
Abstract. The death toll of non-small cell lung cancer
(NSCLC) patients is primarily due to metastases, which are
poorly amenable to therapeutic intervention. In this review we
focus on miRs associated with metastasis of NSCLC as
potential new targets for anti-metastatic therapy. We discuss
miRs validated as therapeutic targets by in vitro data,
identification of target(s) and pathway(s) and in vivo efficacy
data in at least one clinically-relevant metastasis-related
model. A few of the discussed miRs correlate with the clinical
status of NSCLC patients. Using miRs as therapeutic agents
has the advantage that targeting a single miR can potentially
interfere with several metastatic pathways. Depending on their
mode of action, the corresponding miRs can be up- or down-
regulated compared to normal matching tissues. Here, we
describe therapeutic approaches for reconstitution therapy
and miR inhibition, general principles of anti-metastatic
therapy as well as current technical pitfalls.

The annual worldwide death toll due to lung cancer is 1.5
million patients (1). Lung cancer is classified into two groups:
i) Non-Small Cell Lung Cancer (NSCLC) (85%) and ii) Small
Cell Lung Cancer (SCLC) (15%). NSCLC cases are divided
into: i) lung adeno-carcinomas (non-squamous) (40%), ii)
squamous carcinoma (25-30%) and iii) large cell carcinoma
(10-15%) subtypes (2). Actionable mutations or rearrangements
have been detected in lung adenocarcinoma, whereas in

squamous cell carcinoma, with the exception of fibroblast
growth factor (FGFR) amplifications, these are rare (3). In lung
adenocarcinoma, epidermal growth factor receptor (EGFR)
mutations and rearrangements in ALK, RET and ROS act as
oncogenic drivers while additional low-frequency mutations
have also been identified (3). These driver mutations have
paved the way for the discovery of approved drugs such as
gefitinib, erlotinib and osimertinib (targeting EGFR), brigatinib
(targeting EGFR and ALK) and crizotinib, ceritinib and
alectinib (targeting ALK) (4). For NSCLC patients with BRAF
V600E mutations, a combination of BRAF inhibitor Tafinlar
(Dabrafenib) and MEK inhibitor Mekinist (Trametinib) has
been approved (5). A subset of NSCLC patients is responsive
to antibodies which target immune checkpoint inhibitors with
ambiguous clinical results (6). Anti-PD1 antibodies Nivolumab
and Pembrolizumab, as well as anti-PD-L1 antibodies
Atezolizumab, Durvalumab and Avelumab have been approved
for specific NSCLC-related clinical scenarios (6). Despite these
remarkable achievements, the high death toll associated with
lung cancer is due to metastases that poorly respond to these
treatments in most patients (2). 

NSCLC-related metastases. Ninety percent of NSCLC deaths
are metastasis-related (1). A subgroup of cancer cells with an
indefinite self-renewal potential referred to as cancer stem
cells (CSC) has been strongly associated with metastasis (7).
The metastatic process has been described in detail in several
reviews and is briefly summarized herein (8-10). The process
starts at the tumor rim by tumor cells that gain invasive
properties as they undergo epithelial–mesenchymal transition
(EMT), degrade the extracellular matrix (ECM) and form
pseudopodia-like projections (lamellopodia). Following
intravasation inside blood or lymphatic vessels, the survival
of these tumor cells (TC) depends on mechanisms through
which they evade anoikis and escape immuno-surveillance.
Finally, these cells can extravasate and colonize distant organs.
Two types of metastasizing TCs can be found in the
circulation: i) circulating tumor cells (CTC) in the peripheral
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blood and ii) disseminated tumor cells (DTC), which
aggregate in the bone marrow. DTC can re-enter the
circulation and lead to metastasis in distant organs. CTC can
mechanistically arrest in capillary beads or selectively arrest
at specific organs in a non-random fashion. They can remain
in a dormant state for varying periods of time as
micrometastases before gaining the capability of colonizing
distant organs. Following the investigation of 729 NSCLC
patients, the preferred sites of metastases are: i) bone (34%),
ii) lung (32%), iii) brain (28%), iv) adrenal gland (17%) and
v) liver (13%) (11). 

