
Abstract. During the last years a considerable therapeutic
progress in melanoma patients with the RAF V600E
mutation via RAF/MEK pathway inhibition and immuno-
therapeutic modalities has been witnessed. However, the
majority of patients relapse after therapy. Therefore, a
deeper understanding of the pathways driving oncogenicity
and metastasis of melanoma is of paramount importance. In
this review, we summarize microRNAs modulating tumor
growth, metastasis, or both, in preclinical melanoma-related
in vivo models and possible clinical impact in melanoma
patients as modalities and targets for treatment of
melanoma. We have identified miR-199a (ApoE, DNAJ4),
miR-7-5p (RelA), miR-98a (IL6), miR-219-5p (BCL2) and
miR-365 (NRP1) as possible targets to be scrutinized in
further target validation studies.

In 2018, 96,000 patients were diagnosed with melanoma
in the US with a death toll of about 7,000 due to
metastatic disease (1). Cutaneous-, mucosal- and ocular
melanoma have been identified as major subtypes of
melanoma (2). In this review, we focus on cutaneous
melanoma with superficial spreading melanoma, nodular
melanoma, lentigo maligna and acral melanoma as major
subtypes (2). Oncogenic mutations have been identified in
v-raf murine sarcoma viral oncogene homolog B1
(BRAF), cyclin-dependent kinase inhibitor 2A

(CDKN2A), NRAS and p53 (3). Approximately 50% of
melanomas harbor mutations in BRAF leading to aberrant
activation of the mitogen-activated protein kinase
(MAPK) signaling pathway (4). Clinical therapeutics for
advanced-stage melanoma have improved dramatically
with the development of V600E-BRAF and mitogen-
activated protein kinase (MEK) inhibitors, immune
checkpoint blocking antibodies and a modified oncolytic
herpes virus, as approved therapeutic agents (5). Early
clinical trials point to further clinical benefit by triple
combinations of V600E-specific BRAF inhibitors, MEK
inhibitors and immune checkpoint inhibitors (6-8).
However, relapse due to drug resistance is observed in the
vast majority of patients. Phenotype plasticity and
interactions of transformed melanocytes with the tumor
microenvironment are resistance-promoting factors (9,
10). In order to identify new targets and modalities for
therapeutic intervention in melanoma we reviewed the
role of microRNAs (miRs) in the context of growth and
metastasis of this disease. We focused on miRs for which
efficacy in preclinical in vivo models has been shown, as
mediators of tumor growth (TG), metastasis or both.

Metastasis of Melanoma

Melanoma preferentially metastasizes through the
lymphatic route, but in a minority of cases dissemination
through the haematogenous route has been observed (11).
Before metastasis, melanoma cells extend to the adjacent
epidermis and undergo epithelial-mesenchymal transition
(EMT) (12, 13). The following metastatic cascade
includes steps such as intravasation, circulation as single
cells or cell clusters coated with platelets, arrest in
capillaries at a distant site, extravasation into the
parenchyma of distant organs, formation of indolent
micrometastases in supportive niches and finally
activation of the dormant cells and colonisation of the
respective target organs (14). Melanoma can colonize
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different organ sites either sequentially or synchronously
(15-17). Major target organs of metastasis of
subcutaneous melanoma are the lungs, brain, liver and
bones (16, 17). A total of 40-50% of patients with stage
IV melanoma develop brain metastases (17). The lungs
are the most frequent target organs of metastasis in
patients with advanced subcutaneous melanoma (16). In
contrast, uveal melanoma almost exclusively relapses to
the liver, supporting the concept of compatibility of
metastatic cells with host stroma (18). Once several
metastases have formed, cells from each metastasis seed
and reseed other tumors adding considerable complexity
to the diversity of metastatic clones (14).

microRNAs and Their Role in Oncology

miRs are small RNAs with a length in the range of 22
nucleotides (nts) that direct post-transcriptional repression of
target mRNA transcripts (19). Knock-out experiments have
revealed important biological functions for many miRs (19).
They are transcribed by polymerase II and approximately
1,900 miRs have been identified in humans (20, 21).
Corresponding miR genes can be localized in exons, introns
or intergenic regions (22, 23). In the canonical pathway, they
are synthesized in the nucleus as pri-miRNAs containing a
hairpin loop, processed by a micropocessor (DROSHA,
DGCR8) to pre-miR hairpin structures and subsequently
exported to the cytoplasm by exportin 5 (24, 25). In the
cytoplasm, pre-miRs are cleaved by DICER to produce a 20
nucleotides (nts) miR duplex with 5´ phosphate and a two
nts overhang at each end. One strand of the miR duplex is
loaded into the guide-strand channel of an Argonaute protein
to form a silencing complex, whereas the passenger strand
is discarded (24, 25). Within the silencing complex miR
seed sequence, nts 2-7 are poised to initially interact with
target mRNAs. If pairing is very extensive, the target can
be sliced, if not, translation is inhibited (24, 25). One type
of miR can target several distinct mRNAs and a single
mRNA can be cleaved by several different types of miRs,
thus enabling interference with several cancer-related
networks with the potential of rewiring the transformed and
metastatic state (26). The role of miRs in oncology was
identified in the context of pathogenesis of B-cell chronic
lymphatic leukemia (B-CLL). It was found that the genomic
loci of miR-15a and miR-16-1 are deleted in the majority of
patients with this disease (27, 28). These miRs are involved
in the cleavage of the anti-apoptotic protein B cell lymphoma
2 (BCL2) and deletion of these miRs recapitulates the human
disease phenotype in mice (29). In addition to oncogenesis,
miRs are involved in metastasis of different types of cancer.
We recently summarized the role of miRs in metastasis of
breast-, prostate, non-small cell lung carcinoma and ovarian
cancer (30-33). 

