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SUMMARY
Through in-vivo selection of human cancer cell populations, we uncover a convergent and
cooperative miRNA network that drives melanoma metastasis. We identify miR-1908,
miR-199a-5p, and miR-199a-3p as endogenous promoters of metastatic invasion, angiogenesis,
and colonization in melanoma. These miRNAs convergently target Apolipoprotein E (ApoE) and
the heat-shock factor DNAJA4. Cancer-secreted ApoE suppresses invasion and metastatic
endothelial recruitment (MER) by engaging melanoma-cell LRP1 and endothelial-cell LRP8
receptors, respectively–while DNAJA4 promotes ApoE expression. Expression levels of these
miRNAs and ApoE correlate with human metastatic progression outcomes. Treatment of cells
with locked nucleic acids (LNAs) targeting these miRNAs inhibits metastasis to multiple organs,
while therapeutic delivery of these LNAs strongly suppresses melanoma metastasis. We thus
identify miRNAs with dual cell-intrinsic/cell-extrinsic roles in cancer, reveal convergent
cooperativity in a metastatic miRNA network, identify ApoE as an anti-angiogenic and metastasis-
suppressive factor, and uncover multiple prognostic miRNAs with synergistic combinatorial
therapeutic potential in melanoma.

INTRODUCTION
Metastatic progression requires that sets of effector proteins involved in common cellular
phenotypes be coherently expressed (Png et al., 2011; Gupta and Massagué, 2006; Hanahan
and Weinberg, 2011; Talmadge and Fidler, 2010). Such concerted expression states are
apparent in gene expression profiles of primary breast cancers that metastasize (Wang et al.,
2005) as well as profiles of human cancer cell clones that display enhanced metastatic
activity (Kang et al., 2003; Minn et al., 2005). In recent years, post-transcriptional regulation
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has emerged as a pervasive and robust mode of concerted expression-state and phenotype-
level control. The most studied class of post-transcriptional regulators with metastatic
regulatory activity are small non-coding RNAs (miRNAs) (He and Hannon, 2004; Bartel,
2009; Filipowicz et al., 2008). Metastasis suppressor miRNAs (Tavazoie et al., 2008) and
promoter miRNAs (Ma et al., 2007; Huang et al., 2008) were originally discovered in breast
cancer. Subsequent studies revealed many more miRNAs with regulatory roles in the
tumorigenesis and metastasis of other cancer types (Hurst et al., 2009). In many cases, the
expression levels of such miRNAs in human cancer samples have supported their
experimental roles in metastasis. Thus, deregulated miRNA expression and function (Calin
and Croce, 2006; Lujambio and Lowe, 2012; Poliseno et al., 2010) appear to be a pervasive
feature of human cancer. Clues regarding the robust control exerted by specific miRNAs on
metastatic progression emerged from early work showing that concerted targeting of
multiple metastasis genes by a single metastasis suppressor miRNA was responsible for the
dramatic metastasis suppression effects seen (Tavazoie et al., 2008). Such divergent gene
targeting by an individual miRNA has emerged as a defining feature of these regulators.

By applying a systematic, in vivo selection-based approach, we have identified a set of
miRNAs that are deregulated in independent metastatic lines derived from multiple patients
with melanoma—a highly prevalent cancer with increasing incidence. These miRNAs
convergently target the metabolic gene ApoE and the heat-shock protein DNAJA4 and
comprise a cooperative miRNA network that maximally silences ApoE signaling. Cancer
cell-secreted ApoE inhibits metastatic invasion and endothelial recruitment through its
actions on distinct ApoE receptors on melanoma and endothelial cells. These miRNAs are
prognostic of clinical metastasis, while their therapeutic inhibition displays in vivo efficacy.
The lack of effective therapies in melanoma for metastasis prevention (Garbe et al., 2011)
requires novel approaches. Our unbiased and systematic approach has allowed us to discover
key non-coding and coding genes involved in melanoma progression and offers novel
avenues for both identifying patients at high risk for melanoma metastasis and rationally
treating them.

RESULTS
Endogenous miR-1908, miR-199a-3p, and miR-199a-5p Promote Human Melanoma
Metastasis

In order to identify miRNA regulators of melanoma metastasis, we utilized in vivo selection
(Pollack and Fidler, 1982) with the pigmented MeWo and non-pigmented A375 human
melanoma cell lines to generate multiple second (LM2) and third-generation (LM3) lung
metastatic derivatives that colonized the lung more efficiently than their respective parental
populations (Figures 1A and S1A). Hybridization-based small RNA profiling of 894 mature
miRNAs followed by quantitative stem-loop PCR (qRT-PCR) validation revealed four
miRNAs (miR-214, miR-199a-5p, miR-1908, and miR-199a-3p) to be upregulated in
multiple A375 and MeWo metastatic derivatives relative to their respective parental lines
(Figures 1B–C and S1B). The significant induction of these miRNAs suggested potential
roles for them in metastatic progression. Indeed, over-expression of the precursor for
miR-199a-3p and miR-199a-5p (over-expressed concomitantly as the miR-199a hairpin) or
miR-1908 was sufficient to robustly increase lung metastatic colonization by the poorly
metastatic MeWo parental cells (Figures 1D and S1C; 9.64-fold (miR-1908); 8.62-fold
(miR-199a)), while miR-214 over-expression did not significantly affect metastasis. We
next asked if endogenous forms of these miRNAs promote metastasis. Individual inhibition
of miR-1908, miR-199a-3p, or miR-199a-5p in the metastatic MeWo-LM2.3 cells
(henceforth called MeWo-LM2), as well as in the independent metastatic line A375-LM3.2
(henceforth called A375-LM3), through a miR-Zip-based stable silencing approach
significantly suppressed metastatic colonization (Figures 1E–F), establishing these three
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miRNAs as endogenous promoters of metastasis in melanoma. Notably, both endogenous
and exogenous miR-199a and miR-1908 increased the number of metastatic nodules formed
(Figures S1D–E), consistent with a role for these miRNAs in metastatic initiation.

Given the robust functional roles of miR-1908, miR-199a-3p, and miR-199a-5p in
promoting human melanoma metastasis in a mouse model, we examined whether the
expression levels of these miRNAs correlate with the metastatic relapse likelihood of human
melanoma. To this end, 71 surgically resected primary melanoma skin lesions were analyzed
in a blinded manner for miRNA expression through qRT-PCR. Consistent with our
functional studies, all three miRNAs were significantly upregulated in primary melanomas
that had metastasized relative to those that had not (Figure 1G), suggesting that induced
expression of these miRNAs in primary lesions is an early event predictive of melanoma
cancer progression.

miR-1908, miR-199a-3p, and miR-199a-5p Promote Metastatic Invasion, Endothelial
Recruitment, and Angiogenesis

We next sought to determine the cellular mechanisms underlying miRNA regulation of
metastasis. Importantly, over-expression of each miRNA reduced cell proliferation (Figure
S2A) and did not increase tumor growth (Figure 2A), indicating that the pro-metastatic
effects of miR-1908 and miR-199a are not secondary to tumor growth promotion or
enhanced proliferation.