Micro RNAs and their role in cancer. Micro RNAs (miRs) are
evolutionarily conserved 18-25 nucleotides (nts) comprising
RNA molecules involved in repressing mRNA targets at the
post-transcriptional level (12-14). Approximately 1,000 miR
genes have been identified in humans. The genes encoding
miRs can be found in exons, introns or in the non-coding
regions of protein-encoding genes. A total of 30% of miRs are
processed from introns of protein-encoding genes. miRs are
transcribed by RNA polymerase II and the primary transcript,
referred to as pri-mRNA, contains a 7-methylguanosine cap,
a polyA-tail and it may additionally contain introns (12-14).
Primary pre-miRs are cleaved by a complex, called
Microprocessor, to 60-70 nts hairpin-looped precursors (pre-
miRs), which are exported to the cytoplasm by the multi-
protein complex DICER to produce mature miRs (15, 16).
These consist of a 20 bp RNA duplex with a 5’phosphate and
two nts 3’ overhanging at each end. One strand of the mature
miR (guide strand) is loaded onto the miR-induced silencing
complex to target mRNA via sequence complementarity. miRs
interact with a 6-8 nt seed sequence at the 5’end, by base-
pairing with a complementary sequence located at the 3’-
untranslated region (3’-UTR) of the mRNA targets. An
alternative mechanism for miR processing has been identified,
where mirtons arise from spliced out introns and circumvent
the cleavage by a microprocessor complex. Gene suppression
mediated by miRs can be obtained by degradation of the
corresponding mRNA or by inhibiting its translation. A single
miR can target hundreds or thousands of mRNAs and a single
mRNA can be targeted by multiple miRs (17). Since miRs
inhibit several targets, inhibition may result in the modulation
of several regulatory pathways and disturb different regulatory
networks (17). 

The relevance of miRs in the pathogenesis of cancer has
been demonstrated for miR-15a and miR-16-1 (18, 19).
Deletion of the miR-15a and miR-16-1 clusters in mice
recapitulates the disease phenotype of B-cell chronic
lymphatic leukemia (B-CLL) by circumventing the cleavage
of the mRNA of the anti-apoptotic protein BCL2 (18, 19).
miRs are involved in many aspects of the pathogenesis and
metastasis of cancer (20, 21). We recently summarized their
role in metastasis of breast, ovarian and prostate cancer (22-

24). In this review we focus on the role of miRs on the
metastasis of NSCLC with a documented efficacy in at least
one metastasis-related in vivo model.

Up-regulated lung cancer-related miRs with an in vivo activity
in experimental metastasis models. miR-150 promotes
NSCLC migration and EMT of H460 cells in vitro (25). In an
in vivo model, H460 cells overexpressing miR-150 grow faster
than control cells when injected subcutaneously, while more
metastatic nodules have been observed in the lungs of mice
with miR-150 overexpressing cells (25). The same group has
also identified Forkhead- box O 4 (FOXO4) as a direct target
of miR-150 (Figure 1). FOXO4 is a member of the FOXO
family of transcription factors which can positively and
negatively affect gene expression. FOXO4 can induce cell
cycle arrest and apoptosis as well as DNA damage repair and
can function as a tumor suppressor in human cancer (26, 27).
Up-regulation of miR-150 and down-regulation of FOXO4 is
frequently observed in metastatic lung cancer cells and
NSCLC tissues (25).

miR-490-3p potentiates in vitro invasion and migration of
the A545 NSCLC cell line (28), while an antisense-
oligonucleotide (ASO) directed against miR-490-3p can
reduce the in vivo lung colonization following tail vein
injection of A549 lung cancer cells (28). Poly r(C) binding
protein 1 (PCBP1), a negative regulator of lung cancer
metastasis (29), has been identified as a direct target of miR-
490-3p (28, Figure 1). PCBP1 acts in a transcript-selective
translational pathway, in which a ribonucleoprotein complex
containing PCBP1, silences the translation of mRNAs
involved in EMT and metastatic progression. Prometastatic
phosphatase of regenerating liver 3 (PRL3) is one of the
proteins repressed by PCBP1 (30, 31). miR-490-3p expression
is inversely correlated with PCBP1 and correlates with disease
progression in lung cancer patients (28).

