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Introduction
Metastatic disease remains the primary cause of mortality for
cancer patients, despite decades of important advances in cancer
research (1). To spread to distant sites, tumor cells must locally
invade from the primary tumor through the extracellular matrix
(ECM), intravasate into the circulation, extravasate into the second-
ary site, and finally colonize the tissue to form secondary tumors (2).
Our understanding of pathways that define this multistep process
is far from complete. Therefore, a better understanding of mecha-
nisms underlying metastasis is not only important for identifying
molecular markers that predict which patients will develop metas-
tases, but also for developing novel therapeutic approaches.
miRNAs are small noncoding RNA molecules composed of
20 to 22 nucleotides that can inhibit translation of multiple mRNA
targets (3, 4). Accumulating evidence suggests that miRNAs regu-
late tumor cell invasion and metastasis (5), and deregulation of
miRNA expression has been linked to metastasis of human can-
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Metastasis causes most cancer deaths, but is incompletely understood. MicroRNAs can regulate metastasis, but it is not
known whether a single miRNA can regulate metastasis in primary cancer models in vivo. We compared the expression
of miRNAs in metastatic and nonmetastatic primary mouse sarcomas and found that microRNA-182 (miR-182) was
markedly overexpressed in some tumors that metastasized to the lungs. By utilizing genetically engineered mice with
either deletion of or overexpression of miR-182 in primary sarcomas, we discovered that deletion of miR-182 substantially
decreased, while overexpression of miR-182 considerably increased, the rate of lung metastasis after amputation of the
tumor-bearing limb. Additionally, deletion of miR-182 decreased circulating tumor cells (CTCs), while overexpression

of miR-182 increased CTCs, suggesting that miR-182 regulates intravasation of cancer cells into the circulation. We
identified 4 miR-182 targets that inhibit either the migration of tumor cells or the degradation of the extracellular
matrix. Notably, restoration of any of these targets in isolation did not alter the metastatic potential of sarcoma cells
injected orthotopically, but the simultaneous restoration of all 4 targets together substantially decreased the number

of metastases. These results demonstrate that a single miRNA can regulate metastasis of primary tumors in vivo by

cers. For example, the upregulation of certain miRNAs (miRNA-
10b [miR-10b] and miR-21) has been associated with enhanced
metastasis in breast cancer, while downregulation of certain
miRNAs (miR-31, miR-126, miR-335, and miR-145) has been cor-
related with metastatic relapse in breast and colon cancer (6-9).

There is an emerging body of evidence from multiple in vitro
and xenograft studies that suggests an important role for miRNAs
in regulating metastasis, although, to our knowledge, a genetically
engineered mouse model has not been used to determine whether
a single miRNA can regulate metastasis from primary cancers in
vivo. To address this question, we utilized a primary mouse model
of soft tissue sarcoma (STS) in which approximately 40% of mice
develop lung metastases following amputation of the tumor-bear-
ing limb. Using an unbiased miRNA screen, we identified miR-182
as an overexpressed miRNA in a subset of tumors that metasta-
sized to the lungs. To directly test the role of miR-182 in sarcoma
metastasis, we genetically engineered mice that can conditionally
delete or overexpress miR-182 in primary sarcomas in vivo. Dele-
tion of miR-182 decreased the rate of lung metastasis after surgical
removal of the primary tumor, while overexpression of miR-182
increased the rate of lung metastasis. Using fluorescently labeled
reporter mice coupled with proteomic screening, we identified tar-
gets of miR-182 that regulate intravasation of tumor cells into the
circulation. Taken together, our results demonstrate that miR-182
is a driver of tumor metastasis in vivo via the simultaneous repres-
sion of multiple proteins that control intravasation.
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Figure 1. miR-182 is elevated in a subset of metastatic sarcomas. (A)
Schematic showing amputation strategy used to study metastasis in KP
mice. (B) Kaplan-Meier curve showing metastasis-free survival in KP mice.
(C) Heat map showing differential expression of miRNAs between non-
metastatic and metastatic primary mouse sarcomas using miRNA TLDA
array (blue color, low expression; red color, high expression; green color,
nonmetastatic [nonmet]; black color, metastatic [met]). (D) Validation of
elevated miR-182 expression in primary mouse STS measured by real-time
RT-PCR. (E) ISH detects miR-182 expression in primary metastatic (M), but
not in nonmetastatic (N) sarcomas from KP mice (blue, miR-182-digoxi-
genin probe (arrows); pink, Nuclear Fast Red). (F) Primary tumors from
KPY mice were dissociated and then sorted for YFP-positive and -negative
cells. RNA was then extracted from those cells, and miR-182 expression
was analyzed using gRT-PCR. miR-182 expression was specific to YFP-
expressing sarcoma cells, but not to YFP-negative cells. (G) Elevated miR-
182 expression in primary human STS measured by real time RT-PCR. (H)
Comparative genomic hybridization shows amplification of miR-182 locus,
6gA3.3, in primary mouse sarcomas with known metastatic outcome. Two-
tailed Student’s t test was used for statistical analysis in D-G. All data are
mean + SEM. Scale bars: 100 um (E and F); 25 um (E, insets). *P < 0.05;
**P < 0.01; ***P < 0.005.

Results

miR-182 is elevated in a subset of metastatic sarcomas. To study the
development of lung metastasis in vivo, we utilized a spatially and
temporally restricted mouse model of STS with conditional muta-
tions in Kras and p53 (KP mice). Intramuscular injection of an ade-
novirus expressing Cre recombinase (Ad-Cre) into the hind limb
activates oncogenic Kras and deletes p53, and high-grade spindle
cell sarcomas develop at the site of injection in 2 to 4 months (10).
We amputated the sarcoma-bearing limb and monitored the mice
for the development of pulmonary metastases (Figure 1A). We
observed that approximately 40% (n=25/63) of KP mice developed
lung metastases within 6 months after amputation (Figure 1B).

