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Abstract
The aim of this study was to define the miRNA profile of small intestinal neuroendocrine tumors and to search for novel
molecular subgroups and prognostic biomarkers. miRNA profiling was conducted on 42 tumors from 37 patients who
underwent surgery for small intestinal neuroendocrine tumors. Unsupervised hierarchical clustering analysis of miRNA
profiles identified two groups of tumor metastases, denoted cluster M1 and M2. The smaller cluster M1 was associated with
shorter overall survival and contained tumors with higher grade (WHO grade G2/3) and multiple chromosomal gains
including gain of chromosome 14. Tumors of cluster M1 had elevated expression of miR-1246 and miR-663a, and reduced
levels of miR-488-3p. Pathway analysis predicted Wnt signaling to be the most significantly altered signaling pathway
between clusters M1 and M2. Analysis of miRNA expression in relation to tumor proliferation rate showed significant
alterations including downregulation of miR-137 and miR-204-5p in tumors with Ki67 index above 3%. Similarly, tumor
progression was associated with significant alterations in miRNA expression, e.g. higher expression of miR-95 and miR-210,
and lower expression of miR-378a-3p in metastases. Pathway analysis predicted Wnt signaling to be altered during tumor
progression, which was supported by decreased nuclear translocation of β-catenin in metastases. Survival analysis revealed
that downregulation of miR-375 was associated with shorter overall survival. We performed in situ hybridization on biopsies
from an independent cohort of small intestinal neuroendocrine tumors using tissue microarrays. Expression of miR-375 was
found in 578/635 (91%) biopsies and survival analysis confirmed that there was a correlation between downregulation of
miR-375 in tumor metastases and shorter patient survival. We conclude that miRNA profiling defines novel molecular
subgroups of metastatic small intestinal neuroendocrine tumors and identifies miRNAs associated with tumor proliferation
rate and progression. miR-375 is highly expressed in small intestinal neuroendocrine tumors and may be used as a prognostic
biomarker.

Introduction

Neuroendocrine tumors are the most frequent neoplasms of
the small intestine. They are derived from endocrine cells of
the intestinal mucosa and usually secrete large amounts of
serotonin. Although the tumors are of low grade and pro-
liferate slowly, the majority of patients have metastatic
disease at the time of diagnosis. For these patients, curative
surgery cannot be performed. Adjuvant therapy is recom-
mended and includes long-acting somatostatin analogs,
hepatic artery embolization, and somatostatin receptor-
targeted radiotherapy [1, 2]. Despite adjuvant therapy, the
5-year survival is < 60% in patients with liver metastases
[3]. However, the prognosis is highly variable and difficult
to predict. Novel biomarkers are needed to identify
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molecular subtypes of tumors, to monitor disease progres-
sion, and to predict response to therapy [4].

Efforts have been made to characterize the genetic and
epigenetic alterations responsible for the development and
progression of small intestinal neuroendocrine tumors [5–9].
Profiling of somatic copy number alterations has shown that
loss of chromosome 18 is the most frequent genomic event
in small intestinal neuroendocrine tumors. Multiple gains of
whole chromosomes, notably gain of chromosomes 4, 5, 7,
14, and 20, have been observed in a small group of tumors.
These tumors were associated with shorter disease-free
survival and shorter overall survival [6, 10]. Sequencing of
whole exome, however, failed to identify driver mutations
and showed that tumors were mutationally silent [7, 8].
Recurrent mutations were observed in CDKN1B, but they
were only present in 8.5% of tumors without any correlation
to clinical characteristics or patient survival [8, 11]. Profiling
of DNA methylation, on the other hand, showed small
intestinal neuroendocrine tumors to be highly epigenetically
dysregulated and there was a correlation between methyla-
tion patterns and progression-free survival [9]. Epigenetic
dysregulation frequently occurs in cancers, causing altera-
tions in gene expression without modifying the underlying
DNA sequence. MicroRNAs (miRNAs) are short non-
coding RNA molecules that function as epigenetic regulators
by suppressing mRNA translation and reducing mRNA
stability. miRNAs control almost one-third of the human
transcriptome, and as perfect base pairing is not required
each miRNA is able to regulate hundreds of mRNAs
[12, 13]. Altered expression of miRNAs has been demon-
strated in virtually all tumors, contributing to carcinogenesis
and tumor progression [14–17]. In tumors, aberrantly
expressed miRNAs can either act as oncomiRs or tumor
suppressors by targeting genes involved in proliferation, cell
cycle control, apoptosis, invasion, and drug resistance [18].

In this study, we characterized the epigenome of small
intestinal neuroendocrine tumors by determining their
miRNA profiles. Tumors were collected from patients
treated at a single center with long-term follow-up. These
tumors had previously been subjected to profiling of copy
number alterations and gene expression patterns. To date,
this is the largest study of miRNA profiles in patients with
long-term follow-up, which has allowed us to identify
subgroups of tumors with clinical relevance as well as
biomarkers of patient outcome.

Material and methods

Tumor material used for miRNA profiling

Tumor biopsies from 37 patients who underwent surgery
for small intestinal neuroendocrine tumors (ileal

carcinoids) at Sahlgrenska University Hospital,
Gothenburg, Sweden, between 1991 and 2009, were
included. Fresh tumor tissue was obtained at surgery
from a total of 16 primary tumors, 24 liver metastases, 2
lymph node metastases, and 6 normal small intestinal
mucosa. In 5 cases, paired samples of primary tumor and
liver metastasis were analyzed. The diagnostic criteria
used for small intestinal neuroendocrine tumors were
according to the World Health Organization guidelines
(WHO, 2010) [19]. The histopathological evaluation was
performed on hematoxylin and eosin-stained sections.
Immunohistochemical staining was also performed for
chromogranin A, synaptophysin, Ki67, serotonin,
CDX2, and cytokeratin 8/18. All patients were diagnosed
with well-differentiated small intestinal neuroendocrine tumors
and had metastatic disease at the time of diagnosis (TNM
stage IIIB or IV) [20]. Mean follow-up time after operation
was 70.4 months (median 60.5, range 5‒201 months). The
clinical characteristics of patients are given in Table 1. Copy
number alterations and expression profiles of the cohort
have been published previously [5, 6]. We obtained consent
from the patients and also approval from the Regional
Ethical Review Board in Gothenburg for the use of clin-
ical materials for research purposes.