miR-616 promotes proliferation, migration and invasion of
NSCLC cell lines, such as H358 and A549 (32).
Overexpression of miR-616 increases the subcutaneous
growth of H358 cells in nude mice, and tail vein injection
experiments have revealed that miR-616 overexpression
significantly increases the frequency of lung metastases (32).
SOX7 has been identified as a direct target of miR-616 in
NSCLC cells (32). SOX7 belongs to the SRY-related HMG-
box (SOX) family of transcription factors with tumor
suppressing properties (33, 34) (Figure 1). Transcript analysis,
based on TCGA data, has revealed an up-regulation of miR-
616 in lung cancer tissues compared to matching normal lung
tissues (Figure 2). 

miR-661 is up-regulated in NSCLC and is an indicator of
poorer prognosis (35). In A549 and SPC-A1 lung cancer cells,
miR-661 enhances their migration (wound-healing assay,
transwell assay), and promotes a significantly faster cell
growth and colony formation (35). A549 cells overexpressing
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miR-661 give rise to more pulmonary metastases in nude mice
following tail vein injection and form larger tumors compared
to control cells following subcutaneous injection. Tumor
suppressor Retinoblastoma 1 (Rb1) has been identified as a
direct target of miR-661 (35) (Figure 1). Rb1 knock-down
induces EMT by decreasing E-cadherin and EMT-related
factors, such as Slug and Zeb1, in breast cancer cells (36).
Furthermore, down-regulation of Rb1 is followed by up-
regulation of the Rb-binding transcription factor E2F1, which
promotes proliferation and invasion (37).

miRs promoting lung cancer metastasis identified in
spontaneous metastasis models. miR-26a-5p enhances lung
cancer cell invasion and migration following its transfection
in A549, H1299 and H661 NSCLC cells (38). Integrin-β8 has
been identified as a target for miR-26a-5p, a molecule which
is overexpressed in several types of cancer together with
integrin-αv (39, 40). miR-26a-5p induces expression of
prometastatic gene cluster of differentiation (CD44) and
matrix metalloproteinase 9 (MMP-9) and activates Janus

kinase 2/Signal transducer and activator 3 (JAK2/STAT3)
signaling, which leads to an enhanced metastatic potential of
NSCLC cell lines (38) (Figure 1). Knock-down of integrin-β8
has been shown to induce JAK2/STAT3 signaling (38). miR-
26a-5p promotes tumor formation and metastases in the lungs
of subcutaneously implanted xenografts (38). Data correlating
the expression levels of miR-26a-5p with the clinical status of
NSCLC patients are not yet available.

miR-128-3p induces EMT and CSC programming in lung
cancer cells, such as A549 and Calu3D (41). A549 and H20
lung cancer cells transfected with miR-128-3p display an
enhanced tumorigenicity and spontaneous metastatic
colonization potential in multiple distal organs following their
subcutaneous injection (41). miR-128 acts by targeting
inhibitors of the Wnt/beta catenin pathway and activates the
transforming growth factor-β (TGFβ) signaling by inhibiting
negative regulators of the TGFβ signaling pathway (41).
AXIN1, secreted frizzled related protein 2 (SFRP2) and Wnt
inhibitory factor (WIF1) have all been identified as targets of
the Wnt/beta catenin pathway (41, 42). SMAD specific E3

Weidle et al: Role of microRNAs in Metastasis of Non-small Cell Lung Cancer (Review)

101

Figure 1. Mode of action for miRs-26-5p, -150, -330-3p, -378, -490-3p, -616 and -661. These miRs are up-regulated in NSCLC tissues in comparison
to matching normal tissues. The pro-metastatic pathways activated by these miRs are indicated. β8: Integrin β8, FOXO4: forkhead-box-protein 4,
GRIA3: glutamate ionotropic receptor AMPA 3, HMOX1: hemoxygenase 1, JAK2: Janus kinase 2, PCBP1: poly(rc)-binding protein 1, PRL3:
phosphatase of regenerating liver 3, Rb1: retinoblastoma protein 1, RbX: ring-box protein 1, SOX7: sry-box transcription factor 7, STAT3: signal
transducer and activator of transcription 3.



ubiquitin protein ligase 2 (SMURF2) (43) and the catalytic
subunit of protein phosphatase 1 (cPP1) (44) have emerged as
targets of miR-128-3p in the TGFβ signaling pathway (45)
(Figure 3). Expression of miR-128-3p correlates with
chemoresistance, aggressiveness and poor prognosis in
NSCLC patients (41). TCGA-related data reveal an up-
regulation of miR-128-3p in lung cancer tissues compared to
normal lung tissues (Figure 2).

