
A 92-gene cancer classifier predicts the site of
origin for neuroendocrine tumors
Sarah E Kerr1, Catherine A Schnabel2, Peggy S Sullivan3, Yi Zhang2, Vivian J Huang2,
Mark G Erlander2, Elena F Brachtel4 and Sarah M Dry3

1Department of Laboratory Medicine and Pathology, Mayo Clinic, Rochester, MN, USA; 2bioTheranostics,
Inc., San Diego, CA, USA; 3Department of Pathology and Laboratory Medicine, David Geffen School of
Medicine, University of California Los Angeles, Los Angeles, CA, USA and 4Department of Pathology,
Massachusetts General Hospital, Boston, MA, USA

A diagnosis of neuroendocrine carcinoma is often morphologically straight-forward; however, the tumor site of

origin may remain elusive in a metastatic presentation. Neuroendocrine tumor subtyping has important

implications for staging and patient management. In this study, the novel use and performance of a 92-gene

molecular cancer classifier for determination of the site of tumor origin are described in a series of 75

neuroendocrine tumors (44 metastatic, 31 primary; gastrointestinal (n¼ 12), pulmonary (n¼ 22), Merkel cell

(n¼ 10), pancreatic (n¼ 10), pheochromocytoma (n¼ 10), and medullary thyroid carcinoma (n¼ 11)). Formalin-

fixed, paraffin-embedded samples passing multicenter pathologist adjudication were blinded and tested by a

92-gene molecular assay that predicts tumor type/subtype based upon relative quantitative PCR expression

measurements for 87 tumor-related and 5 reference genes. The 92-gene assay demonstrated 99% (74/75; 95%

confidence interval (CI) 0.93–0.99) accuracy for classification of neuroendocrine carcinomas and correctly

subtyped the tumor site of origin in 95% (71/75; 95% CI 0.87–0.98) of cases. Analysis of gene expression

subsignatures within the 92-gene assay panel showed 4 genes with promising discriminatory value for tumor

typing and 15 genes for tumor subtyping. The 92-gene classifier demonstrated excellent accuracy for

classifying and determining the site of origin in tumors with neuroendocrine differentiation. These results show

promise for use of this test to aid in classifying neuroendocrine tumors of indeterminate primary site,

particularly in the metastatic setting.
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Neuroendocrine neoplasia encompasses a wide
variety of organ sites, tumor grades, and clinico-
pathogical behaviors. Neuroendocrine differentia-
tion can be recognized by morphological features
along with immunohistochemistry (IHC). However,
identification of the tumor site of origin in certain
clinical contexts may be exceedingly challenging,
due to the significant morphological and immuno-
phenotypic similarity within this family of tumors.
Clinical situations that may cause diagnostic
subtyping challenges include: multiple possible
primary tumors (in the context of Multiple Endo-
crine Neoplasia syndromes), widespread metastatic

disease, lack of tumor-expressing site-specific ser-
ological markers and small biopsies with insuffi-
cient clinical data. The site of origin for
neuroendocrine carcinoma has become increasingly
important for grading/staging purposes,1,2 for new
clinical management guidelines,3–7 and for primary
site-specific targeted therapy.8–10 When a primary
site cannot be identified, tumors generally
are treated according to the presumed
aggressiveness of the tumor, as determined by a
combination of the tumor grade11–14 and available
clinical and radiographic information about tumor
metabolism.14

Because neuroendocrine carcinoma subtyping for
site of origin is critical for clinical management,
research has been dedicated to finding site
and subtype-specific diagnostic markers.15–18

Several biomarkers have been utilized to determine
tumor subtype. eg, calcitonin is expressed
by a majority of medullary thyroid carcinomas,
and CK20 is characteristically expressed in Merkel
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cell carcinoma.15,16 Some authors have proposed a
panel of immunohistochemical stains (CDX-2,
PDX-1, NESP-55, TTF-1, PAX8) to distinguish
between differentiated gastrointestinal, pancreatic,
and pulmonary neuroendocrine carcinoma with
some success in tumor specificity;17,18 however,
this approach has seen limited utility in clinical
practice due to relatively low sensitivities.
Functional neuroendocrine carcinoma may have
characteristic serology results and clinical
presentation (eg, gastrinoma, insulinoma, etc.).
Despite extensive clinicopathological investigation,
however, it is estimated that up to 10% of patients
with differentiated neuroendocrine carcinoma will
have an unknown primary site.14

Traditionally, pathologists have used panels of
protein-based immunohistochemical stains for tu-
mor classification, but the potential advantage of
molecular tests is readily apparent. In recent years,
RNA expression-based classification of tumors has
become an attractive standardized approach to
aiding in the diagnosis and subclassification of
tumors19–25 and for individualized therapy appli-
cations.26–28 In the coming years, gene expression-
based analysis may serve as a complementary
approach to genome-wide DNA analysis of tumors
for individualized therapy.

