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Abstract
In this review, we detail the changes and the relevant features that are applied to neuroendocrine neoplasms (NENs) in the 
2022 WHO Classification of Endocrine and Neuroendocrine Tumors. Using a question-and-answer approach, we discuss the 
consolidation of the nomenclature that distinguishes neuronal paragangliomas from epithelial neoplasms, which are divided 
into well-differentiated neuroendocrine tumors (NETs) and poorly differentiated neuroendocrine carcinomas (NECs). The 
criteria for these distinctions based on differentiation are outlined. NETs are generally (but not always) graded as G1, G2, and 
G3 based on proliferation, whereas NECs are by definition high grade; the importance of Ki67 as a tool for classification and 
grading is emphasized. The clinical relevance of proper classification is explained, and the importance of hormonal function 
is examined, including eutopic and ectopic hormone production. The tools available to pathologists for accurate classification 
include the conventional biomarkers of neuroendocrine lineage and differentiation, INSM1, synaptophysin, chromogranins, 
and somatostatin receptors (SSTRs), but also include transcription factors that can identify the site of origin of a metastatic 
lesion of unknown primary site, as well as hormones, enzymes, and keratins that play a role in functional and structural 
correlation. The recognition of highly proliferative, well-differentiated NETs has resulted in the need for biomarkers that 
can distinguish these G3 NETs from NECs, including stains to determine expression of SSTRs and those that can indicate 
the unique molecular pathogenetic alterations that underlie the distinction, for example, global loss of RB and aberrant p53 
in pancreatic NECs compared with loss of ATRX, DAXX, and menin in pancreatic NETs. Other differential diagnoses are 
discussed with recommendations for biomarkers that can assist in correct classification, including the distinctions between 
epithelial and non-epithelial NENs that have allowed reclassification of epithelial NETs in the spine, in the duodenum, and in  
the middle ear; the first two may be composite tumors with neuronal and glial elements, and as this feature is integral to the  
duodenal lesion, it is now classified as composite gangliocytoma/neuroma and neuroendocrine tumor (CoGNET). The many 
other aspects of differential diagnosis are detailed with recommendations for biomarkers that can distinguish NENs from non-
neuroendocrine lesions that can mimic their morphology. The concepts of mixed neuroendocrine and non-neuroendocrine 
(MiNEN) and amphicrine tumors are clarified with information about how to approach such lesions in routine practice. 
Theranostic biomarkers that assist patient management are reviewed. Given the significant proportion of NENs that are 
associated with germline mutations that predispose to this disease, we explain the role of the pathologist in identifying 
precursor lesions and applying molecular immunohistochemistry to guide genetic testing.
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Introduction

The unique morphologic and clinical features of neuroen-
docrine neoplasia have attracted the attention of patholo-
gists, surgeons, and physicians for more than a century. 
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The identification of syndromes of uncontrolled hormone 
secretion from neuroendocrine neoplasms (NENs) sig-
nificantly advanced our understanding of the physiol-
ogy of several blood-borne substances such as peptide 
hormones and biogenic amines [1–3]. NENs are associ-
ated with secretory properties and specific syndromes of 
uncontrolled hormone hypersecretion, including Cushing, 
Verner-Morrison, Zollinger-Ellison, and other eponymic 
syndromes. The identification by Oberndorfer in 1907 
of an intestinal “carcinoma-like” lesion, which he called 
“carcinoid,” [4] was soon associated with symptoms of 
flushing and diarrhea [5] previously described for a case 
of “primary carcinoma of the ileum” [6]. NENs in vari-
ous sites proved similar, since neuroendocrine, but diverse 
according to the secreted hormones and site of origin, 
pointing to the potential of almost every organ and appara-
tus of the human body to host such neoplastic disease [7].

Historically the terminology adopted for such lesions 
varied according to different organs; the terms included 
“adenoma” or “carcinoma” in pituitary and parathyroid; 
pheochromocytoma and malignant pheochromocytoma in 
adrenals; and paraganglioma and malignant paraganglioma 
in extra-adrenal paraganglia. The different definitions rec-
ognized the two grand arms of neuroendocrine neoplasia, 
the epithelial type that originates in endocrine and non-
endocrine organs, and the neural type that originates in 
neuronal structures.

For epithelial neuroendocrine neoplasia, the terms 
“carcinoid” and small/large cell carcinoma were widely 
adopted to describe the indolent and aggressive NENs 
respectively in the respiratory and the digestive systems 
and in multiple other organs, including the thymus, the 
gallbladder, the bile ducts, the kidney, the urinary tract, 
and the gonads. The unpredictable, often malignant behav-
ior of carcinoids, the different site-dependent neuroendo-
crine cell type composition, and the increased atypia and 
proliferation sometimes with tumor necrosis associated 
with more aggressive behavior led to the development of 
specific grading systems in the digestive and respiratory 
organs [8, 9]. However, ultimately the term “carcinoid” 
was felt to be inappropriate for an accurate description of 
NENs at multiple sites, both because it became associated 
with a specific clinical syndrome and because the concept 
of a “carcinoma-like” lesion provided an inaccurate sense 
of security that these are benign lesions.

To standardize nomenclature and resolve complexity, 
the World Health Organization (WHO) proposed a univer-
sal definition system for neuroendocrine neoplasia based on 
differentiation and proliferative grading [10] (Table 1). Neo-
plasms with proven neuroendocrine differentiation, NENs, are 
defined as expressing biomarkers of the two regulated path-
ways of secretion of normal neuroendocrine cells/neurons, 
specifically those associated with large dense core vesicles 
(LDCV) and small synaptic-like vesicles (SSV) [11]; more 
recently, they have also been recognized to express the zinc 
finger transcription factor insulinoma-associated 1 (IA1 or 
INSM1) [12]. NENs of neuronal type are represented as par-
agangliomas [13]. Epithelial well-differentiated neoplasms, 
composed of tumor cells that faithfully retain the morphologi-
cal and molecular features of normal neuroendocrine cells, are 
defined as neuroendocrine tumors (NETs), a non-committal 
definition implying a potential for metastasis; proliferation-
based grading systems in three tiers (G1, G2, and G3) are pro-
posed for prognostic stratification and have proven effective 
and reliable in the respiratory and digestive systems [14, 15]. 
Epithelial poorly differentiated neoplasms, composed of cells 
with severe cellular atypia and severely deranged molecular/
genetic profiles but broadly retaining neuroendocrine markers, 
are defined as neuroendocrine carcinomas (NECs). NECs are 
by default high grade and are subclassified as small or large 
cell types (SCNEC, LCNEC). These classification principles 
have been implemented in the 5th edition of the WHO Clas-
sification of Endocrine Tumors that has now been renamed 
Classification of Endocrine and Neuroendocrine Tumors [16].

In this review, we detail the changes and the relevant fea-
tures that are applied in this new WHO classification. This 
paper follows a question/answer approach to address specific 
issues that we believe may be faced by pathologists in their 
routine diagnostic practice. Our aim is to deliver simple and 
clear replies to meet the needs of real-life pathology.

Question 1: Are There Any Nomenclature 
Changes or Any New Diagnostic 
Categories in the 2022 WHO Classification 
of Neuroendocrine Neoplasms?

The 2022 WHO Classification of Endocrine Tumors has, for 
the first time, included NENs of non-endocrine organs; this 
is reflected in the title of the book and there is a complete 

Table 1  The WHO/IARC 
universal taxonomy for 
epithelial neuroendocrine 
neoplasia

Tumor category definition Neuroendocrine neoplasia (NEN)

Tumor family/class definition Well-differentiated NEN Poorly differentiated NEN
Tumor type definition NET NEC
Tumor subtype definition Variable depending on site Large cell NEC or small cell NEC
Tumor grade definition G1, G2, G3 High grade (by definition)
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chapter on these lesions. The classification mimics that 
which was already included in the endocrine pancreas in 
the 4th edition but expands on it significantly.

In the pancreas, there are only a few changes. One is the 
change of terminology used for small lesions < 0.5 cm; these 
were previously called “microadenoma” but the current clas-
sification recommends “neuroendocrine microtumor” since 
rare cases can give rise to lymph node metastases. Another 
change is the discussion of ectopic hormone production 
by pancreatic NENs [17–20]; the focus previously was on 
ACTH production and Cushing syndrome, but the new ver-
sion is expanded to include ectopic CRH as a cause of Cush-
ing syndrome [21–23]. It includes a discussion of gastrin 
production that is ectopic to the pancreas [24]. Hypercalce-
mia can be caused by ectopic parathyroid hormone (PTH) or 
excess parathyroid hormone-releasing protein (PTHrP) [17, 
25] and acromegaly is caused by ectopic GHRH [26, 27] 
or, exceptionally rare, ectopic GH production [19]. Ectopic 
production of calcitonin [28] or serotonin can cause diarrhea, 
and ectopic production of vasopressin can result in hypona-
tremia [20]. Rare cases of cholecystokinin excess causing 
persistent steatorrhea, weight loss, and gallstones have been 

reported. Erythroblastosis due to erythropoietin secretion 
has been documented [29], as has ovarian hyperstimulation 
due to follicle-stimulating hormone (FSH) excess [30] and 
masculinization due to luteinizing hormone (LH) excess [31, 
32]. The secretion of hormones that are expressed by NENs 
in other sites provide clear examples of the interrelationships 
of neuroendocrine neoplasia throughout the entire body.

The new section on NENs in non-endocrine organs 
includes a broad discussion of well-differentiated neuroen-
docrine tumors (NETs) that occur in the gastrointestinal 
tract, lung, upper airways, urogenital system, breast, and 
skin (Table 2). While these are not always the source of clin-
ically relevant hormone excess, they can be associated with 
hereditary syndromes and thus may be multifocal disorders, 
both within a given organ/system or in other sites [33]. The 
features of poorly differentiated NECs in all sites, like in the 
pancreas, result in a classification as small cell and large cell 
types, as well as Merkel cell carcinoma that is distinct. The 
occurrence of mixed neuroendocrine-non-neuroendocrine 
neoplasms (MiNENs) at various sites throughout the body 
gives rise to a complex pattern of these rare lesions that can 

Table 2  Neuroendocrine epithelial neoplasms: general features of well-differentiated neuroendocrine tumor (NET) versus poorly differentiated 
neuroendocrine carcinoma (NEC)

IHC, immunohistochemistry; NET, neuroendocrine tumor; NEC, neuroendocrine carcinoma; SC, small cell; LC, large cell; CK, cytokeratins; 
CgA, chromogranin A; Syn: synaptophysin; INSM1, insulinoma-associated protein 1; SSTR, somatostatin receptor; *: various, depending on ana-
tomical site; p53, Tp53 gene product; Rb, retinoblastoma gene product

Cytology Histology IHC profile

NET Clean smear Organoid structure (solid, trabecular, 
glandular, mixed)

CK + 

Cell monomorphism No necrosis or only spotty CgA + 
Medium size, round shape Delicate, highly vascularized stroma Syn + 
Abundant eosinophilic cytoplasm Cell monomorphism INSM1 + 
Salt and pepper chromatin Low nuclear/cytoplasm ratio SSTR2/5 + 
No or very few mitotic figures Round-oval shape Hormones + *

Abundant cytoplasm Ki67 low
Salt and pepper chromatin p53 wild-type staining
Rare or few mitoses Rb retained

NEC Dirty smear—diffuse necrotic debris Solid/organoid structure CK + / − (dot-like)
Cell polymorphism Abundant necrosis CgA + / − 
Absent or subtle rim of cytoplasm (SC type) Abundant fibrous stroma Syn + 
Evident/abundant cytoplasm (LC type) Severe cell polymorphism INSM1+ 
Severe nuclear fragility Round-irregular shape SSTR2/5 − / + 
Salt and pepper chromatin High nuclear/cytoplasm ratio Hormones − 
Frequent mitoses often atypical Scant cytoplasm (SC type) Ki67 high/very high (typically > 55%)

Abundant cytoplasm (LC type) p53 global loss or diffuse positive
Severe nuclear molding Rb global loss
Salt and pepper chromatin
Frequent mitoses, often atypical
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be NET or NEC associated with various other carcinomas 
(e.g., adenocarcinoma or squamous carcinoma).

Two unusual tumors that were initially thought to be para-
gangliomas have been reclassified as “paraganglioma-like” 
NENs. The tumor that occurs mainly in the duodenum and 
was formerly known as “gangliocytic paraganglioma” [34] 
is now recognized to be a composite gangliocytoma or gan-
glioneuroma with an epithelial duodenal NET; this lesion 
has been renamed “composite gangliocytoma/neuroma and 
neuroendocrine tumor,” abbreviated as “CoGNET” [16]. In 
a similar vein, the tumor previously known as “cauda equina 
paraganglioma” is now recognized to be an epithelial NET 
[35] and has been reclassified as “cauda equina neuroen-
docrine tumor” [16]. This lesion also can, in about 25% of 
cases, be a composite tumor with mature ganglion cells and/
or Schwann cell components and therefore that subgroup 
can be classified as “gangliocytic” or “ganglioneuromatous” 
tumors. The importance of these changes cannot be over-
emphasized; unlike paragangliomas, these lesions express 
keratins, do not express GATA3, and are not associated 
with the many syndromes that frequently underlie multifo-
cal hereditary paragangliomas [13].

Question 2: What Are the Functional 
Correlates of Neuroendocrine Neoplasms 
in the New WHO Classification?

