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Abstract

By the strictest of definitions, a genetic driver of tumorigenesis should fulfill two criteria:
it should be altered in a high percentage of patient tumors, and it should also be able

to cause the same type of tumor to form in mice. No gene that fits either of these

criteria has ever been found for ileal neuroendocrine tumors (I-NETs), which in humans
are known for an unusual lack of recurrently mutated genes, and which have never

been detected in mice. In the following report, we show that I-NETs can be generated

by transgenic RT2 mice, which is a classic model for a genetically unrelated disease,
pancreatic neuroendocrine tumors (PNETSs). The ability of RT2 mice to generate I-NETs
depended upon genetic background. I-NETs appeared in a B6AF1 genetic background,
but not in a B6 background nor even in an AB6F1 background. AB6F1 and B6AF1 have
identical nuclear DNA but can potentially express different allelic forms of imprinted
genes. This led us to test human I-NETs for loss of imprinting, and we discovered that the
IGF2 gene showed loss of imprinting and increased expression in the I-NETs of 57% of
patients. By increasing IGF2 activity genetically, I-NETs could be produced by RT2 mice in
a B6 genetic background, which otherwise never developed I-NETs. The facts that /IGF2 is
altered in a high percentage of patients with I-NETs and that I-NETs can form in mice that
have elevated IGF2 activity, define /GF2 as the first genetic driver of ileal neuroendocrine
tumorigenesis.
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Introduction

Neuroendocrine tumors (NETs) can occur throughout the
body, within the many organs that contain hormone-
producing cells. Tumors found in these various locations
can share common genetic drivers, as indicated by the
fact that patients inheriting certain alleles of the MEN1 or
MENZ2/RET genes can develop neuroendocrine tumors in
multiple locations, including pancreas, pituitary, thyroid,
parathyroid, duodenum, thymus, adrenals and/or

lungs (Wells et al. 2013, Kamilaris & Stratakis 2019).
But familial syndromes account for only about 10% of
the clinical cases of NETs (Scarpa 2019), while the other
90% of patients develop sporadic NETs that occur in
single organs. Deep sequencing has identified genes that
are recurrently mutated in many of the organ-specific,
sporadic NETs. For instance, in sporadic pancreatic NETs
(PNETs), recurrent mutations are observed in MENI,
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DAXX or ATRX (Jiao et al. 2011). MEN1 loss also promotes
PNET formation in mice (Crabtree et al. 2001). The fact
that MENT is lost in a high percentage of patient samples
and that MEN1 loss also causes PNETs to develop in mice
defines this gene as a genetic driver of PNETs, and MENT is
likely a driver of many other types of NETs as well.

But MENT1 is not a genetic driver of all types of NETs,
including ileal NETs (I-NETs). I-NETs are the most common
tumors of the small intestine. Approximately 2500 new
cases of I-NETs occur in the United States every year
(Dasari et al. 2017), and not only is the overall incidence of
[-NETs increasing, but more importantly the percentage of
patients with metastatic I-NETs at initial diagnosis is also
increasing (Halperin et al. 2017). Metastatic I-NETs can be
very aggressive, replacing as much as 80% of a patients’
normal liver. The genetic driver of this disease has long
remained a mystery. Ileal neuroendocrine tumors are not
found in patients with any of the multiple endocrine
tumor syndromes, do not have mutations in the MENI
and MEN2/RET genes that determine familial endocrine
tumor syndromes, and do not have mutations in genes
commonly mutated in other sporadic NETs such as ATRX
or DAXX. Nor do I-NETs have mutations in oncogenes or
tumor suppressor genes commonly mutated in human
cancers, such as TP53, RB1, BRCA1, or KRAS. Probably the
most compelling evidence for a genetic cause of I-NETs is
the fact that chromosome 18 is lost in more than half of
the tumors (Zhao et al. 2000, Wang et al. 2005), suggesting
the presence of a key tumor suppressor gene or genes on
chromosome 18. However, none of the chromosome 18
genes show recurrent mutations in I-NETs. In fact, the
only gene that is recurrently mutated in I-NETs is CDKN1B,
which is found on chromosome 12 and is mutated in
5-8% of I-NETs (Banck et al. 2013, Francis et al. 2013,
Maxwell et al. 2015). This low percentage suggests that
CDKNI1B is not the genetic driver of I-NETs, and indeed
I-NETs have not been reported in Cdknlb mutant mice.
The overall frequency of mutations in ileal neuroendocrine
tumors is quite low (Banck et al. 2013, Francis et al.
2013) and is more similar to the low mutation frequency
observed in pediatric tumors, which does not fit with the
fact that I-NETs are usually detected in older patients.

Very few research tools are available to study I-NET
biology. I-NETs do not easily yield patient-derived xenografts,
and while I-NET cell lines have been reported (Pfragner et al.
1996, 2009, Kolby et al. 2001), these have not been made
publicly available. There are also no autochthonous animal
models of I-NETs. Conversely, the study of PNET biology
is aided by the existence of several autochthonous mouse
models (Hanahan 1985, Crabtree et al. 2001, Du et al. 2007,
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Shen et al. 2009, Contractor et al. 2016, Wong et al. 2020),
by publicly-available cell lines, and by knowledge of several
recurrently mutated genes. For these reasons, many more
research studies are published about PNETs than [-NETs,
in spite of the fact that the clinical frequencies of the two
diseases are roughly the same (Dasari et al. 2017). Knowledge
about a genetic driver of I-NETs, and availability of a mouse
model for this disease, could stimulate research interest in
ileal neuroendocrine tumors.

Among the many mouse models of pancreatic NETs
is the transgenic model RT2 (Hanahan 1985), which
has proven to be unusually versatile for the modeling of
neuroendocrine tumors. Originally developed as a model
of insulinomas, RT2 mice can also model a different NET
subtype,
tumors, if the genetic background is changed from
B6 to AB6F1 (Kobayashi et al. 2019). In a third genetic
background, B6D2F1, RT2 mice can also generate a
third type of NET, duodenal NETs (Grant et al. 1991). In
this report, we demonstrate that in yet another genetic
background, RT2 mice can develop ileal neuroendocrine
tumors. Analysis of this first I-NET animal model also
allowed identification of the first I-NET driver gene.

nonfunctioning pancreatic neuroendocrine

Materials and methods
Mouse experiments

Mouse experiments were approved by the Institutional
Animal Care and Use Committee of Rutgers University.
Mouse husbandry protocols have been previously
described (Contractor et al. 2016). RT2 B6 mice were
obtained from the National Cancer Institute (Frederick,
MD), and A/] and B6 Igfbpl(+/—) mice were purchased
from Jackson Laboratories. RT2 AB6(F1) animals were
generated by mating RT2B6 males to A/J females, and RT2
B6A(F1) animals were generated by mating RT2B6 females
to A/] males. Female B6 Igfbpl1(—/—) mice were mated
to male RT2B6 to generate RT2B6 Igfbpl(+/—) animals.
Animals were killed using CO, asphyxiation and cervical
dislocation at 17 weeks of age. Pancreatic tumor volume
was measured using a caliper, and livers were examined
for metastasis. Intestinal tracts were analyzed for lesions
within the lumen of the organs. Tumors were flash frozen
and/or preserved in formalin.

Whole exome sequencing

Mouse DNA was prepared from tail, PNET or I-NET tissue
using a Promega Wizard Kit. SureSelectXT Mouse All Exon
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Kit (Agilent) was used for capture of exonic DNA from
the mouse samples. DNA was sequenced on an Illumina
machine for 150 bp paired-end sequencing according
to standard protocols. Reads were aligned to the mouse
reference genome (mm9) with BWA 0.78-r455 (Li &
Durbin 2009). Germline SNPs were called using GATK
v3.8 (DePristo et al. 2011) and somatic SNPs were called
using Mutect 11.4 (Cibulskis et al. 2013). Samples were
manually compared for common mutations.

F2 analysis

A SNP assay for 1s31828088 was designed and
synthesized by ThermoFisher. The sequences of the
outside primers were S’AGCCCACCACAGCTGAAC
and S5'CACAAGTCCAGGATATGTCTGAGAA. Reporter 1
sequence was 5'VIC-ACACTCGATAACATCTTGT-NFQ and
reporter 2 sequence was S'FAM-CACTCTGATAACGTC
TTGT-NFQ. This assay was used to genotype DNAs from
279 RT2 AB6(F2) mice, which were previously reported
(Contractor et al. 2016). Rs31828088 resides upstream
of the INS2 gene, within a cluster of imprinted genes on
mouse chromosome 7qFS. The B6 lineage and the A/]
lineage encode different versions of this SNP.

Sequencing analysis of Armcx3

By whole exome sequencing, Armcx3 was initially judged
to possess a common mutation in tumors from mouse
31462. However, this sequence was part of a 750 nt region
that is duplicated on another chromosome within the
mouse genome. To focus on the sequence of Armcx3 and
not on the duplicated region, DNA isolated from tail,
PNET and INET of mouse 31462 was subjected to PCR
to amplify a portion of the genome that was specific to
the Armcx3 gene and not part of the duplicated region.
PCR primers were 5'-CCAGGAGCTTGTGATGAACG-3’
and 5'-AGCCCTTTTCTGTACAGCTCT-3'. After 40 cycles,
the DNA was purified using a column from Qiagen.
Sanger sequencing was primed using the oligonucleotide
5'-GACTGCAGGTCTGGTGATTG-3’ and was performed
by Genewiz Inc.

Copy number analysis of Cdhr2

By whole exome sequencing, Cdhr2 was initially judged
to have a copy number of 3 in tumors from mouse 31462.
To analyze this further, DNA isolated from tail, PNET
and INET of mouse 31462 was subjected to copy number
analysis using real-time RTPCR. Assay Mm00392193_cn

(Thermofisher) binds within the putative amplified region
and was used to analyze the copy number of Cdhr2. DNA
copy number was normalized using an assay against Tfic
(ThermoFisher).

Analysis of RNA

Flash-frozen mouse tumors were minced in TRIzol
(ThermoFisher) and homogenized using a Polytron 1200E.
Chloroform was then added and the upper aqueous phase
was removed after microcentrifugation. Ethanol was
added, and RNA was isolated using an RNAeasy column
(Qiagen). RNA was converted into cDNA using RT reagents
(ThermoFisher). qPCR was performed, using a Prism 7500
(Applied Biosystems). TagMan assays for Igf2 and beta-
actin were purchased from ThermoFisher. The following
assays were designed with Primer3 software (http://
bioinfo.ut.ee/primer3/) and used with SYBR green reagents
(Thermofisher): H19 5’ATCTGCTCCAAGGTGAAGCT and
S'GAAGTCATCCCGGGGTAGAG; H190s (A)
S'CTATATGGGGATGGTGTCCAG and 5'GCCTAGTCT
GAGCCCTGTTG; HI9s (B) STITGCCAGCACACAA
TGTCA and S5'CACCCCATCTITCAGACCCT;  Ascl2
S'GGAGCTGCTTGACTTTTCCA and STTTGGTCAGGCT
GCACTAGA; Tnfrsf26  S'CGTACAGCTGATCGTGTGTG
and 5'CTGTCCTGGCTCTGAGTCAA; Tnfrsf23
S'TCAACTGTCCCGATGGTGAA and S'GTTCACAATCAT
GCAGGCCA; Tnfrsf22  5S'CTCCTTCAAATGTCCCGCTG
and 5'TGTTCCTGGGTGACACTTCT;, Th 5'AAACCCTCC
TCACTGTCTCG and 5'CGCACAAAGTACTCCAGGTG;
Cd81 5'CAGTTCTATGACCAGGCCCT and 5'TGAGTATGT
TGCCGCCTGA; Tssc4 5'CCAAGTGTTGTCCCCAGAGA
and 5'GGTAGAACTCATGCCTCGGA; Kcngql S5'CCTCAT
CGTGGTTGTAGCCT and 5’AAGCGGATACCC
CTGATAGC; ScI22A18 5'CCATCCTGGCTITTTGTGGTC
and S5’ATACACTGGCCTTGGTTCCA; Phlda2 5'CGCTCT
GGGTCCGTGAAA and 5'GGGGCAAGGCTCAGCAAG;
Cdknlc 5'GCCAATGCGAACGACTTCIT and 5'ACG
TTTGGAGAGGGACACC; and Napil4 S5'GTCTTTCAG
ATGGAGGCCCT and 5’AAGACGTTCCTGCAAAGCTG.

Immunohistochemistry

Antibodies were purchased from the following suppliers:
secretin (LSBio); chromogranin A (Abcam); serotonin
(Immunostar); insulin (Agilent); and CDX2 (Cell
Signaling). For antigen retrieval, slides were boiled for
16 minin 0.93% (v/v) Antigen Unmasking Solution H3301
(Vector Labs), then slowly cooled to room temperature
for 30 min. Secondary antibodies were purchased from
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Vector Labs and diluted 500-fold in 10% goat serum and
1% BSA. Slides were treated with Vectastain Elite ABC
peroxidase kit (Vector Labs) for 30 min, then treated with
ImmPact DAB peroxidase substrate (Vector Labs SK-4105).
The slides were counterstained with hematoxylin (Vector
Labs). Immunohistochemistry results were evaluated by a
pathologist (LT) with expertise in neuroendocrine tumors.

Statistical analysis

GraphPad Prism 7.04 software was used for analysis. Two-
tailed t-test was used to evaluate RNA expression from sets
of mouse and human tumors. Fisher’s exact test was used
to compare metastasis frequencies. Nonparametric Mann-
Whitney analysis was used to evaluate tumor volumes.
Outliers were identified by Rout analysis (q=1%).