A cohort of tumors with neuroendocrine differ-
entiation was previously analyzed during a large-
scale validation study of the 92-gene assay,20 an RT-
PCR-based molecular cancer classifier. The larger
validation study was designed to assess the overall
performance of the 92-gene assay across 90 different
tumor morphologies, comprising 28 different tumor
types and 50 subtypes. The aim of the current study
is to report detailed results on the performance of
the 92-gene molecular classifier in subtyping
neuroendocrine tumors and further highlight its
potential diagnostic utility. In addition, exploratory
analyses were conducted to examine and identify
subsets of the 92-gene panel for specific use in
neuroendocrine classification.

Materials and methods

Case Selection and Adjudication

Case selection criteria and methodology for the larger 92-
gene classifier validation trial have been reported else-
where; this trial included 1017 tumors from 28 tumor
types and over 50 tumor subtypes.20 For the current study,
we included all tumors (n¼ 75) from the original trial that
were considered to have neuroendocrine differentiation,
including: Merkel cell carcinoma, medullary thyroid
carcinoma, pheochromocytoma, paraganglioma, pulmo-
nary neuroendocrine carcinoma (carcinoid, small cell
carcinoma, large cell neuroendocrine carcinoma), pancre-
atic neuroendocrine carcinoma (all grades), and gastro-
intestinal neuroendocrine carcinoma (all grades; stomach,
small intestine, appendix, and colorectum). Both primary

and metastatic cases were included. Excluded were some
sites of ‘epithelial’29 neuroendocrine tumors (thymus,
pituitary, kidney, bladder, cervix, ovary), carcinomas
with occult/mixed neuroendocrine differentiation, and
most of the rarer ‘‘neural’’29 types of neuroendocrine
tumors (neuroblastoma, olfactory neuroblastoma, central
nervous system primitive neuroectodermal tumors). Each
case had been reviewed for diagnostic accuracy by
consensus of two pathologists at different institutions.
Case adjudication was performed by a primary pathologist
through evaluation of clinical glass slides and available
medical records and by a second pathologist who viewed a
selected slide(s) by online whole slide digital imaging
(Spectrum and ImageScope, Aperio Technologies, Vista,
CA, USA) with clinicopathological information provided
by the originating pathologist. Only adjudicated cases in
which pathologists at both institutions agreed upon a
consensus diagnosis for tumor type and subtype were
included in the study (K¼ 1). Cases were graded according
to the grading criteria for each subtype as outlined in
Klimstra et al1 and Hochwald et al30 using mitotic rate and
tumor necrosis as applicable. These cases were selected
and analyzed before the recent inclusion of Ki-67 in
neuroendocrine tumor grading schemes, and thus this
marker was not performed. Merkel cell carcinomas were
considered grade 3. Grade 1 and 2 tumors were considered
to be well-differentiated tumors, while grade 3 tumors
were considered to be poorly differentiated. Medullary
carcinomas and pheochromocytomas/paragangliomas
were not graded.