We next asked whether these miRNAs regulate cell invasion, a key metastatic phenotype.
Over-expression of either miR-199a or miR-1908 enhanced the ability of parental MeWo
cells to invade through matrigel (Figure 2B), while metastatic LM2 cells, which express
higher levels of these miRNAs, displayed significantly greater matrigel invasion capacity
(Figure S2B). Conversely, individual inhibition of miR-199a-3p, miR-199a-5p, or miR-1908
decreased the invasive capacity of MeWo-LM2 (Figure 2C) and A375-LM3 (Figure 2D)
metastatic melanoma cell derivatives.

Given the robust effects of these miRNAs on metastatic progression, we examined whether
they regulate additional pro-metastatic phenotypes. While over-expression of miR-199a or
miR-1908 did not modulate melanoma cell adhesion to endothelial cells (Figure S2C),
resistance to anoikis (Figure S2D), survival during serum starvation (Figure S2E), or colony
formation (Figure S2F), over-expression of each miRNA dramatically enhanced the ability
of parental MeWo cells to recruit endothelial cells in trans-well endothelial recruitment
assays (Figure 2E). Consistent with this, metastatic MeWo-LM2 cells were more efficient at
recruiting endothelial cells relative to their parental line (Figure S2G). Furthermore,
inhibition of miR-199a-3p, miR-199a-5p, or miR-1908 in the metastatic MeWo-LM2
(Figure 2F) as well as A375-LM3 (Figure 2G) cells suppressed endothelial recruitment.

To determine whether endogenous miR-199a-3p, miR-199a-5p, and miR-1908 mediate
endothelial recruitment by metastatic cells in vivo, we examined metastatic endothelial
density in lung nodules formed by melanoma cells over-expressing or knocked-down for
each miRNA. Consistent with the robust miRNA-dependent endothelial recruitment
phenotype, each of the three miRNAs was both required and sufficient for enhanced
metastatic nodule endothelial content (Figures 2H and S2H–I). Remarkably, individual
inhibition of each miRNA robustly suppressed metastatic nodule perfusion by roughly 5-
fold following dextran injection (Figures 2I and S2J), indicating that each of these miRNAs
also promotes functional metastatic angiogenesis. Our findings reveal miR-199a-3p,
miR-199a-5p, and miR-1908 as necessary and sufficient for enhanced invasion, metastatic
endothelial recruitment (MER), and angiogenesis during melanoma progression.
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miR-1908, miR-199a-3p, and miR-199a-5p Convergently and Cooperatively Target ApoE
and DNAJA4

We next employed a systematic and global approach to identify the direct molecular targets
of these miRNAs. Since miR-1908, miR-199a-3p, and miR-199a-5p mediate the same sets
of in vitro and in vivo phenotypes, and since miR-199a-5p and miR-199a-3p arise from the
same precursor hairpin, we hypothesized that the pro-metastatic phenotypes of these
miRNAs may emerge through silencing of common target genes. We thus performed
transcriptomic profiling of melanoma cells in the context of both loss- and gain-of-function
for each miRNA (Figure S3A). This analysis, followed by qRT-PCR validation, revealed
two genes (ApoE and DNAJA4) to be repressed by both exogenous and endogenous
miR-199a and miR-1908 and also present at lower levels in the metastatic LM2 derivatives
—which display elevated levels of these miRNAs (Figures 3A and S3B–D).

To determine whether ApoE and DNAJA4 are directly targeted by miR-1908, miR-199a-3p,
and miR-199a-5p, we examined the effects of each miRNA on the expression of its putative
targets through heterologous luciferase reporter assays. Interestingly, both miR-199a and
miR-1908 individually repressed the expression levels of the 3’ untranslated regions (UTR)
and coding sequences (CDS) of both ApoE and DNAJA4. Consistent with direct targeting,
mutating the miRNA complementary sequences on each target abrogated miRNA-mediated
regulation (Figure 3B). In a direct test of endogenous targeting, individual miRNA
inhibition in metastatic LM2 cells led to an increased target-driven luciferase activity
(Figure 3C) that was abrogated upon mutating the miRNA target sites (Figure S3E),
revealing ApoE to be directly targeted by miR-1908 and miR-199a-5p and DNAJA4 to be
directly targeted by all three miRNAs (Figure 3D). Importantly, the CDS’s and 3’UTR’s of
both genes were expressed at lower levels in highly metastatic MeWo-LM2 cells, which
exhibit physiologically higher endogenous levels of the three regulatory miRNAs (Figure
3E). These findings establish ApoE and DNAJA4 as direct targets of these miRNAs in
melanoma. In agreement with this, we found a significant anti-correlation between the
endogenous levels of both ApoE and DNAJA4 and the aggregate expression levels of the
three miRNAs across our collection of parental and metastatic lines (Figure 3F). Consistent
with the phenotypes of their miRNA regulators, both ApoE and DNAJA4 were required and
sufficient for suppression of cell invasion and endothelial recruitment–phenotypes that drive
metastatic progression (Figures 3G–H and S3F–I).

ApoE and DNAJA4 Mediate miR-199a- and miR-1908-Dependent Metastatic Invasion,
Endothelial Recruitment, and Colonization

To determine whether ApoE and DNAJA4 are the direct biological effectors downstream of
miR-199a and miR-1908, we examined whether these two target genes are epistatic to each
miRNA. Consistent with direct and epistatic miRNA/target gene interactions, knock-down
of ApoE or DNAJA4 in the setting of miRNA inhibition (Figures S4A–D) significantly
occluded the suppressed invasion (Figures 4A and 4C) and endothelial recruitment
phenotypes (Figures 4B and 4D) seen upon silencing of each miRNA and fully rescued the
dramatically suppressed metastatic colonization phenotype resulting from miRNA inhibition
(Figures 4E–F, and S4E). Conversely, over-expression of the coding regions of ApoE or
DNAJA4 in cells over-expressing miR-1908 (Figures 4G–H and S4F) or miR-199a (Figures
S4G–I) was sufficient to suppress cell invasion and endothelial recruitment, as well as
miRNA-dependent metastatic colonization (Figure S4J). Importantly, downregulation of
ApoE and DNAJA4 was also required for miRNA-induced enhancement of cell invasion
and endothelial recruitment by the highly metastatic A375-LM3 line (Figures 4I–J and
S4K). Notably, endogenous ApoE and DNAJA4 were also found to suppress metastatic
endothelial recruitment in vivo (Figure 4K). These effects of ApoE and DNAJA4 were both
epistatic to and dependent on the miRNAs. Our findings implicate ApoE and DNAJA4 as
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direct downstream effectors of miRNA-dependent metastatic invasion, colonization, and
endothelial recruitment phenotypes in melanoma.