Analyses of human tumor samples

Human ileal neuroendocrine tumors and matched normal
tissues were provided by the Cooperative Human Tissue
Network (CHTN), which obtained informed consents
from patients. Analyses of human tumor samples were
approved by the Institutional Review Board of CHTN.

Analysis of imprinting

Genomic DNA was prepared from frozen human tumors
or matched normal tissue using a Wizard DNA prep Kit
(Promega). RNA was prepared from tumor or normal tissue
using an RNAeasy kit following TRIzol extraction. RNA was
converted into cDNA using reverse transcriptase reagents
from ThermoFisher, or else as a negative control reverse
transcriptase was omitted from the reaction. Primers 5'CTC
TGT CCT CCC CTC CTT TG 3’ and 5" AAC ACC CCA CAA
AAG CTC AG 3’ were used to amplify the sequence flanking
the rs680 SNP within the IGF2 coding sequence. Primers
5'CGG ACA CAAAACCCT CTAGC 3’ and 5'GTC GTG GAG
GCT TTG AAT CTC 3’ were used to amplify the sequence
around the rs10840159 SNP within the H19 sequence.
Amplifications from cDNA were performed for no more
than 40 cycles in order to avoid genomic contamination.
Following amplification, PCR products were enzymatically
digested using Apal (rs680 SNP) or Msc1 (rs10840159 SNP),
then analyzed by agarose gel electrophoresis.

Pyrosequencing

Genomic DNA was treated with bisulfite, then subjected to
pyrosequencing assays targeted against DMRO, DMR2 and
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H19 IGR. Pyrosequencing was performed by EpigenDx Inc
(Hopkinton, MA, USA), using EpigenDx assays ADS1051,
ADS006, and ADS596.

Results
Mouse modeling of I-NETs

In a previous study, RT2 AB6(F1) animals were generated
by mating RT2 B6 males with A/] females; these animals
produced highly metastatic, non-functioning pancreatic
NETs (NF-PNETs) (Kobayashi et al. 2019). The reverse cross,
in which A/J males were mated to RT2 B6 females, generates
a slightly different line denoted RT2 B6A(F1); this mating
was technically more challenging because RT2B6 mothers
were extremely hypoglycemic and often died before or
shortly after birth. But several litters of RT2 B6A(F1) mice
were generated by fostering the pups to other mothers,
and once these animals reached adulthood it became
obvious that RT2 B6A(F1) mice had three phenotypes
that were distinct from the nearly genetically identical
RT2 AB6(F1) animals. First, pancreatic NETs produced by
RT2 B6A(F1) were much smaller (Fig. 1A); second, liver
metastasis was less common in RT2 B6A(F1) (Fig. 1B); and
third, small, highly vascular tumors appeared within the
ileum of the small intestines of RT2 B6A(F1) mice but not
in RT2 AB6 (F1) mice (Fig. 1C). Thirty age-matched male
RT2 B6AF(F1) animals were evaluated and 12 were found
to have ileal tumors. Single ileal tumors were detected in
nine of the animals, while each of the other animals had
two ileal tumors. Pathological and immunohistochemical
analysis revealed the ileal tumors to be neuroendocrine
(Fig. 2A and B). Serotonin, a marker of human I-NETSs, was
detected in 22% of mouse ileal neuroendocrine tumors
(Fig. 2C). The ileal tumors did not express secretin or
insulin, which are common markers of duodenal and
pancreatic NETs, respectively (Fig. 2D and E).

We suspected that the ileal tumors in RT2 B6A(F1)
mice might be primary ileal neuroendocrine tumors,
which is a disease that has never previously been observed
in mice. But it was also possible that the ileal tumors were
metastatic lesions that originated from the primary PNETs
generated by these animals; however, this seemed less
likely because ileal tumors were not observed in the more
metastatic RT2 AB6(F1) model (Fig. 1B). To test whether
the ileal tumors were primary tumors, we employed two
methods. First, immunohistochemistry was used to test for
expression of the small intestinal marker CDX2; this test
is often used on patient samples to distinguish whether a
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Figure 1

Phenotypic differences between RT2 AB6(F1) and RT2 B6A(F1) mice. (A)
Comparison of pancreatic neuroendocrine tumor volume in age-matched
RT2 mice from different genetic backgrounds (AB6F1 or B6AF1). 334 RT2
AB6(F1) and 46 RT2 B6A(F1) were evaluated. *** indicates a P value below
0.001 by Mann-Whitney analysis. (B) Comparison of liver metastasis
frequency in age-matched RT2 mice with AB6F1 or B6AF1 genetic
backgrounds. *** indicates a P value below 0.001 by Fishers’ exact test.
(C) A section of mouse ileum, with tumor indicated by arrow. A full colour
version of this figure is available at https://doi.org/10.1530/ERC-19-0505.

liver metastasis from an unknown primary NET originated
from a primary PNET or lung NET, which do not express
CDX2, or from a primary I-NET, which does express
CDX2 (Strosberg et al. 2017). As shown in Fig. 2F and G,
the mouse ileal tumors expressed the ileal NET-specific
marker CDX2, while the mouse PNETs did not. Second,
whole exome sequencing was performed on PNETs and
ileal tumors isolated from the same two animals, because
metastatic tumors should have mutations in common with
precursor primary tumors, whereas independently arising

primary tumors should not share common mutations. In
tumors isolated from mouse 31508, there were no common
mutations, indicating that the ileal tumor in this animal
is a primary I-NET (Supplementary Fig. 1, see section on
supplementary materials given at the end of this article
and see also Supplementary Table 1 for nonsynonymous
mutations and Supplementary Table 2 for copy number
variations. Synonymous mutations are not shown). For a
second mouse, identified as number 31462, initial analysis
of whole exome sequencing data suggested the presence
of two common mutations, a nonsynonymous SNP
and a copy number variation (Supplementary Tables 3
and 4). However, further analysis revealed that both of
the common mutations were actually false positives: the
copy number amplification could not be found by real-
time RTPCR analysis of the same region, and a C177A
mutation could not be detected in the Armcx3 genes of
either tumors using Sanger sequencing (Supplementary
Figs 2 and 3). The Armcx3 sequence is part of a very long
repeat that is also found in another part of the mouse
genome, which was likely responsible for the false-positive
result. Thus, the ileal tumor from mouse 31462 also arose
independently from the PNET and is likely a primary ileal
neuroendocrine tumor.

Loss of imprinting of IGF2 in human I-NETs

At the nuclear DNA level, the RT2 B6A(F1) line that
develops I-NETs is identical to the RT AB6(F1) line that
does not develop I-NETs. But since the lineage of the
parents is reversed in these lines, [-NET formation might
be caused by one or more imprinted genes, which are
genes in which only the allele contributed by the father

Figure 2

Pathological analysis of ileal tumors from
RT2B6AF1 mice. (A) Hematoylin and eosin staining
of an ileal tumor from an RT2 B6A(F1) animal. (B,
C, D and E) Immunohistochemical analysis of
Chromogranin A (B), serotonin (C), secretin (D)
and insulin (E) by an ileal tumor from an RT2
B6A(F1) mouse. (F and G) Immunohistochemical
comparison of CDX2 expression by an I-NET (F)
and a PNET (G) isolated from the same RT2
B6A(F1) mouse.
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or by the mother is expressed. We also hypothesized that
if an imprinted gene is required for I-NET formation in
mice, then an imprinted gene might also be required for
I-NET formation in patients. So we decided to analyze
human I-NETs for loss of imprinting (LOI) of IGF2, as
IGF2 LOI has been associated with several types of tumors
(Leick et al. 2012) but has not previously been assessed
for I-NETs.

Weidentified 30 I-NET patients that were heterozygous
for SNP rs680, which occurs within the transcribed portion
of the IGF2 gene. Heterozygotes encoded one allele with
a recognition site for the Apal restriction endonuclease,
and a second allele that lacks this recognition site.
cDNA from the tumors of heterozygotes was amplified
by PCR, and the PCR products were treated with Apal.
Agarose gel electrophoresis revealed that 17 out of
30 tumors expressed both alleles of IGF2, indicating
loss of imprinting (Fig. 3A). IGF2 sequences could only
be detected in samples treated with reverse transcriptase
(Supplementary Fig. 4), eliminating the possibility of
genomic DNA contamination.

As would be expected, loss of imprinting correlated
with increased IGF2 transcription (Fig. 3B). LOI of IGF2
has previously been linked to DNA methylation of three
regions, which are called DMRO, DMR2 and H19 IGR
(Dejeux et al. 2009). DMRO and DMR2 are within the
IGF2 gene, and H19 IGR is near the adjacent gene, HI19.
Pyrosequencing analysis of bisulfite-treated tumor DNA
showed no difference in DNA methylation of H19 IGR,
but both DMRO and DMR2 were more methylated in
tumors from patients showing LOI (Fig. 3C). Increased
methylation of DMR2 has also been linked to loss of IGF2
imprinting for another type of neuroendocrine tumor,
insulinomas (Dejeux et al. 2009).

The H19 gene near IGF2 is also an imprinted gene. We
identified 15 I-NET patients that were heterozygous for SNP
1s1081459, which is found within the transcribed region
of H19. One allele of this SNP produces a recognition site
for the Mscl enzyme, and the second allele does not. Mscl
digestion of PCR products from tumor cDNAs revealed no
loss of imprinting of H19 in any of the ileal tumor samples
(Supplementary Fig. 5). Therefore, loss of imprinting in
patients with ileal neuroendocrine tumors was specific for
the IGF2 gene, and did not reflect a general loss of control
of genetic imprinting in [I-NETs.

Matched normal tissue was available for 12 of the
patients that showed IGF2 LOL. In all 12 cases, loss of
imprinting of IGF2 was present not just in the tumor
but also in the normal tissue (Fig. 3D). There was also
increased transcription of IGF2 in the matched normal
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tissue from patients showing loss of imprinting (Fig. 3E).
For 10 of the 12 cases in which IGF2 LOI was observed in
matched normal tissue, both tumor and normal tissue
originated from the small intestine, but the distance
between tumor and the matched normal tissue was not
recorded. However in the other two cases, the tumor
was removed from the small intestine while the normal
was removed from the large intestine. The pathology
report for patient SON was particularly detailed. The
ileal tumor of this patient was removed 20 cm from the
junction between the small and large intestine, while
the matched normal was removed from an undescribed
area within the large intestine. Thus for this patient,
IGF2 LOI likely occurred across a 20 cm or larger region
of the intestinal tract.

Effect of Igfbp1 on I-NET formation in mice

The high percentage of patients with LOI of IGF2 suggests
that IGF2 is a genetic driver of ileal neuroendocrine
tumorigenesis. But by the strictest of definitions, a
genetic driver should not only be altered in a majority
of patient tumors, but should also be able to drive
formation of the same tumors in mice. To test whether
Igf2 can promote I-NETs in vivo, we examined the effects
of increased IGF2 activity in RT2 B6 mice. This mouse
line ordinarily does not generate I-NETs. To increase
IGF2 activity, male RT2 B6 mice were mated to female
B6 Igfbpl(—/-) animals to create a generation of RT2
B6 Igfbpl(+/—) mice. Igfbpl encodes a protein that
prevents IGF2 from binding to its receptor (Kajimura et al.
2005, Baxter 2014); therefore, a decrease in copy
number of Igfbpl should lower expression of IGFBP1
and thereby increase the effective activity of IGF2 in
RT2B6 Igfbp1(+/—) mice relative to RT2B6 animals. As
shown in Supplementary Fig. 6, RT2B6 Igfbp1(+/—) mice
indeed had decreased expression of Igfbpl, as measured
in PNETs isolated from both lines.

A high proportion (38.5%) of RT2B6 Igfbp1(+/—) mice
developed ileal tumors, which expressed chromogranin
A and CDX2 (Supplementary Fig. 7). This result strongly
supports Igf2 as a genetic driver of ileal neuroendocrine
tumorigenesis.