To investigate whether specific miRNAs were expressed in
primary tumors that metastasized to the lungs, we performed a
screen using miRNA-TaqMan low-density arrays (TLDAs) on
the metastatic (n = 25) and the nonmetastatic (# = 38) primary
mouse sarcomas. From the TLDA screen, the majority of mouse
miRNAs were significantly downregulated in primary tumors that
metastasized to the lungs compared with primary tumors that did
not metastasize (Figure 1C and Supplemental Table 1; supple-
mental material available online with this article; doi:10.1172/
JCI77116DS1). This is consistent with our prior study in KP mice in
which deletion of 1 allele of the miRNA-processing protein Dicer
promoted metastasis (11). However, we did identify few miRNAs
that were upregulated in metastatic sarcomas, including miR-182.
We focused on studying the role of miR-182 in lung metastasis
because (a) miR-182 had been implicated in human melanoma
metastasis (12) and (b) a genetic region spanning human miR-182
(7q32) is amplified in STS and correlates with poor prognosis (13,
14). We confirmed miR-182 upregulation in the metastatic pri-
mary sarcomas using TagMan-based real-time reverse transcrip-
tase-PCR (RT-PCR) and in situ hybridization (Figure 1, D and E,
respectively). To track tumor cells using flow cytometry, we also
crossed KP mice to mice expressing a Cre-activated yellow fluo-
rescent protein (YFP) reporter ( hereafter called KPY mice), gen-
erating primary sarcomas with tumor-specific YFP expression.
We found that miR-182 expression is specific to tumor cells (YFP*
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cells) and is minimally expressed in the stroma (YFP- cells) (Fig-
ure 1F and Supplemental Methods).

To gain insight into the clinical relevance of miR-182 in sar-
coma metastasis, we performed real-time RT-PCR for miR-182 on
patient sarcoma samples. We found that primary human undif-
ferentiated peomorphic sarcomas (UPSs) sarcomas from patients
with lung metastases had elevated levels of miR-182 (Figure 1G).
As more than 50% of miRNA genes are located in fragile chromo-
somal sites (15), we performed array comparative genomic hybrid-
ization (CGH) on genomic DNA from mouse sarcomas to deter-
mine whether changes in DNA copy number could explain the
upregulation of miR-182 in primary tumors that metastasized and
that otherwise exhibited a general downregulation of miRNAs.
Remarkably, in 4 of 9 mouse sarcomas that metastasized to the
lungs, we detected a focal amplification of mouse locus 6qA3.3
(Figure 1H), suggesting a possible mechanism for the upregulation
of miR-182, although, other members of this miRNA cluster (i.e.,
miR-96 and miR-183) were not upregulated (Supplemental Figure
1, A and B), presumably because miR-182 has an independent pro-
moter (Supplemental Figure 1C). Interestingly, this region is syn-
tenic to human locus 7q32, which includes human MIR182 and is
amplified in human STS with poor outcome (13).

miR-182 regulates cell migration and invasion in primary mouse
sarcoma cell lines. We examined miR-182 expression in primary
sarcoma cell lines derived from KP mice using Northern blotting
(Figure 2A). miR-182 was detected in all cell lines, and the level of
miR-182 expression correlated with in vitro migration and invasion
of KP cell lines (Figure 2B and Supplemental Methods; also see
complete unedited blots in the supplemental material). Decreas-
ing levels of miR-182 by knockdown (Figure 2, C and D) signifi-
cantly decreased migration and invasion compared with a scram-
bled control (Figure 2, E and F). In contrast, stable overexpression
of miR-182 in sarcoma cell lines A and B increased their migration
(Supplemental Figure 2, A-C). Also, overexpression of miR-182 in
human sarcoma cell lines derived from undifferentiated pleomor-
phic sarcomas (UPS) (STS-48 and STS-109) or pleomorphic rhab-
domyosarcoma (STS-145) also increased migration and invasion
in vitro (Supplemental Figure 2, D-G). A complementary in vivo
experiment showed that orthotopic transplantation of sarcoma
cell lines with stable knockdown of miR-182 (Figure 2, G and H)
had no impact on primary tumor growth (Figure 2, I and J), but did
improve metastasis-free survival (Figure 2, K-M).

miR-182 deletion decreases the rate of sarcoma metastasis to the
lungs. To our knowledge, no study has investigated whether altering
a single miRNA can regulate metastasis in a primary tumor model
system. To study how miR-182 affects metastasis in a primary model
tumor system, we generated genetically engineered mice to delete
miR-182 in primary sarcomas in vivo. In miR-182-flox (Mir182/+)
mice, loxP sites flank the miR-182 gene so that Cre recombinase
deletes miR-182 (Figure 3A and Supplemental Figure 3, A and B).
We then crossed these Mir1827* mice with KPY mice and injected
Ad-Cre into the muscle of KPY Mir182/* mice, KPY Mir1827 mice,
and KPY littermate controls. No phenotypic differences were
observed in primary sarcomas with or without miR-182 deletion.
After successful isolation of primary cell lines from these sarcomas,
we performed PCR analysis on genomic DNA, which showed that
the primary sarcomas had efficiently recombined the miR-182-flox
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Figure 2. Change in miR-182 levels modulates cell migration and invasion in primary mouse sarcoma cell lines. (A) Northern blot detects miR-182 in
multiple primary sarcoma cell lines from KP mice. (B) Levels of miR-182 in cells correlates with the relative migration and invasion ability of these KP cells.
Average of migration and invasion index was plotted on the y axis. (C) Real-time RT-PCR and (D) Northern blot validates knockdown of miR-182 in KP cell
lines B and C by an anti-miR-182 oligo. (E) Knockdown of miR-182 in B and C decreases migration and (F) invasion (n = 6 independent experiments).

(G) Stably transduced cell line A with anti-miR-182 lentiviral construct. (H) Northern blot validates stable knockdown of miR-182 in 2 different clones.
(I'and J) Stable knockdown of miR-182 does not affect orthotopic tumor growth in nude mice, but prevents lung metastasis after surgical resection of the
orthotopic tumor, as shown in a Kaplan-Meier plot (K) (Mantel-Cox log-rank test). (L) Quantification of the number of lung metastases and (M) percentage
of lung area with metastasis shows significant difference between the 2 genotypes. One-way ANOVA (C, E, and F) and 2-tailed Student’s t test (L and M)
were used for statistical analysis. All data are mean + SEM. Scale bars: 100 pum. *P < 0.05; **P < 0.01; ***P < 0.005.
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Figure 3. miR-182 deletion decreases the rate of sarcoma metastasis to the lungs. (A) Schematic showing deletion of miR-182 by Ad-Cre (top panel) and
PCR to show Cre-mediated excision of recombined allele from primary KP sarcomas (bottom panel). Asterisk denotes the only sample (1/25) with partial
recombination of the miR-182-flox allele. (B) RT-PCR and (C) Northern blot validates deletion of miR-182 in primary sarcoma cells from KPY Mir182 mice.
Asterisk denotes the only sample (1/25) with partial recombination of the miR-182-flox allele. (D) No significant change in tumor onset was observed.
(E) Deleting miR-182 in primary sarcomas in mice decreases the rate of lung metastasis (Mantel-Cox log-rank test). (F) Quantification of the number of
lung metastases, (G) percentage of lung area with metastasis, and (H) size of individual metastatic nodules among different genotypes. One-way Anova
was used for statistical analysis. All data are mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.005.

allele (Figure 3A). In addition, miR-182 expression was significantly
decreased at the transcript level in Mir1827* and Mir182%f mice by
real-time RT-PCR and by Northern blot (Figure 3, B and C, respec-
tively). We used these cell lines in Transwell migration chambers
and Matrigel invasion chambers and found that deletion of either 1
or 2 alleles of miR-182 significantly suppressed both migration and
invasion in vitro (Supplemental Figure 3, C and D).

