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hibition of tumor growth and metastasis. Those unidentified factors may negatively requlate the pro-
duction of B-catenin protein. Collectively, the data presented in this study revealed that higher levels of
miR-17 ~92 were a critical negative regulator for activation of the Wnt/B-catenin pathway and could
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miRNAs are snRNAs that are processed from primary
transcripts by double-stranded RNA—specific endonucle-
ases (Drosha and Dicer).l‘2 miRNAs are known to nega-
tively regulate gene expression mainly by directly binding
with 3’-untranslated regions (3'-UTRs) of their target
genes.” Studies have shown that miRNAs are implicated in
cancer progress, including colorectal cancer.”” Many miR-
NAs have been demonstrated to contribute to cancer prog-
ress through modulating different targets.® ®

The miR-17~92 cluster produces a single polycistronic
primary transcript processed to yield six individual mature
miRNAs: miR-17, miR-18a, miR-19a, miR-19b, miR-20a,
and miR-92a. The importance of miR-17 ~ 92 overexpression
in tumor initiation and progression is well documented by
the observation that transgenic expression of this cluster in
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lymphocytes leads to a lymphoproliferative disorder in mice.’
Furthermore, data published recently suggest that each of the
six constituent members of miR-17~92 has a different role
during tumor progression, and alteration in the balanced
expression of individual miR-17 ~92 members has a signif-
icant effect on tumor progression.'’”'? Previous observations
overwhelmingly support a dominant role of miR-19a and
miR-19b in promoting tumorigenesis'”'' and in tumor
angiogenesis.'” However, there is also evidence that miR-
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17 ~ 92 may function in tumor suppression through targeting
AIBI1, IL-8, and Cyclin D1, by inhibiting cellular invasion,
tumor metastasis, and proliferation.'* Loss of heterozygosity
at 13q12-ql13, which is the locus of the miR-17-92 cluster, is
associated with multiple tumor progression and poor prog-
nosis, including breast cancer, 15 squamous cell carcinoma of
the larynx,'® retinoblastoma,'” and hepatocellular carci-
noma.'® By using a high-resolution, array-based, comparative
genomic hybridization in human tumor specimens, the miR-
17-92 cluster was found being deleted in 16.5% of ovarian
cancers, 21.9% of breast cancers, and 20.0% of melanoma. 19
The cellular and molecular mechanisms underlying the
miR-17~92 cluster that mediated protumorigenic or anti-
tumorigenic effects is not fully understood. We hypothesize
that expression levels of miRNAs may play an important
regulatory role in tumor progression by acting as either a
protumorigenic or an anti-tumorigenic molecule. Proving this
hypothesis could have a great impact on the miRNA field in
general because miRNAs are produced endogenously and
have been identified as important regulators of gene expres-
sion in a wide range of organisms and biological systems.
Aberrant activation of Wnt/B-catenin signaling is in-
volved in various cancers,””?" including human colorectal
cancers.”” Numerous studies have demonstrated that miR-
NAs are important regulators of the Wnt/B-catenin signaling
pathway, including the miR-200 family™ and miR-9.”" A
few data recently published suggest that miR-17 ~92 could
also regulate osteogenesis” and cardiac*® differentiation in
in vitro models through interaction with the Wnt signaling
pathway. However, to our knowledge, no data published
suggest that miR-17~92 directly targets B-catenin, the
central downstream effector of the Wnt/B-catenin pathway.
In this study, we demonstrate that quantitatively con-
trolling expression of the miR-17~92 cluster determines
whether the miR-17 ~92 cluster is capable of being a tumor
suppressor. We show that higher levels of miR-18a in the
context of the miR-17 ~92 cluster suppress the Wnt/B-cat-
enin pathway by directly targeting B-catenin. Therefore,
modulating levels of the milR-17~92 cluster could have
potential application in treatment of neoplastic disease.

Materials and Methods

Cell Lines and Plasmids

Mouse CT26, CMT-93, and MCA38 colon cancer cell lines
were maintained in RPMI 1640 medium (Invitrogen, Carls-
bad, CA), supplemented with 10% fetal bovine serum (Invi-
trogen), penicillin, and streptomycin (Invitrogen). The 4T1
mouse breast cancer cell line was maintained in Dulbecco’s
modified Eagle’s medium (Invitrogen), supplemented with
10% fetal bovine serum, penicillin, and streptomycin. L-
Wnt3a (CRL-2647; ATCC, Manassas, VA) and L-cells
(CRL-2648; ATCC) were grown, and conditioned medium
was generated according to instructions. All cell lines were
obtained from ATCC. To generate cell lines stably expressing
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the miR-17 ~92 cluster, mouse cancer cell lines were seeded
into a 6-well plate and cultured overnight, and cells were then
transfected with PIG-miR-Ctrl Vector or PIG-miR-17~92
wild type (WT) [provided by Dr. Andrea Ventura (Memorial
Sloan-Kettering Cancer Center, New York, NY)]. 10 At6 hours
after transfection, cells were returned to regular culture media
containing 7.5 g/mL puromycin (Sigma, St. Louis, MO)
(CT26 cell line) or 5 g/mL puromycin (4T1 cell line). At 2
weeks after drug selection, green fluorescent protein—positive
(GFP™) cells were sorted using an FACSAria III Flow Cy-
tometer (BD Biosciences, San Jose, CA) and were seeded into
a 96-well plate for monoclonal selection by serial dilution.
MS51 Super 8x FOPFlash (TOPFlash mutant),”” pTK-Slug,”
MSCV-B-Catenin AGSK-KT3,” pcDNA-S33Y-B-catenin,””
pGL3-Control-PTEN-3'UTR-WT, and pGL3-Control-PTEN-
3'UTR-MUT’' were purchased from Addgene (Cambridge,
MA).

Mouse Models

Female BALB/c mice were purchased from the Jackson
Laboratory (Bar Harbor, ME). To generate mouse tumor
models, 1 x 10° CT26 tumor cells per mouse were s.c.
injected. Tumors were measured with a caliper, and tumor
volumes were calculated using the formula length x width?
and presented as means + SD. To generate a mouse tumor
metastasis model, 1 X 10° CT26 tumor cells per mouse
were i.v. injected via tail vein. To generate a mouse model
of breast cancer metastasis, 5 X 10° 4T1 tumor cells per
mouse were injected into the mammalian fat pads. To
generate a mouse model of colon cancer liver metastasis,
1 x 10° CT26 tumor cells per mouse were injected into the
spleen, as previously described.”” All animal studies were
performed in accordance with protocols approved by the
University of Louisville Institutional Animal Care and Use
Committee (Louisville, KY).