The RT2 B6 and RT2B6 Igfbpl(+/—) mice were also
assessed for pancreatic neuroendocrine tumor volume and
for liver metastasis, as these were two other phenotypic
differences that appeared to be affected by an imprinted
gene in RT2 B6A(F1) mice (Fig. 1A and B). Indeed, the
RT2 B6 Igfbpl(+/-) animals not only developed I-NETs
but also showed clear decreases in PNET volume and in

https://erc.bioscientifica.com
https://doi.org/10.1530/ERC-19-0505

© 2020 Society for Endocrinology
Published by Bioscientifica Ltd.
Printed in Great Britain

Downloaded from Bioscientifica.com at 03/23/2020 03:38:54PM
via University of Rochester


https://doi.org/10.1530/ERC-19-0505
https://erc.bioscientifica.com

Endocrine-Related IGF2 drives ileal

T Contractor et al. |

Cancer neuroendocrine tumorigenesis
A 54T 55T 57T 61T 62T 70T 73T 93T ST 136T 15T 17T 25T 50T 134T 158T
7T 16T 82T 131T  156T 196T 51T 64T 71T 154T 155T 191T 192T 193T 194T 195T

a5 ’
04 5
0.35 i ’ * &
03 4
0.25
0.2 =
0.15 2
0.1
0.05 01

0 ROI LOI ROl LOI ROl LOI
IGF2-DMRO  IGF2-DMR2  H19-IGR

SErETETEEE = =t = - =

RT M _RT M _RT
62N 64N 154N 155N 191N 192N 193N 194N
SB colon SB SB SB  SB SB SB

o
n

o
© w ©
w e

o

u

o
~

c
w

IGF2/RPLPO 0
IGF2/RPLPO &

-

=)

Methylation
percentage

o
o ° L oSN
)

)

=)

ROI

o

>
>

LOI

25N 50N 55N 61N
SB colon SB SB

Figure 3

Analysis of IGF2 imprinting in human ileal neuroendocrine tumor samples. (A) Tumor cDNA from patients heterozygous for the rs680 SNP in IGF2 were
PCRd with primers that flanked the SNP. The DNA was then treated with restriction endonuclease Apal, which digests in the middle of the PCR product
produced by one of the alleles but which can not digest the other allele. Patient samples that show only one band, large or small, have retained
imprinting, whereas patient samples that show both bands have lost imprinting. 5T and 136T are homozygous controls. (B) /GF2 transcription was
compared in tumor samples from patients with loss of imprinting (LOI) or with retention of imprinting (ROI). Expression of /GF2 mRNA was quantified by
Q-PCR. Statistical significance was determined by two-tailed T test. A total of 22 samples (11 with loss of imprinting and 11 with retention of imprinting)
were analyzed. RPLPO was used as a normalization control. * indicates a P value below 0.05 by two tailed t-test. (C) DNA methylation within three regions
that have previously been linked to /GF2 imprinting were analyzed by pyrosequencing. Eighteen tumor DNAs were compared, ten from patients without
loss of imprinting and eight from patients showing loss of imprinting. Methylation percentages within each assay were analyzed using two-tailed T test,
and * indicates a P value below 0.05. (D) Expression of /IGF2 mRNA by normal adjacent tissue was quantified by Q-PCR. The samples were classified
according to whether or not the patients showed loss of imprinting. A total of 18 samples, 10 of which had LOI, were analyzed. RPLPO was used as a
normalization control. Statistical significance was determined by two-tailed T test. * indicates a P value below 0.05. (E) cDNA was prepared from normal
tissue available from patients showing loss of imprinting of /GF2 in tumor tissue. Imprinting was determined by PCR amplification around SNP rs680,
followed by digestion with the restriction endonuclease Apal. Presence of two bands indicates loss of imprinting. The location of the normal tissue is
indicated. SB indicates small bowel tissue. RT indicates that the sample was treated with reverse transcriptase, and M indicates that the sample was
mock treated with no enzyme. A full colour version of this figure is available at https://doi.org/10.1530/ERC-19-0505.

liver metastasis compared to RT2 B6 mice (Fig. 4A and B).
These data suggest that an increase in IGF2 activity can
drive I-NET formation while also decreasing growth and
metastasis of PNETSs.

Genetic association of IGF2/H190s to
PNET phenotypes

Finally we also examined whether Igf2 or a related gene
associated genetically with the PNET volume and liver
metastasis phenotypes observed in RT2 mice that were F1
hybrids of the inbred B6 and A/J lines (Fig. 1A and B).
In mice, Igf2 is part of a cluster of imprinted genes on
chromosome 7qF5. A small nucleotide difference that
distinguished chromosome 7qF5 of the A/] and B6
lineages was genotyped in DNAs from a previously

described dataset of 279 RT2 AB6(F2) hybrid animals
(Contractor et al. 2016). RT2 AB6(F2) mice had to be used
instead of F1 mice for this linkage analysis because all of
the mice in the F1 generation have identical genotypes,
whereas animals in the F2 generation have genetic
variability that may possibly associate with phenotypes.
For this study only liver metastasis and PNET volume
could be compared because I-NET incidence had not been
examined in this older data set.

As shown in Fig. SA and B, the genotype of 7qF5
linked to liver metastasis and PNET volume, respectively.
Animals that inherited two copies of this chromosomal
segment from the A/J geneticbackground weremorelikely
to have larger PNETs and liver metastasis. Heterozygotes
were not considered for this analysis because in this
dataset there was no way to tell which imprinted
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Effect of loss of copy of Igfbp7 in RT2 B6 mice. (A) Comparison of
pancreatic neuroendocrine tumor volume in 17-week-old mice. 38 RT2 B6
male mice and 13 RT2 B6 Igfbp1(+/—) male mice were evaluated.

** indicates a P value below 0.01 by Mann-Whitney analysis. (B) Comparison
of liver metastasis in 17 week-old RT2 B6 and RT2B6 Igfbp1(+/—) male
mice. ** indicates a P value below 0.01 by Fishers’ exact test. A full colour
version of this figure is available at https://doi.org/10.1530/ERC-19-0505.

allele was inherited from which parent. Figure 5C
summarizes metastasis data from Figs 1B and SA
and shows that F1 and F2 animals inheriting 7qF5 from
A/J or B6 mothers correlated with increased or decreased
metastasis, respectively, while inheritance of 7qF5
from an A/] or B6 father had no clear association with
metastasis. Figure 5C thus suggested that metastasis
was influenced by a maternally imprinted gene on
7qF5. Interestingly, this would rule out Igf2, which is a
paternally imprinted gene.

Expression of all maternally imprinted genes within
chromosome 7qF5 was then compared for PNETs isolated
from RT2 AB6(F1) and RT2 B6A(F1) animals. PNETs were
compared instead of I-NETs because both lines make
PNETs, whereas only RT2 B6A(F1) make I-NETs. Only one
of the maternally imprinted genes, H190s (Berteaux et al.
2008), showed differential expression (Fig. 5D). Notably,
the only known function of HI90s is to increase
expression of Igf2 (Berteaux et al. 2008, Tran et al. 2012).
Igf2 expression was indeed elevated in the RT2 B6A(F1)
PNETs that had elevated H19os (Fig. SE). The most simple
explanation for these data would be that RT2 B6A(F1)
mice have different neuroendocrine tumor phenotypes
than RT2 AB6(F1) mice due to higher expression of Igf2,
which is caused by the presence of a more active allelic
form of maternally imprinted H190s.

IGF2 drives ileal 27:3 182

neuroendocrine tumorigenesis

Discussion

Lack of knowledge about the genetic drivers of ileal
neuroendocrine tumors has precluded attempts to model
this disease by targeting specific mouse genes. Here, we
were able to produce the first mouse model of I-NETs by
altering the genetic background of transgenic RT2 mice
to B6AF1. Although genetic background changes have
previously allowed RT2 mice to produce different types
of NETs (Kobayashi et al. 2019), the appearance of I-NETs
in RT2 B6A(F1) mice nevertheless came as a surprise;
it was previously thought that these slow-growing,
difficult-to-detect, genetically enigmatic tumors might be
unmodelable in mice.

Interestingly, although I-NETs appeared in RT2
B6A(F1) mice, they could not be detected in nearly
genetically identical RT2 AB6(F1) mice, which suggested
that allelic differences in an imprinted gene could increase
I-NET incidence. We investigated human I-NET samples
and discovered that loss of imprinting of IGF2 occurred
in 57% of patient samples (Fig. 3A). LOI of IGF2 is also
common in other tumors of the gastrointestinal tract, for
instance occurring in 47% of gastric tumors, in 32% of
esophageal tumors, and in 47% of colorectal cancer (Cui
2007, Leick et al. 2012).

IGF2 is the first example of a gene that is altered
in a majority of patients with I-NETs. Previous deep
sequencing analysis of I-NETs had revealed no genes that
were mutated in more than 8% of samples. Notably, loss
of imprinting can be difficult to detect by deep sequencing
approaches.

Patients with ileal neuroendocrine tumors generally
have multiple tumors (Gangi et al. 2018), which can arise
independently (Katona et al. 2006). This has suggested
that mechanisms that cause multifocality, such as viral
infections (Miao et al. 2014) or tumor-predisposing
alleles (Bergthorsson et al. 2001), may be important
drivers of I-NET tumorigenesis. Indeed, within certain
families there is a predisposition to I-NETs (Sei et al. 2015,
Du et al. 2016, Neklason et al. 2016, Dumanski et al.
2017), and such familial predispositions can associate
with multifocality (Sei et al. 2015). But familial NETs
tend to be rare, and the cause of non-familial multifocal
I-NETs has been less clear. In this report, we found
two patients in which loss of imprinting was present
in both an ileal tumor and in normal large intestine,
indicating that LOI can occur within a sizeable area of
the intestinal tract. A large area of loss of imprinting of
a secreted genetic driver protein like IGF2 may create
an extended environment within which multiple I-NETs
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Linkage analysis of RT2 AB6(F2) mice. For figures (A) and (B), DNAs from age-matched RT2 B6A(F2) mice were genotyped for a small nucleotide
polymorphism near the /GF2 locus. Only homozygotes were evaluated because the expressed allele of heterozygotes could not be determined.

AA indicates animals that were homozygous for the allele encoded by the A/ background, which encodes adenine at the SNP position, whereas GG
indicates animals that were homozygous for the allele from the B6 background, which encodes guanine. (A) Liver metatasis was compared. * indicates
a P value below 0.05 by Fishers’ exact test. (B) Tumor volumes of pancreatic NETs were compared, and ** indicates a P value below 0.01 by Mann-
Whitney analysis. (C) This table summarizes metastatic trends of F1 animals (obtained from Fig. 1B) or F2 animals (obtained from Fig. 3A). While 7qF5
inherited from fathers did not appear to influence metastasis, F1 and F2 animals that inherited 7qF5 from A/} mothers were more likely to be
metastatic than F1 and F2 animals that inherited 7qF5 from B6 mothers, respectively. (D) Comparison of RNA expression of maternally imprinted
genes in the chromosome 7gF5 region of the mouse genome. Pancreatic neuroendocrine tumor extracts were used for analysis. 'A" indicates tumor
extracts from RT2 AB6(F1) mice, which are less metastatic, while 'B' indicates tumor extracts from RT2 B6A(F1) mice, which are more metastatic. 18
RT2 AB6(F1) tumors and 23 RT2 B6AF(F1) tumors were evaluated. Expression was normalized to p-actin; see also Supplementary Fig. 8 for
normalization to Gapdh. H190s was analyzed by two separate assays, directed against different parts of the RNA. ** indicates statistical significance
(P<0.01) by two-tailed t test and * indicates a P value less than 0.05. Error bars correspond to s.e.m. Phida2, SIc22A16, Tnfrsf23 and Tnfrsf26 were also
assayed but were poorly expressed and are not included. (E) Comparison of /gf2 RNA expression within PNETs isolated from RT2 AB6(F1) and RT2
B6A(F1) mice. * indicates a P value below 0.05 by two tailed t-test. Expression was normalized with p-actin. A full colour version of this figure is

available at https://doi.org/10.1530/ERC-19-0505.

can form. Fields of loss of IGF2 imprinting have also
been reported around prostate cancers (Bhusari et al.
2011). In the future, it will be interesting to determine
whether multifocal I-NETs are located within large areas
of IGF2 LOLI.

The high incidence of loss of imprinting in human
samples strongly suggested that IGF2 is a driver of ileal
neuroendocrine tumorigenesis. To test this idea further,
we elevated the activity of IGF2 by removing a copy of its
negative regulator, Igfbpl. Loss of copy of Igfbpl caused
RT2 B6 mice, which normally do not make I-NETs, to
produce I-NETs. Alteration of a gene in a high percentage
of human tumors, combined with the ability of the gene
to cause the same tumors to form in mice, is the strictest
definition for a genetic driver.

The nearly identical lines RT2 B6A(F1) and RT2
AB6(F1) mice had other phenotypic differences in
addition to differential ability to form I-NETs. Both
lines developed pancreatic NETs, but these tumors were

smaller and less metastatic in the RT2 B6A(F1) line that
also developed I-NETs. Interestingly, decreasing the
copy number of Igfbpl in an RT2 B6 mouse line was
sufficient to phenocopy all three of these traits: RT2
B6 Igfbpl (+/—) mice not only developed I-NETs, but
also showed decreases in both PNET volume and liver
metastasis compared to RT2 B6 mice. This suggests that
IGF2, whose activity would increase due to decreased
IGFBP1, not only causes I-NETs to form but can also
decrease PNET metastasis. The idea that IGF2 could
increase incidence of I-NETs is not surprising, given the
high percentage of I-NETs with LOI of IGF2 in Fig. 3A;
however, the idea that IGF2 might decrease metastasis is
less intuitive. Interestingly, expression of IGF2 is known
to decrease as PNETs progress from localized disease
to metastasis both in patients (Henfling et al. 2018)
and in mice (Contractor T & Harris CR, unpublished
observations). Also there are examples of other genes
that have opposing effects on tumor incidence and
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metastasis, including TGFp and CDKN1B (Besson et al.
2004, Massague 2012).

In a hybrid RT2 AB6(F2) mouse line, the phenotypes
of PNET volume and liver metastasis associated with a
maternally imprinted gene at mouse chromosome 7qF5
(Fig. 5). H190s, a maternally imprinted, positive regulator
of Igf2, resides at this location, and expression of both
H190s and Igf2 was elevated in the smaller, less metastatic
PNETs produced by RT2 B6A(F1) mice. Our current model
is that the H19os allele from B6 mice is more expressed
than the H190s allele from A/] mice, such that RT2
B6A(F1) animals that inherit this allele from their B6
mothers will have elevated expression of Igf2, which then
leads to formation of I-NETs and to smaller, less metastatic
PNETs. By this model RT2 AB6(F1) animals, which inherit
the less expressed allelic form of HI90s from their A/]
mothers, would have lower expression of Igf2, and this
would preclude formation of I-NETs but promote larger,
metastatic PNETs.