NETs are broadly classified into those that are function-
ally active and those that are traditionally referred to as 
non-functional. While on the surface this may appear to 
be a simple dichotomy, closer scrutiny reveals a much 
more complex paradigm. Several elements contribute to 
this complexity, including the definition of functional-
ity as well as where and how a peptide is measured. The 
functional nature of insulin excess in a patient present-
ing with profound hypoglycemia is generally straightfor-
ward. In contrast, the functional nature of a pancreatic 
NET in a patient with obesity, diabetes, and gallstones can 
be challenging. This is further confounded by situations 
where this clinical scenario is associated with detectable 
somatostatin reactivity in the tissue but the same hormone 
was never measured preoperatively in fasting serum. At 
the other end of the clinicopathological spectrum are 
cases where the histopathology and molecular markers 
uncover a diagnosis not remotely entertained clinically 
[36, 37]. A common example of this is the case where 
tyrosine hydroxylase and other tissue biomarkers iden-
tify a peripancreatic paraganglioma instead of the preop-
eratively suspected epithelial NET [38]. As such, a broad 
and dynamic dialog between pathologists and clinicians 
is required to sustain the fidelity of accurate functional 
definition of endocrine tumors.

What Is the Role of Biochemical Testing 
in Neuroendocrine Neoplasms?

Biochemical testing can be helpful and instructive from a 
diagnostic and prognostic perspective [37]. However, the use 
of the growing number of biochemical tests available must 
be evidence-driven. The traditional empiric measurement of 
serum chromogranin A and the 24-h urinary 5-HIAA metabo-
lite of serotonin remain of value; however, the performance, 
yield, and fiscal implications of such practice can be chal-
lenged. Again, there are several reasons underlying the com-
plexities. Firstly, if the peptide is not expressed in the tumor, 
how can one justify its measurement in a body fluid? There are 
of course caveats where, for example, a peptide is not stored 
in large amounts or is rapidly degraded, precluding efficient 
recovery by immunohistochemical detection [36]. Secondly, 
the peptide may be expressed in the tissue but is not efficiently 
secreted. This would preclude a reliable means of tracking its 
fate in blood or urine. Thirdly, the panel of peptides and/or 
biomarkers examined in the tissue may not be the same as 
those measured in the circulation. Limitations in measuring 
peptides in the blood or urine can include availability of the 
test or its cost. Alternatively, the confounding effect of renal 
insufficiency or interfering medications can preclude reliable 
measurements in the circulation. These limitations must be 
considered in the thoughtful application of biochemical testing.

Are There Any New Functional Tumor Categories 
in the New Classification?

In some instances of functional tumor activity, a single factor 
can explain the clinical manifestations. Inappropriate insu-
lin secretion from a functional pancreatic NET represents a 
classical example. However, with the advent of deeper under-
standing of pathogenetic mechanisms, multiple hormones 
and peptides may be produced by the same or synchronous 
tumors. Patients with heritable genetic syndromes such as 
von Hippel-Lindau (VHL) and the multiple endocrine neo-
plasia (MEN) syndromes can be particularly diagnostically 
challenging. In the face of germline disease, multiple primary 
tumors with differing hormonal profiles can lead to complex 
clinical manifestations. Occasionally, the functional tumor 
activity may occur in a metachronous fashion, with acquisi-
tion of a new phenotype during disease progression. One 
such example includes the development of elevated circulat-
ing calcitonin levels in a patient with a pre-existing pancre-
atic NET, often raising confusion with the wrong diagnosis 
of a medullary thyroid carcinoma [28]. A heightened aware-
ness of the evolution of ectopic hormone production, like 
ectopic adrenocorticotrophic hormone (ACTH) or growth 
hormone-releasing hormone (GHRH) production succes-
sively leading to Cushing’s syndrome or acromegaly [39], is 
required. This occurrence may prompt re-examination of the 
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original tumor for the hormone in question and/or prompt a 
rebiopsy for an updated tissue assessment.

What Are Functional Imaging Studies 
in Neuroendocrine Neoplasms?

Without a doubt, the era of in vivo radiolabeled imaging has 
redirected our understanding of structure–function relation-
ships [40]. We now rely on somatostatin receptor (SSTR) 
positron emission tomography (PET) in combination with 
CT, or MRI, or (in the past) somatostatin receptor scintigra-
phy/SPECT as a fundamental tool in detecting and stratify-
ing endocrine tumor differentiation. With more sophisticated 
imaging acquisition and analytical methods, tumor burden 
and detailed functional assessment permit diagnostic and 
therapeutic decision making [41, 42]. The extent and degree 
of uptake can help direct peptide receptor radiotherapy 
(PRRT) with beta or alpha radiation-releasing radiolabeled 
somatostatin analogs and, with internal dosimetry, guide its 
optimal delivery [43, 44]. However, progress in functional 
imaging now also permits detection of loss of disease dif-
ferentiation to help direct therapy towards a different mecha-
nism. Of course, molecular functional imaging tools have 
limitations, such as false positives in non-endocrine tumors 
including inflammatory conditions. Nevertheless, with the 
combined use of FDG PET, somatostatin analog PET CT/
MRI or somatostatin receptor scintigraphy can help select 
areas of disease for tissue sampling to confirm the NET diag-
nosis and establish a more reliable tumor grading assessment.

Question 3: Which Ancillary Tools 
Should Pathologists Consider Using 
in the Diagnostic Workup of Neuroendocrine 
Neoplasms in the 2022 WHO Classification? 
What Is the Role of Hormone 
Immunohistochemistry and Cell Typing 
in Neuroendocrine Neoplasms of Various 
Anatomic Sites?

The diagnosis of a neuroendocrine neoplasm (NEN) relies 
on confirmation of neuroendocrine differentiation in the set-
ting of appropriate morphology. This can be accomplished 
by using immunohistochemical stains for several antibodies 
(INSM1, synaptophysin, chromogranin A); they each have 
different degrees of specificity and sensitivity (Fig. 1). The 
most sensitive are INSM1 and synaptophysin; these iden-
tify virtually all NENs but they also can stain other lesions. 
INSM1 has been reported to be expressed in a small number 
of non-neuroendocrine thoracic carcinomas and in sarco-
mas [45]; synaptophysin is normally expressed in adrenal 
cortex and can be identified in solid pseudopapillary or 
acinar cell neoplasms of the pancreas [46, 47]. In contrast, 

chromogranins and SSTRs are usually strongly positive in 
NETs but focal and weak to absent in most NECs [10, 48].

Once a tumor is confirmed to be a NEN, it is critical 
to distinguish an epithelial NEN from a non-epithelial 
one. Keratins are particularly helpful for this, but there is 
often variability in the expression level and type of keratin 
expressed; rare NETs can be negative using the usual stains 
(AE1/AE3, CAM5.2, CK7, and CK20).

Stains for transcription factors are very helpful to iden-
tify tumor differentiation and the site of origin of a tumor 
that presents as metastatic disease [49–52]. Paragangliomas 
including pheochromocytomas (adrenal paragangliomas) 
almost universally express nuclear GATA3 that is generally 
not expressed by epithelial NENs other than parathyroid, 
pituitary, and breast neuroendocrine tumors [53]; however, 
NECs can be variably positive for GATA3. Pituitary neu-
roendocrine tumors usually express an additional pituitary-
specific transcription factor such as PIT1, TPIT, or SF1 that 
is only expressed in non-neuroendocrine tissues outside the 
pituitary [54]. Pulmonary NETs and medullary thyroid car-
cinomas can express TTF1, but this is highly dependent on 
the antibody clone being applied; SPT24 is the most reliable 
for this purpose [55]. Medullary thyroid carcinomas almost 
always express abundant CEA using monoclonal antibodies 
and show variable reactivity for calcitonin and calcitonin 
gene-related peptide [55]. Medullary thyroid carcinomas 
lack PAX8 reactivity when using clones PAX8R1, BC12, 
and MRQ50 [56]. The data on PAX8 reactivity in NENs 
including parathyroid tumors stem mostly from use of non-
specific polyclonal PAX8 antisera [57, 58]. Evidence sug-
gests that C-terminus-specific monoclonal PAX8 antibodies 
(clones PAX8R1 and BC12) consistently lack reactivity in 
NENs [57]. Thymic NETs have also been reported to focally 
express TTF1 using clone SPT24. NETs arising in the bowel 
express CDX2 (Fig. 2), and those from the large bowel often 
express SATB2 (Fig. 3) [59]. Tumors arising in the duode-
num and pancreas may express ISL1 and PDX1 as well as 
CDX2; pancreatic NETs may express ARX [60]. Hindgut 
NETs and those arising in the genitourinary system also 
express prostate-specific acid phosphatase (PSAP) (Fig. 4). 
In terms of differential diagnosis, it should be noted that 
some hypothalamic tumors also express TTF1 [61] but these 
are usually neuronal rather than epithelial, and TTF1 can 
be expressed in high-grade tumors and especially in NECs 
of any site. SATB2 is also found in Merkel cell carcinomas 
[62]; these can be verified by expression of dot-like CK20, 
PAX5, TdT, and in many cases using the CM2B4 antibody 
that detects the Merkel cell polyomavirus (MCPyV) LT anti-
gen (Fig. 5) [63]. In the situations where a NEC is in the 
differential diagnosis, the lack of histological differentiation, 
high proliferation, and other biomarkers are evidence that 
the commonly used transcription factors are not reliable as 
indicators of site of origin.
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While not the standard of care in many institutions, stain-
ing for hormones is of value in NETs (Figs. 2 and 4). From a 
practical perspective, it is important for clinical surveillance. 
It is pointless to monitor a patient for recurrence with 24-h 
urinary 5-HIAA analysis when the tumor does not make ser-
otonin [38]. Sometimes there is a subtle clinical syndrome 
that can be attributed to the hormonal activity of the tumor, 
as when a patient has diabetes mellitus and after a pancre-
atic tumor is resected, the metabolic abnormality is cured. 
The pituitary is a model for how hormone staining along 
with transcription factors can identify tumor cell types that 
may be mature, resembling mature neuroendocrine cells, or 
immature, lacking terminal differentiation [54, 64]; these 
tumor subtypes have clinical significance [38]. The same 
is already known for pancreatic NETs where a small subset 
of insulinomas, even when clinically non-functioning, are 
considered to be less aggressive [65], as well as for rectal 
NETs where L cell tumors (Fig. 4) have a better prognosis 
than EC cell tumors [66–68]. Further studies are required to 
clarify the situation in most tissues.

While some anatomic sites apply necrosis- and mitosis-
driven grading schemes, tumor grading generally relies on 
mitotic count and/or Ki67 (MIB-1 clone) labeling indices. It 
is now standard-of-care to perform Ki67 on all NENs includ-
ing paragangliomas and pheochromocytomas, as well as 
medullary thyroid carcinoma [69] and Merkel cell carcinoma 
[70]. The application of phosphohistone-H3 for identification 
of mitotic figures is less well-recognized but can be helpful.

Additional biomarkers are important for borderline cases 
or small biopsy specimens where a high-grade proliferative 
NEN has apparent histological differentiation and the dis-
tinction between NET G3 and NEC may pose a diagnostic 

challenge. Loss of ATRX, DAXX, menin, or p27 and/or 
retained SSTR2/5 staining are often used to support the 
diagnosis of NET G3; in contrast, the identification of global 
loss of Rb, diffuse positivity or total loss of p53, and/or loss 
of SSTR2/5 points to the diagnosis of NEC [71] (Fig. 6). 
While there are some suggested potential biomarkers such 
as DLL3 and ODF1 for this distinction [72, 73], the data 
require validation on larger studies from multiple anatomic 
sites. Moreover, exceptional NETs may show aberrant p53 
expression [74, 75].

Question 4: What Is New in the Molecular 
Pathogenesis of Neuroendocrine Neoplasms 
in the 2022 WHO Classification? What 
Is the Role of Epigenetic Alterations 
in Pancreatic Neuroendocrine Neoplasms? 
Do Pathologists Need Molecular Studies 
in the Routine Diagnostic Workup 
of Neuroendocrine Neoplasms?

Molecular differences between pancreatic NET and NEC 
were already recognized in the previous edition of the WHO 
Classification of Endocrine Tumors, however, in the 5th edi-
tion, this is also applied to NENs in non-endocrine organs 
and a unified approach to classify epithelial NENs from dif-
ferent sites is provided with recognition of organ-specific 
variability [10].

NETs have molecular alterations that are distinct from the 
usual cancer drivers and show prominent site-specific epige-
netic changes [71, 76–78]. The molecular profile of NECs 
is strikingly different from that of NETs and characterized 

Fig. 1  Neuroendocrine differentiation markers
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by TP53 and RB1 gene alterations at most anatomical sites, 
with additional site-specific genetic alterations [10, 71, 78].

Small cell NEC (SCNEC), irrespective of the primary 
site, is characterized by biallelic inactivation of TP53 and/or 
RB1. Pulmonary SCNECs have recently been subclassified 
based on ASCL1, NEUROD1, POU2F3, and YAP1 expres-
sion into four major potentially clinically relevant classes 
[79, 80]. SCNEC subclasses are also being recognized in 
other sites [81]. Large cell NEC (LCNEC) is a more het-
erogeneous group of tumors and shows a variable genetic 

profile in different sites of origin. This may, at least in part, 
be the result of differences in definitional features between 
organs and diagnostic difficulties. In this regard, the three 
alternative or only partially overlapping molecular profiles 
of lung LCNEC are illustrative (Table 3); importantly, some 
cases classified as LCNEC in the lung or thymus would be 
regarded as well-differentiated NET G3 in the gastroentero-
pancreatic system. As in the lung, the most common molecu-
lar alterations in extrapulmonary LCNECs are TP53 and 
RB1 mutations. In addition, some extrapulmonary LCNECs 

Fig. 2  Midgut EC cell neuroen-
docrine tumor. This composite 
photomicrograph illustrates a 
well-differentiated neuroendo-
crine tumor of the ileum (A). 
Diffuse CDX2 (B) and serotonin 
(C) expression are consistent 
with the midgut origin and 
EC cell diffferentiation of this 
tumor
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also share the genetic landscape of non-neuroendocrine 
carcinomas. This may either support a common pathogenic 
pathway with non-neuroendocrine carcinomas of that ana-
tomic location, or it may reflect diagnostic difficulties, for 
instance in distinguishing NEC from MiNEN or carcinoma 
with neuroendocrine differentiation [71].

