are one of the most
frequent diagnoses in neuropathologist’s practise. 2022 5th edition WHO Clas-
sification of Endocrine and Neuroendocrine Tumors does not support a grad-
ing and/or staging system for PitNETs and argues that histological typing and
subtyping are more robust than proliferation rate and invasiveness to stratify
tumors. Numerous studies suggest the existence of clinically relevant molecular
subgroups encouraging an integrated histo-molecular approach to the diagno-
sis of PitNETs to deepen the understanding of their biology and overcome the
unresolved problem of grading system. The present review illustrates the main
issues involved in establishing a grading and a staging system, as well as alter-
native systems validated by independent series to date. The state of art of the
current histological and molecular markers is detailed, demonstrating that a
standardized and reproducible clinico-pathological approach, combined with
the integration of molecular data may help build a workflow to refine the defi-
nition of PitNETs with ‘malignant potential’ and most importantly, avoid
delay in patient treatment. Next molecular studied are needed to validate an
integrated histo-molecular grading for PitNETs.
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1 | INTRODUCTION

Tumors of sellar region (pituitary and craniopharyngeal
duct) account for 18.1% of all primary intracranial
tumors, making them the second most common primary
intracranial tumor after meningioma (41%). In United
States, the total annual average is 16,434 cases with an
incidence rate of 4.54 per 100,000 population [1]. Fur-
thermore, after the change in the nomenclature from

pituitary adenoma to pituitary neuroendocrine tumor
(PitNET) in the 2021 5th edition World Health Organisa-
tion (WHO) Classification of Central Nervous System
Tumors (CNS5) and 2022 5th edition WHO Classifica-
tion of Endocrine and Neuroendocrine Tumors
(ENDO5), they become the most frequent neuroendo-
crine tumors/neoplasms (NETs/NENs) of the human
body with an incidence between 3.9 and 7.4 cases per
100.000 cases per year, a prevalence of 78–116 cases per
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100.000 population, approximately 1 case/1000 in general
population, followed by small intestine and colorectal
NETs with an incidence of 1.2 cases per 100.000 person
per year [2–4].

Although PitNETs remain in the context of rare
endocrine diseases, they are one of the most frequent
diagnoses in neuropathologist’s practise, especially in
expert neurosurgical centers for pituitary surgery; there-
fore, the lack of grading and staging system for PitNETs
determined by the WHO classification is a daily problem
in the diagnostic workflow, impacting postoperative clini-
cal management [3, 4].

2 | THE LACK OF GRADING/STAGING
GUIDELINES IN THE CLASSIFICATION

2.1 | Major issues in establishing a grading
system for PitNETs

The prevalence of different types of PitNETs varies con-
siderably from clinical to surgical series, making data on
clinical management and outcomes highly variable and
biased.

For secreting somatotroph and corticotroph Pit-
NETs, the first-line treatment is transsphenoidal surgery
followed by medical treatment and/or radiotherapy in
patients with persistent hypersecretion. Gonadotroph Pit-
NETs are often slow-growing tumors monitored by MRI
and surgery is more frequently indicated in patients with
visual impairment. Medical treatment is the first choice
for secreting lactotroph and thyrotroph PitNETs, using
dopamine agonists (DAs) and somatostatin analogues
(SSAs), respectively. Only a small subset of lactotroph
PitNETs shows resistance to DAs, requiring surgery
and/or radiotherapy. Therefore, the surgical/pathological
series are enriched by gonadotroph, secreting cortico-
troph, and somatotroph PitNETs while the most frequent
type overall is lactotroph PitNET [5].

In this context, the first step toward creating a grad-
ing system is even more complicated because of the diffi-
culty of comparing the few existing candidate histological
markers (i.e., proliferation index, mitotic count, and his-
totype) with groups of patients with homogeneous clini-
cal characteristics, thus preventing adequate risk
stratification of adverse outcome. For PitNETs, the main
question for identifying clinically homogeneous groups of
patients is “how to achieve disease control for each
type?”. The literature lacks data regarding specific clini-
cal subgroups such as untreated PitNETs monitored by
MRI; PitNETs treated only pharmacologically (DAs or
SSAs); PitNETs resistant to first-line medical treat-
ment; PitNETs treated with radiotherapy or radiosur-
gery; aggressive non-metastatic PitNETs not currently
coded as “malignant.” It is worth emphasizing that the
uncontrolled hormonal excess caused by secreting

PitNET is associated with high morbidity and mortality
and, to date, does not fall within the definition of
“malignancy” [6].