Transgenic cancer mouse models, especially ones
that depend upon SV40 T-antigen expression, are usually
considered to be inferior to more contemporary knock-in
models. The chief criticism about use of SV40 T-antigen is
that this is a monkey virus protein that is not responsible
for tumorigenesis in humans, while the chief criticism
about use of transgenic models is that transgenes insert
into incorrect genomic locations, allowing control
elements from heterologous genes to drive ‘leaky’
expression of the transgene in heterologous cell types. But
the current work demonstrates that leaky expression of
SV40 T-antigen can actually be useful, particularly when
little is known about the actual genetic drivers for a type
of cancer. Leaky expression of T-antigen by RT2 mice has
now allowed I-NETs, as well as metastatic nonfunctioning
PNETs (Kobayashi et al. 2019), to be modeled in animals
for the first time. These animal models could lead to
improved clinical treatments for patients with these two
highly metastatic diseases. It should be noted that there
are currently no animal models for rectal carcinoids, a
type of NET that arises in a disproportionate number
of African-Americans (Modlin et al. 2003), nor for lung
carcinoids, which are among the most common of all
NETs (Dasari et al. 2017). Crossing RT2 B6 mice with
additional inbred mouse lines may allow these other
types of NETs to be modeled in animals.

Supplementary materials
This is linked to the online version of the paper at https://doi.org/10.1530/
ERC-19-0505.
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Alleles of Insm1 determine whether
RIP1-Tag2 mice produce insulinomas or
nonfunctioning pancreatic neuroendocrine
tumors

Shinta Kobayashi', Tanupriya Contractor?, Evan Vosburgh@?, Yi-Chieh Nancy Du?, Laura H. Tang”,
Richard Clausen? and Chris R. Harris*>®

Abstract

The two most common types of pancreatic neuroendocrine tumors (PanNETs) are insulinomas and nonfunctioning
PanNETs (NF-PanNETs). Insulinomas are small, rarely metastatic tumors that secrete high amounts of insulin, and
nonfunctioning PanNETs are larger tumors that are frequently metastatic but that do not secrete hormones.
Insulinomas are modeled by the highly studied RIP1-Tag2 (RT2) transgenic mice when bred into a C57BI/6 (B6) genetic
background (also known as RT2 B6 mice). But there has been a need for an animal model of nonfunctioning PanNETs,
which in the clinic are a more common and severe disease. Here we show that when bred into a hybrid AB6F1 genetic
background, RT2 mice make nonfunctioning PanNETs. Compared to insulinomas produced by RT2 B6 mice, the
tumors produced by RT2 AB6F1 mice were larger and more metastatic, and the animals did not suffer from
hypoglycemia or hyperinsulinemia. Genetic crosses revealed that a locus in mouse chromosome 2gG1 was linked to
liver metastasis and to lack of insulin production. This locus was tightly linked to the gene encoding InsmT, a beta cell
transcription factor that was highly expressed in human insulinomas but unexpressed in other types of PanNETs due
to promoter hypermethylation. Insm1-deficient human cell lines expressed stem cell markers, were more invasive
in vitro, and metastasized at higher rates in vivo when compared to isogenic Insm1-expressing cell lines. These data
demonstrate that expression of Insm1 can determine whether a PanNET is a localized insulinoma or a metastatic
nonfunctioning tumor.

Introduction

Neuroendocrine cells function by secreting hormones in
response to neurological or metabolic stimuli. The
insulin-producing beta cells of the pancreas are the best-
known example of neuroendocrine cells, because beta cell
defects can result in diabetes. Neuroendocrine cells are
also found in many other sites of the body, including the
pituitary, thyroid, parathyroid, small and large intestine.
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In order to maintain proper hormone balance, neu-
roendocrine cells are under tight growth regulation.
However, neuroendocrine cells can become transformed
and develop into neuroendocrine tumors. Transformation
of pancreatic beta cells results in pancreatic neuroendo-
crine tumors (PanNETs). PanNETs are the second most
common tumors of the pancreas, with an incidence of 1
per 200,000, and the incidence of PanNETs has been
increasing rapidly’. PanNETs often metastasize to the
liver.

For such an uncommon disease, PanNETs have been a
surprisingly popular research subject for tumor biologists.
This is partly due to the fact that PanNETs are produced
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by the RIP1-Tag2 tumor model (RT2), which was one of
the very first transgenic mouse models for cancer”. Pan-
NETSs occur in RT2 mice due to expression of the SV40
T-antigen oncoprotein (Tag) from a rat insulin promoter
(RIP). Tumor formation in RT2 mice is rapid and syn-
chronized, which facilitates the testing of both potential
therapeutics and potential tumor genes. RT2 is also a rare
example of a mouse model that has been validated
pharmacologically. Sunitinib and rapamycin were shown
to block growth of tumors in RT2 mice®*; these drugs
were subsequently tested in clinical trials>°, and approved
by the FDA for use in patients. Conversely, antibodies
against IGF1 receptor failed to block tumor progression in
RT2 mice, and subsequently failed in the clinic”®. The
clinical success of RT2 as a model organism also
prompted a reexamination of the Rb pathway in human
PanNETSs, because Rb is inactivated by the SV40 T-
antigen. This analysis led to discovery of Cdk4 and Cdké6
amplifications and high Rb phosphorylation in pancreatic
neuroendocrine tumors, as well as the demonstration that
PanNET cell lines responded to Cdk4/6 inhibition espe-
cially in combination with rapamycin®. This study helped
lead to a clinical trial of a Cdk4/6 inhibitor in combination
with rapamycin-analog everolimus (ClinicalTrials.gov
identifier NCT03070301). In another trial, a combination
of the VEGFR?2 inhibitor sunitinib and the c-met inhibitor
PF-04217903 blocked tumor progression in RT2 mice'’;
subsequently, a PanNET patient clinical trial was initiated
to test the effects of cabozantinib, a single agent targeting
both VEGFR2 and c-met'".

The liver metastasis found in patients with PanNETSs
can also be detected in RT2 mice, although the frequency
of metastasis is generally low. Researchers have published
many reports on genes that can increase the rate of
metastasis in this mouse, including Igflr, Alk, Rhamm,
Met, Bclx, and C5 (refs. 10’12_16). Also, Csfl has been
shown to be a metastasis suppressor in RT2 mice'”.

Clinically, metastasis correlates with whether or not
PanNETs produce insulin. PanNETs producing insulin
are called insulinomas and these tumors are rarely
malignant or metastatic; conversely, non-insulin-
producing PanNETs are often highly malignant and
metastatic'®. Most of the non-insulin-producing Pan-
NETs are “nonfunctioning” tumors (NF-PanNETs), so-
named because they do not overproduce any of the major
pancreatic endocrine hormones'®. NF-PanNETs are by far
the most clinically important of the pancreatic neu-
roendocrine tumors. It has been estimated that about 85%
of PanNETs are nonfunctioning, 10% are insulinomas,
and the remaining tumors express other hormones such
as gastrin or glucagon'®. Patients with nonfunctioning
PanNETs have a 5-year survival rate of only 33%'°
whereas patients with insulinomas rarely die of their
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disease. Nonfunctioning tumors are also larger in size
than insulinomas.

Here we demonstrate that the RT2 mouse model is
capable of modeling both insulinomas and nonfunction-
ing PanNETSs, with the specific disease dependent on the
genetic background of the animals. In a hybrid AB6F1
genetic background, low expression levels of a beta cell
transcription factor, Insmi, favors development of non-
functioning tumors, whereas in a C57Bl/6 genetic back-
ground, higher expression of InsmI favors development of
insulinomas. Amounts of Insml correlated with insulin
production and with lack of metastasis, in both mice and
patients.

Results

RT2 AB6F1 mice were generated by mating females
from the inbred A/] genetic background to male RT2 B6
mice, which have an inbred C57Bl/6 ] genetic back-
ground'?. For both genetic backgrounds, pancreatic
tumors were produced that were neuroendocrine tumors
upon pathological examination, albeit less well-
differentiated than the PanNETSs found in most patients.
There was a difference in frequency of liver metastasis in
the two genetic backgrounds, with metastasis being much
more common in RT2 AB6F1 mice than in RT2 B6 mice
(Fig. la). Other genetic backgrounds have also been
reported to influence metastasis frequency of RT2 mice'?.
Primary tumors were larger in age-matched RT2 AB6F1
mice compared to RT2 B6 (Fig. 1b). For RT2 AB6F1
animals, tumor size correlated with the presence of
metastasis (Supplemental Fig. 1), while for RT2 B6 ani-
mals, a correlation between metastasis and tumor size was
not tested because there were so few cases of animals with
metastasis.

Remarkably, in spite of having larger, more metastatic
tumors, RT2 AB6F1 mice actually lived longer than RT2
B6 mice (Fig. 1c). Eighty-five percentof RT2 AB6F1 mice
but only 33% of RT2 B6 mice lived to an age of 16 weeks.
Early mortality may be related to hypoglycemia, which
could be observed only in RT2 B6 mice and not in RT2
AB6F1 mice (Fig. 1d). Hypoglycemia has previously been
reported in RT2 mice, so it was actually a surprise to find
out that the RT2 AB6F1 were not hypoglycemic. In
keeping with their hypoglycemia, RT2 B6 mice were also
severely hyperinsulinemic, with an average nine-fold
increase in serum insulin compared to wildtype B6 mice
(Fig. 1e). Conversely, in spite of their larger pancreatic
neuroendocrine tumors, RT2 AB6F1 expressed only two-
fold more serum insulin than wildtype AB6F1 mice.
Immunohistochemistry revealed robust staining for
insulin in tumors from RT2 B6 animals, but no insulin
staining in tumors from RT2 ABG6F1 animals (Supple-
mental Fig. 2).
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Fig. 1 RT2 B6 and RT2 AB6F1 mice show profound phenotypic differences. a Percentage of 15-week-old RT2 mice with liver metastasis, by
genetic background. All mice were males, and 18 mice from each lineage were analyzed. Statistical significance was determined using Fisher's exact
test. B6 mice have the C57BI/6 genetic background, and AB6F1 mice are hybrids resulting from mating female A/J mice to male C57BI/6 mice. b
Volume of primary pancreatic tumors according to the genetic background. All mice were 17-week-old males; 24 RT2 B6 mice and 138 RT2 AB6F1
mice were analyzed. Statistical significance was determined using Mann-Whitney test. ¢ Kaplan—Meier survival curves for RT2 mice between 6 and
16 weeks of age according to the genetic background. d Eight hours after removal of food, serum glucose was measured in RT2 mice of different
genetic backgrounds. All mice were males and 12-13 weeks old. Fifteen RT2 AB6F1 and 12 RT2 B6 were analyzed. Statistical significance was
determined using two-tailed t-test. @ RT2 mice or wildtype littermates were held without food for 8 h, then serum insulin was measured and
compared to littermates (B6 or AB6F1) lacking the SV40 T-antigen transgene. Mice were males and 13 weeks old. Nine and 11 RT2 B6 and RT2 AB6F1
mice were measured, respectively. Statistical significance was determined using two-tailed t-test
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Primary pancreatic tumors from both RT2 B6 and RT2
AB6F1 mice were harvested, and the latter expressed
lower levels of mRNA for insulin (Fig. 2a), consistent with
the low levels of serum insulin in these animals. Tumors
from RT2 AB6F1 mice also transcribed less mRNA for
other beta cell markers such as MafA, Pdx1, and Nkx6-1
(Fig. 2a). Interestingly, transcription of the gene for SV40
T-antigen did not differ between tumors from RT2 AB6F1
and RT2 B6 mice (Fig. 2b), even though insulin expression
differs strongly between the two mice. This may reflect
the leakiness of the RIP that controls expression of SV40
T-antigen; this transgene has also been shown to express
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in other insulin-negative neuroendocrine cells from small
intestine and pituitary®>>,

With their smaller tumors, low metastasis, hypoglyce-
mia, and hyperinsulinemia, RT2 B6 mice have all of the
clinical features of human insulinomas. RT2 AB6F1 mice,
on the other hand, may develop some other kind of
pancreatic neuroendocrine tumor that does not express
insulin. In RT2 AB6F1 tumors, transcription of glucagon
and vasoactive intestinal peptide were not elevated,
transcription of PPY and gastrin decreased, but tran-
scription of somatostatin increased (Fig. 2c). Although
elevated, the levels of somatostatin transcription were still
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Fig. 2 Tumors from RT2 AB6F1 mice profile as nonfunctioning pancreatic neuroendocrine tumors. In each figure, Q-PCR was used to measure
gene expression, using cONA prepared from primary tumors isolated from 17 male RT2 B6 mice and from 25 male RT2 AB6F1 mice. All statistical
analysis was performed using two-tailed t-test. a Beta cell markers insulin-1 (Ins1), Nkx6-1, MafA, and Pdx1. b SV40 T-antigen, which is the oncogene
that drives tumorigenesis in RT2 mice. ¢ Pancreatic neuroendocrine hormones gastrin (Gast), glucagon (Gcg), pancreatic polypeptide (Ppy),
somatostatin (Sst), and vasoactive intestinal peptide (Vip). d Pancreatic stem cell markers Lgr5, Sox9, FoxJ1, and EHF
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low. Patients with somatostatinomas suffer from weight
loss and diarrhea, whereas RT2 AB6F1 were slightly
overweight and had firm stools (data not shown). From
these experiments, we conclude that tumors produced by
RT2 AB6F1 mice profiled as nonfunctioning PanNETs, a
clinically important disease in which patient tumors do
not express high levels of any of the pancreatic hormones.

