
Expression profiling of small intestinal
neuroendocrine tumors identifies subgroups
with clinical relevance, prognostic markers and
therapeutic targets
Ellinor Andersson1,4, Yvonne Arvidsson1,4, Christina Swärd2, Tobias Hofving1,
Bo Wängberg2, Erik Kristiansson3 and Ola Nilsson1

1Sahlgrenska Cancer Center, Department of Pathology, Institute of Biomedicine, Sahlgrenska Academy at the
University of Gothenburg, Gothenburg, Sweden; 2Department of Surgery, Institute of Clinical Sciences,
Sahlgrenska Academy at the University of Gothenburg, Gothenburg, Sweden and 3Department of
Mathematical Sciences, Chalmers University of Technology, Gothenburg, Sweden

We wanted to define the transcriptome of small intestinal neuroendocrine tumors in order to identify clinically
relevant subgroups of tumors, prognostic markers and novel targets for treatment. Genome-wide expression
profiling was conducted on tumor biopsies from 33 patients with well-differentiated neuroendocrine tumors of
the distal ileum and metastatic disease at the time of diagnosis. Unsupervised hierarchical clustering analysis
identified three groups of tumors. The largest group, comprising half of the tumors, was characterized by longer
patient survival and higher expression of neuroendocrine markers, including SSTR2. Tumors with higher grade
(G2/3) or gain of chromosome 14 were associated with shorter patient survival and increased expression of cell
cycle-promoting genes. Pathway analysis predicted the prostaglandin E receptor 2 (PTGER2) as the most
significantly activated regulator in tumors of higher grade, whereas Forkhead box M1 (FOXM1) was the most
significantly activated regulator in tumors with gain of chromosome 14. Druggable genes identified from
expression profiles included clinically proven SSTR2 and also novel targets, for example, receptor tyrosine
kinases (RET, FGFR1/3, PDGFRB and FLT1), epigenetic regulators, molecular chaperones and signal
transduction molecules. Evaluation of candidate drug targets on neuroendocrine tumors cells (GOT1) showed
significant inhibition of tumor cell growth after treatment with tyrosine kinase inhibitors or inhibitors of HDAC,
HSP90 and AKT. In conclusion, we have defined the transcriptome of small intestinal neuroendocrine tumors and
identified novel subgroups with clinical relevance. We found specific gene expression patterns associated with
tumor grade and chromosomal alterations. Our data also suggest novel prognostic biomarkers and therapies for
these patients.
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Patients with small intestinal neuroendocrine
tumors usually have metastatic disease at the time
of diagnosis.1 The clinical course is indolent, but the
prognosis for individual patients is difficult to
predict. Age, gender, disease stage, urinary 5-hydro-
xyindoleacetic acid levels and carcinoid heart

disease influence patient survival.1–4 Assessment of
tumor cell proliferation (WHO grade) may serve as a
prognosticator,5 but biomarkers that accurately
predict the clinical course and response to therapy
are needed to optimize patient management.6 The
palliative treatment of patients has been significantly
improved, for example, treatment with long-acting
somatostatin analogs.7–9 Improved patient survival
has been reported from single centers,9,10 whereas
epidemiological studies based on the National
Cancer Institute Surveillance, Epidemiology and
End Results (SEER) cancer registry have only shown
marginal improvement of survival rates.11,12 Novel
treatment strategies are therefore needed. Molecular
characterization of tumors would facilitate the
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development of novel therapies and help to predict
sensitivity to anticancer drugs.13–15 Recently, the
exome of small intestinal neuroendocrine tumors
was analyzed by massive parallel sequencing, but no
actionable genomic alterations were identified.16,17
Expression profiling represents an alternative strat-
egy to obtain a molecular classification of tumors
that would predict patient outcome and response to
therapy.18,19 In this study, we have extended the
molecular characterization of small intestinal neu-
roendocrine tumors by defining the transcriptome of
tumors from patients treated at a single center and
with long-term follow-up. Expression profiles from
these patients allowed us to identify clinically
relevant subgroups of tumors and gene expression
associated with tumor grade, cytogenetic alterations
and patient survival. Novel targets for therapeutic
intervention were also identified and evaluated on
neuroendocrine tumors cells in vitro.

Materials and methods

Patients

Thirty-seven patients who underwent surgery for
small intestinal neuroendocrine tumors (ileal carci-
noids) at Sahlgrenska University Hospital, Göteborg,
Sweden between 1991 and 2009 were included in
the study. Tumors from 33 patients were subjected to
expression profiling. These patients have been
described in a previous study.20 Tumor samples
from four additional patients were included in the
validation experiments. All patients were diagnosed
with neuroendocrine tumors of the distal ileum and
had metastatic disease at the time of diagnosis (TNM
stage IIIB or IV). All tumors were well differentiated
by morphological criteria, including organoid
growth pattern, light to moderate cellular atypia
and low mitotic counts. Tumors were of enterochro-
maffin cell type, with strong staining for chromo-
granin A, synaptophysin and serotonin. Grading of
tumors according to WHO 2010 (ref. 5) classified 25
tumors as grade 1, 11 tumors as grade 2 and 1 tumor
as grade 3. The grade 3 tumor was a liver metastasis
with well-differentiated morphology, mitotic count
of 8.4 per 10 high-power fields, and Ki67 index of
30.4%. The primary tumor of this patient was grade
1 (mitotic count o0.2 per 10 high-power fields, Ki67
index 0.9%). Mean follow-up time was 73 months
(median 59, range 5–302 months). The clinicopatho-
logical characteristics of the patients are given in
Table 1. We obtained consent from the patients and
approval from the Regional Ethical Review Board in
Gothenburg, Sweden for the use of clinical material
for research purposes.