Molecular Testing with the 92-Gene Assay

After passing diagnostic adjudication, a selected formalin-
fixed, paraffin-embedded block was sectioned in RNAase-
free conditions to produce one hematoxylin and eosin-
stained section and three unstained 7-m sections for
molecular testing. The freshly prepared slides included
only a research ID and were shipped to bioTheranostics
(San Diego, CA, USA) for testing with only information on
patient gender and biopsy site. Samples were macrodis-
sected using the H&E-stained template or laser capture
microdissected for tumor enrichment. Tumor enrichment
after manual microdissection and laser-guided microdis-
section were 480% and 490%, respectively. Total RNA
was extracted and DNase treated. First-strand cDNA was
synthesized and then was pre-amplified (PreAmp, Life
Technologies, Carlsbad, CA, USA). Real-time PCR was
then performed using an ABI 7900HT instrument quanti-
tatively measuring the expression of 87 tumor-associated
genes and 5 reference genes as previously described21 and
quality control parameters applied.20 The raw quantitative
data was compared with a reference set of 2094 tumors
(representing 28 main tumor types and 50 histological
subtypes) for prediction of tumor type and subtype
by proprietary statistical algorithm. Neuroendocrine
tumor types/subtypes in the 92-gene assay panel
include Adrenal—pheochromocytoma/paraganglioma,
Neuroendocrine—skin (Merkel cell carcinoma),
Neuroendocrine—lung low grade (pulmonary carcinoid),
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Neuroendocrine—lung high grade (pulmonary small cell
carcinoma or large cell neuroendocrine carcinoma),
Neuroendocrine—intestine (neuroendocrine tumors of
all grades from the alimentary tract), Neuroendocrine—
pancreas (pancreatic endocrine tumors), and
Neuroendocrine—thyroid (medullary thyroid carcinoma).
Quality control parameters for the 92-gene assay were
described previously.20

Analysis of 92-Gene Panel Subsets

To select a gene subset for typing of neuroendocrine
tumors, receiver operating characteristic analysis was
performed for each of the 87 tumor-associated genes using
2094 tumors from the 92-gene assay reference database to
assess their discriminatory power to differentiate neu-
roendocrine tumors (N¼ 290) from non-neuroendocrine
tumors (N¼ 1804). Genes with the highest area under
curve were chosen, and their performance in 957 cases
from a blinded validation study was examined.20 The 75
neuroendocrine cases validated in this study do not
overlap at all with the 290 cases from the training set in
the reference database.
To identify a gene subset for subtyping neuroendocrine

tumors, analysis of variance (ANOVA) was conducted for
each of 87 genes using the 290 neuroendocrine tumors in
the reference set. Genes with smallest P values were the
ones that best distinguish the subtypes of neuroendocrine
tumors and were thus selected as candidates for subtyp-
ing. The performance of the selected genes in the 75
neuroendocrine tumors from the validation study cohort
was assessed by principal component analysis (PCA) and
visualized in a three-dimensional plot using the first three
principal components to examine the separation of
different neuroendocrine subtypes.

Results

Performance Characteristics of the 92-Gene Classifier
in Neuroendocrine Tumors

The performance of the 92-gene classifier in accu-
rately classifying 28 tumor types and 50 subtypes

has been reported.20 All 75 neuroendocrine tumors
in this study met quality control parameters and
were classified by the assay. The cohort included 44
females and 31 males, with a mean age of 62 years
(range 29–86). Tumor characteristics are provided in
Table 1. Cases were comprised of 59% metastatic
tumors and 41% primary tumors. The most common
biopsy site was liver, followed by lung and lymph
node (Figure 1). The performance characteristics for
the 92-gene assay predictions of neuroendocrine
subtype are shown in Table 2. Assay sensitivities
were 99% (95% CI: 0.93–0.99) for accurate classifi-
cation of neuroendocrine tumors and 95% (95%
CI:0.87–0.98) for identification of tumor subtype for
the site of origin. Positive predictive values ranged
from 0.83 to 1.00 for individual subtypes. A
confusion matrix comparing the reference diagnosis
with the 92-assay results is shown in Table 3; this
highlights areas of concordance and discordance
between the 92-gene classifier subtyped cases and

Table 1 Case characteristics

Case characteristics

Sample Tumor grade (of 3)

n Primary Metastatic NA 1 2 3

Gastrointestinal 12 1 11 0 8 4 0
Merkel cell 10 7 3 0 0 0 10
Pancreatic 10 4 6 0 2 6 2
Pheo/paraganglioma 10 5 5 10 0 0 0
Pulmonary 22 14 8 0 11 0 11
Thyroid medullary 11 0 11 10 0 0 0
Total 75 31 (41%) 44 (59%) 20 (27%) 21 (28%) 10 (13%) 23 (31%)

The case cohort was by design distributed between tumor types as part of the previous larger validation study of the tumor classifier (see text) and
favored selection of metastatic tumors (any grade) and poorly differentiated primary tumors.

