MicroRNA dynamics in the stages
of tumorigenesis correlate with
hallmark capabilities of cancer
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While altered expression of microRNAs (miRs) in tumors has been well documented, it remains unclear how the
miR transcriptome intersects neoplastic progression. By profiling the miR transcriptome we identified miR
expression signatures associated with steps in tumorigenesis and the acquisition of hallmark capabilities in

a prototypical mouse model of cancer. Metastases and a rare subset of primary tumors shared a distinct miR
signature, implicating a discrete lineage for metastatic tumors. The miR-200 family is strongly down-regulated in
metastases and met-like primary tumors, thereby relieving repression of the mesenchymal transcription factor
Zeb1, which in turn suppresses E-cadherin. Treatment with a clinically approved angiogenesis inhibitor
normalized angiogenic signature miRs in primary tumors, while altering expression of metastatic signature miRs
similarly to liver metastases, suggesting their involvement in adaptive resistance to anti-angiogenic therapy via
enhanced metastasis. Many of the miR changes associated with specific stages and hallmark capabilities in the

mouse model are similarly altered in human tumors, including cognate pancreatic neuroendocrine tumors,

implying a generality.
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MicroRNAs (miRs) are a class of small RNAs with
important regulatory functions in diverse biological
processes (Ambros 2004; Bartel 2004; Kloosterman and
Plasterk 2006). miRs bind partly complementary se-
quences in mRNAs, targeting them for degradation and/
or inhibiting translation, thereby down-regulating pro-
tein expression. Recent studies have identified a number
of miRs that are differentially regulated in tumor versus
normal tissue (Michael et al. 2003; Calin et al. 2004, 2005;
Ciafre et al. 2005; H He et al. 2005; Iorio et al. 2005; Lu
et al. 2005; Calin and Croce 2006; Murakami et al. 2006;
Pallante et al. 2006; Roldo et al. 2006; Volinia et al. 2006;
Yanaihara et al. 2006; Bloomston et al. 2007; Lee et al.
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2007; Szafranska et al. 2007). While a handful have been
shown to act as bona fide oncogenes or tumor suppres-
sors, the functions of most of these tumor-associated
miRs remain unknown.

RIP-Tag2 (RT2) mice develop pancreatic neuroendo-
crine tumors (PNETS) as a consequence of SV40 T-antigen
oncogene expression in pancreatic 8 cells. This model has
proven useful for characterizing the process of multistep
tumorigenesis, as multifocal, oncogene-expressing islets
progress through several distinct stages as they acquire
the hallmarks of cancer (Hanahan 1988; Folkman et al.
1989; Hanahan and Weinberg 2000). Tumorigenesis
begins with the appearance of multiple hyperplastic/
dysplastic islets, of which a subset undergo an “angio-
genic switch” (Folkman et al. 1989; Hanahan et al. 1996)
to a state of chronic angiogenesis, which persists in
tumors. Tumors consist of encapsulated solid tumors
(adenomas) that progress into invasive carcinomas, char-
acterized by loss of E-cadherin (Perl et al. 1998); a separate
pathway leading directly to highly invasive carcinomas
has been implicated (Lopez and Hanahan 2002). Lymph
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node metastasis is infrequent, and distant metastasis is
rare, likely due to the rapid time course of the disease,
which culminates in an end stage at 15 wk, with two to
10 pancreatic tumors.

This study sought to address a hypothesis that the miR
transcriptome was being altered in instructive ways in
the distinctive stages of multistep tumorigenesis. We
performed high-throughput miR profiling to audit the
expression level of miRs in premalignant stages as well as
in tumors and metastases. Each stage was found to be
associated with a distinct miR expression signature. This
study begins to segregate the functions of previously iden-
tified miRs that are altered in human cancers according
to the stage of their initial alteration and the hallmark
capability with which they are associated.

Results

Profiling miRs during multistage tumorigenesis

To assess the hypothesis that miRs were differentially
regulated during multistage tumorigenesis, we profiled
the expression level of all known mouse miRs in dis-
sected tissues representing each of the histologically and
temporally separable stages in the prototypical pathway
to pancreatic neuroendocrine tumors in RT2 mice (Fig.
1A). The analysis involved two pools each of normal,
hyperplastic/dysplastic, and angiogenic islets, as well as
39 individual tumors and six liver metastases. We also
generated two pools of primary and metastatic tumors to

miR signatures of stages and hallmarks of cancer

facilitate comparisons with pretumor lesions. The miR
transcriptome profile was similar in the independent
representations of each stage. Thus, the two independent
pools of normal, hyperplastic, and angiogenic islets each
clustered together, as did tumors and metastases (Fig. 1B;
Supplemental Table 1). The clustering analysis further
revealed that each of the stages had marked differences in
their miR expression profiles; each stage bore a distinct
miR signature.

miR signatures of hyperproliferation and angiogenesis

Hyperplastic/dysplastic islets are hyperproliferative but
lack the latter-stage hallmarks of angiogenesis and in-
vasiveness (Lopez and Hanahan 2002). Of the 430 miRs
profiled, nine were up-regulated at least twofold at this
stage, and one was down-regulated 2.5-fold (Table 1A).
Six of the nine up-regulated miRs were from the well-
characterized miR-17-92 clusters, previously demon-
strated to have oncogenic properties and to be associated
with increased proliferation and angiogenesis (L He et al.
2005; O'Donnell et al. 2005; Dews et al. 2006). Inter-
estingly, in the present case, their up-regulation was
first observed in hyperplastic islets and was modestly
up-regulated further in angiogenic islets. All 11 of the
17-92 miRs, involving clusters on three chromosomes,
exhibit a similar regulatory pattern, with each remaining
elevated in subsequent stages of tumor progression, con-
sistent with their association with the hyperproliferative
capability (Fig. 2A). Two other hyperplastic signature
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Figure 1. Differential expression of the miR transcriptome in the distinctive stages of multistep tumorigenesis. (A) Schematic
representation of the separable stages of multistep tumorigenesis in the RT2 transgenic mouse model of PNETs, which afforded the
experimental approach to miR transcriptome profiling of discrete stages of carcinogenesis. (B) Clustering analysis of normal,
hyperplastic, and angiogenic islet pools, along with pools of primary tumors and of metastases, are shown in the left panel. In the
right panel, clustering analysis of 39 individual tumors and six liver metastases reveals that a subset of primary tumors is remarkably
similar to metastases in its miR expression profile. Another subset of tumors up-regulates miRs in the DIk1-Gtl2 imprinted cluster
(miRs in red two-thirds of the way down in the left-most primary [purple| tumors as well as in metastases; see also Supplemental Fig. 2).
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Table 1. miR signatures of hallmark capabilities of cancer

