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Pituitary neuroendocrine tumors (PitNETs) are the third most frequently diagnosed intracranial tumors, with nonfunctioning Pit-
NETs (nfPitNETs) accounting for 30% of all pituitary tumors and representing the most common type of macroPitNETs. NfPitNETs 
are usually benign tumors with no evidence of hormone oversecretion except for hyperprolactinemia secondary to pituitary stalk 
compression. Due to this, they do not typically present with clinical syndromes like acromegaly, Cushing’s disease or hyperthyroid-
ism and instead are identified incidentally on imaging or from symptoms of mass effects (headache, vision changes, apoplexy). With 
the lack of effective medical interventions, first-line treatment is transsphenoidal surgical resection, however, nfPitNETs often have 
supra- or parasellar extension, and total resection of the tumor is often not possible, resulting in residual tumor regrowth or reoccur-
rence. While functional PitNETs can be easily followed for recurrence using hormonal biomarkers, there is no similar parameter to 
predict recurrence in nfPitNETs, hence delaying early recognition and timely management. Therefore, there is a need to identify 
prognostic biomarkers that can be used for patient surveillance and as therapeutic targets. This review focuses on summarizing the 
current evidence on nfPitNETs, with a special focus on potential new biomarkers and therapeutics.
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INTRODUCTION

Pituitary neuroendocrine tumors (PitNETs) are the third most 
frequently diagnosed intracranial tumors [1]. In the 2022 World 
Health Organization (WHO) classification of pituitary tumors, a 
major nomenclature change was introduced to refer to pituitary 
adenomas as PitNETs as the term adenoma refers to a benign 
disease that is not harmful to health or life which is inconsistent 
with the behaviors of pituitary tumors [2]. PitNETs are classi-
fied into functioning or nonfunctioning tumors. Functioning 
PitNETs (fPitNETs) have hormone oversecretion leading to 

conditions associated with elevated hormones, including acro-
megaly, prolactinoma and Cushing’s disease. Nonfunctioning 
PitNETs (nfPitNETs) account for 30% of all PitNETs and repre-
sent the commonest of all macroadenomas [1,3]. NfPitNETs are 
usually benign tumors with no evidence of hormone oversecre-
tion except for hyperprolactinemia, secondary to pituitary stalk 
compression [3]. Whereas active surveillance with regular clini-
cal, hormonal and imaging assessment is appropriate for select-
ed patients with nfPitNETs, the first-line treatment for most pa-
tients is transsphenoidal surgical resection. However, nfPitNETs 
often have supra- or parasellar extension, which preclude the to-
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tal resection of the tumor [4]. This results in residual tumor re-
growth in 47% of patients and 24% reoccurrence after complete 
macroscopic resection [5]. While fPitNETs can be more easily 
followed for recurrence using hormone levels as biomarkers, 
there is no similar parameter to predict recurrence in nfPitNETs, 
hence delaying early recognition and timely management [6]. 
The delay in diagnosis is approximately 1.96±2.9 years and at 
the time of diagnosis 67% to 90% have grown into macroade-
nomas [7,8]. Therefore, there is a need to identify prognostic 
biomarkers that can not only be used for patient surveillance but 
also for therapeutic targets [6]. Treatment of residual and recur-
rent tumors is often necessary, which includes a second surgery, 
radiation or medical therapy, even though there are currently no 
established drug options for nfPitNETs [4]. There are some po-
tential new therapeutics being investigated; however, currently 
there are only minimal in vitro and in vivo studies proving their 
efficacies. Due to the lack of potential biomarkers and effective 
treatments for nfPitNETs, more large-scale studies with long-
term follow-up need to be performed to provide effective pa-
tient care, particularly the subset of aggressive tumors. This re-
view will summarize the current evidence on nfPitNET epide-
miology, classification, pathophysiology, biomarkers, clinical 
presentation, and management, with a special focus on potential 
new therapeutics.

EPIDEMIOLOGY

NfPitNETs are the most prevalent macroadenomas and the sec-
ond most common microadenomas, following prolactinomas 
[3]. A recent review of population studies from UK, Belgium, 
Switzerland, Northern Finland, Western Sweden, Malta, Ice-
land, Canada, and Argentina estimated that the prevalence of 
clinically relevant nfPitNETs is 7–41.3 cases per 100,000 peo-
ple [3] with a standardized incidence rate of 0.65–2.34/100,000. 
This is likely an underestimate of the true prevalence, as many 
nfPitNETs go undiagnosed until they are large and cause mass 
effects or are incidentally discovered or found at autopsy. In-
deed, a recent population-based study from South Korea report-
ed a higher annual incidence of 3.5/100,000 for nfPitNETs [9]. 
The peak occurrence is from the fourth to the eighth decade of 
life; however, sex predominance data are conflicting [3]. Two 
recent studies have examined the role of socioeconomic status 
(SES) on the presenting characteristics and extent of disease in 
patients with surgically resected nfPitNETs [10,11]. Both stud-
ies found lower SES was associated with more severe disease  
at the time of diagnosis, including larger tumor size and lower 

rates of incidental diagnosis [10,11], and in one study, having a 
primary care provider was the single most crucial factor impact-
ing hospital lengths of stay, readmission rates, follow-up adher-
ence and tumor recurrence [10].

CLASSIFICATION

Pathological classification 
The 2017 WHO classification recognized the use of immunos-
taining for transcription factors to define adenohypophyseal tu-
mors, including: pituitary specific transcription factor 1 (PIT1), 
T-box transcription factor (TPIT), and steroidogenic factor 1 
(SF1) [12]. The 2022 WHO classification provided detailed his-
tological subtyping of a PitNET based on the tumor cell lineage, 
cell type, and related characteristics [2]. The routine use of im-
munohistochemistry for pituitary transcription factors (PIT1, 
TPIT, SF1, GATA binding protein 3 [GATA3], and estrogen re-
ceptor alpha [ERα]) was endorsed in this classification [2]. 

The adenohypophysis is composed of at least six different cell 
types, including somatotrophs, lactotrophs, mammosomato-
trophs, thyrotrophs, corticotrophs, and gonadotrophs. Lacto-
troph, somatotroph, and thyrotroph are classified as PIT1 lin-
eage, corticotroph as TPIT lineage and gonadotroph as SF1 lin-
eage (Table 1). Immunostaining for hormones can then deter-
mine specifically what cell lineage the tumor is derived from, 
which should include adrenocorticotropic hormone (ACTH), 
growth hormone (GH), prolactin (PRL), β-thyroid-stimulating 
hormone (β-TSH), β-follicle-stimulating hormone (β-FSH), and 
β-luteinizing hormone (β-LH) as well as the α-subunit of glyco-
protein hormones [2]. NfPitNETs can be gonadotroph, null cell, 
plurihormonal PIT1 positive and silent tumors of corticotroph, 
somatotroph, or lactotroph origin. The inclusion of transcription 
factors resulted in reclassification of 95% of cases of hormone-
negative nfPitNETs based on hormone immunohistochemistry 
[13].

Silent gonadotroph tumors comprise approximately 75% of 
clinically nfPitNETs [13,14]. These tumors showed variable im-
munostaining for β-FSH, β-LH, α-subunit, SF1, and GATA2. In 
tumors with only a few cells positive for β-FSH and β-LH, im-
munostaining for SF1 and/or GATA2 are required to identify 
the cell lineage of the tumors. ERα seems to be a prognostic 
factor for reintervention in males and the combination of the ab-
sence of ERα expression and young age serve as good predic-
tors of aggressiveness for this tumor subtype [14]. 

Silent corticotroph tumors make up approximately 5.5% to 
20% of nfPitNETs, although this reporting is heterogenous and 
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might be underreported [13,15-17]. In the 2017 WHO classifi-
cation, silent corticotroph tumors were characterized as high-
risk, as some studies have shown they have increased invasive-
ness and recurrence [13,16,18] but other studies have found no 
difference between silent corticotroph tumors and other nfPit-

NET subtypes [19-21]. A recent meta-analysis concluded that 
silent corticotroph tumors have a 31% recurrence rate but did 
not exhibit a significantly higher recurrence rate than other nf-
PitNET subtypes, questioning their classification as an aggres-
sive subtype [19]. However, a subset of the tumors had increased 
aggressiveness over time [17]; therefore, it is unclear whether 
these tumors should be treated with more aggressive interven-
tions. Moreover, these tumors have also been associated with in-
creased incidences of apoplexy and intratumoral hemorrhage 
compared to other nfPitNETs [21]. Therefore, it seems a subset 
of silent corticotroph tumors have increased aggressive behavior 
and perhaps increased recurrence and invasiveness; however, 
there is no current agreed upon prognostic markers to identify 
them from the less aggressive silent corticotroph tumors.