Tissue microarray used for immunohistochemistry
and in situ hybridization

All patients who underwent surgery for small intestinal
neuroendocrine tumors at Sahlgrenska University Hos-
pital from 1986 to 2013 were included in a tissue
microarray. Formalin-fixed and paraffin-embedded
tumor tissue from this cohort was retrieved from the
archives of the Department of Clinical Pathology and
Genetics, Sahlgrenska University Hospital, Gothenburg.
The diagnosis was confirmed by reviewing hematoxylin
and eosin-stained sections and immunohistochemical
stainings. Sufficient tumor material for construction of
tissue microarray was available from 412 patients. From
each tumor, 1.0 mm core biopsies were obtained. Each
recipient block contained a total of 121 core biopsies
including tumor tissue and normal tissues from stomach,
small intestine, and colon. When available, core biopsies
were taken from primary tumor, lymph node metastases,
liver metastases, and other distant metastases. A total of
8 recipient blocks were constructed, derived from 846
tumors. For comparative purposes, we also analyzed a
different set of tissue microarrays containing adeno-
carcinomas of the stomach, colon, and pancreas, as well
as gastrointestinal stromal tumors. The quality of the
constructed tissue microarray was evaluated on hema-
toxylin and eosin-stained sections and on immunohisto-
chemical stainings for chromogranin A, synaptophysin,
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Table 1 Clinicopathological characteristics of patients with small intestinal neuroendocrine tumors subjected to miRNA profiling

Case
number

Age at
diagnosis

Gender Grade
(WHO
2010)f

Mitotic count
(per 10 HPF)

Ki67, % Stage
(TNM 7th
edn)g

Follow-up,
months

Current
status

Primary
surgery

Tumor site for
miRNA
profiling

1 64 F G1 0.4 0.5 IV 40 DWD Yes P

2 68 M G2 0.2 5.3 IV 16 DWD Yes P

3 59 M G1 1.4 2 IIIB 110 NED Yes P

4 58 F G1 0.2 0.7 IV 168 AWD Yes P

5 74 F G1 < 0.2 0.5 IV 78 DWD Yes P

6 68 M G1 < 0.2 0.4 IV 18 DWD Yes P

7a 53 M G1 < 0.2 0.5 IV 61 DWD Yes P

G1 0.4 1 Yes L

8b 80 F G1 < 0.2 0.5 IV 142 DWD Yes P

G1 0.4 1.1 Yes L

9 81 F G1 0.2 2 IV 35 DWD Yes P

10 42 F G1 0.6 1.9 IV 201 AWD Yes P

11 79 M G1 0.2 0.7 IV 29 DWD Yes P

12 49 M G2 1.4 6 IV 5 DWD Yes P

13c 71 F G1 < 0.2 1.5 IV 60 DWD Yes P

G2 3.8 5.2 L

14d 56 F G1 < 0.2 0.4 IV 12 DWD Yes P

G3 8.4 30.4 Yes L

15e 73 M G2 1 3.4 IV 6 DWD Yes P

G2 5.5 8.6 Yes L

16 60 M G1 1 1 IV 35 DWD Yes L

17 75 F G2 0.6 9.9 IV 32 DWD Yes L

18 53 M G1 0.4 2.6 IIIB 142 AWD Yes L

19 47 F G2 0.6 5.5 IIIB 94 AWD Yes L

20 74 M G2 2.2 4.7 IV 11 DWD Yes L

21 61 F G2 4.4 16.7 IV 4 DWD Yes L

22 70 F G2 7 11.7 IV 13 DWD Yes L

23 73 F G2 4.6 11.2 IV 19 DWD Yes L

24 63 M G1 < 0.2 0.6 IV 163 AWD Yes P

25 53 F G1 < 0.2 0.4 IV 155 AWD Yes LN

26 64 M G1 0.6 0.2 IV 94 DWD Yes L

27 64 F G1 0.4 0.7 IV 116 NED Yes L

28 71 M G1 < 0.2 2.1 IV 82 DWD Yes L

29 61 F G1 < 0.2 0.7 IV 98 AWD Yes L

30 51 M G1 < 0.2 0.9 IV 105 AWD Yes L

31 71 M G2 2.2 1.6 IV 124 DWD Yes L

32 56 F G1 0.2 1.3 IV 42 DWD Yes L

33 74 M G1 0.2 0.3 IV 34 DWD Yes L

34 70 M G1 < 0.2 0.6 IV 91 AWD Yes L

35 75 F G1 0.4 2.4 IV 40 DWD Yes L

36 59 M G1 0.2 0.6 IV 71 DWD Yes LN

37 72 M G1 < 0.2 0.8 IV 130 AWD Yes L

Abbreviations: AWD, alive with disease; DWD, dead with disease; F, female; HPF, high power fields; L, liver metastases; LN, lymph node
metastases; M, male; NED, no evidence of disease; P, primary tumor. a, b, c, d, and e; cases with paired tumor samples (primary and liver
metastases), f WHO 2010 (see ref. [19]), gTNM 7th edn (see ref. [20])
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serotonin, and Ki67. We obtained approval from the
Regional Ethical Review Board in Gothenburg, Sweden,
for the use of clinical materials for research purpose.

Immunohistochemistry and scoring

Full sections of normal small intestine and tumor tissue as
well as sections of tissue microarray were placed on
positively charged glass slides. Sections were subjected to
antigen retrieval using EnVision FLEX Target Retrieval
Solution (high pH) in a Dako PT-Link. Immunohisto-
chemical staining was performed in a Dako Autostainer
Link using EnVision FLEX according to the manu-
facturer’s instructions (DakoCytomation). The following
primary antibodies were used: anti-chromogranin A
(MAB319; Chemicon), anti-synaptophysin (SY38,
M0776; Dako), anti-Ki67 (MIB1; Dako), anti-serotonin
(H209; Dako), anti-cytokeratin 8 and 18 (NCL5D3;
Leica), anti-CDX2 (EPR2764Y, Abcam), anti-β-catenin
(14/Beta-catenin, BD Transduction Laboratories), and
anti-FOXM1 (sc-271746, Santa Cruz Biotechnology).
Positive and negative controls were included in each run.
Stained sections were scanned using Leica SCN 4000 at ×
40 magnification. The fraction of Ki67- and forkhead box
M1 (FOXM1)-positive cells was estimated by counting
500–2,000 tumor cells per tumor using printouts and
manual counting [21]. The scoring of β-catenin staining
was evaluated independently by two board certified sur-
gical pathologists (ON and AB) using an Olympus BX51
light microscope. The total staining intensity of tumor cells
was scored as weak or strong and the staining of tumor cell
nuclei was scored as negative or positive for β-catenin.
The intensity of tumor cell staining was scored as strong
when it had the same intensity as crypt cells of the normal
small intestinal mucosa.