(A)
Hyperproliferative stage miR signature Angiogenic stage miR signature Primary tumor stage miR signature
miRNA Fold change miRNA Fold change miRNA Fold change
Up-regulated Up-regulated Up-regulated
miR-142-3p 6.4 miR-142-3p 4.0 miR-184 4.1
miR-155 5.0 miR-424 3.7 miR-376b 2.8
miR-20a 3.8 miR-146a 3.7 miR-124a 2.4
miR-106a 3.7 miR-142-5p 2.6 miR-409-3p 2.2
miR-15b 3.5 miR-19b 2.6 miR-434-3p 2.2
miR-17-5p 33 miR-20a 2.2 miR-132 2.1
miR-25 2.6 miR-126 2.2
miR-106b 2.5 miR-17-5p 2.2
miR-92 2.4 miR-21 2.2 Down-regulated
miR-126* 2.1 miR-335 0.0
miR-150 —11.5
Down-regulated Down-regulated miR-142-3p -6.7
miR-410 -2.4 129-3p -3.3 miR-142-5p -59
(B) (C)
Met-like primary and metastasis Angiogenesis-inhibited miR
miR signature Metastasis-specific miR signature signature
miRNA Fold change miRNA Fold changge] miRNA Fold change
Up-regulated Up-regulated Up-regulated
miR-449 8.4 miR-431 3.8 miR-466 59
miR-181d 4.7 miR-189 2.6 miR-210 5.5
miR-137 4.5 miR-329 2.1 miR-467 2.5
miR-129 3.8 miR-23b 2.1 miR-297 2.3
miR-410 3.6 miR-27b 2.1 miR-471 1.8
miR-92 2.6 miR-24 2.0 miR-468 1.7
miR-132 2.5
miR-15b 2.3 Down-regulated Down-regulated
miR-124a 2.2 miR-148a -21.1 miR-223 -4.8
miR-344 2.2 miR-146a -84 miR-322 —4.2
miR-181a 2.0 miR-152 -53 miR-351 -39
miR-10b —-4.0 miR-424 -3.4
Down-regulated miR-365 -3.5 miR-450 -3.1
miR-200a -99 miR-10a -3.0 miR-126* -3.1
miR-141 -9.8 miR-148b -2.9 miR-145 -2.2
miR-184 -7.3 miR-142-5p -2.2
miR-182 -7.2 miR-155 -2.2
miR-429 -6.2 miR-142-3p -2.2
miR-200c -52 miR-10b -2.2
miR-200b -5.0 miR-126 -2.1
miR-143 -3.8 miR-150 -2.1
miR-145 -3.1 miR-143 -1.8
miR-126 -3.0 miR-199* -1.8
miR-214 -1.6
miR-222 -14
miR-451 —-14
miR-21 -1.3

(A) miRs differentially expressed more than twofold relative to the previous stage with a P-value of <0.05, Student’s t-test. (B) miRs
differentially regulated in metastases. Many miRs are altered in metastases, the majority of which are similarly altered in met-like
primary tumors. The “metastasis-specific signature” miRs are only altered in metastases. (C) Angiogenesis-inhibited signature miRs are
those differentially altered in normal versus sunitinib-treated primary tumors by >1.3-fold, with a P-value of <0.05.

miRs, miR-142-3p and miR-155, peak in angiogenic islets similarly regulated in the stages of tumorigenesis (Fig. 2),
but then decrease in tumor stages (Fig. 2B). Although and arguably linked to the signature.

several miRs from the miR-17-92 clusters, as well as miR- miR-483 was not included in the set of mouse miRs
150, did not reach statistical significance, these miRs are constituting the known miR transcriptome used in our
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Figure 2. miR profiling reveals dynamic regulation and illuminates immune cell infiltration in pretumor stages in RT2 carcinogenesis.
(A) Fold changes of the three miR-17-92 clusters by chromosomal location in normal (N}, hyperplastic (H), and angiogenic (A) islets, and
tumors (T). Average plus standard deviation are shown with expression in normal islets normalized to 100. (B) Expression of miR-150,
miR-142-3p, miR-142-5p, and miR-155 in the neoplastic stages. Average plus standard deviation are shown with expression in normal
islets normalized to 100%. Supplemental Figure 2 documents the immune cell specificity of these miRs in this pathway.

initial profiling study. This miR came to our attention by
virtue of its location within an intron of the IGF2 gene in
both mice and humans, since IGF2 is up-regulated and
functionally important for the hyperproliferative switch
in the RT2 tumorigenesis pathway (Christofori et al.
1994). We therefore used quantitative PCR (Q-PCR) to
assess miR-483 expression levels in pretumor stages,
tumors, and metastases. We found that miR-483 is up-
regulated at the hyperplastic stage and continues to be
expressed in most tumors (Supplemental Fig 1A).

miR-142, miR-150, and miR-155 are highly expressed
in hematopoietic cells (Shingara et al. 2005), and the islet
tumorigenesis pathway is characterized by infiltration of
macrophages and neutrophils in the angiogenic islet and
tumor stages (Nozawa et al. 2006). We used flow cytom-
etry (FACS) to fractionate hyperplastic islets, angiogenic
islets, and tumors into populations of cells that were
either leukocytes, as defined by expression of the pan-
leukocyte marker CD45, or a mixture of mostly cancer
cells, endothelial cells, and infrequent stromal fibro-
blasts, which were unlabeled by CD45. The CD45*
immune cell population was further fractionated using
the activated macrophage marker F4/80, and the neutro-
phil cell surface antigens GR-1 and 7/4; the remaining
single positive CD45 subpopulation likely contains den-
dritic cells and immature hematopoietic progenitors. We
then performed Q-PCR for these miRs as well as for
CSF1R, MMP25, and insulin to confirm the purity of
macrophages, neutrophils, and cancer cells, respectively,
in each sorted sample. miR-142-5p, miR-150, and miR-
155 were not confined to any one immune cell popula-
tion, but were expressed in all CD45* cells (Supplemental
Fig. 2A). They were, however, not expressed in the sorted
cancer cell fraction, which did not contain innate im-
mune cells, as evidenced by lack of CSFIR or MMP25
expression (data not shown).

