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Abstract 
Gastroenteropancreatic neuroendocrine tumors (GEP-

NETs) are a heterogeneous group of rare tumors whose 
site-specific tumor incidence and clinical behavior vary 
widely. Genetic alterations associated with familial 
inherited syndromes have been well defined; however, 
the genetic profile of sporadic tumors is less clear as 
their tumorigenesis does not appear to be controlled by 
classic oncogenes such as P53, RB, or KRAS . Even within 
GEP-NETs, there are no common oncogenic drivers; for 
example, DAXX/ATRX mutations are strongly implicated in 
the tumorigenesis of pancreatic but not small bowel NETs. 
Accordingly, the dysregulation of epigenetic mechanisms 
has been hypothesized as a potential regulator of GEP-
NET tumorigenesis and has become a major focus of 
recent studies. Despite the heterogeneity of tumor cohorts 
evaluated in these studies, it is obvious that there are 
methylation patterns, chromatin remodeling alterations, 
and microRNA and long non-coding RNA (lncRNA) dif
ferential expression profiles that are distinctive of GEP-
NETs, some of which are correlated with significant 
differences in clinical outcomes. Several translational 
studies have provided convincing data identifying po
tential prognostic biomarkers, and some of these have 
demonstrated preliminary success as serum biomarkers 
that can be used clinically. Nevertheless, there are many 
opportunities to further define the mechanisms by which 
these epigenetic modifications influence tumorigenesis, 
and this will provide better insight into their prognostic 
and therapeutic utility. Furthermore, these findings 
form the foundation for future studies evaluating the 
clinical efficacy of epigenetic modifications as prognostic 
biomarkers, as well as potential therapeutic targets.
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Core tip: Herein, we describe a review of the literature 
addressing known epigenetic changes which are thought 
to lead to the development of gastroenteropancreatic 
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neuroendocrine tumors (GEP-NETs). Through a variety 
of scientific works, methylation patterns, chromatin 
remodeling alterations, and microRNA and long non-
coding RNA differential expression profiles have been 
identified and in many cases correlated with GEP-NET 
malignancy and clinical outcomes. This overview shows 
the strong foundation which exists and underlines the 
importance of future work to evaluate the clinical efficacy 
of epigenetic modifications as prognostic biomarkers, as 
well as potential therapeutic targets.
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INTRODUCTION
Overview of gastroenteropancreatic neuroendocrine 
tumors
Gastroenteropancreatic neuroendocrine tumors (GEP-
NETs) are a heterogeneous group of rare tumors th
ought to arise from the malignant transformation of 
neuroendocrine cells located in the digestive tract. The 
incidence of GEP-NETs has risen from 1.0 per 100000 
in 1977 to 3.7 per 100000 in 2007, with site-specific 
tumor incidence and behavior varying widely[1]. These 
differences may have roots in genomic and epigenetic 
differences, but the rarity of GEP-NETs has limited the 
progress of large-scale comprehensive analyses that 
could provide definitive insight into oncogenic molecular 
mechanisms. Genetic alterations associated with fa
milial inherited syndromes have been well defined, 
such as in the multiple endocrine neoplasia syndromes, 
von-Hippel Lindau syndrome, neurofibromatosis, and 
tuberosclerosis. On the other hand, the genetic profile of 
sporadic tumors, which are more common, is less clear 
as their tumorigenesis does not appear to be controlled 
by classic oncogenes such as P53, RB, or KRAS[2-6].

Recent studies have identified key molecular path­
ways, such as activation of the PI3K/Akt/mTOR cascade 
secondary to PTEN and TSC2 downregulation in spo
radic pancreatic NETs[7], which has led to the clinical 
success of the targeted mTOR inhibitor everolimus for 
metastatic pancreatic NETs[8]. While everolimus has 
been shown to extend progression free survival in phase 
3 trials, the lack of a complete response for all patients 
implies there are other factors contributing to malignant 
transformation, either by alteration of other signal 
transduction pathways or by dysregulation at the gene 
expression level. Further investigation into sporadic 
pancreatic NETs revealed genetic alterations in MEN1 
and DAXX /ATRX (death-domain-associated protein/
α-thalassemia-mental retardation syndrome X-linked), 
which impair histone methyltransferase activity and 

chromatin stabilization, respectively[9]. These findings 
provide a link between genomic alterations and their 
control of gene expression, and thus have sparked 
further investigation into the epigenetic regulation of 
neuroendocrine tumors.

Epigenetics is the study of heritable modifications 
that control gene expression without alterations to the 
gene’s DNA sequence itself[10]. It provides a deeper level 
of understanding phenotypic changes in the absence of 
alterations in classical genetics. This review summarizes 
the different types of epigenetic mechanisms that have 
been implicated in GEP-NET tumorigenesis, as well 
as key developments in the potential for epigenetic 
alterations to serve as biomarkers or therapeutic tar­
gets.

Epigenetic mechanisms
Table 1 describes the different types of epigenetic 
mechanisms. Perhaps the most well understood epi
genetic alteration is DNA methylation, which occurs at the 
5’-position of the cytosine ring within dinucleotide CpG 
islands typically located in a gene’s regulatory region[11]. 
Overall, methylation has a stabilizing effect on cellular 
function. In cancer development, methylation patterns 
are tissue- and chromosome-specific - hypomethylation 
has been associated with chromosomal instability, 
reactivation of transposable elements, and loss of im
printing, whereas hypermethylation is associated with 
inactivation of tumor-suppressor genes[12]. Methylation is 
regulated by DNA methyltransferase enzymes (DNMTs); 
cells with defects in DNMTs are also shown to have 
marked nuclear abnormalities[13]. DNMT inhibitors such 
as 5-azacytidine (AZA) and decitabine have been shown 
to effectively induce demethylation in pre-clinical and 
clinical trials[14]. 