miRNA profiling

We used tumor biopsies from 43 previously reported
patients [5, 6]. Of these patients, 6 were excluded due to
lack of high-quality miRNA or poor quality of the array
hybridization experiments. The remaining tumor biopsies
from 37 patients (16 primary tumors, 2 lymph node
metastases, and 24 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 found to contain at least 70% tumor cells, except
for 2 primary tumor samples (50‒60% tumor cells). Biop-
sies of normal small intestinal mucosa from 6 patients
undergoing surgery for adenocarcinoma of the right colon
were used as controls. RNA was isolated from fresh-frozen
biopsies using the miRNeasy Mini Kit (Qiagen) according
to the manufacturer’s protocol. cDNA synthesis, labeling

and hybridization were performed according to the One-
Color Microarray-Based miRNA Complete labeling and
hybridization protocol (v2.1) (Agilent Technologies).
Labeled samples were hybridized to 8× 15 K human
miRNA microarrays (V3) (G4470C; Agilent Technologies)
containing 866 human and 89 human viral miRNAs. Arrays
were scanned using an Agilent G2565BA Microarray
Scanner (Agilent Technologies). Images were read and
processed using Feature Extraction software v10.7.1.1
(Agilent Technologies).

In situ hybridization of miR-375

Tissue microarray and tissue blocks from normal small
intestine were cut in 6 μm-thick sections and placed on
positively charged glass slides. Slides were deparaffinized
in xylene and hydrated in alcohol. In situ hybridization was
performed according to the manufacturer’s instructions
(Exiqon). Briefly, the sections were permeabilized with
proteinase K (15 μg/ml; Sigma-Aldrich), then washed with
phosphate-buffered saline (PBS), dehydrated in alcohol, and
air-dried. miRCURY LNA detection probes double-labeled
with digoxigenin (Exiqon) targeting miR-375 and scramble-
miRNA (negative control) were denatured for 4 min and
diluted to 40 nM in hybridization buffer (Exiqon). The
sections were hybridized to the denatured probes in a Dako
Hybridizer for 1 h at 54 °C. Nonspecifically bound probe
was removed by washing with sodium sulphate citrate
(Sigma-Aldrich). To visualize bound probe, the slides were
blocked with sheep serum (Sigma-Aldrich) then incubated
with sheep anti-digoxigenin-AP antibody (Roche) for 60
min, washed with PBS-Tween, and incubated with AP
substrate BCIP/NBT (Dako). Endogenous AP activity was
blocked with Levamisol (Fluka). Sections were counter-
stained with nuclear fast red (Sigma). The specificity of the
miR-375 probe was evaluated on small intestinal mucosa
and normal pancreas (positive control). The endocrine cells
in the mucosa and the islets of Langerhans were specifically
and strongly labeled by the probe (Supplementary
figure S1). The intensity of the in situ hybridization signal
was evaluated independently by two board certified surgical
pathologists (ON and AB) using an Olympus BX51 light
microscope. The staining intensity of tumor cells was
scored as follows: 0= no staining; 1=weak staining; 2=
intermediate staining; and 3= strong staining, where score
3 was the same level of staining intensity as in neu-
roendocrine cells of the small intestinal mucosa. Core
biopsies containing less than one-third tumor cells were
excluded. Sections adjacent to in situ hybridization sections
were stained with hematoxylin and eosin, to verify the
presence of tumor cells in each core. Only tumor biopsies
that were positive for synaptophysin, chromogranin A, and
serotonin were included.
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Quantitative real time PCR analysis of miR-375

RNA was isolated from 20 biopsies of small intestinal neu-
roendocrine tumors (also present on tissue microarray), 11
biopsies of normal small intestinal mucosa, and 5 biopsies of
colorectal adenocarcinoma. The purity of the biopsies was
assessed by light microscopy using hematoxylin and eosin-
stained sections and biopsies that contained 50–90% tumor
cells were included. Targeted reversed transcription and
amplification of miR-375 and miR-16 (endogenous control)
was performed using TaqMan MicroRNA Reverse Tran-
scription Kit and a sequence specific TaqMan MicroRNA
Assays (Life Technologies) for human miR-375 (Assay ID:
000564) and miR-16 (Assay ID: 000391) according to man-
ufacturer’s instructions. The PCR reactions were performed
using a 7500 Fast Real-Time PCR System (Applied Biosys-
tems). The samples were analyzed in triplicate. The miR-375
expression was calculated by using the comparative cycle
threshold method (2-ΔΔCT) using miR-16 as an endogenous
control and relative to normal small intestinal mucosa [22, 23].

Statistical analysis

The miRNA microarrays were analyzed using R software
v3.1.3 (www.r-project.org) and the LIMMA package [24].
After quality assessment and removal of control probes,
each array was background-corrected using the normexp
method [25]. Normalization over all microarrays was done
using the quantile–quantile method [26]. Replicates of
identical probes (4 to 8 spots/probe) in each microarray
were merged by taking the average of the normalized
values. Microarrays from the same biopsy were also aver-
aged. Differentially expressed miRNAs were identified and
ranked using the moderated t-statistics [24]. In the analysis
of all tumors against normal samples, the 5 paired samples
(having both a primary tumor and a liver metastasis in the
study) contributed only with primary tumors. miRNAs
associated with good or poor survival were identified using
the Cox proportional hazards model, adjusting for age and
gender, where the survival times were calculated from the
date of surgery. miRNA target scan was performed using
TargetScan Human version 6.2 followed by biological
pathway enrichment analysis using Fisher’s exact test in
Partek Flow software, version 5.0 (Partek Inc., St. Louis,
MO, USA). All P-values were adjusted for multiple testing
using Benjamini–Hochberg false discovery rate.

The miRNA expression profiles were clustered using
unsupervised hierarchical clustering with complete linkage
and the Euclidean distance as metric. Associations between
clusters and clinical characteristics were assessed using
Fisher’s exact test and the ordinary t-test. For the metastases,
the clustering of miRNA expression profiles were compared
with the clustering of the mRNA profiles published

previously using a permutation test [5]. Only cases repre-
sented by samples from the same tumor site in both studies
were included in the test. First, within each study all possible
pairs of such samples were annotated according to whether
or not the two samples were situated in the same cluster. A
test statistic, defined as the proportion of sample pairs having
the same annotation in both studies was then calculated. A
null distribution was calculated based on 100,000 permuta-
tions of clusters from the miRNA study. A corresponding P-
value was derived by comparing the observed value of the
test statistic to the null distribution. Expression data are
available at the Gene Express Omnibus database (http://
www.ncbi.nlm.nih.gov/geo/) with accession number
GSE103317.