Thus in spite of sharing 50% genetic identity, RT2
AB6F1 and RT2 B6 mice develop two very different types
of PanNET. A possible clue for the genetic basis of this
difference came from analysis of transcription of several
markers of pancreatic stem cells*”, which increased in
tumors from RT2 AB6F1 mice (Fig. 2d). The loss of dif-
ferentiation (Fig. 2a) but gain in stem cell markers
(Fig. 2d) in RT2 AB6F1 tumors led to a hypothesis that
A/] and B6 mice may have different allelic forms of some
beta cell differentiation factor.

Among the many genes known to be important for beta
cell differentiation is Insml, which can drive transdiffer-
entiation of pancreatic ductal cells to endocrine cells®,
presumably through a stem cell intermediate. Insmli-
knockout mice have also been reported to make beta cells

Oncogenesis

that are deficient in expression of insulin?®, which is
perhaps similar to the deficient expression of insulin in
tumors of RT2 AB6F1 mice. Notably, Insml was first
isolated as a very highly expressed RNA in insulinomas™.

As shown in Fig. 3a, expression of Insmi mRNA was
higher in the insulinomas from RT2 B6 and lower in
nonfunctioning tumors from RT2 AB6F1 mice. Insml
protein levels were also higher in tumors from RT2 B6, as
shown by western blotting (Fig. 3b). These experiments
suggested that Insm1 might be relevant to the insulinomas
and to the nonfunctioning tumors observed in RT2 mice.

Insm1 expression was characterized within a large set of
patient samples. As shown in Fig. 3¢, the mRNA of Insm1
strongly correlated with the mRNA of insulin. DNA was
prepared from 16 of these human tumors, 8 of which
expressed high amounts of insulin and 8 of which
expressed very little insulin. Tumor DNAs were treated
with bisulfite, and methylation-specific PCR was per-
formed to test for DNA methylation within the promoter
region of the InsmI gene. As shown in Fig. 3d, the Insm1l
promoter was more strongly methylated in the tumors
with low insulin and low Imsml. Since promoter
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Fig. 3 Insulinomas from humans and mice express high levels of transcription factor Insm1. a Q-PCR analysis of Insm1 expression from primary
tumors isolated from 17 male RT2 B6 mice or from 25 male RT2 AB6F1 mice. Statistical significance was determined using two-tailed t-test. b Western
blot analyses of Insm1 and B-actin expression from pancreatic neuroendocrine tumors of RT2 B6 or RT2 AB6F1 mice. ¢ mRNA and cDNA were

prepared from 39 human pancreatic neuroendocrine tumors, and transcription of beta cell markers Ins7 and InsmT was assayed by Q-PCR. Most of
the tumors occupy the (0,0) point of the graph. Statistical analysis was performed by Pearson correlation. d Tumor DNA from 16 patients was

subjected to bisulfite treatment, followed by PCR using primers directed against a CpG island immediately upstream of the Insm1 transcription start
site. The results of PCR by Methylation-specific primer pairs are shown in lanes marked “M", and results of PCR by Unmethylation-specific primer pairs
are shown in the lanes marked “U". In both gels, the first four tumors had high insulin expression by Q-PCR analysis, and the second four tumors had
undectable insulin expression by Q-PCR analysis. Tumors were arbitrarily defined as having high insulin expression if they had an Insi/ActB mRNA

glucagon (data not shown)

ratio above 1.0 (see c). The eight insulin-negative tumors are likely to be nonfunctioning tumors, given the fact that 85% of PanNETs are
nonfunctioning and 10% of PanNETs express insulin'®. These eight insulin-negative tumors also had low expression of mMRNA for gastrin and

hypermethylation is a common mechanism for lowering
expression of key tumor suppressor genes, these data
suggest that Insml expression may not merely correlate
with insulinomas, but may actually be a gene that sup-
presses the formation of nonfunctioning PanNETs.

Next we tested whether allelic differences in the Insmi
genes encoded by the B6 and A/] lineages might be
responsible for the insulinomas and NF-PNETs observed
in RT2 B6 and RT2 AB6F1 mice, respectively. Insml
genotypes were tested in a set of 279 RT2 AB6F2 mice,
which had been prepared for a previous study'®. RT2
AB6F2 are the product of mating RT2 AB6F1 mice.
Unlike their hybrid F1 parents, which are genetically
identical, F2 mice have a 1:2:1 Mendelian ratio of geno-
types at all loci: one quarter of offspring will be homo-
zygous for a given gene encoded by the A/J lineage, one
quarter will be homozygous for the same gene encoded by
the B6 lineage, and one half will be heterozygous at the
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locus. If a particular gene from the A/] genetic back-
ground promotes metastasis, then homozygotes and
possibly heterozygotes for the A/] allele of that gene
should be more likely to show liver metastasis. A known
SNP difference between the Insmi alleles from C57Bl/6
and A/] mice was assayed.

As shown in Fig. 4a, the Insml SNP from the A/]
background linked to metastasis in RT2 AB6F2 mice.
Particularly notable is the fact that there was more
metastasis in heterozygous mice compared to mice
homozygous for the B6 allele of Insm1; this result matches
with the fact that metastasis is more common in RT2
AB6F1 mice, which are heterozygous, than in RT2 B6
mice, which are homozygous for the B6 allele.

Importantly, if the differences in Insml alleles are
responsible for the different types of PanNETs, then the
Insml allele that links to metastasis should also link to
lower insulin production. This is indeed the case. As
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Fig. 4 The Insm1 locus links to key phenotypic differences between RT2 B6 and RT2 AB6F1 mice. a RT2 AB6F2 mice were genotyped for a
nucleotide difference within the InsmT gene. Animals with two copies of the allele from the A/J lineage are called “AA”, animals with two copies of
the allele from the B6 lineage are called “BB,” and heterozygous animals are called “AB". The mice were also scored for the presence of liver
metastasis. A total of 279 mice were assayed. Statistical significance was computed using Fisher's exact test. b Transcription of insulin-1 (Ins7) by 37
primary PanNETs from RT2 AB6F2 mice was compared using Q-PCR. The tumors were also genotyped to determine the Insm1 genotype. Tumors with
two Insm1 alleles from the B6 lineage are denoted “BB", tumors from heterozygous mice are denoted “AB,” and tumors with two InsmT alleles from
the A/J lineage are denoted as “AA”. Statistical significance was determined using two-tailed t-test. ¢ Q-PCR was used to analyze transcription of
genes linked to InsmT in primary PanNETs from 18 RT2 B6 males and from 24 RT2 AB6F1 males. The total size of the region was 8 MeB, with Insm1 in
the center. All genes within 2 MeB on either side of Insm1 were assayed, as well as a select number of candidate genes within 4 MeB on either side of
Insm1. Candidate genes were selected as genes that were known to encode transcription factors and differentiation factors. “B” refers to tumors from
RT2 B6 mice and "AB" refers to tumors from RT2 AB6F1 mice. mRNA for several genes within this region, including Ovol2, Kiz, and Pax1, could not be
detected in spite of using two separate assays for each gene. d Transcription of Insm1, Rin2, and GZF1 in primary tumors from 18 RT2 B6 males and
from 24 RT2 AB6F1 males was determined using Q-PCR. e Transcription of Insm1, Rin2, and GZF1 was determined for 39 primary patient pancreatic
NETs. Tumors were arbitrarily defined as expressing insulin or not expressing insulin based on Ins1/ActB mRNA ratios above or below 1.0, respectively
(see Fig. 30

shown in Fig. 4b, tumors from heterozygous animals
expressed lower levels of mRNA for insulin than tumors
from animals that inherited both of their Insm1l alleles
from the B6 lineage. Again, this matches with the lower
levels of insulin produced by RT2 AB6F1 mice, which are
heterozygous, and with the higher levels of insulin pro-
duced by RT2 B6 mice, which are homozygous for the B6
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allele. Thus, in F2 animals with at least one copy of Insm1
from the A/] lineage, there was elevated metastasis and
weak expression of insulin when compared to animals
with two copies of Insmi from the B6 lineage.

We also considered the possibility that a gene linked to
Insml, and not Insml itself, is the actual effector of tumor
type in RT2 mice. If true, then perhaps such a gene would
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antibody against Insm1 to measure expression in the QGP1-TGL cell line, and in an isogenic version of QGP1-TGL in which the Insm1 genes were
knocked out using CRISPR-Cas9. Sequencing results for the knockout cell line are shown in the Materials and methods section. d The QGP1-TGL cell
line expressing Insm1, as well as QGP1-TGL stably knocked out for the Insm1 gene, were tested for expression of stem cell markers CD44 and

aldehyde dehydrogenase using flow cytometry. e Fluorescence activated cell sorting was used to collect CD44-positive and CD44-negative QGP-TGL
cells, which were also knocked out for Insm1. The sorted cells were used to grow three-dimensional colonies in matrigel. CD44-negative cells formed
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show expression differences in RT2 B6 and RT2 AB6F1
tumors. Among genes residing within an 8 MeB region of
the mouse genome, centered at Insml, three genes did
show differences in expression between tumors from RT2
B6 and RT2 AB6F1 mice (Fig. 4c, d). However, of these
three genes, only Insml expression also showed differ-
ences in patient samples expressing high or low levels of
insulin (Fig. 4e). Although this study does not completely
rule out the possibility that another gene is involved,
Insml does appear to be the best candidate.

If alleles of Insml are indeed responsible for the two
tumor subtypes, then Insm1 should be capable of blocking
metastasis and dedifferentiation in neuroendocrine tumor
cell lines. In Fig. 5a, b, the effect of transient knockdown
of Insml expression using three different shRNAs was
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tested in the QGP1 cell line. Insm1 knockdown increased
expression of the so-called Yamanaka factors®®, which are
known to increase pluripotency of differentiated cells.
Next, CRISPR-Cas9 technology was used to stably knock
out Insml from QGP1-TGL cells, a version of QGP1
engineered to express firefly luciferase (Fig. 5c). The
Insm1 knockout increased the number of cells expressing
aldehyde dehydrogenase and CD44, which are markers of
stem cells (Fig. 5d). Insmi-null QGP1-TGL cells were
then sorted for CD44 expression using flow cytometry.
CD44-negative QGP1-TGLAInsml cells gave rise to
spheroid colonies, whereas CD44-positive QGP1-
TGLAInsml cells produced colonies with invasive
morphologies (Fig. 5e). These data indicate that loss of
Insml can produce more invasive, stem-like cells.
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CRISPR-Cas9 was also used to knock out expression of
Insml from a second Insmli-expressing PanNET cell line,
BONI1 (Fig. 6a). We also introduced Insml expression to
the CM cell line, a highly undifferentiated PanNET cell
line that did not normally express Insm1 protein (Fig. 6a).
Along with QGP1-TGL, each of these isogenic pairs of
Insmi-expressing and InsmI-null cell lines was tested for
in vitro invasiveness, using a transwell assay. Invasiveness
is a common property of metastatic cells. For all of the cell
lines, invasiveness was higher if expression of Insml was
absent, indicating that Insml is a repressor of invasion
(Fig. 6b). The CM cell line was particularly invasive; the
effects of Insml on this cell line could also be seen in
three-dimensional culture, in which wildtype CM cells
invade the surrounding matrix, but CM cells expressing
Insm1I only form less invasive spheroids (Fig. 6¢). Though
less dramatic, InsmI also has an effect on the morphology
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of the BON1 cell line when grown in three-dimensional
culture (Fig. 6d); the smaller change in morphology of
BONI1 correlated with the lower level of invasiveness of
BONI cells compared to CM cells.

Isogenic, InsmlI-expressing, or Insml-null QGP1-TGL
cells were injected into the left ventricles of immune
compromised mice. Mice were imaged weekly for biolu-
minescence of luciferase in order to assay for metastatic
spread. Within 2 weeks, strong luciferase signals were
detected in the torso, and these were particularly intense
in animals injected with InsmI-null QGP1 (Fig. 7a).
Luciferase signals also occurred above the neck; magnetic
resonance imaging of the head revealed unusual growth of
cells in the pre-nasal sinuses. Dissection of animals
revealed that metastatic lesions were most prominent in
the lung, liver, and pancreas. Examples are shown in
Fig. 7b, where one of three animals injected with wildtype
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QGP-TGL produced a small lesion in the liver (animal
number 3), but two of three animals (animals 5 and 6)
injected with QGP-TGL knocked out for Insm1 produced
lesions in the pancreas and in the liver. Altogether, the
presence of metastatic tumors was 3.3-fold more common
in the animals injected with the cell line knocked out for
Insml (Fig. 7¢).

Together, these cell line experiments establish that
depletion of InsmI can cause stem-like cells to form, can
increase invasiveness, and can cause metastasis; further-
more, these data suggest that the difference between the
less metastatic, more differentiated insulinomas of RT?2
B6 mice and the NF-PanNETSs of RT2 AB6F1 mice may be
due to differences in Insmi expression. Coupled with the
genetic linkage experiments from RT2 AB6F2 mice, the
cell line data strongly suggest that allelic differences in
Insml between the A/] and B6 mouse lines lead to dif-
ferent types of neuroendocrine tumors in RT2 mice.

