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ABSTRACT

Molecular predictive biomarkers represent an essential tool for the future of personalized oncotherapy. Gastro-
entero-pancreatic neuroendocrine neoplasms are a heterogeneous group of epithelial tumors with a steady
increase in incidence and prevalence. Their effective management depends on early diagnosis, personalized
risk stratification, and monitoring response to therapy. A crucial element is identifying accurate biomarkers to
predict/monitor therapeutic responses, assess drug resistance, and quantify residual disease in a reproducible
and less invasive way. Taking into consideration their role in cell differentiation, cell proliferation, apoptosis
and tumor development, microRNAs have gained interest as potential prognostic markers and treatment
response predictors in neuroendocrine neoplasms. This review is the first to summarize the available data
on the possible role of microRNAs in evaluating the efficacy of somatostatin analogs treatment in gastro-
entero-pancreatic neuroendocrine neoplasms. Although the literature is scarce, the let-7 family targeting
phosphoinositide 3 kinase — protein kinase B 1 - mammalian target of rapamycin signaling pathway might
represent a promising biomarker with potential clinical benefit, but further research is required before
their eventual clinical application. Furthermore, the ambiguous molecular mechanisms of neuroendocrine
proliferation and the undefined signaling pathway of somatostatin analogs should encourage future research
in this field that may lead to a different clinical approach to neuroendocrine disease.

Key words: neuroendocrine neoplasms — somatostatin analogs — microRNAs - predictive biomarker - let-7
family.

Abbreviations: AKT: protein kinase B; BACHI: transcription factor BTB and CNC homology 1; cAMP: cyclic
adenosine monophosphate; cGMP: cyclic guanosine monophosphate; EGF: epidermal growth factor; EGFR:
epidermal growth factor receptor; EMT: epithelial-mesenchymal transition; GEP-NENs: gastro-entero-pancreatic
neuroendocrine neoplasms; GH: growth hormone; HMGA2: high mobility group A2; HOXA9: homeobox
protein A9; HOXB7: homeobox protein B7; IGF1: insulin-like growth factor; IGFIR = insulin-like growth
factor receptor; IGFBP-7: insulin-like growth factor binding protein 7; IRS1: insulin receptor substrate 1;
IRS2: insulin receptor substrate 2; LRP4: low-density lipoprotein receptor-related protein 4; MAPK: mitogen-
activated protein kinase; miRNAs: microRNAs; miRs: microRNAs; MMP1: matrix metalloproteinse-1; mTOR =
mammalian target of rapamycin; mTORC1: mammalian target of rapamycin complex 1; mTORC2: mammalian
target of rapamycin complex 2; NEN: neuroendocrine neoplasm; NF-kB: nuclear factor kappa-light-chain-
enhancer of activated B cells; PDK1: phosphoinositide-dependent kinase 1; PI3K: phosphoinositide 3 kinase;
PI3KCD: phosphatidylinositol -4,5-biphosphate 3 kinase catalytic subunit delta; PIP 3 -phosphatidylinositol
(3,4,5)-triphosphate; PTP: protein tyrosine phosphatases; pNEN: pancreatic NEN; RSPO2: roof-plate specific
spondin-2; SI-NEN: small intestinal NEN; SSAs: somatostatin analogs; SST: somatostatin; SSTR: somatostatin
receptor; TSC1: tuberous sclerosis complex 1; TSC2: tuberous sclerosis complex 2; WNT: wingless-type MMTV
integration site family; WNT2B: wingless-type MMTYV integration site family, member 2B; ZEBI: zinc finger
E-box binding homeobox 1; ZEB2: zinc finger E-box binding homeobox 2.

INTRODUCTION been made in understanding carcinogenesis, struggles still
exist when transposing this new, valuable information into
clinical practice. Genetic and epigenetic alterations that lead to
carcinogenesis occur at various levels, from depletion or gain
of an entire chromosome to dysregulating a single microRNA
that controls hundreds of genes.

Nearly 50 years have passed
since President Nixon declared
war on cancer [1]. Although
momentous achievements have
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Gastro-entero-pancreatic neuroendocrine neoplasms
(GEP-NENGs) represent a heterogeneous group of epithelial
tumors arising from neuroendocrine cells of the digestive tract.
With a steady increase in prevalence and incidence [2-5], they
now hold second place in prevalence among gastrointestinal
tumors (after colon cancer) [6]. The prognosis and survival
of patients diagnosed with GEP-NENS are influenced by the
location of the primary neoplasm, functional status of the
patient, tumor differentiation and stage, as well as treatment
response [7]. All GEP-NENs have malignant potential and
actually, most patients have metastatic disease at diagnosis.
However, the molecular mechanisms linking neuroendocrine
proliferation and tumor progression are not yet fully
understood. The histopathologic diagnosis remains the gold
standard and the surgical resection is the first choice treatment,
but it depends on size, location and secondary disease. As most
patients are diagnosed with advanced forms and the recurrence
rate is high, surgery can rarely be curative. Targeted medical
treatments for cytoreduction are limited with most of them
being palliative as well [8]. One of GEP-NENS’ key features
is somatostatin receptor (SSTR) expression [9]. This makes
them targets for therapy with somatostatin analogs (SSAs),
which have been demonstrated to exert both antisecretory and
antiproliferative effects [7].

Besides correct diagnosis and prompt treatment, a crucial
measure in the management and monitoring of GEP-NENS is
identifying a biomarker that may be able to predict response to
SSAs therapy, peptide receptor radionuclide therapy or detect
recurrence after surgery. Thus far, no predictive molecule has
been found [9]. Among recent diagnostic, prognostic and
predictive biomarkers, microRNAs (miRNAs/miRs) could
play a major role in monitoring GEP-NENSs.

The purpose of this review is to summarize the existing
information on miRNAs and their role in monitoring
treatment with SSAs in GEP-NENs. We distinctively focused
on identifying those miRNAs which may serve as predictive
biomarkers in GEP-NENs and may be, thus, helpful in matching
targeted therapies with patients. Exploring and understanding
their mechanism of action was another objective of the paper.

Somatostatin and somatostatin analogs - an overview

Somatotropin release-inhibiting hormone or
somatostatin (SST) is a very important endocrine regulator
of neurotransmission and secretion. Somatostatin has two
active forms, one consisting of 14 amino acids and the other
consisting of 28 amino acids. It is predominantly found in the
peripheral and central nervous system, in the gut and in the
endocrine pancreas [10]. Apart from its inhibitory functions
(the inhibition of pituitary hormones [11, 12], the regulation
of gastrin and gastric acid secretion [13] and the inhibition of
other hormones in the gastrointestinal tract and pancreas [14-
17]), SST can also control cell growth and tumor development
[18]. Furthermore, it seems to exert anti-inflammatory and
anti-nociceptive effects [19].

These effects depend in part on the type of SSTRs expressed
on the cell’s surface [7]. Somatostatin acts through binding to
five different G protein-coupled membrane receptors: SSTR1
to SSTRS5, of which SSTR2 presents with 2 isoforms: SSTR2a
and SSTR2b [20, 21]. The receptors are widely, but varyingly
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distributed throughout all tissues in the human body. Moreover,
SSTRs are also expressed in human cancers, including GEP-
NENSs, with characteristic receptor profiles being described in
certain tumors. However, the SSTR profiles vary considerably
between tumor types and also between tumors of the same
type, with 70-90% of GEP-NENs most frequently expressing
SSTR2, followed by SSTR5 [22-24].

A multitude of intracellular pathways following activation
of the SSTRs have been described [7]. Inhibition of exocytosis,
therefore the antisecretory function, is possible by altering
the levels of second messengers, such as cyclic adenosine
monophospate (cCAMP) or by activating ion channels, and thus
altering intracellular calcium levels. The antiproliferative role
is exerted directly by inducing cell cycle arrest or apoptosis
or by inhibiting the release of growth factors and indirectly
by inhibition of angiogenesis [18, 19]. It seems that SSTR2
and SSTR3 were related to increased apoptosis, SSTR1 and
SSTR2 to suppressed cell migration and invasion while all
five receptors were related to reduced cell proliferation [25].
Actually, all five SSTRs can induce cell cycle arrest by activating
the protein tyrosine phosphatases (PTPs) and subsequent
modulation of different intracellular second messengers and
pathways including cyclic guanosine monophosphate (cGMP)
(SSTR2 and SSTR5), mitogen-activated protein kinase (MAPK)
(SSTR1, SSTR2, SSTR4, SSTR5) and/or phosphoinositide 3
kinase - mammalian target of rapamycin (PI3K-mTOR) or
PI3K- nulear factor kappa-light-chain-enhancer of activated
B cells (NF-kB) (SSTR2, by binding to PI3K’s p85 part) [25].
Of these, the PI3K pathway, in particular, is known to work as
asignal transduction mediator in GEP-NENSs [26]. Activation
of PTPs also results in inhibition of IGF-1 receptor (IGF1R)
signaling (SSTR1-SSTR5) (and probably also of other receptors
such as insulin receptor) [25].

These SSTR properties form the molecular basis for
various clinical applications, including symptomatic therapy in
hormone-secreting GEP-NENS, in vivo diagnostic examination
with Octreoscan to evaluate the extent of the disease, and
90Y-DOTA, Tyr3-octreotide (90Y-DOTATOC) radiotherapy
[26]. However, because of SST’s incredibly short half-life
(approximately 3 minutes), synthetic compounds have been
developed [8]. If the natural ligands of SSTR1-5 (SST-14, SST-
28 and cortistatin) are bound to these receptors with a high
affinity, the synthetic peptide analogues, specifically Octreotide
(MS201-995), Vapreotide (RC-160), Lanreotide (BIM 23014)
and Seglitide (MK 678), however, demonstrate a variable
affinity for SSTR, binding mostly to SSTR2 and showing lower
affinity for SSTR5 [27]. By contrast, Pasireotide (SOM 230), a
novel multireceptor-targeted SST displays a broader spectrum
and additionally binds SSTR 1, 3, and 5 [27]. The preclinical
data gave rise to the hope that Pasireotide represents a more
effective antiproliferative tool in the treatment of patients with
NENSs but results from clinical trials have, so far, not been as
positive as expected [7]. Nevertheless, with more than thirty
years of gathered information [28], SSAs have confirmed their
role in GEP-NENS' treatment, mitigating symptoms linked with
functioning tumors - PROMID study [29], as well as inhibiting
tumor growth - CLARINET study [30], although the exact
underlying mechanisms of action of the SSAs and the signaling
pathway targeted by this therapy need to be further clarified.
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MicroRNAs in human pathology

MicroRNAs are part of a family of short, non-
coding RNAs (less than 30 nucleotides) that act post-
transcriptionally, inhibiting translation of or degradation
of messenger RNA. In essence, the role of miRNAs is to
optimize gene expression involved in cell differentiation,
cell proliferation, apoptosis and tumor development [31]. It
appears that 60% of protein-encoding genes are controlled
by miRNAs, with one miRNA being able to influence the
transcription of several genes, and with one gene being
influenced by various miRNAs [32, 33].