Survival analysis, testing the difference in survival time
between groups of samples (formed either by clustering or
by levels of miR-375 expression as measured on the tissue
microarray), was performed using both Cox proportional
hazards model (taking age and gender into account) and
Kaplan‒Meier estimates together with a log-rank test. The
miR-375 expression levels from the tissue microarray were
stratified based on their scores, whereby samples with score
3 were classified as ‘high’ and samples with a score of 0‒2
were classified as ‘low’.

Student’s t-test was used to assess significance of dif-
ferences in miR-375 expression measured by quantitative
real-time PCR (qRT-PCR) (validation experiments). Fish-
er’s exact test was used to assess associations with β-catenin
staining, including one tumor (chosen at random) per
patient from the tissue microarray. A permutations test was
used to evaluate association between nuclear expression of
FOXM1 and copy number alteration.

Results

Cluster analysis of miRNA profiles differentiated
primary small intestinal neuroendocrine tumors
from their metastases and identified two groups of
metastatic tumors

Small intestinal neuroendocrine tumors can be subdivided
according to tumor grade, alterations in copy number, and
gene expression pattern. In order to determine whether
miRNA profiles can contribute to the molecular subtyping
of tumors, we performed unsupervised hierarchical clus-
tering analysis. miRNA profiles from all tumor biopsies and
biopsies from normal intestinal mucosa were included in the
analysis. Three tumor clusters were identified (Fig. 1). The
largest cluster, designated M2, comprised 17 of the 42
tumors and consisted almost exclusively of metastases. The
two smaller clusters, designated M1 and P, contained
metastases only (10/42 tumors) (M1) or primary tumors
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only (13/42 tumors) (P). Two primary tumors clustered
together with the normal small intestinal mucosa. Paired
tumor samples (primary and metastases) from five patients
segregated into different clusters. All paired primaries were
found in cluster P, whereas all their paired metastases were
found either in cluster M1 or cluster M2.

Metastatic tumors in clusters M1 and M2 differ with
respect to tumor grade, copy number alterations,
and patient survival

In order to evaluate the clinical relevance of clusters M1
and M2 for metastatic tumors, we repeated the clustering
analysis on metastases only, and obtained identical subgroup-
ing of tumors. We then compared the clinicopathological
characteristics of patients in clusters M1 and M2, and found
that they were similar with respect to age, gender, and tumor
stage (Table 2). However, Kaplan–Meier analysis showed
significantly shorter overall survival of patients in cluster M1
than of patients in cluster M2 (P-value= 0.029) (Fig. 2). Using
a Cox model, adjusting for gender and age, confirmed sig-
nificantly shorter survival for patients in cluster M1 (hazard
ratio (HR)= 3.4, P-value= 0.018). Cluster M1 had a sig-
nificant overrepresentation of tumors with increased prolifera-
tion rate compared with cluster M2 measured as a higher
proportion of tumors with higher grade (G2/G3) (P-value=
0.0011) and Ki67 index > 3% (P-value= 0.00023). Cluster
M1 also had significant overrepresentation of tumors with gain
of chromosome 14 (P-value= 0.0013). To determine whether
clusters M1 and M2 were correlated to subgroups identified by
mRNA expression profiles in our previous study [5], we per-
formed a permutation test on tumors with both miRNA and
mRNA profiles available. The test showed a significant asso-
ciation between tumor clusters obtained from miRNA profiles
and from mRNA profiles (P-value= 0.0005). Tumors in
cluster M1 were enriched in mRNA clusters B and C, while
tumors in cluster M2 were enriched in mRNA cluster A
(Table 2 and Fig. 3).

Pathway analysis of miRNA targets predicted
significant alterations in Wnt signaling between
metastatic tumors in clusters M1 and M2

In order to identify miRNAs that were differentially
expressed in the two metastatic subgroups, we compared the
expression of miRNAs in cluster M1 with that of miRNAs
in cluster M2. We found that 76 miRNAs were significantly
upregulated and 65 were significantly downregulated
in cluster M1 compared with cluster M2 (adjusted
P-value< 0.05) (Fig. 4 and Supplementary Table S1). We
then selected significantly regulated miRNA with a log2
fold change of <− 1 or > 1, and searched for them in the
miRCancer database (http://mircancer.ecu.edu). We found
that 20/32 (62.5%) of the differentially expressed miRNAs
were reported to regulate important properties of malignant

Fig. 1 Clustering analysis of small intestinal neuroendocrine tumors
from 37 patients. Unsupervised hierarchical clustering analysis was
performed on miRNA profiles from tumors and normal small intestinal
mucosa. Tumors were separated into 3 distinct groups, denoted cluster
P, cluster M1, and cluster M2. The majority of the primary tumors
clustered together in cluster P, whereas metastases were separated in 2

different clusters, a smaller cluster M1 and a larger cluster M2. Types
of tissue analyzed are indicated: M, metastasis; N, normal small
intestinal mucosa; P, primary tumor. Paired tumor samples (primary
and metastases) were available from 5 patients, indicated by a, b, c, d,
and e (for details, see Table 1)

Fig. 2 Survival analysis of patients with small intestinal neuroendo-
crine tumor in clusters M1 and M2 visualized using Kaplan–Meier
curves. Shorter overall survival after surgery was observed in patients
in cluster M1 (n= 10) than in patients in cluster M2 (n= 16) (P-value
= 0.029)
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tumors. The two most upregulated miRNAs in cluster M1,
miR-1246, and miR-663a, which are highly expressed in
several types of cancers, have been implicated as oncomiRs
regulating tumor cell proliferation, invasiveness, and
formation of metastases [27–31]. The most significantly
downregulated miRNA in cluster M1, miR-488-3p, has
been shown to act as a tumor suppressor in gastric cancer
[32]. To predict the molecular pathways affected by sig-
nificantly regulated miRNAs, we performed a miRNA tar-
get scan followed by biological pathway enrichment
analysis. Wnt signaling was predicted to be the most sig-
nificantly affected signaling pathway (adjusted P-value=
3.2× 10−9) followed by the axon guidance (adjusted P-
value= 2.1× 10−6) and phosphatidylinositol signaling
pathways (adjusted P-value= 5.8× 10−6) (Fig. 4c). Four of
the significantly regulated miRNAs (miR-1246, miR-663a,
miR-483-5p, and miR-1290) have been shown to control
Wnt signaling by targeting different components of the
signaling cascade [33–36].