Melanoma Cell-Secreted ApoE Suppresses Invasion and Endothelial Recruitment
ApoE is a secreted factor. As such, we wondered whether melanoma cell-secreted ApoE
could suppress invasion and endothelial recruitment. Consistent with this, poorly metastatic
parental cells displayed higher levels of secreted ApoE than highly metastatic LM2 cells
(Figure 5A). Secreted ApoE levels were also significantly suppressed by endogenous and
exogenous miR-199a and miR-1908 (Figures 5B and S5A). Next, inhibiting extracellular
ApoE through the use of a neutralizing antibody (1D7) that recognizes its receptor-binding
domain enhanced both cell invasion (Figure 5C) and endothelial recruitment (Figure 5D) by
parental MeWo cells. Conversely, addition of recombinant human ApoE protein
significantly suppressed invasion and endothelial recruitment by metastatic LM2 cells
(Figure 5E). Importantly, antibody-mediated neutralization of extracellular ApoE
significantly abrogated the suppressed invasion and endothelial recruitment phenotypes seen
with inhibition of each miRNA (Figures S5B–C)— consistent with secreted ApoE being
downstream of miR-199a and miR-1908. Notably, recombinant ApoE addition did not affect
melanoma cell or endothelial cell proliferation (Figures S5D–E) or survival in serum
starvation conditions (Figures S5F–G), indicating that suppression of invasion or endothelial
recruitment by ApoE is not secondary to decreased proliferation or impaired survival. Our
findings reveal melanoma cell-secreted ApoE as a necessary and sufficient suppressor of
miRNA-dependent invasion and endothelial recruitment phenotypes in melanoma.

We next wished to investigate the mechanism by which DNAJA4, a poorly characterized
heat-shock protein, mediates endothelial recruitment and invasion. Given the phenotypic
commonalities displayed by ApoE and DNAJA4, we hypothesized that DNAJA4 may play a
regulatory role and enhance ApoE levels. Indeed, knock-down of DNAJA4 reduced both
ApoE transcript levels (Figure S5H) as well as secreted ApoE levels (Figure 5F), while
DNAJA4 over-expression substantially elevated ApoE transcript expression (Figure S5I).
Consistent with DNAJA4 acting upstream of ApoE, addition of recombinant ApoE
abrogated the enhanced cell invasion and endothelial recruitment phenotypes resulting from
DNAJA4 knock-down (Figures 5G–H), while antibody-mediated neutralization of ApoE
significantly occluded the suppression of invasion and endothelial recruitment resulting
from DNAJA4 over-expression (Figures S5J–K). These findings reveal DNAJA4 to
suppress melanoma invasion and endothelial recruitment through positive regulation of
ApoE expression, leading to its increased extracellular levels.

The regulatory convergence of three metastasis-promoting miRNAs and the DNAJA4 gene
onto ApoE motivated us to determine whether ApoE expression correlates with human
melanoma progression. To this end, we analyzed published array-based expression data for
ApoE (Haqq et al., 2005) in nevi, primary, and metastatic lesions. Consistent with a
metastasis-suppressive role, ApoE transcript levels were significantly lower in distal organ
metastases relative to primary melanoma and nevi lesions (Figure 5I). We also examined
ApoE protein expression in a large (N = 168) human tissue-microarray melanoma
progression panel. Blinded immunohistochemical analysis revealed that ApoE protein levels
were significantly lower in lymph node metastases (P = 0.035) and even further
downregulated in distal melanoma metastases (P < 0.0001) relative to primary melanomas
(Figure 5J).
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Genetic inactivation of ApoE promotes metastasis, while ApoE pre-treatment blocks
metastatic initiation

Given the robust suppression of metastatic phenotypes exerted by ApoE and its clinical
association with melanoma progression, we next investigated the impact of genetic deletion
of systemic ApoE on melanoma progression in an immunocompetent mouse model of
melanoma metastasis. Consistent with a major suppressive role for extracellular ApoE in
metastasis, B16F10 mouse melanoma cells injected into the circulation exhibited a 10-fold
increase in metastatic colonization in ApoE genetically null mice compared to their wild
type littermates. Importantly, the metastatic capacity of B16F10 cells was dramatically
abrogated by ApoE cell pre-treatment in both wild type (60-fold inhibition) and ApoE-null
(460-fold inhibition) genetic contexts (Figure 5K). These findings establish both systemic
and cancer-secreted ApoE as a robust suppressor of metastasis by human and mouse
melanoma cells.

We next wondered whether enhanced ApoE signaling in melanoma cells could have
therapeutic efficacy in preventing melanoma metastasis. We thus pre-incubated melanoma
cells with recombinant ApoE or BSA for 24 hours prior to injection into mice. Notably,
ApoE pre-treatment robustly suppressed metastatic colonization by the highly aggressive
MeWo-LM2 cells by over 300-fold (Figure 5L). Remarkably, ApoE pre-incubation
abrogated the metastatic capacity of four additional human melanoma cell lines: A375-LM3
(145-fold, Figure 5M), WM-266-4 (80-fold, Figure 5N), HT-144 (119-fold, Figure S5L),
and A2058 (85-fold, Figure S5M).

Extracellular ApoE Divergently Targets Melanoma Cell LRP1 and Endothelial Cell LRP8
Receptors

We next investigated the molecular mechanisms by which ApoE suppresses metastasis. In
order to identify the ApoE receptor(s) that mediate(s) invasion, we knocked down all four
known ApoE receptors (VLDLR, LRP1, LRP8, and LDLR) in melanoma cells.
Interestingly, knock-down of LRP1, but not the other ApoE receptors, abolished ApoE-
induced suppression of invasion (Figures 6A and S6A), while LRP1 knock-down in the
setting of miRNA silencing rescued the suppressed invasion phenotype resulting from
miRNA inhibition (Figures 6B and S6B) and significantly enhanced in vivo metastatic
colonization by MeWo-LM2 cells depleted for miR-1908 (Figures 6C and S6C). These
findings reveal LRP1 to be a downstream mediator of miRNA/ApoE-dependent melanoma
invasion and metastatic colonization phenotypes.