Another epigenetic change that is frequently seen 
is histone modification. Histone proteins are the main 
component of chromatin and form the nucleosome 
backbone for DNA packaging. Modifications in their 
structure contribute to the epigenetic regulation of 
gene expression, including acetylation, methylation, 
and phosphorylation. The exact regulatory effect is 
dependent on the type of chemical modification; for 
example, lysine acetylation is generally associated with 
transcriptional activation, whereas methylation can either 
suppress or activate transcription depending on amino 
acid (arginine vs lysine) and histone site[12]. Several 
enzymes are responsible for its regulation, including 
histone acetyltransferases and deacetylases (HDACs) 
as well as histone methyltransferases. Modification of 
DNA packaging components is crucial to chromatin 
remodeling, which alters between heterochromatin 
(tightly packaged, transcriptionally silent) and euchro­
matin (less condensed, transcriptionally active) states[15]. 

Finally, noncoding RNAs also play a role in epigenetic 
changes. Noncoding RNAs account for 98% of the 
transcribed genome, but do not undergo subsequent 
translation[16]. Instead, they act as pre- and post-tran
slational modifiers, and have gained recent attention 
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as having regulatory roles in both normal cellular 
development and oncogenesis. These include large 
RNAs (> 200 nucleotides) such as long noncoding 
RNAs (lncRNA), and small RNAs (< 200 nucleotides) 
such as microRNAs (miRNA)[15]. lncRNAs have a pre-
transcriptional function by providing molecular scaffolds 
for chromatin regulators, and have been implicated as 
biomarkers for prostate, hepatocellular, and metastatic 
colorectal carcinomas[17,18]. There is also evidence of their 
involvement of gene regulation at the transcriptional, 
translational, and post-translational levels[18]. On the 
other hand, miRNAs appear to have a mainly post-
transcriptional role by binding to complementary target 
sites of 3’-untranslated regions (UTRs) of messenger 
RNAs (mRNA), which then either inhibit translation or 
promote mRNA degradation. The over- and under-
expression of various miRNAs have been implicated 
in nearly all solid tumors including breast, cervical, 
colorectal, lung, prostate, pancreatic, and thyroid 
cancers[19]. 

Major advancements in epigenetics
As the functional mechanisms of epigenetic regulation 
have become better understood, the association between 
these modifications and malignant transformation has 
fueled further investigation into the role of epigenetics in 
tumorigenesis and patient outcomes. Traditional methods 
of epigenomic analysis, such as bisulfite sequencing for 
DNA methylation and chromatin immunoprecipitation 
(ChIP) for analyzing chromatin modifications and DNA-
protein interactions, provided the fundamental platform 
necessary for the development of more efficient and 
accurate techniques. These methods are becoming 
integrated with microarray and Next-Generation Se
quencing (NGS) technology to provide even more com
prehensive analyses; for example, NGS can be used to 
elucidate a tumor’s “methylome” at single-nucleotide 
resolution[20].

These technologies have enabled significant epi
genomic discoveries in other tumors including myelo
dysplastic syndrome (MDS) and cutaneous T-cell lym
phoma. While it is beyond the scope of this review to 
detail their comprehensive history, it is important to 

highlight several therapeutic breakthroughs that have 
had an impact on clinical practice. Specifically, there 
are currently four FDA-approved drugs that have an 
epigenetic mechanism of action: 5-azacytidine and 
decitabine (DNMT inhibitors), and suberoylanilide 
hydroxamic acid and romidepsin (HDAC inhibitors). 
The DNMT inhibitors have demonstrated significantly 
higher response rates and reduced risk of leukemic 
transformation in the treatment for high risk myelo­
dysplastic syndrome[21,22], and the HDAC inhibitors have 
been shown to induce durable responses in patients with 
cutaneous T-cell lymphoma[23,24]. Additionally, there have 
been promising preliminary in vivo data using microRNAs 
to improve survival in hepatocellular carcinoma[25]. While 
this led to a multicenter Phase Ⅰ study of a liposome-
based miR-34 mimic for patients with advanced HCC 
(ClinicalTrials.gov identifier: NCT0182997), this trial was 
withdrawn for immune-related serious adverse events, 
thus highlighting the need for further research into deve
loping safe epigenetic therapies. 

Overall, these advancements have proven the clinical 
value of using epigenomic modifications not only as 
oncologic biomarkers, but as potential therapeutic targets 
as well. Accordingly, current studies are investigating 
the epigenetic mechanisms that may contribute to GEP-
NET tumorigenesis, and hopefully these advancements 
will serve as the foundation for future therapeutic deve
lopments.

CURRENT STATUS OF EPIGENETICS IN 
NETS
Hypermethylation in NETs
Methylation profiles of candidate genes in GEP-NETs 
has been extensively studied. There are data to suggest 
that these profiles are uniquely different between 
pancreatic tumors (PNETs) and gastrointestinal tumors 
(GI-NETs). Chan et al[26] detected a significantly higher 
degree of promoter methylation of 14 candidate genes 
in 14 GI-NETs compared to 11 PNETs, including MGMT 
(25% vs 0%), THSB1 (44% vs 9%), P14 (44% vs 9%), 
INK4a/P16 (31% vs 9%) and RARb (25% vs 0%). 

Table 1  Overview of epigenetic mechanisms

Mechanism Effect Regulation Ref.