miRs Involved in Growth of Melanoma Cells 
With In Vivo Activity in Preclinical Models

Up-regulated miRs promoting melanoma growth in
preclinical in vivo models. The expression level of miRs-221
and -222 (Figure 1) correlates with melanoma progression
(34). Antagomirs against miR-221 and -222 inhibit invasion
and foci formation of Mel 665/1 melanoma cells and
intratumoral bolus injection of antagomirs inhibits TG in
nude mice (34). Tyrosine-protein kinase KIT (c-KIT
receptor) and p27 Kip/cyclin-dependent kinase inhibitor 1B
(CDKN1B) have been identified as targets of miR-221 and
-222 (34). c-KIT receptor regulates melanogenesis, cell
growth, migration and survival (35). During progression of
melanoma, loss of c-KIT is a crucial event due to prevention
of stem cell factor/c-KIT triggered apoptosis (36). CDKN1B
inhibits cell cycle progression of melanoma cells by binding
to cyclin-dependent kinase (CDK)/cyclin complexes (37).
miR-378 (Figure 1) is up-regulated during progression of
melanoma and potentiates migration, invasion and EMT in
A375 and A875 melanoma cells (38). miR-378 promotes TG
of A875 melanoma cells in vivo (38). It targets tumor
suppressor forkhead box N3 (FOXN3), a member of the
forkhead box (FOX) family which act as a tumor suppressor
(TS) (39, 40). FOXN3 also interacts with ß-catenin to
promote down-regulation of wingless-type (WNT)/ß-catenin
signaling proteins (38).

Down-regulated miRs inhibiting melanoma growth in
preclinical in vivo models. miR-219-5p (Figure 1) is down-
regulated in melanoma and correlates with unfavorable
prognosis (39). Up-regulation of miR-219-5p in A375
melanoma cells with a transfected miR-mimetic inhibits
proliferation, invasion and enhances apoptosis (39). A375
cells transfected with a miR-mimetic show decreased growth
after subcutaneous implantation into the flanks of nude mice
(39). BCL2 was identified as a direct target of miR-219-5p
(39-42).

Low expression of miR-612 (Figure 1) was significantly
associated with shorter overall and disease-free survival in
melanoma patients (43). miR-612 suppresses growth,
migration and invasion of SK-MEL-28 and A375 melanoma
cells (43). A375 cells transfected with miR-612 grow
significantly slower than control cells after subcutaneous
implantation in nude mice. Espin, an actin binding protein,
was identified as a direct target of miR-612. Espin is
involved in actin cytoskeleton remodeling thus affecting cell
growth, migration and invasion (44, 45).

Up-regulated miRs mediating metastasis in preclinical in
vivo melanoma-related models. miRs-30b and -30d (Figure
2) have redundant function and their expression marks the
progression from primary to metastatic melanoma (46).
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Genomic amplification of miR-30b/d has been observed in a
subset of melanoma patients (46). In melanoma cells 4L and
5B1, miRs-30b/d stimulate invasive capacity without
affecting proliferation (46). Overexpression of miR-30b/d in
B16F10 melanoma cells enhances lung metastases after tail
vein injection (46). Inoculation of 5B1 cells transduced with
miR-30d into the flanks of mice enhances local muscle
invasion and metastasis to the lungs and the liver (46). miR-
30d triggers infiltration of regulatory T-cells (Tregs) to the
metastatic site mediated by interleukin 10 (IL10) (46). N-
acetylgalactosaminyltransferase 7 (GALNT7) has been
identified as a direct target of miR-30b/d (46). GALNT7
initiates mucin O-linked glycosylation in the Golgi apparatus
by catalyzing transfer of N-acetylgalactosamine to Ser and
Thr on target proteins (47). GALNT7 affects the structure of
multiple transmembranes substrates determining their
interaction with the extracellular microenvironment (47).
Inactivation of GALNT7 has been shown to promote
metastasis (46).

Expression of miR-182 (Figure 2) increases with
progression from primary to metastatic melanoma (48). miR-
182 stimulates cell migration and invasion of A375 and SK-
MEL19 melanoma cells, whereas silencing of miR-182
triggers cell death (48). B16F10 cells transduced with miR-
182 give rise to increased lung metastases after tail vein
injection (48). Forkhead box 03 (FOXO3) and
microphtalamia-associated transcription factor (MITF) have
been identified as direct targets of miR-182 (48). FOXO3
functions as a tumor suppressor (TS) controling numerous
regulators of the cell cycle and apoptosis such as

proapoptotic BIM, a member of the BCL2 family (49-51).
MITF is a basic helix-loop-helix leucine zipper transcription
factor which controls lineage-specific pathway regulation in
many cell types including melanocytes, osteoclasts and mast
cells (52, 53). MITF represses proliferation by activating cell
cycle inhibitors such as p16INK4a which inhibits CDK4 and
p21-CDK-interacting protein 1 (p21cip1) and controls cell
migration by regulating the formin diaphanous1 (DIA1)
which controls cell migration. DIA1 is a RAS homologue
(RHO)-GTPases effector and is involved in polymerization
of actin and coordination of cytoskeleton and microtubule
networks at the cell periphery (54, 55). 