The dysregulation of miRNAs is a hallmark of
human pathology. Diabetes, cardiovascular, lung, kidney,
neurodegenerative diseases, polycystic ovary syndrome, all
express aberrant miRNAs [34-36]. Several studies appraised
miRNAs as biomarkers for neoplastic disease and explored
their role as predictors of treatment response [37-39].
The specific miRNA expression pattern was described in
hematological cancer [40], lung cancer [41], prostate cancer
[42], gastrointestinal cancers [43-45] to name a few. While
a subset of these miRNAs are overexpressed in cancers and
have shown to target tumor suppressor genes, hence termed
oncogenic miRNAs or oncomiRs, other miRNAs that target
oncogenes are underexpressed in cancers and are often
called tumor-suppressor-like miRNAs [46]. Certain miRNAs
are known to have a dual role, both oncogenic and tumor-
suppressive, depending on the cancer-specific context [47, 48].
Dysregulation of miRNAs has been reported to be involved in
the pathogenesis of NENs, as well [31, 49-51].

Gastro-entero-pancreatic neuroendocrine neoplasms
and microRNA dysregulation

Altered expression levels of miRNAs were determined
in NENs of the lung, thyroid and prostate [51-54] as well
as in insulinomas [55]. The scarcity and diversity of GEP-
NENSs have led to a small number of studies that evaluate
miRNA expression pattern in this disease. Both upregulation
and downregulation of microRNAs have been observed in
GEP-NEN:Ss, but the lack of concordance of the study designs
and methods and the heterogeneous, sometimes even
conflicting results, indicate that their role in neuroendocrine
carcinogenesis still needs to be consolidated. In addition,
most studies provide tissue based results, the ones evaluating
circulating miRNAs come in short. Nevertheless, let-7 family,
along with miRNA-7, miRNA-148, miRNA-96, miRNA-196,
miRNA-21, miRNA-133, miRNA-125 and miRNA-375 are
the most frequently found to be dysregulated and seem to be
promising biomarkers. The main findings identified regarding
pancreatic and GEP-NENs (without a certain separation
between the segments of the digestive tract) are presented
in Table I, whereas the ones regarding the NENs of the small
intestine are summarized in Table II. Two studies evaluated
miRNA expression pattern in rectal and colorectal NEN.
The first one singled out 10 miRNAs that were associated
with lymphovascular invasion in rectal NENs, with miRNA-
885-5p being the most up-regulated [56]. Wang et al. [57]
identified miRNA-186 to be significantly downregulated when
comparing blood, tumor and stool samples from colorectal
NEN patients with healthy controls.

Table I. MicroRNA dysregulation in gastro-entero-pancreatic neuroendocrine neoplasms

Reference miRNA Dysregulation  Observations
Roldo et al. 2006 miR-103, miR-107 T Discriminated between pancreatic tumor tissue and normal
[58] pancreatic islets.
miR-155 1
miR-204 il Singled out insulinomas when compared to nonfunctioning tumors.
miR-21 i Associated with tumor proliferation and metastasis.
miR-99a, miR-99b, miR-100, miR-125a, 1 Differentiated pNENSs from acinar cell carcinomas and normal
miR-125b1, miR-125b2, miR-129-2, pancreas.
miR-130a, miR-132, miR-342
Thorns et al. 2014 miR-642, miR-210 T Differentiated pNEN tissue samples from the exocrine pancreas and
[59] pancreatic islets; correlated to MiB1 score and metastasis, respectively.
miR-193b T Differentiated pNEN patients (serum samples) from healthy controls.
Lee et al. 2015 [60] miR-196, miR-142-5p, miR-27b T High MiR-196 expression - aggressive behavior, poor prognosis,
decreased disease-free and overall survival in pNENSs.
Gill et al. 2019 [61] miR-3653 1 Discriminated patients with distant metastases from patients with
miR-4417, miR-574-3p, miR-664b-3p ! locoregional disease following surgical resection in pNENSs.
Zimmerman et al. miR-21, miR-30a-5p, miR-320, miR- T Associated with the presence of metastases in GEP-NENs; a
2018 [62] 331, miR-660 connection between metastatic disease and Ki-67 proliferation index
Jet-7b, miR-150 ! through miR-150, miR-21 and miR-660 was found.
Cavalcanti et al. miR-96-5p T Demonstrated that miR-96-5p’s levels increased with tumor grade in
2020 [63] GEP-NENs.
Panarelli et al. 2019 ~ miR-375, miR-143, miR-7, miR-21 1 Expression of miR-615 and miR-92b can discriminate ileum and
[64] appendix NEN from rectum and pNEN, and ileum NEN can be
miR-615, miR-92b, miR-125b, miR-192, ! differentiated from appendix NEN through miR-125b, miR-192 and

miR-149, miR-429, miR-487b, miR-328

miR-149, whereas miR-429 and miR-487b can separate rectal from
pancreatic NEN.

miR: microRNA; GEP-NENS: gastro-entero-pancreatic neuroendocrine neoplasms, pNENSs: pancreatic neuroendocrine neoplasms
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Table II. MicroRNA dysregulation in small intestinal neuroendocrine neoplasms

Reference miRNA Dysregulation  Observations
Ruebel et al. 2010 [65] miR-183, miR-488, miR- 1 Compared matching primary ileal NENs and metastases; miR-133a -
19a+b putative prognostic biomarker or therapeutic target.
miR-133a, miR-145, miR-146, l
miR-222, miR-10b
Lietal. 2013 [66] miR-96, miR-182, miR-183, T Compared primary SI-NENS to their respective metastases and identified
miR-196a a correlation between tumor progression and miRNA dysregulation.
miR-31, miR-129-5p, miR- l
133a, miR-215
Dossing et al. 2015 [67] miR-129-5p, let 7 family l (tumor tissue and cell lines): compared the expression profiles of primary
tumors with their matched metastases and normal tissue;
Transfection of miR-129-5p and let-7 family led to growth inhibition of
pulmonary and intestinal cell lines;
Miller et al. 2016 [68] miR-204-5p, miR-7-5p, T The upregulated miRNAs distinguished between SI-NENs and healthy
miR-375 controls; the downregulated miRNAs - markers of metastatic disease.
miR-1, miR-143-3p l
Heverhagen et al. 2017 [69]  miR-7-5p, miR-96-5p T Compared SI-NENs with control tissue sample;
miR-9-5p, miR-122-5p, ! ll:/.I1R—7—ip — dysregulated in the sera of patients as well, proposed as
miR-124-3p, miR-143-3p, tomarker;
miR-144-3p
Mandal et al. 2017 [70] miR-96 1 Differentiated metastases (both liver and lymph nodes) from the primary
miR-133a ! tumor.
Bowden et al. 2017 [71] miR-22-3p, miR-21-5p 1 (tumor tissue and serum samples): the dysregulated miRNAs - putative
. biomarkers, associated with metastatic disease.
miR-150-5p I
Arvidsson et al. 2017 [72] miR-375 1 Singled out ileal-NENs when compared to normal small intestine.
Malczewska et al. 2019 [49]  miR-425-5p, miR-500a-5p, T (serum samples): compared SI-NEN patients with healthy controls;

miR-125b-5p, miR-362-5p

MiR-425-5p and 500a-5p - diagnostic markers;
MiR-125b-5p and miR-362-5p might predict residual or recurrent
disease.

miR: microRNA; SI-NENs: small intestine neuroendocrine neoplasms.

Somatostatin analogs treatment and microRNA
dysregulation in gastro-entero-pancreatic neuroendocrine
neoplasms

As already mentioned, miRNAs might act as biomarkers
or even as targets for tumor directed therapy [73]. It is difficult
to ascertain an association between GEP-NENs and miRNAs
(Tables I and II); the matter is even worse concerning the role
miRNAs play in modulating the effects of SSAs (Table III).
The provided results are unfortunately highly heterogeneous.
Nevertheless, there are still a number of miRNAs that may play
a role in both GEP-NEN pathogenesis and responsiveness to
SSAs therapy.