Epigenetic or transcriptomic signatures have been used to 
classify non-functioning pancreatic NETs based on endocrine 
cell type differentiation [82–86]. These studies have revealed 
three epigenetic subtypes (Table 4) resembling A (alpha) or 
B (beta) cells, enriched for specific structural alterations 
and mutational profiles, and with prognostic relevance [86]; 
PDX1 and ARX were found to be useful surrogate immuno-
histochemical markers to distinguish these tumor subtypes 
[83]. One group resembles B cells, without copy number 
alterations, MEN1 or ATRX/DAXX mutations (therefore no 
resulting alternative lengthening of telomeres (ALT)), and 
a favorable prognosis. Two types of ARX-positive tumors 

were distinguished. The first group has strong A cell char-
acteristics, limited copy number variations, and recurrent 
MEN1 mutations. The second group has less pronounced A 
cell characteristics, significant copy number alterations, and 
MEN1 mutations, as well as recurrent ATRX/DAXX muta-
tions. It seems plausible that pancreatic NETs with strong A 
cell characteristics can progress to the intermediate group as 
a result of additional chromosomal instability and mutations 
causing A cell dedifferentiation. Whether B cell or other pan-
creatic NETs can similarly dedifferentiate to an intermediate- 
type tumor due to additional MEN1 or ATRX/DAXX muta-
tions is unclear. While initially it appeared that immuno-
histochemical ARX and PDX1 expression had independent 
prognostic significance alone [83], a subsequent large inter-
national retrospective follow-up study of 561 sporadic non-
functioning pancreatic NETs did not confirm ARX or PDX1 
status as independent prognostic predictors; instead, in mul-
tivariate analysis, ALT status (or ATRX/DAXX loss), which 
was associated with ARX expression but not exclusive for 
ARX-positive tumors, was demonstrated to be the determin-
ing prognostic factor [65]. Thus, the ARX-expressing non-
functioning pancreatic NETs seem to represent the subtype 
that has the highest metastatic potential, probably due to its 
susceptibility for ALT activation.

Characterization of A or B cell features in insulinomas 
revealed interesting insights into the difference between 
typical indolent insulinomas and aggressive insulinomas 
(Table 4, Fig. 7). Typical insulinomas have strong epigenetic 
similarities to B cells (PDX1-positive/ARX-negative) [65, 
85]; after complete surgical resection, these insulinomas have 
a favorable prognosis. Moreover, genetically, these small and 
indolent insulinomas have a different molecular profile than 
sporadic pancreatic NETs [65, 87]. Genes frequently altered 
in non-functioning pancreatic NETs (e.g., MEN1, DAXX, 
ATRX, CDKN2A, PTEN, and TSC2) are rarely mutated. 
Conversely, these typical insulinomas are characterized by 
YY1 mutations in about 30% of cases, or recurrent ampli-
fications (in particular chromosome 7 amplifications) [87]. 
However, rare clinically aggressive insulinomas do express 
ARX and are characterized by large tumor size (3.5–9 cm) 
and metastatic behavior [60]. Moreover, ARX-positive insu-
linomas show genetic alterations seen in non-functioning 
pancreatic NETs, such as ALT (or ATRX/DAXX loss) and 
CDKN2A loss. This suggests that cellular differentiation 
and tumorigenic mechanisms in aggressive insulinomas are 
more closely related to non-functioning NETs than to small 
indolent insulinomas and have a different origin than the 
typical small insulinomas [65] (Fig. 7). Typical insulinomas 
become symptomatic very early when they are small in size 
(< 2 cm). In contrast, as ARX-positive atypical insulinomas 
are all much larger; it has been suggested that they most 
likely existed as non-functioning pancreatic NETs for a time 
before becoming clinically functioning [65]; however, it is 

Fig. 3  SATB2 expression in a hindgut neuroendocrine tumor. This 
photomicrograph illustrates SATB2 expression in a rectal L cell neu-
roendocrine tumor

Fig. 4  L cell rectal neuroendocrine tumor. This composite photomi-
crograph illustrates a rectal well-differentiated neuroendocrine tumor 
(A) with L cell differentiation; L cell tumors usually have a charac-
teristic growth pattern forming concentric ribbons and infiltrating tra-
becula of tumor cells. Irrespective of the L cell differentiation, hind-
gut neuroendocrine tumors are positive for PSAP (B) and SATB2 (not 
shown). Positivity for glucagon/glucagon-like peptides (C), pancre-
atic polypeptide (not shown), and peptide-YY (D) confirms the L cell 
differentiation of this tumor
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unknown if insulin production was already present in these 
NETs at asymptomatic levels. Although the initiating molec-
ular events leading to ARX-positive insulinomas are unclear, 
possible hypotheses include a non-functioning B cell tumor 
that acquired A cell characteristics (possibly after ATRX/
DAXX mutations and presence of ALT) or a non-functioning 
A cell/intermediate tumor that acquired B cell characteristics 
(i.e., insulin production) (Fig. 7).

Molecular studies are not necessary for routine diagnostic 
workup of neuroendocrine neoplasms but may be helpful 

in specific cases. For instance, genomic profiling, or sur-
rogate markers such as p53, Rb, ATRX, and DAXX immu-
nohistochemistry, can be very helpful in distinguishing NET 
G3 from NEC. In addition, the presence of ALT, shown by 
fluorescence in situ hybridization (FISH) and/or immuno-
histochemical loss of ATRX or DAXX, is a well-established 
independent prognostic factor in pancreatic NET, irrespec-
tive of size. Therefore, routine assessment of ATRX/DAXX 
loss (by IHC) and/or ALT is recommended in pancreatic 
NETs [60].

Fig. 5  Merkel cell carcinoma. 
This a metastatic poorly dif-
ferentiated neuroendocrine car-
cinoma (A) that has paranuclear 
CAM5.2 (B) and cytokeratin 20 
(not shown) expression. Diffuse 
positivity using the CM2B4 
antibody that detects the Merkel 
cell polyomavirus (MCPyV) LT 
antigen confirms the diagnosis 
of metastatic Merkel cell carci-
noma (C)
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Fig. 6  Well-differentiated neuroendocrine tumor with high-grade pro-
liferative features (grade 3 NET). This high-grade well-differentiated 
pancreatic epithelial neuroendocrine neoplasm (G3 neuroendocrine 
tumor) has irregular solid architecture, single-cell tumor necrosis, 
brisk mitotic activity (A, B) and a Ki67 labeling index that exceeds 

20% (C). The tumor shows diffuse immunoreactivity for synaptophy-
sin (D) and chromogranin A (not shown). It has retained Rb expres-
sion (E) and there is loss of ATRX expression while the endothelial 
cells and stromal cells (positive internal control) remain positive (F)
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Question 5: What Does Tumor 
Differentiation Mean in Neuroendocrine 
Neoplasm Diagnosis? What Does Tumor 
Grade Mean? What Are the Anatomic 
Site‑Dependent Tumor Grading 
Systems in the 2022 WHO Classification 
of Neuroendocrine Neoplasms?

Neuroendocrine neoplasms (NENs) occur at almost any ana-
tomical site. Although they are characterized by the pres-
ence of neuroendocrine biomarkers [88], they comprise a 
heterogeneous group of tumors with widely differing eti-
ologies, clinical features, morphological and genomic find-
ings, and outcomes [10]. The 2022 WHO Classification of 
Endocrine and Neuroendocrine Tumors, following the WHO 

classification framework for NENs published in 2018 [10] 
as well as the 2019 WHO Classification of Digestive System 
Tumors [14], classifies epithelial NENs as well-differentiated  
(neuroendocrine tumor, NET) and poorly differentiated 
(neuroendocrine carcinoma, NEC). Morphology is the pri-
mary basis for this classification.

Differentiation refers to the extent to which the neoplas-
tic cells resemble their non-neoplastic counterparts (for 
example, islet cells in cases of pancreatic origin) [89]. NETs 
exhibit characteristic pathologic features of neuroendocrine 
lineage and resemble their non-neoplastic cell counterparts 
[89]. The tumor cells typically contain many neuroendocrine 
secretory granules in the cytoplasm, which is reflected in the 
diffuse and strong immunoreactivity for neuroendocrine dif-
ferentiation markers, along with frequent hormone and SSTR 

Table 3  Molecular profiles 
of pulmonary large cell 
neuroendocrine carcinoma 
(LCNEC)

LCNEC, large cell neuroendocrine carcinoma; SCNEC, small cell neuroendocrine carcinoma; NET, neu-
roendocrine tumor
* This category is based on classical definitions; in the new World Health Organization/International 
Agency for Research on Cancer (WHO/IARC) scheme, these would likely be reclassified as G3 NET

Key genetic alterations TP53 and RB 
mutation

LCNEC with pulmonary SCNEC-like features TP53 and RB1 mutations
MYC amplifications and PTEN 

mutations (to a lesser extent)

Yes

LCNEC with NSCLC-like features STK11, KRAS, KEAP1, PIK3CA, 
and NOTCH family  
gene alterations

No

LCNEC with NET (carcinoid)-like features* MEN1 alterations
Low mutation burden

No

Table 4  Emerging pancreatic neuroendocrine tumor classification based on genetic and epigenetic signatures

See references [65, 81, 82, 84, 85, 87]
PanNET, pancreatic neuroendocrine tumor; G, World Health Organization grade; u, undetermined/unknown
* Possibly the same as non-functional panNET-2 with acquired symptomatic insulin production
# In particular chromosome 7 amplifications

Non-functional 
PanNET 1

Non-functional 
PanNET 2

Non-functional 
PanNET 3

Insulinoma 1 Insulinoma 2 Insulinoma 3*

Epigenetic  
similarities

A cell-like A cell-like > B 
cell-like

B cell-like/other B cell-like B cell-like A cell-like > B 
cell-like

Epigenetic  
signature

Well differentiated Dedifferentiated Unknown Well differentiated Well differentiated Dedifferentiated?

MEN1  +  +  +  +  +  ± -  − u
ATRX/DAXX  +  +  +  + - -  −  +  + 
YY1  −  −  −  +  +  +  − u
mTOR  +  +  +  +  + -  − u
Copy number 

profiles
Neutral Amplifications/

deletions
Neutral Neutral Recurrent 

 amplification#
u

Predominant grade G1 G2 G1 G1 G1 G2
Mean size 3 cm 4 cm 3 cm  < 2 cm  < 2 cm  > 3 cm
Prognosis Favorable Poor Favorable Favorable Favorable Poor
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expression [90]. NECs rarely resemble any non-neoplastic 
cell counterparts and have high-grade cytomorphological fea-
tures with reduced or absent hormone and SSTR expression 
[91]. NECs exhibit small cell and large cell phenotypes with 
characteristic morphologic features.

Grade, in contrast, refers to the biological aggressivity 
of the neoplasms. In general, low-grade NENs are malig-
nant neoplasms in slow motion whereas high-grade ones 
are aggressive, and intermediate-grade ones have a less pre-
dictable course [89]. It should be noted that NETs can have 
heterogeneity in grade within a given lesion, in different 
sites (e.g., the primary compared to a metastatic focus) and 
over time.

Variables used to determine tumor grade and related ter-
minologies vary based on the anatomic site of the primary 
tumor (Table 5). In addition to variations in NEN param-
eters, in some organs, the current nomenclature inherently 
reflects the unique features of each NEN [10]. Therefore, 
the 2022 WHO Classification does not replace the key ana-
tomic site-based information to be included in pathologi-
cal diagnoses for these organs. For instance, pituitary NETs 
are subtyped based on cell lineage, cell type, and related 
characteristics combining the routine use of transcription 
factors and hormones as well as other biomarkers including 
keratins, and Ki67, which is regarded as a continuous vari-
able [54, 64, 92–95].

The 2022 WHO Classification endorses a 3-tiered grading 
system for most NETs, in particular those in the gastroin-
testinal and pancreatobiliary tract, as well as in the upper 
aerodigestive tract and salivary glands (Table 3). The grad-
ing system based on proliferation assessed by mitotic rate 
and Ki67 labeling index stratifies NETs into grade 1 (G1), 
grade 2 (G2), or grade 3 (G3), corresponding to low-grade,  
intermediate-grade, and high-grade categories. Tumor 
necrosis, though recognized as a potential adverse prognos-
tic factor, is not included in the grading parameters of tumors 
in the gastrointestinal and pancreaticobiliary tract [10]; how-
ever, it is a component of tumor grading in other locations, 
such as the lung and thymus as well as upper aerodigestive 
tract (see below). NECs are inevitably and uniformly poorly 
differentiated high-grade NENs; thus, a designation of tumor 
grade is redundant.

Similarly, lung and thymic NENs are classified as NETs, 
comprising low-grade typical carcinoid and intermediate-
grade atypical carcinoid, and NECs, comprising small cell 
(lung) carcinoma and large cell neuroendocrine carcinoma 
[15]. The low-grade typical carcinoid and intermediate-
grade atypical carcinoid generally correspond to G1 and G2 
NET, respectively. Lung carcinoids/NETs with morphologi-
cal features of atypical carcinoid but higher mitotic counts 
(> 10 mitoses per 2  mm2) and/or a higher Ki67 proliferation 

Fig. 7  Tumorigenic mechanisms in clinically defined insulinomas. 
Typical small insulinomas (1) are characterized by recurrent YY1 
mutations (30%), neutral, or amplified chromosomal copy numbers, 
and endocrine transcription factor expression consistent with normal 
B cell differentiation (PDX1 + /ARX −). Large insulinomas have dis-

tinct tumorigenic mechanisms (2) often seen in non-functional pan-
creatic NETs and endocrine transcription factor expression incon-
sistent with normal B cell differentiation (ARX +). This figure is  
reproduced from Hackeng et al. [65]
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index (> 30%) have also been reported [96–99] (Table 5); 
these tumors appear to correspond to those regarded as G3 
NETs in the gastrointestinal/pancreatobiliary tract based on 
limited molecular data showing a relationship with carci-
noids rather than NEC [96]. With increasing knowledge and 
awareness about G3 NETs, similar tumors are likely to be 
recognized in additional anatomical sites. For instance, G3 
NETs have been reported in thymus [71] as well as in the 
pituitary gland [100].