Microarray Profiling

Total RNA from miR-Ctrl, miR-17~92"*, and miR-
17 ~92" cells (three subclones of each group) was isolated
and subsequently processed for microarray hybridization
using Affymetrix (Santa Clara, CA). ExonExprChipMo-
Gene Arrays were performed according to the manufac-
turer’s instructions (Affymetrix). Raw data (three samples
per cell line) were preprocessed by the robust multiarray
analysis method, and differentially expressed genes were
determined using the significance analysis of microarray
algorithm. Target sets and significant microarray data were
subjected to Ingenuity Pathway Analysis (Ingenuity Sys-
tems, Redwood City, CA).

Plasmid Construction

To construct psiCHECK2-Ctnnbl-3'-UTR-WT, the Xhol-
NotI 3’-UTR (Ctnnbl) fragment was PCR amplified from
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mouse genomic DNA, which contained four miR-17 ~92
binding sites, using the following primers: forward (Xhol),
5'-ATCTCGAGGGCCTGTAGAGTTGCTGAGAGGG-3';
and reverse (Notl), 5-GCGCGGCCGCCGGTTCTTAGA-
AAT-3'. The PCR cycle consisted of an initial step of 95°C
for 3 minutes, followed by 30 cycles of 95°C for 1 minute,
55°C for 50 seconds, and 72°C for 1 minute, and then
followed by an elongation step of 72°C for 7 minutes. The
WT Cmnbl 3'-UTR was then inserted downstream from a
Renilla luciferase reporter psiCHECK?2 (Xhol and Notl sites
are indicated; Promega, Madison, WI): Ctnbl-3'-UTR-
WT: (+296 ~ 4650 bp): ATCTCGAG(Xho 1)GGCCT-
GTAGAGTTGCTGAGAGGGCTCGAGGGGTGGGCTG-
GTATCTCAGAAAGTGCCTGACACACTAACCAAGCT-
GAGTTTCCTATGGGAACAGTCGAAGTACGCTTTTTG-
TTCTGGTCCTTTTTGGTCGAGGAGTAACAATACAAA-
TGGATTTGGGGAGTGACTCACGCAGTGAAGAATG-
CACACGAATGGATCACAAGATGGCGTTATCAAAC-
CCTAGCCTTGCTTGTTCTTTGTTTTAATATCTGTAG-
TGGTGCTGACTTTGCTTGCTTTTATTTTTTGCAGTAA-
CTGTTAGTTTTTAAGTAGTGTTATGTTCTAGTGAA-
CCTGCTACAGCAATTTCTGATTTCTAAGAACCGG-
CGGCCGC(Not I)GC.

Colony Formation Assay

Cells were starved for 24 hours before treatment. A total of
1 x 10? cells per well were seeded into 6-well cell culture
plates and cultured for 2 weeks with complete cell culture
medium (RPMI 1640 medium, supplemented with 10% fetal
bovine serum). Colonies were fixed with 1:1 methanol/
acetone, stained with crystal violet (Sigma). Cell colonies

Table 1  List of Primers Used in the Study

were visualized using a Nikon ECLIPSE TS100 inverted
microscope (Nikon, Tokyo, Japan). The number of colonies
was determined by counting colonies in five random fields
from three wells for each treatment. All experiments were
performed in triplicate.

Cell Migration Assay

For the transwell migration assay, chambers were rehy-
drated overnight and a 100-uL suspension of 1 x 10° live
cells in serum-free RPMI 1640 medium was added to 6.5-
mm transwell, 8-pm polycarbonate membrane inserts
(Corning Life Sciences, Corning, NY). They were placed in
24-well plates containing 500 pL of 10% fetal bovine ser-
um—containing complete cell culture medium per well. The
plates were incubated for 6 hours at 37°C. At the end of the
incubation period, the number of migrating cells on the
bottom was determined by counting cells in five random
fields for each treatment using an Olympus IX71 inverted
microscope (Olympus OpticalCo. Ltd, Tokyo, Japan), with
a magnification of x200.

In Vivo Imaging of Tumor Metastasis

To monitor tumor cell metastasis in vivo, tumor cell lines were
first labeled using a near-infrared lipophilic carbocyanine
dye—dioctadecyl—tetramethylindotricarbocyanine iodide
(DiR; Invitrogen). Cells were incubated with DiR dye
(1 x 10 cells in 10-mL PBS containing 3.5 pg/mL dye and
0.5% ethanol) for 30 minutes at 37°C.** Thereafter, cells were
washed twice with PBS and the viability of labeled cells
was verified by trypan blue staining. Each mouse received

Gene Forward primer Reverse primer

E2f1 5'-GCCCTTGACTATCACTTTGGTCTC-3’ 5'-CCTTCCCATTTTGGTCTGCTC-3’
Bim 5'-CGACAGTCTCAGGAGGAACC-3’ 5'-CCTTCTCCATACCAGACGGA-3’
p21 5'-GTGATTGCGATGCGCTCATG-3’ 5'-TCTCTTGCAGAAGACCAATC-3’
Axin2 5'-GCCAATGGCCAAGTGTCTCT-3’ 5'-GCGTCATCTCCTTGGGCA-3’

Klf4 5'-ATCTTTCTCCACGTTCGCGTCTG-3’ 5'-AAGCACTGGGGGAAGTCGCTTC-3’
Tcf4 5'-CACAACGGAGCGATGGGTA-3’ 5'-GGGTGGGTTCAAGTCAGG-3’
Egfr 5'-TTGGTGCCACCTGTGTGAA-3’ 5'-TCGGACACATGAGCCATGAT-3’
c-Myc 5'-AAGGCCCCCAAGGTAGTGA-3’ 5'-TGCTCGTCTGCTTGAATGGA-3'
Cend1 5'-TCCTCTCCAAAATGCCAGAG-3’ 5'-GCAGGAGAGGAAGTTGTTGG-3’
Lef1 5'-GGAGCCCTACCACGACAA-3’ 5'-CCACGGGCACTTTATTTGA-3'
Wnt3a 5'-CTGCACCACCGTCAGCAA-3’ 5'-CCTGGCATCGGCAAACTC-3’
Ctnnb1 5'-CAAGTGGGTGGTATAGAGG-3’ 5'-TCAATGGGAGAATAAAGCAGC-3’
Cdh1 5'-GTCTCCTCATGGCTTTGC-3’ 5'-CTTTAGATGCCGCTTCAC-3’

Vim 5'-CCGCTTTGCCAACTACAT-3’ 5/'-TCTCTTGCAGAAGACCAATC-3’
Twist1 5'-AGCGGGTCATGGCTAACG-3' 5'-GGACCTGGTACAGGAAGTCGA-3’
Snail 5'-GTCGTCCTTCTCGTCCACC-3’ 5'-GGCCTGGCACTGGTATCTC-3'
Snai2 5'-TCCCATTAGTGACGAAGA-3’ 5/'-CCCAGGCTCACATATTCC-3’
Zeb1 5'-CCATACGAATGCCCGAACT-3’ 5'-ACAACGGCTTGCACCACA-3’
Zeb2 5'-GAGCTTGACCACCGACTC-3’ 5'-TTGCAGGACTGCCTTGAT-3’
Gapdh 5 -GTTGTCTCCTGCGACTTCA-3’ 5'-GGTGGTCCAGGGTTTCTTA-3'

Actb (B-Actin)

5'-GATCTGGCACCACACCTTCT-3’

5'-GGGGTGTTGAAGGTCTCAAA-3'
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1 x 10° DiR-labeled tumor cells administered i.v. via tail vein.
Mice were then imaged at different time points using a
Carestream Molecular Imaging System (Carestream Health,
Woodbridge, CT).