miR-378 promotes the migration of A549 lung cancer cells
as shown by wound healing assay (46). miR-378 mediates the
expression of angiogenesis-promoting factors, such as vascular
endothelial growth factor (VEGF), MMP2, MMP9, Interleukin
8 (IL8), Angiopoietin 1 and Stromal-derived factor -1 (SDF-
1) (46). In A549 and NCI-292 lung cancer cells miR-378
induces formation of vascular tubes. In a zebrafish xenograft
model, miR-378 inhibitors reduce the metastatic potential of
A549 cells throughout the body and to the lungs (46). RBX1
has been identified as a direct target of miR-378 (46-48). Ring
box protein X1 (RBX1), also referred to as regulator of cullins
1 (ROC1), is the ring component of the Cullin-based RING
Ligase (CRL), the largest family of E3 ubiquitin ligases (47)
(Figure 1). The details of the mechanism of miR-378/RBX1
signaling are not delineated yet. Swiss immunodeficient mice
subcutaneously implanted with NCI-292 cells show that miR-
378 enhances the vascularization of the xenografts as well as
the distal metastasis to the brain and the lungs (49). In this
system, the mode of action (MOA) might be based on the

interaction of miR-378 with hemoxygenase 1 (HMOX1) (50),
but this needs to be supported by additional studies. miR-378
is a potential biomarker in high-risk NSCLC patients for brain
metastasis (46).

Identification of miRs promoting lung cancer in orthotopic
metastasis models. miR-93 up-regulation promotes cell
proliferation, migration and invasion in NSCLC cell lines,
such as A549, H1975 and H1299 (51). miR-93 directly binds
to the 3’-UTR of the tumor suppressor gene liver kinase B1
(LKB1) mRNA (51-53). It has been shown that miR-93
activates the PI3K/AKT pathway by inhibiting LKB1,
Phosphatase and tensin homolog (PTEN) and protein 21 (p21)
(51). Down-regulation of miR-93 in A549 cells orthotopically
implanted in the lungs gave rise to a lower rate of pleural
dissemination while no hepatic metastases could be identified
with these cells compared to A549 cells (51).

Expression of miR-135b correlates with invasivity in
several lung cancer cell lines and promotes growth, invasion
and EMT in vitro (54). CL1-0 cells transfected with miR-135b
have shown increased tumor growth and metastases to the
lungs and soft tissues of non-obese diabetic – severe combined
immuno-deficient (NOD-SCID) mice following tail vein
injection. A miR-related antagomir can inhibit orthotopic lung
cancer growth of CL1-5 lung cancer cells and decrease the
number of lung metastases (54). Leucine putative tumor
suppressor (LZTS1), which may interact with the cdk1/cyclin
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Figure 2. Expression of selected microRNAs in lung squamous carcinoma compared to matching normal tissues. Up-regulated miRs: -128, -135b, -
616. Down-regulated miRs: -101, -140, -218, -338 and -486. Data from 478 lung cancer samples and 45 matching normal samples derived from the
LUSC cohort of The Cancer Genome Atlas (TCGA) are shown. miRNA expression was quantified by RNA sequencing and is shown as log2 of normalized
read counts. The red lines indicate low versus higher expression. Expression data are shown as box plots. The line in the middle of the box represents
the median values, the rectangles show the upper and lower 25% quartiles and 50% of all data points are included in the greater rectangle. All other
data points, except for outliers are located within the upper and lower whiskers.



B complex, has been identified as one of the targets of miR-
135b (55). In addition, miR-135b targets several components
of the Hippo pathway (Figure 4). This pathway has an impact
on cancer stem cells, tumor growth, EMT, invasion and
metastases of tumor cells (56). The following Hippo pathway
components are direct targets of miR-135b: i) large tumor
suppressor gene 1 (LATS1), which functions as a serine-
threonine kinase, ii) MOB kinase activator 1A (MOB-1A), a
non-catalytic protein, iii) nuclear Dbf2-related protein kinase
2 (NDR2), which binds to MOB-activator proteins (57) and
finally iv) ubiquitin ligase β transducin containing protein
(βTrCP) (58). Collectively, these modulations lead to
increased levels of dephosphorylated oncoprotein
transcriptional co-activator with PDZ-binding motif (TAZ),
which translocates in the nucleus and acts as a transcriptional
co-activator of genes involved in cell proliferation and
survival (59, 60). Interestingly, the expression levels of miR-
135b, LZTS1 and nuclear TAZ predict the outcome in NSCLC
patients. TCGA-related data reveal an up-regulation of miR-
135b in lung cancer tissues compared to normal lung tissues
(Figure 2) (54). 