After validating successful recombination of the miR-182-flox
allele and impaired in vitro migration and invasion of miR-182-

deleted cells, we generated a cohort of sarcomas with or without
miR-182 deletion (Supplemental Figure 3E). We did not observe
any significant changes in tumor onset or tumor growth kinetics
after deletion of miR-182 in KP tumors (Figure 3D and Supplemen-
tal Figure 3F). Of note, immunostaining of sarcomas using Ki-67
showed no difference between these groups, suggesting that miR-
182 deletion has no impact on the growth of sarcoma cells in vivo
(Supplemental Figure 3, E and G). However, when primary tumors
were resected and mice were followed for 6 months, we found
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that deletion of either 1 or both copies of miR-182 significantly
decreased the rate of lung metastasis from 43% baseline to 20%
and 13%, respectively (Figure 3E). Of note, we observed a signifi-
cant decrease in the number of metastatic nodules and the meta-
static burden in the lungs of the miR-182-deleted mice (Figure 3,
F-H). These results demonstrate that the level of a single miRNA
in primary cancers can regulate metastasis in vivo.

miR-182 overexpression increases the vate of sarcoma metastasis to
the lungs. As a complementary approach, we also generated LSL-
miR-182 mice (where LSL indicates LoxP-Stop-LoxP), in which
Cre activates miR-182 overexpression. We generated primary sar-
comas in KPY LSL-Mir182 mice (Figure 4A) and validated overex-
pression of miR-182 (Figure 4, B and C). We found that primary cell
lines overexpressing miR-182 had enhanced in vitro migration and
invasion (Supplemental Figure 4, A and B). miR-182 overexpres-
sion did not change the time for tumor onset (Figure 4D), growth
of the tumors, or proliferation rate of the sarcomas (Supplemental
Figure 4, C-E). However, overexpression of miR-182 significantly
enhanced the rate of lung metastases from 40% in control mice to
75% (Figure 4E). In addition, miR-182 overexpression increased
the number of metastatic nodules in the lungs (Figure 4, F-H).
These findings complement the results of miR-182-knockout stud-
ies (Figure 3) and further demonstrate that the level of a single
miRNA in primary cancers can regulate metastasis in vivo.

Deletion of miR-182 decreases intravasation of sarcoma cells into
the circulation. Metastasis has been correlated with the presence of
circulating tumor cells (CTCs) in the vasculature (16), and we have
shown that miR-182 levels within primary sarcomas correlate with
the rate of lung metastasis. Because deletion of miR-182 promotes
in vitro migration and invasion, we therefore hypothesized that
loss of miR-182 would prevent sarcoma cells from entering into
the circulation. We generated sarcomas in KPY Mir1827 mice and
KPY littermate controls to detect YFP-labeled (YFP*) cells in the
circulation. Once tumors reached 250 mm? in size, we drew blood
from the inferior vena cava (IVC) to collect cells prior to filtration
by the lungs. We used flow cytometry to analyze YFP* cells in the
primary tumors and in the circulation (Figure 5, A and B). We did
not see any difference in the number of YFP* cells in the primary
tumors with or without miR-182 (Figure 5C). However, mice with
miR-182-deficient sarcomas had a significant decrease in the
number of YFP* CTCs (Figure 5D). For example, approximately
90% of the control mice had detectable YFP* CTCs in their blood,
while YFP* CTCs were detected in only 50% of mice with miR-
182-deleted sarcomas (Supplemental Figure 5A). Furthermore,
fluorescence microscopy of the sorted YFP* CTCs confirmed
that the CTCs retained a mesenchymal morphology (Figure 5F).
In addition, flow cytometry further showed that YFP* CTCs are
positive for high expression of cell-surface vimentin similar to
that of primary sarcoma cells (Supplemental Figure 5C), a find-
ing that is in agreement with a recent study showing that vimen-
tin might serve as an exclusive marker on sarcoma CTCs (17). Of
importance, PCR analysis of genomic DNA from these YFP* CTCs
clearly demonstrated efficient recombination of KPY alleles with
the presence of WT miR-182 in these cells (Figure 5G), indicating
that the YFP* CTCs are derived from KPY sarcomas. To investi-
gate whether the number of YFP* CTCs correlated with the level of
miR-182 in primary sarcomas, we isolated RNA from primary sar-
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comas in KPY mice. Real-time quantitative PCR (QPCR) demon-
strated a positive correlation between the number of YFP* CTCs
in the blood and expression of miR-182 within the primary tumor
(Figure 5H), suggesting that miR-182 drives intravasation of the
tumor cells. To further confirm the role of miR-182 in intravasa-
tion, we analyzed YFP* cells in the primary tumor and the blood
from miR-182 overexpressor mice (LSL-miR-182). As expected,
we observed a higher number of YFP* CTCs in the circulation in
mice with miR-182-overexpressing sarcoma (Supplemental Fig-
ure 5, D-G). Interestingly, the percentage of YFP* cells in primary
tumors was found to be higher in miR-182-overexpressing mice
compared with controls; however, no correlation between the per-
centages of YFP* cells in primary tumors and the percentage of
YFP* CTCs was observed (Supplemental Figure 5]).