Let-7 family

Bosch et al. [74] analyzed for the first time the individual
effect of therapy with SSAs on the miRNA dysregulation
pattern in small intestinal NENs (SI-NENs). Besides identifying
a dysregulation in miRNA expression induced by treatment
with SSAs (Table III), their analysis revealed that let-7c-5p
was consistently upregulated whereas miRNA-3137 was
consistently downregulated in every patient after SSAs therapy.
As shown in Table I and Table II, two other studies investigated
the role of let-7 family in NEN carcinogenesis and found
that the downregulation of this miRNA family is involved in
the metastatic process [62, 67]. Later, through fundamental
research, Dossing et al. [23] demonstrated that SSAs therapy
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was responsible for the upregulation of 4 of the let-7 family
members in lung and small intestine cells [23], which resulted
in inhibition of the growth of the carcinoid cell lines. It seems
that SSAs can reestablish let-7 family expression, thus probably
overturning the pathways involved in NEN development.
Let-7 miRNAs are involved in multiple biological processes
including cell differentiation and it is well known that there
is an association between let-7 dysregulation and different
types of aggressive cancers. Specifically, they were widely
identified as tumor suppressors that directly target miRNAs
of genes involved in the cell cycle and in signal transduction
pathways that lead to carcinogenesis. The loss of let-7 family
members indicates poor survival in general [76]. However, the
function of each let-7 family member is ill-defined, they seem
to each have different functions, even in the same cell [76].
Moreover, let-7 levels are constantly changing due to genetic
and epigenetic factors and it appears that both low and high
levels of this family can lead to tumorigenesis, emphasizing
the importance of its regulation [77]. Regarding NENs, they
were found to target HMGA2, BACH1 and MMP1 and reduce
the expression of these oncogenes that resulted in growth
inhibition of carcinoid cell lines [67]. The let-7 miRNAs are
fundamental performers in the insulin sensitivity and the
glucose metabolic pathway through the inhibition of IGF-1R,
a decisive target in the PI3K/mTOR signaling route [78, 79].
Let-7 was also found to induce autophagy by coordinately



MicroRNAs & SSAs therapy in GEP-NENs 651
Table III. Impact on miRNA expression of somatostatin analogs treatment in neuroendocrine tumors
Reference MiRNA Dysregulation  Observations
Bosch et al. 2019 [74] let-7c-5p, miR-24-3p, and miR-215-5p T The miRNAs profiles of tumor tissues from eight patients
miR-3137, miR-10a-3p, miR-185-3p, miR- ! (two tumor samples of the same patient prior to and after the

339-5p, miR-371a-5p, miR-4436b- 5p,
mir-4653-3p, mir-4793-3p, miR-619-5p,
miR-4455, and miR-4656, miR-1226-3p

initiation of treatment) were explored and the dysregulation
pattern induced by SSAs in SI-NENs was dentified.

Dossing et al. 2018 [23]  let-7 family, miR-7, miR-148a T Evaluated the regulative role of SSAs on miRNA expression
profiles in two cell lines — lung (NCI-H727) and small intestine
(CNDT2).

Lietal. 2015 [75] miR-96, miR-182, miR-183, miR-196a, 1 Explored the expression pattern of 9 miRNAs previously

miR-200a

identified by them as having a role in tumor progression[66].
They first compared both untreated and SSAs-treated SI-
NEN patients with healthy donors and then further explored
this therapy’s role in miRNA level regulation by comparing
untreated with SSAs-treated patients. Apart from mir-200,
the other 4 miRNAs showed a significant upregulation in the
SSAs-treated group; the previously identified downregulated
miRNAs remained essentially unaltered.

suppressing components of an amino acid sensing pathway to
repress mMTORCI and prevent its activation [80] (Fig 1). Others
reinforced these results and have demonstrated that the let-7
family can directly target and inhibit IGF-1 and IGF-1R. This
leads to the inhibition of PI3K, and thus abolishes cell division,
differentiation and survival [81, 82]. To sum up, the positive
modulation of the let-7 family by SSAs targets inhibits the IGF-
1/PI3K signaling pathway, in addition to potentially inhibiting
glucose nutrients in aiding the rapid growth of cancer cells.
Through this mechanism, cancer cells are targeted on both
survival signaling as well as their supply of nutrients [23].

MicroRNA-3137 and microRNA-185

As shown in Table III, besides let-7 family, Bosch et al.
also identified that the downregulation of miRNA-3137 and
miRNA-185 is induced by SSAs therapy in SI-NENs [74].
Concerning miRNA-3137, there is no distinct literature about
its specific effects, but target analyses showed that it interacts
with SSTR2, its downregulation induced by SSAs treatment
being a possible mechanism through which this therapy
exerts its antitumor properties. Regarding miRNA-185, in a
rat pituitary adenoma GH3 cell line, it appears to function
as an oncogene. Fan et al. [83] observed reduced expression
of miRNA-185 and increased expression of SSTRs in SSAs
responder growth hormone (GH)- secreting pituitary
adenomas pituitary adenomas when compared to SSAs
non-responder adenomas and normal pituitary glands.
Their study also found that miRNA-185 targeted SSTR2
mRNA to downregulate SSTR2 protein expression, promote
proliferation, and inhibit apoptosis of tumor cells in the rat
pituitary adenoma GH3 cell line [83]. This suggests that
miRNA-185 might be involved in drug resistance to SSAs
and pituitary adenoma tumorigenesis. However, most studies
investigating miRNA-185 and its role in carcinogenesis,
depicts it as a tumor suppressor, by blocking protein kinase B
(AKT1) in non-small cell lung carcinoma [84], by targeting
vascular endothelial growth factor in breast cancer [85], or
through influencing the WNT2B pathway in nasopharyngeal
carcinoma in vitro [86]. Thus, downregulation of miRNA-185,
such as downregulation of miRNA-3137, might be a direct

effect of treatment with SSAs, or the antitumor properties
of this therapy are mediated at least in part via miRNA-185
downregulation. Further studies are required to confirm
the effects of biotherapy with SSAs on miRNA-185 and
miRNA-3137 and to explore the underlying mechanisms as
well.

MicroRNA-7 and microRNA-148a

In addition to the let-7 family and miRNA-3137, miRNA-7
and miRNA-148a might be of interest as well. It is known that
miRNA-7 is endocrine specific [87] and, as shown in Table I and
Table I, highly present in NENs [23, 64, 68, 69, 72]. MiRNA-7
has been involved as tumor suppressor in multiple cancer
types, targeting numerous oncogenic signaling pathways. In
glioblastoma, miRNA-7 inhibits both epidermal growth factor
receptor (EGFR) and the AKT-mTOR signaling, by targeting
upstream regulators, namely insulin receptor substrate land 2
(IRS1 and IRS2) [88]. In addition, in hepatocellular carcinoma,
it has been shown to inhibit cellular growth, invasion and
migration in vitro and more importantly tumorigenesis and
metastasis in vivo, through blocking PIK3CD. This structure
is a decisive item of the PI3K/AKT pathway and functions
downstream of EGFR [89]. Another essential aspect of the
induction of miRNA-7 expression in cancer lies in the fact that
miRNA-7, through its inhibitory actions on central cancerous
signaling pathways, can increase sensitivity and overturn the
otherwise chemo- or radiotherapy resistant tumor cells [90].
MiRNA-7 also directly targets IGF-1R in gastric cancer with
significant inhibition of the metastatic potential being observed
[91]. Regarding NENs, miRNA-7 appears to act mainly as an
oncogene, as it is upregulated in several studies performed on
GEP-NEN tissues. Dossing et al. [23] revealed an interesting
and surprising finding, namely that miRNA-7 was further
up-regulated by SSAs and able to inhibit the proliferation of
NCI-H727 and CNDT?2 carcinoid cells, indicating that it could
mediate some of the growth inhibitory effect induced by SSAs
therapy [23]. On the same note, inhibiting miRNA-7 led to the
increased growth of the carcinoid cell lines. Both miRNA-7 and
SSAs target the PI3K/AKT/mTOR pathway and influence IGF-1
and IGF-1R, highlighting the significance of the up-regulation
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Fig. 1 (created with BioRender.com). The mechanisms and pathways through which therapy with SSAs by
modulating miRNAs expression, might control tumor growth. As illustrated in the figure, let-7 family, but also
other miRNAs, were found to be dysregulated by SSAs therapy and might act mainly by targeting different
key components of the PI3K/AKT/mTOR pathway to inhibit GEP-NENSs progression. Normally, activation
of mTOR through a cascade of activating or inhibiting processes, leads to increased tumor development and
decreased autophagy. The upregulation of let-7 family (or the reestablishment of let-7 family expression),
miR-7, miR-148 and miR-96, as well as the downregulation of miR-3137 and miR-185 induced by SSAs
seems to interfere with this signaling pathway and lead to its inhibition. Let-7 family targets IGF1, IGF1R
and components of an amino acid sensing pathway upstream of mTORCI. MiR-7 inhibits IGF1, IGFIR,
IRS1&2 and PI3K (the latter through PI3KCD). Mir-148 targets IGF1 & IGF1R. MiR-96 normally directly
targets AKT mRNA, leading to its downregulation and thus induction of mTOR pathway, but its upregulation
possibly inverses its role and mir-96 might act as a tumor suppressor, inhibiting this pathway. By interacting
directly with SSTR2, miR-3137 and miR-185 normally downregulate SSTR2 protein expression, but their
downregulation possibly reverses this process. IGF1R: insulin-like growth factor receptor; IGF1: insulin-like
growth factor; PI3K: phosphoinositide 3 kinase; IRSI: insulin receptor substrate 1; IRS2: insulin receptor
substrate 2; PIP3: phosphatidylinositol 3; PDK1: phosphoinositide-dependent kinase 1; AKT: protein kinase
B; mTORCI: mammalian target of rapamycin complex 1; mTORC2: mammalian target of rapamycin complex
2; TSC1: tuberous sclerosis complex 1; TSC2: tuberous sclerosis complex 2; SSAs: somatostatin analogs;
SSTR2: somatostatin receptor 2; PI3KCD: phosphatidylinositol -4,5-biphosphate 3 kinase catalytic subunit
delta; arrow: triggers; red line: inhibits; oncogenes: HMGA2, BACHI and MMPI.

of this miRNA by the SSAs treatment. Although it seems
that miRNA-7 mostly acts as an oncogene in GEP-NENS, its
upregulation by SSAs suggests that it may be able to invert its
role to tumor suppressor at higher levels of expression. Other
miRNAs have demonstrated a dual role in the same tumor
model, such as miRNA-375 and the miRNA-191/245 cluster. In
prostate cancer, depending on the cellular context and disease
stage, miRNA-375 was found to act either as an oncomiR
or tumor-suppressor miRNA [92]. The MiRNAs from the
miRNA-191/245 cluster were shown to function as oncogenes
in estrogen receptor positive cells and to impair tumor growth
in estrogen receptor negative cells in breast cancer [93].
MiRNA-148a was identified to be endocrine specific as
well, playing a major role in endocrine tumorigenesis [23].
Furthermore, therapy with SSAs was found to up-regulate
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miRNA-148a’s expression in endocrine cells, which makes
this miRNA a possible predictive biomarker in GEP-NENs
[23]. MiRNA-148a is aberrantly expressed in different types
of malignant diseases, acting mostly as a tumor suppressor. Its
upregulation, on the other hand, is linked only with glioma
and osteosarcoma [94]. Xu et al. [95] investigated through
fundamental research whether miRNA-148a is involved in
regulating IGF-1R signaling activity in breast cancer. The
study proved that miRNA-148a could halt the proliferation of
breast cancer cells by downregulating IGF-1R through binding
directly to its 3’UTR unit [95]. Therefore, the upregulation of
miRNA-148a induced by SSAs therapy [23] might inhibit the
PI3K signaling pathway through influencing growth factors like
IGF-1 and its receptor IGF-1R [26, 96], which might result in
the induction of cell cycle arrest and apoptosis [26] in NENGs.
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MicroRNA-200