The miR-330 promotes proliferation, migration and
invasion of H460 and H1975 NSCLC cell lines in vitro
(61). In addition, it promotes tube formation and
angiogenesis of endothelial cells (61). The miR-330 also
promotes the growth of H460 and H1975 cells in xenograft
models, as following their orthotopic implantation in the
brain, many metastatic foci containing H460 or H1975
NSCLC cells overexpressing miR-330 have been identified.
It has been shown that miR-330 can directly target the 3’-
UTR of the mRNA for the glutamate ionotropic receptor
AMPA type subunit 3 (GRIA3), a ligand-gated ion channel
of the central nervous system with a role in excitatory
synaptic transmission (62, 63) (Figure 1). Furthermore,
miR-330 up-regulates total DNA methylation in NSCLC
cells (61). Immuno-precipitation experiments have
indicated that GRIA3 is associated with DNA
methyltransferases DNMT1 and DNMT3 (61). miR-330
might be a biomarker for the identification of NSCLC
patients with a brain metastasis potential and could play a
role as a therapeutic target for the prevention and inhibition
of brain metastasis of NSCLC (61).
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Figure 3. miR-128-3p mode of action. miR-128b is up-regulated in NSCLC samples compared to matching normal tissues. miR-128-3p activates Wnt/β-
catenin and TGFβ signaling, resulting in pro-metastatic activity. Axin 1: WNT pathway inhibitor, cPP1: dual specificity protein tyrosine phosphatase
1. CSC: cancer stem cell, EMT: epithelial mesenchymal transition, SFRP2: secreted frizzled-related protein 2, SMURF2: smad ubiquitin regulatory
factor 2, TGFβ: transforming growth factor β, WIF-1: WNT inhibitory factor 1, WNT: wingless-type MMTV integration site family member. 



Identification of down-regulated miRs preventing lung cancer
metastasis in models of experimental metastasis. miR-30c is
activated by Fragile Histidine Triad (FHIT) and inhibits EMT
by suppressing direct targets vimentin and fibronectin in A549
cells (64). FHIT reduces the mobility and invasiveness of lung
cancer cells in vitro through miR-mediated suppression of
EMT (64). In addition, miR-30c targets the metastases-related
genes metadherin (MTDH) and high-mobility group AT-hook
2 (HMGA2) (65, 66) (Figure 5). Overexpression of miR-30c
in parental A549 cells suppresses the experimental metastases
in lungs and brain by inhibiting the expression of MTDH and
HMGA2 (64). MTDH regulates metastasis by acting on the
actin cytoskeletal remodeling of NSCLC cells (65). HMGA2
has an impact on lung cancer cell proliferation and metastasis
(66), by affecting cell apoptosis through caspases 3/9 and
Bcl2, and it regulates EMT by targeting Twist. As indicated
by immuno-histochemistry, comparing non-metastatic and
metastatic lung tissues, FHIT is a negative regulator of
metastasis in NSCLC (64).

miR-181b has been identified as a suppressor of metastasis
and inhibits the proliferation of NSCLC cell lines, such as

A549, H1650 and A549/DDP (67). In addition, miR-181b
attenuates the migration, invasion and EMT of these cell lines
(67). Transforming growth factor β receptor 1 (TGFβR1) has
been identified as a direct target of miR-181b (67) (Figure 5).
Suppression of TGFβR1 results in the inhibition of Smad-
dependent and –independent signaling (67), while TGFβ
signaling has been shown to exert metastatic and immuno-
suppressive effects (68, 69). In vivo, miR-181 suppresses the
formation of lung metastases following tail vein injection of
A549/DDP cells (70).