We next asked whether YFP* CTCs are competent to extrava-
sate from the blood vessels in the lungs. Therefore, we analyzed
YFP* cells in homogenized lungs from the same mice using flow
cytometry. We found a lower percentage of YFP* cells in the lungs
of mice with sarcomas deleted for miR-182 compared with mice
with control sarcomas (Figure 5E and Supplemental Figure 5B).
In contrast, a higher percentage of YFP* cells in the lungs of mice
with miR-182-overexpressing sarcomas were observed compared
with mice with control sarcomas. Notably, all mice with miR-182-
overexpressing sarcomas had YFP* cells in their lungs (Supple-
mental Figure 5E). Taken together, our findings indicate that miR-
182 enhances the ability of tumor cells from primary sarcomas to
enter into the circulation and reach the lungs.

miR-182 does not affect lung colonization in an experimental
metastasis assay. To test whether miR-182 also promotes lung
colonization, in addition to promoting intravasation, we used an
experimental metastasis model to test whether miR-182 modulates
metastasis once intravasation is bypassed. We injected early pas-
sage primary mouse sarcoma cell lines either deficient for Mir182
(Mir182-KO), overexpressing Mirl82 (Mirl82-OE), or from their
respective controls directly into the circulation via the tail vein in
nude mice. Then all lungs were harvested after 2 weeks. As shown
in Supplemental Figure 6, A-D, among the different genotypes we
did not observe any significant difference, either in the number
of lung colonies formed or in the metastatic burden in the lung.
In addition, we did not see any difference in the number of lung
metastases following tail-vein injection of a KP sarcoma cell line
with stable knockdown of miR-182 compared with its vector con-
trol (Supplemental Figure 6, E-G), a finding which is inconsistent
with other published reports that show miR-182 regulate metastasis
in breast and gall bladder cancer (18, 19). Since tail-vein injection
bypasses the requirement for invasion in metastasis, these results
suggest that miR-182 regulates sarcoma metastasis by controlling
intravasation rather than extravasation and colonization.

miR-182 target genes that regulate metastasis. To dissect the
molecular mechanism by which miR-182 mediates sarcoma metas-
tasis, we utilized 3 independent, unbiased approaches to search for
potential miR-182 targets: in silico prediction, luciferase reporter
assay, and proteomics. First, in silico programs, including Tar-
getscan and Miranda, identified 5 genes implicated in metastasis
with a miR-182-binding motif: metastasis suppressor protein-1
(Mtssl, also called missing-in-metastasis [MIM]), Ras suppres-
sor protein-1 (Rsul), L1 cell adhesion molecule (LIcam), RAS p21
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Figure 4. miR-182 overexpression increases the rate of sarcoma metastasis to the lungs. (A) Schematic showing transgenic mice with conditional
overexpression of miR-182 (top panel) and PCR to show Cre-mediated excision of the STOP cassette by Cre in primary KP sarcomas (bottom panel).

(B) RT-PCR and (C) Northern blot validates significant overexpression of miR-182 in primary sarcoma cells from miR-182-overexpressor KP mice. (D) No
change in tumor onset in primary sarcomas from KPY LSL-Mir182 mice. (E) Overexpression of miR-182 in primary sarcomas increases the rate of lung
metastasis (Mantel-Cox log-rank test), *P < 0.05. (F) Quantification of the number of lung metastases, (G) percentage of lung area with metastasis,
and (H) size of individual metastatic nodules between the 2 genotypes. Two-tailed Student’s t test is used for the statistical analysis. All data are

mean + SEM. *P < 0.05; **P < 0.01.

protein activator (Rasal), and Ras association domain family 1 iso-
form A (Rassfla). We followed this analysis with a 3' UTR luciferase
reporter screen (Figure 6A) to investigate whether miR-182 targets
these 5 genes because seed pairing alone may not be sufficient for
miRNA-target interactions in cells (20). In fact, results from the
luciferase assay revealed that miR-182 suppresses luciferase activ-
ity only for the 3' UTRs of MtssI and Rsul. Moreover, this suppres-
sion was abolished in these constructs where the miR-182-binding
site was mutated (Supplemental Figure 7, A-E). In contrast, the 3’
UTR of other genes (including LIcam, Rasal, and Rassfla) failed to

regulate luciferase activity in a miR-182-dependent manner (Sup-
plemental Figure 7). Of note, both Rsul and MtssI have been impli-
cated in remodeling the cytoskeleton and cell migration (21, 22).
To search for additional metastasis-related miR-182 targets,
we performed a liquid chromatography-mass spectrometry (LC-
MS) proteomic screen of cell lines derived from primary sarcomas
with or without miR-182 deletion. The proteomic screen revealed
that more than 400 proteins were differentially regulated at
least 2-fold between the miR-182-expressing and -deleted sar-
coma cells. This included 225 upregulated and 175 downregulat-
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tion. (C) No change in YFP* cells in primary tumors between the 2 genotypes. (D and E) Quantification of CD45-YFP* cells within the blood and the lungs
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cells have successfully recombined LSL-Kras, deleted p53, and recombined LSL-YFP. TC, tumor cells. (H) Number of YFP* cells in the blood correlates with
the level of miR-182 in the primary sarcoma in KPY mice. Two-tailed Student’s t test and Fisher’s exact test were used for statistical analysis. All data are

mean + SEM. Scale bars: 100 um.

ed proteins (Figure 6B and Supplemental Table 2, A and B). Out  and/or with putative binding sites for miR-182 (Figure 6C). With
of those 225 upregulated proteins, only 8 had 1 or more putative  these criteria, plasminogen activator inhibitor-1 (Pail, upregulated
miR-182-binding motifs in their mRNA, as determined using in ~ 12.9-fold), tissue inhibitor of metalloproteases-1 (Timpl, upregu-
silico analysis, suggesting that most differentially expressed pro-  lated 6.3-fold), and BCL2/adenovirus E1B 19 kDa protein-interact-
teins are indirectly regulated by miR-182 (Supplemental Table 3).  ing protein-3 (Bnip3, upregulated 3.5-fold) stood out as potential
We subsequently focused on proteins implicated in metastasis  targets for miR-182 (Supplemental Table 2). Western blot analysis
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cell-culture media from miR-182-deleted KP cells. (G and H) Kaplan-Meier curves show that ectopic expression of all 4 miR-182 targets together (H), but
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line expressing all 4 miR-182 targets, i.e., Mtss1, Pail, Rsul, and Timp1. Two-tailed Student’s t test and 1-way ANOVA were used for statistical analysis.