The miRNA-200 family consisting of miRNA-141, miRNA-
200a, miRNA-200b, miRNA-200c and miRNA-429, is one of
the most studied regulators of the epithelial-mesenchymal
transition (EMT) process [97, 98]. The miRNA-200 family
has also been studied regarding endocrine carcinogenesis and
SSAs therapy. Specifically, it was shown that miRNA-200a was
independently upregulated in the liver metastases of SI-NEN
patients, irrespective of SSAs treatment [75]. Firstly, Li et al.
[66] investigated potential differences in miRNA expression
between primary tumors, mesenteric and liver metastases in
SI-NEN tissue specimens and identified 9 miRNAs that may
have an impact on SI-NEN tumor progression [66] (Table II).
Later on, by extending their analyses from tissue specimens
to serum samples, they demonstrated that SSAs have a
regulative role on miRNA levels [75]. The QRT-PCR analysis
revealed that miRNA dysregulation pattern is also found when
investigating blood samples and when comparing SSAs-treated
and untreated patients to healthy controls. In this respect,
downregulation of miRNA-31, miRNA-129-5p, miRNA-133a,
and miRNA-215 was also identified in patients’ serum at all
stages of disease. On the other hand, sustained upregulation of
miRNA-196a, miRNA-182 and miRNA-200a was identified in
patients with liver metastases alone. Moreover, when the panel
of 9 miRNAs was evaluated in SSAs-treated versus untreated
patients, the levels of miRNA-96, miRNA-182, miRNA-183,
miRNA-196a were even higher in the SSAs-treated patients,
regardless of stage of disease, as compared with untreated or
healthy donors. Of note, they showed that in patients with
liver metastases, miRNA-200a was upregulated irrespective of
SSAs treatment. MiRNA-200 family directly targets the zinc
finger E-box binding homeobox 1 and 2 (ZEBI and ZEB2)
transcription factors, which normally act as transcriptional
repressors of E-cadherin, and inhibit the metastasis process
[97, 98]. They act as important regulators of breast cancer
progression, being responsible for maintaining mammary
epithelial identity. Their downregulation is seen in more
aggressive tumors, whereas their loss results in tumor cells
acquiring mesenchymal characteristics including enhanced
metastatic capacity [99]. Fundamental research showed
that when treating medullary thyroid carcinoma cells with
antagomiRs for miRNA-200b and miRNA-200c, the cells
failed to express E-cadherin and gained an invasive profile
[100]. In anaplastic thyroid carcinoma, miRNA-200a, -b and
-c were shown to be downregulated, as a consequence of
overexpression of EGF, indicating that this family may play
a regulatory role in modulating EMT, but this time by EGF/
EGEFR [101]. Using a mouse model of pNENs, Title et al.
[102] demonstrated that, in a dosage-dependent regulation,
even small changes in ZEB1 expressions are plentiful to
produce a great impact on the EMT process. By removing or
reexpressing members of the miR-200 family, the EMT process
was promoted or halted, respectively, thus proving that they
are important coordinators of the EMT axis [102]. However,
there are discrepancies in literature and some studies showed
that miRNA-200 family members can, on the contrary, enhance
mammary tumor cell migration and/or metastasis [103].
It seems they act pleiotropically, fulfilling both the tumor
suppressor and oncogene roles. Regarding SI-NENS, aberrant

miRNA-200a expression has been detected in tissue specimens
as well in patients’ serum [75]. However, contrary to what had
been described before, miRNA-200a levels were exclusively and
significantly higher in patients who developed liver metastases
when compared to healthy patients. Therefore, unexpectedly,
miRNA-200a exhibited an atypical behavior, meaning that it
was upregulated only in the liver metastases patients, with
no significant difference between the untreated patients
with primary tumors or lymph node metastases and healthy
donors. Furthermore, this phenomenon was independent of
SSAs treatment, with no considerable disparity between the
treated and untreated patients. Yet, when comparing untreated
patients with primary tumors or lymph node metastases with
SSAs - treated patients with primary tumors or lymph node
metastases, miRNA-200a showed significant upregulation
induced by treatment. It seems as if miRNA-200a respects
its anti-proliferative role up to the stage of metastasis (idea
supported by the fact that it did not show upregulation in
primary and lymph node metastases compared to healthy
donors and by its upregulation induced by SSAs treatment in
the aforementioned stages of disease) where its role is reversed.
This suggests that, just like miRNA-7, miRNA-375 [92] and
the miRNA-191/245 cluster [93], miRNA-200a might act as a
tumor suppressor in the initial phases of SI-NEN progression,
probably in relation to the EMT pathway, but, as the disease
progresses and as a result of genetic and epigenetic changes,
we experience an overturn of its role.

MicroRNA-96

Not unexpectedly, the expression pattern of miRNA-96
is heterogenous as well and it functions either as an
oncomiR by promoting cellular growth, invasiveness and
metastasis in breast cancer [104], pancreatic cancer [105]
and hepatocarcinoma [106] or as a tumor suppressor in renal
cell carcinoma [107], colorectal cancer [108] and lymphoma
[109]. Regarding NENS, it seems that miRNA-96 mostly acts
as an oncogene; its levels increase with tumor grade [63] and
its regulation is influenced by SSAs therapy. It was shown to
directly target at the 3’UTRs of AKT1S1 mRNA, leading to
its downregulation and thus induction of mTOR activities
[110, 111]. In addition, miRNA-96 also targets insulin-like
growth factor binding protein 7 (IGFBP-7), a gene involved in
regulating the availability of IGFs in tissue and in supervising
IGF’s binding to its receptors. The IGFBP-7 protein is active in
the vascular endothelium. Its interactions with IGFs and their
receptors are thought to help stop the BRAF signaling pathway,
which is involved in directing cell growth [112]. As previously
shown in Tables I and II, miRNA-96 plays a prognostic role in
GEP-NEN:Ss as it is correlated with tumor progression [66, 69,
70]. Regarding biotherapy with SSAs, Mao et al. [112] noted
a down-regulation of miRNA-96 in GH-secreting pituitary
adenomas samples treated with lanreotide [112]. Similarly, after
having demonstrated that miRNA-96 is involved in SI-NEN
progression and metastasis, since its levels were significantly
higher in primary tumor and liver metastases patients vs.
healthy donors, Li et al. [75] showed that SSAs therapy further
upregulated mir-96 in SI-NEN at all stages. This may imply
that miRNA-96, when expressed at sufficiently high levels,
might inverse its role and act as a tumor suppressor, following
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the expression pattern of miR-7, miR-200, miR-375 and miR-
191/245 cluster [75, 92, 93].

MicroRNA-196a

Aberrant miRNA-196a expression has been observed in a
broad spectrum of malignancies, with increasing evidence that
it may serve as a diagnostic, prognostic or predictive biomarker,
both tissue and blood based, in digestive tract cancers [113].
As indicated by Table I, the expression of miRNA-196a is
correlated with increased proliferation in pNENSs, as well
as with aggressive behavior and metastasis. It has been
demonstrated that miRNA-196a displays complementarity
to the homeobox (HOX) gene cluster [114-116] and that it
targets genes that play important roles in the WNT signaling
pathway [117-119]. MiRNA-196 is highly expressed in NENs
when compared to healthy controls both in tissue and serum
specimens [66, 75]. Li et al. [75] studied the biological role of
miRNA-196a target genes in midgut and lung carcinoid cells,
demonstrating the importance of miRNA-196a in regulating
HOXA9 and HOXB?7 together with LRP4 and RSPO2, both
at the transcriptional and translational levels [120]. This
hints towards a possible implication of the WNT signaling
pathway in NEN carcinogenesis. Although a regulatory effect
on cell proliferation was not found, miRNA-196’s relationship
with the HOX gene cluster and the WNT signaling pathway
raised interest and deserves recognition. Concerning SSAs
therapy, miRNA-196a’s expression was high in SI-NENs and
SSAs therapy further upregulated its levels at different disease
stages, similar to miRNA-96’s behavior, but the underlying
mechanisms remain uncertain.

CONCLUSIONS

There is an increasing interest in using miRNAs as predictive
biomarkers in GEP-NENS. As far as we are aware, this is the
first study that aimed at organizing the existing information
on miRNAs and their role in mediating the antiproliferative
effects of SSAs therapy in GEP-NENs. Unfortunately, the
small number of studies and the highly heterogeneous results
prevent us from drawing a definite conclusion. However, a
possible association between let-7 and SSAs has been unveiled.
Future challenges remain to reinforce this association or
even illustrate the mechanisms through which, therapy with
SSAs, by modulating let-7 family, can control tumor growth.
The putative dual role of miRNA-7, miRNA-148, miRNA-96,
and miRNA-200 (tumor suppressor or oncogene depending
on the stage of the tumor or even their expression levels)
strengthens the idea that more research on these miRNAs
and a better understanding of the underlying mechanisms of
action should be sought out before their eventual clinical usage.
The fact that these miRNAs and SSAs therapy seem to target
mTOR signaling pathway takes the clinician a step forward to
understanding how and when to administer this treatment to
obtain the best possible outcome and paves the way toward
new targeted therapy.

We know now that cancer, specifically neuroendocrine
neoplasms, is far more complex, heterogeneous and intricate
than imagined in 1971. The dream of using miRNAs
as predictive tools in GEP-NENs is achievable only by
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understanding their biological function and overcoming the
shortcomings through more validation studies on a greater
number of patients and with standardized methods. Moreover,
the miRNA field will need to further focus on whether different
miRNAs indeed have specific activities in a particular cancer
type or whether an algorithm based on a panel of miRNAs
that will provide a multifaceted view of the disease, is required.