miRs-199-3p, -199-5p and -1908 (Figure 2) promote
invasion in MeWo-LM2 and A375 melanoma cells as well
as endothelial recruitment and angiogenesis (56). Their
overexpression in the poorly metastatic MeWo cells causes
colonization of the lungs more efficiently than their parental
populations (56). Apolipoprotein E (ApoE) and DNA J heat
shock factor protein family (Hsp40) member A4 (DNAJ4)
have been identified as direct targets of miRs 199-3p, -199-
5p and -1908 (56). ApoE targets low density receptor related
protein 1 (LRP1) on melanoma cells and LRP8 on
endothelial cells to suppress invasion of melanoma cells and
migration of endothelial cells (56-60). Heat shock proteins,
such as DNAJ4 have been shown to be involved in
proliferation, differentiation and carcinogenesis (61).

miR-200c (Figure 2) was shown to target SEC 23
homolog A (SEC23A) (62). SEC23A interacts with
components involved in anterograde versicle transport from
the endoplasmic reticulum to the Golgi apparatus (63).
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Figure 1. miRs mediating tumor growth in melanoma-related preclinical in vivo models. miRs-221/-222 and miR-378 are up-regulated, miR-219-5p
and miR-612 are down-regulated in melanoma in comparison to corresponding normal tissues. Arrows indicate up- or down-regulation. BCL2: B-
cell lymphoma 2; c-KIT: tyrosine-protein kinase KIT; FOXN3: Forkheadbox N3; p27 Kip1/CDKN1B: cyclin-dependent kinase inhibitor 1B, WNT:
wingless-type.



Overexpression of miR-200c and SEC23A interference
accelerate oligometastatic to polymetastatic progression of
human melanoma cell line M14 after tail vein injection (63).
The metastasis promoting activity of miR-200 is dependent
on selective reprogramming of the secretome by depletion of
SEC23A (62, 64). As identifed by mass spectrometry,
different proteins such as thrombospondin (65), transferrin
(66), vitamin D binding protein (67), C-X-C chemokine
receptor 4 (CXCR4) (68) and S100 calcium-binding protein
A8 (S100A8) (69) may be involved in promoting metastasis
by miR-200c.

miR-214 (Figure 2) expression in A375P melanoma cells
enhances in vitro cell movement and improves cell adhesion
to fibronectin, laminin and collagen (70). MA2 melanoma
cells overexpressing miR-214 give rise to higher numbers of
lung metastases in comparison to the control cell line after
tail vein injection in severe combined immuno-deficicent
(SCID) mice (70). Transcription factor AP2C (TFAP2C) has
been identified as a direct target of miR-214 (70).
Subsequent investigations have shown that depletion of mi-
214 blocks dissemination of melanoma cells by repressing
passage of melanoma cells through the blood endothelium
by reducing the cell adhesion molecules integrin α5 (INTα5)
and activated leukocyte adhesion molecule (ALCAM) (71-
73). miR-214 affects TFAP2C directly and TFAP2A
indirectly (74). These transcription factors play a role in

regulating expression of genes in involved in invasion,
extravasation and angiogenesis such as human epidermal
growth factor receptor 2 (HER2) (proliferation), p21 (cell-
cycle), c-KIT (TS), BCL2 (apoptosis), cluster of
differentiation CD95 (CD95) (apoptosis), melanoma cell
adhesion molecule (MCAM), mucin 18 (MUC18) and E-
cadherin (adhesion), matrix metalloproteinase 2 (MMP2)
(invasion), metastasis suppressor KAI-1 (invasion) and
vascular endothelial growth factor (VEGF) as well as
thrombin receptor (angiogenesis) (74, 75). Especially, the
role of ALCAM in melanoma progression is well
documented (76, 77). Therapeutic silencing of miR-214 has
been shown to inhibit tumor progression in multiple mouse
models (78).

miR-638 (Figure 2) is strongly up-regulated during
melanoma progression (79). Transfection of miR-638 into
SK-Mel-147 and SK-Mel-28 cells results in increased
invasion (79). SK-Mel-147 overexpressing miR-638 show
more metastatic nodules in the lungs after tail vein injection
into NOD scid IL2R gamma chain knockout mice (NSG) in
comparison to the control cell line (79). Knockdown of miR-
638 induces p53-mediated apoptosis and autophagy in
melanoma cells (79). p53 interacting protein 2 (TP53INP2)
was identified as a direct target of miR-638 (79). TP53INP2
plays an important role as a TS through interaction with p53
(80, 81).
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Figure 2. Up-regulated miRs mediating metastasis in melanoma-related in vivo models. Upward arrows indicate up-regulation of the corresponding
miRs in melanoma versus corresponding normal tissues. ALCAM: Activated leukocyte cell adhesion molecule; Apo E: apolipoprotein E; DNAJ4:
DNAJ heat shock protein family member A4; FOXO3: forkhead box O3; IL10: interleukin 10; INTα5: integrin α5; LRP1,8: low density lipoprotein-
related protein 1 or 8; PM: pro-metastatic; SEC23A: SEC23 homolog A; TFAP2C: transcription factor AP2γ; TP53INP2: tumor protein p53-
inducible nuclear protein 2.