All data are mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.005.

validated that Rsul, Mtssl, Pail, and Timpl (Figure 6D), but not
Bnip3 (Supplemental Figure 8B and Supplemental Methods), were
elevated in miR-182-deleted sarcoma cells. Moreover, Rsul, Mtssl,
Pail, and Timpl were all upregulated in miR-182-deleted sarcoma
cell lines and downregulated in miR-182-overexpressing cell lines
(Supplemental Figure 9A). Furthermore, a luciferase assay indi-
cated that (in addition to Rsul and MtssI) both Pail and Timpl were
also direct targets of miR-182. As shown in Supplemental Figure 8,
C-H, miR-182 suppressed luciferase activity of the WT 3’ UTR of

Pail and Timpl, whereas this suppression was abolished when the
miR-182-binding site was mutated. Consistent with the data from
mouse sarcoma cell lines, overexpression of miR-182 in human
sarcoma cells also caused downregulation of PAII, TIMPI, and
MTSS1 (Supplemental Figure 9B).

Because PAIl and TIMPI can suppress metastasis by pre-
venting the activation of proteases (23, 24), we next analyzed the
expression of proteases in the media secreted from sarcoma cells
by ELISA (Supplemental Methods). In sarcoma cells lacking miR-
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182, we found reduced activation of urokinase (uPA) and MMP-9
(Figure 6E), which are downstream targets of Pail and Timpl,
respectively. These results link the activation of uPA and MMP-9,
which control ECM degradation, to miR-182. Consistent with the
results from the ELISA, gelatin zymography revealed reduced
gelatinolytic activity of both MMP-2 and MMP-9 in the media
from the miR-182-deleted sarcoma cells, showing that miR-182
regulates the activity of these extracellular proteases (Figure 6F).

To investigate whether miR-182 regulates all 4 of the validated
miR-182 target genes in vivo, we analyzed an independent cohort of
primary mouse sarcoma samples with known metastatic outcome
and correlated the level of miR-182 by real-time RT-PCR with pro-
tein expression of the miR-182 target genes by Western blot. Similar
to the initial cohort of primary sarcomas (Figure 1D), this indepen-
dent cohort of 30 sarcomas showed elevated miR-182 in about 70%
of sarcomas that metastasized to the lungs (Supplemental Figure
100). As anticipated, Western blotting of lysates from these tumors
showed decreased protein expression for all 4 target genes in meta-
static sarcomas, consistent with regulation by miR-182 in vivo (Sup-
plemental Figure 10, A and B). Also, ELISA measurements of uPA
and pro-MMP-9 demonstrated that in primary sarcomas that metas-
tasized to the lungs, uPA levels were increased, while pro-MMP-9
levels trended downwards (Supplemental Figure 10). Of note, the
strength of these interactions was further demonstrated by 1 sample
that did not metastasize to the lungs, but nevertheless had an elevat-
ed level of miR-182 and retained the same pattern of expression of
the miR-182 target genes (Supplemental Figure 10, D-]). Although
the expression of miR-182 target genes is lower in metastatic sarco-
mas taken as a group, there was considerable variation in expression
among individual tumors (Supplemental Figure 11).

In addition, real time RT-PCR demonstrated downregulation
of RSUI, MTSSI, PAII, and TIMPI in a subset of primary human
metastatic sarcomas (Figure 7, A-D) that trended with elevated
miR-182 expression (Figure 7, E-H). Finally, a strong negative cor-
relation between miR-182 and its target genes, PAI1 and RSUI, was
observed in matched sarcoma specimens on a tissue microarray
(TMA) (Figure 7,1 and J, and Supplemental Table 6).

miR-182 must target multiple genes to control metastasis. To test
whether miR-182 required multiple genes to control metastasis, we
performed rescue experiments with the KP LSL-Mir182 sarcoma cell
line, which expresses approximately 20-fold higher miR-182 expres-
sion than a KP LSL-control cell line (Supplemental Figure 12A). We
stably overexpressed each target alone or all 4 miR-182 gene targets
in different combinations. After validating stable overexpression of
the target genes at both the RNA and protein levels (Supplemental
Figure 12, B-D), we subjected these cells to Transwell and Matrigel
assays. Whereas overexpression of each individual gene modestly
decreased invasion and migration without reaching statistical sig-
nificance, overexpression of all 4 miR-182 targets together (MtssI,
Pail, Rsul, Timpl [MPRT]) significantly suppressed both migration
and invasion in vitro (Supplemental Figure 12, F and G). When these
cells were injected into the muscle of lower hind limb and the sub-
sequent tumors were amputated, improved metastasis-free survival
was observed only with MPRT cells (Figure 6G and Supplemental
Figure 12, I and J). A further improvement in metastasis-free survival
was seen when the same in vivo experiment was repeated with 2 sep-
arate monoclonal MPRT clones, no. 3 and no. 4 (Figure 6H), which
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were isolated as single cells by flow cytometry and subsequently
validated for overexpression of all 4 miR-182 targets (Supplemental
Figure 13). In addition, both uPA and activated MMP-9 levels were
found decreased in the supernatant of MPRT-expressing cells (Sup-
plemental Figure 13). Therefore, our results show that miR-182 regu-
lates multiple genes that function at different steps (migration and
invasion) of the metastatic process. Taken together, we have dem-
onstrated that miR-182 targets multiple genes to enhance the migra-
tion of sarcoma cells (Rsul and MtssI) and ECM invasion (Pail and
Timp]l) via enhanced activation of extracellular proteases, including
uPA and MMP-9. Moreover, all of these targets appear to be required
for miR-182 to promote metastasis in vivo.

Discussion
Metastasis is a complex process that can be regulated at several dif-
ferent steps. Here, we demonstrated that levels of miR-182 corre-
lated with metastasis in primary STS in mice. To better understand
whether miR-182is a driver of metastasis or only a passenger in the
metastasis process, we generated genetically engineered mice to
either delete or overexpress miR-182 in primary sarcomas in mice.
By deleting miR-182 in primary tumors, the rate of metastasis was
decreased (43% to 13%), while overexpressing miR-182 increased
the rate of metastasis (40% to 75%). Therefore, miR-182 is a driver
of metastasis in primary STS in mice. By using both loss-of-func-
tion and gain-of-function approaches, we show for the first time,
to our knowledge, that a single miRNA can regulate metastasisin a
primary cancer model. Also, we found that miR-182 was enriched
in a subset of human metastatic sarcomas. Consistent with our
findings, other studies have correlated a high level of miR-182 to
cancer progression in a number of other human cancers. For exam-
ple, miR-182 expression was found to be elevated in metastatic
melanoma compared with benign nevi (12), in gliomas compared
with adjacent normal brain tissue (25), and in follicular carcino-
mas compared with normal thyroid tissue (26). In invasive bladder
cancet, elevated miR-182 was correlated with aggressiveness and
overall survival (27). In addition, in high-grade prostate cancer,
miR-182 was elevated more than any other miRNA analyzed (28).
Therefore, our finding that miR-182 drives metastasis in primary
mouse sarcomas is relevant for a large number of human cancers.