Comparative Genomic Hybridization Microarray

Tumors from all the patients and the GOT1 cell line
were analyzed with respect to somatic copy number

alterations using comparative genomic hybridization
and oligonucleotide arrays (Agilent Technologies,
Palo Alto, CA, USA) as previously described.20

Expression Microarray

Ten patients from the previously reported cohort of
small intestinal neuroendocrine tumors20 were
excluded because of lack of high-quality mRNA (n=6)
or poor quality of array hybridization experiments
(n=4). Tumor biopsies from the remaining 33 patients
(10 primary tumors, 2 lymph node metastases and 21
liver metastases) were included in the study. The purity
of tumor biopsies was assessed by light microscopy
using hematoxylin and eosin-stained sections and was
shown to be in the 60–90% range. Biopsies of normal
small intestinal mucosa from 10 patients who under-
went surgery for colorectal carcinomas were used as
controls. Control biopsies were confirmed to contain
normal small intestinal mucosa by light microscopy
(Supplementary Figure S1). The GOT1 cells line was
included for comparison, and was cultured as described
below. RNA was isolated from fresh-frozen specimens
and cell cultures using the miRNeasy Mini Kit (Qiagen)
according to the manufacturer’s protocol. The quality of
extracted RNA was examined by visual inspection after
gel electrophoresis using Agilent 2100 Bioanalyzer
(Agilent Technologies). Extracts with degraded RNA
were excluded. cDNA synthesis, labeling and hybridi-
zation were performed according to the One-Color
Microarray-Based Gene Expression Analysis protocol
v5.7 (Agilent Technologies). Labeled samples were
hybridized to 4×44K Whole Human Genome Micro-
arrays (G4112F, design ID: 014850, Agilent Technolo-
gies). Arrays were scanned using the Agilent G2565BA
Microarray Scanner (Agilent Technologies). Images
were read and processed using Feature extraction
v10.7.1.1 (Agilent Technologies). Expression data are
available according to the MIAME standard at the Gene
Express Omnibus database (http://www.ncbi.nlm.nih.
gov/geo/) with accession number GSE65286.

Statistical Analysis

The expression microarrays were analyzed using R
software v2.13.0 (www.r-project.org) and the
LIMMA package.21 The microarrays were back-
ground-corrected using the normexp method and
normalized using the quantile–quantile method.22,23
Differentially expressed genes were identified using
linear models and ranked according to the moder-
ated t-statistic. P-value adjustment for multiple
testing was done using Benjamini–Hochberg false
discovery rate.24 Cluster analysis of gene expression
profiles was done using hierarchical clustering with
complete linkage and the Euclidean distance metric.
Survival analysis was done using Kaplan–Meier
analysis in combination with log-rank tests or using
the Cox proportional hazards model, adjusting for
gender and age. For the Cox model, significant
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parameters were statistically assessed using Wald tests.
Predicted drug targets, upstream regulators, canonical
pathways and biological functions were identified
using QIAGEN Ingenuity Pathway Analysis (IPA®,
QIAGEN; www.qiagen.com/ingenuity).25 Student’s
t-test was used to assess significance of differences
in gene expression measured by qPCR (validation
experiments).

Quantitative Real-Time PCR (qPCR)

RNA extraction from tumor tissue was performed as
described above. cDNA was synthesized using the
High Capacity RNA-to-cDNA Kit (Life Technologies).
mRNA expression levels were analyzed using
predesigned TaqMan Gene Expression Assay (Life
Technologies):ARHGAP11A (Hs00207575_m1),ASPM
(Hs00411505_m1), BIRC5 (Hs04194392_s1), CALB1

(Hs01077197_m1), CDCA5 (Hs00293564_m1), CDKN2B
(Hs00793225_m1),CENPF (Hs01118845_m1),CTTNBP2
(Hs00364312_m1), FOXM1 (Hs01073586_m1), GAPDH
(Hs99999905_m1), GPR110 (Hs00228100_m1), GTSE1
(Hs00212681_m1), HPRT1 (Hs02800695_m1), KIF18B
(Hs00977732_m1), POC1A (Hs00248813_m1) and
PTTG1 (Hs00851754_u1). The PCR reactions were
performed using a 7500 Fast Real-Time PCR System
(Applied Biosystems). The samples were analyzed in
duplicate. The levels of mRNA expression are
reported relative to those of the two housekeeping
genes GAPDH and HPRT1.

Immunohistochemistry

Formalin-fixed, paraffin-embedded tumor material was
studied by immunohistochemistry. Sections (3–4 μm)
were placed on positively charged glass slides and

Table 1 Clinicopathological characteristics for 37 patients with small intestinal neuroendocrine tumors

Case
number

Age at
diagnosis Gender

Grade
(WHO
2010)

Mitotic
count (per
10 HPF)

Ki67
(%)

Stage
(TNM
7th ed.)