Conflicts of interest: None to declare.

Authors’ contributions: A.M.C. and L.R.PI. conceived the study,
selected the literature, and analyzed the data. C.C., O.B., C.G. analyzed
the data. C.C., O.B. and LR.P.I: revised the manuscript. C.G: analyzed
the data and critically revised the manuscript. All authors agreed with
the final version of the manuscript.

Acknowledgements: The current paper was supported by a grant
from the “Iuliu Hatieganu” University of Medicine and Pharmacy
(contract no 2461/17/17.01.2020).

Supplementary material: To access the supplementary material visit
the online version of the J Gastrointestin Liver Dis at http://dx.doi.
org/10.15403/jgld-2866.

REFERENCES

1. The National Cancer Act of 1971. JNCI J Natl Cancer Inst 1972;48:577—
584. doi:10.1093/jnci/48.3.577

2. Dasari A, Shen C, Halperin D, et al. Trends in the incidence, prevalence,
and survival outcomes in patients with neuroendocrine tumors in
the United States. JAMA Oncol 2017;3:1335-1342. doi:10.1001/
jamaoncol.2017.0589

3. Fraenkel M, Kim M, Faggiano A, De Herder WW, Valk GD; Knowledge
NETwork. Incidence of gastroenteropancreatic neuroendocrine
tumours: A systematic review of the literature. Endocr Relat Cancer
2014;21:153-163. doi:10.1530/ERC-13-0125

4. Leoncini E, Boffetta P, Shafir M, Aleksovska K, Boccia S, Rindi G.
Increased incidence trend of low-grade and high-grade neuroendocrine
neoplasms. Endocrine 2017;58:368-379. doi:10.1007/512020-017-
1273-x

5. Huguet I, Grossman AB, O’ Toole D. Changes in the Epidemiology of
Neuroendocrine Tumours. Neuroendocrinology 2017;104:105-111.
doi:10.1159/000441897

6. YaoJC, Hassan M, Phan A, et al. One Hundred Years After “Carcinoid”:
Epidemiology of and Prognostic Factors for Neuroendocrine Tumors
in 35,825 Cases in the United States. ] Clin Oncol 2008;26:3063-3072.
doi:10.1200/JC0O.2007.15.4377

7. Stueven AK, Kayser A, Wetz C, et al. Somatostatin analogues in the
treatment of neuroendocrine tumors: Past, present and future. Int J
Mol Sci 2019;20:3049. doi:10.3390/ijms20123049

8. Grozinsky-Glasberg S, Shimon I, Korbonits M, Grossman AB.
Somatostatin analogues in the control of neuroendocrine tumours:
efficacy and mechanisms. Endocr Relat Cancer 2008;15:701-720.
doi:10.1677/ERC-07-0288

9. Pavel M, Oberg K, Falconi M, et al. Gastroenteropancreatic
neuroendocrine neoplasms: ESMO Clinical Practice Guidelines for
diagnosis, treatment and follow-up. Ann Oncol 2020;31:844-860.
doi:10.1016/j.annonc.2020.03.304


http://dx.doi.org/10.1093/jnci/48.3.577
http://dx.doi.org/10.1001/jamaoncol.2017.0589
http://dx.doi.org/10.1001/jamaoncol.2017.0589
http://dx.doi.org/10.1530/ERC-13-0125
http://dx.doi.org/10.1007/s12020-017-1273-x
http://dx.doi.org/10.1007/s12020-017-1273-x
http://dx.doi.org/10.1159/000441897
http://dx.doi.org/10.1200/JCO.2007.15.4377
http://dx.doi.org/10.3390/ijms20123049
http://dx.doi.org/10.1677/ERC-07-0288
http://dx.doi.org/10.1016/j.annonc.2020.03.304

MicroRNAs & SSAs therapy in GEP-NENs

655

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Corleto VD, Nasoni S, Panzuto F, Cassetta S, Delle Fave G. Somatostatin
receptor subtypes: Basic pharmacology and tissue distribution. Dig
Liver Dis 2004;36(Suppl 1):S8-S16. doi:10.1016/j.d1d.2003.11.008
Eigler T, Ben-Shlomo A. Somatostatin system: molecular mechanisms
regulating anterior pituitary hormones. ] Mol Endocrinol 2014;53:R1-
R19. doi:10.1530/JME-14-0034

Patel YC. Somatostatin and its receptor family. Front Neuroendocrinol
1999;20:157-198. doi:10.1006/frne.1999.0183

Bloom SR, Mortimer CH, Thorner MO, et al. Inhibition of gastrin and
gastric-acid secretion by growth-hormone release-inhibiting hormone.
Lancet 1974;2:1106-1109. doi:10.1016/s0140-6736(74)90869-1

Cakir M, Dworakowska D, Grossman A. Somatostatin receptor
biology in neuroendocrine and pituitary tumours: Part 1 - molecular
pathways. J Cell Mol Med 2010;14:2570-2584. doi:10.1111/j.1582-
4934.2010.01125.x

Rorsman P, Huising MO. The somatostatin-secreting pancreatic -cell in
health and disease. Nat Rev Endocrinol 2018;14:404-414. doi:10.1038/
541574-018-0020-6

Mandarino L, Stenner D, Blanchard W, et al. Selective effects of
somatostatin-14, -25 and -28 on in vitro insulin and glucagon secretion.
Nature 1981;291:76-77. doi:10.1038/291076a0

Ohnishi H, Mine T, Kojima I. Inhibition by somatostatin of amylase
secretion induced by calcium and cyclic AMP in rat pancreatic acini.
Biochem J 1994;304:531-536. doi:10.1042/bj3040531

Bousquet C, Guillermet J, Vernejoul F, Lahlou H, Buscail L, Susini C.
Somatostatin receptors and regulation of cell proliferation. Dig Liver
Dis 2004;36(Suppl 1):52-S7. doi:10.1016/j.d1d.2003.11.007

Rai U, Thrimawithana TR, Valery C, Young SA. Therapeutic uses
of somatostatin and its analogues: Current view and potential
applications. Pharmacol Ther 2015;152:98-110. doi:10.1016/j.
pharmthera.2015.05.007

Lahlou H, Guillermet J, Hortala M, et al. Molecular Signaling of
Somatostatin Receptors. Ann N Y Acad Sci 2004;1014:121-131.
doi:10.1196/annals.1294.012

Moller LN, Stidsen CE, Hartmann B, Holst JJ. Somatostatin
receptors. Biochim Biophys Acta 2003;1616:1-84. doi:10.1016/S0005-
2736(03)00235-9

De Herder WW, Hofland L], Van Der Lely AJ, Lamberts SW]. Somatostatin
receptors in gastroentero-pancreatic neuroendocrine tumours. Endocr
Relat Cancer 2003;10:451-458. doi:10.1677/erc.0.0100451

Dossing KBV, Kjeer C, Vikesa ], et al. Somatostatin Analogue Treatment
Primarily Induce miRNA Expression Changes and Up-Regulates
Growth Inhibitory miR-7 and miR-148a in Neuroendocrine Cells.
Genes (Basel) 2018;9:337. doi:10.3390/genes9070337

Frilling A, Akerstrém G, Falconi M, et al. Neuroendocrine tumor
disease: An evolving landscape. Endocr Relat Cancer 2012;19:163-185.
doi:10.1530/ERC-12-0024

Chalabi M, Duluc C, Caron P, et al. Somatostatin analogs: does
pharmacology impact antitumor efficacy? Trends Endocrinol Metab
2014;25:115-127. doi:10.1016/j.tem.2013.11.003

Briest F, Grabowski P. PI3K-AKT-mTOR-signaling and beyond: the
complex network in gastroenteropancreatic neuroendocrine neoplasms.
Theranostics 2014;4:336-365. doi:10.7150/thno.7851

Shimon I. Somatostatin receptors in pituitary and development
of somatostatin receptor subtype-selective analogs. Endocrine
2003;20:265-269. doi:10.1385/END:20:3:265

Bauer W, Briner U, Doepfner W, et al. SMS 201-995: a Very Potent and
Selective Octapeptide Analogue of somatostatin with prolonged action.
Life Sci 1982;31:1133-1140. doi:10.1016/0024-3205(82)90087-x

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Rinke A, Miiller HH, Schade-Brittinger C, et al. Placebo-controlled,
double-blind, prospective, randomized study on the effect of octreotide
LAR in the control of tumor growth in patients with metastatic
neuroendocrine midgut tumors: A report from the PROMID study
group. ] Clin Oncol 2009;27:4656-4663. doi:10.1200/]C0.2009.22.8510
Caplin ME, Pavel M, Cwikla JB, et al. Lanreotide in metastatic
enteropancreatic neuroendocrine tumors. N Engl ] Med 2014;371:224-
233. doi:10.1056/NEJMoal316158

Butz H, Patdocs A. MicroRNAs in endocrine tumors. EJIFCC
2019;30:146-164.