Figure 1 Distribution of biopsy sites. The height of the bars
represents the number of cases included from each biopsy site.
Dark gray bars indicate metastatic tumors to the sample site and
light gray bars indicate primary tumors at the sample site. The
most common sites were liver metastases and lung primaries
followed by lymph node metastases.
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reference diagnosis. The concordance rate of the
molecular results with the reference diagnoses in
poorly differentiated neuroendocrine carcinoma
(grade 3 tumors) was 87% (20/23), whereas for
well-differentiated neuroendocrine carcinoma
(grade 1 and 2 tumors from the gastrointestinal
tract, pancreas, or lung) it was 97% (30/31, see
examples in Figure 2).

Four cases had discordant 92-gene assay predic-
tions compared with the reference diagnosis
(Table 4). Three of the four cases were correctly
predicted as neuroendocrine carcinoma but were
discordant at the subtype (site of origin) level. Case 1
was adjudicated as an endobronchial pulmonary
well-differentiated neuroendocrine (carcinoid) tu-
mor with liver metastases at the time of primary
diagnosis that was predicted by the assay to be a
pancreatic endocrine primary. Case 2 was a pul-
monary small cell carcinoma predicted to be Merkel
cell carcinoma. Case 3 was a poorly differentiated
pancreatic neuroendocrine carcinoma predicted to
be a Merkel cell carcinoma. Case 4 was adjudicated
as a poorly differentiated pancreatic neuroendocrine
carcinoma and predicted to be a non-seminomatous
germ cell tumor; however, a neuroendocrine
tumor type was not ruled out by the assay (data
not shown).

Exploratory Analysis of Neuroendocrine Gene Subsets

Further analysis was explored to potentially define a
smaller subset of genes within the 92-gene assay
panel with high sensitivities and specificities for
neuroendocrine classification and subtyping. Of
note, the genes encoding synaptophysin and chro-
mogranin are not part of the 92-gene assay panel.21

Four genes demonstrated high discriminatory ability
for distinguishing neuroendocrine from non-
neuroendocrine tumor types in the assay reference
set (N¼ 2094), based on an area under curve
cutoff of Z0.8 from the receiver operating
characteristic analysis. Consistently, area under
curve values for these 4 genes were 40.8 in the
957 cases from the validation study cohort (Table 5).
Biomarker utility for discrimination of neuroendo-
crine from non-neuroendocrine tumors can also be
seen in the stripchart plots showing the distribution
of expression values of each gene in each of the
subtypes of neuroendocrine cases, as well as in non-
neuroendocrine cases in the validation cohort
(Figure 3).

The top 15 genes with significant P values from
ANOVA analysis were selected as candidate genes
to best distinguish different subtypes of neuroendo-
crine tumors in the reference set. These genes
are described in more detail in Table 6 and
include KIF2C,31,32 SFTA3, CDCA3,33 KIF12,31,34

CDH17,35–39 LOC100130899 (uncharacterized),
NBLA00301,40,41 HOXD11,42–46 EPS8L3, IRX3,47,48

WWC1,49–53 HOXB8,54–56 FOXG1,57–62 BCL11B,63–65

and LOC100506088 (uncharacterized). To visualize
how well these 15 genes can distinguish neuroen-
docrine subtypes in the validation cohort, PCAwere
performed and the first three principal components
were used to produce a three-dimensional plot
showing the unsupervised clustering pattern of the
different neuroendocrine subtypes (Figure 4). The
PCA plot shows distinct separation of each neu-
roendocrine subtype and provides preliminary
evidence that neuroendocrine subtyping may be
feasible through optimization of the collective
expression of the 15-gene set.

Table 2 Performance characteristics of the 92-gene classifier for
neuroendocrine tumor subtyping

Neuroendocrine subtype n Matches Sens Spec PPV NPV

Gastrointestinal 12 12 1.00 1.00 1.00 1.00
Merkel cell 10 10 1.00 0.97 0.83 1.00
Pancreatic 10 8 0.80 0.98 0.91 0.97
Pheo/paraganglioma 10 10 1.00 1.00 1.00 1.00
Pulmonary 22 20 0.91 1.00 1.00 0.98
Thyroid medullary 11 11 1.00 1.00 1.00 1.00
Total 75 71 0.95

NPV, negative predictive value; PPV, positive predictive value;
Sens, sensitivity; Spec, specificity.