While ApoE’s invasion phenotype reflects its cell-autonomous effect on melanoma cells, the
endothelial recruitment phenotype suggests a non-cell-autonomous role of cancer-expressed
ApoE on endothelial cells. Consistent with this, pre-treatment of endothelial cells with ApoE
significantly reduced their ability to migrate towards highly metastatic cancer cells (Figure
6D). We next wished to identify the ApoE receptor(s) on endothelial cells that mediate(s)
the endothelial recruitment phenotype. Interestingly, unlike for cancer cell invasion, knock-
down of endothelial LRP8 receptors selectively and significantly abrogated the suppressed
endothelial recruitment phenotype induced by miRNA silencing (Figures 6E and S6D–F).
These findings are consistent with the LRP8 receptor being the endothelial mediator of
miRNA/ApoE-dependent effects on endothelial recruitment. We next investigated whether
ApoE might also regulate general endothelial migration in a cancer cell-free system. Indeed,
antibody neutralization of ApoE, which is present in endothelial cell media, significantly
enhanced endothelial migration (Figure 6F), while recombinant ApoE was sufficient to
inhibit endothelial migration in a trans-well assay (Figure 6G) and a gradient-based
migration assay (Figure 6H) in an endothelial cell LRP8 receptor-dependent manner.
Importantly, ApoE dramatically suppressed by more than 40-fold VEGF-induced in vivo
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endothelial recruitment into subcutaneous matrigel plugs (Figure 6I). Consistent with the
requirement and sufficiency of ApoE for suppressing endothelial migration, genetically null
ApoE mice displayed higher blood vessel densities within their lung metastatic nodules
formed by B16F10 mouse melanoma cells compared to their wild type littermates (Figure
6J), implicating systemic ApoE as a suppressor of metastatic angiogenesis.

miR-199a-3p, miR-199a-5p, and miR-1908 as Robust Prognostic and Therapeutic Targets in
Melanoma Metastasis

To examine whether the metastasis promoter miRNAs we describe herein could serve as
clinical predictors of metastatic outcomes, we quantified their expression levels in a blinded
manner by qRT-PCR in a cohort of human melanoma samples obtained from patients at
MSKCC. Patients whose primary melanoma lesions expressed higher (greater than the
median for the population) levels of miR-199a-3p, miR-199a-5p, or miR-1908 exhibited
significantly shorter metastasis-free survival times than patients whose primary melanomas
expressed lower levels of each of these miRNAs (Figures 7A–C, P = 0.0032 for
miR-199a-3p, P = 0.0034 for miR-199a-5p, and P = 0.027 for miR-1908). Importantly, the
aggregate expression level of the three miRNAs displayed the strongest prognostic capacity
in stratifying patients at high risk from those at very low risk for metastatic relapse (Figure
7D, P < 0.001). These clinical findings are indicative of functional cooperativity between the
three miRNAs in the regulation of cancer progression and suggest utility for these molecules
as clinical prognostic biomarkers of melanoma metastasis. Our identification of miR-199a in
melanoma is consistent with a previous clinical association study that revealed increased
miR-199a levels to correlate with uveal melanoma progression as well (Worley et al., 2008).

In light of the current lack of effective treatment options for the prevention of melanoma
metastasis after surgical resection of the primary lesion (Garbe et al., 2011) and the strong
prognostic value of these regulatory miRNAs in melanoma metastasis, we decided to
therapeutically target them using antisense locked nucleic acids (LNAs) (Elmén et al.,
2008). Highly metastatic MeWo-LM2 cells pre-treated with LNA oligonucleotides antisense
to each mature miRNA (miR-199a-3p, miR-199a-5p, or miR-1908) exhibited a roughly
four-fold decrease in metastatic activity (Figure 7E). Given our clinical evidence for
cooperativity among these miRNAs as well as their convergent targeting of ApoE and
DNAJA4, we examined the impact of silencing all three miRNAs on metastatic progression.
Co-transfection of LNAs targeting all three miRNAs suppressed metastatic colonization by
over seventy-fold, revealing dramatic synergy and cooperativity between endogenous
miR-199a-3p, miR-199a-5p, and miR-1908 (Figure 7E). Importantly, inhibition of these
miRNAs with triple LNA pre-treatment did not decrease in vitro proliferation (Figure S7A),
indicating that the metastasis suppression phenotype is not secondary to impaired
proliferation. Remarkably, combinatorial LNA-mediated miRNA inhibition robustly
inhibited lung colonization by the independent SK-Mel-2 (24-fold, Figure 7F), WM-266-4
(77-fold, Figure 7G), HT-144 (15-fold, Figure 7H), A2058 (17-fold, Figure 7I), and A375-
LM3 (3-fold, Figure S7B) human melanoma cell lines, as well as micrometastasis formation
by the SK-Mel-28 human melanoma cell line (Figures S7C–D). These findings indicate that
combinatorial targeting of the three miRNAs exhibits robust therapeutic potential across a
large variety of melanotic and amelanotic human melanoma lines of diverse BRAF and
NRAS mutational statuses. Additionally, intracardiac injection of highly metastatic MeWo-
LM2 cells pre-treated with a cocktail of LNAs targeting these miRNAs suppressed systemic
metastasis to multiple distal organs (Figures 7J – K) such as the brain (Figure 7L) and bone
(Figure S7E). We next examined the therapeutic efficacy of systemically administered in
vivo-optimized LNAs in melanoma metastasis prevention. To this end, highly metastatic
MeWo-LM2 cells were injected into mice. The following day, mice were intravenously
treated with LNAs targeting miR-199a-3p, miR-199a-5p, and miR-1908 at a low dose (12.5
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mg/kg total) on a bi-weekly basis for four weeks followed by weekly dosing for seven
weeks. Notably, combinatorial LNA treatment reduced lung colonization by more than 10-
fold (Figure 7M, P = 0.039) without causing weight loss (Figure S7F). Importantly,
therapeutic LNA-mediated miRNA targeting was confirmed by qRT-PCR analysis of lung
metastatic nodules (Figure S7G) and mouse cardiac and liver tissues (Figures S7H–I). Taken
together, our findings reveal a novel miRNA-dependent regulatory network that converges
onto ApoE signaling to control cell-autonomous and non-cell-autonomous features of
melanoma metastatic initiation and progression (Figure 7N).