The recent CBTRUS statistical report data on the
behavior of pituitary tumors well describe the current
confusing situation brought about by the absence of rig-
orous criteria defining the aggressiveness of PitNETs by
type and their grading. Of the 78,082 newly diagnosed
pituitary tumors in patients undergoing surgery in the
United States over 5 years, only 40.9% are “histopatho-
logically confirmed” unexpectedly representing one of the
lowest rates of histologic diagnosis for primary intracra-
nial neoplasms. Formal WHO grade for pituitary tumors
is mostly “not applicable” for 83.2% but in 16.8% was
“completed” without any further information. For “non-
malignant” (“non-malignant” definition in CBTRUS sta-
tistical report correspond to ICD-O/0 for benign and
ICD-O/1 for unspecified, borderline, or uncertain behav-
ior) pituitary tumors, the “conventionally assigned WHO
grade” is grade 1 but the 5-year survival rate (RS) is
97.1%, closely like to the RS of some localized cancer
such as pancreatic NET, papillary thyroid carcinoma,
breast cancer or prostate cancer. “Malignant” (“malig-
nant” definition in CBTRUS statistical reports corre-
spond to ICD-O/3 malignant tumors, primary site)
pituitary tumors accounted for 476 cases between
2001 and 2019 (i.e., 23 cases/year), demonstrating a
large underestimation and inconsistent clinical defini-
tion. CBTRUS report does not propose any “conven-
tionally assigned WHO grade,” while the survival rate
(RS) at 1 year is 90.6%, at 5 years 81.9% and at
10 years 74.7% [1].

The change in nomenclature from adenoma to Pit-
NET should help to introduce the different types of
PitNET into Tumor Registries and to collect more accu-
rate epidemiological and follow-up data according to
type [4]. The NEN/NET model of neuroendocrine well-
differentiated, mostly low-grade tumors fits perfectly into
the variable spectrum of clinical behavior of PitNETs,
going beyond the oncological concept of “benign” and
“malignant.” The clinical presentation of NETs/NENs
ranges from indolent tumors to locally invasive, up to
resistant, multi-recurrent, or even aggressive tumors, with
or without metastatic spread. The exact percentage of
clinically aggressive tumors is unknown (2%–10% of sur-
gical cases) [7, 8] which remains a major challenge for sci-
entific pituitary community. Belonging to the family of
well-differentiated and low-grade neoplasms, the analysis
of PitNETs behavior requires a long-term clinical follow-
up of at least 10 years to be informative for risk stratifica-
tion, as for digestive and pancreatic NETs [9]. In line,
10 years after surgery up to 50% of non-functioning
(NF) PitNETs, mostly considered “benign,” show signs
of regrowth [10] and 13% of patients show signs of a sec-
ond radiological regrowth even after surgery and
radiotherapy [11].
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2.2 | Major issues in establishing a staging
system for PitNETs

If grading system is related to light microscopy and/or
molecular features, staging defines the extension of the
tumor. ENDO5 anticipates that the development of a
TNM staging system for pituitary tumors will most likely
be addressed in the next edition of the classification
scheme [4].

Histologically defined staging for PitNET may be
based on size, invasion toward the surrounding anatomi-
cal structures, and distant spread (metastasis).

According to size, PitNETs are defined as micro
(<10 mm, approximately a T1 if not invasive), macro
(>10 mm), and giant (>40 mm) tumor. Size is a predictor
of less favorable surgical outcomes related to surgical
complication and/or partial resection but in a recent
series, only 6% of giant tumors are aggressive requiring
temozolomide treatment [12, 13]. For instance, giant lac-
totroph PitNETs are known to have an excellent
response to medical therapy [14]; in fact, among 84 giant
lactotroph PitNETs reported by the Swedish Pituitary
Registry during 1991–2018, only two showed aggressive
behavior requiring Temozolomide treatment [15].

Invasion of surrounding anatomical structures may
affect meningeal structures (basal dura mater, medial
wall of the cavernous sinus, diaphragm), bone (sellar
floor and sphenoid bone), respiratory mucosa of the
sphenoid sinus, and brain in exceptional cases. In centers
with expertise in the transsphenoidal endoscopic
approach, the basal dura mater, the sellar floor bone,
and the respiratory mucosa can be sampled documenting
histologically, the presence of invasion [16]. Histological
confirmation of cavernous sinus infiltration is difficult
and rare to demonstrate due to the limited possibility of
intraoperative sampling of the medial wall of the cavern-
ous sinus, which is correlated to a high risk of intraopera-
tive surgical complications, such as carotid lesions and
cranial nerve damage [17, 18]. Invasiveness of PitNETs
in the cavernous sinus and/or sphenoid occurs in up to
40% of surgical resections. Invasion of the cavernous
sinus drastically affects the quality of surgical outcome
with a significant increase in residual tumor and impaired
endocrine remission in secreting PitNETs, predisposing
to recurrence [19, 20].

For pituitary tumors, systematic sampling of sur-
rounding anatomical structures to define T (primary
tumor extension) according to TNM classification is
unrealistic, as the surgical procedure depends on the size
of the tumor and the intraoperative finding of possible
invasion. However, when the sampling proves the inva-
sion of sphenoid bone, mucosa of the sphenoid sinus or
clivus bone, a T3 could be assigned as well as a T4 for
sino-nasal mucosa invasion. Very rarely, giant PitNETs
with massive suprasellar or lateral extensions can infil-
trate directly into brain, which can rarely be demon-
strated by histology. However, in the next WHO

consensus, it will be useful to discuss whether these
widely invasive tumors through or out of sellar structures
should be considered as T3 and T4.