Mattick JS, Makunin IV. Small regulatory RNAs in mammals. Hum
Mol Genet 2005;14:R121-R132. doi:10.1093/hmg/ddil01

Lewis BP, Burge CB, Bartel DP. Conserved Seed Pairing, Often
Flanked by Adenosines, Indicates that Thousands of Human Genes are
MicroRNA Targets. Cell 2005;120:15-20. doi:10.1016/j.cell.2004.12.035
Ilie IR, Georgescu CE. Polycystic Ovary Syndrome-Epigenetic
Mechanisms and Aberrant MicroRNA. Adv Clin Chem 2015;71:25-45.
doi:10.1016/bs.acc.2015.06.001

Paul P, Chakraborty A, Sarkar D, et al. Interplay between miRNAs and
human diseases. ] Cell Physiol 2018;233:2007-2018. doi:10.1002/jcp.25854
Basak I, Patil KS, Alves G, Larsen JP, Moller SG. microRNAs as
neuroregulators, biomarkers and therapeutic agents in neurodegenerative
diseases. Cell Mol Life Sci 2016;73:811-827. doi:10.1007/s00018-015-
2093-x

Hansen TF, Christensen Rd, Andersen RF, Serensen FB, Johnsson
A, Jakobsen A. MicroRNA-126 and epidermal growth factor-like
domain 7-an angiogenic couple of importance in metastatic colorectal
cancer. Results from the Nordic ACT trial. Br J Cancer 2013/08/06.
2013;109:1243-1251. doi:10.1038/bjc.2013.448

Kleivi Sahlberg K, Bottai G, Naume B, et al. A Serum MicroRNA
Signature Predicts Tumor Relapse and Survival in Triple-Negative Breast
Cancer Patients. Clin Cancer Res 2015;21:1207-1214. doi:10.1158/1078-
0432.CCR-14-2011

Mihelich BL, Maranville JC, Nolley R, Peehl DM, Nonn L. Elevated
serum microRNA levels associate with absence of high-grade prostate
cancer in a retrospective cohort. PLoS One 2015;10:e0124245.
doi:10.1371/journal.pone.0124245

Lawrie CH, Gal S, Dunlop HM, et al. Detection of elevated levels of
tumour-associated microRNAs in serum of patients with diffuse large
B-cell lymphoma. Br ] Haematol 2008;141:672-675. doi:10.1111/j.1365-
2141.2008.07077 x

Chen X, Ba Y, Ma L, et al. Characterization of microRNAs in serum:
A novel class of biomarkers for diagnosis of cancer and other diseases.
Cell Res 2008;18:997-1006. doi:10.1038/cr.2008.282

Brase JC, Johannes M, Schlomm T, et al. Circulating miRNAs are
correlated with tumor progression in prostate cancer. Int ] Cancer
2011;128:608-616. doi:10.1002/ijc.25376

Sakamoto N, Naito Y, Oue N, et al. MicroRNA-148a is downregulated
in gastric cancer, targets MMP7, and indicates tumor invasiveness and
poor prognosis. Cancer Sci 2014;105:236-243. doi:10.1111/cas.12330
Daniunaite K, Dubikaityte M, Gibas P, et al. Clinical significance of
miRNA host gene promoter methylation in prostate cancer. Hum Mol
Genet 2017;26:2451-2461. doi:10.1093/hmg/ddx138

Balacescu O, Sur D, Cainap C, et al. The impact of miRNA in colorectal
cancer progression and its liver metastases. Int ] Mol Sci 2018;19:3711.
doi:10.3390/ijms19123711

Zhang B, Pan X, Cobb GP, Anderson TA. microRNAs as oncogenes
and tumor suppressors. Dev Biol 2007;302:1-12. doi:10.1016/j.
ydbio.2006.08.028

] Gastrointestin Liver Dis, December 2020 Vol. 29 No 4: 647-658


http://dx.doi.org/10.1016/j.dld.2003.11.008
http://dx.doi.org/10.1530/JME-14-0034
http://dx.doi.org/10.1006/frne.1999.0183
http://dx.doi.org/10.1016/s0140-6736(74)90869-1
http://dx.doi.org/10.1111/j.1582-4934.2010.01125.x
http://dx.doi.org/10.1111/j.1582-4934.2010.01125.x
http://dx.doi.org/10.1038/s41574-018-0020-6
http://dx.doi.org/10.1038/s41574-018-0020-6
http://dx.doi.org/10.1038/291076a0
http://dx.doi.org/10.1042/bj3040531
http://dx.doi.org/10.1016/j.dld.2003.11.007
http://dx.doi.org/10.1016/j.pharmthera.2015.05.007
http://dx.doi.org/10.1016/j.pharmthera.2015.05.007
http://dx.doi.org/10.1196/annals.1294.012
http://dx.doi.org/10.1016/S0005-2736(03)00235-9
http://dx.doi.org/10.1016/S0005-2736(03)00235-9
http://dx.doi.org/10.1677/erc.0.0100451
http://dx.doi.org/10.3390/genes9070337
http://dx.doi.org/10.1530/ERC-12-0024
http://dx.doi.org/10.1016/j.tem.2013.11.003
http://dx.doi.org/10.7150/thno.7851
http://dx.doi.org/10.1385/ENDO:20:3:265
http://dx.doi.org/10.1016/0024-3205(82)90087-x
http://dx.doi.org/10.1200/JCO.2009.22.8510
http://dx.doi.org/10.1056/NEJMoa1316158
http://dx.doi.org/10.1093/hmg/ddi101
http://dx.doi.org/10.1016/j.cell.2004.12.035
http://dx.doi.org/10.1016/bs.acc.2015.06.001
http://dx.doi.org/10.1002/jcp.25854
http://dx.doi.org/10.1007/s00018-015-2093-x
http://dx.doi.org/10.1007/s00018-015-2093-x
http://dx.doi.org/10.1038/bjc.2013.448
http://dx.doi.org/10.1158/1078-0432.CCR-14-2011
http://dx.doi.org/10.1158/1078-0432.CCR-14-2011
http://dx.doi.org/10.1371/journal.pone.0124245
http://dx.doi.org/10.1111/j.1365-2141.2008.07077.x
http://dx.doi.org/10.1111/j.1365-2141.2008.07077.x
http://dx.doi.org/10.1038/cr.2008.282
http://dx.doi.org/10.1002/ijc.25376
http://dx.doi.org/10.1111/cas.12330
http://dx.doi.org/10.1093/hmg/ddx138
http://dx.doi.org/10.3390/ijms19123711
http://dx.doi.org/10.1016/j.ydbio.2006.08.028
http://dx.doi.org/10.1016/j.ydbio.2006.08.028

656

Curt et al.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Banzhaf-Strathmann J, Edbauer D. Good guy or bad guy: the opposing
roles of microRNA 125b in cancer. Cell Commun Signal 2014;12:30.
doi:10.1186/1478-811X-12-30

Hwang HW, Mendell JT. MicroRNAs in cell proliferation, cell death,
and 7tumorigenesis. Br ] Cancer 2006;94:776-780. doi:10.1038/
5j.bjc.6603023

Malczewska A, Frampton AE, Prado MM, et al. Circulating MicroRNAs
in Small-bowel Neuroendocrine Tumors A Potential Tool for Diagnosis
and Assessment of Effectiveness of Surgical Resection. Ann Surg 2019
Aug 1. doi:10.1097/SLA.0000000000003502 Epub ahead of print.
Zatelli MC, Grossrubatscher EM, Guadagno E, Sciammarella C,
Faggiano A, Colao A. Circulating tumor cells and miRNAs as
prognostic markers in neuroendocrine neoplasms. Endocr Relat Cancer
2017;24:R223-R237. doi:10.1530/ERC-17-0091

Nanayakkara J, Tyryshkin K, Yang X, et al. Characterizing and classifying
neuroendocrine neoplasms through microRNA sequencing and
data mining. NAR Cancer 2020;2:zcaa009. doi:10.1093/narcan/zcaa009
Mairinger FD, Ting S, Werner R, et al. Different micro-RNA expression
profiles distinguish subtypes of neuroendocrine tumors of the lung:
results of a profiling study. Mod Pathol 2014;27:1632-1640. doi:10.1038/
modpathol.2014.74

Zhang L, Lu D, Liu M, Zhang M, Peng Q. Identification and
interaction analysis of key miRNAs in medullary thyroid carcinoma by
bioinformatics analysis. Mol Med Rep 2019;20:2316-2324. doi:10.3892/
mmr.2019.10463

Ostano P, Mello-grand M, Sesia D, et al. Gene Expression Signature
Predictive of Neuroendocrine Transformation in Prostate
Adenocarcinoma. Int ] Mol Sci 2020;21:1078. doi:10.3390/ijms21031078
Jiang X, Shan A, Su Y, et al. miR-144/451 Promote Cell Proliferation
via Targeting PTEN/AKT Pathway in Insulinomas. Endocrinology
2015;156:2429-2439. doi:10.1210/en.2014-1966

Mitsuhashi K, Yamamoto I, Kurihara H, et al. Analysis of the molecular
features of rectal carcinoid tumors to identify new biomarkers that
predict biological malignancy. Oncotarget 2015;6:22114-22125.
doi:10.18632/oncotarget.4294

Wang M, Xia X, Chu W, et al. Roles of miR-186 and PTTG1 in colorectal
neuroendocrine tumors. Int J Clin Exp Med 2015;8:22149-22157.
Roldo C, Missiaglia E, Hagan JP, et al. MicroRNA Expression
Abnormalities in Pancreatic Endocrine and Acinar Tumors Are
Associated With Distinctive Pathologic Features and Clinical Behavior.
J Clin Oncol 2006;24:4677-4684. doi:10.1200/]C0O.2005.05.5194
Thorns C, Schurmann C, Gebauer N, et al. Global MicroRNA
Profiling of Pancreatic Neuroendocrine Neoplasias. Anticancer Res
2014;34:2249-2254.