The 2022 WHO Classification also introduces a 2-tiered 
grading system for medullary thyroid carcinomas based on 
mitotic count, Ki67 labeling index, and tumor necrosis that 
uses different cutoff levels than those applied to NENs of the 
digestive system, the upper aerodigestive tract, and salivary 
glands [69] (Table 5).

Question 6: What Are the Morphological 
and Immunohistochemical 
Characteristics of Well‑Differentiated 
Epithelial Neuroendocrine Neoplasms 
(Neuroendocrine Tumors) of Various 
Anatomic Sites in the 2022 WHO 
Classification?

Well-differentiated NETs have many features that are com-
mon to all sites, as well as histological and immunohisto-
chemical features that are specific to some sites.

The architectural features are variable and while there 
have been suggestions that they relate to origin in foregut, 
midgut, and hindgut, this is not correct. In all sites, the 

Table 5  The World Health Organization (WHO) 2022 Epithelial Neuroendocrine Neoplasms Classification for Different Anatomic Sites

Neuroendocrine neoplasm Classification Diagnostic criteria

Gastrointestinal and pancreatobiliary tract
Well-differentiated neuroendocrine tumor (NET) NET, grade 1  < 2 mitoses/2  mm2 and/or Ki67 < 3%

NET, grade 2 2–20 mitoses/2  mm2 and/or Ki67 3–20%
NET, grade 3  > 20 mitoses/2  mm2 and/or Ki67 > 20%

Poorly differentiated neuroendocrine carcinoma 
(NEC)

Small cell NEC  > 20 mitoses/2  mm2 and/or Ki67 > 20% 
(often > 70%), and small cell cytomorphology

Large cell NEC  > 20 mitoses/2  mm2 and/or Ki67 > 20% 
(often > 70%), and large cell cytomorphology

Upper aerodigestive tract and salivary glands
Well-differentiated neuroendocrine tumor (NET) NET, grade 1  < 2 mitoses/2  mm2 and no necrosis, and 

Ki67 < 20%
NET, grade 2 2–10 mitoses/2  mm2 and/or necrosis, and 

Ki67 < 20%
NET, grade 3  > 10 mitoses/2  mm2 and/or Ki67 > 20%

Poorly differentiated neuroendocrine carcinoma 
(NEC)

Small cell NEC  > 10 mitoses/2  mm2 and/or Ki67 > 20% 
(often > 70%) and small cell cytomorphology

Large cell NEC  > 10 mitoses/2  mm2 and/or Ki67 > 20% 
(often > 55%) and large cell cytomorphology

Lung and thymus
Well-differentiated neuroendocrine tumor (NET) Typical carcinoid/NET, grade 1  < 2 mitoses/2  mm2 and no necrosis

Atypical carcinoid/NET, grade 2 2–10 mitoses/2  mm2 and/or necrosis (usually 
punctate)

Carcinoids/NETs with elevated mitotic 
counts and/or Ki67 proliferation index

Atypical carcinoid morphology and a higher 
(> 10 mitoses per 2  mm2) mitotic count and/or a 
higher (> 30%) Ki67

Poorly-differentiated neuroendocrine carcinoma 
(NEC)

Small cell (lung) carcinoma  > 10 mitoses/2  mm2, often necrosis and small cell 
cytomorphology

Large cell NEC  > 10 mitoses/2  mm2, virtually always necrosis and 
large cell cytomorphology

Thyroid
Medullary thyroid carcinomas (MTC) Low-grade MTC  < 5 mitoses/2  mm2 and no necrosis and 

Ki67 < 5%
High-grade MTC At least one of the following 3 features:

 ≥ 5 mitoses/2  mm2

Necrosis
Ki67 ≥ 5%
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tumors can have solid nesting architecture, trabecular or 
ribbon-like morphology, or they may form glandular pat-
terns. They can have various combinations of these patterns 
and sometimes show palisading at the periphery of nests. 
Some tumors have abundant fibrous stroma, but the major-
ity have fibrovascular stroma with scant fibrous tissue and 
prominent vessels. Some form amyloid and others calcify 
and form psammoma bodies. The cytological features are 
highly variable, but a common feature is the presence of 
relatively monotonous round nuclei with finely stippled 
chromatin that has a “salt-and-pepper” appearance. The 
cytoplasm can provide clues about differentiation; as in the 
pituitary, different cell types can have basophilic or acido-
philic granules, or they may be chromophobic [54]. Most 
cells are round or polygonal and closely adherent, but some 
tumors have a more spindle cell appearance while others 
can be discohesive. The combinations of these features can 
sometimes provide clues to the origin when dealing with a 
metastasis of unknown primary site. For example, EC cell 
tumors of the small bowel tend to be composed of large 
nests of basophilic cells with focal gland formation associ-
ated with stromal fibrosis; the latter is postulated to be due to 
the abundant serotonin produced by the tumor. Lung NETs 
can have distinct morphologies based on location; central 
tumors tend to be composed of epithelioid cells whereas 
peripheral tumors are more often characterized by spindle 
cell morphology. In the pancreas, tumors that produce insu-
lin can be associated with amyloid. Duodenal somatostatin-
producing tumors often have psammoma bodies, a feature 
that is particularly common in tumors associated with neu-
rofibromatosis [101] (Fig. 8). Tumors composed of L cells 
in the rectum and middle ear have a characteristic pattern 
of ribbons forming concentric whorls [66–68, 102] (Figs. 4 
and 9).

All NETs express INSM1, synaptophysin, and chro-
mogranin; the majority express chromogranin A that is 
the most widely used biomarker, but some express little or 
none of that form, instead producing chromogranin B and/or 
chromogranin C. In addition to these general biomarkers of 
neuroendocrine differentiation, most epithelial NETs express 
keratins; they are usually identified as epithelial using the 
AE1/AE3 cocktail, but a more reliable stain is CAM5.2. In 
addition, NETs can express the specific cytokeratins related 
to their site of origin; for example, NETs of the lung and 
upper aerodigestive tract and pancreas consistently express 
CK7 [102, 103]. However, the best biomarkers that distin-
guish site of origin are the transcription factors and hor-
mones discussed above as well as several other enzymes/pro-
teins such as CEA that is intensely expressed by medullary 
thyroid carcinoma and prostate-specific acid phosphatase 
(PSAP) that is expressed by renal and colorectal tumors as 
well as other pelvic lesions [104].

Question 7: What Are the Morphological 
and Immunohistochemical 
Characteristics of Poorly Differentiated 
Epithelial Neuroendocrine Neoplasms 
(Neuroendocrine Carcinomas) of Various 
Anatomic Sites in the 2022 WHO 
Classification?

The latest WHO classification of endocrine and neuroendo-
crine tumors adopts the classification framework for neu-
roendocrine neoplasms (NENs) of various anatomic loca-
tions proposed by IARC/WHO [10] and draws clear borders 
for the poorly differentiated NEN family, which is desig-
nated as neuroendocrine carcinoma (NEC) irrespective of 
the primary site of origin.

The cornerstone for the diagnosis of NEC is the recogni-
tion of a poorly differentiated neuroendocrine morphology 
(Figs. 10, 11, and 12). This is characterized by well-defined 
architectural and cytological features. The new WHO clas-
sification acknowledges the existence of two different sub-
types of NEC, small cell NEC (SCNEC) (Fig. 10) and large 

Fig. 8  Ampullary-type duodenal somatostatin-producing D cell neu-
roendocrine tumor. Ampullary-type somatostatin-producing D cell 
neuroendocrine tumors tend to have prominent psammoma bodies 
and microacinar or cribriform growth (A, B). The tumor cells are dif-
fusely positive for somatostatin (C). The identification of this tumor 
requires exclusion of NF1 syndrome
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Fig. 9  Middle ear neuroendocrine tumor (MeNET). MeNETs resemble L cell hindgut neuroendocrine tumors histologically (A) and they express 
SATB2 (B), pancreatic polypeptide (C), glucagon-like peptides (D), and peptide-YY (not shown)
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cell NEC (LCNEC) (Fig. 11), underlying possible pathoge-
netic and clinical differences between the two. It is worth 
noting that the only site-specific poorly differentiated NEN 
that is classified outside of the conventional small cell and 
large cell subtypes is Merkel cell carcinoma (MCC) of the 
skin (Fig. 5). Once a poorly differentiated neuroendocrine 
morphology is identified, the neuroendocrine nature of 
the proliferation must be confirmed by the immunohisto-
chemical expression of neuroendocrine markers. Additional 
immunohistochemistry may also be of help in the distinction 
from other neoplasms, including highly proliferating well-
differentiated NENs.

The following are the essential morphologic criteria for 
NEC:

• Pattern of growth: mostly solid sheets or large nodules 
(other organoid patterns of growth, such as trabecu-
lar or pseudoglandular patterns, are rarer). Necrosis is 
frequently present and may be abundant, configuring a 
“geographic” pattern.

• Cytological features: these are key hallmarks for the 
diagnosis of NEC and differ in SCNEC and LCNEC (see 
Fig. 12 for details about cytological features of SCNEC, 
LCNEC, and, for comparison, MCC).

• Proliferative activity: NEC consistently shows a high pro-
liferation rate, documented by high mitotic count (gener-
ally > 20 mitoses per 2  mm2) and Ki67 proliferation index 
(usually > 55%).

• Other features: NEC usually shows numerous apoptotic 
bodies and displays other aggressive morphological fea-
tures.

It is worth noting that the concept of morphological dif-
ferentiation is not related to proliferative grade; while poorly 
differentiated NECs always have a high mitotic rate and Ki67 
proliferation index, the reverse is not always true, as well-
differentiated NETs can be highly proliferative, G3 lesions.

Regarding the immunohistochemical expression of gen-
eral neuroendocrine markers, the use of a panel of antibodies 
is recommended, as in NECs, these markers display variable 
specificity and sensitivity. The unquestionable positivity for 
cytokeratin and at least one general neuroendocrine marker 
depending on its specificity (Fig. 1) is indicated for the 

diagnosis of NEC. In the case of LCNEC, the expression of 
two general neuroendocrine markers is strongly advisable for 
the differential diagnosis with non-neuroendocrine poorly 
differentiated carcinomas. Conversely, it is recognized that 
an exceptional subset of small cell NEC of the lung may be 
completely negative for neuroendocrine markers [105–107]. 
The most accurate general neuroendocrine markers are syn-
aptophysin, chromogranin A, and INSM1 [52]. Indeed, 
other traditional and novel general neuroendocrine markers 
have been advocated as useful in the recognition of NENs; 
however, they should be employed with caution in selected 
situations, as their specificity and sensitivity are not suf-
ficient or have not been systematically tested. Among tra-
ditional general neuroendocrine markers, neuron-specific 
enolase and protein gene product 9.5 (PGP9.5) proved to 
be largely non-specific and their employment in routine 
diagnostic practice is not advisable. CD56 is still used in 
selected circumstances, mostly in lung NEN diagnosis, but 
should be interpreted with caution and never employed as a 
single marker. Second-generation neuroendocrine markers, 
ISL LIM homeobox 1 (ISL1), secretagogin (SECG), and 
syntaxin [108, 109], have been proposed as robust tools for 
the identification of NENs, but their accuracy has not been 
sufficiently tested on large case series. Of paramount impor-
tance, one must recall that when morphological criteria for 
NENs are not fulfilled, immunoreactivity for general neu-
roendocrine markers alone is not enough to render a diagno-
sis of NEC. In such cases, one must consider the possibility 
of a poorly differentiated non-neuroendocrine carcinoma 
with neuroendocrine marker expression or an amphicrine 
carcinoma [110].

Immunohistochemistry may also be used to manage dif-
ficult cases and to support differential diagnosis. Additional 
immunostains that can be considered are:

• Ki67: the assessment of a Ki67 proliferation index in 
NEC has different meaning than in NET. In the latter, 
Ki67 is mandatory to establish proliferative grade and 
is an integral part of the diagnosis. In NEC, staining for 
Ki67 is advisable for the distinction of NEC from NET 
in samples biased by technical problems, as happens with 
small, crushed biopsies. In this setting, a high Ki67 labe-
ling index may facilitate the correct diagnosis of NEC 
[50].

• SSTR2 and SSTR5: SSTR2 and SSTR5 are the most 
frequently expressed subtypes of SSTRs in NENs and, 
with type-specific variations, are strongly and diffusely 
expressed in NETs, being important predictive markers 
of these neoplasms [36, 41]. NECs present, overall, lower 
levels of SSTR expression and, consequently, are not tar-
getable with somatostatin analogs for therapy. Absent 

Fig. 10  Small cell neuroendocrine carcinoma. These tumors form 
solid proliferations with prominent necrosis (A); the tumor cells are 
highly atypical with small cell morphology (B). Synaptophysin is dif-
fusely expressed in the cytoplasm of all cells (C); chromogranin A 
is present with a dot-like paranuclear positivity (D); diffuse nuclear 
expression of INSM1 is present (E). The Ki67 proliferation index is 
over 90% (F). p53 is overexpressed (G). There is global loss of Rb 
expression while the endothelial cells remain positive (H)

◂
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or low expression of SSTRs has been proposed as one 
of the differential diagnostic criteria for distinguishing 
LCNEC from high-grade NET in the new classification 
since some cases called LCNEC in the old classification 
have been reported to show strong and diffuse expression 
of SSTRs [111, 112].

• p53 and Rb: immunohistochemistry for the protein prod-
ucts of TP53 and RB1 genes can be useful for detecting 
inactivating alterations of these genes that cause, respec-
tively, overexpression or global loss of p53 and lack of 
Rb immunostaining. Such molecular abnormalities are 
frequent in NECs, but are generally absent in NETs, and 
their detection may be useful in the differential diagnosis 
between LCNEC and high-grade NET [71, 111] (Figs. 6 
and 11).