Real-Time PCR

Total RNA was isolated from tumor tissues or cells using an
RNeasy Mini Kit (Qiagen, Frederick, MD). Quantitative real-
time RT-PCR analysis of the mature miR-17 ~92 cluster was
performed using an miRNA-specific TagMan MicroRNA
Assay Kit (Applied Biosystems, Foster City, CA). Relative
quantification of selected mRNA and pre-miR-17~92 was
performed using a CFX96 Realtime System (Bio-Rad Labora-
tories, Hercules, CA) and SsoFast Evagreen supermixture (Bio-
Rad Laboratories), according to the manufacturer’s instructions.
All primers were obtained from Eurofins MWG Operon
(Huntsville, AL). Expression values were normalized to murine
glyceraldehyde-3-phosphate dehydrogenase (Gapdh) or B-
actin. The sequences of the primers are listed in Table 1.

Western Blot Analysis

Western blot analyses were done as previously described.”'**

Cell lysates were harvested with 2% SDS-125 mmol/L Tris/
HCI (pH 7.4) or for nondenaturing conditions using com-
mercial cell lysis buffer (Cell Signaling Technology, Beverly,
MA) supplemented with protease and phosphatase inhibitors
(Roche, Indianapolis, IN). Cell lysates were resolved in Tris/
glycine SDS/PAGE gels (Invitrogen) and transferred to pol-
yvinylidene difluoride membranes (Invitrogen). Membranes
were probed with primary antibodies overnight at 4°C. The
primary antibodies were as follows: anti-Wnt3a, anti-Wnt5a,
anti—p-Lrp6, anti-Lrp6, anti-Dv12, anti-Tcf4, anti—B-cat-
enin, anti—E-cadherin, anti-Akt (Ser473), anti—p-Akt, and
anti-Axinl, all purchased from Cell Signaling; anti-PTEN,
anti-GAPDH, and anti—f-actin were all purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Membranes
were developed with the Odyssey imager (LiCor Inc, Lincoln,
NE). The signal intensity (Target: Gapdh, B-actin, or o-
tubulin) for each band was determined using ImageJ software
version 1.47 (NIH, Bethesda, MD).

Luciferase Assays

A total of 5 x 10% CT26 cells were seeded into 24-well plates,
cultured overnight, and the cells were then transfected with
Renilla luciferase constructs, together with different doses of
plasmids encoding mmu-pre-miR-17~92 using Lipofect-
amine 2000 (Invitrogen). After 24 hours of incubation, cells
were subjected to a Luciferase assay. Renilla luciferase ac-
tivities were evaluated using the dual-luciferase reporter assay
system (Promega). For the Topflash assay, 5 x 10* miR-Ctrl,
miR-17 ~ 92" or miR-17 ~ 92" cells were seeded into 24-
well plates, cultured overnight, and cells were then transfected
with T cell factor/lymphoid enhancer binding factor reporter
Topflash [donated by David Piwnica-Worms (Washington
University, St. Louis, MO)].3 > Luciferase activity was
assayed 24 hours after treatment using the luciferase assay
system, according to the manufacturer’s protocol (Promega).
The number of cells present in each sample was also counted
to normalize the luciferase activity to the total number of cells.

Immunohistochemistry

Immunohistochemistry was performed on formalin-fixed,
paraffin-embedded tissues. Serial sections (4 um thick) were
stained with H&E for morphological analysis. For tissue
immunofluorescent staining, slides were washed three times
(5 minutes each) with PBST (PBS and 0.1% Tween 20).
The tissue was permeabilized by incubating the slides in 1%
Triton X-100 in PBS at 25°C for 15 minutes and then
washed three times in PBST. After blocking for 1 hour at
25°C in blocking buffer (PBS containing 10% bovine serum
albumin), slides were incubated overnight in a humidity
chamber with anti-mouse antibodies. B-Catenin and E-cad-
herin monoclonal antibodies (BD Biosciences) were diluted
1:50 in blocking buffer. After another three PBST washes,
slides were incubated with Alexa 594— or Alexa 647—
conjugated goat anti-mouse secondary antibody at a 1:500
dilution (Molecular Probes, Grand Island, NY). Slides were
then washed and nuclei were counterstained with DAPI. For
cell immunofluorescent staining, cell lines were seeded into
a chamber slide (Lab-Tek II Chamber Slide System; Thermo
Fisher Scientific, Waltham, MA) and cultured overnight. Cells

Figure 1

A: miR-17 ~92 inhibits tumor growth and metastasis in vivo. Growth curves of control (miR-Ctrl), medium levels of miR-17 ~92 cluster (miR-