DNA Methylation DNMTs
Hypomethylation Chromosomal instability, reactivation of transposable elements, loss of imprinting [12]
Hypermethylation Inactivation of tumor suppressor genes [12]
Histone modification HDACs, histone methyltransferases
Lysine acetylation Transcription activation [12]
Methylation Transcription activation or suppression [12]
Noncoding RNAs Variable
LncRNAs Pre-transcriptional regulation [17]
MiRNAs Post-transcriptional binding to 3’-untranslated regions to inhibit translation or 

promote mRNA degradation
[18]

DNMTs: DNA methyltransferase enzymes; HDACs: Histone acetyltransferases and deacetylases; LncRNA: Long non-coding RNA.
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While INK4a/P16 methylation was associated with GEP-
NET liver metastasis, the small sample size of this study 
limited a comprehensive clinical outcomes analysis. A 
larger, more recent analysis by How-Kit et al[27] was able 
to distinguish between GEP-NET subtypes by evaluating 
the methylation status of 807 oncogenic genes in 60 
tumors using the Illumina GoldenGate technology. 
This study found unique DNA methylation patterns on 
hierarchical clustering between small bowel NETs (SB-
NETs) and PNETs, as well as between functional PNET 
subtypes (insulinoma, gastrinoma, non-functioning). The 
analysis also found that gastrinomas are characterized 
predominantly by hypomethylated genes including 
metalloproteinases (MMP1, MMP3, TIMP2, TIMP3) and 
genes of the serpin family (SERPINA5, SERPINB5), 
whereas insulinomas and non-functioning PNETs had 
mixed hyper- and hypo-methylation profiles. Lastly, 
they reported hypermethylation of tumor suppressors 
(SMARCB1, CASP8 and NBL1) and hypomethylation of 
oncogenes (IL2, MCF2 and MOS); gene ontology and 
network analysis integrating these results detected 
cellular growth, apoptosis, cellular movement, and 
cell-cell signaling as the main molecular and cellular 
functions affected by the differentially methylated gene 
profiles. Overall, these results describe how epigenetic 
modifications differ between GEP-NET location and 
functionality, and have begun to shed light as to which 
genes and signaling pathways may be responsible for 
their differentiation. 

The promoter regions of several individual genes in 
GEP-NETs warrant discussion, including RASSF1A, INK4a/
P16, TIMP3, MGMT, IGF2, UCHL1, among others (Table 
2). Although this section will describe the methylation 
patterns of individual genes’ promoters, it is important 
to note that studies have correlated hypermethylation of 
multiple tumor suppressor genes with more advanced 
disease[28,29]. For instance, in GEP-NETs, Arnold et al[30] 

found that a high degree of methylation across CpG sites 
of multiple tumor suppressors - known as CpG island 
methylator phenotype (CIMP) positivity - is correlated 
with worse clinical outcomes in a mixed cohort of 71 
well-differentiated tumors of the foregut and midgut. 
Specifically, CIMP positivity was found in 74% of foregut 
and midgut tumors and was associated with higher grade 
tumors (ki67 > 10%), whereas CIMP negativity had a 
non-significant trend towards better overall survival (7 
years vs 4 years)[30]. Additionally, methylation of two or 
more tumor suppressor genes has been shown to be 
associated with liver metastases in a separate GEP-NET 
cohort[31]. 

Multiple groups have shown clinically relevant 
methylation patterns in single gene promoter regions 
in GEP-NETs specifically. One of the initial large cohorts 
evaluating the methylation patterns of GEP-NETs 
analyzed 11 selected tumor suppressors in 48 PNETs, 
75% of which were well-differentiated[32]. RASSF1 
was hypermethylated in 75% of cases, followed by 
INK4a/p16 (40%), O6-MGMT (40%), RAR-β (25%), and 
hMLH1 (23%). Interestingly, the methylation patterns 
were largely preserved when comparing metastatic 
tumor deposits to the matched primary tumor. 

 Ras-association domain gene family 1 (RASSF1) 
is a tumor suppressor that induces cell cycle arrest 
whose promoter region has been well-studied and is 
hypermethylated in 57% of GEP-NETs[31]. It appears 
that there are differences in RASSF1 hypermethylation 
depending on the site of origin of the GEP-NET as 
75%-100% of PNETs[32-34], 33% of gastric NETs[34], and 
0%-61% of SB-NETs[34,35] were found to have RASSF1 
hypermethylation. The degree of methylation in PNETs 
has been found to be higher than adjacent normal 
pancreas and is expectedly inversely correlated with 
its level of gene expression[36]. Slightly counterintuitive 
to the statistically similar methylation profiles found 

Table 2  Methylation profiles in neuroendocrine tumors

Modification Gene Gene function Clinical effect Tumor Ref.

Hypermethylation 
(Inactivation)

RASSF1 Induces cell cycle arrest Correlated with malignancy, levels 
highest in metastases

PNET > GI-NET [32-34]

INK4a/p16 Induces cell cycle arrest and apoptosis Decreased 5-yr survival, liver metastases PNET, gastrinoma [38,39]
MGMT DNA repair Improved response to temozolomide PNET [32]
TIMP-3 Inhibits metalloproteinases Correlated with metastases PNET [44]
UCHL-1 Post-translational modifier, de-

ubiquitinates proteins marked for 
lysosomal degradation

Correlated with metastases GEP-NET [45-47]

IGF2 Chromatin packaging Specific for insulinomas, increased stage Insulinoma [51]
MLH1 DNA repair Correlated with malignancy PNET, insulinoma [52]

Global 
hypomethylation

LINE-1 Repeating long interspersed nucleotide 
elements

Correlated with malignancy and lymph 
node metastases

Ileal NET > GEP-NET [53-55]

Alu Repeating long interspersed nucleotide 
elements

Correlated with malignancy GEP-NET [54]

GEP-NETs: Gastroenteropancreatic neuroendocrine tumors; PNETs: Pancreatic tumors; GI-NETs: Gastrointestinal tumors.

Finnerty BM et al . Epigenetics of GEP-NETs
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between matched metastatic vs primary PNET cohorts 
described above, the degree of RASSF1 methylation has 
been reported to be higher in lymphatic metastases in a 
GEP-NET cohort[31] and distant metastatic deposits in a 
SB-NET cohort[35,37] when compared to primary tumors. 
Nonetheless, while RASSF1 promoter methylation itself 
has not been correlated with changes in survival, its 
gene expression on an mRNA level is correlated with 
survival in one cohort of SB-NETs[37].