miR-320 suppresses the growth and invasion of NSCLC cell
lines A549/34R cells and increases apoptosis of them (69, 71).
miR-320 targets STAT3 and staphylococal nuclease domain
containing protein 1 (SND1) (Figure 5) (72, 73). A549/34R
NSCLC cells transfected with miR-320 exhibit considerably
lower tumor volumes in mice compared to non-transfected
cells (69). Following tail vein injection, miR-320-transfected
A549/34R cells display reduced numbers of metastatic nodules
in the lungs (69). miR-320 affects the nuclear translocation of
pSTAT3, with an impact on downstream effectors, such as
BCL2 (down-regulated) and BAX (up-regulated) (69). SND1
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Figure 4. miR-135b mode of action. miR-135b is up-regulated in NSCLC samples compared to matching normal tissues. miR-135b exhibits a
prometastatic activity through activation of the Hippo pathway and induction of EMT- mediating transcription factors Slug and Snail. β-TrCP: β-
Transducin repeat containg protein, cdk1: cyclin-dependent kinase 1, LAP: lysophosphatic acid, LATS1: large tumor suppressor kinase 1, LZTS1:
leucine zipper tumor suppressor 1, MOB-1A: MOB kinase activator 1A, MST1: mammalian sterile 20-like kinase 1, NDR2: nuclear Dbf2-realted 2,
Slug, Snail: transcription factors, TAZ: transcriptional activator with a PDZ binding domain, YAP: Yes-associated protein.



(p100), the other direct target of miR-320, is a multi-functional
protein that regulates gene expression at both transcriptional
and translational levels (73). SND1 can interact with c-MYB,
STAT5 and STAT6 as a co-activator (73). In the context of
metastasis, SND1 has been identified as a metadherin
interacting protein (74). SND1 also acts as a component of the
RNA-induced silencing complex, which is involved in the
degradation of edited double-stranded RNA molecules (75).

miR-365 is down-regulated in lung cancer cell lines and
lymph node metastases, while its expression inversely
correlates with clinical stage, overall survival and relapse-free
interval of NSCLC patients (76). miR-365 inhibits cell
migration, invasion, growth and soft agar colony formation,
and incuces apoptosis in A549 and BE1 NSCLC cell lines
(76). In vivo, miR-365 inhibits the growth of subcutaneously
implanted A549 cells and reduces lung metastases of tail-vein
injected A549 cells transfected with an expression vector
containing miR-365 (76). Neuropilin 1 (NRP1) has been
identified as a direct target for miR-365 (76) (Figure 5). NRP1
is a transmembrane glycoprotein that acts as a co-receptor for
several extracellular targets, such as diverse isoforms of

VEGF, semaphorins and TGFβ (77-79). Functionally, NRP1
promotes EMT in the context of TGFβ, hedgehog and HGF/c-
MET signaling (77-79).

miR-370 overexpression inhibits the proliferation,
clonogenicity, wound-healing and invasion of XWLC-05 and
X157 NSCLC cells (80). miR-370 overexpression inhibits the
growth and angiogenesis of XWLC-05 cells following their
implantation in mice, as well as lung metastasis following tail
vein injection. miR-370 targets the 3’-UTR of EGFR, a known
promoter of proliferation and metastasis (81, 82) (Figure 6).
In XWLC-05 and X157 cells, miR-370 attenuates their
expression of EGFR and down-regulates Hypoxia inducible
factor 1α (HIF-1α), Extracellular regulated protein kinase
(ERK) and AKT signaling. Patient related data in NSCLC
patients are not yet available for miR-370 (80).

miR-486-5p expression inversely correlates with advanced
stage and lymph node metastasis of NSCLC (83). Ectopic
expression of miR-486-5p reduces proliferation and migration
in cell lines A549 and H157 (83). Tail vein injection with
bioluminscent H460 NSCLC cells transfected with a miR-486-
5p mimic can give rise to reduced lung metastases (83).
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Figure 5. miRs-30c, -181b, -320, -365 and -769-5p: mode of action. These miRs are down-regulated in NSCLC tissues compared to matching normal
tissues. The corresponding pro-metastatic pathways activated by their down-regulation are shown. HMGA2: High mobility group A2, MTDH:
metadherin, MYB: transcription factor MYB encoded by the MYB gene, NRP1: neuropilin 1, SF: semaphorin, SMAD: signal transducers of the TGFβ
superfamily, SND1: staphylococcal nuclease and tudor domain containing 1, STAT 3,5,6: signal transducer and activator of the TGFβ superfamily,
TGFβ: transforming growth factor β, VEGF: vascular endothelial growth factor. 