miRNA profiles associated with proliferation rate in
small intestinal neuroendocrine tumors

Small intestinal neuroendocrine tumors are graded into
three categories (G1–G3) based on their proliferation rate
measured by mitotic counts and Ki67 index (WHO 2010).
Tumor grade significantly influences prognosis and may
predict response to therapy [3, 37]. In order to identify
miRNAs that may control tumor cell proliferation, we
compared tumor metastases with Ki67 index > 3% with
metastases with Ki67 index < 3% and found 48 differen-
tially expressed miRNAs (adjusted P-value< 0.05;
Supplementary Table S2). Among these we found down-
regulation of miRNAs, which function as tumor suppressors,

e.g., miR-137, miR-204-5p, miR-486-5p, and miR-30c, and
upregulation of miRNAs that function as oncogenes, e.g.,
miR-21 and miR1290. A majority of the differentially
expressed miRNAs has been shown to regulate tumor pro-
liferation, but a substantial proportion of identified miRNAs
have also been implicated in invasive behavior and drug
resistance [38–42]. To search for molecular pathways
affected by differentially expressed miRNAs, we performed
a miRNA target scan followed by biological pathway
enrichment analysis. Wnt signaling was predicted to be the
most significantly affected pathway (adjusted P-value=
2.9× 10−6) followed by the phosphatidylinositol signaling
system (adjusted P-value= 1.1× 10−5) and axon guidance
(adjusted P-value= 1.1× 10−5) (Supplementary Table S3).
We also compared tumor metastases of lower grade (G1)
with those of higher grade (G2/3) and found differential
expression of the same miRNA that were identified when
tumors were compared with respect to Ki67 index. However,
differential expression of miRNA between tumor grade did
not reach statistical significance. In order to evaluate whether
tumor differentiation or secretory function influenced the
expression of miRNAs we compared tumors with high
expression of CDX2 or serotonin with those with low
expression. This comparison did not show any significantly
regulated miRNAs (Supplementary Table S8).

miRNA profiles associated with copy number
alterations in small intestinal neuroendocrine
tumors

We have previously shown that small intestinal neu-
roendocrine tumors carrying multiple chromosomal gains,
notably gain of chromosome 14, have worse prognosis and
are characterized by activation of the oncogenic

Fig. 3 Histopathological and molecular characteristics of small
intestinal neuroendocrine tumor clusters defined by miRNA profiles.
Data on somatic copy number alterations, gene expression profiles,
tumor grade, and tumor site are given for each patient. Tumors with
higher grades (G2/G3) were more frequent in cluster M1, whereas
lower-grade tumors (G1) predominated in cluster M2 and cluster P.
Cluster M1 also had a higher proportion of tumors with multiple gains,
including gain of chromosome 14, whereas clusters M2 and P had a

higher proportion of tumors with loss of chromosome 18. Loss of
CDKN1B, which is frequently mutated in small intestinal neu-
roendocrine tumors, was observed in one tumor from each cluster.
Cluster M1 was enriched with tumors belonging to mRNA expression
groups B and C, whereas cluster M2 was enriched with tumors
belonging to mRNA expression group A. Details of somatic copy
number alterations and RNA expression profiles of tumors have been
published previously [5, 6]
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transcription factor FOXM1 [5, 6]. To extend the molecular
characterization of this subgroup of tumors, we compared
the miRNA profiles of metastases with gain of chromosome
14 with those with no gain of chromosome 14. Altogether,
44 miRNAs were differentially regulated between the two
tumor groups (adjusted P-value< 0.05) (Supplementary
Table S4). Regulated miRNAs were distributed over all
chromosomes, with only two significantly upregulated
miRNAs located on chromosome 14 (miR-1260a, log2 fold
change= 1.14; and miR-345-5p, log2 fold change= 0.72).
Five of the regulated miRNAs (miR-320a, miR-320b, miR-
320c, miR-320d, and miR-21) directly regulate the
expression of FOXM1 [43–45]. Alterations in the expres-
sion levels of these 5 miRNAs were consistent with acti-
vation of FOXM1 in cluster M1. Staining for FOXM1
protein in the metastases of the microarray cohort confirmed

higher nuclear expression of FOXM1 in biopsies with gain
of chromosome 14 (P-value= 3.0× 10−5) (Supplementary
Table S8). We performed an miRNA target scan on all
significantly regulated miRNAs, followed by biological
pathway enrichment analysis and found that Wnt signaling
was the most significantly regulated pathway (adjusted P-
value= 2.5× 10−06) (Supplementary Table S5). Three of
the most significantly regulated miRNAs (miR-1290, miR-
501-5p, and let-7e-5p) have been shown to directly regulate
Wnt signaling [36, 46, 47].

Fig. 4 Differential expression of miRNAs in small intestinal neu-
roendocrine tumor clusters M1 and M2. (a) Average expression levels
of miRNAs in clusters M1 and M2. (b) The top 10 most significant
differentially expressed miRNAs in cluster M1 compared with cluster
M2. (c) Pathway analysis of differentially expressed miRNAs between
clusters M1 and M2. The top 10 most significantly altered biological
pathways are given. Wnt signaling was predicted to be the most dif-
ferentially regulated pathway between clusters

Table 2 Clinicopathological characteristics of 26 patients with
metastases in clusters M1 and M2

Cluster M1 Cluster M2 P-value

Number of cases 10 16

Gender

Female 7 6

Male 3 10

Mean age at diagnosis, years 64.0 65.4

Grade and proliferation

G1 2 14

G2 7 2 0.0011a

G3 1 0

Ki67 (< 3%) 2 15 0.00023b

Ki67 (> 3%) 8 1

Stage (TNM)

Stage IIIB 2 0

Stage IV 8 16

Mean follow-up after surgery,
months

42.2 86.9

Somatic copy number alterations

Gain of chromosome 14 7 1 0.0013c

No gain of chromosome 14 3 15

Expression properties 7 16

Cluster A 0 13 0.0005d

Cluster B 2 1

Cluster C 5 2

a Significance of grade-2/3 tumors in cluster M1 compared with M2
b Significance of nuclear staining of Ki67 using 3% as a cutoff in
cluster M1 compared with M2
c Significance of tumors with gain of chromosome 14 in cluster M1
compared with M2
d Significance of association between miRNA and mRNA clusters
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miRNA profiles associated with disease progression
in small intestinal neuroendocrine tumors