Down-regulated miRs Inhibiting Metastasis in
Preclinical Melanoma-related In Vivo Models 

Down-regulated miRs inhibiting epithelial mesenchymal
transition. Serum miR-23a (Figure 3A) has been identified as
a potential biomarker for predicting melanoma metastasis and

prognosis (82). Overexpression of miR-23a inhibits invasion,
migration and epithelial mesenchymal transition (EMT) of
A2058 and A375 melanoma cells (82). Subcutaneously
implanted A2058 melanoma cells transduced with miR-23a
give rise to decreased metastases in the lungs and the liver in
nude mice without affecting TG (82). miR-23a down-
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Figure 3. Down-regulated miRs inhibiting metastasis in melanoma-related in vivo models. Downward arrows indicate down-regulation in melanoma
compared to matching normal tissues. (A) miRs inhibiting metastases by attenuating autophagy, epithelial-mesenchymal transition and miR-editing.
ATG 12: Autophagy related 12; EMT: epithelial mesenchymal transition; INTα9: integrin α9; PIM-1: serine/threonine-protein kinase PIM-1. (B)
miRs inhibiting metastasis by interfering with signal-transduction pathways. IL6: Interleukin 6; MCL-1: induced myeloid leukemia cell differentiation
protein; NFĸB: nuclear factor ĸB; Rel A: v-rel avian reticuloendotheliosis viral homolog A.



regulation results from up-regulation of the runt-related
transcription factor 2 (RUNX2) in melanoma (82, 83).
Autophagy-related 12 (ATG12) has been identifed as a direct
target of miR-23a (82). ATG12 is essential for autophagy and
promotes apoptosis through interaction with anti-apoptotic
members of the BCL2 family (84, 85). The miR-23-ATG12
axis suppresses melanoma invasion and migration through the
AMP activated kinase (AMPK)/RHO A pathway (82). AMPK
is a sensor for cellular energy and can be activated through
depletion of ATP levels in cells with autophagy and exhibits
anti-metastatic potential in melanoma (86). AMPK activates
RHO GTPase family member A (RHO A) which mediates
cytoskeletal organization by activation of RHO-associated
kinases (ROCK)-myosin phosphatase target subunit
1(MYPT1) pathway during melanoma cell migration. MYPT1
is a regulatory subunit of protein phosphatase 1 (82, 87, 88). 

miR-30a (Figure 3A) suppresses EMT and lung metastasis
of B16F10 transduced cells after tail vein injection (89). Zinc
finger E-box binding homeobox 2 (ZEB2) has been
identified as a direct target of miR-30a (89). ZEB2 binds to
the E-cadherin promoter, resulting in down-regulation of
promoter activity (90). Therefore, miR-30a increases E-
cadherin expression and inhibits EMT (91). In addition to
melanoma, miR-30a has been shown to be down-regulated
and to inhibit EMT in non-small cell lung carcinoma (92).

miR-125b (Figure 3A) expression is decreased in
melanoma tissues (93). miR-125b inhibits EMT in Mel Im
and Mel Ju melanoma cells (93). Mel Im transfected with
miR-125 expression constructs exhibt reduced lung
metastasis after tail vein injection in nude mice (93). Integrin
α9 (INTα9) was identified as a direct target of miR-125b
(93). Knockdown of INTα9 expression phenocopies the
effect of miR-125b overexpression in melanoma cells (93).
It has been shown that INTα9 can promote melanoma
metastasis by potentiating EMT (94).

miR-542 (Figure 3A) is down-regulated in melanoma cell
lines and tissues (95). miR-542 inhibits EMT, cell division
and migration of melanoma cells as well as lung metastasis
after tail vein injection of miR-542-transfected melanoma
cells (95). Proviral integration site for Moloney murine
leukemia virus-1 (PIM-1), a serine-threonine kinase, has
been identified as a direct target of miR-542 (93). PIM-1
controls EMT, cell motility, cell survival and is involved in
cell metabolism (96). PIM-1 is an important target for
oncology drug discovery (97).

Down-regulated miRs interfering with signaling. miR-7-5p
(Figure 3B) inhibits migration and invasion of 1205 Lu
melanoma cells and lung metastasis in Nod Scid Gamma
(NSG) mice after tail vein injection (98). miR-7-5p inhibits
migration of 1205 Lu and WM266-4 melanoma cells (98).
Tail vein injection of 1205 Lu cells transduced with miR-7-
5p results in decreased lung metastases in NSG mice (98).

Nuclear factor ĸB (NFĸB) p65 subunit v-rel avian
reticuloendotheliosis viral homolog A (RelA) has been
identified as a direct target of miR-7-5p (98-100). miR-7-5p
suppresses canonical nuclear factor ĸB (NFĸB) genes such
as IL-1β, -6 and -8 and the effects of miR-7-5p on cell cycle,
invasion and migration were recapitulated by RelA
knockdown (98). RelA overexpression and low miR-7-5p
levels are indicators of poor prognosis in melanoma (98).