miR-155 is notable in that it is up-regulated in many
human cancers; moreover, miR-155 is induced in acti-
vated macrophages and is required for normal immune
function (Calin et al. 2005; Eis et al. 2005; H He et al.
2005; Torio et al. 2005; Taganov et al. 2006; Volinia et al.
2006; Yanaihara et al. 2006; Lee et al. 2007; O’Connell

et al. 2007; Rodriguez et al. 2007; Szafranska et al. 2007;
Thai et al. 2007). These results collectively suggest that
up-regulation of miR-155 and similar miRs in tumor
versus normal tissue lysates reflects the inflammatory
response that changes the cellular composition, and
hence, the levels of cell type-specific miR expression of
the tumor tissue being profiled, therefore scoring as
differential miR expression. Our results extend this
concept beyond the late-stage tumors that are conven-
tionally assessed, revealing stage-specific inflammatory
cell population dynamics across the ontogeny of stages.
The increase in hematopoietic cell-specific miR expres-
sion and in CD45" immune cells in the hyperplastic stage
(Fig. 2; Supplemental Fig. 2) may reflect early angiogenic
lesions that have recruited proangiogenic neutrophils
(Nozawa et al. 2006) but have yet to fully switch on
angiogenesis with associated microhemorrhaging (“red
islet phenotype”) that forms the basis for identifying and
segregating angiogenic progenitor lesions.

Eleven miRs were differentially altered during the
angiogenic switch from hyperproliferative islets with
quiescent vasculature to angiogenic islets (Table 1A).
Similar to the hyperproliferative signature, the majority
of the signature miRs were up-regulated; only one, miR-
129-3p, was down-regulated. miR-146, like miR-155, has
high expression in activated macrophages (Taganov et al.
2006) and may be expressed in immune cell types
implicated in the angiogenic switch. Another angiogenic
signature miR, miR-21, is overexpressed in many tumor
types, including human endocrine pancreatic tumors. A
number of previous studies have implicated miR-21 by
comparing tumors with cognate normal tissue (Chan
et al. 2005; Si et al. 2007; Zhu et al. 2007). Our data
now refine its association to a particular capability of
tumors—angiogenesis—and to involvement in a prema-
lignant stage where the angiogenic switch first occurs in
many tumor types.

miR signatures of tumors and metastases

Only 10 miRs were altered in the majority cluster of end-
stage primary tumors when compared with angiogenic
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islets (Table 1A). In contrast, if one compares normal
islets with primary tumors, 34 miRs are differentially
expressed. Thus, many of the miR expression changes
that distinguish normal tissue from tumor—the standard
experimental design in most previous studies—actually
occurred during premalignant stages of tumorigenesis.

A subset of tumors as well as the metastases were
found to have up-regulated miRs located within the DIk1-
Gtl2 imprinted cluster located on mouse chromosome 12
(Fig. 1B; Supplemental Fig. 3; Lin et al. 2003). Such
heterogeneity across panels of PNETs in this model has
been noted previously in array CGH profiling that
revealed recurrent chromosomal abnormalities in subsets
of the tumors (Hodgson et al. 2001); notably, chromosome
12 was not among the affected chromosomes. Fifty-two
miRs are located in the DIk1-GtI2 cluster, representing
~10% of all known mouse miRs. Given the approximate
twofold increase in expression of miRs from this region,
it is tempting to speculate that loss of imprinting has
occurred in these tumors.

The liver metastases were associated with a markedly
distinct signature (Fig. 1B; Table 1B). In addition, of the 39
primary RT2 tumors profiled, four tumors clustered more
closely with the metastases than with the other 35
primary tumors. Two of these tumors were from a mouse
that developed metastases. A subset of primary neuroen-
docrine tumors, therefore, bore a metastasis-like miR
signature and potentially harbored an increased proclivity
to metastasize.

A notable alteration involves the miR-200 family,
comprised of five members with clear sequence similar-
ity: miR-200a, miR-200b, miR-200c, miR-141, and miR-
429. The miR-200 genes are organized in two clusters on

mouse chromosomes 4 and 6, with miR-200b and miR-
200c being two of the top three most highly expressed
miRs in normal islets (data not shown). This family is
emerging as a critical regulator of differentiation and
epithelial status in a plethora of cellular contexts in-
cluding the brain, olfactory neurons, and adipocytes
(Wienholds et al. 2005; Karres et al. 2007; Choi et al.
2008; Kennell et al. 2008). In tumor cells, the miR-200
family regulates an epithelial-to-mesenchymal transition
(EMT) in vitro, and their expression was found to be lost
in more invasive and metastatic cancer cell lines (Burk
et al. 2008; Gregory et al. 2008; Park et al. 2008). We used
quantitative RT-PCR (qQRT-PCR| to verify several miR
changes from the profiling experiment, including two
representative miRs from this family: miR-200a and miR-
200c. The majority cluster of primary tumors continues
to express these miRs at high levels, whereas the four
met-like primary tumors as well as the liver metastases
had down-regulated these miRs fivefold to 10-fold (Fig.
3A), representing the largest absolute miR alteration in
this study.