In order to identify miRNAs associated with disease pro-
gression, we compared the miRNA profiles of paired tumor

biopsies (primaries and metastases) from 5 patients. Unsu-
pervised clustering analysis grouped all paired primary
tumors in cluster P and all paired metastases in cluster M1 or
cluster M2 (Fig. 1), indicating that the miRNA profiles of
primary tumors and their metastases differ substantially. We
then performed a pairwise analysis of metastases and primary
tumors, and searched for differentially expressed miRNAs. A
total of 25 miRNAs were found to be differentially expres-
sed, 14 of which were upregulated and 11 downregulated in
the metastases (adjusted P-value< 0.05) (Supplementary
Table S6). The 10 most significantly regulated miRNAs
included 2 upregulated miRNAs, miR-95 and miR-210,
which are known to be oncomiRs regulating radio-resistance
and renewal of tumor-initiating cells [27, 48]. miRNAs found
to be downregulated in metastases included mir-378-3p,
miR-1-3p, and miR-133b, which are known to act as tumor
suppressors (Fig. 5) [49–51]. Comparison with previous
studies indicated good agreement in differentially expressed
miRNAs during tumor progression [52–54]. miRNA target
scan on all significantly regulated miRNAs followed by
biological pathway enrichment analysis predicted that
endocytosis (adjusted P-value= 8.7× 10−7), Wnt signaling
(adjusted P-value= 8.7× 10−7), and axon guidance (adjus-
ted P-value= 9.5× 10−7) were the three most differentially
regulated pathways (Fig. 5c).

β-Catenin protein is downregulated in small
intestinal neuroendocrine tumors during tumor
progression

Nuclear translocation of β-catenin is a hallmark of activated
canonical Wnt signaling pathway. To validate altered Wnt/
β-catenin signaling in small intestinal neuroendocrine
tumors we analyzed a separate cohort of small intestinal
neuroendocrine tumors by immunohistochemical staining of
the β-catenin protein on a tissue microarray. We analyzed
the intensity and cellular localization of β-catenin and found
positive but variable staining intensity in all samples
(Fig. 6a, b, c, d). β-Catenin staining of tumor metastases
was lower than that of primary tumors (P-value= 0.0005)
(Fig. 6e). Nuclear localization of β-catenin was found in
31% of the primary tumors but was lost in tumor metastases
(P-value< 1× 10−15) (Fig. 6e).

miR-7-5p and miR-375 are highly expressed in small
intestinal neuroendocrine tumors

To search for potential biomarkers of small intestinal neu-
roendocrine tumors, we compared the miRNA expression
profiles of small intestinal neuroendocrine tumors with that
of normal small intestinal mucosa. A total of 155 miRNAs
were found to be differentially expressed, with 75 miRNAs
being upregulated and 80 downregulated in tumor biopsies

Fig. 5 Differential expression of miRNAs in metastases compared to
primary tumors of small intestinal neuroendocrine tumors. We ana-
lyzed miRNA profiles from paired samples from 5 patients. (a)
Comparison of average expression levels of miRNA in liver metas-
tases and in primary tumors. (b) The top 10 most significant differ-
entially expressed miRNA in metastases compared with primary
tumors. *miRNA previously shown to be downregulated in metastases
compared with primary tumors [52–54]. (c) Pathway analysis of dif-
ferentially expressed miRNAs between metastases and primary
tumors. The top 10 most significant differentially regulated biological
pathways are shown
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(adjusted P-value< 0.05 and log2 fold change <− 1 or > 1)
(Supplementary Table S7). miR-7-5p and miR-375 were the
most significantly upregulated miRNAs (adjusted P-values
= 1.0× 10−19 and 4.2× 10−19). The relative expression of
miR-7-5p and miR-375 in tumor biopsies compared with
normal small intestinal mucosa was 5.7 and 4.6 log2 fold
change, respectively. The average expression values of
miR-7-5p and miR-375 in tumor biopsies were high
(Fig. 7a). To validate the expression of miR-375 in small
intestinal neuroendocrine tumors we performed qRT-PCR

analysis of 20 cases from an independent cohort of tumors.
qRT-PCR measurements showed on average 4.1 log2 fold
(17 times) higher expression in small intestinal neu-
roendocrine tumors compared with normal small intestinal
mucosa, which was in good agreement with array data
(Supplementary Figure S2). We also validated differentially
expressed miRNAs, by comparing our data with those of a
recent profiling study on small intestinal neuroendocrine
tumors [53]. We could confirm upregulation of 27 out of the
29 miRNAs previously reported to be upregulated in tumor

Fig. 6 Expression of β-catenin
protein in small intestinal
neuroendocrine tumors. The
staining intensity and nuclear
translocation of β-catenin were
analyzed by
immunohistochemistry on tissue
microarray. Representative
images of different patterns of β-
catenin staining. (a) A primary
tumor with strong membranous
and cytoplasmic staining as well
as nuclear translocation of β-
catenin. (b) A liver metastasis
with strong membranous and
cytoplasmic staining of β-
catenin but no nuclear
translocation. (c) A primary
tumor with weak membranous
staining of β-catenin and nuclear
translocation. (d) A primary
tumor with weak membranous
staining of β-catenin and no
nuclear translocation. (e)
Nuclear localization of β-catenin
occurs when the Wnt canonical
pathway is activated. β-Catenin
was significantly more frequent
translocated to the nucleus in
primary tumors compared to
metastasis (P-value< 1× 10−15)
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biopsies. To predict the signaling pathways that are
deregulated in tumors, we performed a miRNA target scan
on all significantly regulated miRNAs, followed by biolo-
gical pathway enrichment analysis, and found Wnt signal-
ing to be the most significantly affected pathway (adjusted
P-value= 7.0× 10−9) followed by Hippo signaling

(adjusted P-value= 9.1× 10−6) (Fig. 7c). Three of the most
significantly regulated miRNAs (miR-375, miR-153, and
miR-29c) have been shown to regulate Wnt signaling,
whereas miR-375 has been implicated in the regulation of
Hippo signaling [55–57].

miR-375 is highly expressed in small intestinal
neuroendocrine tumors and its downregulation in
tumor metastases is associated with shorter patient
survival