• Cytokeratins: NECs are epithelial neoplasms and pan-
cytokeratin stain (including CK AE1/AE3 and CAM 5.2) 
should be positive; in a subset of cases, they may be only 
focally expressed, sometimes with a dot-like paranuclear 
pattern. Cytokeratin expression, in the context of a proper 
immunohistochemical panel, helps to distinguish NECs 
from neuroendocrine marker-positive sarcomas (e.g., 
Ewing sarcoma, rhabdomyosarcoma) and from other 
non-epithelial tumors, such as high-grade olfactory neu-
roblastoma [52, 113]. Notably, the cytokeratin expression 
pattern may be useful for differential diagnosis in specific 
settings. For example, NECs tend to be negative for high 
molecular weight cytokeratins, and testing for CK5/6 
may be useful in distinguishing them from poorly differ-
entiated and non-keratinizing squamous cell carcinomas 
[114, 115]. Moreover, it should be recalled that CK20, 
in the spectrum of poorly differentiated NENs, is only 
expressed in MCC and represents a diagnostic marker 
for this neoplasm [116].

• Site-specific markers: these markers have a negligible 
role in NEC, as the recognition of the primary site of 
occurrence of poorly differentiated NENs does not imply 
specific therapeutic approaches. The exception to this 
statement is represented by MCC of the skin, for which a 
radical surgical approach is advisable and should thus be 
distinguished from a cutaneous metastasis of a visceral 
NEC [51].

Question 8: What Are the Morphological, 
Immunohistochemical, and Clinical 
Correlates of Well‑Differentiated 
Neuroendocrine Tumors with High‑Grade 
Proliferative Features (G3 NET)? Do G3 
NETs Occur in All Anatomic Sites? How 
Do Pathologists Distinguish G3 NETs 
from Neuroendocrine Carcinomas?

In the latest WHO Classifications of Digestive System 
Tumors as well as Endocrine and Neuroendocrine Tumors, 
NENs are classified based on their degree of morphological 
differentiation into well-differentiated versus poorly differ-
entiated neoplasms. Typically, well-differentiated NETs are 
composed of uniform, round to polygonal cells that grow in 
nests, acini, ribbons, and trabeculae. Pseudo-gland formation 
is also not uncommon. Delicate vasculature is another char-
acteristic feature, especially in cases with a nested growth 
pattern [90, 117, 118]. NETs are graded based on the mitotic 
rate and/or Ki67 labeling index. In fact, Ki67 labeling index 
is mandatory to establish grade in most NETs. In contrast, 
poorly differentiated epithelial NENs (NECs) are subdivided 
based on cell size into small cell and large cell subtypes. 
The small cell NECs are composed of sheets or nests of 
relatively small cells with a high nuclear-to-cytoplasmic 
ratio, hyperchromatic and finely granular chromatin, incon-
spicuous nucleoli, and nuclear molding. The large cell NECs 
are composed of round to polygonal cells with moderate 
amounts of cytoplasm, and the nuclei are round with vesicu-
lar chromatin or prominent nucleoli [90, 91, 111, 117, 119]. 
NECs are high grade by definition; thus, they are not graded 
like well-differentiated NETs; the annotation G3 is no longer 
added to the diagnosis [10].

High-grade NETs are defined as NENs with well- 
differentiated morphology and a high proliferative rate using 
mitotic index and/or Ki67 proliferation index. In the gastro-
intestinal/pancreatobiliary system, they are defined as hav-
ing > 20 mitoses/2  mm2 and/or > 20% Ki67 labeling index 
and are named G3 NETs [71]. However, well-differentiated 
lung NETs with mitotic rate > 10 mitoses/2  mm2 and/or Ki67 
labeling index > 30% have also been reported and called 
carcinoid tumors/NETs with elevated mitotic counts and/
or Ki67 proliferation index [77, 96]; rarely, thymus can give 
rise to similar tumors [71, 120]. With increasing knowledge 
and awareness of G3 NETs, similar tumors are likely to be 
recognized in additional anatomical sites. Indeed, two high-
grade pituitary NENs that likely represent G3 NETs have 
recently been described [100].

Although the distinction between low-grade (G1/G2) 
NETs and NECs is usually straightforward, distinguish-
ing G3 NETs from NECs may be challenging, especially 
in biopsy samples, where G3 NETs may resemble large cell 

Fig. 11  Large cell neuroendocrine carcinoma. These tumors are com-
posed of large nodules with an organoid pattern and focal necrosis 
(A). The tumor cells are atypical with large cell morphology (B). 
Synaptophysin is diffusely expressed in the cytoplasm of all cells 
(C). Most cases show variable chromogranin A expression which can 
include dot-like paranuclear positivity (D). Diffuse nuclear expression 
of INSM1 is identified (E). The Ki67 proliferation index is over 90%, 
with variable intensity of nuclear and nucleolar reactivity (F). p53 
is overexpressed (G). Rb shows global loss of expression while the 
endothelial cells are positive (H)

◂
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NECs, due to confluent growth pattern with reduced tumor 
stroma and vasculature, increased nuclear size and atypia, 
nuclear membrane abnormalities, and chromatin clumping. 
Some cases may even have a geographic pattern of necrosis, 
further complicating the situation [71, 111, 121, 122]. In 
these cases, proliferative index alone would not be helpful 
because, although G3 NETs generally have a lower average 
proliferative index than NECs, there is no specific numeri-
cal value that can distinguish these two neoplasms [119]. 
Thus, assessment of additional features and ancillary stud-
ies is necessary to distinguish between G3 NETs and NECs 
(Figs. 6 and 11):

• In the presence of a prior or coexisting lower-grade NET 
component in the sample at hand or at a relevant site of 
disease, G3 NET would be favored. Similarly, a coex-
isting conventional carcinoma (i.e., adenocarcinoma or 
squamous cell carcinoma) would suggest a NEC, as the 
combination with a non-neuroendocrine carcinoma is 
extremely rare in NETs.

• If there is no coexisting lower-grade NET or a conven-
tional carcinoma component, additional clinical informa-
tion might provide supplementary information [71, 76, 
121].

• Initial clinical presentation: Although patients with a 
G3 NET are often asymptomatic or present with non-
specific symptoms, they are usually found to have 
increased plasma levels of chromogranin A [36, 37, 71]. 
Moreover, functioning G3 NETs may cause characteris-
tic hormonal syndromes such as carcinoid syndrome. In 
fact, the corresponding neoplasms are often designated 
with names reflecting this clinical functionality, such 

as insulinoma, glucagonoma, gastrinoma, and VIPoma. 
In contrast, patients with a NEC present with signs and 
symptoms of an aggressive and often disseminated dis-
ease and uncommonly exhibit conditions associated 
with hormone hypersecretion [91]. They also uncom-
monly have measurable plasma levels of chromogranin 
A, although they may have elevated serum carcinoma-
associated markers [71, 121].

• Imaging: G3 NETs are evident on functional imaging 
studies such as somatostatin receptor scintigraphy with 
SPECT and 68 Ga-DOTATATE PET/CT or PET/MRI but 
show low avidity on FDG-PET/CT or PET/MRI. In con-
trast, NECs are uncommonly avid on functional imaging 
studies, but are usually detectable on FDG-PET/CT or 
PET/MRI [40, 121].

• Immunohistochemistry may also be used to accurately 
diagnose difficult cases.

• Cytokeratins: Both G3 NETs and NECs are epithelial 
neoplasms and are positive for cytokeratins including 
AE1/AE3 and CAM 5.2 (but not high molecular weight 
cytokeratins). G3 NETs exhibit diffuse immunoreactiv-
ity for synaptophysin, chromogranin, and INSM1. Func-
tioning G3 NETs also generally demonstrate expression 
of the hormone responsible for the clinical syndrome. 
NECs usually exhibit diffuse INSM1 and synaptophysin 
staining but only focal/faint or dot-like chromogranin A 
staining and no hormones [50, 91]. Of note, expression 
of these markers can be extremely limited/absent in the 
small cell subtype.

• RB and p53: Although TP53 gene mutations and the 
associated abnormal expression (overexpressed or 
absent) of p53 protein may be rarely seen in G3 NETs 

Fig. 12  Morphologic characteristics of neuroendocrine carcinomas
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[74, 75], inactivating RB1 mutations and the associated 
loss of Rb protein expression have not been identified in 
G3 NETs [71, 111, 121]. In contrast, inactivating RB1 
gene mutations/loss of Rb protein expression are seen in 
most NECs (in > 91% of the small cell subtype [123] and 
in 50 to 60% of large cell subtype [124]), regardless of 
the anatomic site of tumor origin. Similarly, TP53 gene 
mutations/abnormal p53 protein expression are also 
common in NECs (in 95%) [74, 78]. Thus, detection 

of these abnormalities may be useful in the differential 
diagnosis between G3 NET and large cell NEC [76].

• SSTR2 and SSTR5: SSTRs are strongly and diffusely 
expressed in NETs and correlate with functional imag-
ing studies [40, 76]. Although some large cell NECs may 
show SSTR expression, most NECs are characterized by 
lack or only low levels of SSTR expression [10, 48, 76, 
112]. Therefore, expression of SSTRs has been proposed 
as one of the diagnostic criteria for NETs.

Fig. 13  Mixed neuroendocrine and non-neuroendocrine neoplasm 
(MiNEN). This gastric neoplasm is composed of two morphologi-
cally recognizable components, one showing a glandular architecture 
suggestive of an adenocarcinoma and the other showing solid/orga-
noid growth patterns suggestive of a neuroendocrine neoplasm (A). 

Chromogranin A immunohistochemistry confirms the neuroendocrine 
nature of the solid/organoid component (B). Based on careful mor-
phological evaluation, this represents a MiNEN composed of mod-
erately differentiated adenocarcinoma and large cell neuroendocrine 
carcinoma

Fig. 14  Simplified algorithm for the distinction of mixed neuroen-
docrine and non-neuroendocrine neoplasm (MiNEN). MiNEN must 
be distinguished from usual carcinomas with neuroendocrine-like 

features, carcinomas with interspersed neuroendocrine cells, and 
amphicrine carcinomas. NE neuroendocrine. Asterisk means synapto-
physin, chromogranin A, and INSM1
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Question 9: What Are the Morphological, 
Immunohistochemical, 
and Clinical Correlates of Mixed 
Neuroendocrine‑Non‑neuroendocrine 
Neoplasms in the 2022 WHO Classification 
of Neuroendocrine Neoplasms?

By definition, mixed neuroendocrine-non-neuroendocrine 
neoplasms (MiNENs) are mixed epithelial neoplasms in 
which a neuroendocrine component is combined with a 
non-neuroendocrine one, each of which is morphologi-
cally and immunohistochemically recognizable (Figs. 13 
and 14). MiNENs are to be specifically distinguished from 
(a) adenocarcinomas with interspersed occasional neuroen-
docrine cells or (b) adenocarcinomas or other malignan-
cies that aberrantly express neuroendocrine differentiation 
marker(s) without neuroendocrine morphologic features. 
The term MiNEN is descriptive and represents a concep-
tual category rather than a specific diagnosis, so site-specific 
terminologies reflecting the different combinations of tumor 
components should be used in the pathology report [125] 
(Table 6). In the 5th edition WHO Classification of Endo-
crine and Neuroendocrine Tumors, the term MiNEN has 
been accepted for the first time to define mixed neoplasms 
arising in all systems of the body, when the morphologi-
cal and immunohistochemical diagnostic criteria described 
above are present.

Macroscopically, MiNENs do not show specific features, 
but rather resemble the non-neuroendocrine neoplasms aris-
ing in their native anatomical site. Consequently, the diagno-
sis is histological. The histological aspects of MiNENs are 
heterogeneous and vary according to the various possible 
combinations of neuroendocrine and non-neuroendocrine 
components, which also depend on the sites of origin. In 
most cases, the neuroendocrine component is represented by 
a NEC, either SCNEC or LCNEC subtype. Independent of 
the site of origin, SCNEC shows a diffuse or nesting growth 
pattern and is composed of small- to intermediate-sized 
cells with scant cytoplasm and round to fusiform nuclei 
with granular chromatin and inconspicuous nucleoli. The 
mitotic rate is brisk, generally higher than 50 mitoses per 
2  mm2. LCNEC shows an organoid growth pattern and is 
composed of large cells with abundant eosinophilic cyto-
plasm and vesicular nuclei with prominent nucleoli. “Geo-
graphic” necrosis and high mitotic rate are the rule. More 
rarely, the neuroendocrine component is represented by a 
well-differentiated NET, characterized by insular, trabecu-
lar, or gland-like structures, composed of uniform cells with 
moderately abundant granular cytoplasm and round nuclei 
with clumped or finely granular “salt and pepper” chromatin 
and inconspicuous small nucleoli.

To confirm the neuroendocrine nature of the morpho-
logically identified neuroendocrine component, immuno-
histochemistry is mandatory and includes the use of anti-
bodies directed against general neuroendocrine markers, 
namely synaptophysin, chromogranin A, and INSM1. The 
simultaneous use of synaptophysin and INSM1 is strongly 
recommended since it allows the identification of the neu-
roendocrine component (both NET and NEC) in almost all 
cases. Indeed, chromogranin A staining can be negative 
or focally positive in the NEC component, especially in 
SCNEC. In addition to general neuroendocrine markers, in 
specific clinical contexts, the use of hormone immunohisto-
chemistry can be useful, such as in the diagnostic workup of 
metastases of unknown primary site (Table 6). The positivity 
for neuroendocrine markers in the absence of neuroendo-
crine morphology detected on H&E-stained slides does not 
allow the diagnosis of MiNEN. This applies, for example, to 
usual carcinomas with interspersed neuroendocrine cells, to 
amphicrine carcinomas (see below), or to usual adenocarci-
nomas showing variable or diffuse synaptophysin expression 
(Fig. 15). When the neuroendocrine component is repre-
sented by a NET, the evaluation of the Ki67 proliferative 
index is required for grading assessment. In addition, the 
Ki67 proliferative index has a prognostic role in digestive 
and pulmonary MiNENs when the neuroendocrine compo-
nent is a NEC [126, 127], although this role has not been 
demonstrated in MiNENs arising in other organs [128].