Follow-
up

(months)
Current
status

Somatostatin
receptor
scintigraphy

Somatostatin
analog
treatment

Primary
surgery

Tumor site
for
experiments

1 59 M G1 1.4 2.0 IIIB 70 NED ND No Yes P
2 58 F G1 0.2 0.7 IV 132 AWD Positive Yes Yes P
3 74 F G1 o0.2 0.5 IV 83 DWD Positive Yes Yes P
4 63 M G1 o0.2 0.6 IV 123 AWD Positive Yes Yes P
5 49 M G2 1.4 6.0 IV 5 DWD Positive Yes Yes P
6 64 F G1 0.4 0.5 IV 53 DWD Positive Yes Yes P
7 42 F G1 0.6 1.9 IV 164 AWD Positive Yes Yes P
8 81 F G1 0.2 2.0 IV 35 DWD Positive No Yes P
9 68 M G2 0.2 5.3 IV 18 DWD ND Yes Yes P
10 79 M G1 0.2 0.7 IV 31 DWD Positive Yes Yes P
11 53 F G1 o0.2 0.4 IV 141 AWD Positive Yes Yes LN
12 59 M G1 0.2 0.6 IV 101 DWD Positive Yes Yes LN
13 73 M G2 5.5 8.6 IV 6 DWD Positive Yes Yes L
14 56 F G3 8.4 30.4 IV 14 DWD Positive Yes Yes L
15 53 M G1 0.4 1.0 IV 63 DWD Positive Yes Yes L
16 80 F G1 0.4 1.1 IV 146 DWD Positive Yes Yes L
17 71 M G2 2.2 1.6 IV 129 DWD ND Yes Yes L
18 56 F G1 0.2 1.3 IV 49 DWD Positive Yes Yes L
19 70 M G1 o0.2 0.6 IV 59 AWD Positive Yes Yes L
20 72 M G1 o0.2 0.8 IV 101 AWD Positive Yes Yes L
21 64 M G1 0.6 0.2 IV 97 DWD Positive Yes Yes L
22 64 F G1 0.4 0.7 IV 78 NED Positive Yes Yes L
23 61 F G2 4.4 16.7 IV 15 DWD Negative Yes Yes L
24 71 M G1 o0.2 2.1 IV 86 DWD Positive No Yes L
25 61 F G1 o0.2 0.7 IV 62 AWD Positive Yes Yes L
26 70 F G2 7.0 11.7 IV 14 DWD Positive Yes Yes L
27 75 F G2 0.6 9.9 IV 34 DWD Positive Yes Yes L
28 51 M G1 o0.2 0.9 IV 98 AWD Positive Yes Yes L
29 47 F G2 0.6 5.5 IIIB 302 AWD Positive Yes Yes L
30 75 F G1 0.4 2.4 IV 40 DWD Positive Yes Yes L
31 53 M G1 0.4 2.6 IIIB 154 AWD Positive No Yes L
32 74 M G2 2.2 4.7 IV 16 DWD Positive Yes Yes L
33 74 M G1 0.2 0.3 IV 38 DWD Positive Yes Yes L
34 77 M G1 0.2 1.7 IV 27 DWD Positive Yes Yes P
35 58 M G2 3.0 8.7 IV 40 AWD Negative Yes Yes P
36 55 F G2 4.4 9.6 IV 28 AWD Positive Yes Yes LN
37 72 F G1 0.2 1.4 IV 48 DWD ND Yes Yes L

Abbreviations: AWD, alive with disease; DWD, dead with disease; F, female; HPF, high-power field; M, male; ND, not determined; NED, no
evidence of disease; L, liver metastases; LN, lymph node metastases; P, primary tumor.
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treated in Dako PT-Link using EnVision™ FLEX Target
Retrieval Solution (high pH). Immunohistochemical
staining was performed in a Dako Autostainer Link
using EnVision™ FLEX with EnVision™ FLEX+
(LINKER) according to the manufacturer’s instructions
(DakoCytomation). Positive and negative controls were
included in each run. The following primary anti-
bodies were used: anti-ARHGAP11A (HPA040419,
Sigma Aldrich), anti-ASPM (09-066, Merck Millipore),
anti-BIRC5 (sc-17779, Santa Cruz Biotechnology),
anti-CALB1 (10R-C106A, Fitzgerald), anti-CDCA5
(HPA023691), anti-CDKN2B (MA1-12294, Thermo
Fisher Scientific), anti-CENPF (ab90, Abcam), anti-
CTTNBP2 (17893-1-AP, Proteintech), anti-FOXM1
(sc-271746, Santa Cruz Biotechnology), anti-GPR110
(LS-A2019, LifeSpan Biosciences), anti-GTSE1 (21319-
1-AP, Proteintech), anti-KIF18B (ab121798, Abcam),
anti-POC1A (HPA040600, Sigma Aldrich) and anti-
PTTG1 (ab3305, Abcam). Stained sections were eval-
uated using light microscopy. For cytoplasmic and/or
membranous labeling, sections were evaluated visually
and tumors considered positive if 410% of tumor
cells were labeled. For nuclear labeling, manual
counting was performed on printed images and the
percentage of labeled tumor cell nuclei calculated.

In Vitro Experiments with GOT1 Cells

The GOT1 cell line, derived from a patient with
metastatic small intestinal neuroendocrine tumor,
was maintained under culture conditions previously
described.26 These cells were treated with 0–10 μM
cabozantinib, MK-2206, P276-00, regorafenib,
sorafenib, sunitinib, veliparib, vorinostat or 0–5 μM

alvespimycin (Selleck Chemicals) for 4 days. All
drugs were dissolved in DMSO. The viability of
GOT1 cells was measured using AlamarBlue®

(Molecular Probes) according to the manufacturer’s
instructions. Three experiments were performed
independently in triplicate.

Results

Somatic Copy Number Alterations in Small Intestinal
Neuroendocrine Tumors

All small intestinal neuroendocrine tumors had
somatic copy number alterations, ranging from 1 to
21 per tumor. The average number of alterations per
tumor was 8.0, with losses being more common than
gains. The most frequent alteration was loss of
chromosome 18, which was observed in 24 of 37
tumors (65%). The most frequent gains occurred on
chromosomes 4, 5, 7, 14 and 20, affecting 19 out of
37 tumors (51%). Loss of CDKN1B was observed in
three tumors (8%). Grade 1 tumors frequent had loss
of chromosome 18 (21/25), whereas grade 2 tumors
frequently had gain of chromosome 14 (7/11). The
grade 3 tumor also had gain of chromosome 14, as
well as gains on chromosomes 4, 5 and 20.
A summary of frequent somatic copy number
alterations in tumor biopsies is given in Figure 1.
The GOT1 cell line had 21 copy number alterations,
all of which were losses, including loss on chromo-
some 18. GOT1 cells had no loss of CDKN1B. Full
information on alterations in GOT1 cells is given in
Supplementary Table S1.