DISCUSSION
The complexity of cancer requires the application of systems-level and integrative
approaches. Using a systematic global approach, we have uncovered a cooperative network
of miRNAs that are i) upregulated in highly metastatic human melanoma cells, ii) required
and sufficient for optimal metastatic colonization and angiogenesis in melanoma, iii)
pathologic predictors of human melanoma metastatic relapse, and iv) potential therapeutic
targets across a variety of human melanoma cell lines. Through a transcriptomic-based and
biologically guided target identification approach, we have found miR-1908, miR-199a-3p,
and miR-199a-5p to convergently target the heat-shock factor DNAJA4 and the metabolic
gene ApoE. Our identification of ApoE as a gene negatively regulated by three metastasis
promoter miRNAs, positively regulated by a metastasis suppressor gene (DNAJA4), and
silenced in clinical metastasis samples highlights the significance of this gene as a key novel
suppressor of melanoma metastatic progression. ApoE mediates its effects by targeting two
distinct yet homologous receptors on two diverse cell types. ApoE acting on melanoma cell
LRP1 receptors inhibits melanoma invasion, while its action on endothelial cell LRP8
receptors suppresses endothelial migration. Our findings also reveal LRP1 and LRP8 to be
novel endogenous suppressors of pro-metastatic phenotypes in melanoma. Our results from
loss-of-function, gain-of-function, epistasis, clinical correlation, and in vivo selection-based
expression analyses give rise to a model wherein three miRNAs convergently target a
metastasis suppressor network to limit ApoE secretion, thus suppressing ApoE engagement
of melanoma LRP1 receptors and endothelial LRP8 receptors (Figure 7N). The cooperative
suppression of these inhibitory pathways by these miRNAs provides melanoma cells with
maximal invasive and endothelial recruitment capacity. While we have identified LRP1 as a
mediator of the ApoE response on melanoma cells, it remains possible that additional ApoE
receptors may mediate ApoE responses in melanoma cells from distinct patients.

We reveal combined molecular, genetic, and in vivo evidence for a required and sufficient
role for melanoma cell-secreted and systemic ApoE in the suppression of melanoma
metastatic progression. The ability of recombinant ApoE to inhibit these pro-metastatic
phenotypes, as well as the enhanced melanoma invasion and endothelial recruitment
phenotypes resulting from ApoE neutralization by an antibody that targets the ApoE protein
suggest that the ApoE molecule itself, rather than ApoE-associated lipids in lipoprotein
particles, is the key mediator of these phenotypes.

Our molecular and in vivo studies reveal a role for endogenous cancer-derived ApoE in the
modulation of endothelial migration and cancer angiogenesis through engagement of the
endothelial LRP8 receptor. This non-cell-autonomous endothelial recruitment phenotype
mediated by ApoE suggests that ApoE may also modulate metastatic angiogenesis and
tumor angiogenesis in other cancer types. ApoE is a polymorphic molecule with well-
established roles in cardiovascular and neurodegenerative disorders. Its three major variants
—ApoE2, ApoE3, and ApoE4—display varying prevalences in the human population, with
ApoE3 being the most common variant. The three isoforms differ at residues 112 and 158 in
the N-terminal region, which contains the receptor-binding domain (Hatters et al., 2006).
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Given that the MeWo and A375 cell lines analyzed in our study are homozygous for the
ApoE3 allele and given the ability of recombinant ApoE3 to inhibit melanoma metastatic
phenotypes, our findings are consistent with ApoE3 being sufficient and required for the
suppression of melanoma metastatic progression.

Despite recent promising advances such as the BRAF V600E inhibitor Vemurafenib
(Chapman et al., 2011; Sosman et al., 2012) and the immunomodulatory antibody
ipilimumab (Hodi et al., 2010; Sharma et al., 2011) that have extended the median survival
times for subsets of patients diagnosed with metastatic (stage IV) melanoma, there are
currently no effective therapies for the prevention of melanoma metastasis in the adjuvant
setting, with interferon therapy increasing overall survival rates at 5 years by a meager 3%
based on meta-analyses—while phase III trial data demonstration of a significant survival
benefit is still outstanding (Garbe et al., 2011). The substantial enhancement of melanoma
metastatic progression in the context of genetic ablation of systemic ApoE, as well as the
dramatic abrogation of metastatic capacity by ApoE pre-treatment, suggest that modulating
ApoE levels may have significant therapeutic implications for melanoma—a disease that
claims approximately 48,000 lives a year globally (Lucas et al., 2006). Therapeutic
approaches aimed at pharmacological induction of endogenous ApoE levels could
potentially reduce melanoma mortality rates by decreasing metastatic relapse incidence.

Our establishment of in vivo selection models of melanotic and amelanotic melanoma
metastasis has allowed us to identify the cellular phenotypes displayed by highly metastatic
melanoma cells. Our work reveals that, in addition to enhanced invasiveness, the capacity of
melanoma cells to recruit endothelial cells in vitro and in vivo is significantly enhanced in
highly metastatic melanoma cells. Additionally, we find that three major post-transcriptional
regulators of metastasis strongly regulate endothelial recruitment. We further show that the
downstream signaling pathway modulated by these miRNAs also regulates endothelial
recruitment. These findings reveal endothelial recruitment to be a defining feature of
metastatic melanoma cells. Metastatic breast cancer derivatives obtained from multiple
patients were also recently reported to recruit endothelial cells more efficiently than their
parental lines by silencing the metastasis suppressor miRNA miR-126, thereby suppressing
metastatic endothelial recruitment (MER) (Png et al., 2011). These findings as a whole
highlight enhanced MER capacity as a key attribute of metastatic cells from multiple
epithelial cancer types and suggest a novel and significant role for cancer-endothelial
interactions in metastatic initiation and progression that complements their established
conventional roles in primary tumor growth and perfusion (Carmeliet and Jain, 2000).

The ability of miR-199a-3p, miR-199a-5p, and miR-1908 to individually predict metastasis-
free survival in melanoma patients indicates the significance of each miRNA as a clinical
predictor of melanoma cancer progression. Importantly, the robust capacity of the three
miRNA aggregate signature to separate patients at high risk from those at very low risk for
metastatic relapse reveals both the cooperativity of these miRNAs as well as their clinical
potential as melanoma biomarkers (Sawyers, 2008) for identifying the subset of patients that
might benefit from experimental therapies such as miRNA inhibition therapy. Therapeutic
miRNA targeting has gained momentum through the use of in vivo LNAs that have been
shown to antagonize miRNAs in mice and primates (Elmén et al., 2008) and are currently
being tested in human clinical trials. The powerful prognostic capacity of the three miRNAs,
the proof-of-principle demonstration of robust metastasis suppression by combinatorial
LNA-mediated miRNA targeting across multiple independent human melanoma cell lines,
as well as the metastasis inhibitory effect of therapeutically delivered in vivo-optimized
LNAs targeting these miRNAs motivate future clinical studies aimed at determining the
therapeutic potential of combinatorially targeting these pro-metastatic and pro-angiogenic

Pencheva et al. Page 9

Cell. Author manuscript; available in PMC 2013 November 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



miRNAs in patients at high risk for melanoma metastasis—an outcome currently lacking
effective chemotherapeutic options.