Discussion

In two different genetic backgrounds (B6 and AB6F1),
RT2 mice produced different types of PanNETs:
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insulinomas and nonfunctioning PanNETs, respectively.
Several lines of evidence supported the idea that allelic
differences in the Insml gene were responsible for the
difference in tumor types, and that Insml is a suppressor
gene of nonfunctioning PanNETs. First and most impor-
tantly, in RT2 AB6F2 mice, the Insm1 locus linked strongly
to high metastasis and to low insulin expression, which are
two key characteristics of NF-PanNETs. Second, Insml
expression was lower in NF-PanNETs, compared to
insulinomas. Third, the InmsmI promoter was hyper-
methylated in human NF-PanNETs, as is often observed
for tumor suppressor genes. Fourth, a key feature of NF-
PanNETs is metastasis, and knockout of Insm1 was suffi-
cient to increase in vivo metastasis of a pancreatic neu-
roendocrine cell line, QGP1-TGL1, and to increase in vitro
invasiveness of additional neuroendocrine cell lines.
Insml is a transcription factor that promotes beta cell
differentiation”’, and other tissue-specific differentiation
factors have also been shown to suppress metastasis, such
as GATA3 in breast tumors®® and NKX2-1 in lung
tumors®. It is generally thought that loss of these differ-
entiation factors leads to metastasis by causing
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dedifferentiation to stem cells, and that stem cells increase
metastasis because they are more invasive and less prone
to anoikis®* % Expression of stem cell markers increased
in low InsmI-expressing tumors from RT2 AB6F1 mice
(Fig. 2d). Upon knockout of InsmI in the QGP1 cell line,
stem cell markers increased, invasiveness increased, and
metastasis increased.

The A/] and B6 lineages show several nucleotide dif-
ferences within and near the InsmI locus, and it is pos-
sible that one or more of these differences affect Insmi
transcription or RNA stability. It is also formally possible
that the Insm1 alleles in these lineages are not different at
all and that another gene, linked to Imsml, can affect
Insm1 expression. But we detected no evidence for such a
mechanism, such as differential expression of another
linked gene.

Interestingly, Insmli is not the only allelic difference
between the B6 and A/] lineages that affects neuroendo-
crine tumors. In our initial study of RT2 AB6F2 mice, we
showed that the A/] genome harbored a recessive,
metastasis-suppressing locus, due to an inactivating
mutation in the gene for C5 (ref. '?). But given that mating
RT2 B6 with A/] mice produced an F1 generation with a
very large increase in metastasis (Fig. 1a), we thought that
the A/] genome might also contain a metastasis-
promoting locus that was either dominant or co-domi-
nant, and this allele turned out to be Insm1. Additionally,
it has been shown that the Alk allele encoded by the B6
genome promotes metastasis more strongly than the Alk
allele encoded by the C3H inbred line'?, and we also have
evidence that the B6 allele of Alk promotes metastasis
more strongly than the Alk allele of the A/] background
(Contractor and Harris, unpublished data). Lastly, we
have genetic data that metastasis in RT2 mice is also
affected by yet another allelic difference between the A/]
and B6 lineages, but have not yet identified the actual
gene (Contractor and Harris, unpublished data). Thus
four, and possibly more, naturally occurring differences
between the A/] and B6 mouse lines have a strong effect
on whether the animal has a localized tumor or a meta-
static one, an insulinoma or a NF-PanNET. Small-
nucleotide polymorphisms that affect tumorigenesis
have been identified for many tumor types®>>*, but the
high number of natural differences between A/] and B6
that affect neuroendocrine tumorigenesis in RT2 mice
makes one wonder whether NETs are peculiarly suscep-
tible to naturally occurring genetic diversity.

The subtypes of pancreatic neuroendocrine tumors that
can occur in patients show important clinical differences,
with nonfunctioning PanNETs being more common and
causing worse outcomes than insulinomas'®. Under-
standing how different tumor subtypes can occur has
been an active research area. In animal models for breast
and brain tumors, it has been demonstrated that certain
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oncogene or tumor suppressor mutations can favor
development toward one tumor subtype and not
another®?¢, In recently published work, mutations in
Menl, Daxx, and Atrx were shown to be less common in
human insulinomas than in human nonfunctioning
tumors, suggesting that subtypes of PanNETs are influ-
enced by the presence of these driver mutations”. But the
present work also shows that tumor suppressor gene
mutations are not sufficient to explain why different
tumor subtypes can occur. Using mice that share a
common driver oncogene, we show that tumor subtype is
also influenced by naturally occurring genetic diversity, in
the form of distinct alleles of the Insm1 gene. It would be
interesting to know whether Insml expression can be
directly influenced by mutations in Menl, Daxx, and Atrx,
which encode chromatin-remodeling proteins. However,
it should also be stated that mouse models do not always
reflect how tumors develop in patients; indeed it is not
clear whether low Insml expression is a direct cause of
nonfunctioning PanNETSs in patients, or a byproduct of
the cell type from which these tumors originate®,

In patients, a key feature of NF-PanNETs is high rate of
metastasis; NF-PanNETs in RT2 AB6F1 mice are likewise
highly metastatic. The development of this mouse model
may improve the ability to test drugs that could prevent
metastasis of PanNETs in vivo. The RT2 mouse has
previously been used for in metastasis studies, but comes
with important shortcomings: metastasis is less penetrant
in RT2 B6 mice, and is complicated by early death due to
hypoglycemia. The RT2 AB6F1 mouse overcomes these
issues. Metastasis is rapid and highly penetrant especially
in male RT2 AB6F1 mice'?, and RT2 AB6F1 mice are not
hypoglycemic (Fig. 1d).

Several drugs have shown anti-metastatic activity in
mouse models, but there have been no clinical trials
designed to test drugs that might slow the risk of
metastasis. This is in spite of the fact that metastasis is
thought to be the cause of nearly all cancer deaths. There
are several pragmatic reasons for the lack of trials on
metastasis, including the fact that most clinical trials are
performed on late stage, post-metastatic patients in order
to overcome the high expense of lengthier trials on earlier
stage patients. But another problem may be that sponta-
neous, synchronized mouse models of metastasis are rare.
For this reason, the RT2 AB6F1 mouse model may be of
great value. It derives from a mouse in which preclinical
successes have led to human clinical trials and to FDA
approvals. Although there is not a large population of
patients with PanNETs, clinicians who study this disease
are highly organized and have shown the ability to per-
form clinical trials that result in FDA approvals in spite of
small patient sets. Patients with PanNETs are often
detected before their tumors are metastatic, yet the onset
of metastasis is fairly rapid for patients with
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nonfunctioning disease. All of these factors—a rapid and
validated mouse model, a set of early diagnosed patients,
fairly rapid onset of metastasis, and an organized set of
clinicians—suggest that the RT2 AB6F1 mouse could
prove to be an attractive preclinical model for developing
and testing clinically relevant anti-metastatic agents.

Materials and methods
Cell lines

The QGP1 cell line was purchased from the Japan
Health Sciences Foundation. The BONT1 cell line was a gift
from the lab of Kjell Oberg and the CM cell line was a gift
from the lab of Paolo Pozzilli. In order to authenticate the
cell lines, short tandem repeat analysis was performed by
ATCC. The STR results for QGP1 were a 100% match to
STR information for QGP1 found in the DSMZ database.
The STR results for BON1 were a 100% match to pre-
viously published information®’. STR results for CM did
not match any other cell lines in the databases for ATCC,
DSMZ, or EXPASY. STR results for the CM cell line have
not previously been published, and are presented in
Supplemental Fig. 3. QGP1 and BONI1 have previously
been tested for mycoplasma but CM cells were not. CM
and QGP1 were grown in RPMI media (Thermofisher)
supplemented with 10% fetal bovine serum (Sigma-
Aldrich). BON1 cells were grown in Dulbecco’s modified
Eagle’s medium (Thermofisher) with 10% fetal bovine
serum. All lines were grown at 37 °C under 5% CO,. To
decrease heterogeneity, the cell lines were cloned from
single colonies before use. CM cells were engineered to
express human Insml by using lipofectamine 2000
(Thermofisher) to transfect a plasmid expressing the
human gene under control of the CMV promoter (Ori-
gene); Insml-expressing cells were cloned from single
transfectants. QGP1 and BON1 were engineered to
express luciferase, and then Insml was knocked out by
CRISPR, using an EDIT-R lentivirus purchased from
Dharmacon (source clone identification number
VSGHSM_26789438). Potential low expressers were
cloned, and characterized by RTPCR and by western
blotting, using an Insm1 antibody that was a generous gift
from Mark Magnuson. Antisera against B-actin (part
number A2228) were purchased from Sigma. Genomic
DNA from low Insmli-expressing clones was subjected to
PCR using primers 5-CAGGTGTTCCCCTGCAAGTA
and 5-CCCAGACAACAGTTCAAGGC; the PCR pro-
ducts were cloned using the TOPO TA system (Ther-
mofisher), and 12 of the PCR clones were sequenced to
confirm the presence of frameshift mutations within the
Insm1 sequence targeted by the EDIT-R lentivirus. BON1
clone 145 showed two new alleles of InsmI, each of which
had frameshifting deletions: loss of the 10 nt sequence
ctcgececggea, or loss of a single nucleotide, shown
emboldened and in lower case within the following
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sequence: CCCGGCcTTACG. QGP1 clone H10 also
showed two new alleles of Insmli, each of which had
frameshifting mutations: loss of two nucleotides,
CCCGGCctTACGCG, or loss of a single nucleotide,
CCCGGCcTTACGCG. A matrigel-coated invasion
chamber with 8 um pore size (Corning 354480) was used
for invasion assays; 20% fetal bovine serum in the
upper chamber was used as a chemo-attractant. Three-
dimensional growth of cell lines was performed by mixing
1000 cells with 50 pl of matrigel (Corning 354234), and
seeding 5pl of this mixture into 96-well plates. After
5 min, 200 pl of RPMI/10% FBS media were added and the
cells were cultured under CO, at 37 °C for 2 weeks. Insmli
siRNAs si-5, si-6, and si-7 were purchased from
Dharmacon, and catalog numbers were J-006535-05-
002, J-006535-06-002, and J-006535-07-002, respectively

Human and mouse experiments

Human pancreatic neuroendocrine tumors were pro-
vided by the Cooperative Human Tissue Network
(CHTN), which obtained informed consents from
patients. Human experiments were approved by the
Institutional Review Board of CHTN. Mouse experiments
were approved by the Institutional Animal Care and Use
Committee of Rutgers University. RT2 B6 mice were
obtained from the National Cancer Institute (Frederick,
MD) and bred to C57BIl6/] (Jackson laboratories) for more
than 10 generations. A/] mice were purchased from
Jackson Laboratories. Mouse husbandry, euthanasia, and
autopsy protocols have been previously described?.
Insml genotypes were not assayed until long after the
mice had been euthanized and the metastasis and tumor
size data were collected. To assay metastasis of the QGP1
cell line, one million cells expressing luciferase were
injected into the left ventricles of nude mice, as previously
described'*. The day after surgery, and weekly thereafter,
mice were sedated with isofluorane, injected with luci-
ferin, and imaged using an IVIS machine. Three weeks
after injection, the mice were euthanized by CO,
asphyxiation and cervical dislocation, and autopsied for
metastatic lesions. Organs were examined visually for
metastatic lesions. Three organs (liver, pancreas, and both
lungs) were also removed, treated with luciferin, and
imaged using an IVIS machine. To assay serum insulin
and serum glucose, mice were moved to fresh cages with
water bottles but no food for 8 h. An ELISA kit for mouse
insulin was purchased from RayBiotech and used as
recommended by the manufacturer. Serum glucose was
measured using a ReliOn Confirm glucose meter and
ReliOn Micro Plus test strips

Flow cytometry analysis and cell sorting
Cells were incubated with PE-labeled CD44 antibody
(Biolegend) and 7-AAD Viability Dye (Beckman Coulter).
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Activity of aldehyde dehydrogenase was determined with
AldeFluor Kit (Stem cell Technologies). Flow cytometry
analysis and cell sorting were performed using a Cytomics
FC500 Flow Cytometer (Beckman Coulter) or a BD Influx
High Speed Cell Sorter (BD Biosciences). The purity of
sorted cells was >95%.

Genotyping

An SNP assay directed against rs33272877, which differs
between the Insm1 alleles of A/] and C57Bl/6 genomes,
was designed and synthesized by Thermofisher. Outside
primer sequences were 5'-CGTGCTGGGCCTGAGT and
5'-GGGCGCCCTTGCT. Reporter sequences were 5 -AC
CGCCCAGTGCCA and 5'-CCGCCGAGTGCCA. SNP
analysis was perfomed using a Prism 7500 (Applied
Biosystems).