Decreased expression of miR-98a (Figure 3B) is associated
with lower overall survival in melanoma patients (101).
B16F1 cells transduced with miR-98 exhibit reduced
migration in vitro and decreased lung metastasis after tail vein
injection (101). IL6 which promotes melanoma metastasis in
vitro and in vivo has been identified as a direct target of miR-
98 (101). IL6/IL6 receptor interaction via autocrine or
paracrine loops plays an important role in tumor progression
(102, 103). In patients with melanoma, serum levels of IL6
have been correlated with worse prognosis (104).

miR-339-3p (Figure 3B) was identified in the context of a
screening program for migration-accelerating or -inhibiting
miRs (105). miR-339-3p inhibits invasion of A375 melanoma
cells and five other melanoma cells derived from WM and
MaMel cells (105). miR-339-3p transduced A375 cells exhibit
reduced lung metastasis after tail vein injection in nude mice
(105). Induced myeloid leukemia cell differentiation protein
(MCL-1) was identified as a direct target of miR-339 (105).
MCL-1 belongs to the BCL2 family of proteins and is
required for the resistance of melanoma to anoikis (106).
Overexpression of MCL-1 confers resistance to BRAF V600E
inhibitors alone and in combination with mitogen-activated
protein kinase 1/2 (MEK1/2) inhibitors in melanoma patients
(107). Several programs for preclincial and clinical evaluation
of MCL-1 inhibitors are presently ongoing (108, 109). 

Up-regulated miRs Promoting Growth  and
Metastasis in Preclinical Melanoma-related
In Vivo Models

Knock-down of miR-21 (Figure 4A) in B16 melanoma cells
inhibits cell proliferation and invasion, whereas apoptosis is
promoted (110). Syngeneic mice injected with B16 cells into
the tail vein exhibit large nodules in the lungs, whereas mice
injected with miR-21 knock-down B16 cells give rise to only
minor metastatic deposits (110). As direct targets of miR-21
TS genes phosphatase and tensin homolog (PTEN) and
programmed cell death protein 4 (PDCD4) as well as anti-
proliferative protein B-cell translocation gene 2 (BTG2) were
identified (110). PTEN has phosphatase-dependent and
phosphatase-independent (scaffold) activities regulating
genome stability, migration and proliferation, cell survival and
metabolism (111). PDCD4 inhibits proliferation, invasion and
metastasis and induces apoptosis by binding to the translation
initiation factor eIF4a, several transcription factors and other
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protein and modulates the function of the binding partners
(112). BTG2 is down-regulated in many types of cancers and
is involved in inhibition of proliferation, DNA repair and
mRNA stability (113, 114). In human melanoma, miR-21 is
strongly expressed in comparison to naevi and nuclear miR-
21 and may have an impact as a prognostic biomarker (115).

miR-146a (Figure 4A) is a miR with a dual function: it can
act as an onco-miR as well as a tumor-suppressive miR. It

enhances TG, but inhibits metastasis (116). miR-146a is up-
regulated during tumor progression, but is poorly expressed in
circulating tumor cells (CTC) (116). In MA-2 and MC-1
melanoma cells down-modulation of miR-146a impairs cell
proliferation as well as anchorage-independent growth in soft
agar. miR-146a overexpressing MA-2 cells generate bigger
tumors in comparison to control cells after subcutaneous
implantation (116). miR-146a inhibits extravasation and lung
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Figure 4. miRs involved in growth and metastasis in melanoma-related preclinical in vivo models. Upward arrows indicate up-regulation, downward
arrows indicate down-regulation in melanoma compared to corresponding normal tissues. (A) miRs up-regulated in melanoma in comparison to
corresponding normal tissues. BTG2: BTG2 family member 2; CPEB1: cytoplasmic polyadenylation element binding protein 1; INTαv: integrin
αv; LFNG: lunatic fringe; NUMB: protein numb homolog; PDCD4: programmed cell death protein 4; PTEN: phosphatase and tensin homolog;
ROCK 1: Rho-associated coiled-coil containing protein kinase 1. (B) miRs down-regulated in melanoma in comparison to corresponding normal
tissues. ARPC2: Actin-related protein 2/3 complex subunit 2; BMI: B-lymphoma Mo-MLV insertion region 1 homolog; CTTN: cortactin; HIF-1α:
hypoxia-inducible factor 1α; NRP-1: neuropilin 1; RAC1: ras-related C3 botulinum toxin substrate 1; SLUG: zinc finger protein SLUG. 



metastasis of MA-2-miR-146a overexpressing melanoma cells
after tail vein injection (116). miR-146a also affects
dissemination from primary tumors. Down-modulation of
miR-146a enhances dissemination of tumors to the lungs after
subcutaneous implantation (116). miR-146a controls TG
through its direct targets lunatic fringe (LNFG) and NUMB
(116). Inhibition of NUMB and deletion of LNFG have been
shown to activate the NOTCH1 pathway (117, 118). LNFG is
an O-fucose β1,3 N-acetyl-glucosminyl transferase which
glycosylates epidermal growth factor (EGF)-like repeats in the
extracellular domain of NOTCH, thus inhibiting JAGGED-
mediated NOTCH activation (119). NUMB is a membrane-
bound protein which is also involved in suppression of
NOTCH signaling (120). miR-146a mediated down-regulation
of direct targets INTαv and serine/threonine kinase RHO-
associated, coiled-coil containing protein kinase 1 (ROCK1)
affects motility, but not TG (116). ROCK1 mediates rounded
cell migration, whereas INTαv is involved in mesenchymal-
like invasion characterized by cell polarization and membrane
protrusion (121). ROCK1 is a major effector of small GTPase
RHO A and regulates the actomyosin cytoskeleton promoting
contractile force generation and plays a role in mobility,
metastasis and angiogenesis (122, 123).