A fraction of islet tumors, termed invasive carcinoma
grade 2 (IC2), are invasive on all fronts into the exocrine
pancreas, and lack delineated/capsular margins (Lopez
and Hanahan 2002). The question thus arose as to
whether the IC2 grade of tumors identified histologically
was one and the same as the met-like primary class
distinguished by its miR signature. In a separate study
(M Chun and D Hanahan, in prep.), the mRNA tran-
scriptome has been comparatively analyzed using laser
capture-microdissected tissue from IC2s versus noninva-
sive, adenoma grade tumors. We analyzed met-like pri-
mary and standard tumors for expression of several

Figure 3. The miR-200-Zebl-E-cadherin axis is de-
regulated in metastases and a subset of primary tumors. | a0
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differentially expressed genes identified from the laser-
captured microdissected study, and found that the met-
like primary tumors from the present study exhibited
near identical gene expression alterations compared with
IC2s (Supplemental Table 3); hence, we infer the met-like
primary tumors are IC2-grade PNET tumors. One gene
up-regulated in met-like primary tumors and in micro-
dissected IC2s is ZEB1 (Zfthx1a, TCF8) (Fig. 3A; data not
shown). ZEB1 is one of the highest-ranked targets for the
miR-200 family. ZEB1 mRNA is low in standard tumors,
but high in met-like primary tumors, in the indepen-
dently analyzed IC2 tumors, and in liver metastases (Fig.
3A; data not shown). ZEB1 is a master regulator of EMT,
and acts as a transcriptional repressor by binding E-box
elements in promoter sequences of target genes, includ-
ing E-cadherin. Notably, E-cadherin is expressed in stan-
dard tumors but is extinguished in met-like primary
tumors, in IC2-graded carcinomas, and in metastases
(Fig. 3A,B; data not shown), mirroring miR-200 family
expression and exhibiting a reciprocal expression pattern
compared with ZEB1. While the miR-200 family has been
conjectured to play a role in metastasis, this is, to our
knowledge, the first in vivo demonstration of down-
regulation of the family during de novo progression to
a metastastic capability, and in addition reveals compa-
rable down-regulation in a rare subset of primary tumors
that may be selectively enabled to spawn metastases.
Seeking to substantiate the ascribed regulatory role of
the miR-200 family, we asked whether the miR-200-
ZEB1-E-cadherin axis was operative in cancer cells from
this model. The BTC3 and BTC4 cancer cell lines, derived
from PNET tumors in RT2 mice, express very low levels
of miR-200 and E-cadherin, but appreciable levels of
ZEB1. When a miR-200c mimic was introduced into
these cancer cells, we observed down-regulation of
ZEB1 by ~50% at the RNA level and 80% at the protein
level, compared with cells electroporated with a mimic
control (Fig. 3C,D). Furthermore, E-cadherin expression
was concomitantly increased fivefold to 10-fold at both
the RNA and protein level. These data demonstrate that,
indeed, the miR-200 family sits atop a regulatory pathway
in which miR-200 expression normally blocks ZEBI
expression so as to maintain expression of E-cadherin,
a known suppressor of invasiveness and metastasis in this
model. As such, the observed down-regulation of the
miR-200s represents a demonstrable means to switch
off E-cadherin expression in the course of enabling in-
vasion and metastasis. An accompanying study in this
issue of Genes & Development (Gibbons et al. 2009)
demonstrates a markedly reduced incidence of metasta-
ses in metastatic-prone lung cancer cell lines engineered
to overexpress the miR-200a-200b-429 cluster. This re-
sult demonstrates the miR-200 family can prevent me-
tastasis in vivo, congruent with our observations.

Angiogenesis inhibition affects the angiogenic
and metastatic signatures

Reasoning that a miR signature ascribed to a particular
hallmark capability, if bona fide, might be altered by

miR signatures of stages and hallmarks of cancer

pharmacological inhibition of that capability, we next
asked whether targeting tumor angiogenesis would affect
the associated angiogenic miR signature. We treated
tumor-bearing RT2 mice with sunitinib, an angiogenesis
inhibitor that targets VEGFR, PDGFR, and c-Kit. In
previous studies, we had shown sunitinib was a potent
inhibitor of angiogenesis and associated tumor growth in
this mouse model (Pietras and Hanahan 2005; Paez-Ribes
et al. 2009). Tumor-bearing RT2 mice were treated with
sunitinib or vehicle daily for 7 d. Tumors were then
profiled for miR expression. A subset of the miRs altered
during the angiogenic switch was oppositely regulated,
and indeed quasinormalized, in response to sunitinib
treatment (Fig. 4A,B). miR-424, miR-126, and miR-21
are all up-regulated in angiogenic islets, and conversely
restored in level by sunitinib treatment. Additionally,
seven miRs that trend up in angiogenic islets—miR-451,
miR-199*, miR-223, miR-143, miR-145, miR-10b, and
miR-126*—were significantly down-regulated by suniti-
nib (Fig. 4A,B). Thus, the angiogenic miR signature is
largely reversed by therapeutic treatment with a potent
angiogenesis inhibitor, consistent with the signature
reflecting salient aspects of this capability.

Differential expression of a given miR in lesional stages
could, in principle, reflect altered expression in similarly
abundant cell populations (e.g., the cancer cells) or dif-
ferential abundance of particular cell types character-
ized by high levels and cell type-restricted expression of
the miR. To discriminate between these possibilities, we
treated RT2 mice for 1 wk with sunitinib or vehicle, and
FACS sorted CD31" endothelial cells, PDGFRB" peri-
cytes, CD45" leukocytes, and nonlabeled cells, which
are mostly cancer cells. Sorted populations were quite
pure, as assessed by Q-PCR for cell type-specific genes
(data not shown). We performed miR Q-PCR for angio-
genic and sunitinib signature miRs and found miR-126
and miR-424 were endothelial cell-specific, whereas miR-
143, miR-145, and miR-199* were expressed by pericytes
(Fig. 4C). The expression levels for each of these miRs
remained similar in the particular cell type found in
normal or tumor tissue. What changed was the relative
proportions of endothelial cells, pericytes, and inflamma-
tory cells, which were all reduced in sunitinib-treated
tumors (see also Paez-Ribes et al. 2009; data not shown);
thus, we conclude the decreased levels observed follow-
ing sunitinib treatment reflect decreased abundance of
these cell types, consistent with histopathological anal-
yses. One of the affected angiogenic signature miRs, miR-
126, has been reported to be endothelial cell-specific and
important for pathological angiogenesis (Fish et al. 2008;
Wang et al. 2008). In another context, however, miR-126
has also been shown to function as a metastasis suppres-
sor that is down-regulated in metastatic breast cancer cell
lines (Tavazoie et al. 2008). In this neuroendocrine
pancreatic tumor setting, miR-126 is not expressed in
cancer cells, and is similarly expressed in treated versus
untreated tumor endothelial cells (Fig. 4C). Therefore,
the expression and roles of miR-126 may prove to be
tumor type-specific. In contrast to the other angiogenic
signature miRs that reflect vascular cell type-specific

GENES & DEVELOPMENT 2157



Olson et al.