The methylation status of INK4a/p16 (also known 
as cyclin-dependent kinase inhibitor 2A or CDKN2A) 
is another well-studied area in GEP-NET epigenetics. 
Methylation at three or more tumor suppressor genes, 
specifically at the INK4a/p16 locus, is predictive of 
decreased 5-year survival as well as tumor recurrence 
within 2 years of operation on multivariate analysis[32]. 
Additional studies have documented that methylation 
of the INK4a/p16 locus occurs in up to 58% of PNETs 
and gastrinomas[38,39] but less than 15% of benign 
insulinomas[40], and is associated with liver metastasis 
in GEP-NETs[26,31] and poorer overall survival rates in 
poorly differentiated colorectal NETs[41]. The gene is 
located on chromosome 9p21 and is known to induce 
cell cycle arrest and apoptosis. Its inactivation by 
homozygous deletion is well-documented in many 
cancers; however, hypermethylation of its promoter 
has also been associated with colorectal, lung, breast, 
renal, and prostate cancers[42]. Despite its prevalence 
and association with cell cycle regulation, further 
clinical association is unclear as some studies have 
found the degree of INK4a/p16 promoter methylation 
to be independent of disease stage in gastrinomas[39]. 
Nevertheless, since INK4a/p16 promoter hyper
methylation is a prevalent finding in PNETs, it still is 
thought be a driver for early tumorigenesis and should 
have continued focus as a major epigenetic modification 
in GEP-NETs.

The silencing of several other individual loci by 
promoter hypermethylation may have important 
implications in GEP-NET tumorigenesis. MGMT is a 
DNA methyltransferase that serves an important role 
in DNA repair. The MGMT promoter is methylated 
in up to 40% of PNETs[32]. Several studies have 
correlated hypermethylation of the MGMT promoter 
(and subsequent protein loss) with improved response 
to temozolomide, an oral chemotherapeutic agent, 
specifically longer progression-free and overall survival[43]. 
TIMP-3 is a tumor suppressor involved in the inhibition of 
proteolytic activity of the matrix metalloproteinases; its 
decreased expression allows MMPs to contribute to tumor 
growth, angiogenesis and invasion. Hypermethylation 
of its promoter occurs in 44% of sporadic PNETs, and 
appears to be more prevalent in metastatic tumors[44]. 
UCHL-1 is a post-translational modifier that de-ubi
quitinates proteins otherwise destined for lysosomal 
degradation; it is a known tumor suppressor in multiple 
tumor types and has been shown to stabilize p53 levels 
and induce cell cycle arrest[45,46]. In a cohort of well-
differentiated GEP-NETs, loss of UCHL1 expression 

by CpG promoter hypermethylation has been shown 
to be associated with metastatic GEP-NETs in well-
differentiated tumors[47]. Additionally, hypermethylation 
of CTNNB1 (beta-catenin), WIF1 (wnt inhibitory factor), 
TCEB3C (elongin A3), and SEMA3F (semaphorin 3F) have 
been identified in SB-NETs[35,37,48,49], with CTNNB1 and 
SEMA3F hypermethylation also having been identified in 
metastatic tumors[35,49]. Most recently, hypermethylation 
of the tumor suppressor homeobox-only protein has 
been associated with worse recurrence free survival in a 
cohort of 36 PNETs[50].

To further illustrate the complexity of NETs, in
sulinomas have a unique methylation profile compared 
to other sporadic NETs. In a cohort of insulinomas, 
gastrinomas, non-functioning pancreatic NETs, and SB-
NETs, hypermethylation of the CpG-rich differentially 
methylated region 2 (DMR2) region of the imprinted 
gene IGF2 was specific for insulinomas, which results 
in inhibition of chromatin packaging and thus allows 
continued expression of IGF2. Furthermore, there 
was a correlation between decreasing degree of IGF2 
methylation with increasing stage of malignancy as 
defined by the WHO classification across the entire 
cohort[51]. In a separate study, insulinomas had a 
higher rate of MLH1 promoter hypermethylation, which 
has a regulatory role in DNA repair; decreased gene 
expression of MLH1 was further correlated with tumor 
malignancy[52].

Contrary to many reports of hypermethylated genes 
described above, global hypomethylation of GEP-NETs 
has been reported as well. Global hypomethylation 
is assessed by analyzing the methylation status of 
long interspersed nucleotide elements (LINE)-1 and 
Alu, which are heavily methylated repeating elements 
that comprise 15% and 10% of the human genome, 
respectively. A recent meta-analysis concluded that 
global hypomethylation is associated with a worse 
prognosis in colorectal tumors, melanoma, gastric 
cancer, hepatocellular carcinoma, amongst others[53]. 
Within GEP-NETs, the significance and incidence of 
hypomethylation seems to vary by tumor type. Choi 
et al[54] compared a cohort of 35 well-differentiated 
GEP-NETs to normal tissue, finding that global 
hypomethylation was found more frequently in tumor 
samples than in normal tissue. This same study showed 
that relative tumor hypomethylation of LINE-1 was 
more prevalent in ileal carcinoid tumors than in non-
ileal carcinoid tumors and PNETs, and was also more 
prevalent in tumors with lymph node metastasis, 
chromosome 18 loss, and RASSF1 methylation. 
Interestingly, Alu methylation was inversely correlated 
with methylation of MGMT[54]. There were no survival 
differences between degrees of LINE-1 and Alu 
methylation, and more importantly, methylation of 
LINE-1 and Alu did not appear to be a sensitive marker 
for generalized CpG methylation of multiple genes of 
interest (e.g., MGMT).