Recently, several studies have shown that CTCs can be used to
predict disease progression and metastasis (29, 30). For example,
a study utilizing serial PCR-based analysis of CTCs was able to
identify a subgroup of melanoma patients at higher risk of disease
recurrence (31). Similarly, other studies have correlated the pres-
ence of CTCs with metastasis in a variety of cancers, including
prostate, breast, and colon (32-35). Recently, investigators have
also shown that CTCs can be detected in mice bearing orthotop-
ic xenografts of breast cancers (36). Also, a recent study showed
that CTCs could be detected even before the primary tumor in a
genetically engineered mouse model of pancreatic cancer (37).
We detected CTCs (YFP-labeled cells) in the blood of mice bear-
ing primary sarcomas and observed a decrease in the number of
YFP* CTCs in mice with miR-182-deficient sarcomas compared
with littermate controls. This finding suggests that miR-182 regu-
lates intravasation of cancer cells into the circulation.

Several studies have suggested that miRNA-associated pheno-
types can be mediated by a single miRNA target (12, 38, 39). How-
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Figure 7. Decreased expression of miR-182 target genes in primary human metastatic sarcomas. (A-D) Decreased PAI1, TIMP1, RSU1, and MTSST mRNA
expression in primary human STS measured by real-time RT-PCR. (E-H) miR-182 levels negatively correlate with mRNA levels of PAI1, TIMP1, RSU1, and
MTSSTin primary human sarcomas. The metastatic human sarcomas with high miR-182 expression are denoted in blue circles, and these colored samples
are followed through parts A-D to correlate miR-182 expression with the level of its targets. (I) Expression of miR-182, PAI7 and RSU7 in matched human
sarcoma specimens. (No immunostaining was observed for MTSST and TIMPT on human TMAs). (J) Quantification of immunostaining. Mann-Whitney test
was used for statistical analysis (A-D). Spearman R correlation test was used for statistical analysis (E and F). Fisher’s exact test was used for statistical
analysis (J). All data are mean + SEM. Scale bars: 100 pm (1); 25 um (1, insets). *P < 0.05; **P < 0.01.
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ever, each miRNA is known to regulate the expression of hundreds
of genes. Therefore, a single miRNA target may not be sufficient to
coordinate a multistep process, such as metastasis. Utilizing 3 unbi-
ased approaches to search for miR-182 targets, we discovered 4 nov-
el targets of miR-182 implicated in metastasis: Rsul, MtssI, Pail, and
Timpl. Both Pail and Timpl regulate ECM proteases and decrease
invasion of sarcoma cells in vitro. Pail is a serine protease inhibitor
(Serpin) that inhibits uPA (40, 41); uPA in turn blocks the activation
of plasmin, a protease that has been shown to promote ECM degra-
dation and cell migration and invasion (42-46). Therefore, by pre-
venting the activation of both uPA and plasmin, Pail reduces tumor
cell migration and invasion (43, 45, 46). Although other groups have
reported prometastatic properties of Pail in other tumor types (47,
48), our data support a metastasis suppressor role for Pail in STS.

Another miR-182 target identified through a proteomic screen,
Timpl is known to inhibit 2 MMPs, i.e., MMP-2 and MMP-9 (49,
50). Timpl has been shown to inhibit tumor cell invasion and
metastasis via MMP inhibitory activity in experimental models
of hepatocellular carcinomas, osteosarcoma, and ovarian cancer
(51-54). Interestingly, a clinical study implicates TIMPI in STS in
human patients. Analyzing the expression of MMPs and TIMPI in
69 biopsies from patients with high-grade STS (including 28 UPS),
TIMPI expression and plasma levels were significantly lower in STS
patients compared with healthy controls (n = 56) (55). Our study
extends this observation by finding that TIMPI expression is lower
in both mouse and human metastatic sarcomas. Furthermore, in
the mouse sarcoma, Timp]l is inversely related to MMP-9 levels and
negatively correlates with the level of miR-182; overexpression of
Timpl is sufficient to reduce invasion of sarcoma cells in vitro.

Rsul and MtssI were validated as 2 additional miR-182 targets
in our study. Rsul has been shown to inhibit tumorigenesis and
metastasis in multiple tumor types (56, 57). Rsul has been shown
to interact with the Lim5 domain of Pinch1 that inhibits cell migra-
tion by stabilizing the IPP ILK, pinch, parvin (IPP) focal adhesion
complex (58). Furthermore, a recent study demonstrated that Ras
activation perturbs this inhibitory function of Rsul by promoting
Rsul splicing and inhibiting its association with the IPP complex
leading to Rac activation (21). Therefore, in addition to the pre-
viously reported mechanism of Ras regulating Rsul, we estab-
lished a novel mechanism of Rsul regulation by miR-182, which
increases the migration of sarcoma cells. Mtss1 is also a gene that
has previously been implicated in metastasis (59, 60). MtssI plays
an important role in cytoskeleton remodeling both by activation
of Rac and induction of actin-rich protrusions (61, 62). Therefore,
Mtsslis important in regulating cell motility, and its expression has
been reported to be lost during metastasis in a variety of cancers,
including bladder, colon, and prostate cancer (63-65). Consistent
with a role for MTSSI in regulating metastasis, we detected lower
MTSSI expression in both mouse and human metastatic sarco-
mas. Interestingly, a recent study by Wang et al. showed a similar
negative regulation between MTSSI and miR-182 in hepatocellu-
lar carcinoma (66) that further strengthens our findings.