The morphological features of the non-neuroendocrine 
component vary depending on the site and usually reflect 
those observed in carcinomas of the related primary loca-
tion. Adenocarcinoma and squamous cell carcinoma, includ-
ing their respective organ-specific variants, are the most 
common subtypes. Depending on the site of origin, other 
specific carcinomas can be observed and their diagnostic 
morphological and immunohistochemical aspects reflect 
those of the same cancer when arising as a “pure form” 
(Table 6).

A diagnosis of MiNEN has a clinical impact on patient 
management and treatment, in turn depending on the biol-
ogy of the two tumor components. Although the prognosis 
seems to be related to the biologically more aggressive com-
ponent, both MiNEN components, independently of their 
morphology, may progress and metastasize, so they need 
to be characterized, quantified, and graded separately and 
considered in terms of treatment [129]. In general, MiN-
ENs in which the neuroendocrine component is a NEC are 
expected to behave more aggressively than MiNENs with a 
NET component. In the former, patient outcome seems to 
be mainly related to the progression of the NEC component, 
unless after therapy there is NEC regression and progression 
of the non-neuroendocrine component [129]. In MiNENs 
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Table 6  Classification of Mixed Neuroendocrine-Non-Neuroendocrine Neoplasia (MiNEN) in relation to the site of origin, based on current 
literature

Site of origin Immunohistochemical profile of the NE 
component

Immunohistochemical profile of the non-NE 
component

Sinonasal tract
Mixed inverted papilloma-SCNEC Syn, CgA, INSM1 CK10, CK10/13
Mixed intestinal type adenocarcinoma-NEC* Syn, CgA, INSM1 CK20, CDX2, CEA. MUC2, villin
Mixed squamous cell carcinoma-NEC* Syn, CgA, INSM1 CK5/6, p63, p40, p16 (40%)
Mixed adenosquamous carcinoma-SCNEC Syn, CgA, INSM1 34bE12, p53, p63 (squamous cells), CEA and 

CK7 (glandular cells)
Oropharynx
Mixed squamous cell carcinoma-SCNEC Syn, CgA, INSM1, p16 CK5/6, p63, p40, p16
Larynx
Mixed squamous cell carcinoma-SCNEC Syn, CgA, INSM1 CK5/6, p63, p40
Mixed squamous cell carcinoma-NET Syn, CgA, INSM1 CK5/6, p63, p40
Lung
Mixed adenocarcinoma-NEC* Syn, CgA, INSM1 CK7, napsin A, TTF1
Mixed squamous cell carcinoma-NEC* Syn, CgA, INSM1 CK5/6, p40
Mixed large cell carcinoma-NEC* Syn, CgA, INSM1 panCK
Mixed spindle/giant cell carcinoma-NEC* Syn, CgA, INSM1 Variable, depending on morphology
Mixed adenocarcinoma-NET Syn, CgA, INSM1, TTF1, Cal, CGRP,  

serotonin, bombesin
Napsin A, TTF1

Mixed squamous cell carcinoma-NET Syn, CgA, INSM1, TTF1 CK5/6, p40
Thymus
Mixed thymoma-NEC* Syn, CgA, INSM1 panCK, EMA, p40/p63, CD205
Mixed thymic carcinoma-NEC* Syn, CgA, INSM1 p63/p40, Pax8 (75%), CD5, Cd117, EMA
Mixed thymoma-NET Syn, CgA, INSM1 panCK, EMA, p40/p63, CD205
Mixed thymic carcinoma-NET Syn, CgA, INSM1 p63/p40, PAX8 (75%), CD5, CD117, EMA
Esophagus
Mixed adenocarcinoma-NEC* Syn, CgA, INSM1 CK7, CK19
Mixed squamous cell carcinoma-NEC* Syn, CgA, INSM1 CK5/6, p40, p63
Mixed adenocarcinoma-NET Syn, CgA, INSM1 CK7, CK19
Stomach
Mixed adenocarcinoma-NEC* Syn, CgA, INSM1 CK7, CK20, MUC5AC, MUC6, CDX2
Mixed adenocarcinoma-NET Syn, CgA, INSM1, VMAT2 CK7, CK20, MUC5AC, MUC6, CDX2
Small intestine and ampulla
Mixed adenocarcinoma-NEC* Syn, CgA, INSM1 CK20, CEA, CDX2, MUC2
Mixed adenocarcinoma-NET Syn, CgA, INSM1, 5HT, CDX2, som, gastr CK20, CEA, CDX2, MUC2
Appendix (goblet cell adenocarcinoma 

excluded)
Mixed adenocarcinoma-NEC* Syn, CgA, INSM1 CK20, CDX2, MUC2
Colon-rectum
Mixed adenocarcinoma-NEC* Syn, CgA/B, INSM1, SATB2, CDX2, PSAP CK20, CDX2, MUC2, SATB2
Mixed adenocarcinoma-NET Syn, CgA/B, INSM1, glucagon, PP, PYY, 

SATB2, CDX2, PSAP
CK20, CDX2, MUC2, SATB2

Liver
Mixed hepatocellular carcinoma-NEC* Syn, CgA, INSM1 Arginase, HepPar1, pCEA, CD10, AFP
Mixed hepatocellular carcinoma-NET Syn, CgA, INSM1 Arginase, HepPar1, pCEA, CD10, AFP
Mixed cholangiocarcinoma-NEC Syn, CgA, INSM1 EMA, CK7, CK19
Gallbladder and bile ducts
Mixed adenocarcinoma-NEC* Syn, CgA, INSM1 EMA, CK7, CK19
Mixed adenocarcinoma-intracholecystic  

papillary neoplasm-NEC*
Syn, CgA, INSM1 EMA, CK7, CK19
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NE, neuroendocrine; syn, synaptophysin; CgA, chromogranin A; CK, cytokeratin; Cal, calcitonin; 5HT, serotonin; som, somatostatin; ins, insu-
lin; gastr, gastrin; pCEA, CEA detected with polyclonal antibody; CGRP, calcitonin gene-related peptide; ER, estrogen receptor; PR, progesterone 
receptor; panCK, pancytokeratin; NF, neurofilament; NET, neuroendocrine tumor; NEC, neuroendocrine carcinoma; SCNEC, small cell neuroendo-
crine carcinoma; LCNEC, large cell neuroendocrine carcinoma; CK, cytokeratin; MCC, Merkel cell carcinoma; MCPyC, Merkel cell polyomavirus
* Refers to SCNEC and LCNEC

Table 6  (continued)

Site of origin Immunohistochemical profile of the NE 
component

Immunohistochemical profile of the non-NE 
component

Pancreas
Mixed ductal adenocarcinoma-NEC Syn, CgA, INSM1 CEA, MUC1, MUC3, MUC4, MUC5AC, 

GATA6, CDX2
Mixed ductal adenocarcinoma-NET Syn, CgA, INSM1, glucagon, ins, som, PP CEA, MUC1, MUC3, MUC4, MUC5AC, 

GATA6, CDX2
Mixed acinar carcinoma-NEC Syn, CgA, INSM1 Trypsin, BCL10
Mixed acinar carcinoma-NET Syn, CgA, INSM1, glucagon, ins, som, PP Trypsin, BCL10
Vulva
Mixed adenocarcinoma-LCNEC Syn, CgA, INSM1 panCK
Cervix-vagina
Mixed adenocarcinoma-NEC* Syn, CgA, INSM1, p16 CK7, PAX8, p16
Mixed squamous cell carcinoma-NEC* Syn, CgA, INSM1, p16 P63, p16
Mixed adenosquamous-SCNEC Syn, CgA, INSM1, p16 CK7, CEA, PAX8, p63, p40, p16
Mixed carcinosarcoma-SCNEC Syn, CgA, INSM1 CD10, GATA3
Mixed mesonephric adenocarcinoma-LCNEC Syn, CgA, INSM1 CD10, GATA3, PAX8
Mixed adenoid-cystic adenocarcinoma-

SCNEC
Syn, CgA, INSM1 p63, S100, CD117

Endometrium
Endometrioid carcinoma-LCNEC Syn, CgA, INSM1 ER, PR
Endometrioid carcinoma-SCNEC Syn, CgA, INSM1 ER, PR
High-grade serous carcinoma-LCNEC Syn, CgA, INSM1 p16, IMP3, HMGA2
Carcinosarcoma-SCNEC Syn, CgA, INSM1 Depending on morphology
Ovary
Mixed mucinous carcinoma-LCNEC Syn, CgA, INSM1 CK7, CK20, CEA, CDX2, CA19.9
Mixed endometrioid carcinoma-NEC* Syn, CgA, INSM1 ER, PR
Mixed high-grade serous carcinoma-LCNEC Syn, CgA, INSM1 WT1, CK7, CA125, PAX8 ER, p16
Mixed undifferentiated carcinoma-LCNEC Syn, CgA, INSM1 EMA, panCK, CK18
Kidney
Mixed urothelial carcinoma-NEC* Syn, CgA, INSM1 GATA3, p63, CK7
Mixed squamous cell carcinoma-SCNEC Syn, CgA, INSM1 p63
Mixed papillary renal cell carcinoma-SCNEC Syn, CgA, INSM1 CK7, PAX8
Mixed clear cell renal carcinoma-NET Syn, CgA, INSM1 CD10, PAX8
Urinary tract
Mixed urothelial carcinoma-NEC* Syn, CgA, INSM1 GATA3, p63, CK7
Mixed adenocarcinoma-NEC* Syn, CgA, INSM1 CK20, CDX2
Prostate
Mixed acinar adenocarcinoma-NEC* Syn, CgA INSM1 PSA, P504s, AR, ERG
Skin
Mixed squamous cell carcinoma-MCC Syn, CgA, INSM1, NF, CK20, SATB2, PAX5, 

MCPyV, p63
CK5/6, p63

Mixed basal cell carcinoma-MCC Syn, CgA, INSM1, NF, CK20, SATB2, PAX5, 
MCPyV, p63

CK5/6, p63, BCL2

Mixed trichoblastoma-MCC Syn, CgA, INSM1, NF, CK20, SATB2, PAX5, 
MCPyV, p63

BerEP4

Mixed sebaceous carcinoma-MCC Syn, CgA, INSM1, NF, CK20, SATB2, PAX5, 
MCPyV, p63

panCK, EMA, p40, p63, CD10, DOG1, CD117
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with a NET component, the prognosis is generally driven by 
the non-neuroendocrine component. In metastatic cases, a 
biopsy of the metastasis is of particular importance since the 
identification of the metastasizing component(s) can influ-
ence the therapeutic choice.

Can Pathologists Render a Diagnosis of MiNEN When 
One Component Accounts for Less Than 30%?

Since the first description of a digestive tumor composed 
of adenocarcinoma and neuroendocrine neoplasm [130], 
several attempts have been made to classify these mixed 
neoplasms and different terms and diagnostic criteria have 
been proposed [9, 14, 125, 131–133]. A great debate con-
cerned the clinical and prognostic role of the two MiNEN 
components, especially regarding their relative amounts 
within the tumor. The presence of scattered cells or small 
groups of neuroendocrine cells in non-neuroendocrine car-
cinomas (i.e., adenocarcinoma or squamous cell carcinoma) 
does not have any prognostic relevance; this finding led to an 
arbitrary cutoff of 30% for the neuroendocrine component 
to define a neoplasm as mixed, based on the assumption 
that a tumor component < 30% was not quantitatively suf-
ficient to have a prognostic impact [131]. Since then, this 
cutoff has been considered for digestive neoplasms, but not 
for mixed neoplasms located in other organs, such as the 
lung [15]. However, the biological relevance of this cutoff 
remains controversial, since no systematic studies were per-
formed to confirm its validity. Recent findings, and as largely 
expected, suggest that a high-grade component, even when 
representing < 30% of the tumor burden, may have a prog-
nostic impact [134]. These data suggest that the 30% cutoff 
should be reconsidered when the diagnosis is based on the 

unquestionable morphological and immunohistochemical 
recognition of two distinct components.

In the 2022 WHO Classification of Endocrine and Neu-
roendocrine Tumors, the diagnosis of MiNEN in non-digestive 
systems depends on the identification of two morphologically 
distinct components independent of their amount. The 30% 
cutoff has only been provisionally retained for digestive MiN-
ENs, awaiting systematic studies to demonstrate whether or not 
that value determines prognosis. Nonetheless, a minor (< 30%) 
component of neuroendocrine neoplasm in an otherwise non-
neuroendocrine carcinoma and, vice versa, a discrete focus 
of a non-neuroendocrine proliferation in a NEN should be 
annotated, quantified, and carefully subtyped in the pathology 
report.

What Is an Amphicrine Carcinoma? Does It Stand 
in the WHO Classification of Neuroendocrine 
Neoplasms?