PIT1 positive plurihormonal tumors, previously called silent 
subtype 3, make up approximately 0.9% to 1.8% of nfPitNETs 
[17,22]. These tumors may have positive staining for hormones, 
such as GH, PRL, TSH, and α-subunit. The majority of these 
tumors remain hormonally silent; however, some of these tu-
mors can also cause hormonal excess, leading to acromegaly, 
hyperprolactinemia, and hyperthyroidism [23]. In a retrospec-
tive study, the resected PIT1 positive plurihormonal tumors 
were all macroadenomas, aggressive, invasive and had a high 
rate of recurrence [22]. Recent studies reported a lack or low 
expression of O6-methylguanine DNA methyltransferase 
(MGMT) in PIT1 positive plurihormonal tumors, suggesting 
that temozolomide (TMZ) may be effective in the treatment of 
PIT1 positive plurihormonal tumors [24,25]. Due to the rarity of 
this type, further studies are required to better understand the 
features of PIT1 positive plurihormonal tumors and establish ef-
fective treatments.

Null cell tumors are tumors that do not display any transcrip-
tional factors or hormonal staining and currently have no defined 
origin. Null cell tumors are decreasing in incidence with the in-
clusion of transcription factors in tumor classification [26]. Pre-
viously, null cell tumors and silent gonadatroph tumors were 
thought to be the same type of tumor. However, the inclusion of 
immunostaining for SF1 and ERα in tumor classification re-
vealed that 73% of resected nfPitNETs were silent gonadotroph 
tumor [13]. This distinction between null cell and silent gonadat-
roph tumors is important because null cell tumors have been la-
beled by the WHO 2017 as a high-risk tumor with increased in-
vasiveness and aggressiveness. One study also reported increased 
residual tumor growth after cavernous sinus invasion, reduced 
rates of complete tumor resection, increased cavernous sinus in-
vasion, higher proliferation indices and worse clinical outcomes 

Table 1. Classification of Pituitary Neuroendocrine Tumors 

PitNET type and subtype Hormonal IHC Transcription factors

PIT1 lineage

Somatotroph tumors

Densely granulated GH, α-subunit PIT1

Sparsely granulated GH PIT1

Lactotroph tumors

Sparsely granulated PRL PIT1, ERα

Densely granulated PRL PIT1, ERα

Mammosomatotroph  
tumor

GH, PRL, α-subunit PIT1, ERα

Mixed somatotroph  
lactotroph

GH, PRL±α-subunit PIT1, ERα

Thyrotroph tumor β-TSH, α-subunit PIT1, GATA3a

Mature plurihormonal 
PIT1-lineage tumor

GH±PRL, β-TSH, 
α-subunit

PIT1, ERα, GATA3a

Immature PIT1-lineage  
tumor

None or GH±PRL±
β-TSH±α-subunit

PIT1, ERα

Acidophil stem cell tumor PRL, GH PIT1, ERα

TPIT lineage

Corticotroph tumors

Densely granulated ACTH and other 
POMC derivatives

TPIT

Sparsely granulated ACTH and other 
POMC derivatives

TPIT

Crooke’s cell ACTH and other 
POMC derivatives

TPIT

SF1 lineage

Gonadotroph tumor

Sparsely granulated β-FSH, β-LH, 
α-subunit, or none

SF1, GATA3a, ERα

No distinct cell lineage

Plurihormonal tumor Multiple combinations Multiple combinations

Null cell None None

Adapted from Asa et al. [2], with permission from Springer Nature.
PitNET, pituitary neuroendocrine tumor; IHC, immunohistochemistry; PIT1, 
pituitary specific transcription factor 1; GH, growth hormone; PRL, prolactin; 
ERα, estrogen receptor alpha; TSH, thyroid-stimulating hormone; GATA3, 
GATA binding protein 3; TPIT, T-box transcription factor; ACTH, adrenocor-
ticotropic hormone; POMC, proopiomelanocortin; SF1, steroidogenic factor 
1; FSH, follicle-stimulating hormone; LH, luteinizing hormone. 
aGATA3 is a paralog of GATA2, and GATA3 immunostaining can detect 
GATA2-positive cells that is important for development of gonadotrophs 
and thyrotrophs.
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[27,28]. A retrospective study of 516 patients with nfPitNETs, 
including 23% of tumors originally classified as null cell tumors 
using classical immunohistochemistry techniques, the inclusion 
of transcription factor testings resulted in reclassification of 95% 
of tumors [13]. A recent study confirmed this by finding that less 
than 5% of nfPitNETs in 1,055 samples were null cell tumors 
[29].

Silent somatotroph tumors make up approximately 2% of nf-
PitNETs while silent lactotroph tumors make up about 0.6% to 
1.6% and silent thyrotroph tumors comprise about 0.9% [17,30-
32]. In addition, functional gonadotroph tumors are infrequent 
[33,34]. These tumors are quite rare and there are limited stud-
ies with sufficient sample sizes to make conclusions about their 
behaviors.

 
Radiological and operative classification 
Cavernous sinus invasion is the most common cause for incom-
plete resection during tumor removal, leading to increased re-
currence rates [35] and additional treatment. Established radio-
graphic and operative classifications to assess PitNET invasion 

included the initial one by Hardy and Vezina [36] with modifi-
cation by Wilson [37] that distinguished between the different 
grades of extrasellar extension. Knosp et al. [38] subsequently 
described a classification system for tumor parasellar invasion 
noted on magnetic resonance imaging (MRI) which determined 
the likelihood of cavernous sinus invasion by the PitNETs (Fig. 
1). This is especially important for nfPitNETs as the tumors 
have high rates of recurrence when they invade into the cavern-
ous sinus; therefore, knowing if the MRI classification can be 
used in these tumors is critical for therapy decisions [35]. In a 
recent study in 247 patients with PitNETs including 167 with 
nfPitNETs, a significant positive association between Knosp 
classification and Ki-67 expression in nfPitNETs compared 
with a negative association in patients with fPitNETs [39]. 

The grade 3 Knosp classification was further divided into infe-
rior (3A) and superior (3B) cavernous sinus invasion by Micko 
et al. [40]. In a study in 275 patients with nfPitNETs, Hwang et 
al. [35] found a significant difference in surgical outcomes be-
tween the low (grade 1 and 2) and the high (grade 3A, 3B, and 4) 
grade groups, but no difference in the gross tumor resection rate 

Fig. 1. Knosp classification and modified Knosp classification. Knosp classification divides tumors into five categories ranging from grade 
0 to grade 4 according to the tumor extension to three types of boundaries: medial tangent (short black dotted line), intercarotid line (long 
black dotted line), and lateral tangent (black straight line). Grade 0: tumor remains medial to the medial tangent. Grade 1: tumor extends to 
between the medial tangent and the intercarotid line. Grade 2: tumor extends to between the intercarotid line and the lateral tangent. Grade 3: 
tumor extends lateral to the lateral tangent. Grade 4: complete encasement of intracavernous internal carotid artery (ICA). In the modified 
Knosp classification, Grade 3 is further divided into two groups according to the direction of tumor extension. Grade 3A: tumor extends 
above the intracavernous ICA into the superior cavernous sinus (CS) compartment. Grade 3B: tumor extends below the intracavernous ICA 
into the inferior CS compartment. OC, optic chiasm; PIT, pituitary gland; PitNET, pituitary neuroendocrine tumor.
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between grade 3A and grade 3B. Moreover, the Knosp classifi-
cation was found to provide a reasonable estimation of surgical 
cure and the risk of complications, whereas the Hardy-Wilson 
scale was not useful for these purposes [35]. In another study of 
228 PitNET patients, including 140 patients with nfPitNETs, no 
difference in the diagnostic accuracy of the Knosp and modified 
Knosp classification for the prediction of surgical cure was 
found [41]. However, the differentiation between grades 3A and 
3B was important as patients with grade 3A had a higher proba-
bility of surgical cure, more similar to grade 2 of Knosp, where-
as the behavior of Knosp 3B was more similar to grade 4 of the 
classical Knosp [41]. 