Table 3 Matrix demonstrating the relationship between reference diagnosis and 92-gene assay prediction

92-Gene assay

Reference diagnosis

Germ cell
non—

seminoma

Neuroen-
docrine—
intestine

Neuroen-
docrine—

skin

Neuroen-
docrine—
pancreas

Adrenal—
pheo

Neuroen-
docrine—lung
low grade

Neuroen-
docrine—lung
small/large cell

Thyroid—
medullary

Grand
total

Gastrointestinal 12 12
Merkel cell 10 10
Pancreatic 1 1 8 10
Pheo/paraganglioma 10 10
Pulmonary carcinoid 1 10 11
Pulmonary high-grade 1 10 11
Thyroid medullary 11 11
Grand total 1 12 12 9 10 10 10 11 75

Concordant calls are highlighted in dark gray.
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Discussion

Results from this blinded study demonstrate ex-
cellent performance of a 92-gene expression-based
molecular classifier for prediction of tumor site of
origin in a heterogeneous cohort of both primary and
metastatic neuroendocrine tumors. These findings
are particularly noteworthy, because neuroendo-
crine cases included in the current study were part
of a larger validation trial20 that was completely
blinded to tumor diagnosis, and especially pertinent
here, neuroendocrine differentiation.

The 97% accuracy of the 92-gene assay for well-
differentiated neuroendocrine tumors reported here

is superior to published findings using IHC pa-
nels.17,18 All well-differentiated neuroendocrine
tumors from the gastrointestinal tract (12/12) and
pancreas (8/8) and 91% (10/11) of pulmonary well-
differentiated neuroendocrine tumors were correctly
classified for the site of origin in our study; this
included both metastatic and primary tumors.
Correct identification of primary site in the
metastatic setting is important, as treatment
options and prognosis differ for thoracic-, pancre-
atic-, and gastrointestinal tract-based neuroen-
docrine tumors.4,6–10,66 Sangoi et al17 showed that
IHC for PAX8 had only a 65% sensitivity for
identifying pancreatic origin in well-differentiated
neuroendocrine tumors metastatic to the liver,
although it was 100% specific. Several cases of
primary gastrointestinal neuroendocrine tumors in
this study expressed PAX8. Long et al66 found
similar results, with positive staining for PAX8 in
only 50% of pancreatic neuroendocrine tumors
metastatic to the liver, and with positive staining
of all duodenal, 85% of rectal, and approximately
20% of appendiceal and gastric primary
neuroendocrine tumors. In this study, the only
gastrointestinal tumors metastatic to the liver that
were tested for PAX8 were ileal tumors, which never
showed any positive staining for PAX8 in the
primary tumors. Srivastava et al18 demonstrated
that an IHC panel including CDX2, PDX-1, NESP-55,
and TTF-1 had limited performance for accurately
predicting the primary site of gastrointestinal and
pulmonary primary tumors, although it showed a
sensitivity and specificity of 97% and 91%,
respectively, for predicting pancreatic origin. In
poorly differentiated tumors, the 92-gene assay
showed rare discordant cases, but even in these
diagnostically challenging cases the assay displayed
an excellent overall performance overall of 87%.

Numerous pre-analytic and analytic factors can
affect the reproducibility of protein IHC between
and within labs. Some of the same pre-analytic
factors affect both mRNA and proteins, including
cold ischemic time, fixation methods and timings,
tissue processing, and storage methods.67 Although
mRNA degradation has been seen as more of a
concern for mRNA than protein, both targets have
been successfully adapted for formalin-fixed,
paraffin-embedded processing. Protein IHC has
additional variation in antibody retrieval methods
and antibody clone differences, as well as wide
variation in techniques and controls used between
labs; all these factors can all affect the rate of false
positive and false negative IHC results.68–74 In
addition, selection of specific IHC markers and the
interpretation of the protein expression patterns can
be subjective and is dependent on the individual
pathologist.