EXPERIMENTAL PROCEDURES
Animal Studies

All mouse experiments were conducted in agreement with a protocol approved by the
Institutional Animal Care and Use Committee (IACUC) at The Rockefeller University. 6–8-
week old sex-matched NOD scid, NOD scid gamma, athymic nu/nu, and C57Bl6 mice
(Jackson Labs) were used. In vivo selection and metastasis assays were performed as
previously described (Pollack and Fidler, 1982; Tavazoie et al., 2008). For ApoE pre-
incubation metastasis experiments, cells were pre-treated with recombinant human ApoE3
(BioVision) or BSA (Sigma-Aldrich) at 100 µg/mL for 24 hours prior to intravenous
injection into mice. For LNA pre-treatment metastasis assays, cells were transfected with
LNAs (Exiqon) at a final concentration of 50 nM and injected into mice 48 hours later. In
the LNA therapy experiment, MeWo-LM2 cells were injected tail-vein into mice, which
were intravenously administered in vivo-optimized LNAs (Exiqon) antisense to
miR-199a-3p, miR-199a-5p, and miR-1908 at a total dose of 12.5 mg/kg delivered in 0.1
mL of PBS bi-weekly for 4 weeks and then once weekly for 7 weeks. See Extended
Experimental Procedures.

Cell Culture
Various cell lines were obtained from ATCC and maintained in standard conditions. Cell
line information, miRNA and gene knock-down/over-expression studies in cell lines, and in
vitro functional assays are described in Extended Experimental Procedures.

Microarray Hybridization
In order to identify miRNAs deregulated across highly metastatic derivatives, small RNAs
were enriched from total RNA derived from MeWo and A375 cell lines and profiled by LC
Sciences. For identification of miRNA gene targets, total RNA from MeWo cell lines was
labeled and hybridized onto Illumina HT-12 v3 Expression BeadChip arrays by The
Rockefeller University genomics core facility. Microarray-based expression findings were
validated by qRT-PCR using TaqMan miRNA expression assays (Applied Biosystems) or
SYBR® Green-based detection of gene expression (Invitrogen). See Extended Experimental
Procedures.

Analysis of miRNA Expression in Human Melanoma Skin Lesions
All human clinical samples were obtained, processed, and analyzed in accordance with IRB
guidelines. Total RNA was extracted from paraffin-embedded tissue sections of primary
melanoma skin lesions previously resected from patients at MSKCC, and specific miRNA
expression levels were analyzed in a blinded manner using TaqMan miRNA Assays. See
Extended Experimental Procedures.

ApoE ELISA
Conditioned cancer cell media was prepared by incubating 70%-confluent cells in 0.2% FBS
serum starvation DMEM-based media for 24 hours. ApoE levels in conditioned media were
quantified using the APOE ELISA kit (Innovative Research).

Histochemistry
For gross macroscopic metastatic nodule visualization, 5-µm-thick lung tissue sections were
H&E stained. For metastatic endothelial content and perfusion analyses, lung sections were

Pencheva et al. Page 10

Cell. Author manuscript; available in PMC 2013 November 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



double-stained with antibodies against MECA-32 (Developmental Studies Hybridoma Bank,
University of Iowa) and human vimentin (Vector Laboratories) or biotinylated dextran
(Vector Laboratories) and vimentin, respectively. ApoE protein expression in the melanoma
tissue microarray progression set (NIH) was detected by staining with D6E10 anti-ApoE
antibody (Abcam). See Extended Experimental Procedures.

Data Analysis
The Kolmogorov-Smirnov test was used to determine significance of differences in
metastatic nodule endothelial content and dextran perfusion cumulative distributions. The
prognostic power of the miRNAs to predict metastatic outcomes was tested for significance
using the Mantel-Cox log-rank test. The one-way Mann-Whitney t-test was used to
determine significance of non-Gaussian bioluminescence measurements. For all other
comparisons, the one-tailed student’s t-test was used. The following designations apply to
all figures: *p<0.05, **p<0.01, ***p<0.001; while p≤0.05 were deemed statistically
significant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Multiple metastasis promoter miRNAs convergently target ApoE signaling in
melanoma