A new radiological classification based on shape has been 
proposed by Berkmann et al. [42] to evaluate the impact of dif-
ferent tumor shapes on gross tumor resection rates and out-
comes based on previously defined growth patterns: spherical 
(shape I), oval (shape II), dumbbell (shape III), mushroom 
(shape IV), and polylobulated or mushroom (shape V). Based 
on a retrospective study of 191 patients with nfPitNETs, gross 
tumor resection was achieved in 53% of patients with decreas-
ing likelihood in higher shape grades (82% in shape I vs. 0% in 
shape V). Moreover, the higher the “shape grade,” the higher 
the likelihood for larger tumor remnants and need for further 
therapies.

TRANSSPHER (Transsphenoidal Extent of Resection Study) 
grade is another grading system that has been proposed to ad-
dress the likelihood of achieving gross tumor resection of nfPiT-
NETs after transsphenoidal surgery [43]. Based on a multicenter 
study with 222 patients with nfPitNETs, three MRI characteris-
tics were identified as strong independent predictors of gross tu-
mor resection: tumor diameter >40 mm, nodular tumor exten-
sion and Knosp grades 3 to 4 [43]. In the TRANSSPHER grad-
ing system, one point was assigned for each of the three MRI 
characteristics, and the likelihood of achieving gross tumor re-
section was inversely related to the TRANSSPHER grade.

Combined classification based on radiology and 
proliferation index
Trouillas et al. [44] proposed a classification system to better 
classify pituitary tumors based on proliferation and invasiveness 
in 2013, as proliferation characteristics in the 2004 WHO clas-
sification were vague and nonspecific, and invasion biomarkers 
were excluded all together. This classification system defined 
invasion as histological and/or radiological signs of cavernous 
or sphenoidal invasion. Proliferation was considered on the 
presence of at least two of three of the following criteria: Ki-67: 

>1% (Bouin-Holland fixative) or ≥3% (formalin fixative); mi-
toses: n >2/10 high power field (HPF); and p53: positive (>10 
strongly positive nuclei/10 HPF) [44]. This five-tier classifica-
tion system was retrospectively validated [44,45] and more re-
cently in nfPitNETs [46]. The study in nfPitNETs reported that 
this classification system proved to be very useful in predicting 
the risk of recurrence of nfPitNETs after primary surgery. In 
particular, grade 2b lesions (proliferative and invasive) showed 
an overall likelihood of recurrence that was 8.6 times greater 
than those of grade 1a (noninvasive and nonproliferative tumor) 
[46]. In another study, a 4.8-fold higher risk of progression/re-
currence in grade 2b as compared to grade 1a was found in a 
cohort of 607 patients with pituitary tumors, including 52% of 
patients with nfPitNETs followed for a median duration of 38 
months [47]. Moreover, patients with proliferative tumors have 
a higher risk to be retreated after primary surgery [47].

 
PATHOGENESIS

Pathogenesis of nfPitNETs comprises many hypotheses that 
might promote tumor growth and proliferation, including genet-
ic and epigenetic events, microRNA (miRNA) deregulation, 
immune resistance mechanisms, growth factor overproduction 
and pituitary stem cells. 

A meta-analysis of the expression of genes in nfPitNETs 
demonstrated that 67 genes, including paired like homeodomain 
2 (PITX2), involved in the regulation of cell growth, prolifera-
tion or the cell cycle were deregulated compared to the normal 
pituitary tissue [48]. PITX2 induced by the Wnt/Dvl/β-catenin 
pathway activates cyclin D2 expression, resulting in cell-type-
specific proliferation during pituitary development [49]. 

Several germline mutations result in clinical syndromes asso-
ciated with PitNET development, including multiple endocrine 
neoplasia type 1 (MEN1) gene and MEN4 syndrome and aryl 
hydrocarbon receptor interacting protein (AIP) gene mutations 
[50-52]. Chromosome 11 deletions have been associated with 
pituitary tumorigenesis in familial pituitary adenoma syndromes 
in which MEN1 or AIP, both tumor suppressors, are mutated in 
germline DNA [53]. This loss of chromosome 11 leads to MEN1 
or AIP inactivation, decreasing the cells’ ability to suppress tu-
mor growth. Chromosome 11 deletion has also been associated 
with the development of some atypical adenomas [53]. 

Additionally, the mitogen activated protein kinase (MAPK) 
signaling pathway has been implicated in cancer, with studies 
showing that cancerous mutations in MAPK pathways frequent-
ly affect Ras, a GTPase, and Raf, a protein kinase [54]. Ras/Raf 
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mutation-activated pathways are important for cell survival and 
proliferation, whereas stress-activated pathways such as Jun N-
terminal kinase (JNK) and p38 oppose malignant transforma-
tion. The balance between the two signaling pathways could 
significantly contribute to tumorigenesis and response to drug 
therapy. Raf, the main effector of Ras, has been shown to be 
overexpressed in nfPitNETs. This overexpression suggests over-
activity of the Ras-Raf/MAPK pathway to promote pituitary tu-
morigenesis [55]. Moreover, some somatic mutations of the 
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit 
alpha (PIK3CA) gene have been shown to have a role in nfPit-
NET development through the phosphatidylinositol 3-kinase 
(PI3K)/protein kinase B (Akt) signaling pathway [56]. There-
fore, both the Ras-Raf/MAPK and PI3K/Akt pathways might 
contribute to nfPitNET development.

Gene expression may also be modified by epigenetic changes, 
including tumor suppressor protein p16, a cyclin-dependent ki-
nase (CDK) inhibitor encoded by the CDKN2A gene, which is 
often downregulated in nfPitNETs, possibly resulting in uncon-
trolled proliferation [57]. Some p53-dependent genes are also 
downregulated in nfPitNETs, including DNA damage inducible 
gene 45g (GADD45g) and the maternally expressed gene 3 
(MEG3), both can act as tumor suppressor genes, thus limiting 
the control of programmed cell death through apoptotic mecha-
nisms [58,59]. Therefore, enhanced cell survival and prolifera-
tion might promote nfPitNET growth. Current research seems 
to point to epigenetic mutations as the more likely cause for the 
development of nfPitNETs, suggesting genetic predisposition is 
less important. 

CDK6 might also play a role in tumor proliferation as CDKs 
bind to cyclins, specifically cyclin D1, to form active cyclin-
CDK complexes that progress cells from G1 to S phase in the 
cell cycle [26]. Previous studies have shown that cyclin D1 is 
overexpressed in nfPitNETs compared to other tumor types and 
normal pituitary tissue [60]. As well, CDK6 has been shown to 
be overexpressed in invasive nfPitNETs [61]. CDK6 also has a 
role in phosphorylating retinoblastoma protein (Rb), which acti-
vates E2 transcription factor (E2F) and proliferation [62]. Cy-
clin-CDK complexes are regulated by p27, which are seen at 
lower levels in PitNETs compared to normal pituitary tissue, 
suggesting that p27 loss of function and dysregulation of cell 
cycle regulation can lead to tumor formation and proliferation 
[26]. 

DNA methylation is one of the crucial epigenetic modifica-
tions regulating gene expression. Several studies identified genes 
methylated differently in nfPitNETs compared to the normal pi-

tuitary tissues [63]. Genome-wide DNA methylation and mRNA 
analyses using 71 nfPitNET samples demonstrated differential 
gene expression and methylation profiles between a PitNET re-
growth group and a nonregrowth group. The DNA methylation 
and expression levels of two genes, family with sequence simi-
larity 90 member A1 (FAM90A1) gene and inhibitor of growth 
family member 2 (ING2) gene, are related to nfPitNET regrowth, 
suggesting the methylation status and expression levels as bio-
markers that may predict nfPitNET behaviors [63]. Another 
study integrating epigenome and transcriptome data found DNA 
methylation alterations and differential gene expression profiles 
in nfPitNETs compared to normal pituitary tissues as well as 
key protein molecules in the protein-protein interaction network, 
which can be novel therapeutic targets [64]. 

miRNAs are small noncoding RNA molecules that by pairing 
to the complementary mRNA sequence, negatively regulate 
posttranscriptional gene expression and influencing cell growth 
[65]. Several studies have found that miRNAs are overex-
pressed or downregulated in nfPitNETs compared to normal pi-
tuitary cells. These downregulated miRNAs, including miR-
134, are thought to restrain cell cycle progression in G2/M 
phase. Differential miRNA expression has been predicted to 
downregulate transforming growth factor beta signaling path-
way and Wee1, a mitotic inhibitor that hampers cell cycle pro-
gression in nfPitNETs [66,67]. Notch and PRL signaling are 
also deeply regulated by miRNAs in nfPitNETs [68]. These 
studies have provided preliminary evidence and additional work 
is required to understand their functional consequences in nfPit-
NETs better.