The strength of molecular diagnostics for tumor
classification, including the 92-gene assay, lies both
in standardized testing methods and in the compar-
ison of gene expression between tumor samples and

Figure 2 Examples of well-differentiated neuroendocrine carci-
nomas classified correctly by the 92-gene assay, H&E, � 200. Top:
Primary pulmonary carcinoid, prediction strength 96%. Middle:
Pancreatic endocrine tumor metastatic to liver, prediction
strength 96%. Bottom: Ileal carcinoid metastatic to the liver,
prediction strength 96%.
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a well-adjudicated and robust expression database,
provided rigorous quality controls are built into the
assay process to evaluate specimens for appropriate
mRNA integrity. Real-time, quantitative PCR for
measurement of RNA expression is a standardized,
highly reproducible, multiplexed panel of expres-
sion markers but with a logarithmically extended
dynamic range of gene expression measurement not
available in protein IHC. Because the signals are not
directly visualized on tumor tissue, however, this
assay is most effectively used with careful guidance
by a pathologist to ensure sample selection for
enrichment of tumor and exclusion of interfering

normal cells (lymphocytes, fibroblasts, etc), a pro-
cess of which is already growing rapidly within
laboratories performing molecular oncology testing.
The 92-gene assay routinely includes laser micro-
dissection of tumor tissue, which is a key step that
contributes to classification accuracy.19,20

Feasibility analysis was performed to determine
whether a subset of genes within the 92-gene
biomarker panel could have value in predicting the
site of origin for neuroendocrine tumors. Specifi-
cally, 15 genes were identified that showed reason-
able discrimination between neuroendocrine tumors
from different anatomic sites in this set of tested

Table 4 Investigation of cases with discordant 92-gene assay results

Case History
Immunohistochemistry/
special stains Reference diagnosis

Type prediction
1 (%)

Subtype
prediction (%)

1 45-year-old man with a well-differentiated
endobronchial carcinoid tumor of the lung
resected 3 years before. The patient had
positive mediastinal lymph nodes and liver
metastasis at time of diagnosis. The patient
eventually developed bone metastases and
died on experimental therapy 8 years from
diagnosis

Not performed Metastatic pulmonary
carcinoid to the liver

Neuroendocrine
(96%)

Neuroendocrine-
pancreas (96%)

2 73-year-old man with 4 cm small cell
carcinoma discovered unexpectedly during
attempted lung transplant for pulmonary
fibrosis. Mediastinal lymph nodes were
negative. PET showed multiple foci
concerning for metastatic disease in the liver,
abdomen, and pelvis. Lost to follow-up

Positive: chromogranin,
synaptophysin, TTF-1, CK7,
Ki67 (490%); Negative: CK20

Primary pulmonary
small cell carcinoma

Neuroendocrine
(96%)

Neuroendocrine-
skin (64%)

3 54-year-old woman with incidentally found
poorly differentiated neuroendocrine
carcinoma tail of pancreas with liver
metastasis. Lost to follow-up

Positive: synaptophysin;
Negative: CK7, CK20, TTF-1,
chromogranin, mucin.

Primary poorly
differentiated
pancreatic
neuroendocrine
carcinoma

Neuroendocrine
(90%)

Neuroendocrine-
skin (85%)

4 60-year-old man with distal pancreas mass
invading spleen and retroperitoneum; 10 cm
liver metastasis. Lost to follow-up

Positive: chromogranin,
synaptophysin, pankeratin,
Ki67 (90%); Negative: CD56,
S-100

Primary poorly
differentiated
pancreatic
neuroendocrine
carcinoma

Germ-cell (86%) Germ-cell-non-
seminoma (86%)

Shown are the four cases with discrepancy between reference diagnosis and assay prediction with detail on patient history, case work-up, and
prediction results.

Table 5 Gene symbol, alternate names, chromosome location, and proposed/known function for genes differentially expressed in
neuroendocrine tumors versus other tumor types

Gene symbol Alternate names Location Gene function
Area under the
curve

ELAVL4 Embryonic lethal abnormal vision
Drosophila-like 4, hu antigen D
(HUD), paraneoplastic
encephalomyelitis antigen (PNEM)

1p34 Onco-neural RNA binding protein; anti-Hu
antibodies have been associated with
paraneoplastic encephalomyelitis and sensory
neuropathy; may be involved in the onset of
neuroendocrine tumors, especially non-small
cell lung cancer. Expressed in pancreatic beta
cells and may involve in insulin regulation.75,76

0.97

CADPS Calcium dependent secretion
activator, CAPS, CAPS1, CADPS1

3p14.2 Protein required for calcium-regulated
exocytosis of neurosecretory vesicles.77