The N (Regional Lymph Nodes) and M (Distant
Metastasis) parameters of TNM classification can be eas-
ily assessed for pituitary carcinoma/metastatic PitNET.
Regional lymph node metastases involve cervical lymph
nodes. Histological diagnosis may be achieved by surgi-
cal biopsy or fine needle aspiration biopsy. Metastatic
deposits may affect liver, lung, and bone and the tumor
may spread along the craniospinal axis as the result of
dissemination in the subarachnoid space [21–24]. Staging
paragraph in CNS5 emphasizes the importance of cere-
brospinal fluid cytology for the detection of meningeal
spread at progression/transformation of PitNETs and
cerebrospinal fluid spread is indicative of pituitary carci-
noma [3]. For monitoring progression, structural (MRI
and CT) and/or functional (FDG PET and/or SSTR
PET) imaging has also been recommended [21, 25].

3 | ALTERNATIVES FOR STAGING
AND/OR GRADING SYSTEM

Since the pioneering work by Hardy-Wilson and
Knosp [26], considerable progress has been made in the
assessment of the invasiveness of PitNETs, as valid alter-
natives to histological detection. Many publications have
reported that invasion can be reliably identified pre-
operatively using recent radiological criteria and intrao-
peratively by expert pituitary neurosurgeons [19, 27–29].
The development of endoscopic approaches has greatly
improved the surgeon’s vision during sellar exploration
[17, 19, 20, 30]. Thus, endoscopic exploration should cur-
rently be considered as a robust technique for the diagno-
sis of cavernous sinus invasion. Imaging modalities also
evolved to better analyze the cavernous sinus compart-
ment and its potential invasion [31]. The original MRI
grading system proposed by Knosp in 1993 has been
implemented with the introduction of new grades related
to parasellar extension [19]. The extent of resection and
the rate of endocrine remission are significantly higher in
tumors that involve the superior compartment of the cav-
ernous sinus (classified as 3A) than those involving the
inferior compartment (defined as 3B) [27]. Many authors
have since validated the revised classification in their sur-
gical series [20, 27, 32, 33].

In view of this data, it should be concluded that MRI
is a robust diagnostic tool to detect cavernous sinus inva-
sion therefore alternatives for grading/staging, which
have emerged in recent years, propose the integration of
clinical and histopathological criteria.

In 2013, Trouillas et al. [34] proposed a five-tiered
prognostic classification integrating the invasiveness into
cavernous or sphenoid sinus detected by MRI (according
to Knops system) or intraoperative observation (score
1, non-invasive vs. 2, invasive) with the proliferative
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phenotype defined by the expression of markers of cell
proliferation (i.e., Ki-67 and p53) by immunohistochem-
istry and mitotic count (score a, non-proliferative vs. b,
proliferative). Proliferation was defined by the presence
of at least two of the three following criteria: Ki-67 index
≥3% or mitoses >2/10 HPF (high power field: 0.30 mm2,
400� magnification) or positive P53 detection (>10
strongly positive nuclei/10 HPF). Invasive and prolifera-
tive tumors (grade 2b) present a significantly higher risk
of persistence or progression as compared to non-invasive
and non-proliferative (grade 1a) ones and, thus, deserve a
more stringent follow-up to and adjuvant treatments.
The five-tiered prognostic classification [34] has been val-
idated in several independent cohorts [34–42], including,
to date, more than 3000 patients with PitNETs, and may
allow the identification of tumors at higher risk of aggres-
sive behavior. Depending to the validation cohort, the
rate of proliferative and invasive PitNETs (grade 2b) ran-
ged from 5.4% to 11.6% with a recurrence/progression
rate varying from 38% to 73% (p < 0.001), considering
all PitNETs types [34–42]. A recent dataset suggested
that invasive and highly proliferative PitNETs, with a
Ki-67 ≥10%, could represent tumors with malignant
potential [43]. The European Society of Endocrinology
(ESE) cohort of aggressive PitNETs and pituitary carci-
nomas [21] reported raw data from the histological
reports of 171 patients (121 aggressive tumors and 50 car-
cinomas) without centralized histological review. At the
first surgery, Ki-67 was ≥3% in 74/93 (80%) and ≥ 10% in
38/93 (41%) tumors. Tumors with an aggressive course
from outset had higher Ki-67 and mitotic counts; in par-
ticular, tumors with Ki-67 ≥ 10% and adrenocorticotro-
phic hormone (ACTH)-secretion were associated with
worse prognosis. Recently, the five-tiered clinicopatho-
logical classification was applied on 43 tumors [44]
(23 aggressive pituitary tumors and 20 pituitary carcino-
mas) belonging to the initial cohort of 171 patients [21].
At the initial surgery, 29/43 tumors (67.4%) were grade
2b (invasive and proliferative) of which 44.8% developed
metastases during follow-up (pituitary carcinomas, grade
3). Out of these 29 tumors, 55.1% had a Ki-67 ≥ 10%,
and were classified grade 2b (invasive and proliferative).
There was one tumor grade 1b (non-invasive and prolif-
erative) which metastasized. Out of the 43 tumors, 30.2%
were grade 2a (invasive and non-proliferative). The sensi-
tivity and the specificity of grade 2b for the diagnosis of
aggressive pituitary tumors at the initial surgery, were
68% and 90%, respectively. The comparison of the high
percentage (67.4%) of grade 2b tumors in this selected
cohort of aggressive pituitary tumors/pituitary carcino-
mas with the low percentage (8.8%) in a surgical cohort
of unselected tumors shows that the initial pathological
diagnosis of grade 2b tumor may be considered, as repre-
senting a diagnosis of aggressive pituitary tumors.