To further understand how miR-182 acts through multiple tar-
gets, we performed rescue experiments in sarcoma cells, with over-
expression of each target independently or overexpression of all
4 miR-182 gene targets in different combinations. We found that
independent overexpression of any one of the 4 genes failed to sup-
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press metastasis in vivo. Conversely, overexpression of all 4 genes
together not only suppressed migration and invasion in vitro, but
also metastasis in vivo in an orthotopic model. Taken together, these
results indicate that the regulation of metastasis by a miRNA extends
beyond the “1 miRNA-1 target” model, as a single miRNA can target
multiple genes to regulate the multi-step process of metastasis. For
example, we propose that miR-182 targets Rsul and MtssI to enhance
the migration of sarcoma cells, while miR-182 targets Pail and Timpl
to increase invasion of cells through the ECM via enhanced activa-
tion of extracellular proteases, including uPA and MMP-9. Despite
the fact that miR-182 regulates multiple genes, we observed that
there was considerable variation in the expression of miR-182 target
genes among individual sarcomas in both mouse and human. For
instance, some sarcomas with elevated miR-182 suppressed all 4
miR-182 target genes, while others had less suppression of a subset of
miR-182 targets. This suggests that other factors in addition to miR-
182 contribute to regulation of these genes in vivo. Also, the changes
observed in the proposed target gene mRNA levels in humans were
not asimpressive as the changes observed in the protein levels in both
mice and human. We observed that, except for MTSS1, Targetscan
does not identify a conserved binding site for miR-182 in other
human targets. Nevertheless, in human sarcoma cells miR-182 can
downregulate PAIT and TIMPI in addition to MTSSI (Supplemental
Figure 10B). Furthermore, a negative correlation between miR-182
and PAI1 and RSU1 was observed at the protein level in a human STS
TMA, as shown in Figure 7, I and J. Since miRNAs can cause transla-
tion suppression without causing mRNA degradation, it is possible
that miR-182 regulates its targets via translational repression. Fur-
thermore, nonconserved miR-182 binding sites were identified using
an alternative prediction program (RNAHybrid). Therefore, it is pos-
sible that miR-182 regulates these targets in humans either through
nonconserved binding motifs or via some indirect mechanisms.
This observation emphasizes the complexity of target regulation by
miRNAs in vivo and underscores the value of testing the role of
miRNAs in genetically engineered mouse models.

In conclusion, we found that miR-182 is elevated in a subset
of primary mouse and human sarcomas that metastasized to the
lungs. By overexpressing or deleting miR-182 in primary sarcomas,
we demonstrate that the level of a single miRNA can drive metas-
tasis in vivo. In addition, we identified targets of miR-182 that
regulate different stages of metastasis to control intravasation into
the circulation. These studies establish that miR-182 is a driver of
metastasis that must target multiple genes to promote metastasis in
vivo. We anticipate that other miRNAs can similarly target numer-
ous genes at multiple steps to drive metastasis of primary cancers.

Methods

Animals and in vivo metastatic study. Primary STSs were generated in
LSL-Kras®?® and p53” mice. LSL-Kras®?® mice were provided by T.
Jacks (Massachusetts Institute of Technology, Cambridge, Massachu-
setts, USA) and p53” mice by A. Berns (The Netherlands Cancer Insti-
tute, Amsterdam, The Netherlands) (67, 68). KP mice were crossed to
mice expressing a Cre-activated YFP (LSL-YFP”) reporter to get KPY
mice. KPY mice were then crossed to mice that conditionally delete
miR-182 (miR-182-flox) or overexpress miR-182 (LSL-miR-182).
Tumors were inducted by injecting adenovirus expressing Cre recom-
binase into the hind limb. For the orthotopic metastasis assay, athymic
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nude (nu/nu) mice (5 to 6 weeks old) were purchased from Taconic labs
(NCRNU-M) and maintained in Duke University’s accredited animal
facility. In brief, 5 x 10* exponentially growing KP-vector or KP-anti-
miR-182 cells were injected into the hind limb of the nude mice. When
the tumor size reached about 250 to 300 mm?, the tumor-bearing limb
was amputated and mice were followed for the development of lung
metastases. Similarly, in experiments with primary sarcomas in mice,
the tumors were amputated when they were approximately 250 mm?.
Mice were examined about 3 times per week following amputation until
they developed signs of systemic illness, such as hunched posture, leth-
argy, decreased weight, or ruffled fur. For those mice that developed
lung metastases, this often occurred at 1 to 2 months following amputa-
tion. At this point, the mice were euthanized and the lungs analyzed
for metastasis. Most of the mice that developed lung metastases did so
by 120 days after amputation. We sacrificed surviving mice at 180 days
after amputation so that a sarcoma pathologist (D.M. Cardona) could
examine the lungs to confirm the absence of lung metastases.

TLDAs. 64 tumors annotated for metastatic outcome were iden-
tified (metastatic, n = 25, nonmetastatic, n = 39). Samples were mac-
rodissected, stored in RNAlater, and homogenized in liquid nitrogen;
total RNA was isolated using TRIzol reagent (Invitrogen) per the
manufacturer’s recommendation. TagMan arrays were performed as
described previously (11). Samples were compared using the AACT
method by normalizing to SnoRNA202 expression and the median
array. Samples were clustered using sparse hierarchical clustering
(69) with average linkage. The heat map was made using differentially
expressed miRNAs based on a 2-tailed ¢ test (P < 0.05) between pri-
mary tumors that did or did not give rise to distant metastases.

Human sarcoma samples. Human STS samples were acquired from
MD Anderson under a protocol approved by the Duke University and
MD Anderson Institutional Review Boards. The human sarcomas
included in the study are UPS. Total RNA was extracted from frozen
tumor samples using TRIzol, and cDNA synthesis was performed for
mature miR-182 using the TagMan MicroRNAs Reverse Transcription
Kit, followed by quantitative PCR with its respective probe, per the
manufacturer’s suggestion (Applied Biosystems). miR-182 expression
was calculated using the AACT method (70) after normalization to
SnoRNA234 expression. A sarcoma TMA (TMA 23) was acquired from
the Radiation Therapy Oncology Group (RTOG). In situ hybridization
for miR-182 and immunohistochemistry (IHC) for PAI1 and RSUI were
performed on matched sections from the TMA, which were then ana-
lyzed and scored by a pathologist (D.M. Cardona) in a blinded-fashion.

Generation of miR-182-flox and LSL-miR-182 mice. To generate
conditional miR-182 alleles, targeting constructs were generated from
a129Sv BAC by recombineering in E. coli (71). A mobile recombineer-
ing system (pSIM vector; ref. 72) was introduced into a BAC clone
bMQ340c02 (obtained from Source BioScience LifeSciences) con-
taining 120 kb of mouse chromosome 6 harboring miR-182. LoxP sites
and a neomycin cassette flanked by frt sites were recombineered into
the BAC, followed by recombineering out into the targeting vector. To
obtain a conditional allele of LSL-miR-182 in the Rosa-26 locus, the
fluorescent reporter in the Rosa targeting vector Ai9 (73) was replaced
with the miR-182 sequence. Linearized targeting vectors were electro-
porated into 129Sv ES cells, and homologous recombination events
were detected by PCR (74). After verification of correct rearrangement
by Southern blot analysis, clones were injected into C57BL/6 blasto-
cysts following standard procedures. Chimeric males were mated to
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WT C57BL/6 females to generate heterozygotes. These mice were
subsequently crossed to a flpO deleter strain to excise the frt-Neo-frt
cassette to generate miR-182-flox mice and R26-LSL-miR-182 mice.
Primer sequences are provided in Supplemental Table 4.