0.94

RGS17 Regulator of G-protein signaling 17,
RGSZ2

6q25.3 Encodes protein in family of regulators of
G-protein signaling; overexpressed in a variety
of human cancers.78–80

0.91

KCNJ11 Potassium inwardly-rectifying
channel subfamily J member 11, BIR,
HHF2, PHHI, IKATP, TNDM3, KIR6.2

11p15.1 Potassium channel; mutations cause familial
persistent hyperinsulinemic hypoglycemia of
infancy and may contribute to other disorders of
insulin secretion.81–83

0.83
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tumor samples. As their initial discovery was part of
a data-driven process looking at differential gene
expression across a diverse and wide variety of
tumor types,21 and not for neuroendocrine typing in
particular, mechanistic links to neuroendocrine
differentiation or specific neuroendocrine tumor
types are currently unknown. Many of the genes
have been implicated in embryonic development,
particularly in neuronal development (Table 6).
Some genes have been implicated in minimally
differentiated/embryonic-type tumors such as neu-
roblastoma and acute leukemias. The demonstration
that the 15-gene subset of the 92-assay panel can
discriminate differentiating tumor subtypes that are
seemingly closely related supports the strength of
using a collective gene expression profile for tumor
subclassification. Future research on the specific
function of these genes may provide additional
insight into neuroendocrine tumor pathogenesis.

A limitation of this study was that it is a post hoc
analysis from a larger validation trial that was
powered to classify tumors from a much wider
variety of tumor types and subtypes. For this reason,
rarer neuroendocrine tumor types (eg, ovarian
carcinoid, olfactory neuroblastoma, tumors with

mixed/occult neuroendocrine differentiation) were
not included. Additionally, this subset analysis also
did not account for the prevalence of tumor
subtypes in clinical practice. Further extension of
the classifier to answer the question of prevalence
effect may be particularly important for prospective
trials of clinical and diagnostic utility in metastatic
neuroendocrine carcinoma of unknown primary.

Findings from this study showed that there were
four discrepancies between the 92-gene assay pre-
diction and reference diagnosis. Review of these
cases supports the reference diagnosis in all four
cases based upon the adjudicated clinicopathologi-
cal evidence by two pathologists at different institu-
tions. In such situations, there always remains a
question whether some of these cases could be
incorrectly classified by current clinicopathological
criteria or whether misclassification is due to n
aberrant gene expression in the tested tumor.
Practically, incorporation of both clinicopatho-
logical and molecular data (standardized gene
expression data and targeted mutational analysis)
will be required in order to properly classify
patients for treatment with standard or targeted
chemotherapies.

Figure 3 Stripchart plots of the four selected genes with area under the curve 40.8. The plots are showing the distribution of CT values
of each gene in each subtype of NE cases as well as in non-NE cases in the validation cohort.

Modern Pathology (2014) 27, 44–54

Neuroendocrine tumor 92-gene classifier

50 SE Kerr et al



In conclusion, the 92-gene assay showed excellent
accuracy for identifying neuroendocrine carcinomas
and the neuroendocrine tumor site of origin in both
well-differentiated and poorly differentiated tumors.
This novel finding may have an immediate clinical
application for distinguishing metastatic pancreatic
endocrine tumors from other well-differentiated
neuroendocrine carcinomas given that there are

therapies (tyrosine kinase and mTOR inhibitors)
specifically approved for pancreatic tumors.8–10 In
addition, a subset of 15 genes within the 92-gene
assay panel showed promising discriminatory
ability to subclassify the tumor site of origin of
neuroendocrine tumors. Further investigation of
these genes may have diagnostic and theranostic
value.

Table 6 Gene symbol, alternate name, chromosome location, and proposed/known function for genes most useful for predicting
neuroendocrine tumor subtypes

Gene symbol Alternate names Location Gene function

KIF2C Kinesin family member 2C, mitotic centromere
associated kinesin (MCAK)

1p34.1 Encodes a kinesin-family protein; microtubule-associated
molecular motor that facilitates transport of organelles during
anaphase; may be involved in coordinating sister chromatid
separation.31,32

SFTA3 Putative protein SFTA3, surfactant associated
protein H

14q13.3 Putative protein; unknown.