Wild-type miR-455-5p (Figure 4A) promotes melanoma
growth and metastases, the A-to-I edited version inhibits
these properties (124). miR-455-5p is edited by adenosine
deaminase acting on RNA (ADAR1) (124). ADAR1-
mediated RNA editing of miRs can affect their biogenesis or
can change their binding sites (125, 126). ADAR-1
expression and the edited version of miR-455-5p decrease
during melanoma progression (124). SB2 melanoma cells
transduced with wild-type miR-455-5p exhibit increased TG
after subcutaneous implantation into nude mice and
increased incidence of experimental lung metastasis (124).
Cytoplasmic polyadenylation element binding protein 1
(CPEB1) has been identified as a direct target of wild-type
miR-455-5p (124). CPEB1 binds to a specific RNA sequence
in the 3´-UTR of the corresponding mRNA referred to as
cytoplasmic polyadenylation element and is involved in
translational control (127, 128). CPEB1 has been identified
as a TS in gastric and thyroid cancer (129, 130). In contrast
to the wild-type miR-455-5p, the edited version targets
oncogenes such as integrin α2 (INTα2), mouse double
minute 4 (MDM4) and ras homolog gene family member C
(RHO-C) (124). The clinical relevance of these findings
remains to be investigated.

Down-regulated miRs Inhibiting Growth and
Metastasis in Melanoma-related Preclinical 
In Vivo Models 

miR-33a (Figure 4B) is expressed at a low level in metastatic
melanoma (131). miR-33a inhibits proliferation and invasion

of human melanoma cells WM-35 and WM-451 (131). In
vivo, A375 cells transduced with miR-33a showed reduced TG
after subcutaneous implantation in comparison to control cells
(131). Hyoxia-inducible factor-1α (HIF-1α) was identified as
a direct target of miR-33a (131). HIF-1α exacerbates
conversion of normal melanocytes to melanoma (132) and
promotes metastasis by activation of tyrosine kinase SRC
(133). Hypoxia controls metastasis of mouse and human
melanoma cells (134). HIF-1α expression correlates with
severity of disease and metastasis in melanoma patients (135).

miR-200c (Figure 4B) exhibits reduced expression in
melanoma in comparison to naevi (136). miR-220c inhibits
proliferation of melanoma cell lines WM115A, 1205 Lu,
WM793, WM3523A and WM35 (136). In vivo growth in
nude mice is inhibited after subcutaneous implantation into
the flanks of miR-200c transduced WM115A cells in
comparison to the non-transduced control cell line (136).
Polycomb complex protein B lymphoma Mo-MLV insertion
region 1 homolog (BMI-1) has been identified as a direct
target of miR-200c (136). However, also other genes are
down-regulated by miR-200c such as membrane transporters
ATP-binding cassette superfamily G members 2 and 5
(ABCG2, ABCG5) and multi-drug resistance protein 1
(MDR1), whereas E-cadherin is up-regulated (136). BMI-1
knockdown phenocopies miR-200c overexpression (136).
BMI-1 belongs to the polycomb group of proteins, a class of
transcriptional repressors that orchestrate changes in
chromatin structure to regulate gene activity (136). BMI-1
functions as a transcriptional repressor of the inhibitor of
CDK4A/ARF tumor suppressor (INK4A/ARF) locus.
INK4A inhibits cyclin-dependent kinase 4A (CDK4) activity
and blocks entry into the cell cycle (137, 138). The findings
support the existence of an interconnected network of miR-
200c, BMI-1, E-cadherin and MDR-1 (136-138). In addition
to cancer cell proliferation, BMI-1 is involved in invasion,
metastasis, self-renewal of cancer stem cells (CSC) and their
differentiation and is a promising target for cancer therapy
(139). Diminished expression of miR-200c correlates with
the acquisition of a stem cell-like phenotype during
melanoma progression (140-142). miR-200c is down-
regulated in melanoma and acts as a TS (143).

miR-203 (Figure 4B) is decreased in metastatic melanoma
and its expression level correlates with survival (144). miR-
203 suppresses motility and sphere formation of melanoma
cell lines BE, SK-Mel-28 and DFB (144). In vivo, BE cells
transduced with miR-203 show decreased neo-
vascularization of their xenografts (144). Reduced lung
metastases was noted after tail vein injection of miR-203
transduced BE cells (144). SLUG (SNAI2), a zinc finger
protein transcriptional repressor which down-regulates E-
cadherin, was identified as a direct target of miR-203 (144).
SLUG is involved in EMT and exerts anti-apoptotic activity
(145). In melanoma, SLUG expression is essential for
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metastasis (146). Overexpression of SLUG is associated with
lymph node metastasis, post-operative relapse and shorter
patient survival in lung cancer and colorectal cancer patients
(147, 148). 