17 ~92"¢%) and high levels of miR-17 ~92 cluster (miR-17 ~92™) tumors in BALB/c mice (five mice per group). The inner panel shows the morphological
characteristics of tumors. The tumor weights from primary tumors (n = 5) from the same mice. miR-Ctrl, miR-17 ~92"%, and miR-17 ~ 92" monoclonal cell lines
were labeled with 1,1’-Dioctadecyl-3,3,3',3’-Tetramethylindotricarbocyanine Iodide (DIR) dye. The DIR dye—labeled cells were then injected i.v. into 6-week-old
female BALB/c mice. B: Tumor cell metastasis was monitored using a live imaging system by detecting the DIR fluorescence. C: The signals of the DIR-labeled tumor
cells in the lung and liver. The histogram shows the mean intensity of the DIR fluorescence at 14 days after i.v. injection of miR-Ctrl, miR-17 ~92"¢4, or miR-
17 ~92" monoclonal cells in BALB/c mice. Mean intensity of region of interest = Sum Intensity/Area (n = 5). D: H&E staining of lung tumors from 14-day tumor-
bearing mice that were i.v. injected with miR-Ctrl, miR-17 ~ 92", or miR-17 ~ 92" monoclonal cells in BALB/c mice. The graphs show the number of metastatic
sites per section and the mean lung weights, respectively. miR-Ctrl, miR-17 ~92"¢¢, and miR-17 ~92"" monoclonal cell lines were labeled with DIR dye. DIR
dye—labeled cells were then injected into the spleens of 6-week-old female BALB/c mice. E: Tumor cell metastasis was monitored using a live imaging system by
detecting the DIR fluorescence; representative images from each group of tumor-bearing mice are shown. F: The morphological characteristics of miR-Ctrl, miR-
17 ~92"¢4, and miR-17 ~ 92" liver tumors and H&E staining of divided liver tissues from mice 14 days after splenic injection of miR-Ctrl, miR-17 ~ 92", or miR-
17 ~92" monoclonal cells in BALB/c mice. The graphs show the number of metastases per field and the mean liver weights, respectively. Error bars represent £SD
(two-way analysis of variance) in A, left panel; median value (one-way analysis of variance) in A, right panel, D, and F; and £-SD (one-way analysis of variance) in
B. *P < 0.05, **P < 0.01.
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Figure 2  Genome-wide target prediction of medium/high levels of miR-17 ~92. A: Schematic representation of the 3’-UTR of murine PTEN and Ctnnb1. The
3/-UTR encoding miR-17 ~92 binding sites were ligated downstream of the luciferase open reading frame. CT26 cells were cotransfected with pGL3-PTEN 3'-
UTR-WT luciferase reporter plasmids or psiCHECK2-Ctnnb1 3’-UTR Renilla luciferase reporter plasmids, together with plasmids encoding mmu-miR-17 ~92, as
indicated. Luciferase activity was measured 24 hours after transfection. B: Western blot analysis shows the levels of proteins involved in the AKT/B-catenin
pathway of miR-Ctrl and miR-17 ~92"¢ cell lines. C: The intensity of each band was measured with ImageJ software version 1.47 and labeled below the bands.
Western blot analysis shows the expression of proteins in the Wnt/B-catenin pathway in miR-Ctrl, miR-17 ~92"¢¢, or miR-17 ~ 92" cell lines. B-Actin was used
as a loading control. CT26 cells were cotransfected with psiCHECK2-Ctnnb1 3/-UTR Renilla luciferase reporter plasmids, together with plasmids encoding mmu-
miR-17 ~92 (PIG-17 ~92), mutant miR-17/20a (PIG-A17/20a), mutant miR-18a (PIG-A18a), mutant-miR-19a,b (PIG-A19a,b), and mutant-miR-92a (PIG-
A92a), as indicated. D: Renilla luciferase activity 24 hours after transfection. E: Scheme shows the mutant sites of miR-18a. CT26 cells were cotransfected with
psiCHECK2-Ctnnb1 3’-UTR Renilla luciferase reporter plasmids, together with miR-18a mimic or mutant miR-18a, as indicated. Renilla luciferase activity 24
hours after transfection. F: Western blot analysis shows the expression of B-catenin or PTEN proteins in CT26 cells 48 hours after transfection with plasmids
encoding mmu-miR-17 ~92 (PIG-17 ~92), mutant miR-18a (PIG-A18a), miR-Ctrl, miR-18a, or mutant miR-18a mimic, as indicated. B-Actin was used as a
loading control. The intensity of each band was measured with ImageJ software and labeled below the bands. G: Immunofluorescent staining shows local-
ization of B-catenin protein in miR-Ctrl, miR-17 ~92"¢, and miR-17 ~92" cell lines. H: Expression of Wnt pathway—associated genes in miR-Ctrl, miR-
17~92"¢4, and miR-17 ~92" by real-time RT-PCR assay. Error bars represent +SD (one-way analysis of variance in A, D, and E and Student’s t-test in H).
*P < 0.05, **P < 0.01. Original magnification, x10 (with boxed areas in top panels enlarged in bottom panels; G).

were then treated with control Wnt3a; slides were next pro-
cessed, as described previously, for tissue immunofluorescent
staining.

Clinical Specimens

Human gastric and colorectal specimens (primary and
adjacent normal) were collected at the time of surgery. All
samples were collected with informed consent of the
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patients, and the experiments were approved by the Institute
Research Ethics Committee of Nanjing Medical University
(Nanjing, Jiangsu, China).

Statistical Analysis

Statistical significance was determined by the Student’s
t-test. Differences between individual groups were analyzed
by one- or two-way analysis of variance test. Differences
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were considered significant when P < 0.05 or P < 0.01, as
indicated in the text.

Results

High Levels of miR-17 ~92 Inhibit Tumor Growth and
Metastasis in Vivo

Expression levels of miR-17 ~ 92 in normal colon tissues were
almost 50-fold higher than those in highly metastatic tumor
tissues (Supplemental Figure S1A), whereas miR-17 ~ 92 was
25-fold higher in higher-grade tumors when compared
with highly carcinogenic low-grade tumors (Supplemental
Figure S1B). This initial observation prompted us to further
study the cellular and molecular mechanisms underlying the
biological effect of varying levels of miR-17 ~ 92 expression
on colon tumor progression in animal models. First, we
generated numerous monoclonals expressing different levels
of the miR-17 ~92 cluster in the CT26 colon cancer cell line
by stably transfecting it with a control vector or PIG-miR-
17 ~92. Second, we randomly selected three monoclonals that
represented expression levels of the miR-17~92 cluster in
human tumor tissue: a control vector transfected monoclonal,
labeled miR-Ctrl; a stable low expression of the miR-17~92
cluster (transfected with PIG-miR-17~92, average fivefold
higher than miR-Ctrl, and labeled miR-17~92™%%); and a
stable high expression of the miR-17 ~ 92 cluster (transfected
with PIG-miR-17 ~92, average 50-fold higher than miR-Ctrl,
labeled miR-17 ~92™). The expression levels of six individ-
ual mature miRNAs from the miR-17~92 cluster were
confirmed by quantitative real-time RT-PCR (Supplemental
Figure S2A). We then compared the proliferation of all three
cell lines that expressed different levels of the miR-17~92
cluster. Unexpectedly, we found that there was no impact on
colon cancer cell proliferation in vitro regardless of the levels
of miR-17~92 expression (Supplemental Figure S2B).
Similarly, the expression levels of the miR-17 ~ 92 cluster had
no effect on cancer cell migration in vitro (Supplemental
Figure S3A). To exclude the effect of cell type, we analyzed
the effect of this cluster in two additional colon cancer cell
lines (ie, CMT-93 and MCA38). As before, we did not observe
any impact on the proliferation and migration of the cells
(Supplemental Figures S2C and S3B), suggesting that the
expression levels of miR-17 ~92 did not modulate pathways
associated with cell proliferation and migration in vitro.