Protumorigenic RhoA GTPase (ARHGAP5), a negative
regulator of GTPase RhoA has been identified as a target of
miR-486-5p (84) (Figure 6). Rho GTPases are regulators of
cellular adhesion, motility and polarity (85, 86). Up-regulation
of ARHGAP5 correlates with the down-regulation of miR-
486-5p in clinical specimens of NSCLC (83). TCGA-related
data reveal a down-regulation of miR-486 in lung cancer
tissues compared to matching normal lung tissues (Figure 2).

miR-499-5p expression is significantly reduced in NSCLC
tissues compared to matching normal lung tissues, while its
expression inversely correlates with a poor clinical outcome
(87). miR-499-5p overexpression inhibits cell proliferation and
invasion in vitro and in vivo and induces apoptosis in NSCLC
cell lines, such as A549, H23, H522 and HOP62 (87). A549
cells transfected with miR-499-5p display reduced lung
metastasis in mice following tail vein injection (87). VAV3 has
been identifed as a direct target of miR-499-5p (Figure 6).
VAV3 is a guanine nucleotide exchange factor for
RhoGTPases (88). VAV proteins are involved in a variety of
cellular processes, including phagocytosis, cytoskeletal
organization and transformation (89). VAV3 expression is
decreased in breast cancer patients and it regulates the

dissemination of NSCLC to the lungs (89). However, the
mechansism behind this remains elusive.

miR-615-3p expression is down-regulated in NSCLC
specimens compared to corresponding matching normal tissue
(90). In A549 and H1975 NSCLC cells, miR-615-3p inhibits
cell proliferation, migration and invasion (90). Following
subcutaneous implantation of A549 cells overexpressing miR-
615-3p tumor growth is inhibited (90). On the contrary,
inhibition of mR-615-3p in A549 cells increases the lung
metastatic burden following tail vein injection (90). Insulin-
like growth factor 2 (IGF2) has been identified as a direct
target of miR-615-3p (90, 91) (Figure 6), and it can rescue the
in vitro effects of miR-615-3p when it is overexpressed (90).
A negative correlation between miR-615-3p levels and IGF2
has been identified in NSCLC specimens, with IGF2/IGFR1
interaction acting as a mediator of metastasis in several types
of tumors (92).

miR-622 transfection of NSCLC cell lines A549 and H1299
show ≥50% inhibition of migration and invasion compared to
untransfected cells (93). In the tail vein injection model, miR-
622 transfected A549 cells show significantly fewer
metastases in the lungs compared to untransfected cells. miR-
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Figure 6. miRs-140, -370, -486-5p, -499-5p and -615-3p: mode of action. These miRs are down-regulated in NSCLC tissues compared to matching
normal tissues. The pro-metastatic pathways activated by down-regulation of these miRs are shown. ARHGAP5: Rho GTPase-activating protein 5,
AKT: serine-threonine kinase AKT, EGFR: epidermal growth factor receptor, ERK: extracellular regulated kinase, IGF2: insulin growth factor 2,
IGFR1: insulin-like growth factor receptor 1, PI3K: phosphatidyl-inositol 3-kinase, VAV3: VAV3 guanine nucleotide exchange factor.



622 suppresses HIF-1α expression by directly targeting the 3’-
UTR of HIF-1α mRNA (93) (Figure 7). miR-622 is up-
regulated by Fork head box 3A (FOXO3A) and ERK
activation down-regulates the FOXO3A/miR-622 axis to
increase HIF-1α expression. HIF-1α acts as a promoter of
EMT through the down-regulation of E-cadherin and up-
regulation of β-catenin and vimentin expression (94, 95).

miR-876-5p has been found to be down-regulated in
NSCLC cell lines and in tumor samples (96). miR-876-5p
inhibits the migration and invasion of NSCLC cell lines A549
and HCC827, as assessed by wound healing invasion assay
(96). Bone morphogenetic protein 4 (BMP4) has been
identified as a direct target of miR-876-5p (96) (Figure 7) and
is known as an inducer of EMT (97-99). Re-introduction of
BMP4 into the cell lines as outlined above restores
proliferation and invasion (96). NSCLC cell lines A549 and
HCC827 expressing miR-876-5p give rise to fewer lung
metastases compared to mice injected intravenously with
control cell lines in the tail vein (96). 