The epigenetic alterations that contribute to the aggressive
behavior of small intestinal neuroendocrine tumors are
unknown. To address this question, we analyzed the relation
between individual miRNA expression values and patient
survival using a Cox proportional hazards model. Searching
miRNA expression in all tumor metastases (n= 26), we found
that downregulation of miR-375 showed the most significant
correlation with patient survival (HR= 0.036, adjusted P-
value= 0.093) (Table 3). In order to characterize the in situ
expression of miR-375 and its correlation with patient survival,
we performed in situ hybridization in normal small intestinal
mucosa and in small intestinal neuroendocrine tumors using a
miR-375-specific probe (Fig. 8). In normal intestinal mucosa,
miR-375 was highly expressed in enteroendocrine cells located
both in the crypts and on villi. In addition, miR-375 was also
present in the Paneth cells, but with a lower level of expression.
In tumor tissue, the miR-375 expression was localized to the
cytoplasm of the tumor cells with no expression in the stroma
cells (Fig. 8b, c, d). Using a tissue microarray from an inde-
pendent cohort of small intestinal neuroendocrine tumors, we
found expression of miR-375 in 578/635 biopsies (91.0%) by
in situ hybridization (Fig. 9 and Table 4). Kaplan–Meier ana-
lysis showed that patients with high expression of miR-375 in
liver metastases (score 3, n= 15) had significantly longer
survival (P-value= 0.016) than patients with low expression
(scores 0, 1, or 2; n= 45) (Fig. 10). Using a Cox model,
adjusting for gender and age, we confirmed longer survival for
patients with high expression of miR-375 (HR= 0.32,
P-value= 0.026). There was also a trend (not significant) that
patients with high expression of miR-375 in lymph node
metastases had better survival than patients with low
expression.

Discussion

Large efforts have been made during the past years, to
improve our knowledge of the molecular background of
small intestinal neuroendocrine tumors. Although the
mutational landscape of these tumors has been described,
the molecular mechanisms that drive the tumorigenesis and
disease progression are still poorly understood. Sequencing

Fig. 7 Differential expression of miRNAs in small intestinal neu-
roendocrine tumors compared with normal small intestinal mucosa.
(a) Average expression levels of miRNAs in tumors compared with
normal small intestinal mucosa. (b) The top 10 most significant dif-
ferentially expressed miRNAs in tumors compared with small intest-
inal mucosa. miR-7-5p and miR-375 were the two most significantly
upregulated miRNA in tumors. *Indicates miRNA previously shown
to be deregulated in small intestinal neuroendocrine tumors compared
with normal small intestine [52–54]. (c) Pathway analysis of differ-
entially expressed miRNAs in tumors. The top 10 most significantly
affected biological pathways are shown
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of the whole genome and exome have shown that small
intestinal neuroendocrine tumors are genetically relatively
stable [7]; however, epigenetic deregulation has emerged as
important mechanism of tumor initiation and progression in
small intestinal neuroendocrine tumors. Major epigenetic
alterations in small intestinal neuroendocrine tumors
include promoter methylation and miRNA deregulation
[53, 58, 59]. To further investigate the role of miRNAs in
small intestinal neuroendocrine tumors we have performed
a miRNA profiling study on a large cohort of patients
treated with surgery at a single center. We analyzed a total
of 42 tumors with known somatic copy number alterations,
transcriptional profiles, and long-term follow-up. Data from
this study allowed us to identify miRNA alterations not
previously reported, e.g., alterations associated with novel
groups of metastatic tumors, specific miRNAs related to
tumor proliferation rate, and miRNA associated with patient
survival.

First, we performed an unsupervised clustering analysis
to search for tumor subgroups defined by their miRNA
expression. This analysis separated primary tumors from

Fig. 8 In situ expression of miR-375. (a) In situ hybridization of
normal small intestinal mucosa showed high expression of miR-375 in
enteroendocrine cells located both at the base of the crypt and on the
villus. In addition, miR-375 was also expressed in Paneth cells at a
lower level. (b, c, d) In situ hybridization of small intestinal

neuroendocrine tumors showed high expression of miR-375 in tumor
cells. MiR-375 was localized to the cytoplasm of tumor cells, with no
expression in surrounding stromal cells. Representative images
from a primary tumor (b), a lymph node metastasis (c), and a liver
metastasis (d)

Table 3 miRNA expression associated with patient survival

miRNA HR P-value Adj. P-value

miR-375 0.036 3.5× 10−5 0.09

miR-21-3p 9.875 2.8× 10−4 0.22

miR-30c-5p 0.039 2.9× 10−4 0.22

miR-610 107.678 3.8× 10−4 0.22

miR-29b-3p 0.120 5.2× 10−4 0.22

miR-1299 28.433 6.2× 10−4 0.22

miR-885-3p 13.187 8.5× 10−4 0.22

miR-21-5p 5.295 8.7× 10−4 0.22

miR-661 0.063 1.2× 10−3 0.22

miR-939-5p 11.229 1.2× 10−3 0.22

miR-518b 0.044 1.3× 10−3 0.22

miR-10b-3p 65.257 1.3× 10−3 0.22

miR-195-5p 0.252 1.5× 10−3 0.22

Survival-related genes in metastases of small intestinal neuroendocrine
tumors. The top 13 miRNAs associated with shorter and longer patient
survival are listed (Cox proportional hazards model, adjusted P-value
0.22)
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metastases and identified two groups of metastases. Com-
paring the clinicopathological characteristics of the two
metastatic clusters we found that patients with metastases in
cluster M1 had the shortest postoperative survival and this

cluster was enriched with higher-grade tumors. Analysing
the miRNA profiles of the two clusters, we were able to
identify a number of differentially expressed miRNAs pre-
viously reported to be associated with malignant behavior
of tumors, including well-known oncomiRs such as miR-
1246 and miR-663a, and tumor suppressor miRNA miR-
488-3p [27–32]. To search for miRNAs that specifically
control tumor proliferation rate, we compared miRNA
expression in metastases with high Ki67 index versus low
Ki67 index (cutoff 3%). This comparison generated a
number of significantly regulated miRNAs, some of which
have previously been implied to control tumor proliferation
as well as invasive growth and metastasis, e.g., miR-137
and miR-204-5p [38–42, 53]. The molecular pathways that
are controled by these miRNAs are not known and need to
be further elucidated. Also, the potential usefulness of

Fig. 9 Scoring of miR-375 expression on tissue microarray of small
intestinal neuroendocrine tumors. The tissue microarray was subjected
to in situ hybridization using a miR-375-specific probe. The intensity
of the miR-375 hybridization signal was scored as follows: 0= no

staining; 1=weak staining; 2= intermediate staining; and 3= strong
staining. Each biopsy on the tissue microarray was confirmed to
contain tumor tissues by evaluating consecutive sections stained with
hematoxylin and eosin, and for chromogranin A and synaptophysin

Table 4 In situ expression of miR-375 in small intestinal
neuroendocrine tumors analyzed on tissue microarray

Score Primary
tumors no.
(%)

Lymph node
metastases
no. (%)

Liver
metastases
no. (%)

Distant
metastases
no. (%)

All
sites
no.