The strengths of alternative grading/staging systems
are rigorous clinical criteria to define PitNET aggressive-
ness according to ESE guidelines as “a radiologically

invasive tumor with an unusually rapid growth rate, or as
a tumor presenting with clinically relevant growth or
recurrence despite optimal use of standard medical, surgi-
cal and radiotherapeutic therapies” [25]; precise definition
of invasiveness and threshold for mitotic count and pro-
liferation index; identification of a subset of PitNETs
with “malignant potential” requiring close follow-up and
specific therapeutic strategy.

The main weakness is the integration of clinico-
radiological data not always available at the time of his-
tological diagnosis [45]; the combination of grading and
staging parameters compared to the canonical WHO def-
inition; a small subset of grade 2b did not develop aggres-
sive behavior [21].

In summary, the five-tiered prognostic classification
has its limitations and needs to be refined, possibly by
introducing other biomarkers. However, to date, it repre-
sents a solid first step in screening for PitNETs behavior
by selecting a subset of tumors with risk of aggressive
course, avoiding delays in patient care.

4 | POTENTIAL PROGNOSTIC HISTO-
MOLECULAR MARKERS AVAILABLE
FOR CLINICAL PRACTISE

Over the past 20 years, WHO classifications of pituitary
adenoma/PitNETs have failed to reach agreement based
on histological methods alone, giving rise to two “schools
of thought” of prognostic markers: one advocating tumor
proliferation and the other advocating tumor histotype,
creating an impasse in determining the grading/staging
system [6]. In parallel, the nomenclature evolves from
“typical” and “atypical” pituitary adenoma and carci-
noma to “PitNET” and “metastatic PitNET” acknowl-
edging the neuroendocrine phenotype of these neoplasms
and their spectrum of clinical and biological behav-
ior [3, 4].

ENDO5 anticipates that the next edition of the classi-
fication scheme will most likely address the validation of
biomarkers that truly distinguish NET from NEC and
evidence of poorly differentiated pituitary NEC [4]. To
overcome the unsolved problem of the PitNET grading
system, the lesson from WHO brain tumors classification
integrating molecular features into the scheme may repre-
sent a possible way out [3, 6].

4.1 | State of art of histological markers for
an integrated grading

4.1.1 | Proliferation marker

Grading for parathyroid tumors, pancreatic and digestive
NETs, and many other NETs is based on mitotic count
and Ki-67 proliferation index with specific and precise
thresholds. However, “Ki-67 ≥ 3% and brisk mitotic
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activity” stated in ENDO3 to define “atypical adenoma”
have not been shown to have predictive value alone
[46, 47]. In the ENDO4 and ENDO5, no attempt was
made to establish new cut-offs for proliferation markers,
favoring the proposal of the so-called “high risk of recur-
rence” type and subtypes [4, 47], and no approach to
quantification was suggested. The semiquantitative “eye-
balling” approach to quantification of mitotic activity
and Ki-67 labeling index is too often subjective and
should be discouraged. Pathologists must indicate square
millimeters rather than high-power fields and state the
methodology of quantification in pathology reports
[4, 48]. Inaccurate assessment of proliferation is in fact
one of the causes of inconsistency in the PitNETs
stratification, potentially leading to patient’s under or
overtreatment. Like the method proposed for gastro-
entero-pancreatic neuroendocrine neoplasms [49], the
European Pituitary Pathology Group (EPPG) suggested
the quantification in two hotspots regardless of staining
intensity for a total of 500–1000 cells per hotspot and to
report the labeling index as the percentage of positive
nuclei out of the overall number of neoplastic
cells [6, 48].