miR-365 (Figure 4B) is down-regulated in human
melanoma tissues relative to adjacent normal tissues (149).
Ectopic expression of miR-365 in A375 and G361 melanoma
cells attenuates cell proliferation and induces apoptosis in
these cells (149). In vivo, miR-365 overexpression in A375
cells suppresses TG after subcutaneous implantation and
reduces lung metastases after tail vein injection into nude
mice (149). Neuropilin-1 (NRP-1) has been identified as a
direct target of miR-365 (149). NRP-1 is a transmembrane
glycoprotein that acts as a co-receptor for various members
of the VEGF family and modulates the activity of other
extracellular ligands such as transforming growth factor β
(TGFβ), hepatocyte growth factor (HGF), fibroblast growth
factor (FGF) and platelet-derived growth factor (PDGF),
factors modulating angiogenesis and therefore is a potential
target for treatment of melanoma (150-152).

miR-382 (Figure 4B) is decreased in more versus less
aggressive primary melanomas (153). TG of melanoma cell
line WM1361a is accelerated by expression of a miR-382
decoy (153). Lung metastasis is inhibited after subcutaneous
implantation of 451Lu melanoma cells transfected with miR-
383 into the flanks of nude mice (153). As direct targets of
miR-382 cytoskeleton regulators cortactin (CTTN), actin-
related protein 2 complex (ARPC2) and ras-related C3
botulinum substrate 1 (RAC1) have been identified (153).
CTTN is a nodal point for regulation of the actin
cytoskeleton, regulates lamellopodia, directs migration and
matrix metalloproteinase activity (154, 155). ARPC2 is a
core component of the ARP2/3 complex which nucleates
branched actin networks (156). RAC1 is an RHO-family
GTPase that regulates a diverse set of cellular processes,
particularly cell motility through regulation of actin
polymerization (157, 158). 

Synopsis of Identified miRs

The identified miRs have been classified as miRs affecting
TG only, metastasis only and TG as well as metastasis in
preclinical in vivo efficacy models (Figures 1-4). These
effects can be achieved by up-regulation or down-
regegulation of the corresponding miRs in melanoma in
comparison to naevi or adjacent normal tissues. A major
subclass of the identified miRs targets transcription factors
such as RelA (miR-7-5p), ZEB2 (miR-30a), HIF-1α (miR-
33a), MITF and FOXN3 (miR-182), TFAP2C (miR-214),
SLUG (miR-365), FOXN3 (miR-378) and CPEB1 (miR-
455-5p). Another sub-category of the identified miRs targets
mRNAs derived from cell-cycle and apoptosis-related genes
such as BTG2, PDCD4 and PTEN (miR-21), BCL2 (miR-

219-5p), BMI-1 (miR-200c), CDKN1B (miR-221, -222),
MCL1 (miR-339-3p) and TP53INP2 (miR-638). Another
group of the identified miRs targets components of the actin
or actomyosin cytoskeleton, such as ROCK1 (miR-146a),
ARPC2, CTTN and RAC1 (miR-382) as well as espin (miR-
612). Autophagy is affected by miRs -23a and -638 and
miRs -30a, -203 and -542 are involved in EMT-related
pathways. An interesting observation is that an A-to-I edited
miR (455-5p) can have an inhibitory impact on metastasis of
melanoma cells in preclinical melanoma-related in vivo
models due to change in target specificity induced by the
editing process. Another observation is the finding that a
component of the secretory pathway (SEC23A) can modulate
the metastatic secretome. miR-146a is unique since it has a
different impact on TG versus metastases. It promotes TG
via targeting LFNG and NUMB resulting in activation of
NOTCH signaling, whereas it inhibits metastases by
targeting INTαv and ROCK1. LFNG as well as Gal-N-
transferase (miR-30b/d) are sugar-modifying enzymes, which
have an impact on metastasis and on growth as well as
metastasis, respectively. Interestingly, one of the identified
miRs promotes metastasis through targeting of the metabolic
component ApoE. To our surprise, none of the identified
miRs targets components of the rapidly accelerated
fibrosarcoma (RAF)/MEK signaling pathway directly. 

Clinical correlations are an important issue for
prioritization of identified miRs and corresponding targets
for therapeutic intervention. Up- or down-regulation of
several miRs in melanoma tissues in comparison to
corresponding control tissues holds true for miRs-7-5p, -23a,
-30b/d, -98a, -125b, -182, -199a, -203, -214, -219-5p, -221/-
222, -365, -378 and -638. In addition to deregulation,
correlations with disease progression and corresponding
survival data are available for an up-regulated and five
down-regulated miRs. miR-199a (ApoE, DNAJ4) is up-
regulated, miRs-7-5p (RelA), miR-98a (IL6), miR-203
(SLUG), miR-219-5p (BCL2) and miR-365 (NRP-1) are
down-regulated. miR-219-5p regulates TG, miR-98a and -
199a are drivers of metastasis, whereas miRs-203 and -365
have a combined impact on TG and metastasis.