Figure 1 Somatic copy number alterations in small intestinal neuroendocrine tumors. Loss of chromosome 18 was the most frequent
somatic copy number alteration (SCNA). Gains were frequently detected on chromosomes 4, 5, 7, 14 and 20. Loss of CDKN1B, which
is frequently mutated in small intestinal neuroendocrine tumors, was observed in three tumors. The average number of somatic copy
number alterations per tumor was 8.0 (range 1–21). Tumor site and WHO grade for each tumor is indicated. Details on comparative
genomic hybridization profiles of case 1–33 have been published elsewhere (Andersson et al.20). Somatic copy number alterations in the
GOT1 cell line are shown for comparison. GOT1 cells had 21 losses, including loss on chromosome 18 (for details see Supplementary
Table S1).
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Expression Profiling Identified Three Clusters of Small
Intestinal Neuroendocrine Tumors with Different
Patient Survival

First, we compared the global gene expression
profiles of tumors with that of normal small
intestinal mucosa. Marker genes for small intestinal
neuroendocrine tumors were highly upregulated in
all tumor biopsies, confirming the authenticity of the
tumor material (Figure 2c). Second, we analyzed the

expression profiles of tumors (excluding small
intestinal mucosa) by unsupervised hierarchical
clustering analysis and found three separate tumor
clusters (Figure 2a). The largest cluster (cluster A)
contained more than half of the tumors (17/33),
whereas the two smaller clusters (clusters B and C)
each contained approximately one-quarter of the
tumors (9/33 and 7/33). Tumors in cluster A were
predominantly of lower grade (G1), whereas tumors
in clusters B and C were frequently of higher grade

Figure 2 Clustering analysis of small intestinal neuroendocrine tumors. (a) Unsupervised hierarchical clustering analysis of gene
expression profiles. Three distinct tumor clusters were identified, denoted clusters A, B and C. Tumor grade according to WHO 2010 is
indicated: G1, grade 1; G2, grade 2; G3, grade 3. (b) Survival analysis of tumor clusters using Kaplan–Meier analysis. Shorter overall
survival was observed for patients in clusters B (Po0.05) compared with patients in cluster A. (c) Expression of marker genes for small
intestinal neuroendocrine tumors in clusters A, B and C. Highest expression of marker genes was observed in cluster A followed by cluster
B and cluster C. Significance is shown relative to cluster A. **P-value o0.01, ***P-value o0.001. (d) Pathway analysis predicted 56
upstream regulators significantly activated (Z-score ≥ 2) or inhibited (Z-score ≤2) in cluster B vs cluster A (overlapping P-value o0.01).
Shown are the 10 upstream regulators with the highest overlapping P-value. Of these, TGFB1 was the most activated (Z-score 5.9) and
alpha catenin was the most inhibited (Z-score � 5.4). (e) Pathway analysis of cluster C vs cluster A identified two upstream regulators:
NUPR1 (activated in C) and ADORA2A (inhibited in C). Upstream regulators were obtained by pathway analysis (IPA) using the 2000 most
significantly differentially expressed genes between the clusters.
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(G2/3). A higher proportion of tumors in clusters B
and C had gain of chromosome 14. Clusters A and B
contained both primary and metastatic tumors,
whereas cluster C contained metastases only. The
clinical characteristics of patients in the three tumor
clusters were similar with respect to age, gender and
tumor stage (Table 2, Supplementary Figure S2).
Patient survival, however, was significantly shorter
(Po0.05) for patients in cluster B than for patients in
cluster A (Figure 2b).

Gene Expression Profiles of Tumor Clusters

We analyzed the global gene expression profiles of
tumor clusters by comparing the gene expression of
each cluster with that of normal small intestinal
mucosa. The most upregulated genes in clusters A
and B contained a high proportion of genes related to
neurosecretory function and formation of cellular
protrusions, whereas the most upregulated genes in
cluster C contained a high proportion of genes
associated with angiogenesis and cytoskeletal organi-
zation (Supplementary Tables S2–4). IPA predicted
REST (inhibited), PHF21A (activated) and NEUROD1
(activated) as upstream regulators in clusters A and B,
whereas FGF2 (activated) was the most significant
upstream regulator in cluster C (Supplementary Table
S5). REST, PHF21A and NEUROD1 regulate neuronal
and enteroendocrine cell differentiation. We therefore

compared tumor clusters with respect to neuroendo-
crine marker genes and found the highest expression
of these genes in cluster A, followed by cluster B and
cluster C (Figure 2c). Next, we analyzed the gene
expression profiles of tumor clusters (excluding small
intestinal mucosa) by performing a pairwise compar-
ison of clusters. Comparison of cluster A and cluster B
predicted TGFB1 and HRAS as the most significantly
activated upstream regulators in cluster B (Figure 2d).
Comparison of cluster A and cluster C predicted
NUPR1 as the most significantly activated upstream
regulator in cluster C (Figure 2e).

Tumor Grade is Associated with Altered Expression of
Genes Related to Proliferation and Microenvironment

In order to obtain information on the molecular
alterations associated with tumor grade, we compared
the expression profiles of grade 1 tumors with those of
grade 2/3 tumors. A total of 70 genes were differen-
tially expressed between the two groups (adjusted
P-value o0.05). A substantial proportion of the genes
were involved in different steps of tumor cell
replication, whereas other genes were related to the
interaction between tumor cells and their microenvir-
onment (Figure 3a). Pathway analysis predicted
activation of several upstream regulators in grade
2/3 tumors, which promote cell cycling. The most
significant upstream regulator, however, was prosta-
glandin E receptor 2 (PTGER2), which mediates
proinflammatory signals and stimulates tumor growth
and invasion (Figure 3b). Pathway analysis was used
to generate a regulatory network including CCND1,
CSF2, Vegf and HGF, which together explained the
growth-promoting effects of differentially expressed
genes in grade 2/3 tumors (Figure 3c). Patient survival
was significantly longer for grade 1 tumors. These
tumors showed a higher degree of neuroendocrine
differentiation, as indicated by higher expression of
marker genes (Figures 3d and e).