In contrast to the Choi study[54] cited above, a study 
of 58 GEP-NETs of variable grades showed that LINE-1 

Finnerty BM et al . Epigenetics of GEP-NETs
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hypomethylation was highest in PNETs compared to 
SB-NETs, and is correlated with worse tumor staging 
in PNETs[55]. The most convincing data regarding 
global hypomethylation in PNETs was described by 
Stefanoli et al[56] who performed quantitative bisulfite 
pyrosequencing to determine methylation status on 
56 PNETs and 8 normal pancreas samples. LINE-1 
methylation was significantly lower in PNETs compared 
to normal tissue. Additionally, in tumor samples, LINE-1 
methylation was significantly lower in stage Ⅲ and Ⅳ 
disease as compared to stage Ⅰ and Ⅱ disease (57.4% 
vs 61.7%, respectively, P = 0.002). Furthermore, PNETs 
with less than 58% LINE-1 methylation were correlated 
with worse overall survival (P < 0.0001). This study also 
analyzed the methylation status of 33 tumor suppressor 
genes, and identified three PNET clusters each with 
increasing frequency of gene-specific hypermethylation. 
The PNET cluster with the highest degree of methylation 
was associated with stage Ⅳ disease (P = 0.04) and 
poor overall survival (P = 0.004), and implicated 
ten tumor suppressors: DAPK1, TIMP3, PAX5, HIC1, 
CADM1, PYCARD, ESR1, VHL, RARB and WT1. 
Interestingly, most of the LINE-1 hypomethylated PNETs 
were distributed within the clusters containing a higher 
frequency of hypermethylated tumor suppressors, thus 
highlighting that global hypomethylation and gene-
specific hypermethylation may be found concurrently in 
aggressive PNETs.

Chromatin remodeling in NETs
One of the initial investigations into chromatin re
modeling in GEP-NETs was by Jiao et al[9]. The authors 
performed exome sequencing of 10 sporadic PNETs 
and identified mutations in several genes involved in 
chromatin remodeling that were subsequently con
firmed in a 58-sample validation cohort. The top three 
mutated genes, MEN1 (44%), DAXX (25%), and ATRX 
(18%) are all recognized to have a prominent role in 
chromatin remodeling, and may even provide a link 
between DNA methylation and histone modifications. 
Interestingly, in this study, patients with mutations 
in MEN1, DAXX/ATRX, or a combination of both had 
improved survival when compared to those without 
any mutation, particularly in those with metastatic 
disease[9]. While the clinical implications of MEN1, 
DAXX, and ATRX mutations vary in subsequent studies 
(discussed below), these findings prompted further 
investigation into the genes’ downstream mechanistic 
effects. MEN1 encodes menin, a nuclear scaffold protein 
that serves as a transcriptional regulator by remodeling 
chromatin and is also an essential component of a 
histone methyltransferase complex containing MLL2 
and Ash2L[57]. ATRX is a chromatin remodeling protein 
that interacts with DNA methyltransferase 3A and 3L - 
this promotes DNA methylation of histone H3K4 when 
it is unmodified, which can result in telomere/chromatin 
changes as well as transcriptional activation[58]. DAXX 
is an H3.3-specific histone chaperone, which interacts 
with ATRX for H3.3 incorporation and heterochromatin 

assembly at telomeres[59,60]. Ultimately, these complex 
interactions between DNA methylation and chromatin 
remodeling are essential for maintaining histone meth
ylation patterns in newly replicated chromatin and 
preserving the stability of gene expression[58].

Further work has defined the role of these mu­
tations in the cellular behavior of GEP-NETs. The de
fining feature of telomerase-independent telomere 
maintenance associated with DAXX/ATRX gene mu
tations is alternative lengthening of telomeres (ALT). 
This phenomenon can be detected by telomere-specific 
fluorescence in situ hybridization (FISH) and was seen 
in 25/41 (61%) of PNET tumors in one cohort[61]. All 
PNETs with DAXX/ATRX mutations (n = 19) had positive 
ALT during FISH analysis in this study, and tumors 
without mutations that were ALT positive (n = 6) had 
lost nuclear expression of DAXX/ATRX. Other studies in 
GEP-NETs have reported similar findings - specifically 
that the ALT positive phenotype is associated with loss 
of ATRX or DAXX expression, particularly in PNETs[62]. 
Comparable findings have been reported in other 
tumors as well, including pediatric glioblastomas, where 
44% of patients harbor a mutation in the DAXX/ATRX 
pathway resulting in ALT positivity[63]. 

Several subsequent studies have corroborated the 
above DAXX/ATRX mutation findings in GEP-NETs. de 
Wilde et al[64] evaluated 109 well-differentiated PNETs 
from 28 patients with MEN-1 syndrome and found that 
expression of DAXX/ATRX was normal and there was 
no ALT positivity in tumors < 0.5 cm. However, 25% 
of tumors > 3 cm (6% of tumors > 0.5 cm) had lost 
expression; in each of these tumors, there was ALT 
positivity. Additionally, available lymph node metastases 
(2/3) had the same phenotype, and tumor grading was 
more likely to be WHO grade 2. The authors concluded 
that since loss of DAXX/ATRX expression was found 
only in larger, more aggressive tumors, DAXX/ATRX 
defects might be a later event in MEN-1 syndrome PNET 
tumorigenesis. Unfortunately, the cohort was too small 
(n = 12 for size > 3 cm) to perform other translational 
analyses, such as correlating DAXX/ATRX expression 
with survival or other clinicopathologic features.

In addition to these findings, Marinoni et al[65] ev
aluated DAXX/ATRX expression in a derivation cohort of 
61 well-differentiated PNET tumors and validation cohort 
of 70 tumors. Their analysis showed that loss of DAXX 
or ATRX protein occurred in 42% of the cohort and was 
correlated with ALT positivity. Furthermore, DAXX/ATRX 
loss of expression was also correlated with chromosome 
instability, which has previously been associated with 
poor outcomes in PNETs. Both cohorts in this study also 
demonstrated that a loss of DAXX or ATRX correlated 
significantly with a decreased relapse-free survival; 
only the derivation cohort detected a correlation with 
decreased tumor-specific survival. These findings are 
contrary to the initial report of DAXX/ATRX mutations 
described above, which appeared to be correlated with 
improved prognosis[9]. These discrepancies are likely 
secondary to the initial report’s cohort consisting of all 
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metastatic PNETs, whereas only 18% of the Marinoni 
et al[65] tumors were metastatic. Therefore, it is more 
important to appreciate that DAXX/ATRX loss of ex
pression identifies only a subset of PNETs, and might 
have a different role in localized and distant tumor 
stages. 