The proteins that negatively regulate T-cell activation, such as 
cytotoxic T-lymphocyte-associated protein 4 and programmed 
cell death 1 (PD-1) have both been implicated in playing a role 
in nfPitNET growth. Tumor infiltrating lymphocytes express 
PD-1 and bind to programmed death ligand-1 (PD-L1), which 
is expressed by tumor cells or antigen-presenting cells [69]. The 
binding of PD-1 to PD-L1 reduces lymphocytic cancer cell kill-
ing [70,71]. In support of this is the observation that nfPitNETs 
display lower PD-L1 mRNA and protein levels as compared to 
fPitNETs [72]. Also, nfPitNETs had increased PD-1 expression 
and a reduced lymphocyte infiltration, as compared to fPitNETs, 
suggesting that nfPitNETs may evade immune surveillance by 
triggering this checkpoint. Therefore, immune resistance mech-
anisms might facilitate nfPitNET growth, however when treated 
with immune checkpoint inhibitors, hypophysitis can occur 
[73]. 

Another hypothesis for development of nfPitNETs is the role 
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of pituitary stem cells which have been demonstrated in these 
tumors [74,75]. These stem cells display clonogenic ability in 
vitro, express stem cell markers, are multipotent and resist to cy-
totoxic drugs and capable of forming tumor spheres and gener-
ating tumors in nude mice [76,77]. One study provided evidence 
that nfPitNETs contain stem-like cells that express stem cell 
specific markers, as well as pituitary embryonic transcription 
factors involved in gonadotroph differentiation [78]. Sphere-
forming cells displayed long-term proliferation ability and tu-
morigenic potential in animal models, where they showed inva-
sive behavior and pro-angiogenic activity. This is further sup-
ported by studies showing that Notch3 and Jagged1 are overex-
pressed in human nfPitNETs as compared to normal pituitary 
tissue [79]. The Notch pathway participates in stem cell signal-
ing and pituitary embryonic development. Therefore, stem cells 
may also play a role in tumorigenesis and growth in nfPitNETs.

Angiogenesis is another mechanism by which nfPitNETs 
might develop as it is one of the most potent triggers for tumor 
development in other tissues. However, the current research 
seems to conclude that angiogenic factors might facilitate nfPit-
NET survival and growth but may not represent the initiating 
event forming the tumor [65]. 

CLINICAL PRESENTATION

Clinical presentation of nfPitNETs varies from being asymp-
tomatic to panhypopituitarism, mass effects, and pituitary apo-
plexy. Asymptomatic tumors are usually discovered incidentally 
by MRI and computed tomography scan when performed to in-
vestigate a nonpituitary disease, known as a pituitary inciden-
taloma [80]. Since nfPitNETs do not cause hormonal hyperse-
cretion, there is usually a delay in diagnosis of approximately 
1.96±2.9 years and at the time of diagnosis 67% to 90% are 
macroadenomas [7,8]. A recent prospective study of 269 pa-
tients with nfPitNETs reported that at presentation 48.7% were 
incidental and 51.3% were discovered from symptoms [80]. In 
the incidental group, 27.4% of patients had hypopituitarism 
compared to 58.7% of patients in the symptomatic group. Of all 
the patients, 87% presented with macroadenomas, which were 
larger in the symptomatic group than the incidental group. 

Most patients with symptoms will present with mass effects, 
such as headaches, visual field defects, ophthalmoplegia, hypo-
pituitarism, pituitary apoplexy, or hyperprolactinemia due to pi-
tuitary stalk compression [3]. The most common symptom is 
headache, which occurs in 19% to 75% of patients regardless of 
size [81-83]. There are different mechanisms that can produce 

headaches including suprasellar extension, intrasellar pressure, 
and stretching of dural membranes containing pain receptors, or 
activation of trigeminal pain pathways by tumors invading the 
cavernous sinus [84].

Due to the pituitary’s close proximity to the optic chiasm, any 
enlargement can cause compression, leading to visual field de-
fects in about 40% of patients [15]. The degree and location of 
the vision loss depend on where on the optic chiasm the tumor 
is compressing but most often results in bitemporal hemianopia 
[85]. However, it can result in unilateral or altitudinal vision 
loss in 33% and 16% of cases, respectively [86]. Often the loss 
of vision is gradual and unnoticed, with the median duration be-
fore diagnosis being 6.5 months, and older age being the only 
factor associated with delayed diagnosis [87].

Ophthalmoplegia occurs when the tumors invade into the cav-
ernous sinus and compress the cranial nerves. Ophthalmoplegia 
usually involves the third (oculomotor), fourth (trochlear), or 
sixth (abducens) cranial nerves, leading to paralysis of the extra-
ocular muscles that control the movements of the eye. Double 
vision is a characteristic symptom in all three cases [3]. In rare 
cases, when the tumor invades the cavernous sinus it might 
cause temporal lobe epilepsy, intracranial hypertension, hydro-
cephalus, cerebrospinal fluid rhinorrhea or occlusion of the in-
ternal carotid artery [88,89].

Apoplexy is a vascular hemorrhage that can occur in mac-
roadenomas. Apoplexy is seen more commonly in nfPitNETs 
than other PitNETs, occurring in 7% to 9.5% of all nfPitNETs 
with nfPitNETs accounting for 45% to 82% of all apoplexy cas-
es [3,90-93]. However, another cohort study which followed 
patients for 42 weeks had no apoplexy cases even with tumor 
growth [94]. A systematic review and meta-analysis reported 
that apoplexy occurs in nfPitNETs that are macroadenomas at 
an incidence of 1.1% per year [95]. Apoplexy occurs when there 
is acute expansion of the tumor, presenting with acute onset 
headache that may or may not be associated with neuroophthal-
mological signs and symptoms like intracranial hypertension, 
altered levels of consciousness and hypopituitarism [82]. Radio-
logic features of pituitary apoplexy on MRI scan varies, as the 
signal of infarction changes [92]. In the acute phase up to day 7, 
isointense or slightly hypointense signals are seen on T1 scans 
and hypointense signals on T2 scans; during the subacute phase 
from 7 to 21 days and the chronic phase after 21 days, hyperin-
tense signals are observed on T1 and T2 scans and hypointense 
signals on T1 and T2 scans, respectively.

Hypopituitarism occurs when there is compression of the ade-
nohypophysis and/or pituitary stalk leading to deficiency of at 
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least one of the adenohypophyseal hormones since hypothalam-
ic factors cannot reach the pituitary to signal the hormones’ re-
lease [96]. Hyperprolactinemia can also occur from pituitary 
stalk compression as it prevents dopamine, an inhibitor of PRL 
release, from reaching the adenohypophysis. Therefore, hypogo-
nadism can occur due to hyperprolactinemia, usually <95 ng/mL, 
or from the compression of the anterior pituitary itself [97]. The 
most common axis affected is the GH axis, followed by the go-
nadal axis and the adrenal axis [3].

BIOMARKERS

Ki-67 is a common cell proliferation marker, determined by the 
percentage of cells with immunostaining for mindbomb homo-
log-1 (MIB-1) antibody. Within nfPitNET subtypes, Ki-67 vari-
ability suggests that proliferative indices and higher risk sub-
types may act as independent predictors of disease. A recent 
study reported that Ki-67 labeling index >3% and Knosp grade 
≥3 was positively correlated in nfPitNETs but negatively corre-
lated in fPitNETs [39]. The authors attributed this to the delay in 
diagnosis of nfPitNETs until the tumor has become more exten-
sive and more invasive. While the correlations might be a clini-
cal manifestation rather than evidence that high proliferation is 
associated with low invasive behavior in fPitNETs [39]. Addi-
tionally, it has been reported that nfPitNETs have lower Ki-67 
expression than fPitNETs [98]. In nfPitNETs, high Ki-67 ex-
pression has been associated with tumor recurrence [99], tumor 
size >3 cm [99], infiltration into cavernous sinus [39], residual 
tumor growth [100,101], shorter time to repeat surgery [100], 
and negatively associated with tumor volume doubling time 
[102]. However, other studies have found no association be-
tween high Ki-67 expression and tumor growth [103], invasive-
ness [104], recurrence [104], and volume [104]. Additionally, 
no difference was found between tumors that infiltrated into the 
cavernous sinus compared to those that did not [32,105]. 