FOXM1 Expression is Upregulated in Small Intestinal
Neuroendocrine Tumors Carrying Gain of
Chromosome 14

We have previously shown that small intestinal
neuroendocrine tumors carrying chromosomal gains,
notably gain of chromosome 14, have worse prog-
nosis (Supplementary Figure S3).20 To extend the
molecular characterization of these tumors, we
compared the expression profiles of tumors with
gain of chromosome 14 to those of tumors with no
gain of chromosome 14. Altogether, 181 genes were
differentially regulated between the two tumor
groups (adjusted P-value o 0.05). Regulated genes
were distributed over all chromosomes, with only
two significantly upregulated genes located on
chromosome 14 (HECTD1 and STYX). Differentially
expressed genes were involved in cell cycle progres-
sion, mitotic spindle formation, apoptosis, DNA

Table 2 Clinicopathological characteristics for small intestinal
neuroendocrine tumor clusters

All tumors Cluster A Cluster B Cluster C

Number of cases 33 17 9 7

Gender
Female 16 8 5 3
Male 17 9 4 4

Mean age (years) 64.2 65.6 63.8 61.4

Grade (WHO 2010)
G1 23 15 5 3
G2 9 2 4 3
G3 1 0 0 1

Stage (TNM 7th ed.)
Stage IIIB 3 0 1 2
Stage IV 30 17 8 5

Mean follow-up
(months)

77.5 85.6 46.3 97.7

Site of biopsy
Primary tumors 10 4 6 0
Metastases 23 13 3 7

Somatic copy number alterations
Gain of
chromosome 14

7 1 3 3

No gain of
chromosome 14

26 16 6 4
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Figure 3 Gene expression profiles associated with tumor grade in small intestinal neuroendocrine tumors. (a) Gene expression profiles of
grade 2/3 tumors were compared with those of grade 1 tumors. Differentially regulated genes were related to cell cycle progression (BIRC5,
FAM64A, CDK1 and PPM1B), mitotic spindle formation and cytokinesis (NUSAP1, ASPM, TROAP and KIF20A), apoptosis (BIRC5) and
DNA repair (NUSAP1 and TYMS). Other altered functions included cell mobility and metastasis (HMMR, TROAP and PSAP), immune
response (BTN3A2), and neuroendocrine function (GABRA2, STXBP5 and PSAP). The 10 most upregulated genes (left) and downregulated
genes (right) in grade 2/3 tumors have been sorted by increasing adjusted P-values. logFC, log fold change. Pathway analysis (IPA) found
‘cell cycle progression’ and ‘liver cancer’ to be the most significantly activated biological functions in grade 2/3 tumors. (b) The most
significantly activated upstream regulator in grade 2/3 tumors was PTGER2, a prostanoid receptor mediating proinflammatory signals. A
number of upstream regulators controlling cell cycle progression were also activated, including E2F1, E2F2, E2F3, CCND1, TBX2 and
FOXM1. On the other hand, the inducer of apoptosis BNIP3L and the tumor-suppressor Rb were inactivated. Listed upstream regulators
are sorted by overlapping P-value o0.01 with a Z-score ≤ � 2 or ≥ 2. (c) Stimulation of tumor growth by differentially expressed genes in
grade 2/3 tumors. Pathway analysis (IPA) predicted a regulatory network consisting of four upstream regulators, CCND1, CSF2, VEGF and
HGF, whose conserted action on five target genes, OSM, RRM2, FOXM1, TPX2, HMMR and PIM1, explained the higher proliferation rate
in tumors of grade 2/3. Arrows indicate stimulation via direct mechanisms (solid line) or indirect mechanisms (dotted line). Orange
symbols indicate upregulated genes in biopsies from tumors of grade 2/3. (d) Survival analysis of tumors with respect to WHO grade using
Kaplan–Meier analysis. Shorter overall survival was observed for patients with grade 2/3 tumors than for those with grade 1 tumors
(Po0.005). (e) Expression of marker genes for small intestinal neuroendocrine tumors in grade 1 and grade 2/3 tumors. Highest expression
of marker genes was observed in grade 1 tumors. Differential expression of CHGA and THP1 reached statistical significance. **P-value
o0.01; NS, not significant.
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repair, cell mobility and neuroendocrine function
(Figure 4a). Pathway analysis identified Forkhead
box M1 (FOXM1), a transcription factor controll-
ing cell cycle progression and response to DNA
damage, as the most significant upstream regulator

activated in tumors with gain of chromosome 14
(Figure 4b). Differential expression of FOXM1
was confirmed by qPCR and increased FOXM1
labeling index was shown by immunohistochemistry
(Figure 4c).

Figure 4 For caption see page 624.
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Identification of Gene Expression Related to Patient
Survival in Small Intestinal Neuroendocrine Tumors

The molecular mechanisms underlying the aggres-
sive behavior of small intestinal neuroendocrine
tumors are largely unknown. In order to identify
these mechanisms, we compared gene expression
values in individual tumor biopsies with patient
survival using a Cox proportional hazards model.
Analysis of expression profiles from all 33 tumors
identified 168 genes associated with patient survival
(adjusted P-value o 0.12) (Figure 5a). Only two of
the genes (BIRC5 and CDKN1B) have previously
been reported to be prognostic markers for small
intestinal neuroendocrine tumors,27–29 whereas 31
genes have been reported to be prognostic markers in
other malignancies. In order to identify gene expres-
sion that contributes to shorter survival in tumors of
cluster B, grade 2/3 and gain of chromosome 14, we
compared survival-related genes with differentially
regulated genes in these subgroups (Figure 5b).
There was a substantial overlap of survival-related
genes with differentially expressed genes in these
subgroups (49 of 168), frequently genes related to
cell proliferation and apoptosis (Figure 5c).