Therapeutic aspects. Improved treatment options for
advanced and metastatic melanoma are an important medical
need. For miR-related targets, inhibition of up-regulated
miRs or functional reconstitution of down-regulated miRs
are the options for therapeutic intervention (more details in
the following chapter). Alternatively, the identified targets
can be modulated with small molecules or mAbs. However,
one should keep in mind that miRs, in addition to the
identified and validated targets, interfere with the messages
of a several other genes. For the target of miR-219-5p,
BCL2, a specific inhibitor, Venetoclax, has been approved
by the FDA for treatment of CLL (159). Clinical studies with
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mAb MNRP1685A, which inhibits NRP-1, are currently
ongoing (160). For IL6, the target of miR-98a, several IL6-
inhibitory approved agents for treatment of inflammatory or
myeloproliferative neoplasms are available (161). IL6-
inhibitory agents are presently clinically evaluated for
management of the side effects of chimeric antigen receptors
(CARs)-based therapies (161).

As treatment options, prophylactic treatment of melanoma
metastasis is problematic due to possible severe side-effects
due to chronic treatment (162). With respect to treatment of
established metastases, unprecedented responses have been
achieved with programmed cell death protein 1 (PD1)- and
PD1-ligand (PD-1L)-inhibitory mAbs (163-165). miRs
inhibiting TG (miR-219-5p) and TG as well as metastases
(miRs-203, -365) are possible candidates for treatment of
metastatic melanoma as single agents or in combination with
other agents such as checkpoint inhibitors. Expression of the
corresponding target in metastases has to be assessed case by
case. miRs affecting metastasis only (miR-7-5p, -98a, -199a)
should be combined with a growth-inhibitory agent to optimize
their therapeutic potential. However, it should be kept in mind,
that treatment of established metastases is hampered by many
critical issues such as their heterogeneous composition and
disabled vasculature, resulting in poor drug penetration and
resistance against drugs, which have a therapeutic impact on
the corresponding primary tumor (162, 166).

Technical aspects. As outlined, the therapeutic options of
miR-related agents for treatment of advanced melanoma are
inhibition of miRs or their functional reconstitution (167-
169). miR inhibitors are single-stranded RNAs such as
locked nucleic acids (LNA), 12-25 nts complementary to the
corresponding mRNA (167). miR sponges contain multiple
miR-binding sites which compete with the natural mRNA
target for binding to the corresponding miR (169). Low-
molecular weight drugs can affect the transcription of miRs
or interfere with their secondary structure, but specificity
issues associated with corresponding compounds remain to
be resolved (167, 169). Functional reconstitution can be
performed with miR mimetics, double-stranded RNAs,
designed to mimic endogenous mature miRs (168). The other
option is to express the corresponding miR with plasmid or
virus-based expression vectors in corresponding recipient
cells (168). 

However, several technical issues hampering the therapeutic
application of miR-related agents remain to be resolved. Issues
to be tackled are: design of efficient delivery systems, serum
stability and removal of the complexed nucleic acids by the
reticulo-endothelial system, renal excretion, immunogenicity
and immuno-modulatory effects, hybridization-dependent and
-independent off-target effects, haematological and hepatic
toxicity, cytokine release syndrome (CRS), extravasation,
entry into the target cell and endosomal escape (170-172).

These issues have to be optimized case-by-case. Considerable
progress has been achieved by improving the binding affinity,
stability, pharmaco-kinetic and pharmaco-dynamic properties
of miR-related agents for optimized target modulation (173-
175). Progress has been achieved by stabilization of miR-
targeting agents with polyethylene glycole, delivery as
nanoparticles and combination with specific targeting
packages and shielding to ameliorate immunogenicity and the
potential to induce CRS (173-177). Complexation of miR-
targeting agents to cell-penetrating viral proteins to
accomplish endosomal escape is another important
achievement (178, 179). 

Finally, the relationship between siRNA and miRs as
therapeutic agents should be mentioned. siRNA and miRs
share many similarities. Both are short duplex RNA
molecules that exert gene-silencing effects at the post-
transcriptional level by targeting mRNA. However, the MOA
is different. siRNAs are highly specific for only one target,
whereas miRs target several mRNAs with the capacity to
interfere with several pathways (180). 

Therapeutic Landscape

The field of miR-based therapeutics has witnessed several
serious drawbacks in the past few years (181). Several
clinical studies in patients with kidney disease, Hepatitis C
infection and cancer were terminated due to serious side
effects despite of promising efficacy data (181). Clinical
evaluation of second generation of miRs with an improved
side-effect profile is underway. MIRAGEN is presently
running PhaseI/II clinical studies with COBOMARSEN
(MRG-106), an LNA anti-miR-155, for treatment of several
blood cancers such as cutaneous T-cell lymphoma, adult T-
cell lymphoma and leukemia, diffuse large B-cell lymphoma
and chronic lymphocytic leukemia with a very favourable
side effect profile (181). A breakthrough in the field of RNA-
related therapeutics is the FDA-approval of Onpattro
(ALNYLAM Pharmaceuticals), an siRNA acting in the liver
of patients with transerythyrin amyloidosis and neuropathy
(182). The emerging importance of RNA-based therapeutics
is emphasized by a recent deal between REGENERON and
ALNYLAM covering 39 targets for diseases of the eye,
central nervous system and liver (183).
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