Notably, another study by Pipinikas et al[66] found 
similar clinical outcomes as Marinoni et al[65] - PNETs 
that were DAXX-negative (i.e., DAXX-deficient) had the 
worst progression-free survival at five years (DAXX-
negative: 16%, P < 0.001; ATRX-negative: 52%, P 
= 0.15; and DAXX/ATRX-positive: 85%). There was 
a significantly higher proportion of DAXX/ATRX loss 
in intermediate grade tumors compared to low-grade 
tumors (68% vs 27%, P = 0.008)[66]. This study also 
bridged the relationship between DAXX/ATRX, DNA 
methylation, and histone modifications. Using genome-
wide methylation analysis, they found a significantly 
higher number of methylation-variable positions in DAXX-
negative vs ATRX/DAXX-positive tumors compared to 
ATRX-negative vs ATRX/DAXX-positive tumors. This 
highlights the functional importance of DAXX (a H3.3-
specific histone chaperone) as a driver for genome-
wide methylation changes. Lastly, they found a higher 
incidence of copy number variations in DAXX/ATRX-
negative tumors compared to DAXX/ATRX-positive 
tumors. 

These data were definitively confirmed in the largest 
series evaluating ALT positivity and DAXX/ATRX loss in 
PNETs. Singhi et al[67] performed telomere-specific FISH 
and DAXX/ATRX immunohistochemistry on 321 patients 
with resected PNETs, as well as 191 paired distant 
metastases from 52 patients. ALT-positivity and DAXX/
ATRX-loss were present in 31% and 26% of resected 
PNETs, respectively, and associated with greater tumor 
size, worse WHO grade, lymph node metastasis, and 
distant metastasis. The rates of ALT-positivity and 
DAXX/ATRX-loss were higher in distant metastases 
(67% and 52%, respectively), and in fact, distant 
metastases only occurred in the setting of ALT-positive 
and DAXX/ATRX-negative primary tumors. Comparing 
long-term outcomes to wild-type PNETs, ALT-positive 
patients had worse 5-year disease-free survival (40% vs 
96%, P < 0.001) and 10-year disease-specific survival 
(50% vs 89%, P < 0.001). Similar to the Marioni and 
Pipinikis studies, ALT was an independent prognostic 
factor for disease free survival (HR = 7.1, P < 0.001), 
but not for disease-specific survival (similar results 
were found when substituting DAXX/ATRX-loss for 
ALT positivity). These studies provide strong evidence 
suggesting that ALT-positivity and DAXX/ATRX-loss are 
associated with aggressive clinicopathologic features 
and worse disease-free survival, but not necessarily 
disease-specific survival.

Another gene of interest in chromatin remodeling 
of GEP-NETs is NAP1L1 (nucleosome assembly protein 
1-like 1), whose function is thought to be in nucleosome 
assembly and exchange of histone dimers, which may 
contribute to the regulation of cell proliferation as a 

transcriptional modifier[68,69]. In a cohort of 43 PNETs, 
NAP1L1 was significantly overexpressed in metastasis 
and inversely correlated with expression of p57Kip2[70]. 
This inverse correlation was confirmed in vitro by 
silencing NAP1L1 in the BON cell line, which correlated 
with a subsequent increase in p57Kip2 mRNA and protein 
levels. Furthermore, there was decreased signaling of 
the mammalian target of rapamycin (mTOR) pathway, 
which lead to less aggressive phenotypes in vitro and 
in vivo. Most importantly, though, the p57Kip2 promoter 
in NAP1L1-silenced BON cells was significantly less 
methylated, and using ChIP analysis, NAP1L1-bound 
DNA fragments were found to include the p57Kip2 

promoter. The authors concluded that although NAP1-
like proteins typically control gene expression via 
histone H3 acetylation[71], NAP1L1 may have the ability 
to regulate p57Kip2 through promoter methylation in 
GEP-NETs. This finding highlights the overlapping 
complexity of epigenetic modifications, and while these 
recent studies have provided a major step in advancing 
our understanding of chromatin remodelers as PNET 
prognostic indicators, the mechanisms by which these 
mutations affect survival on a cellular level remain to be 
fully elucidated.

MicroRNAs in NETs
Recent studies have begun to focus on global miRNA 
profiling of GEP-NETs, and several of these are reviewed 
here. miRNAs primarily play a post-transcriptional role 
by either inhibiting translation of mRNA or promoting 
mRNA degradation. Many different specific miRNAs have 
been identified with a breadth of clinical implications 
in GEP-NETs (Figure 1, Supplementary Table 1). While 
the prognostic and therapeutic implications of these 
changes are still controversial, these findings provide a 
strong foundation for future investigations.

Roldo et al[72] in one of the first GEP-NET miRNA 
studies, evaluated 12 insulinomas, 28 nonfunctioning 
PNETs, and four acinar carcinomas in comparison to 
normal pancreatic tissue. Their analysis demonstrated 
that overexpression of miR-103 and miR-107 and 
underexpression of miR-155 could discriminate the 
whole tumor cohort from normal tissue. Interestingly, 
overexpression of miR-204 was specific to insulinomas 
and correlated with immunohistochemical staining of 
insulin better than insulin mRNA expression. Lastly, 
miR-21 was correlated with Ki67 > 2% as well as liver 
metastasis. While these data do not necessarily explain 
the downstream mechanistic effects of these expression 
differences, this initial report gave insight into the 
miRNA expression differences of PNETs - in addition 
to those mentioned above, ten microRNAs (miR-
125a, miR-99a, miR-99b, miR-125b-1, miR-342, miR-
130a, miR-132, miR-129-2, miR-125b-2) were able 
to differentiate PNETs from normal tissue and acinar 
tumors independently, and the miRNA profiles between 
nonfunctioning tumors and insulinomas were noted to 
be indistinguishable.

miRNA profiling of PNETs has been further analyzed 
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by Thorns et al[73] in a cohort including PNET tumor 
samples of various grades, normal tissue, as well as 
serum. This study found that expression of miR-642 
correlated with Ki-67 score, and miR-210 correlated with 
metastatic disease. Interestingly, 13 miRNAs were more 
abundant in the serum of patients with PNETs compared 
to normal subjects; specifically, miR-193b was a marker 
for PNETs in both tumor and serum samples[73].