600 miR-424 200 - miR-126
400 200 1
200 100 1 T
0 04
N H A T [ s N H AT cC s ML M
500 miR-21 400 - miR-143
400 300 4
300
200 200 1 1
100 100 1
0 0
N H A T C S N H AT C 5 ML M
2500 miR-451 400 1 miR-145
1500 00
1000 200 1
500 100 4 T
0 0
N H A T [ = s N HAT cC s ML M
500 miR-199* 400 A miR-10b
400 300 -
300 200 -
e 100 1
103 0 i.'. i 'i —r i
N H A T [+ S N H AT cC s ML M
1500 miR-223 250 = miR-126*
200 4
1000 128 ]
500 100 4
50 4 i
0 0
N H A T C s N H AT c s ML M

2000
1000

4000 C miR-126 60 miR-143
3000 l l

[0 ' 40
NT Su 20
T T T T 1 o+

ps EC Ic PC oc ps EC 1c

PC oc
%69 miR-424 . miR-145
0.6 4 80
60
0.4 4 40
0.2 20
0.0 ’ . . v . 0+ v r r
ps EC Ic PC oc ps EC 1c PC oc
25 miR-210 200 miR-199*
2‘; 150
1
i 100
5 50
0 0 T T

ps EC 1C PC oC ps EC IC PC 0oC

Figure 4. Anti-angiogenic therapy quasinormalizes the angio-
genic miR signature, and evokes elements of the metastatic miR
signature. (A) miRs up-regulated in angiogenic islets and down-
regulated by sunitinib treatment. (B) miRs up-regulated in
angiogenic islets, down-regulated by sunitinib treatment, and
similarly down-regulated in metastatic lesions. (N) Normal; (H)
hyperplastic; (A) angiogenic; (T) tumor; (C) control-treated
tumors; (S) sunitinib-treated tumors; (ML) met-like primary
tumors; (M) metastases. (C) FACS of the constituent cell types
of tumors followed by Q-PCR analysis reveals that affected
miRs reflect either the differential abundance of the tumor
vasculature and its component endothelial cells and pericytes,
or altered regulation of miRs in the predominant population of
cancer cells. (Open bars) (NT) Not treated. (Colored bar) (Su)
Sunitinib treated; (ps) presort; (EC) endothelial cells; (IC) im-
mune cells; (PC) pericytes; (OC) other cells.

expression, miR-210 is up-regulated in all populations,
including tumor cells, following sunitinib treatment.
miR-210 is up-regulated by hypoxia (Kulshreshtha et al.
2007). This fits well with the phenotypic effects of
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sunitinib, in which angiogenesis inhibition results in
tumor hypoxia (Paez-Ribes et al. 2009).

An increasing body of preclinical and clinical data
indicates that potent angiogenesis inhibitors can, after
a transitory period of response, elicit increased invasion
and metastasis (Bergers and Hanahan 2008). Thus, treat-
ment of human glioblastomas, and mouse models
thereof, with angiogenic inhibitors can elicit more highly
invasive tumors (Rubenstein et al. 2000; Blouw et al.
2003; Gomez-Manzano et al. 2008; Norden et al. 2008;
Paez-Ribes et al. 2009). Other tumor types, including
the RIP-Tag model, evidence a more invasive and meta-
static phenotype in response to anti-angiogenic therapy
(Casanowvas et al. 2005b; Ebos et al. 2009; Paez-Ribes et al.
2009). Provocatively, many of the miRs that change
following sunitinib treatment were similarly altered in
metastases and met-like primaries (Fig. 4B; data not
shown) suggesting the treated tumors have initiated
a prometastatic evasive resistance program in response
to angiogenic inhibition.

Profiling and cross-filtering the miR signature
of human PNETs

We surveyed published cancer miR profiling studies to
determine how many miRs identified as differentially
expressed in our study are altered in a variety of human
tumors. Remarkably, the majority of altered miRs in
these mouse neuroendocrine tumors are, in fact, similarly
affected in a number of human tumor types (Supplemen-
tal Table 4), suggesting that the underlying mechanisms
governing miR dynamics are consistent across disparate
tumor types, oncogenic transformations, and cell types of
origin. A pertinent question involves the possible corre-
spondence with cognate human PNETs. Previous miR
profiling studies for human PNETs have compared tumor
to normal pancreas. This design precludes an accurate
measurement of fold changes, given the fact that the
normal tissue counterpart of a PNET, the endocrine
pancreas, is embodied in the dispersed islets of Langer-
hans, comprising a few percent of the pancreatic mass.
We therefore obtained and profiled normal human islet
samples from three individuals, 19 pancreatic neuroen-
docrine tumors, and three liver metastases (Supplemental
Table 2). Ten miRs showed concordant expression (Fig. 5).
miR-142-3p, miR-142-5p, miR-155, and miR-146a were
up-regulated in human PNETs as compared with normal
human islets; these miRs were first up-regulated in
pretumor stages (and then persisted in tumors) in the
mouse model, and hence had been ascribed to either
hyperplastic or angiogenic signatures (Fig. 5A; Table 1A).
We infer that expression of hematopoietic-specific miRs
reflects proangiogenic inflammation in the human
PNETs, much as we documented in pretumor and tumor
stages of the mouse (Fig. 2B; Supplemental Fig. 2).
Additionally, three other miRs—miR-483, miR-451, and
miR-144—were found to be up-regulated in mouse and
human tumors compared with cognate normal islets (Fig.
5B). While these miRs did not meet our statistical criteria
for inclusion into a signature, each is clearly up-regulated
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Figure 5. miRs similarly regulated in mouse and human PNETs and metastases. (A) miRs differentially expressed between human
PNETs and normal human islets, and identified as components of the hyperplastic or angiogenic miR signature in mice. (B) miRs
differentially expressed between PNETs and normal human islets and similarly expressed differentially between normal islets and the
panel of tumors in mice. (C) miRs differentially regulated between metastases and tumors in both mice and humans. (N) Normal islets;
(H) hyperplastic islets; (A) angiogenic islets; (T) tumor; (I) human islets; (ML) met-like primary tumors; (M) liver metastases. Average
plus standard deviation are shown, with expression in normal islets normalized to 100%. For C, P-value, average, and standard
deviation for tumors, met-like primary tumors, and metastases were determined using values from individual tumors from each group.