4.1.2 | Histological typing and subtyping

In ENDO4 and later in CNS5, the prognostic and predic-
tive relevance of tumors type and subtype was intro-
duced, suggesting that an accurate classification based on
lineage-restricted pituitary transcription factors (TFs)
(PIT1, SF1, GATA3, and TPIT) may provide critical
clinical information for risk stratification of PitNETs.
According to this approach, the term of “High risk of
recurrence tumours” has been designated to refer to inva-
sive tumors, highly proliferative (Ki-67 and mitosis) with
rapid growth or the following subtypes: Crooke cell ade-
noma, Silent corticotroph, Lactotroph in men, Acidophil
stem cell adenoma, Plurihormonal PIT1+ adenoma,
Sparsely granulated somatotroph [47]. In ENDO5, only
accurate histological subtyping is maintained to define
the tumors at high risk of recurrence, and other new enti-
ties such as Immature PIT1-lineage and null cell tumors,
integrate this subset [4]. It seems obvious, but a classifica-
tion is intended to aid correct diagnosis and is not a sub-
stitute for a grading system whose role is to estimate
prognosis or predict response to therapy.

Although the introduction of TFs has merits, such as
solving the long-standing issue of Null Cells tumors, it
may be inadequate to define the full spectrum of adeno-
hypophyseal tumors. An approach only based on TFs
does not fully account for complex regulation of pituitary
tumorigenesis, the variability in the expression of TFs,
the existence of tumors with uncommitted cell lineage,
and tumors displaying transdifferentiation. Moreover,
recent molecular studies illustrate a less rigid pituitary
lineage with multiple co-expressions of TFs. Silent

corticotroph PitNETs display both corticotroph and
gonadotroph signatures suggesting a transdifferentiation
state, consistent with a TPIT/GATA3 co-expression by
immunohistochemistry. In addition, SF1 is expressed in a
subset of somatotroph tumors mainly GNAS-wildtype
[50–58].

ENDO5 provides no recommendations precisely
defining hormone and TFs immunoexpression thresholds
using unclear, purely qualitative language (e.g., “limited,”
“variable,” and “focal”) and only a handful of citations of
small series supporting the diagnosis of certain types or
subtypes tumors (e.g., mature plurihormonal and imma-
ture PIT1-lineage or acidophilic stem cells PitNETs) [53].

4.1.3 | High-grade PitNETs and
pituitary NEC

Neuroendocrine neoplasms are classified and graded
according to the definition of well-differentiated NETs
and poorly differentiated neuroendocrine carcinomas
(NECs). In fact, NETs are neoplasms whose cells retain
the structural features of hormone synthesis and secretion
of normal neuroendocrine cells. Moreover, in locations
where specific grading systems have been established (but
not for pituitary), three grades (G1–G3) are usually
defined. Most NETs are G1 or G2 and almost indolent,
but cases of high-grade malignancy occur, with prolifera-
tion in the G3 range. NECs, on the other hand, are high-
grade malignancies, with high proliferative activity and
small- or large-cell morphology [59]. The term NEC of
the pituitary (PitNEC) is not established in pituitary
pathology as poorly differentiated NECs of the
pituitary (PitNECs) seem not to exist [60]. Therefore,
some cases are reported in literature showing high pleo-
morphism, numerous mitoses, necrosis, very strong
nuclear expression of p53, and a high Ki-67 proliferation
index ranging from 30% to 80% [60–63]. During the
microscopic session of the EPPG meetings, many cases of
aggressive PitNETs were reviewed with a poorly differen-
tiated morphology displaying carcinomatous or sarcoma-
tous dedifferentiation (personal data not shown). As with
other NETs and NECs, TP53 gene mutational status
should help to improve the diagnosis of PitNETs G3 or
PitNEC [60, 64]. In any case, a discussion on the appro-
priateness of these entities could be useful in the next
WHO consensus.

4.2 | State of art of molecular marker for an
integrated grading

GNAS gene—GNAS encodes the α-subunit (Gsα) of the
stimulatory heterotrimeric GTP-binding protein. Gsα
contains a GDP/GTP binding site and exhibits GTPase
activity. In somatotroph cells, Gsα is involved in trans-
duction of hypothalamic stimulation of growth hormone
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(GH) secretion via the growth hormone-releasing hor-
mone receptor. About 30%–40% of sporadic somato-
troph PitNETs causing acromegaly to harbor somatic
gain of function variants in GNAS, predominantly affect-
ing codons Arg201 and Gln227 [65]. The final conse-
quence of these variants is an increase in PIT1-dependent
transcription and GH-sustained secretion [66, 67]. Most
somatotroph tumors carrying GNAS variants are benign,
smaller, well-differentiated, mostly densely granulated
(in agreement with their hypersecretory activity), and less
frequently invasive than wild type. However, evidence in
favor of GNAS status as predictive biomarker in somato-
troph tumors is weak [68].