Investigation into miRNA profiling in SB-NETs first 
gained traction in a study by Ruebel et al[74] evaluating 
the differential expression of 95 miRNAs in eight 
matched primary and metastatic ileal NETs. There 
was downregulation of miR-133a, miR-145, miR-146, 
miR-222, and miR-10b in all metastatic samples com
pared to primary tumors, and up-regulation of miR-183, 
miR-488 and miR-19a in six of eight metastatic tumors 
compared to the primary. miR-133a was significantly 
downregulated in a validation cohort of six additional 
cases. This study presented an initial understanding of 
miRNA expression differences in SB-NETs. However, 
perhaps one of the best designed miRNA profiling 
studies in GEP-NETs was performed in a cohort of five 
primary SB-NETs, five lymph node metastases, and 
five liver metastases[75]. In this cohort, the Affymetrix 
Genechip miRNA array detected 15 upregulated and 18 
downregulated miRNAs when comparing mesenteric 
metastases to primary tumors. These 33 miRNAs were 
further differentially expressed when comparing liver 
metastases to lymph node metastases; in fact, 14 
of 15 upregulated miRNAs had a further increase in 
expression in the liver metastases. Furthermore, nine 
miRNAs of interest were validated in a cohort of three 
primary tumors, three lymph node metastases, and 
three liver metastases - miR-96, miR-182, miR-183, miR-
196a, and miR-200a were confirmed to be upregulated 
in metastases, and miR-31, miR-129-5p, miR-133a, 
and miR-215 were confirmed to be downregulated 
in metastases. These results provide insight into the 
differential expression of miRNAs that may be implicated 

in disease progression.
A subsequent comprehensive analysis of 90 patients 

by Miller et al[76] profiled the global miRNAome of SB-
NETs and their metastases. The authors identified 
39 differentially expressed miRNAs between primary 
tumors and normal tissue. Interestingly, they found 
significant overlap between upregulated miRNAs in 
both primary SB-NETs and their metastases compared 
to their respective normal tissues. While the most 
differentially expressed microRNAs were upregulation of 
miR-204, miR-7-5p, and miR-375, the profile included 
microRNAs identified in the above studies, specifically 
miR-31, miR-96, miR-129-5p, miR-182, miR-196a, 
miR-200a and miR-215. When comparing lymph node 
and liver metastases to their matched primary tumors, 
several significantly downregulated microRNAs were 
identified, including miR-1, miR-133a, miR-143-3p, 
and miR-145-5p - again, several of these were also 
identified in the above studies. The authors then 
analyzed the target genes of miR-1 and miR-143 in 
the existing GSE27162 dataset. They identified both 
miRNAs are predicted to target the NUAK2 and FOSB 
oncogenes, which are significantly upregulated in SB-
NET lymph node metastasis. The inverse correlation 
identified in this bioinformatics analysis was confirmed 
in vitro, indicating that this miRNA/mRNA interaction 
may be a crucial step in metastatic progression of SB-
NETs.

miR-196a has been identified in several studies, and 
has been further investigated by Li et al[77]. The authors 
used miRNA target prediction software, which identified 
HOXA9, HOXB7, LRP4, and RSPO2 as potential 
downstream targets of miR-196a. The transcripts of 
these targets were found to be downregulated in tumor 
and serum samples of patients with SB-NETs compared 
to healthy donors. More interestingly, when miR-196a 
was silenced in the SB-NET cell line CNDT2.5, all four 
targets’ gene and protein expression significantly 
increased. Further downstream targets of these genes, 
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↑ miR-107
↑ miR-144
↑ miR-193B
↑ miR-210
↑ miR-451
↑ miR-642

↓ miR-155 ↑ miR-196a
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↓ miR-1 
↓ miR-10b
↓ miR-31
↓ miR-129-5p
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↓ miR-143-3p
↓ miR-145
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↑ miR-19a
↑ miR-96
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Figure 1  MicroRNA in neuroendocrine tumors. PNET: Pancreatic tumors; SB-NETs: Small bowe neuroendocrine tumors.
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including those in the WNT signaling pathway, were 
also expectedly upregulated. This did not result in any 
phenotypic changes in cell growth; however, the only in 
vitro assay performed was an MTT (cell viability) assay.

miR-196a has also been implicated in PNET 
clinicopathologic outcomes in a study by Lee et al[78]. 
The authors analyzed 37 resected PNETs and found 
that increased expression of miR-196a was significantly 
associated with advanced pathologic T stage (50% 
vs 7%), N stage (50% vs 4%), higher mitotic counts 
(60% vs 4%), and greater ki-67 index (60% vs 22%). 
Furthermore, patients with increased expression had 
a higher risk for recurrence (hazard ratio: 16.3, 95% 
confidence interval: 1.7 to 154, P = 0.015), worse 
disease-free survival (P < 0.001), and worse overall 
survival (P = 0.046). These findings demonstrate that 
miR-196a may have prognostic utility in both pancreatic 
and small bowel NETs.

miRNAs may also play a role in the development 
of insulinomas. Jiang et al identified 114 differentially 
expressed microRNAs when comparing four insulinomas 
to 4 normal pancreatic islet cells - 28 of these belonged to 
three miRNA families that localized to the epigenetically-
regulated imprinted chromosome 14q32[79]. The most 
significant differentially expressed cluster, miR-144/451, 
was validated in 25 insulinomas and 8 normal pancreatic 
islets. The authors further demonstrated that in mouse 
pancreatic beta-cells, overexpression of miR-144/451 
increased cell viability and proliferation - miR-144 was 
found to inhibit the tumor suppressor PTEN leading to 
increased AKT pathway activation, while miR-451 directly 
downregulated p19, a cell-cycle regulator. Further 
investigation into the downstream effects of the other 
differentially expressed microRNAs in this study could 
provide even more insight into the tumorigenesis of 
insulinomas.