at a pretumor stage in the mouse. Hence, miR-483 is first
up-regulated concomitant with the hyperproliferative
switch in the mouse PNET pathway (Supplemental Fig.
1A), and is maintained at elevated levels in most tumors;
interestingly, miR-483 is not up-regulated in metastases
or met-like primary tumors. miR-483 is not expressed in
normal human islets but is up-regulated in approximately
half of the human tumors analyzed (Supplemental Fig.
1B). Both miR-451 and miR-144 are clearly up-regulated
in mouse angiogenic islets as well as in tumors of both
mice and humans. miR-451 and miR-144 are on the same
cluster, consistent with their apparent coregulation. Fi-
nally, miR-210, miR-431, and miR-424 were up-regulated
in metastases compared with tumors in both mice and
humans (Fig. 5C). These cross-filtered miRs with concor-
dantly altered expression in human and mouse tumors
are thus suspected to play functional roles in pancreatic
neuroendocrine tumorigenesis.

Discussion

Following the initial implication that miRs might be
regulating cancer phenotypes, inferred from the frequent

deletion and down-regulation of miR-15/16 in chronic
lymphocytic leukemia (Calin et al. 2002), a growing body
of research has substantiated the realization that partic-
ular miRs are characteristically altered in their expres-
sion in different types of tumors. In turn, genetic manip-
ulations are establishing the functional importance of the
observed up-regulation and down-regulation of candidate
miRs in tumors (L He et al. 2005; Costinean et al. 2006;
Esquela-Kerscher et al. 2008; Kumar et al. 2008). The
knowledge base has largely come from comparing miR
expression in cancer cells versus normal cells, or tumor
tissue versus normal tissue. In many cases, the number of
characteristically altered miRs is substantial, posing
a challenge to understanding the nature of their engage-
ment. It is attractive to envision that the multiplicity of
altered miRs reflects functional roles in different acquired
capabilities—the hallmarks of cancer—necessary for
manifestation of a tumor. The results of this study
support that proposition (Fig. 6). We extended the ap-
proach by profiling the miR transcriptome in a prototyp-
ical mouse model of multistage tumorigenesis, involving
the stepwise transformation of pancreatic islet B cells
into pancreatic neuroendocrine carcinomas. We identified
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Figure 6. miR signatures of the stages in multistep
tumorigenesis, ascribed to hallmark capabilities.
The orchestrated stepwise progression from nor-
mality to metastasis during tumorigenesis of the
pancreatic islets is marked by distinctive miR
signatures of the temporally and histologically
separable neoplastic stages, correlating with the
acquisition of hallmark capabilities of cancer. In
addition, miR profiling uncovered strong correlative
evidence that a distinct class of primary tumors
spawns the metastases, in contradistinction to
expectations of the alternative hypothesis that
enabling mutations occur in a few cells of primary
tumors, endowing those cells with a metastatic
capability. Gray arrowhead from Metastasis signa-
ture to Met-like tumor indicates the majority of the
metastasis signature is present in met-like primary
tumors.
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sets of miRs—stage-specific signatures—that character-
ize the onset of hyperproliferation in incipient neoplasias
(hyperplastic/dysplastic pancreatic islets), or of the an-
giogenic switch in high-grade dysplasias, or of the for-
mation of primary pancreatic tumors, or of metastases—
the latter also reflected in a minor subset of primary
tumors (Fig. 1B). An additional miR signature has been
ascribed to tumors treated with the potent angiogenesis
inhibitor sunitinib, incorporating miRs from the angio-
genic and metastatic signatures, reflecting both the loss
of vascularity and the adaptation to an “evasive resis-
tance” state of heightened invasiveness and metastasis
(Paez-Ribes et al. 2009). Notable among the metastatic
miR signature is down-regulation of the miR-200 family.
The miR-200 family is implicated, both by reciprocal
expression and by their manipulation in cultured cancer
cells from the PNETS, in the characteristic suppression of
E-cadherin in the invasive/metastatic tumors, achieved
via up-regulation of the mesenchymal transcriptional re-
pressor ZEB1 in the absence of sufficient miR-200 family
expression. The importance of this family was concur-
rently established in work described in the companion
study (Gibbons et al. 2009), in which overexpression of
one of the miR-200 family clusters in a metastatic lung
cancer cell line dramatically reduced metastasis in vivo
and obviated “stem-like” characteristics of the cancer
cells in culture.

The first step in the PNET tumorigenesis pathway that
unfolds in RT2 oncomice involves a switch whereby
quiescent oncogene-expressing islets become hyperprolif-
erative, with consequent development of hyperplasias
and preangiogenic dysplasias. The induction of the
growth/survival factor IGF-2 is the most well-validated
component of the “hyperproliferative switch” (Christofori
et al. 1994). The concomitant up-regulation of miR-483,
located within an IGF2 intron, adds an intriguing layer of
complexity to this locus. miRs located within introns are
presumably functionally linked, but how? It will be of
interest then to parse out which functions ascribed to
this locus are mediated through miR-483 versus IGF2.
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The strong up-regulation of miR-483 in half of human
PNETs further argues this locus performs a conserved
and functional role in neuroendocrine tumor formation.