Analysis of RNA and protein

Fresh-frozen tumor tissues from male mice were minced
in Trizol (Thermofisher) and homogenized using a Polytron
1200E. Chloroform was then added and the upper aqueous
phase was removed after microcentrifugation at 14,000 r.p.
m. Ethanol was added and the RNA was then isolated using
an RNAeasy column (Qiagen) as recommended by the
manufacturer. RNA was converted to cDNA using reverse
transcription reagents (Thermofisher). Real-time RTPCR
was then performed, using a Prism 7500 (Applied Biosys-
tems). Most of the RNAs were measured using pre-designed
Tagman assays, which were purchased from Thermofisher.
The following assays were designed with Primer3 (http://
bioinfo.ut.ee/primer3/) and run with SYBR green reagents
(Thermofisher): mouse Slc24a3 (5'-CCCTCTGGCAAA
CTGGAAAC and 5-GGGATCCCTAGTGTGTAGCC);
mouse Cfap6l (5-AATCACTACCCTCAGCTGCA and
5-GCCAAAGAAGCATGACCCAT); mouse Rin2 (5
-AACTCCTGGACCCATCATG and 5-CATCCGCTGTT
GACCTCTTG); mouse Xrn2 (5-GAGGTCAAGCTCA
GATCCCAAA and 5-GTTCCATGGCAGTAGAGGTT
CA); mouse Crukil (5 AGAGAAGAAAGGTCCAGGCC
and 5-GCTTGAGGTTAGGCTGGTTG); mouse Naa20
(5'-AGGGAAGAATGGCATGGACA and 5-GCTTGTA
CATGTTGACGGCA); mouse Nkx2-4 (5-GCCCCAT
GAACCTGGAGATT and 5-CACCTACCACATGCCTC
CC); human Rin2 (5'-TCCGCACCATCTCCTGTTTC and
5-GTCTGGACAAGCGAGGAAGT); mouse Sox9 (5-
TATCTTCAAGGCGCTGCAAG and 5-CCCCTCTCGC
TTCAGATCAA); mouse EHF (5-GCCCGGCAGAAA
GTCTTACT and 5-TTCCAGTCCGCACACAATGT);
mouse FoxJI (5-CACTCTCATCTGCATGGCCA and 5’
-AGGTTGTGGCGGATGGAATT); mouse Katl4 (5-ACG
AGAGGCTGAAACTGACA and 5-ACGTCCACTTCCT

TCCAGAG); mouse Zfpi20 (5-AAGCCCAGAAGTT
CCGACAT and 5-AGCAGCGAGATTCCTGTAGG);
mouse GZFI (5'-CTCAGCGCAATTCCCTGTAC and
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5-GTGAACTGCTTCCCACACTG); and human GZFI
(5'-TCACTCAGAACCACATGCTG and 5-AATTCCGCT
GGGCAAAAGTC.

Analysis of promoter methylation

Tumor DNA was treated using EpiMark Bisulfite
Conversion Kit as recommended by the manufacturer
(New England Biolabs). Primers were designed using
MethPrimer 1.0 (ref. *°). Methylation-specific primers
were 5 -TTTATTTTACGCGGTTTATTTTTC and 5'-
ATCGAATCGAAATATTTATCTTCG. Unmethylation-
specific primers were 5 -TGTTTGTTTTTATTTAATT
AGTG and 5'-TCAAATCAAAATATTTATCTTCACC.

Immunohistochemistry

For antigen retrieval, slides were boiled for 16 min in 0.93%
(v/v) Antigen Unmasking Solution H3301 (Vector Labs), and
then slowly cooled to room temperature for 30 min. Primary
antibody was guinea pig anti-insulin from Dako (A0564),
which was diluted 2000-fold in 10% goat serum/1% BSA.
Slides were treated with primary antibody overnight at 4 °C.
Secondary antibody was affinity-purified, biotinylated anti-
guinea pig IgG from Vector Labs (BA-7000), which was
diluted 500-fold in 10% goat serum and 1% BSA. Slides were
then treated with Vectastain Elite ABC peroxidase kit
(Vector Labs) for 30 min, and with ImmPact DAB perox-
idase substrate (Vector Labs SK-4105) for 1min. The slides
were counterstained with hematoxylin (Vector Labs).

Statistical analysis

Graphpad Prism 7.04 software was used for statistical
analysis. Two-tailed ¢-test was used to compare RNA
expression levels from sets of mouse and human tumors.
Fisher’s exact test was used to compare metastasis fre-
quencies. Pearson correlation analysis was used to compare
Insml and Insl expression in human tumors. Nonpara-
metric Mann—Whitney analysis was used to evaluate tumor
volumes. Outliers were identified by Rout analysis (g = 1%).
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Loss of copy of MIRT-2 increases CDK4 expression
in ileal neuroendocrine tumors

Tanupriya Contractor' and Chris R. Harris'"*

Abstract

patients with metastatic disease.

lleal neuroendocrine tumors (I-NETs) are the most common tumors of the small intestine. Although I-NETs are known
for a lack of recurrently mutated genes, a majority of tumors do show loss of one copy of chromosome 18. Among the
genes on chromosome 18 is MIR1-2, which encodes a microRNA, MIR1-3p, with high complementarity to the mRNA of
CDK4. Here we show that transfection of neuroendocrine cell lines with MIR1-3p lowered CDK4 expression and activity,
and arrested growth at the G1 stage of the cell cycle. Loss of copy of MIR1-2 in ileal neuroendocrine tumors associated
with increased expression of CDK4. Genetic events that attenuated RB activity, including loss of copy of MIR1-2 as well
as loss of copy of CDKNTB and CDKN2A, were more frequent in tumors from patients with metastatic I-NETs. These data
suggest that inhibitors of CDK4/CDK6 may benefit patients whose I-NETs show loss of copy of MIR1-2, particularly

Introduction

Neuroendocrine cells are found throughout the body,
from the pituitary to the rectum. To prevent hormonal
imbalances, these hormone-producing cells are usually
under tight growth regulation. But as with many cell
types, growth controls can go awry, allowing hyperplasias
or even tumors to form. Because neuroendocrine tumors
(NETSs) often remain well-differentiated and continue to
produce hormones, the first symptoms experienced by
patients with NETs are often hormone-related. For
instance, insulinomas can cause hypoglycemia, while
parathyroid tumors can cause frequent kidney stones by
altering calcium metabolism.

One of the most common sites of NETSs is the ileum
of the small intestine' . Ileal neuroendocrine tumors
(I-NETs) are usually multifocal, well-differentiated tumors
that produce the hormone serotonin. Overproduction of
serotonin can lead to chronic diarrhea and skin flushing;
these symptoms are part of a condition known as carcinoid
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syndrome. Carcinoid syndrome is associated with liver
metastasis and poor outcome®. Notably, the incidence of
carcinoid syndrome is increasing”. In all, there are about
2500 new cases of I-NETs per year in the United States'?,
making them the most common tumors of the small
intestine. A majority of I-NETs are already metastatic by
the time of diagnosis. Half of all patients diagnosed with
metastatic I-NETs do not survive beyond 5 years'.

In the clinic, I-NETs are as common as pancreatic
neuroendocrine tumors (PNETs)’ yet are much less
studied. For instance, in Fig. 1, there is a comparison of
the number of published abstracts that mention “small
intestinal neuroendocrine tumors” with the number of
abstracts that mention “pancreatic neuroendocrine
tumors.” Part of this research disparity is due to a lack of
research tools for I-NETs. I-NET cell lines have been
published®®, but have not been made publicly available.
There are also multiple mouse models for PNETs” ',
whereas until very recently'® I-NETs had not been found
in mice. I-NETs also grow slowly, are difficult to detect
clinically, and have proven nearly impossible to xenograft
into mice.

Another difference that likely fuels the disparity in pub-
lished work on PNETs and I-NETs is the fact that PNETs

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changes were made. The images or other third party material in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http://creativecormmons.org/licenses/by/4.0/.
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Fig. 1 A comparison of research interest in ileal and pancreatic
neuroendocrine tumors. This graph shows, by year, the number of
Pubmed abstracts referring to the search terms “small + intestinal 4+
neuroendocrine + tumors” (lower line) or to the search terms
“pancreatic 4+ neuroendocrine + tumors” (upper line).
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have recurrent mutations in genes of great research interest,
such as the chromatin remodeling genes MEN1, DAXX, and
ATRX'®, whereas the genetic drivers of I-NETs have long
remained a mystery'”. I-NETs lack mutations in the genes
associated with many cancers, such as TP53, RBI, BRCAI,
MYC, AKT1, or PIK3CA. I-NETs are also one of the few
types of NETs that are not observed in patients with familial
neuroendocrine tumor syndromes, and thus are not caused
by alleles of MENI or MEN2 that produce these syn-
dromes” ", In certain families, there is evidence for a
predisposition to I-NETSs, which links to genes other than
MENI or MEN2****, Overall there is a low frequency of
mutation in I-NETs, more similar to the low frequency of
mutation found in pediatric cancers than to the higher
frequency of mutations in most of the tumor types that
arise in older patients®®. The only gene recurrently mutated
in I-NETSs is CDKN1B, which is altered in only 5-8% of I-
NETs**"%; however, I-NETs have not been reported in
mice with CdkNI1b mutations.

The only common genetic change in I-NETs is the
complete or near-complete loss of one copy of chromo-
some 18, which is found in well over half of patient
samples®®™*%, While this suggests that chromosome 18
harbors a tumor suppressor gene that prevents I-NETs
from forming, no specific gene on chromosome 18 has
ever been linked to I-NETs. In this study, we show that a
gene on chromosome 18, MIRI-2, produces a microRNA
that can block expression of CDK4 and thereby activate
the RB1 tumor suppressor protein, resulting in cell cycle
arrest of neuroendocrine cell lines. These data suggest
that chromosome 18 loss triggers I-NET's by dysregulating
the RB pathway and activating the cell cycle. These data
suggest that patients with I-NETs may benefit from
CDK4/CDK6 inhibitors.
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Results

Because of the high incidence of chromosome 18 loss in
I-NETs, we examined this chromosome for the presence
of potential tumor suppressor genes. We focused on
potential activators of the RB1 tumor suppressor, because
the RB1 pathway is associated with several types of
NETs*®! and also because this pathway can be atte-
nuated by loss of CDKN1B, which is the only gene that is
recurrently mutated in I-NETs***>*2, None of the well-
studied activators of RB1, such as the CDK inhibitors
CDKNI1A, CDKNIB, CDKN2A, and CDKNZ2B, reside on
chromosome 18, but we did identify a potential RB1
activator by searching for microRNAs with com-
plementarity to negative regulators of the RB1 pathway.
Using TargetScan 7.2 software (http://www.targetscan.
org/vert_72/), we searched for broadly conserved miRNAs
with 7mer-Al, 7mer-M8, or 8mer complementarity®” to
the mRNAs of CDK4, CDK6, CCNDI1, CCND2, and
CCND3. We then used the UCSC Genome Browser
(http://genome.ucsc.edu/) to match these microRNAs to
the chromosomes of the genes encoding them within
human genome release GRCh38. Out of 105 microRNA
genes identified by this approach, only one, MIRI-2,
resided on chromosome 18 (Supplementary Table 1).
MIRI-2 encodes MIR1-3p, which is complementary to
sequences within the untranslated regions (UTRs) of
mRNAs for CDK4, CDK6, CCND1, and CCND?2. Inter-
estingly, decreased MIR1-3p expression has previously
been detected in patients with advanced I-NETs>*?°,

Neuroendocrine tumor cell lines were transfected with
MIR1-3p. Because there are no publicly available cell lines
derived from serotonin-producing ileal NETs, we per-
formed these experiments in BON1 and QGP1, two
pancreatic NET cell lines that were derived from
serotonin-producing tumors®**’, At the mRNA level,
there was no statistically significant decrease in the
expression of CDK6 or CCNDI following MIR1-3p
transfection (Fig. 2a), and CCND2 was not assayable due
to poor expression in both cell lines. However, expression
of CDK4 by both BON1 and QGP1 decreased following
transfection with MIR1-3p (Fig. 2a). Transfection of
MIR1-3p also decreased the amount of CDK4 protein
produced by the two cell lines, as shown by Western blot
(Fig. 2b). Activated CDK4 causes phosphorylation of RB1
at amino acids 807 and 811, and the amount of RB1
phosphorylated on these residues decreased in cells
treated with MIR1-3p (Fig. 2b). Thus MIR1-3p decreases
the activity of CDK4, which should increase the activity of
RB. Transfection of MIR1-3p also decreased the rate of
growth of both BON1 and QGP1 (Fig. 2¢, d; see also
Videos 1-4 in Supplementary material).

Since activated RB1 arrests growth at the G1 phase of
the cell cycle®®, we next performed cell cycle analysis on
the MIR1-3p-treated cells. For this analysis, the BON1
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and QGP1 cell lines were transfected with MIR1-3p or
with control microRNA for 24 h, and then treated with
nocodazole for another 16 h*°. Nocodazole caused a G2
cell cycle arrest, as shown in the cells treated with control
microRNA (Fig. 3a, b). But cells pre-treated with MIR1-3p
were enriched in G1-phase cells, as would be expected for
cells in which RB1 has been activated. Together these data
indicate that MIR1-3p expression has a negative effect on
growth of neuroendocrine cell lines, by decreasing the
expression of CDK4.

MIR1-3p is complementary to a short segment within
the 3’ UTR of CDK4 mRNA. Fusing the CDK4 UTR to a
gene encoding firefly luciferase enabled MIR1-3p to
negatively regulate luciferase expression (Fig. 3c). Con-
versely, following site-directed mutagenesis to remove the
complementary sequence from the UTR, MIR1-3p was no
longer able to regulate expression of the luciferase/ CDK4
fusion gene (Fig. 3c).

A set of 57 flash-frozen human I-NETs was purchased
from the Cooperative Human Tissue Network (CHTN).
Patients ranged in age from 41 to 89, but 95% of the
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patients were 49 or older. The average age of these
patients was 61. Both sexes were represented (51% male),
but the samples were not racially diverse (93% Caucasian).
There was no clinical data available for these patients
other than the fact that 51% of patients had localized
disease, and 49% of the patients had distal metastases.
Distal metastases usually localized to the liver, but one
patient had a metastatic neuroendocrine lesion on an
ovary. Genomic DNA was prepared from these tumor
samples in order to determine the copy number of the
MIRI-2 gene for each patient.