USP8 and USP48 genes—USP8 codes for a deubiqui-
tinase involved in membrane trafficking and membrane
protein recycling. USP8 variants have been reported in
about 30%–60% of overt Cushing corticotroph PitNETs
[69–72], rarely in silent corticotrophs [70, 73], and are
absent or extremely infrequent in other types of PitNETs
[50, 71, 74, 75] and NETs causing ectopic ACTH secre-
tion [76]. Most pathogenic variants are somatic gain-
of-function SNV or small deletions that target a short
hotspot sequence encompassing the 14–3-3 binding motif
[69–71]. One of the best-characterized substrates of USP8
is the epithelial growth factor receptor. USP8 variant
protein increases EGFR recycling. It has been proposed
that patients with tumors carrying USP8 variants could
benefit from treatment with EGFR inhibitors [69]. USP8
also regulates somatostatin receptor 5 (SSTR5) at tran-
scriptional level [77] and tumors with USP8 variants
exhibit better response to the second-generation SRL,
pasireotide in vitro [77], suggesting a potential use of
USP8 status as predictor of response. USP8 variants are
more frequent in smaller [69, 78–80], less invasive cortico-
troph tumors [69, 81], in female patients [70, 71, 78,
79, 81–84] with higher rates of postoperative remission
[80, 82, 85]. However, some authors have shown associa-
tion of USP8 variants with increased rate of recurrence
after remission [72, 86] as well as shorter disease-free sur-
vival [87], but these observations have not been sup-
ported by other authors [69, 82].

USP48 gene—codes for another deubiquitinase
involved in protein recycling. USP48 somatic variants
are gain-of-function and have been identified in cortico-
troph tumors with an estimated prevalence of �10%. In
most series, USP48 variants are more common in female
patients with younger age at diagnosis, smaller tumors,
and higher rates of postoperative remission [79, 80, 88],
partially resembling clinical features associated with
USP8 variants, and probably defining a more benign
group of corticotroph PitNETs.

TP53 gene—Somatic alterations in tumor suppressor
gene TP53 are rare in unselected PitNETs series [50,
69, 71, 89–92], but are enriched in specific subpopulations
with aggressive features [79, 81, 93–96] including meta-
static PitNETs [60] representing up to 24% invasive corti-
cotroph PitNETs [81]. Tumors with TP53 variants

usually present higher genomic instability, reflected in
higher degree of chromosomal loss (LOH) [64, 96].
In general, variants associate with larger, more invasive
tumors, with higher proliferation index [81]. Those
tumors require more complex and radical management,
including radiation therapy and temozolomide treatment,
and patients have significantly reduced survival [81]. It is
worth to note that, in most cases, TP53 variants can be
detected already in tumor specimen from the first trans-
sphenoidal surgery [64, 81], suggesting a potential use as
predictive biomarker for aggressive behavior. As in other
malignancies, TP53 immunostaining is not a surrogate
marker for TP53 gene mutation.

ATRX and DAXX genes—ATRX codes for an
SWI/SNF-like chromatin remodeling protein involved in
stabilization of repetitive DNA regions. ATRX can form
a complex with the protein folding enabler DAXX to
deposit histone H3.3 in DNA regions with complex struc-
ture [97]. Loss of ATRX and DAXX activity is related to
alternative lengthening of telomeres, a telomerase-
independent mechanism that counteracts telomere short-
ening after replication. Deletion and loss-of-function var-
iants have been identified in several cancers, including
low-grade gliomas [98], adrenocortical carcinoma, or
pancreatic neuroendocrine tumors [99]. In PitNETs,
ATRX variants were reported mainly in functional corti-
cotroph tumors, in association with variants of TP53 and
other genes, including RB1, PTEN, or CDKN2A/B. As
for TP53, variants seem to have originated before clonal
expansion and, therefore, can be detected in the first sur-
gery [93, 95]. In contrast to p53 immunoreactivity,
ATRX or DAXX immunostaining may act as good sur-
rogate biomarker of genetic status in PitNETs, as it has
been shown in other tumors. In summary, screening for
loss of ATRX and DAXX function may facilitate the
detection of aggressive PitNETs, identify cases needing
closer follow-up, and accelerate decision-making.

SF3B1 gene—SF3B1 codes for a protein that is part
of the SF3B complex of the U2 small nuclear ribonucleo-
protein (snRNP), a complex involved in pre-mRNA
splicing. SF3B1 variants have been reported in several
neoplasia, such as lung adenocarcinoma, prostate carci-
noma, and estrogen receptor-positive breast cancer. In
the pituitary, two long cohort studies (>200 patients
each) have reported recurrent somatic variants affecting
Arg625 in sporadic lactotroph tumors [100, 101]. RNA
sequencing analysis has shown that tumors harboring
SF3B1 variants share a unique abnormal splicing signa-
ture [102, 103]. The reported prevalence of SF3B1 vari-
ants oscillates from 3% in unselected lactotroph tumors
[100, 101] to 42% in metastatic lactotroph PitNETs [101].
SF3B1 variants associate with features related to aggres-
sive PitNETs, such as higher number of therapeutic inter-
ventions (surgery, radiotherapy, chemotherapy), high
invasion and proliferation rate, as well as shorter disease-
free and overall survival [100, 101]. Of note, Simon et al.
detected SF3B1 variants already in the first surgical
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specimen, suggesting a potential predictive value for the
detection of cases with worse prognosis [101].