MGMT is a DNA repair enzyme, which repairs naturally oc-
curring mutagenic DNA O6-methylguanine back to guanine. In 
PitNETs, low MGMT expression has been reported in more ag-
gressive tumors, suggesting MGMT expression might play a 
role in tumor progression [106,107]. Gene expression studies 
have reported that MGMT’s role in tumorigenesis is through the 
MAPK and PI3K pathways [108]. Many studies have shown 
the relationship between low MGMT expression and increased 
TMZ treatment response in aggressive pituitary tumors, with 
one review article reporting 76% treatment response rate in low 
MGMT expressing tumors [109]. Widhalm et al. [106] com-

pared MGMT expression in patients who had progressive, re-
growing nfPitNETs with MGMT expression in tumors from pa-
tients who remained tumor free after the first operation. In the 
group with regrowing tumors, low MGMT expression was ob-
served in 50% of the patients, compared with 24% in the tumor-
free group. Moreover, the interval to a second surgery in pa-
tients who had low MGMT expression was 6.2 years compared 
to patients with high MGMT expression which was 10.7 years 
[105]; however, none of these differences reached significance. 
Therefore, more research is needed on the MGMT expression 
levels and its relationship to aggressive behavior and TMZ re-
sistance in nfPitNETs.

ERα is a possible prognostic biomarker for nfPitNETs. In 
breast cancer, ERα is activated by estrogens leading to enhanced 
proliferation, which is counteracted by the presence of ERβ, 
which exerts an antiproliferative effect [110]. Therefore, ERα 
antagonists and ERβ agonists might be beneficial therapeutic 
options. However, the expression of these two receptors differ  
in different types of tumors and cancer stages, likely impacting 
proliferation [110]. Therefore, detecting the expression of these 
two receptors in nfPitNETs could prove beneficial in determin-
ing who would benefit from estrogen receptor therapeutics. A 
study by Zhou et al. [111], demonstrated that increased ERα to-
gether with decreased E-cadherin and ERβ expression were 
found in invasive compared to noninvasive nfPitNETs. Howev-
er, low levels of ERα were associated with earlier and higher 
rates of reintervention in males with nfPitNETs but not females 
[14]. Moreover, estrogen, through its receptor, induces expres-
sion of pituitary tumor transforming gene (PTTG) [112]. Fur-
thermore, the same authors demonstrated that antiestrogens re-
duced PTTG expression in human PitNETs, specifically prolac-
tinomas, in vitro and suppressed tumor growth in vivo, indicat-
ing a role of antiestrogenic therapy in treatment of PitNETs 
[113]. Similar studies have not been completed in nfPitNETs.

PTTG is a proto-oncogene that is involved in a variety of phys-
iological processes, specifically it is one of the key factors in the 
formation of various tumors. PTTG plays an important role in 
the formation of PitNETs as it has been demonstrated that most 
PitNETs express PTTG [99]. As mentioned above, estrogen has 
been shown to stimulate PTTG expression and PTTG has been 
shown to promote expression of basic fibroblast growth factor 
and vascular endothelial growth factor (VEGF) which are close-
ly related to angiogenesis [114,115]. Minematsu et al. [115] sug-
gested that PTTG promotes tumor growth by stimulating angio-
genesis instead of through proliferation, as no relationship be-
tween PTTG and Ki-67 expression was found. However, Filip-
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pella et al. [116] reported conflicting results that PTTG expres-
sion was associated with Ki-67 expression, and that they were 
both correlated to more aggressive behavior and recurrence. Ad-
ditionally, PTTG expression has been reported to be significantly 
higher in invasive compared to noninvasive macroadenomas 
[117]. Another study confirmed the correlation between PTTG 
expression with the invasiveness of nfPitNETs; however, there 
was no association with E-cadherin and Ki-67 expression [105]. 
In addition, association with age and female sex were found 
though there was no significant relationship with tumor regrowth 
[118]. However, other studies have found no relationship be-
tween PTTG expression and invasiveness in PitNETs [119] or 
nfPitNETs specifically [99].

VEGFs are a family of angiogenic and lymphangiogenic 
growth factors that have been implicated in playing a role in en-
dothelial cell proliferation, angiogenesis, and vascular permea-
bility [120]. High VEGF expression has been reported in nfPit-
NETs [121-123] and has been associated with tumor invasive-
ness, specifically cavernous sinus invasion [124,125]. Addition-
ally, VEGF RNA and protein levels have been shown to be 
higher in nfPitNETs than in normal pituitary tissue; however, no 
difference was found in VEGF expression, RNA or protein lev-
els between nfPitNETs and fPitNETs [125,126]. 

Mismatch repair mechanisms, including MutS homolog 2 
(MSH2) and MSH6, correct errors from nucleotide misincorpo-
ration by DNA polymerase. Therefore, they are important in re-
pairing DNA damage. MSH2 and MSH6 expression have been 
positively associated with tumor volume doubling time and in-
versely associated with cell proliferation and invasiveness in nf-
PitNETs [127,128].

E-cadherin has a vital role in cell-cell adhesion, where the 
loss of these tumor suppression genes can lead to tumor devel-
opment, progression, and metastases [129]. No association was 
found in E-cadherin expression between nfPitNETs with cav-
ernous sinus invasion and those without [32]. However, a differ-
ent study reported that E-cadherin mRNA and protein levels 
were lower in invasive tumors compared to noninvasive ones 
[111]. Additionally, Slug, a repressor of E-cadherin, was signifi-
cantly increased in invasive compared to noninvasive nfPit-
NETs. Furthermore, Slug was positively correlated with ERα 
and inversely correlated with ERβ, whereas E-cadherin was 
positively correlated with ERβ and inversely correlated with 
ERα. Therefore, ERα and ERβ may act in opposite directions to 
regulate the Slug-E-cadherin pathway, contributing to the inva-
siveness of nfPitNETs. The absence of E-cadherin staining 
served as an independent predictor of reintervention [130].

Matrix melloproteinase-9 (MMP9) is a zinc-containing prote-
ase that has a role in extracellular matrix degradation and angio-
genesis. No difference was reported in MMP9 expression be-
tween nfPitNETs that extended into the cavernous sinus and 
those that did not [32,105]. Gong et al. [131] reported that 
MMP9 activity was significantly higher in invasive nfPitNETs 
compared to noninvasive nfPitNETs and there was a significant 
correlation between tumor size and tumor invasion into the cav-
ernous and sphenoid sinus and MMP9 expression levels; how-
ever, there was no difference in MMP9 expression between 
fPitNETs and nfPitNETs [131,132]. Turner et al. [133] also re-
ported that although there was no difference in whether MMP9 
was present or not in nfPitNETs that recurred, compared to 
those that did not, recurrent tumors were more likely to express 
MMP9. Therefore, MMP9 might be a possible prognostic bio-
marker for nfPitNETs; however, more research is needed.

Cathepsin K, a protease that degrades type I collagen and ex-
tracellular matrix, thereby contributing to bone resorption and 
tumor invasion, has recently been shown as a potential marker 
for sphenoid sinus invasion in 176 patients with nfPitNETs 
[134]. In the same study, the expression of MMP9 and MMP2 
was higher in patients with cavernous sinus invasion. Moreover, 
higher expression of cathepsin K was an independent risk factor 
for recurrence.

Fibroblast growth factor receptor 4 (FGFR4) interacts with fi-
broblast growth factors, that regulate many processes, including 
cell proliferation, migration, differentiation and more. In nfPit-
NETs, no association was found between FGFR4 expression 
and tumor invasiveness [99]. Additionally, FGFR4 expression 
was not significantly different between tumors that invaded the 
cavernous sinus and those that did not [32]. Therefore, FGFR4 
might not be a good predictor of tumor invasiveness for nfPit-
NETs, but more research is needed to see its use in predicting 
other tumor behaviors.

Using high-throughput mass spectrometry-based phospho-
proteomic analysis, a unique phosphopeptide enrichment pat-
tern was found to correlate with disease recurrence in nfPitNETs 
in a recent study [135]. A cluster of 22 phosphopeptides was 
found to be upregulated in recurrent nfPitNETs and a significant 
phosphorylation of the β-catenin at Ser552 in recurrent and in-
vasive nfPitNETs, compared to noninvasive/nonrecurrent nfPit-
NET subgroup, suggesting the phosphorylation status of 
β-catenin at Ser552 could act as a potential biomarker of tumor 
recurrence in nfPitNETs. This merits additional investigation, 
given the importance of the Wnt/β-catenin pathway in tumori-
genesis and pituitary development.
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The role of cofilin as a biomarker for invasion in nfPitNETs 
has also been investigated in a couple of studies [136,137]. Ac-
tin cytoskeleton rearrangement is regulated by phosphorylated 
cofilin, inhibiting actin binding and leading to cell migration. 
Cofilin phosphorylation increased in nfPitNET cells treated 
with dopamine agonist (DA), with lower phospho-cofilin im-
munostaining in tumors with cavernous sinus invasion [136]. 
Moreover, differential expression of phospho-cofilin was asso-
ciated with GH deficiency and compressive pituitary mass ef-
fects in a second study that investigated pituitary tumors with 
dural invasion [137].