• ApoE inhibits invasion and endothelial recruitment through LRP1/LRP8
receptors

• Discovery of miRNAs with therapeutic and prognostic potential in melanoma
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Figure 1. Identification of miR-1908, miR-199a-3p, and miR-199a-5p as Endogenous Promoters
of Human Melanoma Metastasis
(A) Bioluminescence imaging plot of lung metastatic colonization by 4×104 parental MeWo
or MeWo-LM2 cells. Lungs were extracted at day 72 and H&E stained. n=4–5. (B–C)
Expression levels of miR-214, miR-199a-5p, miR-1908, and miR-199a-3p, determined by
qRT-PCR, in multiple independent MeWo-LM2 (B) and A375-LM2/LM3 (C) metastatic
derivatives and their respective parental melanoma lines. n=3. (D–E) Bioluminescence
quantification and representative H&E-stained lungs corresponding to lung colonization by
4×104 parental MeWo cells over-expressing the precursor for miR-199a (giving rise to both
miR-199a-3p and miR-199a-5p), miR-1908, miR-214, or expressing a control hairpin
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(shCTRL) (D) and 4×104 MeWo-LM2 cells expressing a short hairpin (miR-Zip) inhibiting
miR-1908 (m1908 knock-down (KD)), miR-199a-3p (m199a3p KD), miR-199a-5p
(m199a5p KD), or a control sequence (shCTRL) (E). n=5–8. (F) Lung colonization by
2×105 A375-LM3 metastatic derivatives with miR-199a-3p KD, miR-199a-5p KD,
miR-1908 KD, or a control KD quantified at day 42 by bioluminescence imaging. n=5–8.
(G) Expression levels of miR-199a-3p, miR-199a-5p, and miR-1908, determined by qRT-
PCR, in non-metastatic (n=38) and metastatic (n=33) primary melanoma skin lesions from
the MSKCC patient cohort. All data are represented as mean ± SEM. *p<0.05, **p<0.01,
***p<0.001. See also Figure S1.
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Figure 2. miR-1908, miR-199a-3p, and miR-199a-5p Display Cell-Autonomous/Non-Cell-
Autonomous Pro-Metastatic Roles in Melanoma
(A) Primary tumor growth by 1×106 MeWo cells over-expressing the miR-199a or
miR-1908 precursor hairpins or expressing an shCTRL following subcutaneous injection
into mice. n=4–6.(B) Matrigel invasion by 1×105 MeWo cells over-expressing miR-199a or
miR-1908 or expressing an shCTRL was quantified by counting the number of cells that
invaded into the basal side of matrigel-coated trans-well inserts after 24 hours. n=7. (C–D)
Matrigel invasion by MeWo-LM2 (C) and A375-LM3 (D) cells with miR-199a-3p KD,
miR-199a-5p KD, miR-1908 KD, or a control KD. n=6–8. (E) Trans-well recruitment of
1×105 human umbilical vein endothelial cells (HUVEC) by 5×104 MeWo cells over-
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expressing miR-199a or miR-1908 or control MeWo cells. Endothelial recruitment capacity
was measured by counting the number of HUVECs that migrated to the basal side of each
trans-well insert after 16 hours. n=7. (F–G) Endothelial recruitment by MeWo-LM2 (F) and
A375-LM3 (G) cells inhibited for miR-199a-3p, miR-199a-5p, miR-1908, or a control
sequence. n=6–10. (H–I) Cumulative fraction plots depicting the endothelial cell (H) or
dextran perfusion (I) density distributions for metastatic nodules formed by 2×105 MeWo-
LM2 cells with miR-199a-3p KD, miR-199a-5p KD, miR-1908 KD, or a control KD. Lung
sections were double-stained for vimentin and MECA-32 (H) or vimentin and intravenously
injected dextran (I). n=211, 30, 138, and 39 nodules for control KD, m199a3p KD, m199a5p
KD, and m1908 KD, respectively (H); n=30, 18, 38, and 40 nodules for control KD,
m199a3p KD, m199a5p KD, and m1908 KD, respectively (I). All data are represented as
mean ± SEM. Scale bar, 100 µm. See also Figure S2
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Figure 3. Identification of ApoE and DNAJA4 as Direct Target Genes of miR-199a and
miR-1908
(A) Heat-map depicting the mRNA expression levels of ApoE and DNAJA4, measured by
qRT-PCR, in MeWo parental cells expressing an shCTRL or over-expressing miR-199a or
miR-1908 and in MeWo-LM2 cells. Color-map illustrates standard deviations change from
the mean for each gene’s expression. (B–C) Heterologous luciferase reporter assays
measuring the expression of wild type or miRNA target site mutant ApoE and DNAJA4
CDS’s and 3’UTR’s in MeWo cells over-expressing miR-199a or miR-1908 or in control
MeWo cells (B) and in MeWo-LM2 cells with miR-199a-3p KD, miR-199a-5p KD,
miR-1908 KD, or a control KD (C). n=3–4. (D) Schematic of an experimentally derived
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model depicting the convergent targeting of the CDS’s and 3’UTR’s of ApoE and DNAJA4
by miR-199a-3p, miR-199a-5p, and miR-1908. (E) Luciferase activity of wild type and
miRNA target site mutant ApoE and DNAJA4 3’UTR/CDS luciferase constructs transfected
into MeWo parental and MeWo-LM2 cells. n=4. (F) Linear regression analyses of the
expression levels of each gene (ApoE and DNAJA4) and the aggregate expression levels of
the three miRNAs (average of the individual miRNA expression values) in multiple MeWo
and A375 metastatic derivatives and their parental lines. n=12. (G–H) Trans-well matrigel
invasion (G) and endothelial recruitment (H) by parental MeWo cells expressing short
hairpin RNAs (shRNAs) targeting ApoE (shAPOE), DNAJA4 (shDNAJA4), or a control
sequence (shCTRL). n=6–8. All data are represented as mean ± SEM. Scale bar, 100 µm.
See also Figure S3.
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Figure 4. ApoE and DNAJA4 Epistatically Interact with miR-199a and miR-1908 in Regulating
Metastatic Invasion, Endothelial Recruitment, and Colonization
(A–D) MeWo-LM2 cells expressing a control shRNA or shRNAs targeting ApoE or
DNAJA4 in the context of miR-1908 KD (A–B) or miR-199a-5p KD (C–D) were subjected
to the trans-well invasion (A and C) and endothelial recruitment (B and D) assays. n=6–8.
(E–F) Bioluminescence imaging plots and H&E-stained lungs corresponding to lung
metastasis by 1×105 MeWo-LM2 cells expressing a control shRNA or shRNAs targeting
ApoE or DNAJA4 in the setting of miR-1908 KD (E) or miR-199a-5p KD (F). n=5. (G–H)
MeWo cells over-expressing the coding regions of ApoE or DNAJA4 or expressing a
control vector in the context of miR-1908 over-expression were analyzed for the invasion
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(G) and endothelial recruitment (H) phenotypes. (I–J) A375-LM3 cells expressing a control
shRNA or shRNAs targeting ApoE and DNAJA4 were transfected with a cocktail of LNAs
targeting miR-199a-3p, miR-199a-5p, and miR-1908 or a control LNA and subjected to the
invasion (I) and endothelial recruitment (J) assays. n=4. (K) Cumulative fraction plots of
metastatic nodule endothelial content distributions corresponding to nodules formed by
1×105 MeWo-LM2 cells knocked down for ApoE, DNAJA4, or a control sequence in the
setting of miR-1908 KD. Thresholded images depicting MECA-32 signal are shown in
lower panels. n=39 nodules (shCTRL); n=97 (shAPOE1); n=38 (shAPOE2); n=200
(shDNAJA41); n=19 (shDNAJA42). All data are represented as mean ± SEM. Scale bar, 100
µm. See also Figure S4.
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Figure 5. Extracellular ApoE Inhibits Invasion, Endothelial Recruitment, and Metastasis, while
Genetic Deletion of ApoE Enhances Metastasis
(A–B) Extracellular ApoE levels, quantified by ELISA, in conditioned media from MeWo
parental and LM2 cells (A) and in MeWo-LM2 cells silenced for miR-199a-5p, miR-1908,
or a control sequence (B). n=3. (C) Matrigel invasion by MeWo cells in response to the
ApoE-neutralizing antibody 1D7 (5, 10, 20, or 40 µg/mL) or IgG control (40 µg/mL). n=4–6.
(D) Endothelial recruitment by MeWo cells in the presence of 1D7 or control IgG antibody
at 40 µg/mL. n=4. (E) The invasion and endothelial recruitment phenotypes were assessed in
MeWo-LM2 cells in response to bovine serum albumin (BSA) or recombinant ApoE3 added
to the cell media at 100 µM. n=7–10. (F) Extracellular ApoE levels, quantified by ELISA, in
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conditioned media from MeWo cells expressing shRNAs targeting DNAJA4 or an shCTRL.
n=3. (G–H) MeWo cells with shRNA-induced silencing of DNAJA4 were analyzed for the
matrigel invasion (G) and endothelial recruitment (H) phenotypes in the presence of either
BSA or recombinant ApoE3 at 100 µM. n=4. (I) Array-based ApoE transcript expression
levels in nevi (n=9), primary melanomas (n=6), and distal melanoma metastases (n=19). (J)
ApoE protein expression determined by blinded immunohistochemical analysis in a tissue
microarray (TMA) melanoma progression set (NIH) comprised of primary melanoma
lesions (n=66), nodal (n=36), and distal (n=66) melanoma metastases. (K) Bioluminescence
quantification and representative ex vivo lung images corresponding to lung metastasis 19
days post-injection of 5×104 B16F10 mouse melanoma cells pre-treated with recombinant
ApoE3 (100 µg/mL) or control for 24 hours and intravenously injected into ApoE
genetically null or wild type mice. n=12–22 (control) and n=5–7 (ApoE pre-treatment). (L–
N) Bioluminescence imaging plots of lung colonization by 4×104 MeWo-LM2 cells (L),
2×105 A375-LM3 cells (M), and 1.5×105 WM-266-4 cells (N) pre-treated with ApoE3 or
BSA at 100 µg/mL for 24 hours prior to injection. n=5–8. All data are represented as mean ±
SEM. Scale bar, 100 µm. See also Figure S5.
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Figure 6. Distinct Melanoma and Endothelial Cell Receptors Mediate the Effects of ApoE on
Invasion and Endothelial Recruitment
(A) Trans-well invasion by MeWo-LM2 cells transfected with short interfering RNAs
(siRNAs) targeting LDLR, VLDLR, LRP8, LRP1, or a control siRNA (siCTRL) in the
presence of either BSA (100 µM) or recombinant ApoE3 (100 µM). n=4–7. (B) MeWo-LM2
cells with miR-1908 KD or a control KD were transfected with siRNAs targeting LRP1 or
siCTRL and subjected to the matrigel invasion assay. n=4. (C) Lung colonization by 1×105