Other gene variants—Several other genetic alterations
have been detected in PitNETs, most of them with next-
generation sequencing technology. Variants in the gene
coding for the glucocorticoid receptor (NR3C1) have
been found in a small group of corticotroph PitNETs,
including early stop codons and missense SNV in the
ligand-binding domain.

Deletion of CDKN2A/B has been reported in a meta-
static mixed GH-PRL secreting PitNETs and by FISH in
3 invasive lactotroph tumors with increased Ki67 prolif-
eration index [104]. Somatic variants of genes acting in
oncogenesis, such as PTEN, RB1, NF1, and mismatch
repair genes (MSH2, MSH6, and MLH1) have also been
found in aggressive PitNETs-enriched datasets [64, 93].

A study investigating USP8 wild-type corticotroph
PitNETs reported BRAF Val600Glu variants in a
significant proportion of tumors [88]. This variant is com-
mon in papillary craniopharyngioma. However, other
studies—some of them with large number of patients—
have failed to detect this variant [50, 79, 80, 86, 105].

Further studies are needed to elucidate association
between the variants of these genes and any differential
aspect with clinical relevance.

MultiOMICS data—High-throughput, large-scale
pangenomic analysis has been applied to study the tran-
scriptome, miRNome, methylome, chromosome profil-
ing, and sequence alterations (exome) in PitNETs.
Recent studies on large sample sets have provided the
landscape of genetic and epigenetic alterations that form
the basis for a molecular classification of PitNETs. The
pathophysiological relevance of the WHO classification,
based on cell lineage and cell type, has been validated by
unbiased massive molecular classification. However, spe-
cific histo-molecular subtypes have emerged with distinct
clusters based on gene expression profiles, including the
existence of three subgroups of corticotroph PitNETs
when combining transcriptome and USP8 status
(e.g., overt Cushing corticotroph USP8-mutant, overt
Cushing corticotroph USP8-wild type and silent cortico-
troph USP8-wil type with TPIT-GATA3 co-expression),
two subgroups of somatotroph PitNETs when combining
transcriptome and GNAS status (i.e., somatotroph
GNAS-mutant and somatotroph GNAS-wild type with
PIT1/SF1 co-expression) and at least a subset of sparsely
granulated somatotroph within the group of Plurihormo-
nal PIT1-lineage and thyrotroph PitNETs. Moreover,
null-cell immuno-negative tumors belong to gonadotroph
transcriptomic cluster, and mixed lactotroph-
somatotroph tumors share a gene expression profile with
somatotroph tumors rather than with pure lactotroph
tumors. The pathophysiological relevance of this deeper
classification also sheds some new insight, such as the
existence of a transdifferentiated state of PitNETs cells in
silent corticotroph, with a transcriptome signature
combining corticotroph and gonadotroph features and

co-expression of TPIT-GATA3 also confirmed by immu-
nohistochemistry [50–52, 54–57, 106, 107].

The clinical relevance of this deeper granularity is not
yet fully established but may evolve. For tumor progno-
sis, molecular characterization of PitNETs could also
bring some progress. DNA methylation profiling has rad-
ically revised our understanding of CNS5 classification
and is poised to do so for tumors arising in other systems.
Methylation profiling could not have been successful
without assembling huge numbers of cases including all
relevant classes of tumor [53].

In summary, the most important feature emerging
from massive molecular characterization consists with
the PitNETs aggressiveness is not characterized by a ded-
icated strong signature. Indeed, in unsupervised tran-
scriptome classification, aggressive PitNETs do not
constitute a dedicated group apart from other PitNETs,
but instead, stick to their lineage. This raises two hypoth-
eses: the signature of aggressiveness is either not unique
but lineage-specific, or very weak compared to the
strength of lineage signature. Subsequently, one practical
consequence is the probably limited relevance of mixing
PitNETs from different lineages when looking for
markers of aggressiveness. Multicentric research net-
works are needed to collect enough aggressive PitNETs
to perform lineage-specific prognostic analyses.

5 | PROPOSAL FOR A CLINICAL-
HISTO-MOLECULAR WORKFLOW FOR
MALIGNANT POTENTIAL PitNETs

In summary, the lack of classification and staging for Pit-
NET affects the decision-making of the multidisciplinary
pituitary team (MDT) in daily practice in the treatment
indications considered for each patient. In the experience
of the French National MDT for aggressive pituitary
tumors (HypoCARE, French National Health Network
for Rare Endocrine Diseases, FIRENDO), the integra-
tion of clinical, histological, and molecular data has been
tested as a safe approach to avoid overtreatment in
patients with persistent PitNETs and reduce the risk of
undertreatment for once aggressive.