Prediction of Therapeutic Targets in Small Intestinal
Neuroendocrine Tumors

There have been no known genomic alterations that
would predict the therapeutic response in small
intestinal neuroendocrine tumors. We therefore
searched expression profiles for signaling pathways
that may be targeted for therapy. We interrogated the
most upregulated genes in tumors relative to small
intestinal mucosa for corresponding anticancer
drugs that are currently in clinical trials. Analysis
including all tumors identified a total of 16 candi-
date targets, including G protein-coupled somatosta-
tin receptor 2 (SSTR2), receptor tyrosine kinases
(RET, FGFR1/3, PDGFRB and FLT1), the growth
factor VEGFB, nuclear kinases (CDK4/9), the tran-
scriptional regulator HDAC5, molecular chaperones
(HSP90AA1 and HSP90AB1), the signal transduction
molecule AKT3 and the DNA repair enzyme PARP1

(Table 3). When tumor clusters were analyzed
separately, we identified a distinct set of candidate
targets for each cluster (Supplementary Figures S5;
Supplementary Tables S6–8). Seven candidate tar-
gets were highly expressed in all three clusters,
including SSTR2, which had significantly higher
expression in cluster A (Supplementary Figure S6).
When grade 1 tumors and grade 2/3 tumors were
analyzed separately, the majority of candidate targets
were represented in both groups (Supplementary
Figure S8; Supplementary Table S9). A selection of
predicted anticancer drugs was evaluated on neu-
roendocrine tumor cells in vitro. We chose the GOT1
cell line as model system because it was derived
from a metastatic small intestinal neuroendocrine
tumor. The validity of the GOT1 cell line was
supported by the presence of copy number altera-
tions typical of small intestinal neuroendocrine
tumors (loss on chromosome 18) and high expres-
sion of marker genes (CHGA, SYP, VMAT1, TPH1
and SSTR2) (Supplementary Figure S8). Further-
more, we found that GOT1 cells expressed all
candidate drug targets identified in tumor biopsies
(Table 3). Evaluation of tyrosine kinase inhibitors
sorafenib, sunitinib, regorafenib and cabozantinib,
which inhibit candidate targets RET, FGFR1,
PDGFRB and FLT1, showed significant inhibition
of GOT1 cell growth with IC50 values in the
micromolar range. Inhibitors of AKT (MK-2206),
HDAC (vorinostat), HSP90 (alvespimycin) and
CDK4/9 (P276-00) also effectively inhibited GOT1
cell growth, whereas inhibition of PARP1 (veliparib)
had no effect (Figure 6).

Discussion

We have defined the transcriptome of small intest-
inal neuroendocrine tumors and shown that tumors
can be divided into distinct groups based on their
gene expression profiles. Major differences in
expression profiles were identified between tumor
groups, involving a substantial number of signaling
pathways. We found that transforming growth factor
beta (TGFB1), a master regulator of epithelial–

Figure 4 Gene expression profiles of small intestinal neuroendocrine tumors carrying gain of chromosome 14. (a) Differentially expressed
genes in tumors with gain of chromosome 14 were frequently related to cell cycle progression and mitotic spindle formation (FOXM1,
POC1A, ASPM, BIRC5, CEP164 and BBX), apoptosis (BIRC5, PPP2R2B and CALB1), DNA damage response (FOXM1, CEP164 and BBX),
cell mobility (HECTD1 and CTTNPB2) and neuroendocrine function (CNGA3, CTTNBP2, RESP18 and CALB1). The 10 most upregulated
genes (left) and downregulated genes (right) have been sorted by increasing adjusted P-values. Asterisks indicate genes localized to tumor
cell by immunohistochemistry and confirmed to be differentially expressed by qPCR (Supplementary Figure S4). logFC, log fold change.
(b) FOXM1, EHF, TBX2 and CDKN2A were the most significant upstream regulators in tumors with gain of chromosome 14. All of these
regulators directly control cell cycle progression and apoptosis, as predicted by pathway analysis (IPA). Other upstream regulators
included HGF and VEGF, which promote epithelial–mesenchymal transition and angiogenesis. The upstream regulators listed have been
sorted by overlapping P-value o0.01 with a Z-score ≤�2 or ≥2. The effect of FOXM1 on downstream target genes is illustrated. Direct
stimulatory effects (arrow) and inhibitory effects (blunted line) of FOXM1 are indicated. The differential expression of target genes in
tumor biopsies are indicated by orange symbols (upregulated in tumors with gain of chromosome 14) and green symbols (downregulated
in tumors with gain of chromosome 14). (c) Localization of FOXM1 protein in tumor biopsies by immunohistochemistry showed
significantly higher nuclear labeling in tumors with gain of chromosome 14 than in tumors without gain of chromosome 14. qPCR analysis
confirmed differential expression of FOXM1 mRNA in the two tumor groups.
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mesenchymal transition and metastasis,30,31 was
activated in a subset of tumors (cluster B), which
was associated with shorter patient survival. We also
found nuclear protein 1 (NUPR1), a chromatin
binding protein regulating stress response and
resistance to chemotherapy,32 to be activated in
another subset of tumors (cluster C). Significantly
deregulated pathways in tumor clusters may indicate
molecular mechanism involved in the formation of
these tumors. The clinical relevance of identified
tumor groups was evident, as cluster designation
correlated to patient survival independent of tumor

grade and stage. The clinical characteristics did not
reveal any difference in age, gender or tumor stage
between tumor groups. However, the two smaller
groups (clusters B and C) contained a higher
proportion of tumors with higher grade and chro-
mosomal gains. Tumors in cluster C were the most
heterogeneous with respect to tumor grade, contain-
ing the only grade 3 tumor in the study. The reason
for this heterogeneity was not evident. However,
unsupervised clustering divided tumors into groups
based on similarities in their expression profiles.
Tumors in cluster C shared a set of deregulated

Figure 5 For caption see page 626.
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pathways, for example, activation of NUPR1, which
were not involved in the regulation of cell prolifera-
tion. The relatively small number of tumors in
cluster C precludes a definitive characterization of
this cluster.