Lastly, there is increasing evidence that serum 
miRNA expression can serve as a biomarker for patients 
with SB-NETs. The panel of nine miRNAs described 
above (miR-96, miR-182, miR-183, miR-196a, miR-
200a, miR-31, miR-129-5p, miR-133a, and miR-215) 
was evaluated in the serum of patients with SB-NETs 
and compared to healthy volunteers by Li et al[80]. 
The study found that miR-96, miR-182, miR-196a, 
and miR-200a were upregulated and miR-31, miR-
129-5p, miR-133a, and miR-215 were downregulated 
when comparing patients with lymph node metastases 
compared to healthy volunteers - these findings are 
largely congruent with the authors’ original study in 
tumor tissue[75], although serum expression of miR-183 
did not differ between groups. The study further shows 
that patients treated with somatostatin analogues (SSA) 
have even further upregulation of miR-96, miR-182, 
miR-183, miR-196a, and miR-200a at all stages of 
disease (i.e., in primary tumors, lymph node and 
liver metastases), with the exception that miR-200a 
is not significantly upregulated in patients with liver 
metastases. Therefore, these results suggest that there 
are certain serum miRNA profiles that are not only 

detectable in patients with SB-NETs, but also have a 
specific response to somatostatin analogues. 

lncRNA in NETs
The current knowledge regarding the pathogenesis and 
prognostic implications of lncRNAs is still in its preliminary 
stages. However, one study thus far has described a 
potentially relevant lncRNA in GEP-NETs[81]. Modali et al[82] 
specifically investigated the relationship between menin 
and MEG3, a monoallelic, maternally-expressed lncRNA 
whose loss of expression has been described in several 
tumors. The authors demonstrated that in a mouse 
insulinoma cell line, overexpression of menin significantly 
increased MEG3 expression by histone-H3 lysine-4 
trimethylation (a marker of transcriptional activation) 
and CpG hypomethylation at the Meg3 promoter CRE 
site, which allows binding of the transcription factor cAMP 
response element-binding protein. Furthermore, MEG3 
overexpression was shown to reduce cell proliferation 
rates, induce cell cycle arrest, and downregulate c-Met 
proto-oncogene expression. This inverse relationship 
of menin-Meg3 to c-Met was confirmed in an in vivo 
PNET mouse model, as well as in human MEN1 PNET 
and sporadic insulinoma samples. In all of these, MEG3 
expression was decreased, c-Met expression was 
elevated, and the MEG3 promoter was hypermethylated 
in tumors compared to normal islets. This initial study of 
lncRNA in PNETs has highlighted the potential importance 
of lncRNA epigenetic regulation in neuroendocrine tumor 
development.

CLINICAL APPLICATIONS AND FUTURE 
DIRECTIONS
Several studies discussed above have provided data 
identifying potential prognostic biomarkers, and some 
have even hypothesized clinical translation by evaluating 
their utility as serum biomarkers. Continued investigation 
is required to identify the mechanisms by which these 
epigenetic modifications influence tumorigenesis, pro
viding better insight into their prognostic and therapeutic 
utility.

There has been limited success in developing effective 
epigenetic therapies, as most of these studies have only 
evaluated drug treatments in GEP-NET cell lines such as 
BON (pancreas) and CNDT2.5 (midgut). However, they 
have shown initial promising effects by demonstrating 
attenuation of aggressive GEP-NET tumor phenotypes 
with drug treatments. For instance, overexpression 
of DNA methyltransferases 1, 3a, and 3b have been 
implicated in GEP-NET tumorigenesis[83]. Accordingly, 
AZA therapy (i.e., DNMT inhibition) in BON and CDNT2.5 
cells has been shown to reduce cell proliferation, induce 
cell cycle arrest at the G2 to M transition, and decrease 
expression of the neuroendocrine markers chromogranin 
A (CgA) and neuron-specific enolase[84]. Similarly, 
HDAC inhibition with trichostatin A (TSA), sodium 
butyrate (NaB), and MS-275 in BON cells inhibited cell 
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proliferation, induced apoptosis via caspase-3 activation 
and Bcl-2 downregulation, and promoted cell cycle arrest 
at the G1-S transition[85]. Furthermore, combination 
treatment of BON cells with both valproic acid (an HDAC 
inhibitor) and lithium has been shown to suppress CgA 
expression, upregulate Notch1 signaling, and inhibit 
glycogen synthase kinase-3b activity, thereby increasing 
cellular proliferation[86]. Currently, no targeted miRNA 
therapies have been attempted.

Despite these in vitro findings with DNMT and HD­
AC inhibitors, clinical trials have been unsuccessful. 
Only one published phase 2 clinical trial of any epig
enetic therapy for neuroendocrine tumors has been 
attempted[87]. The HDAC inhibitor depsipeptide was 
administered to 15 patients with metastatic GEP-NET 
and lung neuroendocrine tumors, but the study was 
terminated prematurely due to a high rate of adverse 
cardiac events (ventricular tachycardia, prolonged QTc, 
sudden death) precluding observation of an objective 
response rate. More studies evaluating the anti-tumor 
pharmacology and adverse events in in vitro and in vivo 
experiments are necessary before future attempts at 
clinical trials are indicated.

CONCLUSION
The field of epigenetics is constantly evolving and major 
strides have been made to help define its relevance in 
GEP-NET tumorigenesis. The current body of literature 
suggests there are methylation patterns, chromatin 
remodeling alterations, and microRNA and lncRNA 
differential expression profiles that are distinctive of GEP-
NETs, some of which are correlated with poorer clinical 
outcomes. However, given the variety of GEP-NETs, 
many studies’ results are confounded by heterogeneity of 
tumor cohorts. Thus, larger studies with more stringent 
inclusion criteria are required to evaluate the utility of 
epigenetic modifications as prognostic biomarkers as well 
as potential therapeutic targets. 
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