As for other factors that mediate the hyperproliferative
switch, we can now provisionally add the miR-17-92
family, clearly established in other systems to be pro-
proliferative and regulated by E2F transcription factors
and, indirectly, by c-Myc (L He et al. 2005; O’Donnell
et al. 2005; Woods et al. 2007; Petrocca et al. 2008;
Ventura et al. 2008). The SV40 Tag oncoprotein function-
ally abrogates the Rb tumor suppressor, albeit incom-
pletely in the RT2 model (Casanovas et al. 2005a); Rb nor-
mally acts to repress the promitotic E2F3 transcription
factor (Hiebert et al. 1992). Notably, however, Tag on-
coprotein expression is not sufficient to switch on hyper-
proliferation in every islet that expresses it (Teitelman
et al. 1988; Casanovas et al. 2005a), implicating stochastic
cellular alterations in the hyperproliferative switch. It may
well prove that up-regulation of 17-92 miRs, along with the
Igf2 locus, are functionally involved in inducing and
sustaining this first step in tumorigenesis.

As for the subsequent angiogenic switch, our miR
profiling of preangiogenic versus angiogenic lesions (and
of the constituent cell types therein) in comparison with
tumors treated with a potent angiogenesis inhibitor has
revealed two distinct variables: vascular-specific miRs
whose levels of expression in whole lesions reflect the
relative abundance of endothelial cells and pericytes of
the tumor blood vessels, and miRs, in particular miR-210,
that are differentially expressed in the cancer cells
populating nonangiogenic versus angiogenic lesional
states. The results indicate, therefore, that experimental
designs involving miR profiling of multicellular tissue
biopsies (both the normal and the distinctive stages of
neoplastic progression) must factor in changes in the
abundance of the constituent cell types. Concordant with
recent studies implicating increased invasion and metas-
tasis as an adaptive response to angiogenesis inhibition
(Paez-Ribes et al. 2009), we found that the angiogenesis
inhibitor sunitinib altered expression of several miRs



from the metastatic signature similarly to what was
observed in bona fide metastases. Thus, metastatic sig-
nature miRs may be involved in regulating the invasive/
metastatic program following angiogenesis inhibition,
a possibility worthy of future investigation.

The identification of a metastatic miR signature also
present in a subset of primary tumors is provocative in
another context. A current debate has centered on the
origin of metastatic tumor cells. One possibility is that
rare cancer cells evolve during malignant progression,
producing metastatic clones that are genetically distinct
from the majority of cancer cells in the primary tumor.
The alternate possibility is that pathways of tumori-
genesis toward a particular tumor type can diverge, with
one route producing primary tumors having enhanced
metastatic capability, and another less so (Bernards and
Weinberg 2002). Our results suggest that mouse PNETSs
arising via the branched pathway to highly invasive IC2
tumors are the subset most prone to spawning metasta-
ses, reflected in the relatively infrequent met-like pri-
mary tumors identified in the present study. While these
observations do not exclude late-stage clonal evolution
to a metastatic capability in some tumor types, they
indicate the metastatic phenotype can be endowed early
in tumorigenesis, such that miR profiling of primary
tumors may be predictive of metastasis. Not only might
such knowledge have prognostic value, it could foster
studies into metastatic mechanisms, and possibly guide
the use of therapeutic strategies targeting prospective
metastasis.

While it is not unreasonable to question the generality
of results forthcoming from this prototypical mouse
model of multistage tumorigenesis, there are reasons to
suggest applicability to human cancer. Thus, a majority
of the miRs ascribed to stage-specific signatures in this
mouse model show a correspondence in a variety of
human tumors (Supplemental Table 4). We infer that
the miR transcriptome of solid tumors represents a com-
pendium of the distinctive stages in tumorigenesis and
acquired capabilities each step reflects, which we sub-
divided in the mouse by separately analyzing incipient
proliferative lesions and angiogenic neoplasias as well as
primary tumors. Additionally, we detected similarities in
affected miRs in cognate human PNETs and metastases.
There is only modest overlap in the miR signatures of
mouse and human PNETSs, perhaps reflecting increased
histologic and genetic complexity in this heterogeneous
human tumor class. Such partial overlaps between hu-
man cancer and mouse models have been observed in
comparisons of mRNA transcriptomes and of genome-
wide chromosomal aberrations, and have been exploited
in an approach referred to as “cross-filtering,” in which it
is inferred that commonalities between mice and humans
reflect alterations with conserved, functional importance
(Sweet-Cordero et al. 2005; Maser et al. 2007; Zender and
Lowe 2008). As such, the commonly affected miRs
between mouse and human PNETs (Fig. 5) may prove
relevant to the biology of this disease. Irrespective, the
larger commonality of the signature miRs affected in the
stages of tumorigenesis in this prototypical model seem
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likely to have general relevance to the multistep ontog-
eny of other human malignances.

Materials and methods

RT2 mouse care and handling

The generation of RT2 mice has been described previously
(Hanahan 1985). All mice in this study were on a C57Bl6/CR
background. All animal research was performed under the
auspices of animal protocols approved by the University of
California at San Francisco Institutional Animal Care and Use
Committee.

Tumor and pretumor lesion isolation

Pancreatic tumors and liver metastases were dissected out of 14-
to 16-wk-old RT2 mice and snap-frozen in liquid nitrogen.
Normal, hyperplastic, and angiogenic islets were isolated as
described previously (Parangi et al. 1995) and snap-frozen in
liquid nitrogen.