0 22 (7.9) 21 (8.8) 9 (12.2) 5 (12.0) 57

1 63 (22.6) 70 (25.1) 23 (31.1) 11 (26.2) 167

2 107 (38.4) 96 (40.0) 22 (29.7) 17 (40.5) 242

3 87 (31.2) 53 (22.1) 20 (27.0) 9 (21.4) 169

Total 279 240 74 42 635
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proliferation-associated miRNAs as prognostic and pre-
dictive biomarkers for small intestinal neuroendocrine
tumors should be explored.

Deregulation of miRNAs is an important event in the
progression of tumors. To study deregulation of miRNAs in
small intestinal neuroendocrine tumors during tumor pro-
gression, we compared paired samples of primary and
metastatic tumors. The results of this analysis were in good
agreement with those from previous studies showing high
expression of miR-122-5p in metastases and high expres-
sion of miR-133b, miR-145-5p, and miR-1-3p in primary
tumors [52–54]. In order to better understand the cellular
effects of deregulated miRNAs during progression of small
intestinal neuroendocrine tumors, we performed a combined
target prediction and pathway analysis. Using this approach,
we identified the Wnt signaling pathway to be one of the
most significantly affected pathway when primary tumors
were compared with metastatic tumors. Wnt, Hippo, Notch,
Hedgehog, and transforming growth factor-β/bone mor-
phogenetic protein signaling pathways are highly conserved
regulatory networks that control the proliferation and dif-
ferentiation of epithelial cells in the gastrointestinal mucosa
[60]. In order to assess Wnt signaling in small intestinal
neuroendocrine tumors, we measured the activity of the
canonical Wnt signaling pathway by analyzing nuclear
translocation of β-catenin. We found that β-catenin protein
was preferentially translocated to the nuclei in primary
tumors with virtually no translocation of β-catenin in tumor
metastases. The difference in Wnt signaling activity may be
due to deregulation of miRNA expression. Alternatively,
the difference in Wnt signaling may be due to tumor

microenvironment, providing a stronger signal for Wnt
activation in primary tumors compared to their metastases.
It has also been shown that the β-catenin promoter is
hypermethylated in metastases of small intestinal neu-
roendocrine tumors, providing yet another explanation for
alterations of β-catenin activity during tumor progression
[58, 61].

In order to identify candidate biomarkers for small
intestinal neuroendocrine tumors, we compared tumors to
normal intestinal mucosa and found that miR-375 and miR-
7-5p were highly expressed in tumors. This finding was in
agreement with a recent miRNA profiling study [53]. To
further validate this observation, we performed in situ
hybridization and confirmed that miR-375 was highly
expressed in small intestinal neuroendocrine tumor cells
with no expression in stromal cells. We also analyzed non-
endocrine tumors of the gastrointestinal tract and pancreas,
and found them to be negative for miR-375 (Supplementary
Table S9). Analysis of normal small intestinal mucosa
showed that miR-375 was specifically expressed in the
enteroendocrine cells located in the crypt and on the villus.
These findings are in agreement with a recent report iden-
tifying miR-375 as a regulator of the enteroendocrine cell
lineage [62]. Furthermore, endocrine organs, e.g. pituitary
and adrenal gland as well as the endocrine pancreas have
been shown to express miR-375 and miR-7-5p at high
levels [63–65]. Collectively, these observations suggest that
expression of miR-375 in small intestinal neuroendocrine
tumors represents a specific marker of neuroendocrine dif-
ferentiation and suggest that small intestinal neuroendocrine
tumors originate from the enteroendocrine cell linage.
Interestingly, survival analysis of the miRNA profiles also
identified miR-375 as the strongest predictor of overall
patient survival. We therefore analyzed the in situ expres-
sion of miR-375 in an independent cohort of tumors and
confirmed that downregulation of miR-375 in liver metas-
tases was associated with shorter survival. These data are
consistent with the idea of miR-375 acting as a tumor
suppressor in small intestinal neuroendocrine tumors, and is
in agreement with observations from other tumors identi-
fying miR-375 as a tumor suppressor and a biomarker of
prognosis [66]. However, the functional role of miR-375 in
small intestinal neuroendocrine tumors need to be estab-
lished since the effect of miRNAs depend on the cellular
context [18]. Although miR-375 acts as a tumor suppressor
in the majority of tumors, oncogenic effects have been
described in breast and prostate cancers [66]. Of great
interest is the observation that miR-375 is specifically
expressed in neuroendocrine cells of the pituitary, pancreas,
and intestine. The expression of miR-375 is regulated by the
transcription factors NeuroD1 and Pdx1, and also by
methylation of the promoter region of the miR-375 gene
[66–68]. NeuroD1 has been shown to be an important

Fig. 10 Downregulation of miR-375 in liver metastases correlates to
shorter overall survival. Kaplan‒Meier analysis was performed on
patients with liver metastases grouped according to their in situ
expression of miR-375: high expression (score 3, n= 15) and low
expression (score 0‒2, n= 45). The survival analysis was performed
on a cohort of patients that was independent from that analyzed with
miRNA profiling
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regulator of the enteroendocrine cell linage, and is expres-
sed at the late stage of differentiation when cells have
become restricted to the enteroendocrine cell fate. Recently,
miR-375 was identified as a regulator of the enteroendo-
crine lineage during renewal and differentiation of small
intestinal epithelium [62]. This observation raises the pos-
sibility that miR-375 might regulate the neuroendocrine
differentiation of gastrointestinal neuroendocrine tumors,
including small intestinal neuroendocrine tumors. Further
investigations are warranted to define the role of miR-375 in
determining differentiation and cell linage in neuroendo-
crine tumors. Moreover, miR-375 should be evaluated as a
diagnostic marker for small intestinal neuroendocrine
tumors as well as a biomarker for prognostication and
stratification of patients in clinical trials.
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