CDCA3 Cell division cycle associated protein 3, trigger of
mitotic entry protein 1 (Tome-1), gene rich
cluster protein C8

12p13 F-box like protein that is required for entry into mitosis. Acts by
participating in E3 ligase complexes that mediate the
ubiquitination and degradation of WEE1 kinase at the G2/M phase.
May be targeted for degradation by APC.33

KIF12 Kinesin family member 12, RP11-56P10.3 9q32 Encodes a kinesin-family protein; microtubule-associated
molecular motor that uses ATP hydrolysis to facilitate transport of
organelles during cell division.31,34

CDH17 Cadherin 17, cadherin 16, liver-intestine
cadherin, human peptide transporter-1 (HPT-1)

8q22.1 Encodes a cadherin protein, a family of calcium-dependent
membrane-associated glycoproteins. In the gastrointestinal tract
and pancreatic ducts, acts as a proton-dependent peptide
transporter, the first step in oral absorption of many medically
important drugs. May have a role in liver and intestine
development. May be upregulated and be a poor prognostic factor
in gastrointestinal, pancreatic, and hepatocellular cancers.35–39

LOC100130899 Uncharacterized 22q13.1 Uncharacterized mRNA, no known coding protein
NBLA00301 Differentially expressed in neuroblastoma

(DEIN)
4q34.1 Unknown if coding or non-coding RNA. Novel gene has high

expression levels in stage 4S neuroblastoma (disseminated
neuroblastoma of infancy that spontaneously regresses).40,41

HOXD11 Homeobox D11, HOX4, HOX4F 2q31.1 Homeobox family gene, encodes protein important for limb and
genitourinary development. May be involved in regulation of
proliferation in cells with primitive neuronal differentiation.
Aberrantly methylated in some ovarian cancers. Gene is part of a
family of recurrent fusion transcripts in acute myeloid
leukemia.42–46

EPS8L3 Epidermal growth factor receptor pathway
substrate 8-like protein 3, EPS8R3

1p13.3 Related to EPS8, which is a substrate for EGFR; function
unknown.

IRX3 Iroquois-class homeodomain protein 3, IRX-1,
IRXB1

16q12.2 Iroquois homeobox gene family; role in early neural development.
May have a role in obesity and type 2 diabetes.47,48

WWC1 WWand C2 domain containing protein 1, kidney
and brain protein (KIBRA), HBeAg binding
protein 3 (HBEBP3), HBEBP36

5q34 Cytoplasmic phosphoprotein; interacts with PRKC-zeta and
dynein light chain 1. Polymorphisms are associated with
enhanced memory capabilities. Methylation common in B-cell
acute lymphoblastic leukemia; methylation a poor prognostic
factor in chronic lymphocytic leukemia.49–53

HOXB8 Homeobox B8, HOX2, HOX2D, Hox-2.4 17q21.3 Transcription factor important for anterior–posterior axis
development. Involved in myeloid differentiation. Upregulated in
colorectal cancer. May be associated with obsessive-compulsive
behavior.54–56

FOXG1 Forkhead box protein G1, oncogene QIN, brain
factor 1 (BF1), BF2, HBF2, forkhead-like 1, FKH2;
HFK1; HFK2; HFK3; KHL2; FHKL3; FKHL1;
FKHL2; FKHL3; FKHL4; HBF-1; HBF-2; HBF-3;
FOXG1A; FOXG1B; FOXG1C; HBF-G2

14q13 Encodes forkhead transcription factor family protein; may have a
role in brain development; mutations, and duplications associated
with a spectrum of neurodevelopmental syndromes.
Overexpressed in primitive embryonic tumors (meduloblastoma,
hepatoblastoma).57–62

BCL11B B-cell CLL/lymphoma 11B, radiation induced
tumor suppressor gene 1 protein (RIT1), hRIT
alpha, COUP-TF-interacting protein 2 (CTIP2),
ZNF856B

14q32.2 C2H2-type zinc finger protein; may be associated with B-cell
malignancies. May have a key role in thymocyte development.
May be involved as a tumor suppressor in the p53 pathway.
Mutated in many T-cell acute lymphoblastic leukemias.63–65

LOC100506088 Uncharacterized 2p21 cDNA discovered in a pulmonary carcinoid tumor; function
unknown.
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