The term “amphicrine” classically refers to cells capable 
of both neuroendocrine and exocrine secretion; they were 
first described in the normal human gut [135]. The growing 
knowledge and application of sophisticated morphological 
and immunohistochemical tools in pathology has led to the 
recognition of neoplasms with “hybrid” phenotype, showing 
both neuroendocrine and non-neuroendocrine differentiation 
in the same cells by the co-existing immunohistochemical 
expression of chromogranin A and exocrine secretory bio-
markers (e.g., mucicarmine, MUC stains). This “hybrid” 
nature has also been confirmed by ultrastructural analyses 
demonstrating that tumor cells contain both mucous and 
neuroendocrine granules within the cytoplasm [133, 136]. 
Such neoplasms, called amphicrine carcinomas, have been 

Fig. 15  Adenocarcinoma with synaptophysin positivity. This adeno-
carcinoma of the gastroesophageal junction has glandular architecture 
in both the primary location (A) and lymph node metastasis (B). The 
tumor cells show diffuse immunoreactivity for synaptophysin (inset). 
The tumor lacks INSM1 and chromogranin A expression. Irrespective 

of the extent of synaptophysin, this does not qualify for a diagnosis 
of neuroendocrine neoplasm or MiNEN. In this morphological set-
ting, if the tumor is also associated with diffuse chromogranin A and/
or INSM1, the findings would have indicated amphicrine features and 
supported a diagnosis of amphicrine carcinoma
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described in both digestive and extra-digestive systems 
and their relationship with MiNENs has long been debated 
[125, 136]. Recent findings including morphological, immu-
nostaining, and transcriptome investigations suggest that 
amphicrine carcinoma is a specific entity with biological and 
histological features distinct from those observed either in 
adenocarcinomas or neuroendocrine neoplasms [137, 138]. 
Furthermore, amphicrine carcinoma is to be distinguished 
from MiNEN as it does not fulfill the diagnostic criteria 
of MiNEN with absence of two distinct and recognizable 
populations of neoplastic cells, one neuroendocrine and one 
non-neuroendocrine.

How Do Pathologists Need to Report and Stage 
MiNEN?

The cornerstone for the diagnosis of MiNEN is the morphologi-
cal identification of the neuroendocrine and non-neuroendocrine 
components, so the first step of the diagnostic workup is the 
careful morphological evaluation on hematoxylin and eosin-
stained tumor sections. Once the two components are identified, 
they should be considered separately:

• Neuroendocrine component: Immunohistochemis-
try using antibodies directed against neuroendocrine 
markers (synaptophysin, chromogranin A, INSM1) is 
necessary to confirm the neuroendocrine nature of the  
neuroendocrine-looking component. Once it is con-
firmed, the morphological distinction between NET and 
NEC is required. In addition, Ki67 immunohistochemis-
try allows grading if there is a NET component or prog-
nostic information when the neuroendocrine component 
is a NEC. Indeed, in the digestive and pulmonary sys-
tems, NEC components were separated in two different 
prognostic categories using the Ki67 cutoff of 55% [126, 
127] but this is based on studies in which the distinction 
between G3 NET and NEC was not entirely recognized.

• Non-neuroendocrine component: The non-neuroendocrine  
component should be diagnosed considering the site- 
specific morphological features associated with consist-
ent immunophenotype (Table 6).

Using this approach, it is possible to diagnose and sepa-
rate MiNENs from other mimics including (a) usual carci-
nomas with neuroendocrine-like areas, (b) carcinomas with 
interspersed neuroendocrine cells, and (c) true amphicrine 
carcinomas (Fig. 14). When the diagnosis of MiNEN is 
confirmed, the two components must be characterized and 
clearly indicated in the pathology report, including the 
immunohistochemical profile of both components and the 
Ki67 index for the neuroendocrine one. When lymph node or 
distant metastases are observed, they should be morphologi-
cally and immunohistochemically characterized, since they 

may have a heterogeneous appearance, including only the 
neuroendocrine component, only the non-neuroendocrine 
one, or both. Once the diagnosis is established, MiNEN 
should be staged in a site-specific manner using the current 
non-neuroendocrine cancer-related AJCC/UICC TNM clas-
sification [139].

Question 10: What Are Mimics 
of and Potential Pitfalls for Neuroendocrine 
Neoplasm Diagnosis in Various Anatomic 
Organs?

Outside of endocrine organs, well-differentiated NETs most 
commonly occur in the gastrointestinal/pancreatobiliary 
tract and upper and lower airways; they may also be seen 
throughout the body including breast, genitourinary tract, 
and skin. One of the main differential diagnoses of NET, 
regardless of anatomical location, is paraganglioma [38]. 
The distinction is usually prompted by morphology but 
immunohistochemistry confirms the diagnosis. Unlike NET, 
paraganglioma express GATA3, and the enzymes involved 
in catecholamine biosynthesis such as tyrosine hydroxylase, 
dopamine beta-hydroxylase (DBH), and phenylethanolamine 
N-methyltransferase (PNMT); some parasympathetic para-
gangliomas of the head and neck express choline acetyl-
transferase (ChAT), an enzyme involved in acetylcholine 
biosynthesis [13].

The liver and the lung are common sites for metastatic 
epithelial NENs from other organs [104]. Gastrointestinal/
pancreatobiliary NETs often express CDX2 and are nega-
tive for TTF1. Duodenal and pancreatic NETs are frequently 
positive for ARX and PDX1; loss of DAXX and ATRX 
expression supports pancreatic origin but has also been iden-
tified in other NETs that can be metastatic [140]. A stepwise 
algorithm with the sequential application of immunohisto-
chemical stains for transcription factors may be of support 
for the identification of the unknown primary site of a NET 
[51, 52, 141]. Metastases from thyroid carcinomas, lobular 
breast carcinoma, melanoma, and glomus tumor may also 
mimic the monotonous appearance of NETs, except for med-
ullary thyroid carcinoma, which is an epithelial NEN that is 
positive for neuroendocrine biomarkers. The non-endocrine 
tumors are usually negative for INSM1, synaptophysin, and 
chromogranins. Thyroid carcinomas of follicular origin 
also express thyroglobulin; medullary thyroid carcinomas 
express CEA and calcitonin. It should be kept in mind that 
calcitonin may also be expressed by a small subset of pulmo-
nary, pancreatic, and other NETs [28, 142, 143]. Although 
estrogen and/or progesterone receptor staining is common 
in breast carcinomas, it can also be observed in some pul-
monary and gastrointestinal/pancreatobiliary tract NETs; 
therefore, estrogen and/or progesterone receptor expression 
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in NETs should be interpreted with caution [144]. Mela-
noma is positive for S100, HMB45, and SOX10. Glomus 
tumors express SMA.

Different anatomic sites may call for site-specific differen-
tial diagnoses. For example, in the appendix, tubular NETs 
should be distinguished from adenocarcinomas, especially 
from goblet cell adenocarcinoma. In the pancreas, microtu-
mors can be distinguished from enlarged islets by immuno-
histochemical staining for islet peptides, because microtu-
mors lose the non-random distribution of peptide cell types 
that characterize non-neoplastic islets [145]. Acinar cell car-
cinoma and solid pseudopapillary neoplasm are also impor-
tant differential diagnoses and the distinction requires immu-
nohistochemical staining. Acinar cell carcinoma expresses 
trypsin, chymotrypsin, and lipase as well as BCL10 [146]. 
The possibility of mixed acinar-neuroendocrine carcinoma 
should also be considered in cases expressing neuroendo-
crine markers if there are discrete areas with morphologic 
features typical for a NEN [91, 122]. Solid pseudopapillary 
neoplasm is characterized with abnormal (nuclear/cytoplas-
mic) ß-catenin expression, usually along with abnormal 
E-cadherin expression [147]; it is also positive for PR and 
may express synaptophysin and neuron-specific enolase, but 
the more specific neuroendocrine marker, chromogranin A, is 
consistently negative. Metastases from hepatocellular carci-
noma or adrenal cortical carcinoma may resemble oncocytic 
pancreatic NET and metastasis from renal cell carcinoma 
may resemble a clear cell pancreatic NET, especially in 
patients with VHL. In the ovary, sex cord stromal tumors 
may mimic a NET.

Poorly differentiated NECs, both small cell type and large 
cell type, may arise in every epithelial organ/tissue. Espe-
cially on small biopsies or cytological samples, a NEC may 
be difficult to distinguish from a NET with high-grade pro-
liferative features. How to distinguish these two neoplasms 
is discussed in detail above. SCNEC, especially when it is 
keratin negative, must be distinguished from other “small 
cell” neoplasms, including lymphomas, melanoma, or small 
cell sarcomas. A panel of pertinent immunohistochemi-
cal markers, and when necessary appropriate FISH stud-
ies, confirms the diagnosis in most cases. Lymphomas are 
positive for CD45 and TdT; melanoma is positive for S100, 
HMB45, and SOX10. The Ewing sarcoma family of tumors 
may occasionally show positive staining for neuroendocrine 
markers, particularly CD56; however, they are characterized 
by the co-expression of FLI1 and CD99, retained Rb expres-
sion and the presence of fusions involving EWSR1, or, in 
rare cases, CIC::DUX4 or BCOR::CCNB3 [148]. Basaloid 
squamous cell carcinoma may also be occasionally positive 
for CD56 and other general neuroendocrine markers and 
mimic NEC, especially of the large cell type; however, it is 
distinguished by consistent expression of squamous mark-
ers, p40, and high molecular weight cytokeratin 34βE12; 

p63 is not fully discriminant as it may be detected in some 
NECs [149]. In different anatomic sites, the range of differ-
ential diagnoses may include other entities. In the sinonasal 
tract, a spectrum of “small round blue cell” tumors should 
be considered, including, among others, high-grade olfac-
tory neuroblastoma, undifferentiated carcinoma, NUT car-
cinoma, SWI/SNF-deficient carcinomas, Ewing sarcoma, 
and rhabdomyosarcoma. Each of these entities may show 
variable expression, albeit faint and/or focal, of general neu-
roendocrine markers, but may be distinguished from NEC 
using proper immunohistochemical markers. The most chal-
lenging differential is high-grade olfactory neuroblastoma, 
which is positive for neuroendocrine markers and somato-
statin receptors, but expresses neurofilaments; cytokeratins, 
if expressed, tend to be focal [113]. Pulmonary adenocarci-
nomas with a solid/nested or cribriform pattern may resem-
ble LCNECs; however, lack of nuclear palisading/rosettes 
and neuroendocrine marker expression are helpful features 
to distinguish them. In contrast, about 10–20% of pulmo-
nary adenocarcinomas lacking neuroendocrine morphology 
express neuroendocrine markers but such expression is usu-
ally focal and limited to a single marker. Recently described 
thoracic SMARCA4-deficient undifferentiated carcinomas 
may frequently express synaptophysin as well [150]; the 
diagnosis is supported by demonstrating loss of SMARCA4 
(BRG1) protein. Similarly, small cell carcinoma, hypercal-
cemic type, of the ovary represents a non-neuroendocrine 
SMARCA4-mutated cancer [151].

It is nearly always impossible to determine the primary 
site of a metastatic NEC-based pathological criterion, given 
the common expression of otherwise organ-specific tran-
scription factors in NECs, such as TTF1, CDX2, PDX1, or 
ISL1; it requires clinical correlation.

Question 11: What Are Spinal, Middle Ear 
Neuroendocrine Tumors, and Composite 
Ganglioneuroma and Neuroendocrine 
Tumors in the 2022 WHO Classification?

This category of NENs is composed of NETs that were pre-
viously misclassified as paragangliomas. The reasons for this 
are multiple: their locations were sites known to harbor para-
ganglia, some have admixed neurons, and they tend to have a 
well-developed network of sustentacular cells that have been 
previously considered to be biomarkers of paragangliomas. 
With advances in our understanding of cytodifferentiation, 
the transcription factors that drive that process, and the pro-
file of biomarkers of specific neuroendocrine cell types, it 
has become easier to properly characterize neuroendocrine 
cell types [54, 104]. A number of studies have now shown 
that the term “paraganglioma” was a misnomer in all three 
of these tumor types [13].
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The lesion known as spinal paraganglioma, most com-
monly found in the cauda equina, is a well-differentiated 
neuroendocrine tumor composed of epithelioid cells form-
ing small nests surrounded by sustentacular cells. Approxi-
mately one quarter of these tumors contain mature ganglion 
cells, giving rise to the term “gangliocytic” tumor, and some 
have a Schwann cell component, hence “ganglioneuroma-
tous” tumors. The tumor cells express chromogranin A and 
synaptophysin and have variable S100 immunoreactiv-
ity while the sustentacular cells show intense nuclear and 
cytoplasmic S100 reactivity. Based on these features, they 
were classified as paragangliomas; however more recently, 
they were found to express cytokeratins [152]. While some 
authors interpreted keratin expression to represent diver-
gent ependymal differentiation by paragangliomas, it then 
became clear that these tumors do not express the charac-
teristic paraganglioma transcription factor GATA3; instead, 
they express HOXB13, a transcription factor that is devel-
opmentally expressed in the spinal cord [153]. Moreover, 
these unique tumors are not found in patients with SDHx 
gene mutations [154] and they do not show loss of SDHB 
by immunohistochemistry [35]. Indeed, DNA methyla-
tion analysis showed that they are epigenetically distinct 
from paragangliomas of extraspinal sites and copy number 
analysis revealed diploid genomes in most spinal tumors, 
whereas extraspinal paragangliomas were mostly aneuploid 
with recurrent trisomy 1q and monosomies of 1p, 3, and 11 
[35]. Based on this collective data, it is clear that these rep-
resent epithelial NETs that can, in some cases, be composite 
tumors with a neuronal component similar to tumors seen at 
the opposite end of the spinal cord in the sella turcica. The 
new WHO classifies these as cauda equina neuroendocrine 
tumor. Additional studies are still warranted to expand on 
other biomarker characteristics of these tumors.

Another lesion that was previously called gangliocytic 
paraganglioma occurs almost exclusively in the second part 
of the duodenum and periampullary region [34, 155]; how-
ever, rare cases have been reported in the jejunum, pylorus, 
esophagus, pancreas, appendix, lung, and thymus. This 
triphasic tumor is composed of variable proportions of three 
distinct cell types: epithelial neuroendocrine cells, ganglion 
cells, and spindle-shaped Schwann cells. The epithelial cells 
express keratins [152] and biomarkers of neuroendocrine 
differentiation as well as hormones (pancreatic polypeptide 
and somatostatin). These tumors are negative for or show 
only focal weak GATA3 and tyrosine hydroxylase [152]. 
Thus, they are more correctly classified as composite tumors 
composed of an epithelial NET with a ganglioneuroma. 
These are indolent tumors, but they occasionally give rise 
to lymph node metastases that may be composed of any one, 
two, or all three components. The new WHO has classified 
these as composite gangliocytoma/neuroma and neuroendo-
crine tumor (CoGNET).