Whether phosphorylated epidermal growth factor receptor 
(pEGFR T693) can predict recurrence in nfPitNETs has also 
been examined in 102 patients followed for a median of 123 
months [6]. Patients with tumor recurrence had higher pEGFR 
T693 positivity and nuclear pEGFR T693 may serve as a pre-
dictor for tumor recurrence [6].

MANAGEMENT

Evaluation
According to the most recent guidelines, any patient presenting 
with a macroadenoma or a microadenoma >6 mm should have 
a laboratory assessment to test for hormonal abnormalities, 
whether they present with symptoms or not [138,139]. The most 
common hormonal findings are hypogonadism and GH defi-
ciency, followed by central hypothyroidism and secondary ad-
renal insufficiency [139]. However, patients with PitNETs rare-
ly present with diabetes insipidus; therefore, if this is a finding, 
other diagnoses should be considered. Panhypopituitarism oc-
curs in 6% to 29% of patients at diagnosis, and 25% to 65% of 
patients have hyperprolactinemia due to pituitary stalk compres-
sion. However, it is important to determine if the tumor is a nf-
PitNET or a prolactinoma as the treatment for the two tumors 
differs considerably, with surgery being the first-line treatment 
for nfPitNETs and medical therapy for prolactinomas. The level 
of PRL in the blood can give an indication as to the tumor type. 
A retrospective study reported that nfPitNETs usually present 
with PRL levels <100 ng/mL, whereas prolactinomas will have 
PRL levels >250 ng/mL [140]. Clinical judgement is therefore 
required when the PRL levels fall within 100 to 250 ng/mL.

The next step in evaluation is radiological assessment. Usual-
ly, this involves MRI with or without contrast [141] unless it is 
contraindicated. Contrast can help identify the tumor as Pit-
NETs exhibit delayed enhancement, so after contrast, the tumor 
will appear hypointense compared to the surrounding pituitary 

gland. Radiological assessment is crucial in the diagnosis of Pit-
NETs as it can give precise measurements on size, degree of in-
vasion into the cavernous sinus and proximity to important 
structures, including the optic chiasm and carotid arteries [141]. 
This information is necessary to grade and classify the tumor, as 
described above, and decide treatment for the individual.

If, after MRI evaluation, the tumor is distant from the optic 
chiasm and cavernous sinus and the patient has no visual abnor-
malities, then an ophthalmologic assessment is not needed [85]. 
However, if the patient does develop visual symptoms in the fu-
ture, this would be a strong indication for surgery. Although 
ophthalmologic assessment is not always required for nfPit-
NETs, it was recommended by the Congress of Neurological 
Surgeons systematic review and evidence-based guideline in 
2016 [142]. Such evaluation can provide prognostic factors for 
recovery and, when paired with postoperative evaluation, docu-
ments postoperative change. In addition to formal ophthalmo-
logic examinations, tests of value include automatic static pe-
rimetry and optical coherence tomography [142]. Older patients 
and patients with longer duration (>4 months) of vision loss 
should be counseled regarding the reduced chance of postopera-
tive vision improvement [142]. 

Treatment
Treatment options vary depending on the characteristics of the 
tumor and the presenting symptoms of the patients. Treatment 
options include active surveillance, surgery, radiotherapy, and 
medical therapy.

Asymptomatic tumor
Unfortunately, there are few natural history studies on asymp-
tomatic nfPitNETs to determine an optimal treatment strategy 
[143]. A large retrospective cohort of 371 patients with nfPit-
NETs found at least one pituitary deficiency in 23.7% of inci-
dental nfPitNETs at diagnosis and identified older age and larg-
er tumor size as risk factors for secondary hormonal insufficien-
cy [144]. Another retrospective study analyzing 347 patients 
with micro-nfPitNETs demonstrated 2.1 per 100 person-years 
of growth incidence [145]. Currently, an observational approach 
has been used in select patients without visual field defects with 
microadenomas; however, if the patient is younger and has a 
large lesion, earlier surgical intervention may be advised. If the 
observational approach is selected for a microadenoma, routine 
follow-up by MRI imaging is needed to monitor for tumor en-
largement every year for 3 years [138]. However, the interval of 
follow-up MRI could be extended based on a recent study that 
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found a growth incidence of 2.1 per 100 person-years with a 
mean and median time to growth of 38.1 and 24.5 months, re-
spectively, in a cohort of 347 patients with micro-nfPitNETs 
followed for a median of 29 months [145]. After 3 years, repeat 
imaging can be done less frequently if there is no growth. No 
surveillance is routinely recommended for microadenomas with 
a diameter <5 mm. If the tumor does grow or compress the op-
tic chiasm, then surgery would be advised. Surgery is not imme-
diately recommended as microadenoma growth only occurs in 
3% to 12.5% of patients, with less than 5% growing >1 cm dur-
ing follow-up [94,95].

For nfPitNETs larger than 1 cm in size that are asymptomatic 
when surgery is not performed, visual field testing and MRI im-
aging should be performed every 6 months to start, and then an-
nually for 3 years following. After those 3 years, imaging can 
occur less frequently. Overall, approximately 40% to 50% of 
asymptomatic nfPitNETs will enlarge during long-term follow-
up and close to 20% of tumors will become symptomatic, with 
9.5% developing apoplexy [90,146]. Surgery is also often re-
quired in 21% to 29% of the tumors studied. The median growth 
of macroadenomas is 0.6 mm/year. Therefore, they grow quite 
slowly, but monitoring for hypopituitarism every 6 to 12 months 
should be considered [138,146]. Depending on the distance to 
the optic chiasm, visual field testing should be considered at an 
appropriate interval [147]. Unfortunately, there are no current 
prognostic biomarkers to predict whether the tumor will grow 
or require surgical intervention. More research is needed on the 
natural history of these tumors and finding biomarkers to pre-
dict their growth behavior, resulting in effective management of 
these tumors.

Symptomatic tumor
In patients who present with symptoms of visual disturbances or 
pituitary apoplexy with visual disturbances, surgery is the first-
line treatment [138]. However, if the patient presents instead 
with hypopituitarism, headache, or a tumor close to the optic 
chiasm, the recommendation for surgery is less clear-cut. A 
study has reported that surgery can improve hypopituitarism in 
30% of patients, but the risk of developing a new hormone defi-
ciency after the surgery is approximately 3% to 15% [148,149]. 
Therefore, surgery is not usually recommended if hypopituita-
rism is the only symptom [150]. If the headaches are extreme, 
surgery can be performed, although there is no guarantee it will 
resolve the headaches. However, a recent review article reported 
that 89.7% to 100% of patients who presented with preoperative 
headaches had relief after surgery, 5.6% reported stable head-

aches and no patients experienced worse symptoms after long-
term follow-up [151].

Surgery
The first-line treatment is endoscopy or microscopy-assisted 
transsphenoidal surgical resection; however, nfPitNETs often 
have supra- or parasellar extension so total resection of the tu-
mor is often not possible, with total resection occurring in 60% 
to 73% of patients [4]. This results in residual tumor regrowth in 
47% of patients and 24% reoccurrence after complete macro-
scopic resection [5]. If the tumor is predominantly suprasellar, 
transcranial surgery might be performed in specific cases [152]. 
After more than 20 years, there has yet to be a consensus on 
whether microscopy or endoscopy is the superior visualization 
technique. Therefore, both are still used around the world. How-
ever, recent review articles have reported that the endoscopy ap-
proach resulted in significantly higher rates of gross total resec-
tion and lower rates of complications, including lower rates of 
hypopituitarism, in nfPitNETs compared to the microscopic ap-
proach [153,154]. Recently, intraoperative MRI has been used 
for pituitary surgery. The benefit over the usual technique is that 
it shows the tumor status during the surgery, so the surgeon is 
able to resect more of the tumor. Therefore, it is thought to im-
prove patient outcomes; however, the results have been mixed 
with some finding improved resection [155,156] and others 
finding no difference [157]. Complications from surgery are 
quite rare, with a mortality rate <1% and <5% of patients expe-
riencing postoperative complications such as cerebrospinal fluid 
leakage, fistula, meningitis, vascular injury, persistent diabetes 
insipidus, or new visual field defects [148]. As the experience of 
the surgeon performing the surgery has an effect on the compli-
cation rate, a center with experience of >25 transsphenoidal op-
erations for pituitary adenomas per year provides a high likeli-
hood of safe transsphenoidal surgery [158]. 