We next asked whether expression levels of the miR-17 ~92
cluster have an impact on tumor growth in vivo by s.c. injecting
miR-Ctrl, miR-17 ~92™*, and miR-17~92" cell lines into
BALB/c mice. At 21 days after injection, we found that miR-
17 ~92M cells were almost completely eliminated; however,
in contrast, we found that miR-17 ~ 92Med cells were evident
and proliferated at a faster rate than miR-17~92" cells
(Figure 1A). Next, to determine the biological effects of
expression levels of miR-17 ~92 on tumor metastasis in vivo,
miR-Ctrl, miR-17 ~92M, and miR-17 ~ 92" were i.v. injec-
ted into immunocompetent mice. At 2 weeks after injection,
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livers and lungs were excised forimmunofluorescence imaging.
The liver and lung of mice injected with miR-17 ~92™ cells
had no detectable signals; however, strong signals were detec-
ted in lung and liver from mice injected with miR-17 ~ 924
and miR-Ctrl compared with miR-17 ~ gpHi (Figure 1, B and
C). Lungs were excised for further analysis. As expected,
there were fewer metastases to lung in mice injected with
miR-17 ~ 92 cells, yet mice injected with miR-17 ~ 924 or
miR-Ctr] had more metastases to the lung compared with miR-
17~92% (Figure 1D). To determine whether the results pre-
viously presented can be generalized, three additional clones
from each transfected CT26 cell line were randomly selected
and examined for their in vitro (Supplemental Figure S4A)
and in vivo (Supplemental Figure S4, B and C) growth and
metastasis. Results similar to those obtained in the original
experiments were obtained from the additional three clones
tested. To further demonstrate whether miR-17~92"" con-
tributes to the prevention of tumor metastasis from the primary
tumor to metastatic organs, the 4T1 breast tumor metastasis
model was tested by injecting 4T1 tumor cells into mammary fat
pads. The results suggest that higher levels of miR-17~92,
expressed in 4T1 tumor cells, prevent tumor growth and tumor
lung metastasis (Supplemental Figure S5, A and B). Collec-
tively, these results suggest that higher levels of miR-17~92
inhibit tumor metastasis to lung and liver. Clinical evidence
indicates that colon cancers have a greater potential for
metastasis to the liver. To further address whether miR-
17 ~92 could inhibit colon cancer liver metastasis, we used a
well-established liver metastasis model™® (ie, splenic injection
of tumor cells into immunocompetent mice). Surprisingly,
there was no metastasis to liver in mice injected with miR-
17~92M cells, yet mice injected with miR-17 ~92™¢ or
miR-Ctrl had more metastases to the liver (Figure 1, E and F).
Taken together, these data suggest that higher levels of miR-
17~92 are a critical step for suppressing both tumor cell
growth and metastasis in vivo.

Genome-Wide Prediction of Genes Targeted by Titrated
Levels of miR-17 ~92 Identifies B-Catenin Targeted by
Higher Levels of miR-17 ~92

To identify molecular mechanisms producing the different
growth/metastasis patterns, we profiled gene expression in
miR-Ctrl, miR-17~92™%¢ and miR-17 ~92" cells using
Affymetrix Murine GeneST Arrays. Whole-genome expres-
sion screening was performed with Affymetrix-Gene Chips
after purification of total RNA from cloned miR-Ctrl, miR-
17 ~92M¢ and miR-17 ~ 92" cells. The Ingenuity Pathway
Analysis (Ingenuity Systems) of the mRNA arrays data [the
raw data files are available from Supplemental Table S1 and
the Gene Expression Omnibus database (hitp://www.ncbi.
nlm.nih.gov/geo; accession number GSE55631)] led to the
identification of several pathways regulated by miR-17 ~92.
Among those pathways affected by the expression levels
of miR-17~92, we noticed that the phosphatidylinositol
3-kinase (PI3K)/AKT pathway is one of the major pathways
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regulated when medium levels of miR-17~92 were
expressed in CT26 cells (Supplemental Figure S6A). In
contrast, when higher levels of miR-17 ~92 were expressed,
genes associated with colorectal cancer metastatic pathways
were found to be involved (Supplemental Figure S6B). Most
of the genes, such as Wntl, Wnt7b, Fzd6, Tcf4, Snai2,
and others identified in the colorectal cancer metastasis
cluster, regulate the Wnt/B-catenin pathway (Supplemental
Figure S6B). The Wnt/B-catenin pathway is well known to
play a crucial role in colon cancer development.’’** The miR-
17 ~92 regulates the PI3K/AKT pathway through targeting
PTEN; however, to our knowledge, no data are published
suggesting that miR-17~92 regulates the Wnt/B-catenin
pathway.

By using public algorithms prediction analysis (Target-
Scan and RNABrid), we found that miR-17-92 targeted
Ctnnbl (Figure 2A and Supplemental Figure S7A), which
encodes [-catenin, which plays an important role in
tumorigenicity through activation of the Wnt signaling
pathway. These data led us to hypothesize that different
levels of miR-17~92 could shift it from an oncogene to a
tumor suppressor through targeting different pathways:
medium levels of miR-17 ~92 might target PTEN, whereas
higher levels of miR-17~92 target the Wnt/B-catenin
pathway. The data generated from luciferase reporter assays
and Western blot analysis support the idea that medium levels
of miR-17 ~92 targeted PTEN, resulting in activation of the
PI3K/AKT pathway, whereas higher levels of miR-17~92
inhibited the Wnt/B-catenin pathway by targeting Ctnnbl
(Figure 2, A—C). Although data from other laboratories®”*"
and ours (Supplemental Figure S7B) show that lower levels
of miR-17 ~ 92 down-regulate PTEN, there is no evidence that
miR-17~92 regulates expression of B-catenin. The results
from the Topflash activity assay and Western blot analysis of
all four cloned miR-Ctrl, miR-17 ~92M, and miR-17 ~ 92"
cell lines further suggest that higher levels of miR-17~92
suppress Wnt/B-catenin/TCF4 transcription activity through
targeting P-catenin (Supplemental Figure S7C). To further
identify which miRNAs in the miR-17~92 cluster play a
dominant role in targeting B-catenin genes, Ctnnbl-3'UTR
expression vector was cotransfected with each mutant of miR-
17 ~92 (dela-miR-17/20a, dela-miR-18a, dela-miR-19a, and
dela-miR-92a). The results from luciferase assays suggest that
mutation of miR-18a significantly reverses the inhibitory
effect of miR-17~92 on the expression of P-catenin

(Figure 2D). This was further confirmed by transfection of
mutant miR-18a in which the B-catenin binding sites were
mutated (Figure 2, E and F). We further analyzed the potential
miR-17 ~ 92 targeting sites within the Ctnnb1 gene; we found
miR-17 ~ 92 target sequencing located in the coding sequence
and 3'UTR. To exclude the possibility that miR-17 ~ 92 might
directly target the coding sequence, we cotransfected miR-
17~92 and B-catenin expression vector without 3’UTR (B-
catenin-s33y). We found that miR-17~92 did not inhibit
mRNA expression of B-catenin (Supplemental Figure S7D).