The middle ear is a site of paragangliomas that arise 
from the tympanic paraganglia. However, there are also 
epithelial neuroendocrine tumors that arise in this loca-
tion. These have been the source of some confusion, as 
they have been called adenoma, carcinoid, amphicrine, 
and adenocarcinoid tumors [156–158]. Their architecture 
is variable and includes sheets, glandular configurations, 
pseudorosettes, trabecula with swirling ribbons, and dis-
cohesive single cell infiltration of fibrous stroma. While 
exceptional cases of mixed middle ear adenoma and neu-
roendocrine tumors have been reported, a recent study has 
shown that the neoplastic cells are a homogeneous popu-
lation that expresses INSM1, synaptophysin, and SATB2 
as well as focal CDX2 with occasional weak GATA3; the 
tumor cells are consistently positive for keratins (AE1/

Table 7  Predictive/theranostic 
markers in neuroendocrine 
neoplasia

NEN, neuroendocrine neoplasia; SSTRs, somatostatin receptors; NET, neuroendocrine tumor; NEC, neu-
roendocrine carcinoma; Y, yes, useful for therapy selection; SSA, somatostatin analogs; PRRT , peptide 
receptor radiotherapy; IHC, immunohistochemistry; EVE, everolimus; IFNa, interferon alpha; STZ, strep-
tozotocin; SUN, sunitinib; TMZ, temozolomide; SEQ, sequencing analysis; PPGL, pheochromocytoma/
paraganglioma; N, no, not useful for therapy selection; Rb, retinoblastoma gene; p53, p53 gene; Chemo, 
chemotherapy with various agents including platinum

Gene NEN type Use Therapy selection Preferred 
method

SSTRs NET >  > NEC Diagnosis NET vs NEC Y (SSA and PRRT) IHC
DAXX-ATRX NET Diagnosis/prognosis Y (EVE/IFNa/STZ/SUN/

TMZ)
IHC

RET NET Prognosis Y (RET-targeting tyrosine 
kinase inhibitors)

SEQ

SDHB PPGL Prognosis N SEQ
Rb and p53 NEC Diagnosis NET G3 vs NEC Y Chemo IHC
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AE3, CAM5.2) [102]. The majority are composed of L 
cells that express glucagon, pancreatic polypeptide, and 
peptide-YY, and like other L cell NETs, chromogranin A 
positivity is variable; some tumors express serotonin. The 
Ki67 labeling index is usually low (< 2%) but has been 
reported in some tumors to be > 20%, correlating with 

aggressive behavior. The new WHO has supported clas-
sifying these as middle ear neuroendocrine tumors (MeN-
ETs) (Fig. 9). A MeNET with G3 proliferative features 
has also been recognized [102]; however, further work is 
required to determine if grading as G1, G2, and G3 should 
be implemented as in other NETs.

Fig. 16  Somatostatin receptor 
(SSTR) expression in tissue 
and in vivo. Strong and diffuse 
membranous SSTR2 expression 
is identified in a well- 
differentiated clinically 
functional insulin-producing 
B cell tumor (NET, G1) of the 
pancreas (A). SSTR5 expression 
is strong in a well-differentiated, 
clinically non-functioning 
gastrin-producing G cell tumor 
(NET, G1) of the duodenum 
(B). This unusual poorly dif-
ferentiated neuroendocrine 
carcinoma, small cell type, of 
the lung (NEC, SCLC) has dif-
fuse membranous expression of 
SSTR2 (C). In vivo expression 
of SSTR2-5 in a pancreatic G2 
NET with liver, peritoneal, and 
lymph node metastases (D): the 
top figure shows the whole body 
scan multiple intensity projec-
tion (MIP); arrows indicate the 
pancreatic head lesion with 
adjacent positive lymph nodes, 
liver, and peritoneal deposits. 
The middle figure shows the 
upper trans-axial fused PET/CT 
scan with the pancreatic lesion, 
lymph nodes, and one liver 
deposit (arrows). The lower 
figure is the trans-axial fused 
PET/CT scan showing three 
liver deposits (arrows). A–C 
SSTR2. D 68Ga-DOTANOC-
PET/CT, courtesy of Prof. 
Vittoria Rufini, PET/CT Center, 
Università Cattolica del Sacro 
Cuore, Roma
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Question 12: Are There Predictive/
Theranostic Markers in Neuroendocrine 
Neoplasms? Does the Anatomic Site 
Matter in the Prognosis of Neuroendocrine 
Neoplasms?

Excluding the grading and the staging general prognostic 
tools, predictive/theranostic markers in neuroendocrine neo-
plasms are essentially limited to well-differentiated NETs 
and are often site-specific to reflect tissue-specific molecu-
lar/genetics. Of the many gene abnormalities found to asso-
ciate with prognosis and potentially exploitable for therapy, 
the few with immediate application in routine pathology 
practice will be considered here (Table 7).

The expression of somatostatin receptors (SSTRs) is 
probably one of the first examples of molecules used with 
success for diagnostic and therapeutic purposes in can-
cer [159]. SSTRs are widely expressed in NENs, usually 
strongly expressed in NETs and paragangliomas; reports 

of SSTR expression in up to 25% of NECs [160] antedate 
the clear distinction of NEC from G3 NEC. SSTRs can 
be successfully imaged in vivo and assessed in vitro on 
tissue samples (Fig. 16). SSTRs are utilized for therapy 
either with cold or hot (radiolabeled) somatostatin analogs 
(SSAs), the latter defined as peptide receptor radiotherapy 
(PRRT) [41–43, 161, 162]. Current imaging with radiola-
beled SSAs includes the old-fashioned 111In-Octreoscan 
(octreotide scan), a single-photon emission computed 
tomography (SPECT) scintigraphy, and the more effec-
tive 68Ga SSA-PET [40]; therapy uses various radiop-
harmaceuticals. Quantification of radiotracer by maximal 
standardized uptake value (SUV) of the most intense focus 
[43, 44] can provide a reliable prognostic marker. Immu-
nohistochemistry for SSTRs can be routinely performed 
on tissue to provide quick and cost-effective information 
to clinicians for decision-making. At variance with other 
theranostic molecules, immunohistochemical detection 
of SSTRs is found in NETs of multiple organs; however, 

Fig. 17  Pancreatic neuroendo-
crine tumors in VHL disease. 
This composite photomi-
crograph illustrates multiple 
pancreatic neuroendocrine 
microtumors with variable clear 
cell change (A; asterisks indi-
cate microtumors). VHL-related 
neuroendocrine neoplasms 
show clear cell change due to 
lipid and/or glycogen deposition 
(B); oncocytic cytomorphology 
can also occur in some patients
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different subtypes may be variably expressed in NETs at 
different locations. As an example, SSTR2 is notably absent 
in somatostatin-producing D cell NETs of the duodenum, 
tumors that instead express SSTR5 [163]. This phenomenon 
likely reflects the different expression patterns for SSTRs 
in specific neuroendocrine cell types. The availability of 
reliable monoclonal antibodies for immunohistochemistry 
to identify SSTR subtypes makes this assessment possible 
for routine diagnosis and prediction [164]. SSTR staining 
supports the NET diagnosis and in addition may help to 
distinguish NET G3 from NEC [160]. An effective SSTR 
IHC scoring system has been developed and successfully 
adopted for semiquantitative assessment on tissue [165]; the 
few available data report good correlation between in vitro 
and in vivo SSTR quantitative assessment as well as clinical 
response to SSAs [164, 165].

DAXX and ATRX gene changes associate with abnormal 
alternative telomere lengthening (ALT) status and poor progno-
sis in pancreatic non-functioning NETs [60]. DAXX and ATRX 
immunohistochemical analysis may be a surrogate for the more 
labor-intense FISH technique required for ALT status assess-
ment. In turn, the availability of effective antibodies for ATRX 
and DAXX gene products can reliably translate into routine 
pathology practice for ALT status assessment [166, 167].

RET mutation in medullary C cell carcinoma associates 
with poor prognosis and can be a target for therapy. Muta-
tional analysis performed in a pathology lab is required to 
guide therapy with RET inhibitors [168].

SDHB gene germline or somatic mutations in pheochro-
mocytoma and extra-adrenal paragangliomas as well as 
ATRX mutation and several other genetic abnormalities asso-
ciate with metastasis risk [13]. Apart from ATRX, there are 
no specific immunohistochemical tools to use for surrogate 
mutational analysis, since loss of SDHB that is the usual 
screening tool reflects loss of any component of the SDH 
complex. Neither SDHB nor ATRX loss have diagnostic or 
therapeutic implications in this situation.

Rb and Tp53 gene abnormalities do not have direct 
therapeutic implications; however, they point to severe cell 
derangements indicative of a NEC diagnosis and support 
chemotherapy for NENs [169, 170]. Rb and Tp53 gene muta-
tion analysis by next-generation sequencing (NGS) can be 
routinely performed and is usually done within extended 
cancer gene panels in use. Immunohistochemistry for Rb 
and p53 can effectively be used to screen instead of the more 
expensive gene investigation, providing useful diagnostic 
hints for the pathologist and equally informative direction 
for the attentive clinician [171].

Fig. 18  C cell hyperplasia. Bilateral multifocal C cell hyperplasia 
and/or C cell hyperplasia-to-neoplasia (medullary thyroid carcinoma) 
sequence are hallmarks of MEN2 syndrome-related thyroid disease. 

This photomicrograph illustrates calcitonin immunohistochemistry 
which highlights C cell hyperplasia in the setting of germline patho-
genic RET variant
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Question 13: What Are the Morphologic 
and Immunohistochemical 
Harbingers of Germline Susceptibility 
in Neuroendocrine Neoplasms of Various 
Anatomic Sites in the 2022 WHO 
Classification?

Germline susceptibility is common in NENs; there are mul-
tiple syndromes due to inherited mutations, mainly involving 
loss of one functional copy of a tumor suppressor gene but 
one, multiple endocrine neoplasia type 2, that is due to inher-
itance of activated RET oncogene. Most of the syndromes 
involve multiple organs. It is now recognized that these syn-
dromes are associated with precursor lesions that allow the 
expert pathologist to make the diagnosis based on morphol-
ogy [145, 172], and in some situations, molecular immunohis-
tochemistry allows confirmation of the exact diagnosis [33].

One of the key features of germline susceptibility is the 
multifocal nature of neuroendocrine proliferations (Fig. 17). 
This is key feature of the parathyroids and pancreases of 
patients with MEN1, MEN4, and MEN5, the pancreases of 
patients with VHL disease (Fig. 17), and the thyroids and 
adrenal medullas of patients with MEN2 and MEN5 syn-
dromes. In addition, the assessment of the non-tumorous 
parenchyma in all endocrine organs often provides additional 

clues to the possibility of an underlying germline genetic 
pathogenesis [145, 172]. There are well-described precur-
sor lesions, which are characterized by neuroendocrine cell 
hyperplasia-to-dysplasia/neoplasia sequences, which are seen 
in the non-tumorous tissues surrounding NENs. Multifocal 
bilateral C cell hyperplasia is the prototypical example of 
a germline RET-driven pathogenesis in the thyroid (MEN2 
syndrome) (Fig. 18). Similarly, this is a feature of the pan-
creases of patients with MEN1 and MEN4 syndromes, and 
VHL disease as well as the glucagon cell hyperplasia and 
neoplasia syndrome (Mahvash disease) and MAFA-related 
familial insulinomatosis. The same is true for the multiple 
gastric ECL cell lesions observed in MEN1 patients.

In some situations, the tumor and the anatomic location 
may provide additional insight into an underlying germline 
susceptibility. The best examples include ampullary type 
duodenal somatostatin-producing D cell NETs (Fig. 8) in 
NF1 and pituitary blastomas in DICER1 syndrome. Simi-
larly, the prominent clear cell change in association with 
multifocal pancreatic (micro)NETs and/or underlying 
pancreatic cystic disease is a harbinger of VHL disease 
(Fig. 17).

Patients with MEN1 and MEN4, hyperparathyroidism-
jaw tumor syndrome, CDC73-related familial isolated 
hyperparathyroidism, and SDH-deficient tumor syndromes 

Fig. 19  Menin immunohistochemistry. MEN1 patients show global loss of menin expression in multiple pancreatic neuroendocrine tumors and 
microtumors. Asterisks indicate the dominant neuroendocrine tumor (left upper) and two additional neuroendocrine microtumors
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can be diagnosed using molecular immunohistochemistry 
to document loss of a tumor suppressor [33]. Stains for 
menin (Fig. 19), p27, parafibromin, and SDHB are all well 
described, and loss of the protein may facilitate screening 
for genetic predisposition. This analysis must be interpreted 
in the clinical context, as all of these events can be spo-
radic, but the stains are helpful in the setting of multifocal or 
early-onset disease, and the technique is particularly helpful 
in patients with molecular testing that reveals a variant of 
uncertain significance (VUS). Staining for MAX to dem-
onstrate loss of MAX expression raises the possibility of 
adding MEN5 to this list when the technique will yield good 
results. Some genetic disorders have indirect molecular tar-
gets; for example, epithelial and non-epithelial NENs from 
patients with VHL are variably positive for alpha-inhibin 
and CAIX [173, 174]. Similarly, alpha-inhibin is expressed 
in the vast majority of pseudohypoxia-driven paraganglio-
mas and pheochromocytomas including those enriched 
in SDH-deficient tumor syndrome [175]. MMR (MLH1, 
MSH2, MSH6, and PMS2) immunohistochemistry also 
expands on the screening of NENs that occur in the setting 
of Lynch syndrome [176–179].
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