Radiation
Radiation has been shown to be an effective treatment after sur-
gical resection of the tumor to prevent regrowth or recurrence. 
However, it is often not used as a primary treatment except for 
those patients who are unfit for surgery. Although the efficacy 
of radiotherapy as first-line therapy is sparse, three studies have 
reported reduced tumor size in 38% to 83% of patients [159-
161]. However, Lee et al. [159] reported that 24% of patients 
developed new or worsened hypopituitarism after gamma knife 
radiosurgery and reported that the number of patients that devel-
oped hypopituitarism significantly correlated with the dose of 
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radiation given [160]. These studies suggest that radiotherapy as 
a primary surgery can be beneficial for patients who are unable 
to have surgical resection; however, the inability to obtain a his-
tological classification is a considerable limitation for this treat-
ment [160,161].

In general, nfPitNETs require lower doses of radiation than 
fPitNETs, increasing its utility in nfPitNETs as a treatment while 
reducing the risk of developing hypopituitarism [162]. After ra-
diation, the somatotroph axis is the most vulnerable to damage, 
resulting in isolated GH deficiency [163]. The incidence of the 
deficiency increases with increasing radiation doses. The most 
common sequence of deficiencies begins with GH, then LH/
FSH, ACTH and TSH, with the incidence of each at 100%, 
91%, 77%, and 42%, respectively, after 8 years of follow-up 
[164]. This specific sequence was seen in 61% of patients with 
nfPitNETs [164]. 

Currently, the most common method of radiation used is ste-
reotactic radiation (SRS). The most used SRS techniques in-
clude the Cobalt-60 gamma radiation-emitting sources gamma 
knife, the robotic SRS system CyberKnife (Accuray, Madison, 
WI, USA), and the use of a modified linear accelerator. The 
most reported in the literature is gamma knife radiotherapy, al-
though the clinical efficacy and toxicity are similar among the 
three modalities, with tumor shrinkage occurring in 20% to 60% 
of patients [165] and tumor control rates of 85%–95% at 5–10 
years [166]. Additionally, low radiation doses, larger tumor vol-
umes and suprasellar extension were associated with worse out-
comes. Visual function also improved in 25% of patients, since 
patients with tumors close to the optic apparatus were excluded 
in treatment. Overall, the risk of severe complications with SRS 
radiation is low, with hypopituitarism being the most common 
long-term side effect occurring in 10% to 40% of patients with-
in 5 years of treatment [165]. The factors increasing the risk of 
developing hypopituitarism were pre-existing hormonal pitu-
itary deficits, suprasellar invasion and higher radiation doses 
targeted to the pituitary gland and stalk. Therefore, follow-up 
for hypopituitarism should be done every 6 months after radia-
tion therapy. Other side effects include neurological complica-
tions, such as visual disturbances and cranial nerve compression 
due to cavernous sinus invasion, which have been reported in 
1% to 4% of patients [165]. Other complications are quite rare 
and the risk of a second tumor after treatment is significantly 
lower than conventional radiotherapy. Due to the high incidence 
of complications, radiation should only be used on tumors with 
a high likelihood of progression [167].

Medical therapy
Due to the high occurrence of regrowth and recurrence of nfPit-
NETs and the complications that arise from radiotherapy, medi-
cal therapy provides another treatment option to manage these 
recurrent cases. The three medical therapies that have shown the 
most promise are DAs, somatostatin analogs and TMZ.

Dopamine agonists
Dopamine receptor 2 (DR2) expression is found in most pitu-
itary tumors, as in normal pituitary glands the receptor binds 
with dopamine to inhibit the release of PRL. DR2 expression 
has been reported in nfPitNETs specifically [168-170], with one 
study reporting DR2 expression was similar between nfPitNETs 
and fPitNETs [171]. Due to the relationship between dopamine 
and PRL, DA therapy is the first-line treatment for prolactino-
mas, and the theory is that it would work similarly for other 
types of pituitary tumors like nfPitNETs. A few studies have 
found that in nfPitNETs there was no association between DR2 
expression and tumor shrinkage from DA therapy, even though 
the majority of tumors were positive for DR2 expression 
[170,172]. In contrast, another study reported a correlation be-
tween DR2 expression and cabergoline-induced tumor shrink-
age, with the short isoform of the receptor associated with more 
favorable outcomes [173]. Therefore, it is unclear if one can de-
termine tumor susceptibility to DA therapy by analyzing DR2 
expression.

Bromocriptine therapy was the original DA therapy used in 
earlier studies; however, cabergoline therapy is more potent and 
is the DA therapy of choice. Bromocriptine therapy in patients 
with nfPitNETs is associated with decreased prevalence of re-
sidual tumor enlargement and suppression of cell proliferation 
in a small number of patients [168,170]. However, other studies 
have reported that the drug is ineffective in reducing tumor size 
or preventing tumor growth in nfPitNETs [174,175]. Cabergo-
line therapy in patients with nfPitNETs is associated with de-
creased prevalence of residual tumor enlargement, residual and 
primary tumor shrinkage, and stabilization in some patients, al-
though some patients did exhibit tumor growth or no change in 
tumor size [169,170,172,173,176-178]. A recent meta-analysis 
showed cabergoline-induced tumor shrinkage in 19% of pa-
tients with nfPitNETs and prevented tumor progression after 
surgery in 50% of patients with nfPitNETs [179]. Larger con-
trolled studies with long-term follow-up are needed before DA 
therapy can be incorporated into the routine practice for nfPit-
NETs.
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Somatostatin analogs 
Medical therapy with somatoatatin analogs targeting somatosta-
tin receptors is indicated in GH-secreting tumors and ACTH-se-
creting tumors; however, their role in nfPitNETs is still not fully 
assessed [180,181]. Expression profiles of somatostatin receptor 
1–5 in nfPitNETs have been reported [182-184], suggesting the 
potential use of somatostatin analogs for nfPItNETs. Octreotide 
therapy in patients with nfPitNETs is associated with stabiliza-
tion of post-surgical tumor remnants but has had limited effect 
on tumor shrinkage [99,171,185-187] and in vitro data indicate 
pasireotide, a multiple somatostatin receptors ligand, may be 
useful [186]. However, a phase 2 clinical trial has reported that 
pasireotide induced a tumor size reduction of at least 20% in 
only 16.7% patients with nonfunctioning gonadotroph tumor 
[188]. In a review article, tumor size reduction was reported in 
12% of patients, increase in 5% and no change in 83% of pa-
tients [189]. These studies suggest the limited effectiveness of 
somatostatin analogs for nfPitNETs.

Temozolomide
TMZ is an oral alkylating agent with a growing role in treating 
carcinomas and aggressive pituitary tumors. Due to most of the 
studies looking at TMZ effects on aggressive pituitary tumors 
having small sample sizes and varying follow-up durations, the 
European Society of Endocrinology has labeled the amount of 
evidence as very low [190]. In a meta-analysis conducted by the 
European Society of Endocrinology, the tumor response after 
TMZ was approximately 47% (95% confidence interval, 36% 
to 58%) [190]. Even though the evidence is low, a 3-month trial 
of TMZ is recommended as first-line chemotherapy for carcino-
mas and aggressive PitNETs by the society [190]. Aggressive 
PitNETs are defined as having invasive growth and unusually 
rapid growth rate or showing persistent growth after standard 
treatment. Another review found similar results, reporting par-
tial or complete response achieved in 22% of patients and stable 
disease in 48% [191]. This study also reported that prolactino-
mas and corticotroph tumors respond best to TMZ, showing ap-
proximately a 50% response rate, with nfPitNETs responding 
only half as frequently. Another review also reported that nfPit-
NETs exhibit lower TMZ responses at 40% compared to fPit-
NETs, which ranged from 60% to 73% [109]. It is suggested 
TMZ might not be as effective in treating nfPitNETs compared 
to fPitNETs due to the high expression of MGMT. The lack of 
randomized control trials in nfPitNETs and varying results be-
tween studies indicated that the role of TMZ in treating nfPit-
NETs remains unclear, although it seems reasonable to have a 

therapeutic trial of TMZ in patients with aggressive and inva-
sive nfPitNETs [192]. 