Because translocation of B-catenin is the key step for acti-
vating the Wnt pathway—mediated activity of the TCF4
transcriptional machinery, we first analyzed the localization of
-catenin by immunofluorescence staining. As expected, there
was significant reduction of both cytoplasmic and nuclear -
catenin levels in the miR-17 ~ 92" cell line (Figure 2G). Next,
to investigate whether the Wnt/B-catenin pathway transcrip-
tional activity was affected by miR-17 ~ 92, we performed the
Topflash activity assay in the miR-Ctrl, miR-17 ~ 924, and
miR-17 ~ 92" cell lines. As expected, the Wnt transcriptional
activity was dramatically reduced and could not be reversed by
the Wnt/B-catenin activator, Wnt-3a (Supplemental Figure S7,
E and F), suggesting that higher levels of miR-17 ~ 92 repress
canonical Wnt signaling downstream of the Wnt pathway,
mainly by inhibiting B-catenin.

To address potential associations between miR-17 ~92
levels and Wnt activity, we further examined the mRNA
abundance of TCF4/LEF1 target genes. There was a sig-
nificant decrease of multiple Wnt target genes downstream
of B-catenin, including Axin2, Ccndl, E2fl, Kif4, Lefl, and
Wnt3a (Figure 2H). Taken together, these data demonstrated
that medium levels of miR-17 ~92 induce activation of the
PI3K/AKT pathway by targeting PTEN, but higher levels of
miR-17~92 inhibit the Wnt/B-catenin pathway activity by
targeting B-catenin.

High Levels of miR-17 ~92 Inhibit EMT by Targeting
the Wnt/B-Catenin Pathway

The Wnt/B-catenin pathway has been known to contribute to
therapeutic resistance and tumor metastasis by modulating
epithelial-mesenchymal transition (EMT).*"** There was a
dramatic increase of mesenchymal markers in the CT26
mouse tumor cell line with higher activity of the Wnt/B-cat-
enin signaling pathway compared with the nontumorigenic

Figure 3

Activation of Wnt/B-catenin pathway by miR-17 ~ 92" promotes tumor metastasis through inducing EMT. A: The heat map of EMT-associated

genes targeted by miR-17 ~92"¢ and miR-17 ~92"". B: Expression of EMT-associated genes in miR-Ctrl, miR-17 ~ 92", and miR-17 ~92" by real-time RT-
PCR assay. C: H&E staining of tumors from 14-day tumor-bearing mice injected s.c. with miR-17 ~92"*¢ and miR-17 ~92" cell lines. D: Immunofluorescent
staining shows the signal intensity of E-cadherin in the tumor of BALB/c mice injected s.c. with miR-Ctrl, miR-17 ~92"¢¢, and miR-17 ~ 92" tumor cells
(GFP™) on day 14 after injection. Tissues were counterstained with DAPI (blue). E: Immunofluorescent staining showing the intensity signal of B-catenin in
the liver of BALB/c mice intrasplenically injected with miR-Ctrl, miR-17 ~92"¢, or miR-17 ~ 92" tumor cells (GFP*) on day 14 after injection. Tissues were
counterstained with DAPI (blue). F: Expression of EMT-associated genes in tumor cells recovered from miR-Ctrl, miR-17 ~92M¢ or miR-17 ~ 92" liver tumors
by real-time RT-PCR assay. G: Immunofluorescent staining shows the signal intensity of B-catenin in the divided tumor tissues of BALB/c mice s.c. injected
with miR-Ctrl, miR-17 ~92"¢¢, or miR-17 ~ 92" tumor cells on day 14 after injection. Tumor tissues were counterstained with DAPI (blue). H: Real-time RT-PCR
assay quantification of the expression of Wnt-associated genes in tumor cells recovered from miR-Ctrl, miR-17 ~ 92", or miR-17 ~ 92", Error bars represent
+SD (Student’s t-test in B and F and two-way analysis of variance in H). **P < 0.01. Original magnification, x10 (D, E, and G).
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Figure 4  High-level miR-18a in the context of the miR-17~ 92 cluster inhibits tumor progression through targeting B-catenin. A: Growth curve of miR-Ctrl
and miR-17~92" cell lines transfected with a control vector or MSCV-B-Catenin-AGSK-KT3 (B-catenin) in BALB/c mice (five mice per group). B: The
morphological characteristics and H&E staining of lung tumors from 21-day tumor-bearing mice. Mice were injected i.v. with the miR-17 ~92" cell line and
transfected with a control vector or MSCV-B-Catenin-AGSK-KT3 (B-catenin). Histogram shows the number of metastatic sites per section. C: Western blot
analysis shows the expression of the B-catenin protein in miR-17 ~ 92" cells and tumor cells recovered from miR-17 ~ 92" tumor-bearing mice at 21 days after
s.C. injection into BALB/c mice. GAPDH was used as a loading control. D: Detection of Wnt/TCF4 activity in the miR-17 ~ 92" cell line and tumor cells recovered
from miR-17 ~ 92" tumors at 21 days after s.c. injection into BALB/c mice using the Topflash luciferase assay. E: Quantification of the expression levels of miR-
18a expressed in miR-17 ~ 92" cell lines and tumor cells recovered from miR-17 ~ 92" tumors at 21 days after s.c. injection into BALB/c mice by quantitative
real-time RT-PCR. Error bars represent +SD (Student’s t-test). F: Growth curves of miR-Ctrl (T-miR-Ctrl) and miR-17~92" (T-miR-17~92") tumor cells
recovered from tumors (14 days after s.c. injection of CT26/miR-Ctrl or CT26/miR-17 ~92"" monoclonal cells into BALB/c mice) in BALB/c mice (five mice per
group; two-way analysis of variance). T-miR-Ctrl and T-miR-17 ~ 92" tumor cells recovered from tumors (14 days after s.c. injection of CT26/miR-Ctrl or CT26/
miR-17 ~ 92" monoclonal cells into BALB/c mice) were labeled with DIR dye. DIR dye—labeled cells were then injected i.v. into 6-week-old female BALB/c mice.
G: Tumor cell metastasis was monitored using a live imaging system by detecting the DIR fluorescence; a representative image from each group of tumor-
bearing mice is shown. The signals of the DIR-labeled tumor cells in the lung and mean intensity of the DIR fluorescence at different time points. Mean in-
tensity of region of interest = Sum Intensity/Area (n = 5). H: The morphological characteristics and H&E staining of lung tumors from 21-day tumor-bearing
mice. Mice were injected i.v. with the T-miR-17 ~ 92" cell line and transfected with a control vector or MSCV-B-Catenin-AGSK-KT3 (B-catenin). The histogram
shows the number of metastases per section. Error bars represent £SD (two-way analysis of variance in A and G and Student’s t-test in B, D, E, and H).
*P < 0.05, **P < 0.01.