Grading of neuroendocrine tumors provides
information for prognostication and patient
management.8,9 The current WHO grading system
is based on an assessment of tumor cell proliferation,

and classifies the majority of small intestinal neuro-
endocrine tumors as low proliferation neoplasms
(grade 1).5,33 In order to identify the molecular
alterations associated with tumor grade, we com-
pared low-grade tumors to intermediate- and high-
grade tumors and identified a small but distinct set of
differentially expressed genes. Pathway analysis
indicated activation of cell cycle regulators such as
E2Fs, TBX1 and FOXM1 in intermediate-grade

Table 3 List of therapeutic drug targets in small intestinal neuroendocrine tumors identified by gene expression profiling

SI-NETs GOT1

Target Type of protein Drug LogFC
Adj.

P-value LogFC
Adj.

P-value

RET Kinase Sorafenib*, sunitinib*, regorafenib,
vandetanib, cabozantinib

4.61 3.5E–08 7.11 1.2E–09

SSTR2 GPC receptor Pasireotide*, lanreotide*, octreotide* 3.85 8.7E–11 4.32 7.3E–07
AKT3 Kinase MK-2206, perifosine 3.62 3.1E–15 2.51 1.2E–04
TUBB8 Other Cabazitaxel, epothilone 3.29 7.5E–09 2.75 2.1E–03
FGFR1 Kinase Regorafenib, nintedanib, dovitinib, BGJ398 2.52 2.5E–10 3.91 2.4E–05
HDAC5 Transcription regulator Vorinostat, belinostat 2.50 7.4E–11 3.19 4.1E–06
RARG Nuclear receptor Tretinoin, isotretinoin, fenretinide 2.01 1.5E–09 0.78 4.0E–01
PDGFRB Kinase Imatinib, sorafenib*, sunitinib*, dasatinib,

pazopanib*, regorafenib,
2.01 1.8E–05 � 7.58 7.3E–07

PARP1 Enzyme Veliparib, olaparib, rucaparib 1.99 2.2E–05 1.20 1.1E–01
FLT1/VEGFR1 Kinase Sunitinib*, pazopanib, axitinib,

regorafenib, motesanib
1.96 2.4E–05 � 2.11 2.0E–02

FGFR3 Kinase Nintedanib, dovitinib, BGJ398 1.82 2.5E–05 � 6.28 9.3E–08
HSP90AA1 Enzyme Retaspimycin, tanespimycin, ganetespib,

alvespimycin,
1.79 1.5E–07 2.05 2.6E–04

VEGFB Growth factor Bevacizumab*, aflibercept 1.77 1.6E–12 2.88 8.1E–06
CDK9 Kinase Alvocidib, P276-00 1.68 9.2E–11 1.28 5.5E–03
HSP90AB1 Enzyme Retaspimycin, tanespimycin, ganetespib,

alvespimycin,
1.59 4.6E–08 3.41 2.8E–05

CDK4 Kinase P276-00, LEE011, palbociclib 1.16 1.0E–07 3.21 8.6E–05

For each target, corresponding anticancer drugs are listed. Anticancer drugs evaluated in patients with gastroenteropancreatic neuroendocrine
tumors are indicated by an asterisk. Candidate targets are listed according to decreasing gene expression values (logFC). SI-NETs, small intestinal
neuroendocrine tumors.