Capecitabine (pro-drug of 5-fluorouracil)+temozolomide 
Capecitabine is a systemic pro-drug of 5-Fluorouracil, which at-
tenuates the activity of MGMT, promoting the apoptotic effect 
of TMZ in PitNET cells. Recent studies, including ours, sug-
gested that TMZ combined with capecitabine (CAPTEM) can 
be more effective compared to TMZ monotherapy for the treat-
ment of aggressive PitNETs, including nfPitNETs (pituitary 
carcinomas, silent corticotroph PitNETs, null cell adenomas, a 
poorly differentiated PIT1 tumors, and prolactinomas) [193-
198]. Capecitabine 1,500 mg/m2/day (maximum daily dose of 
2,500 mg on days 1 through 14 divided into two doses) and 
TMZ 150 to 200 mg/m2/day (divided into two doses) are given 
orally on days 10 through 14. This 2-week protocol is followed 
by 2 weeks off-treatment [193] and the treatment is well tolerat-
ed by patients. Although cases with nfPitNETS treated with 
CAPTEM are limited, promising outcomes are sometimes seen. 
Further studies are required to determine if CAPTEM is superi-
or to TMZ monotherapy and can be a novel treatment option for 
aggressive nfPitNETs as in other neuroendocrine tumors. 

TARGETS OF THERAPY IDENTIFIED BY 
EXPERIMENTAL FINDINGS

Limited studies of experimental medical therapy are available 
partly due to the lack of proper in vitro and in vivo models of nf-
PitNETs. Genetically engineered mouse models of PitNETs 
share some biochemical and molecular features of PitNETs. 
However, no current mouse model fully recapitulates pituitary 
tumorigenesis [199,200]. Our mouse model with neuron-glial 
antigen 2 (NG2)-driven retinoblastoma protein (pRb) inactiva-
tion develop PIT1 linage PitNETs with high penetrance [201]. 
The tumors in the mice have pathological features that are simi-
lar to those of human aggressive PIT1-lineage nfPitNETs previ-
ously referred to as silent subtype 3 adenomas. However, the 
role of Rb gene for human PitNETs remains elusive.

The mammalian target of rapamycin (mTOR) pathway is a 
recent treatment target for various tumor types, including endo-
crine tumors. The pathway is thought to be responsible for pro-
liferation, survival, and drug resistance in various cancers [202]. 
Specifically, two mTOR regulatory kinases, Akt and extracellu-
lar signal-regulated kinase (Erk), show increased activity in nf-
PitNETs [55]. Sajjad et al. [203], therefore, evaluated whether 
an mTOR inhibitor, rapamycin, would induce mTOR inhibition 
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in mTOR-active nfPitNET cells. The authors reported that all 
cell lines showed mTOR inhibition in response to rapamycin, 
while inhibition of Erk and Akt did not affect mTOR activity. 
However, cell viability or proliferation was not evaluated. Za-
telli et al. [204] evaluated a different mTOR inhibitor, everolim-
us, and reported reduced cell viability in nfPitNET cells. Addi-
tionally, Lee et al. [205] evaluated the antitumor effects of NVP-
BEZ235, a dual PI3K/mTOR inhibitor, on nfPitNETs both in 
vitro and in rats. The authors reported antiproliferative, apopto-
sis and PI3K inhibition in the nfPitNETs both in vitro and in 
vivo in response to NVP-BEZ235. All of these studies together 
show evidence that PI3K/mTOR inhibition might prove benefi-
cial for the treatment of nfPitNETs.

A class of chimeric drugs combining somatostatin and dopa-
mine receptor binding activity in one molecule has shown prom-
ising results in GH-secreting tumors by proving to be more ef-
fective than both DA and somatostatin analogs [206]. Therefore, 
Florio et al. [207] evaluated the efficacy of BIM-23A760, a do-
pamine-somatostatin chimeric, in controlling cell growth in nf-
PitNETs in vitro. BIM-23A760 significantly inhibited 3H-thymi-
dine incorporation, a marker of cell growth, in 60% of nfPit-
NETs analyzed. This was comparable to cabergoline, which 
showed significant inhibition in 66% of nfPitNETs and octreo-
tide which was effective in 48% of nfPitNETs whereas com-
bined cabergoline and octreotide was effective in 54% of nfPit-
NETs studied. The in vitro effectiveness of the chimeric drug in 
inhibiting cell growth in nfPitNETs was complemented by a re-
cent in vivo study by Halem et al. [208]. After 8 weeks of BIM-
23A760 (also known as TBR-760) treatment, tumor growth in 
an animal model of nfPitNETs was nearly completely inhibited, 
compared to vehicle-treated mice who experienced 0.7% tumor 
growth. Treatment with DA and somatostatin analogs, either 
alone or in combination, resulted in no significant effect on tu-
mor growth, except for a modest suppression by low-dose DA 
therapy. Furthermore, not only did the TBR-760 arrest tumor 
growth, but tumor shrinkage was seen in 20% of the nfPitNETs 
analyzed.

Bromodomain-containing protein 4 (BRD4) is an important 
molecule that regulates transcription initiation and elongation 
and plays a key role in cell cycle progression. The expression of 
BDR4 in nfPitNET and GH-secreting PitNETs and the effects 
of ZBC-260, a BRD4 inhibitor, on cell cycle progression, apop-
tosis and expression of downstream genes were investigated by 
Shi et al. [209], and BRD4 expression was significantly higher 
in the PitNETs compared to normal pituitary tissue. However, 
there were no significant differences in expression between the 

nfPitNET subtypes. Additionally, ZBC-260 significantly inhib-
ited cell proliferation in both PitNET subtypes and downregu-
lated the expression of multiple viral factors in pituitary tumori-
genesis, including c-Myc, B-cell lymphoma 2, and others.

POTENTIAL TARGETS AND EMERGING 
THERAPIES FOR THE MANAGEMENT OF 
nfPitNETs

There are other molecules, including signal transducer and acti-
vator of transcription 3 (STAT3), macrophage migratory inhibi-
tory factor (MIF), and L-type amino acid transporter 1 (LAT1), 
that show promise in various cancers and could be potential 
therapeutic targets for nfPitNETs. STAT3 can upregulate specif-
ic genes related to cancer progression. Our group has recently 
reviewed STAT3’s role in tumorigenesis and hormone regula-
tion in PitNETs [210]. With only one study analyzed nfPitNETs 
specifically and reported a significant association between inter-
leukin-6 receptor (IL-6R)/Janus kinase 2 (JAK2)/STAT3/
MMP9 signaling pathway activation and invasiveness of null 
cell nfPitNETs in 52 patients [211], additional studies are re-
quired to confirm STAT3 as a potential therapeutic target. MIF 
is a pro-inflammatory cytokine expressed in a variety of tumors 
and cancers, including nfPitNETs [212,213], and plays a crucial 
role in cancer development. Even though MIF is overexpressed 
in many solid cancer tumors and is closely associated with tu-
mor cell proliferation, angiogenesis and tumorigenesis as re-
ported in a recent review [214], its role as a potential therapeutic 
biomarker in reducing tumor growth after incomplete surgical 
resection still needs to be assessed. LAT assist tumor growth by 
enabling the influx of amino acids, which are essential for cell 
proliferation [215]. LAT1 specifically, has been shown to be 
overexpressed in various types of solid cancers and associated 
with significantly shorter survival time. Furthermore, downreg-
ulation of LAT1 has been shown to impair tumor growth in dif-
ferent cancers [215], and LAT1 inhibition decreased cell prolif-
eration in GH-producing PitNETs [216]. 

CONCLUSIONS

After reviewing the current literature, it is evident that more re-
search needs to be conducted to screen for and treat nfPitNETs 
effectively. Additional studies need to be performed to identify 
biomarkers as potential therapeutic targets and early screening 
tools. It is imperative to improve screening to reduce the delay 
in diagnosis that results in tumor growth. Once the tumor in-
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creases over 1 cm in size, mass effects are usually present which 
can cause reduced quality of life and irreparable damage. Due 
to this tumor growth, invasion into the cavernous sinus is more 
likely in nfPitNETs making complete tumor resection often not 
possible. Therefore, there is a need for effective adjunctive 
treatments to minimize residual tumor growth after incomplete 
tumor resection and decrease tumor recurrence that presents af-
ter complete surgical resection. Currently, radiation, repeat sur-
gery and medical therapy are treatment options; however, no 
one treatment has proven superior or been extensively studied 
in large, randomized trials. The new biomarkers and novel treat-
ment options for nfPitNETs suggested are based on small-scale 
in vivo and/or in vitro studies, and further studies are required to 
validate the findings. To improve patient care and their quality 
of life, large trials with long-term follow-up are essential in the 
future management of patients with nfPitNETs. 
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