RNA extraction reverse transcription and Q-PCR analysis

RNA was TRIzol-purified (Invitrogen) using a homogenizer
according to the manufacturer’s protocol. RNA quality was
assessed using the Lab-on-a-Chip 2100 Bioanalyzer (Agilent)
platform. miR and standard gene expression TagMan assays
were purchased from Applied Biosystems and performed accord-
ing to the manufacturer’s protocol. For gene expression analysis,
0.1-1 pg of RNA was DNase I-treated (Promega) and reverse-
transcribed using 250 ng of random primers and SuperScript IIT
(Invitrogen) according to the manufacturer’s protocol. For
mRNA analysis, data were normalized using L19 or cyclophilin,
each of which yielded similar data. For miR TagMan, data were
normalized using either mir-16 or let-7a, both of which yielded
similar data. TagMan assays for L19 and cyclophilin (control
genes), insulin, and ApoB were used to determine the percentage
of contamination of liver tissue in the liver metastases, which
was ~2%. TagMan assays for CSFIR (macrophage-specific),
MMP25 (neutrophil-specific), CD31 (endothelial cell-specific), Col-
lagen 1A and PDGFR@ (pericyte-specific), Ptprt (pan-leukocyte-
specific), and insulin (B-cell-specific) were used to assess the purity
of sorted cell populations.

miR profiling

miRs were profiled as described in Lu et al. (2008). One micro-
gram to 2 ug of total RNA were used in each analysis. Briefly,
miRs were first bound to antisense capture probes immobilized
in 96-well plates, and were ligated to a 3’ adaptor and 5’ adaptor
consecutively, before reverse transcription and adaptor-mediated
amplification using PCR to incorporate biotin labels. Biotiny-
lated PCR products were hybridized with color-coded beads
coupled with detection probes and were detected on a Luminex
100S machine. Median fluorescence intensity was used in data
analysis.

FACS sorting of hyperplastic and angiogenic islets
and tumor samples

Tumors from 14.5-wk-old RT2 mice were incubated for 13 min
at 37°C in 10 mL of FACS buffer (1% BSA in Ca, Mg-free PBS)
plus 0.025 g of Collagenase Type I (Worthington), 0.025 g of
Collagenase Type IV (Worthington), and 0.0025 g of DNase I
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(Worthington) after mincing with scissors in ice-cold PBS for
5 min. Cells were strained through a 70-pm filter into a 50-mL
conical tube and , after cold FACS buffer was added, were spun at
1550 rpm for 5 min at 4°C. Hyperplastic and angiogenic islets
were obtained as described (Parangi et al. 1995). Collagenase-
treated tumor cell preps along with hyperplastic and angiogenic
islets were resuspended in 1 mL of cell dissociation buffer
(Sigma) + 1.5 mL of 0.25% trypsin (GIBCO-BRL) for 3 min at
37°C with pipetting. Trypsinization was stopped by addition of
0.5 mL of FBS (JRS Scientific), cells were spun down, the
supernatant was removed, and cells were resuspended in Pharm-
lyse buffer for 10 min at room temperature. Cells were spun
down and resuspended in an Fc block for 10 min on ice. Aliquots
were removed for presort samples, and samples were incubated
with the following directly conjugated antibodies: CD45-PE, 7/4-
FITC, GR-1-FITC, and F4/80-APC. After sorting CD45*; CD45",
7/4, GR-1%; and CD45%, F4/80* cells along with triple-negative
cells, cells were spun down and resuspended in 1 mL of TRIzol
and RNA was purified according to the manufacturer’s protocol.
RNase-free Glycogen (Invitrogen) was added before the RNA
precipitation step.

Short-term anti-angiogenic intervention trial

RT2 mice (13.5 wk old) were given either 40 mg/kg sunitinib or
vehicle alone for 7 d, three mice per treatment. Mice were
injected via oral gavage. Three hours to 4 h after the last
injection, mice were euthanized and three to four tumors per
mouse were dissected and snap-frozen, and RNA was purified as
described above.

FACS sorting of vehicle or sunitinib-treated tumors

RT2 mice (13.5 wk old) were given either 40 mg/kg sunitinib or
vehicle alone for 7 d, four to eight mice per treatment. Mice were
injected via oral gavage. One hour to 2 h after the last injection,
mice were euthanized and tumors were dissected. Tumors were
collagenase-treated and prepared as described above and incu-
bated with the following directly conjugated antibodies: CD31-
FITC, CD45-APC, and PDGFRB-PE. Single-channel or triple-
negative cells were collected and RNA was purified using
TRIzol.

Profiling data analysis

Profiling data were normalized using the sum of all probes
normalization method. miRs were included in a signature if
there was at least a twofold difference relative to the previous
stage, and if they had a P-value of <0.05 and at least one stage in
which the miR had a normalized expression value of >50. For
comparison, the most highly expressed miR from the study was
just under 10,000 normalized fluorescence. The met-like pri-
mary and metastasis signature consists of miRs that were
differentially expressed more than twofold between primary
tumor and liver metastases pools (P-value, <0.05) and, in addi-
tion, were similarly differentially expressed (P-value, <0.05)
between standard RT2 tumors that did not cluster with the me-
tastases and met-like primary tumors. The metastasis-specific
signature consists of miRs that were differentially expressed
between metastases and tumor pools but were not differentially
expressed between standard RT2 tumors and met-like primary
tumors. For sunitinib signature miRs, miRs were included if the
average normalized expression value was altered >1.3-fold com-
pared with control-treated tumors and had a P-value of <0.05.
The sunitinib-treated tumors were profiled in a separate profiling
run. To compare miR changes between experiments, tumors
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from the first profiling experiment were subdivided into standard
RT2 tumors if they did not cluster with the metastases and met-
like primary RT2 tumors. Standard RT2 tumors were then
normalized to vehicle-treated tumors from the sunitinib trial,
and the expression level in normal islets was set to 100%.

Immunofluorescence of E-cadherin in RT2 tumors

Ten-micron tumor sections were incubated with an antibody
against E-cadherin (Zymed, Invitrogen) followed by an FITC-
conjugated secondary antibody. Slides were mounted with
Vectashield with DAPI to stain nuclei and were analyzed on a
fluorescent scope.

Electroporation of RT2-derived tumor cell lines

B-Tumor cells were electroporated using the Amaxa Nucleofec-
tor System (Lonza). Three-million cells were electroporated in
100 pL with 5 wL of a 20 wM solution of either a mimic control or
miR-200c mimic (Dharmacon, Thermo Fisher) using kit V and
protocol G-20. All treatments were performed in duplicate.
Following electroporation, cells were plated in 12-well plates
and were harvested 48 h later in TRIzol for RNA and RIPA buffer
plus complete protease inhibitor tablets (Roche) for protein
analysis.
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