Figure 5 Gene expression associated with patient survival. (a) Survival-related genes in small intestinal neuroendocrine tumors
represented multiple cellular functions, including cell cycle progression (CDCA5, CENPF and CHTF8), apoptosis (FAM9C and
ARHGAP11A), DNA damage response (CDCA5 and GTSE1), invasion (GTSE1, ADAMTS12 and ARHGAP11A), and immune response
(TRIM40, ADAMTS12 and TRIM21). The 20 genes most associated with shorter and longer patient survival are listed (Cox proportional
hazards model, adjusted P-value o0.12). Asterisks indicate proteins localized to tumor tissues by immunohistochemistry. (b) Venn
diagram illustrating the overlap of survival-related genes with differentially expressed genes in tumors belonging to cluster B, of grade 2/3
and with gain of chromosome 14. One-third of survival-related genes (49 of 168) were represented in one or several of the subgroups. The
majority of survival-related genes were not represented in any of the subgroups, indicating that a large proportion of gene expression
affecting patient survival was not related to tumor cluster, grade, or chromosomal gain. The Venn diagram was generated by comparing
survival-related genes (adjusted P-value ≤0.12, n=168, each gene represented by a dot) with differentially expressed genes in cluster B vs
A (adjusted P-valueo0.005, n=3112), grade 2/3 vs grade 1 (adjusted P-value o 0.05, n=70), and gain of chromosome 14 vs no gain of
chromosome 14 (adjusted P-value o0.05, n=181). (c) Examples of survival-related genes in small intestinal neuroendocrine tumors. The
survival probabilities according to the Cox regression model have been plotted for each gene, and corresponding mRNA abundance values
are shown. The red and blue curves refer to patients with high and low expression (defined as the first and third quartile in the data set;
expression values are indicated at the curve). Corresponding proteins were localized to tumor cells by immunohistochemistry. High
expression of BIRC5 (survivin), a promoter of chromosome alignment and separation, and inhibitor of apoptosis, was associated with
shorter patient survival (Exp Coef 2.2, P-value o 0.0003). BIRC5was significantly upregulated in tumors of cluster B, grade 2/3 tumors and
tumors with gain of chromosome 14. High expression of GPR110, a G protein-coupled receptor of unknown function, was associated with
longer patient survival (Exp Coef 0.3, P-value o 0.0002). GPR110 was significantly downregulated in tumors of cluster B, those of grade
2/3 and those with gain of chromosome 14. High expression of PTTG1 (securin), a transforming protein regulating chromosome stability
and inhibiting P53 and apoptosis, was associated with shorter patient survival (Exp Coef 3.1, P-value o 0.0002). PTTG1 was significantly
upregulated in tumors of grade 2/3 and those with gain of chromosome 14. High expression of CDCA5 (sororin), a regulator of sister
chromatid cohesion and separation, was associated with shorter patient survival (Exp Coef 3.3, P-value o 0.00004). CDCA5 was
significantly upregulated in tumors of grade 2/3.
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tumors, but no alterations directly involving p53.
The most significantly activated regulator, however,
was PTGER2, which promotes tumor cell prolifera-
tion as well as invasion and angiogenesis.34 This
finding was unexpected, and indicates that immune
mechanisms are activated in tumors of higher grade.
The observation may be exploited clinically, as
COX2 inhibitors and selective PTGER2 inhibitors
are available for targeting of PTGER2 in tumors.34

Small intestinal neuroendocrine tumors are char-
acterized by recurrent chromosomal alterations, the
most frequent involving loss of chromosome 18.
Chromosomal gains involving chromosomes 4, 5, 7,
14 and 20 are observed in a small proportion of
tumors and have been associated with shorter
survival.20,35 In order to further characterize tumors
with gain of chromosome 14, we analyzed

differentially expressed genes in this group and
found FOXM1 to be the most significantly activated
upstream regulator. FOXM1 is an oncogenic tran-
scription factor promoting cell cycle progression and
resistance to genotoxic drugs.36,37 Recently, a strong
association between FOXM1 and metastases was
reported for gastroenteropancreatic neuroendocrine
tumors.38 Therapies targeting FOXM1 are under
way, and may be considered in the future.39

The clinical course of patients with metastatic
disease is difficult to predict. In this study, we
identified a series of genes that were associated with
patient survival, two of which (BIRC5 and CDKN1B)
have previously been described in small intestinal
neuroendocrine tumors.27–29 The current WHO
grading system for neuroendocrine tumors, which
is used for prognostication, is based solely on an

Figure 6 Predicted anticancer drugs inhibit the growth of neuroendocrine tumor cells. Multi-tyrosine kinase inhibitors sorafenib,
sunitinib, regorafenib and cabozantinib effectively inhibit GOT1 cell growth with IC50 values in the micromolar range. Inhibitors of AKT
(MK-2206), HDAC (vorinostat), HSP90 (alvespimycin) and CDK4/9 (P276-00) also inhibited GOT1 cell growth at micromolar
concentrations, whereas inhibition of PARP1 (veliparib) had no effect. GOT1 cells were treated with anticancer drugs at various
concentrations for 4 days. Cell viability was estimated using AlamarBlue®. Data points are the mean values of three individual
experiments carried out in triplicate (n=9). Fitting of curves was done in GraphPad Prism software v6.04 using log (inhibitor) vs response
nonlinear fit with variable slope. IC50 was interpolated at Y=50 and bars denote ± s.d.
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estimation of tumor cell proliferation.5 Our results
indicate that prognostication could be further devel-
oped to include biomarkers that reflect other proper-
ties of tumor cells, including tumor–host interactions.

We searched expression profiles for novel
therapeutic targets by comparing tumors with nor-
mal small intestinal mucosa. We chose intestinal
mucosa as control because it represents the primary
site of tumors. However, intestinal mucosa may not
be optimal as control tissue because its content of
endocrine cells is low, and the results from such a
comparison must therefore be interpreted with
caution. Based on this comparison, we were able to
identify a number of candidate targets with corre-
sponding anticancer drugs currently in clinical
trials. Somatostatin receptor 2 (SSTR2), which can
be targeted by long-acting somatostatin analogs, was
found to be expressed in all tumors but had highest
expression in tumors of cluster A. The efficacy of
long-acting somatostatin analogs or radiolabeled
analogs7,40,41 may therefore be influenced by cluster
designation. However, multiple factors, including
receptor profile, tumor heterogeneity, affinity of
analogs and choice of radionuclide, also influence
the efficacy of somatostatin receptor targeted therapy
and the relative importance of cluster designation
remains to be determined. Components of prolifera-
tive pathways such as growth factors (VEGFB) and
receptor tyrosine kinases (RET, FGFR1/3, PDGFRB
and FLT1) were frequently identified as drug targets,
and corresponding tyrosine kinase inhibitors were
shown to effectively inhibit the growth of neuroen-
docrine tumor cells in vitro. Thus, receptor tyrosine
kinases represent key signaling pathways, which
control sustained tumor cell proliferation,42 and
targeting of these pathways appears to be a promis-
ing strategy in patients with metastatic disease.
Inhibitors of transcriptional regulators (HDAC),
molecular chaperones (HSP90) and signal transduc-
tion molecules (AKT3) were also found to effectively
inhibit the growth of neuroendocrine tumor cells,
but they have not yet been evaluated in clinical
trials. These findings suggest that treatment with
these inhibitors should be further evaluated.
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