epithelial cell line CMT-93 (Supplemental Figure S8, A and was dramatically increased in the miR-17 ~ 9211 cell line with
B). We asked whether medium levels of miR-17 ~ 92, leading a concomitant low activity of the Wnt signaling pathway,
to promotion of tumor metastasis, might be correlated with accompanied by a significant decrease of EMT-associated
induction of Wnt/B-catenin—mediated induction of EMT. transcriptional factors (Figure 3B and Supplemental
First, we analyzed EMT-associated markers in both miR-Ctrl, Figure S8C). Among those transcriptional factors sup-
miR-17~92M¢ " and miR-17~92"" cell lines by using pressed by miR-17 ~92™, Snai2 is one of the most down-
whole-genome expression screening. As predicted, there was regulated genes in the miR-17 ~ 92" cell line. To determine
a significant increase of mesenchymal markers and tran- whether overexpression of Snai2 could reverse the effect of
scriptional factors in the miR-17 ~92M? cell line (Figure 3, A miR17 ~92 on the reduction of genes associated with EMT
and B). Second, E-cadherin, which was an epithelial marker, transcriptional factors, miR-17 ~ 9211 cells were transfected

1364 ajp.amjpathol.org m The American Journal of Pathology


http://ajp.amjpathol.org

miR-17~92 Suppresses Tumor Progression

with an Snai2 expression vector. The results generated from
real-time PCR suggested that overexpression of Snai2 in the
miR-17 ~ 92 cells fails to reverse miR-17 ~92—dependent
inhibition of expression of EMT-associated transcriptional
factors (Supplemental Figure S9, A and B).

We then asked whether slightly increased levels of miR-
17~92 expressed in tumor (in this case, an average fivefold
higher than control cells) are correlated with induction of
EMT in vivo. Indeed, we found that there were more inva-
sive tumor cells with lower expression levels of E-cadherin
in miR-17~92M*! tumor compared with miR-17~92"
tumor (Figure 3, C and D). Furthermore, significantly up-
regulated EMT-related genes in miR-17~92™¢ tumor
cells isolated from liver metastases correlates with induction
of B-catenin transcriptional activity (Figure 3, E and F).
Next, we determined whether increasing levels of miR-
17 ~92 could inhibit tumor progression through targeting p-
catenin. There was a dramatic decrease in the expression
levels of B-catenin in miR-17 ~92M tumors (Figure 3G),
accompanied by a lower Wnt/B-catenin transcriptional ac-
tivity when compared with miR-Ctrl and miR-17 ~92M¢
tumors (Figure 3H). Collectively, medium levels of miR-
17~92 induce genes associated with Wnt/B-catenin—
mediated EMT and thereby promote tumor metastasis,
whereas high levels of miR-17 ~92 inhibit EMT.

Higher Levels of miR-18a Are Required for Targeting
B-Catenin to Inhibit Colon Tumor Progression

To further address whether Wnt/B-catenin is a pathway
directly targeted by higher levels of miR-17~92, we
overexpressed B-catenin in miR-17~92" cells by trans-
fecting the cells with a B-catenin expression vector. Unex-
pectedly, we found that, although the B-catenin gene was
stably overexpressed in miR-17 ~ 92" cells (Supplemental
Figure S10A), the protein level of B-catenin was not
increased (Supplemental Figure S10B). This result supports
the fact that miR-17 ~ 92" cells transfected with a B-catenin
expression vector could not reverse the high-level miR-
17 ~92—mediated suppressive effect of tumor growth in
BALB/c mice (Figure 4, A and B), suggesting that uniden-
tified factor(s) regulated by a higher level of miR-17~92
may also have an effect on production of B-catenin protein.

Because our data (Figure 2, D—F) indicate that miR-18a,
but not other miRNAs in the context of the miR-17~92
cluster, plays a dominant role in suppression of expression of
B-catenin, we took a complementary approach to further
address whether higher levels of miR-18a in the miR-17~92
cluster suppress oncogenic B-catenin. We analyzed the
expression levels of B-catenin in surviving tumor cells
recovered from miR-17 ~ 92" tumors. There was a dramatic
increase in expression levels of B-catenin in surviving miR-
17 ~ 92 tumor cells recovered from tumors (Figure 4, C and
D). The role of miR-18a in regulating 3-catenin was further
supported by the fact that the expression levels of miR-18a
were reduced significantly in surviving tumor cells isolated
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from miR-17 ~92" tumors when compared with the miR-
17 ~92" cell line (Figure 4E). When these surviving tumor
cells were re-injected into mice, they grew and metastasized
as fast as control cells (Figure 4, F and G). Therefore, these
data strongly suggest that higher levels of miR-18a in tumor
cells result in down-regulation of B-catenin and subsequent
inactivation of the Wnt/B-catenin pathway. To further confirm
the role of higher levels of miR-17 ~ 92 in inhibition of tumor
progression through targeting B-catenin, surviving tumor
cells isolated from miR-17~92" tumor were transfected
with the B-catenin expression vector. The reason for using
surviving tumor cells isolated from miR-17 ~92" tumor is
that these surviving tumor cells transitioned from miR-
17 ~ 92" B-catenin'" to miR-17 ~ 924 B-catenin™e" tumor
cells. Strikingly, overexpression of B-catenin in these tumor
cells promoted tumor cell metastasis to the lung in BALB/c
mice when compared with these tumor cells transfected with a
control vector (Figure 4H). Collectively, these data suggest
that the level of miR-17~92 expressed in the tumor cells
dictates the role of B-catenin in tumor growth and metastasis.
Sufficiently high enough levels of miR-17 ~92, expressed in
the tumor cells, are required for suppressing the oncogenic
role of B-catenin.

Discussion

We demonstrated that the expression of higher levels of the
miR-17~92 cluster inhibit tumor growth and metastasis
in vivo; however, lower levels of the miR-17~92 cluster
did not suppress the oncogenic role of the B-catenin,
resulting in accelerating tumor growth and tumor coloni-
zation at distant sites. Therefore, our findings could poten-
tially be used to develop therapeutic strategies that take
advantage of inducing high levels of the miR-17 ~92 cluster
to inhibit tumor growth and metastasis.

The relationship between imbalanced subset miRNA
expression within a given miRNA cluster, such as miR-
17 ~92, and cancer progression has been observed in various
human-derived cancer cells and cancer patient samples."
Whether quantitatively controlling levels of miRNA of a
given miRNA cluster has effects on the promotion or inhi-
bition of tumor growth and metastasis has not been fully
addressed. We pursued an alternative approach to study
whether quantitative expression of miRNA determined the
outcome. On the basis of the data we generated from estab-
lished stable colon cell lines that closely represent human
colon cancer tissue, we determined that quantitatively con-
trolling expression levels of the miR-17~92 cluster is a
critical step for regulating/controlling colon tumor growth
and metastasis. Higher expression levels of the miR-17~92
cluster inhibit both colon tumor growth and metastasis.