MeWo-LM2 cells transfected with siRNAs targeting LRP1 or siCTRL in the setting of
miR-1908 KD. n=5. (D) Trans-well recruitment of endothelial cells pre-incubated with BSA
or recombinant ApoE3 at 100 µM for 24 hours by MeWo-LM2 cells. n=3–4. (E)
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Recruitment of HUVECs transfected with siRNAs targeting LDLR, VLDLR, LRP1, LRP8,
or siCTRL by MeWo-LM2 cells with miR-1908 KD or control KD. n=4–12. (F) Trans-well
migration by HUVECs in the presence of IgG or 1D7 antibody at 40 µg/mL. n=6–8. (G)
Trans-well migration by endothelial cells transfected with siRNAs targeting LRP8 or
siCTRL in the presence of BSA or recombinant ApoE3 at 100 µM. n=6–7. (H) Trans-well
migration along an ApoE matrigel gradient by endothelial cells transfected with siRNAs
targeting LRP8 or siCTRL. n=6–8. (I) Endothelial recruitment into subcutaneously
implanted matrigel plugs containing BSA (10 µg/mL), VEGF (400 ng/mL) + BSA (10 µg/
mL), or VEGF (400 ng/mL) + ApoE3 (10 µg/mL). The number of MECA-32 positive
endothelial cells was quantified after three days by immunohistochemical detection. n=3–6.
(J) Endothelial cell content, determined by staining for MECA-32, within lung metastatic
nodules formed 19 days following injection of 5×104 B16F10 cells into wild type or ApoE
genetically null mice. n=17–20. All data are represented as mean ± SEM. Scale bar, 100 µm.
See also Figure S6.
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Figure 7. Clinical and Therapeutic Cooperativity among miR-199a-3p, miR-199a-5p, and
miR-1908 in Melanoma Metastasis
(A–D) Kaplan-Meier curves for the MSKCC cohort (N=71) representing metastasis-free
survival of patients as a function of their primary melanoma lesion’s miR-199a-3p (A),
miR-199a-5p (B), or miR-1908 (C) expression levels and the aggregate three miRNA
expression (sum of the expression values of the individual miRNAs) (D). Patients whose
primary tumors’ miRNA expression levels were greater or lower than the median for the
population were classified as miRNA expression positive (red) or negative (blue),
respectively. (E) Lung metastasis by 1×105 MeWo-LM2 cells transfected with LNAs
individually targeting miR-1908, miR-199a-3p, or miR-199a-5p, or a combination of LNAs
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targeting all three miRNAs (LNA-3 miRNAs), or a control LNA (LNA-CTRL) 48 hours
prior to injection. n=5–6. (F–I) Melanoma cells were pre-treated with LNA-CTRL or LNA-3
miRNAs. After 48 hours, 5×105 SK-Mel-2 (F), WM-266-4 (G), HT-144 cells (H), or A2058
(I) cells were intravenously injected into mice, and lung colonization was monitored by
bioluminescence imaging. n=5–6. (J) Systemic metastasis by 1×105 MeWo-LM2 cells
transfected with LNA-CTRL or LNA-3 miRNAs 48 hours prior to intracardiac injection into
mice. n=5. (K–L) Number of systemic metastatic foci (K) and bioluminescence signal
quantification of brain metastasis (L) arising from LNA-CTRL and LNA-3 miRNAs treated
MeWo-LM2 cells at day 28 post-intracardiac injection. n=5. (M) Following tail-vein
injection of 4×104 MeWo-LM2 cells, the next day mice were intravenously treated with a
cocktail of in vivo-optimized LNAs targeting miR-1908, miR-199a-3p, and miR-199a-5p
(12.5 mg/kg total dose) or a mock PBS control treatment as indicated. Lung colonization
was quantified by bioluminescence imaging, and representative H&E-stained lungs
extracted at day 80 are shown. n=5–6. (N) Emerging model of miRNA-dependent regulation
of metastatic invasion, endothelial recruitment, and colonization in melanoma through
cooperative targeting of ApoE-mediated LRP1/LRP8 receptor binding. See also Figure S7.
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