A proposal for a workflow for the management of
“malignant potential” PitNETs that integrates clinical,
histological, and molecular data is presented in Figure 1.

PitNET type and clinical criteria: According to ESE
guidelines, aggressive PitNET is defined as “a radiologi-
cally invasive tumor with an unusually rapid growth rate,
or as a tumor presenting with clinically relevant growth
or recurrence despite optimal use of standard medical,
surgical and radiotherapeutic therapies” [25]. In ESE task
force series, 32% of the tumors were prolactin (PRL)-
secreting, 30% ACTH-secreting, and 27% clinically
NF. Compared to benign pituitary tumors, the cortico-
troph PitNETs with overt Cushing disease are overrepre-
sented in aggressive pituitary tumors and pituitary
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carcinoma cohorts. Moreover, change in hormone secre-
tion (silent to Cushing disease) should alert to a poten-
tially aggressive behavior course and tumors with
Ki67 ≥ 10% and ACTH-secretion were associated
with worse prognosis. Gonadotroph tumors account for
�66% of pituitary tumors in surgical series but only 5%–

33% in the largest series of aggressive pituitary tumors
and pituitary carcinoma, indicating that this subtype is
less prone to become aggressive [21]. Lactotroph tumors
in males are more frequently aggressive, typically pre-
senting as large and invasive lesions, resistant to DAs,
with higher risk of recurrence and metastasis than in
females. Aggressiveness appears to be related to the lower
expression of the ERα in lactotroph PitNETs in men than
in women [108]. Multiple surgeries, resistance to DAs or
SSAs and/or radiotherapy, and rapid tumor kinetics
(tumor progression speed >1 cm/year) [109] are patho-
gnomonic clinical signs to identify “potential malignant”
PitNETs that are candidates for adjuvant treatment.

Histological criteria: Well-differentiated NETs of the
gastrointestinal tract are graded as G1, G2, and G3 based
on proliferation as determined by Ki-67 indices of ≤3, 3–
20, and >20% and <2, 2–20, and >20 mitoses/mm2,
respectively. NECs are poorly differentiated neoplasms
defined as mitoses >20/mm2 and/or a Ki67 index
>20% [9]. Many NETs are low-grade neoplasms (G1–
G2), and more than 50% of PitNETs have a score 1a

(non-invasive and non-proliferative) in the five-tiered
prognostic classification [35, 38, 39], which is virtually
equivalent to grade G1 and stage pT1N0M0. The G2
definition for digestive NETs (Ki-67 index 3%–20% and
mitosis 2–20) partially overlaps with recent data suggest-
ing that invasive and proliferative PitNETs with a Ki-67
index ≥10% could represent tumors with malignant
potential. Although more efforts are needed to refine
thresholds for proliferation markers (Ki-67 and mitosis)
in grading PitNETs, when in rare cases, the criteria for
high-grade G3 are satisfied (Ki-67 index >20% and >20
mitoses/mm2), the pathologist must rule out sellar metas-
tases, extension of a sinonasal carcinoma or other sellar
primary malignancies, before alert clinicians about malig-
nant potential. As for the pituitary gland, high-grade
digestive NETs (G3) are uncommon (less than 10%) and
occur mainly in the stomach and colon, and their differ-
ential diagnosis with NEC is still a challenge that requires
the validation of biomarkers that truly distinguish NETs
from NEC, as announced in the agenda of the next
WHO classification [4].

Importantly, high Ki-67 index and mitotic count can
be detected in pediatric or adolescent PitNETs. However,
the rare series reported in the literature are not fully
informative on the prognostic value of tumor prolifera-
tion in young patients, leading to prudent and careful
consideration. Pediatric patients with aggressive pituitary
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F I GURE 1 Proposal for a clinical-histo-molecular workflow. The workflow for the management of “malignant potential” PitNETs integrates
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tumors have higher risk of harboring germline genetic
defects, most commonly in the MEN1 and AIP genes.
Since certain genetic defects confer a more aggressive
behavior to PitNETs, genetic testing should be consid-
ered in tumors with young onset and positive family his-
tory [110–112].

Molecular data: If the presence of molecular signa-
tures of aggressiveness still needs further dedicated data-
sets, the presence of recurrent mutations in series
enriched by well-defined aggressive PitNEts seems to be a
solid observation leading to serious consideration in
workflow. The worse prognostic value of TP53, ATRX,
and SF3B1 pathogenic variants should be considered [64,
81, 93, 100, 101]. More data are needed to clarify when
mutations occur in the disease progression of PitNETs
and to elucidate the role of other genes (i.e., TP53,
SF3B1, ATRX, DAXX, USP8, USP48, PTEN, RB1,
KRAS, HRAS, CDKN2A/2B, MMR, etc.). Genotyping
through a large NGS panel widely available in oncology
practice will help decision making for adjuvant treatment
and may identify targetable pathways for a personalized
treatment in aggressive PitNETs.
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