Furthermore, our results imply that the number of copies
of the miR-17~92 cluster may be important for sufficient
targeting of PB-catenin. Consistent with our observation,
previous studies have demonstrated that genes considered as
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oncogenes or tumor suppressors could function in a dose-
dependent manner.***> Recent studies have shown that
miRNAs and long noncoding RNAs [competing endoge-
nous RNAs (ceRNAs)] compete with each other for binding
to targeting mRNAs.”***® We speculate that unidentified
specific ceRNAs may compete with miR-17~92. At me-
dium concentrations of miR-17~92, the miR-17~92
binding sites might be occupied mostly by specific ceRNAs;
however, high levels of miR-17 ~92 may have the capacity
to outcompete for binding to functional targets.

Dysregulation of miRNAs has been reported in various
human cancers.” Circumstantial evidence points to the potential
involvement of several miRNAs in tumorigenesis. Most of
these miRNAs might act as integral parts of the molecular ar-
chitecture of oncogene and tumor-suppressor networks, such as
the miR-17 ~ 92 cluster. Studies have demonstrated that over-
expression of the miR-17~92 cluster could promote tumori-
genesis”'” and tumor angiogenesis.'* We describe, for the first
time to our knowledge, that the higher levels of the miR-17 ~ 92
cluster in colon cancer cells function as a tumor suppressor. The
difference in our results compared with other studies is the
result of the critical issue of overexpression in levels of the miR-
17~ 92 cluster. These studies show the role of the miR-17 ~92
cluster in tumorigenesis ' and tumor angiogenesis, * without
measuring the levels of the miR-17 ~92 cluster expressed. In
contrast, our data show that the oncogenic role of B-catenin is
demonstrated under medium, but not higher, levels of the miR-
17 ~ 92 cluster in tumor cells, further pointing to the importance
of levels of expression of the miR-17 ~ 92 cluster in modulating
tumor progression. The fact that the quantity of miRNA is a
critical factor for determining its preferential targeting has also
been reported by another group.”’ We speculate that when the
tumor microenviroment is regulated by the medium levels of
miR-17~92, there are optimal conditions for miR-17~92
binding to the 3’-UTR of PTEN, but not of B-catenin, and
oncogenic B-catenin is the outcome. Reduction of the
abundance of specific ceRNAs binding to miR-17~ 92 or up-
regulation of miR-17~92 to certain levels (a threshold)
results in an altered tumor microenvironment, producing
optimal conditions for miR-17 ~92 binding to the 3’-UTR of
B-catenin that is generated. The existence of this threshold that
controls miRNA switching target genes has been reported.”’
Results in the present study provide the foundation for further
identifying the threshold (fold increase of miR-17~92) that
leads to switching from PTEN to B-catenin and factors that
regulate this switch. Such as a pair of tumor suppressor/onco-
gene, PTEN/B-catenin, additional groups of tumor suppressors
and oncogenes may be regulated by the levels of miRNAs, such
as miR-17~92, as demonstrated herein.

In addition, given the known importance of -catenin in many
different pathological processes, our finding that miR-17~92
targets B-catenin provides a foundation for possible targeted
delivery of miR-17~92 to tumor tissue for cancer therapy and
other diseases associated with dysregulated -catenin.

The expression levels of miR-17~92 did not modulate
pathways associated with colon tumor cell proliferation and
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migration in vitro, whereas in vivo higher levels of miR-
17~92 remarkably inhibit tumor progression; thus, we
speculate that the tumor microenvironment may play a role in
miR-17 ~92—mediated tumor progression. It is conceivable
that immune cells, in particular immune cells infiltrating a
tumor, may play a role in causing this discrepancy in terms of
tumor cell growth in vitro and in vivo. In addition, the Wnt/B-
catenin pathway may not play an essential role in the prolif-
eration of tumor cells in an in vitro culture environment.
However, the Wnt/B-catenin may have a causative role in
tumor growth by different mechanisms, such as activation of
tumor B-catenin causing up-regulated secretion of Wnt li-
gands that are required for activation of -catenin in stromal
cells located in tumor tissue and further enhancement of
activation of the Wnt/B-catenin pathway in tumor cells in an
autocrine manner and promotion of tumor growth. This may
be one of the reasons why there was no difference in the
in vitro proliferation of tumor cells regardless of the levels of
miR-17~92 expressed; in vivo, the proliferation of tumor
cells with high levels of miR-17~92 expression was not
promoted because a Wnt/p-catenin—enriched tumor micro-
environment was lacking. Data published by other groups
suggest that miR-17 ~92 regulates osteogenesis™ and car-
diac”® differentiation in in vitro models through interaction
with the Wnt signaling pathway. Those data further support
our findings that miR-17 ~ 92 plays a critical role in regulating
the activity of Wnt signaling. However, caution must be
exercised when drawing a conclusion as to whether B-catenin
is targeted by miR-17-92" because we observed that over-
expression of the B-catenin gene in miR-17-92™ cells did not
lead to increasing -catenin protein and to reversing miR-17-
92" —mediated inhibition of tumor progression. We specu-
late that higher levels of miR-17 ~92 may also have an effect
on the expression of unidentified factor(s) that regulate the
production of the B-catenin protein. It is well known that
regulation of gene expression includes a wide range of
mechanisms that are used by cells to increase or decrease the
production of protein. Virtually any step of gene expression
can be modulated, from RNA processing to translational
initiation to the post-translational modification of a protein.
Our observation will open a new avenue for further studying
the molecular pathway to determine how the levels of miR-
17-92 regulate the production of Wnt/B-catenin. On the
basis of published data, it is conceivable that high levels of
PTEN are likely to have a synergistic role with high levels of
miR-17-92" in terms of enhancing the suppressive effect on
tumor growth. Our finding may provide a rationale for treating
certain types of cancer by codelivering high levels of miR-
17~92 and PTEN.

In summary, we demonstrated that quantitatively control-
ling expression of miR-17 ~92 could shift this cluster from
promoting to inhibiting tumor progression. By using
genome-wide screening, we identified a novel target of the
miR-17~92 cluster, B-catenin. miR-17~92 at medium
levels targets to the tumor-suppressor gene, PTEN; higher
levels of the miR-17~92 cluster switch from PTEN to
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oncogenes, including B-catenin. This finding uncovers the
molecular mechanism underlying miR-17 ~92—mediated
inhibition of tumor progression and opens up a new avenue
for studying dose responses of miRNAs to specific pheno-
types in cancer.
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