Expression of CDK4 mRNA increased in tumors with
loss of copy of MIRI-2 (Fig. 4a). Conversely, expression
of MIR1-3p tended to decrease in tumors with loss of
copy of MIRI-2, although this result was not statistically
significant (Fig. 4b). Plotting expression of MIR1-3p and
CDK4 mRNA revealed that these two RNAs were
negatively correlated (Fig. 4c). Combined with the
results from the cell line experiments, these data suggest
that loss of chromosome 18 may lower expression of
MIR1-3p, which can increase expression of CDK4 and
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cause dysregulated growth of enteroendocrine cells of
the ileum.

We also assayed the tumor DNAs for mutations and copy
number alterations in other genes of the RB pathway. Loss
of copy of the MIRI-2 gene was by far the most common
event, occurring in 63% of tumors (Fig. 5a). CDKNIB
mutations, and loss of copy of CDKNI1B were uncommon.
The frequencies of these alterations in CDKNI1B within this
data set were consistent with previous reports*>?®. Loss of
copy of another CDK inhibitor, CDKN2A, was as common
as alterations in CDKN1B (Fig. 5a). Although amplifications
of the CDK4 and CDK®6 genes have been detected in pan-
creatic NETs™, these genes were not amplified in any of the
57 I-NET samples (Fig. 5a). There were rare amplifications
of the D-cyclin genes (CCND1, CCND2, and CCND3);
interestingly, each of these events occurred in tumors from
patients with metastatic disease.

Oncogenesis

Attenuation of the RB pathway has been linked to
metastasis of other tumor types®*~*!, and appears to be
the case for I-NET's as well. As shown in Fig. 5b, tumors
that showed copy number or sequence alterations of one
or more RB pathway genes were more likely to derive
from patients with metastatic disease. MIRI-2 loss alone
also correlated with metastasis, as 82% of I-NETs from
patients with distal metastasis had a loss of copy of MIRI-
2, but MIRI-2 was lost in only 45% of patients with
localized disease (Fig. 5¢).

Discussion

There is a clinical need for better treatments of meta-
static I-NETs. Primary I-NETs remain difficult to detect,
and at initial diagnosis most patients already have meta-
static disease. Indeed I-NETs are one of the few tumor
types for which there has been a recent increase in the
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percentage of advanced disease among newly diagnosed
patients’. Surgical resection is the most effective treat-
ment for I-NETSs, but resection is not always possible for
patients with a high metastatic burden. Pharmacologi-
cally, I-NETs do not respond to chemotherapy and are
not thought to be good candidates for new immu-
notherapies due to a low number of tumor-specific anti-
gens. Personalized medicine approaches for I-NETs are
limited by the low number of mutations. Patients can
respond to mTOR inhibitors*?, and to somatostatin ana-
logs such as octreotide®™. There have been promising
results from recent clinical trials in which patients with
highly metastatic I-NETs were treated with toxic, radi-
olabeled compounds that are attached to somatostatin

CDK4/CDK6 inhibitors are among the most exciting
new anti-cancer drugs of the past 10 years, and are
approved by the FDA for patients with ER+HR— breast
cancer®. Our previous report on the incidence of CDK4
overexpression/gene amplification in pancreatic NETs,
combined with the response of PNET cell lines to CDK4/
CDK6 inhibitors particularly in combination with mTOR
inhibitors*, helped lead to multiple ongoing clinical trials
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for neuroendocrine and breast tumors (ClinicalTrials.gov
Identifiers NCT02420691, NCT03070301, and
NCT02732119). But patients with [-NETs were excluded
from these trials due to a lack of data about whether
CDK4 is important in the biology of I-NETs. The present
report strongly suggests that patients with I-NETs could
benefit from treatment with CDK4/CDK6 inhibitors.

We demonstrate that MIR1-2 encodes a microRNA that
negatively regulates expression of Cdk4. MIR1-2 resides
on chromosome 18, whose loss is the most frequent
genetic event in [-NETs, suggesting that MIR1-2 loss is a
genetic driver of these tumors. Transfection of neu-
roendocrine tumor cell lines with the product of MIRI-2,
MIR1-3p, decreased expression of CDK4, decreased
phosphorylation of RB, prevented cell growth and caused
cell cycle arrest. In patient samples, the copy number of
MIRI-2 negatively associated with MIR1-3p expression
and positively associated with CDK4 expression. Loss of
copy of MIRI-2 was particularly common in patients with
advanced I-NETs. In agreement with these data, two
recent studies linked a number of microRNAs with I-NET
biology, including MIR1-3p, which was found in lowered
abundance in patients with advanced I-NETs**?°,
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Although I-NETs are usually already metastatic at diag-
nosis, several of the patients in the data base had no distal
metastasis, but still showed loss of copy of MIR1-2. These
patients may be at greater risk for later development of
distal metastasis.

Because of the slow growth rate of I-NETs, clinical trials
can be long and costly; trials designed to test the efficacy
of drugs that block cell cycle, like CDK4/6 inhibitors, also
take longer than trials on drugs that cause cell apoptosis.
Interestingly, in a recent study, a CDK4/6 inhibitor was
tested in a set of 15 patients with various tumor types.
Two of the patients showed an objective response, and
one of the responding patients had an I-NET*'. To our
knowledge, this is the only literature record in which a
patient with an I-NET was treated with a CDK4/6 inhi-
bitor, and it is particularly interesting that a drug designed
to prevent cell growth actually caused this I-NET to
shrink. A recent report does suggest that CDK4/6 inhi-
bitors can cause tumors to shrink by activating natural
killer cells, allowing the immune system to attack
tumors™®, If CDK4/6 inhibitors can cause an objective
response in a significant number of I-NETs, then perhaps
shorter and less costly trials on these tumors can be
designed. These trials may also have a better chance of
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success by stipulating that patients’ tumors show loss of
copy of MIRI-2. In the future a personalized medicine
approach, using copy number of MIRI-2 to determine
which patients should be treated with CDK4/6 inhibitors,
may allow these drugs to reduce the chances of progres-
sion by some early stage patients, while also increasing the
chances of objective responses of late stage patients.

The RB pathway is attenuated in many types of NETs.
For instance, in previous work we showed overexpression
of CDK4 in 75% of pancreatic NETs, as well as common
copy number amplifications of the CDK4 and CDK6
genes”. Another type of neuroendocrine tumor, small cell
lung tumors, nearly always contains RBI mutations™.
RbI+/— mice were initially developed to model retino-
blastoma, but instead of retinoblastomas these mice
developed a large variety of NETs>"*, RT2 mice, in which
RB is inactivated by expression of SV40 T-antigen, can
also develop several types of NETs (insulinomas, non-
functioning pancreatic NETs, or duodenal NETs),
depending on genetic background®'®**~*2, Importantly,
we recently found two genetic backgrounds in which RT2
mice can also produce I-NETs". For I-NETs to appear in
these backgrounds, the expression of SV40 T-antigen was
required, as was elevated activity of IGF2. The presence of
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I-NETs in these RB-inactivated mice provides further
support for the importance of RB pathway attenuation in
ileal neuroendocrine tumorigenesis.

Materials and methods
Analysis of gene expression in human I-NETs
Flash-frozen human I-NETs were obtained from the
CHTN. Informed consent was obtained from CHTN and
experiments were approved by the Institutional Review
Boards of CHTN. Genomic DNA was prepared from 57
tumors using a Wizard kit from Promega. RNA was iso-
lated from 42 tumors using an RNeasy kit from Qiagen.
RNA was converted into cDNA using a reverse tran-
scription reagents kit (Thermofisher), and CDK4 was
quantitated using real-time RT-PCR, then normalized to
the expression of B-actin. MicroRNA was prepared from
23 frozen tumors using a miRNeasy kit from Qiagen and
converted into ¢cDNA using Tagman advanced miRNA
c¢DNA kit (Thermofisher). MIR1-3p expression was
quantitated using real-time RT-PCR, and normalized to
expression of MIR361-5p, which was recommended as a
housekeeping microRNA by Thermofisher. All Taqgman
assays were purchased from Thermofisher.

Copy number analysis

Copy number within tumor DNA was determined by
real-time RT-PCR, using an Applied Biosystems Prism
7500 and CopyCaller software, as recommended by
the manufacturer. Copy number assays were purchased
from Thermofisher and were as follows: MIRI-2
(Hs06506989_cn); CCNDI (Hs00377865_cn); CCND2
(Hs00394283_cn); CCND3 (Hs02982157_cn); CDKNIB
(Hs02136152_cn); CDKN2A (Hs03714372_cn); CDK4
(Hs01071103_cn); and CDK6 (Hs00389416_cn). Copy
numbers of RNASEP and TERT were used for normal-
ization of input DNA.

Analysis of CDKN1B sequence

For sequencing of CDKNIB, the two coding exons of
CDKN1B were amplified from tumor DNA by PCR. PCR
primers were 5-TATCGTGAGGTCTGAAGGCC and 5'-
GTTTATCAACGGTCCGCCTC (exon 2) and 5 GCGCT
TTGTTTTGTTCGGTT and 5 AATACGCCGAAAAG
CAAGCT (Exon 1). The exon 2 sequencing primer was 5’
GGAGGTAGTGGGTTTTTCA and the exon 1 sequen-
cing primer was 5’GCAAGCTAAGGTTAACAC. Sanger
sequencing was performed by GeneWiz.

Analysis of the effects of MIR1-3p expression in human
neuroendocrine tumor cell lines

The QGP1 cell line was purchased from the Japan
Health Sciences Foundation and was grown under 5%
CO, at 37 °C in RPMI media supplemented with 10% fetal
bovine serum (Sigma-Aldrich). The BON1 cell line was a
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gift from the lab of Kjell Oberg and was grown under 5%
CO,; at 37°C in DMEM media supplemented with 10%
fetal bovine serum. The QGP1 and BON1 cell lines were
authenticated as previously described'’. MIR1-3p
(MC10617) was purchased from Thermofisher, along
with a negative control (4464058). MicroRNAs were
transfected using RNAifectMax (Thermofisher) as
described by the manufacturer. Experiments were per-
formed in triplicate. A total of 200,000 cells were reverse
transfected with 20 pmol of microRNA in the presence of
4ul of RNAIMAX. After 48h, transfected cells were
harvested for RNA or protein. For measurement of cell
growth effects, microRNA was reverse transfected into
cells, then 16 h later the wells were analyzed every 2h
using an Incucyte ZOOM live cell microscope (Essen
Bioscience). Cell confluence and statistical differences
were determined using ZOOM 2016B software. For
measurement of cell cycle effects, microRNA was trans-
fected for 24 h, after which cells were treated for 16 h with
100 ng/ml nocodazole (Sigma-Aldrich). Cells were har-
vested by trypsinization 16 h after nocodazole treatment,
washed in PBS, and fixed in 70% ethanol. Propidium
iodide was added for cell-cycle analysis, which was per-
formed on a Cytomics FC500 Flow Cytometer (Beckman
Coulter). Antisera against CDK4 and B-tubulin were
purchased from Novus (NBP1-31308 and NB600-936,
respectively). Antisera against Phospho-RB (Ser807/811)
were purchased from Cell Signaling (85168S).

Analysis of expression effects caused by MIR1-3p and the
UTR of CDK4

To assay the effect of the 3’ UTR) of human CDK4
mRNA on expression of firefly luciferase, the UTR was
amplified from normal human genomic DNA by PCR,
using primers 5-CGCCGTGTAATTCTAGAAAGCT
GCCATTTCCCTTCTG-3' and 5-GCCGCCCCGACTC
TAGACACGCCCCGCCTAAAATC-3". The PCR pro-
duct was inserted into Xbal-digested pGL3-control vector
(Promega) using an InFusion kit (Takeda). Site-directed
mutagenesis using a Q5 kit (New England Biolabs) was
performed to remove the luciferase/ CDK4 sequence that
was complementary to MIR1-3p. Site-directed mutagen-
esis utilized primers 5-CCTCCCACCTCTCCTTTT-3'
and 5'-CATTAAGGCAGCAAAGTAATC-3". The H1299
large cell (neuroendocrine) lung cell line was a gift from
the laboratory of Arnold Levine, and was plated in 12-well
dishes at a concentration of 100,000 cells/well. 0.5 pg of
firefly-reporter plasmid was transfected along with
20 pmol of microRNA and 2 ng of renilla-reporter plas-
mid pRL-TK (Promega). 1.25pl of lipofectamine 2000
(Thermofisher) was used as a transfection reagent.
Transfections were performed in triplicate for 56 h, after
which the activities of firefly and Renilla luciferases were
determined.
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Statistical analysis

Graphpad Prism 7.04 software was used for statistical
analysis. Comparisons of cell line expression of mRNAs and
luciferase were performed by two-tailed 7T-test. Tumor
expression of MIR1-3p and CDK4 were not a Gaussian
distribution, and were analyzed by non-parametric
Mann—Whitney test. Outliers were identified by Rout ana-
lysis. Correlation between expression of MIR1-3 and CDK4
was evaluated by Pearson test. Comparison of metastasis
percentages by tumors lacking or containing copy number
changes in MIRI-2 or in a larger set of RBI pathway genes
was performed by two-sided Fisher’s exact test.
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