Lee YS, Kim H, Kim HW, et al. High Expression of MicroRNA-196a
Indicates Poor Prognosis in Resected Pancreatic Neuroendocrine
Tumor. Medicine (Baltimore) 2015;94:€2224. doi:10.1097/
MD.0000000000002224

Gill P, Kim E, Chua TC, et al. MiRNA-3653 Is a Potential Tissue Biomarker
for Increased Metastatic Risk in Pancreatic Neuroendocrine Tumours.
Endocr Pathol 2019;30:128-133 doi:10.1007/s12022-019-9570-y
Zimmermann N, Knief ], Kacprowski T, et al. MicroRNA analysis
of gastroenteropancreatic neuroendocrine tumors and metastases.
Oncotarget 2018;9:28379-28390. doi:10.18632/oncotarget.25357
Cavalcanti E, Galleggiante V, Coletta S, et al. Altered miRNAs Expression
Correlates With Gastroenteropancreatic Neuroendocrine Tumors
Grades. Front Oncol 2020;10:1187. doi:10.3389/fonc.2020.01187
Panarelli N, Tyryshkin K, Mun Wong JJ, et al. Evaluating

gastroenteropancreatic neuroendocrine tumors through microRNA

] Gastrointestin Liver Dis, December 2020 Vol. 29 No 4: 647-658

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

sequencing. Endocr Relat Cancer 2019;26:47-57. doi:10.1530/ERC-
18-0244

Ruebel K, Leontovich AA, Stilling GA, et al. MicroRNA expression
in ileal carcinoid tumors: downregulation of MicroRNA-133a with
tumor progression. Mod Pathol 2010;23:367-375. doi:10.1038/
modpathol.2009.161

Li SC, Essaghir A, Martijn C, et al. Global microRNA profiling of well-
differentiated small intestinal neuroendocrine tumors. Mod Pathol
2013;26:685-696. doi:10.1038/modpathol.2012.216

Dossing KBV, Binderup T, Kaczkowski B, et al. Down-Regulation
of miR-129-5p and the let-7 Family in Neuroendocrine Tumors and
Metastases Leads to Up-Regulation of Their Targets Egrl, G3bpl,
Hmga2 and Bachl. Genes 2015;6:1-21. doi:10.3390/genes6010001
Miller HC, Frampton AE, Malczewska A, et al. MicroRNAs associated
with small bowel neuroendocrine tumours and their metastases. Endocr
Relat Cancer 2016;23:711-726. doi:10.1530/ERC-16-0044
Heverhagen AE, Legrand N, Wagner V, Fendrich V, Bartsch DK, Slater
EP. Overexpression of MicroRNA miR-7-5p is a potential biomarker in
neuroendocrine neoplasia of the small intestine. Neuroendocrinology
2018;106:312-317. doi:10.1159/000480121

Mandal R, Hardin H, Baus R, Rehrauer W, Lloyd RV. Analysis of
miR-96 and miR-133a Expression in Gastrointestinal Neuroendocrine
Neoplasms. Endocr Pathol 2017;28:345-350. doi:10.1007/s12022-017-
9504-5

Bowden M, Zhou CW, Zhang S, et al. Profiling of metastatic small
intestine neuroendocrine tumors reveals characteristic miRNAs
detectable in plasma. Oncotarget 2017;8:54331-54344. doi:10.18632/
oncotarget.16908

Arvidsson Y, Rehammar A, Bergstrom A, et al. miRNA profiling of small
intestinal neuroendocrine tumors defines novel molecular subtypes
and identifies miR-375 as a biomarker of patient survival. Mod Pathol
2018;31:1302-1317. doi:10.1038/s41379-018-0010-1

Fassan M, Baffa R. MicroRNAs and targeted therapy: Small molecules
of unlimited potentials. Curr Opin Genet Dev 2013;23:75-77.
doi:10.1016/j.gde.2013.02.009

Bosch F, Bazhin AV, Heublein S, et al. Treatment with somatostatin
analogs induces differentially expressed let-7c-5p and mir-3137 in
small intestine neuroendocrine tumors. BMC Cancer 2019;19:575.
doi:10.1186/s12885-019-5794-y

Li SC, Khan M, Caplin M, Meyer T, Oberg K, Giandomenico V.
Somatostatin Analogs Treated Small Intestinal Neuroendocrine
Tumor Patients Circulating MicroRNAs. PLos One 2015;10:e0125553.
doi:10.1371/journal.pone.0125553

Boyerinas B, Park SM, Hau A, Murmann AE, Peter ME. The role of let-7
in cell differentiation and cancer. Endocr Relat Cancer 2010;17:F19-F36.
doi:10.1677/ERC-09-0184

Wu L, Nguyen LH, Zhou K, et al. Precise let-7 expression levels balance
organ regeneration against tumor suppression. Elife 2015;4:09431.
doi:10.7554/eLife.09431

Thornton JE, Gregory RI. How does Lin28 let-7 control development
and disease? Trends Cell Biol 2012;22:474-482. doi:10.1016/j.
tcb.2012.06.001

Zhu H, Shyh-Chang N, Segre AV, et al. The Lin28/let-7 axis
regulates glucose metabolism. Cell 2011;147:81-94. doi:10.1016/j.
cell.2011.08.033

Dubinsky AN, Dastidar SG, Hsu CL, et al. Let-7 coordinately suppresses
components of the amino acid sensing pathway to repress mTORC1
and induce autophagy. Cell Metab 2014;20:626-638. doi:10.1016/j.
cmet.2014.09.001


http://dx.doi.org/10.1186/1478-811X-12-30
http://dx.doi.org/10.1038/sj.bjc.6603023
http://dx.doi.org/10.1038/sj.bjc.6603023
http://dx.doi.org/10.1097/SLA.0000000000003502
http://dx.doi.org/10.1530/ERC-17-0091
http://dx.doi.org/10.1093/narcan/zcaa009
http://dx.doi.org/10.1038/modpathol.2014.74
http://dx.doi.org/10.1038/modpathol.2014.74
http://dx.doi.org/10.3892/mmr.2019.10463
http://dx.doi.org/10.3892/mmr.2019.10463
http://dx.doi.org/10.3390/ijms21031078
http://dx.doi.org/10.1210/en.2014-1966
http://dx.doi.org/10.18632/oncotarget.4294
http://dx.doi.org/10.1200/JCO.2005.05.5194
http://dx.doi.org/10.1097/MD.0000000000002224
http://dx.doi.org/10.1097/MD.0000000000002224
http://dx.doi.org/10.1007/s12022-019-9570-y
http://dx.doi.org/10.18632/oncotarget.25357
http://dx.doi.org/10.3389/fonc.2020.01187
http://dx.doi.org/10.1530/ERC-18-0244
http://dx.doi.org/10.1530/ERC-18-0244
http://dx.doi.org/10.1038/modpathol.2009.161
http://dx.doi.org/10.1038/modpathol.2009.161
http://dx.doi.org/10.1038/modpathol.2012.216
http://dx.doi.org/10.3390/genes6010001
http://dx.doi.org/10.1530/ERC-16-0044
http://dx.doi.org/10.1159/000480121
http://dx.doi.org/10.1007/s12022-017-9504-5
http://dx.doi.org/10.1007/s12022-017-9504-5
http://dx.doi.org/10.18632/oncotarget.16908
http://dx.doi.org/10.18632/oncotarget.16908
http://dx.doi.org/10.1038/s41379-018-0010-1
http://dx.doi.org/10.1016/j.gde.2013.02.009
http://dx.doi.org/10.1186/s12885-019-5794-y
http://dx.doi.org/10.1371/journal.pone.0125553
http://dx.doi.org/10.1677/ERC-09-0184
http://dx.doi.org/10.7554/eLife.09431
http://dx.doi.org/10.1016/j.tcb.2012.06.001
http://dx.doi.org/10.1016/j.tcb.2012.06.001
http://dx.doi.org/10.1016/j.cell.2011.08.033
http://dx.doi.org/10.1016/j.cell.2011.08.033
http://dx.doi.org/10.1016/j.cmet.2014.09.001
http://dx.doi.org/10.1016/j.cmet.2014.09.001

MicroRNAs & SSAs therapy in GEP-NENs

657

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Shen G, Wu R, Liu B, et al. Upstream and downstream mechanisms
for the promoting effects of IGF-1 on differentiation of spermatogonia
to primary spermatocytes. Life Sci 2014;101:49-55. doi:10.1016/j.
1fs.2014.02.016

Alajez NM, Shi W, Wong D, et al. Lin28b promotes head and neck cancer
progression via modulation of the insulin-like growth factor survival
pathway. Oncotarget 2012;3:1641-1652. doi:10.18632/oncotarget.785
Fan X, Mao Z, He D, et al. Expression of somatostatin receptor subtype
2 in growth hormone - secreting pituitary adenoma and the regulation
of miR - 185. ] Endocrinol Invest 2015;38:1117-1128. doi:10.1007/
540618-015-0306-7

Li S, Ma Y, Hou X, et al. MiR-185 acts as a tumor suppressor by
targeting AKT1 in non-small cell lung cancer cells. Int ] Clin Exp Pathol
2015;8:11854-11862.

Wang R, Tian S, Wang HB, et al. MiR-185 is involved in human breast
carcinogenesis by targeting Vegfa. FEBS Lett 2014;588:4438-4447.
doi:10.1016/j.febslet.2014.09.045

Liu C, Li G, Ren S, et al. miR-185-3p regulates the invasion and
metastasis of nasopharyngeal carcinoma by targeting WNT2B in vitro.
Oncol Lett 2017;13:2631-2636. doi:10.3892/01.2017.5778
Kredo-Russo S, Mandelbaum AD, Ness A, et al. Pancreas-enriched
miRNA refines endocrine cell differentiation. Development
2012;139:3021-3031. doi:10.1242/dev.080127

Kefas B, Godlewski J, Comeau L, et al. microRNA-7 inhibits the
epidermal growth factor receptor and the akt pathway and is
down-regulated in glioblastoma. Cancer Res 2008;68:3566-3572.
doi:10.1158/0008-5472.CAN-07-6639

Fang Y, Xue JL, Shen Q, Chen J, Tian L. MicroRNA-7 inhibits tumor
growth and metastasis by targeting the phosphoinositide 3-kinase/Akt
pathway in hepatocellular carcinoma. Hepatology 2012;55:1852-1862.
doi:10.1002/hep.25576

Gu DN, Huang Q, Tian L. The molecular mechanisms and therapeutic
potential of microRNA-7 in cancer. Expert Opin Ther Targets
2015;19:415-426. doi:10.1517/14728222.2014.988708

Zhao X, Dou W, He L, et al. MicroRNA-7 functions as an anti-metastatic
microRNA in gastric cancer by targeting insulin-like growth factor-1
receptor. Oncogene 2013;32:1363-1372. doi:10.1038/0onc.2012.156
Costa-Pinheiro P, Ramalho-Carvalho J, Vieira FQ, et al. MicroRNA-375
plays a dual role in prostate carcinogenesis. Clin Epigenetics 2015;7:42.
doi:10.1186/s13148-015-0076-2

Di Leva G, Piovan C, Gasparini P, et al. Estrogen mediated-activation
of miR-191/425 cluster modulates tumorigenicity of breast cancer cells
depending on estrogen receptor status. PLoS Genet 2013;9:e1003311.
doi:10.1371/journal.pgen.1003311

LiY, Deng X, Zeng X, Peng X. The Role of Mir-148a in Cancer. ] Cancer
2016;7:1233-1241. doi:10.7150/jca.14616