Cell culture. All KP cell lines, i.e., A-F, were derived from primary
sarcomas in KP mice. In brief, sarcomas between 250 and 300 cm?
were harvested in a cell-culture hood and cut into tiny pieces. Then,
they were digested using collagenase, dispase, and trypsin for a mini-
mum of 1 hour. The digested mixture/slurry was then filtered through
a 70-micron filter, followed by rbc lysis using ACK buffer (Lonza)
according to the manufacturer’s protocol. Cells were finally filtered
using a 40-micron sieve and cultured 5 to 8 passages before being
used for experiments. Cells were cultured in DMEM medium supple-
mented with 10% FBS and incubated at 37°C with 5% CO, in a humidi-
fied cell-culture incubator. Additional KP cell lines with miR-182 dele-
tion or overexpression were also derived using a strategy similar to
that described above. Human sarcoma cell lines STS-48 and STS-109
(UPS), and STS-145 (pleomorphic rhabdomyosarcoma) were cultured
in DMEM/F12 medium supplemented with 10% FBS and incubated at
37°C with 5% CO, in a humidified cell-culture incubator.

Plasmids. The plasmids expressing miR-182 and miR-96 were
cloned into the lentiviral vector pPCDH-CMV-MCS-EF1-copGFP (Sys-
tem Biosciences). Pre-miR-182 and Pre-miR-96 were first PCR ampli-
fied using mouse genomic DNA as a template and Platinum Taq poly-
merase enzyme (Invitrogen) with corresponding specific primers.
Primer sequences are shown in Supplemental Table 4. The amplified
fragment was then cloned into a lentiviral vector ((CDH-CMV-MCS-
EF1-copGFP from System Biosciences) at EcoR1 and Not1 sites using
the Choo-Choo Cloning Kit per the manufacturer’s protocol (MCLAB).
The Lentiviral anti-miR-182 plasmid was purchased from System Bio-
sciences. The Luciferase reporter constructs were generated by intro-
ducing the 3' UTR of a specific gene carrying a putative miR-182-bind-
ing site into pGL3 control vector (Promega). We first amplified the 3’
UTR sequence by PCR using gene-specific primers (Supplemental
Table 4) and directly cloned them into the Xbal site of the pGL3 using
the Choo-Choo Cloning Kit per the manufacturer’s protocol (MCLAB).
Site-directed mutagenesis of the miR-182-binding site in the Mtss1, Pail,
Rsul, and Timpl 3' UTR was carried out by the 2-step PCR approach
as described previously (75). All PCR products were verified by DNA
sequencing (Primer sequences are provided in Supplemental Table 4).

LC-MS (proteomics). Proteomic analysis was performed at the
Duke Proteomics Core Facility (DPCF). Three cell pellets from either
miR-182 WT or Mirl82/ cells were washed with 50 mM ammonium
bicarbonate and solubilized by sonication in 200 ul of 0.2 % Rapigest-
SF (w/v). Protein yield was then determined using a Bradford assay
(Bio-Rad), and 30 pug of each sample was normalized to approximately
0.5 pg/pl in ammonium bicarbonate. Samples were reduced with
10 mM DTT at 80°C for 15 minutes and alkylated with iodoacetamide
at room temperature in the dark for 30 minutes. Samples were then
subjected to trypsin digestion overnight at 37°C at an enzyme to pro-
tein ratio (w/w) of 1:50. After digestion, all samples were acidified with
1% TFA and heated at 60°C for 2 hours to hydrolyze RapiGest and
centrifuged at 25,000 g for 5 minutes; supernatants were lyophilized.
Samples were resuspended at 1 pg/ul in 200 mM ammonium formate
(pH 10) containing 25 fmol/pl trypsinized yeast alcohol dehydrogenase
1 (MassPREP; Waters Corp.) as an internal standard. Quantitative 2D
LC/LC-MS/MS was performed on 3 pg of protein digest per sample in
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singlicate, and the pool was analyzed in triplicate with 3-pg injections
(once each at the beginning, middle, and end of the queue). The method
uses 2D LC in a high-low pH reversed phase/reversed phase configura-
tion on a nanoAcquity UPLC system (Waters Corp.) coupled to a Synapt
G2 HDMS high-resolution accurate mass tandem mass spectrometer
(Waters Corp.) with nanoelectrospray ionization in a manner similar to
that previously described (76, 77). The total analysis cycle time for each
sample injection was approximately 6 hours. Statistical significance
was determined by a 2-tailed Student’s ¢ test on log -transformed data.

Gelatin zymography. Cell media was collected from cells cultured
overnight, and protein was measured using the BCA assay (Bio-Rad).
1 pg of the protein (approx. 10 pl of the media) was separated by 10%
SDS-PAGE with 0.1% gelatin purchased commercially from Bio-Rad
(Hercules). Gels were then washed in 2.5% Triton X-100 and then
incubated for 30 minutes in development buffer. After Coomassie
blue staining for 1 hour, gels were destained and analyzed for MMP-2
and MMP-9 activity by densitometry.

IHC. Primary sarcomas or lungs were fixed in 10% formalin and
paraffin embedded. 5-Micron sections were cut and subjected to H&E
staining. All images were taken with a x10 objective using a Leica
DM5500B microscope, with insets images taken with a x40 objective.
IHC was used to detect Ki67 (BD) in paraffin-embedded sarcomas using
the Vectastain Elite ABC Reagent (Vector Labs). All the information on
primary and secondary antibodies is provided in Supplemental Table 5.

Statistics. Statistical significance of the studies was analyzed by
2-tailed Student’s ¢ test, Mann-Whitney test, 1-way ANOVA, or 2-way
ANOVA. Pvalues of less than 0.05 are considered significant.

Study approval. Human STS samples were acquired from MD
Anderson under a protocol approved by the Duke University and MD
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Anderson Institutional Review Boards. All animal studies were per-
formed in accordance with protocols approved by the Duke University
Institutional Animal Care and Use Commiittee.
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