Xu Q, Jiang Y, Yin Y, et al. A regulatory circuit of miR-148a/152 and
DNMT1 in modulating cell transformation and tumor angiogenesis
through IGF-IR and IRS1. ] Mol Cell Biol 2013;5:3-13. doi:10.1093/
jmcb/m;js049

Kharmate G, Rajput PS, Lin YC, Kumar U. Inhibition of tumor
promoting signals by activation of SSTR2 and opioid receptors in human
breast cancer cells. Cancer Cell Int 2013;13:93. doi:10.1186/1475-2867-
13-93

Kurashige J, Kamohara H, Watanabe M, et al. MicroRNA-200b Regulates
Cell Proliferation, Invasion, and Migration by Directly Targeting ZEB2
in Gastric Carcinoma. Ann Surg Oncol 2012;19:656-664. doi:10.1245/
$10434-012-2217-6

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

. Gregory PA, Bert AG, Paterson EL, et al. The miR-200 family and miR-

205 regulate epithelial to mesenchymal transition by targeting ZEB1
and SIP1. Nat Cell Biol 2008;10:593-601. doi:10.1038/ncb1722

. Watson KL, Jones RA, Bruce A, Moorehead RA. The miR-200b/200a/429

cluster prevents metastasis and induces dormancy in a murine
claudin-low mammary tumor cell line. Exp Cell Res 2018;369:17-26.
doi:10.1016/j.yexcr.2018.04.024

Santarpia L, Calin GA, Adam L, et al. A miRNA signature associated
with human metastatic medullary thyroid carcinoma. Endocr Relat
Cancer 2013;20:809-823. doi:10.1530/ERC-13-0357

Zhang Z, Liu ZB, Ren WM, Ye XG, Zhang YY. The miR-200 family
regulates the epithelial-mesenchymal transition induced by EGF/EGFR
in anaplastic thyroid cancer cells. Int ] Mol Med 2012;30:856-862.
doi:10.3892/ijmm.2012.1059

Title AC, Hong SJ, Pires ND, et al. Genetic dissection of the miR-200—
Zeb1 axis reveals its importance in tumor differentiation and invasion.
Nat Commun 2018;9:4671. doi:10.1038/s41467-018-07130-z

Choi SK, Kim HS, Jin T, Hwang EH, Jung M, Moon WK. Overexpression
of the miR-141/200c cluster promotes the migratory and invasive ability
of triple-negative breast cancer cells through the activation of the FAK
and PI3K/AKT signaling pathways by secreting VEGF-A. BMC Cancer
2016;16:570. doi:10.1186/512885-016-2620-7

Zhang W, Qian P, Zhang X, et al. Autocrine/Paracrine Human Growth
Hormone-stimulated MicroRNA 96-182-183 Cluster Promotes
Epithelial-Mesenchymal Transition and Invasion in Breast Cancer. ]
Biol Chem 2015;290:13812-13829. doi:10.1074/jbc.M115.653261
Feng]J, Yu]J, Pan X, etal. HERGI functions as an oncogene in pancreatic
cancer and is downregulated by miR-96. Oncotarget 2014;5:5832-5844.
doi:10.18632/oncotarget.2200

Leung WKC, He M, Chan AWH, Law PTY, Wong N. Wnt/p-Catenin
activates MiR-183/96/182 expression in hepatocellular carcinoma that
promotes cell invasion. Cancer Lett 2015;362:97-105. doi:10.1016/j.
canlet.2015.03.023

Yu N, Fu S, Liu Y, et al. miR-96 suppresses renal cell carcinoma
invasion via downregulation of Ezrin expression. ] Exp Clin Cancer
Res 2015;34:107. doi:10.1186/s13046-015-0224-8

Ress AL, Stiegelbauer V, Winter E, et al. MiR-96-5p influences cellular
growth and is associated with poor survival in colorectal cancer patients.
Mol Carcinog 2015;54:1442-1450. doi:10.1002/mc.22218
Vishwamitra D, Li Y, Wilson D, et al. MicroRNA 96 is a post-
transcriptional suppressor of anaplastic lymphoma kinase expression.
Am ] Pathol 2012;180:1772-1780. doi:10.1016/j.ajpath.2012.01.008
Siu MK, Tsai YC, Chang YS, et al. Transforming growth factor-f
promotes prostate bone metastasis through induction of microRNA-96
and activation of the mTOR pathway. Oncogene 2015;34:4767-4776.
doi:10.1038/0nc.2014.414

Chong ZZ. Targeting PRAS40 for multiple diseases. Drug Discov Today
2016;21:1222-1231. doi:10.1016/j.drudis.2016.04.005

Mao ZG, He DS, Zhou J, et al. Differential expression of microRNAs
in GH-secreting pituitary adenomas. Diagn Pathol 2010;5:79.
doi:10.1186/1746-1596-5-79

Lu YC, Chang JT, Chan EC, et al. miR-196, an Emerging Cancer
Biomarker for Digestive Tract Cancers. ] Cancer 2016;7:650-655.
doi:10.7150/jca.13460

Braig S, Mueller DW, Rothhammer T, Bosserhoff AK. MicroRNA
miR-196a is a central regulator of HOX-B7 and BMP4 expression
in malignant melanoma. Cell Mol Life Sci 2010;67:3535-3548.
doi:10.1007/s00018-010-0394-7

] Gastrointestin Liver Dis, December 2020 Vol. 29 No 4: 647-658


http://dx.doi.org/10.1016/j.lfs.2014.02.016
http://dx.doi.org/10.1016/j.lfs.2014.02.016
http://dx.doi.org/10.18632/oncotarget.785
http://dx.doi.org/10.1007/s40618-015-0306-7
http://dx.doi.org/10.1007/s40618-015-0306-7
http://dx.doi.org/10.1016/j.febslet.2014.09.045
http://dx.doi.org/10.3892/ol.2017.5778
http://dx.doi.org/10.1242/dev.080127
http://dx.doi.org/10.1158/0008-5472.CAN-07-6639
http://dx.doi.org/10.1002/hep.25576
http://dx.doi.org/10.1517/14728222.2014.988708
http://dx.doi.org/10.1038/onc.2012.156
http://dx.doi.org/10.1186/s13148-015-0076-2
http://dx.doi.org/10.1371/journal.pgen.1003311
http://dx.doi.org/10.7150/jca.14616
http://dx.doi.org/10.1093/jmcb/mjs049
http://dx.doi.org/10.1093/jmcb/mjs049
http://dx.doi.org/10.1186/1475-2867-13-93
http://dx.doi.org/10.1186/1475-2867-13-93
http://dx.doi.org/10.1245/s10434-012-2217-6
http://dx.doi.org/10.1245/s10434-012-2217-6
http://dx.doi.org/10.1038/ncb1722
http://dx.doi.org/10.1016/j.yexcr.2018.04.024
http://dx.doi.org/10.1530/ERC-13-0357
http://dx.doi.org/10.3892/ijmm.2012.1059
http://dx.doi.org/10.1038/s41467-018-07130-z
http://dx.doi.org/10.1186/s12885-016-2620-7
http://dx.doi.org/10.1074/jbc.M115.653261
http://dx.doi.org/10.18632/oncotarget.2200
http://dx.doi.org/10.1016/j.canlet.2015.03.023
http://dx.doi.org/10.1016/j.canlet.2015.03.023
http://dx.doi.org/10.1186/s13046-015-0224-8
http://dx.doi.org/10.1002/mc.22218
http://dx.doi.org/10.1016/j.ajpath.2012.01.008
http://dx.doi.org/10.1038/onc.2014.414
http://dx.doi.org/10.1016/j.drudis.2016.04.005
http://dx.doi.org/10.1186/1746-1596-5-79
http://dx.doi.org/10.7150/jca.13460
http://dx.doi.org/10.1007/s00018-010-0394-7

658

Curt et al.

115.

116.

117.

Schimanski CC, Frerichs K, Rahman E et al. High miR-196a levels
promote the oncogenic phenotype of colorectal cancer cells. World |
Gastroenterol 2009;15:2089-2096. doi:10.3748/wjg.15.2089

Yekta S, Shih IH, Bartel DP. MicroRNA-Directed Cleavage
of HOXB8 mRNA. Science 2004;304:594-596. doi:10.1126/
science.1097434

Kamata T, Katsube KI, Michikawa M, Yamada M, Takada S, Mizusawa
H. R-spondin, a novel gene with thrombospondin type 1 domain,
was expressed in the dorsal neural tube and affected in Wnts
mutants. Biochim Biophys Acta 2004;1676:51-62. doi:10.1016/j.
bbaexp.2003.10.009

] Gastrointestin Liver Dis, December 2020 Vol. 29 No 4: 647-658

118.

119.

120.

Kazanskaya O, Glinka A, del Barco Barrantes I, Stannek P, Niehrs C,
Wu W. R-Spondin2 is a secreted activator of Wnt/{-catenin signaling
and is required for Xenopus myogenesis. Dev Cell 2004;7:525-534.
doi:10.1016/j.devcel.2004.07.019

Li Y, Pawlik B, Elcioglu N, et al. LRP4 Mutations Alter Wnt/B-Catenin
Signaling and Cause Limb and Kidney Malformations in Cenani-
Lenz Syndrome. Am ] Hum Genet 2010;86:696-706. doi:10.1016/j.
ajhg.2010.03.004

Li SC, Shi H, Khan M, et al. Roles of miR-196a on gene regulation of
neuroendocrine tumor cells. Mol Cell Endocrinol 2015;412:131-139.
doi:10.1016/j.mce.2015.06.003


http://dx.doi.org/10.3748/wjg.15.2089
http://dx.doi.org/10.1126/science.1097434
http://dx.doi.org/10.1126/science.1097434
http://dx.doi.org/10.1016/j.bbaexp.2003.10.009
http://dx.doi.org/10.1016/j.bbaexp.2003.10.009
http://dx.doi.org/10.1016/j.devcel.2004.07.019
http://dx.doi.org/10.1016/j.ajhg.2010.03.004
http://dx.doi.org/10.1016/j.ajhg.2010.03.004
http://dx.doi.org/10.1016/j.mce.2015.06.003