Another molecule, miR-1207-5p, is down-regulated in
NSCLC cell lines and it inhibits the proliferation and invasion
of NSCLC cell lines A549 and H358 (100). Colony

stimulating factor-1 (CSF-1) has been identified as a direct
target of miR-1207-5p (100) (Figure 7). miR-1207-5p inhibits
CSF1/CSFR1-mediated AKT and STAT3 signaling and
suppresses the tumorigenicity of A549 cells, while
supernatants of A549 cells transfected with miR-1207-5p
mimics inhibit tube formation of endothelial cells (100). miR-
1207-5p agomirs inhibit lung metastasis of A549 cells
following tail vein injection, while in NSCLC patients
expressing high levels of miR-1207-5p the overall survival
rates are significantly higher than in those expressing low
miR-1207-5p levels (100). CSF-1 can be secreted by
macrophages, epithelial cells, fibroblasts and tumor cells and
it can stimulate the proliferation and invasion of tumor cells
directly. In addition, CSF-1 can modify the Tumor
microenvironment (TME), by promoting Tumor associated
macrophages (TAMs) (M2 phenotype, high levels of IL10,
VEGF and Arg-1), which promote tumor growth and
metastasis (101-103).

miRs inhibiting lung cancer metastasis identified in
spontaneous models of metastasis. miR-22 reduces the
proliferation, invasion and migration of A549 cells and
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Figure 7. miRs-361-3p, -622, -876-5p and 1207-5p: mode of action. These miRs are down-regulated in NSCLC specimens compared to matching normal
tissues. The pro-metastatic pathways activated due to their down-regulation are shown. AKT: Serine-threonine kinase AKT, CSF1: colony stimulating
factor 1, CSFR1: colony stimulating factor receptor 1, BMP4: bone morphogenetic protein 4, EMT: epithelial mesenchymal transition, HIF-1 alpha:
hypoxia inducible factor 1 alpha, JAK1,2: Janus kinase 1,2, M2 TAMS: M2 tumor-associated macrophages, RAC1: Ras-related C3 botulinum toxin
substrate 1, SH2B1: SH2B adaptor protein 1.



induces their apoptosis (104). A549 cells, subcutaneously
implanted into immune-deficient mice and subsequently
treated intratumorally with a lentivirus-expressing miR-22,
show an inhibition of tumor growth and a reduced probability
of metastasis to distant organs, such as lung, liver, kidney,
spleen and intestine compared to the control cell line A549
(104). ATP-citrate lyase (ACLY) has been identified as a direct
target of miR-22 (104) (Figure 8). ACLY generates acetyl-
CoA from citrate as a substrate. Acetyl-CoA is a substrate for
fatty acid synthase and is involved in cholesterol synthesis via
the mevalonate pathway (105, 106), which can mediate tumor
growth and invasion (105, 106). Correlation between
expression of miR-22 and ACLY in clinical NSCLC
specimens needs further investigation.

miR-101 suppresses the proliferation, migration and
apoptosis resistance in A549 cells (107). Expression of miR-
101 in A549 cells inhibits tumor growth following their
subcutaneous implantation into severe combined immuno-
defiecient (SCID) mice as well as lung metastases following
their tail vein injection, as revealed by in vivo luciferase
imaging. Zinc finger E-box binding homeobox 1 (ZEB1), a
member of the ZEB family of transcription factors, has been
identified as a target of miR-101 (107, 108) (Figure 8). ZEB1
promotes EMT in cancer cells by suppressing E-cadherin

(107, 108). Expression levels of miR-101 inversely correlate
with lymph-node metastasis and poor prognosis in NSCLC
patients (107). TCGA-related data reveal that miR-101 is
down-regulated in lung cancer tissues compared to normal
lung tissues (Figure 2).

Expression of miR-140 is decreased in five NSCLC cell
lines in comparison to the normal human bronchial cell line
BEAS-2B (109), while down-regulation of miR-140
significantly correlates with late tumor stage and metastases
(109). miR-140 inhibits the proliferation and migration of A549
and H157 cells (109) and down-regulates IGFR-1R by directly
targeting its 3’-UTR (109) (Figure 6). miR-140 inhibits tumor
growth and the metastatic potential of transfected A549 cells
subcutaneously implanted to the lungs of nude mice (109).
Interestingly, the effects of miR-140 expression can be
recapitulated by the inhibition of Insulin-like growth factor
receptor 1 (IGF-1R) (109). IGF-1R is an important regulator
of cell proliferation, survival and metastasis in many types of
malignancies (110, 111). TCGA-related data confirm the lower
expression levels of miR-140 in lung cancer tissues compared
to normal lung tissues (Figure 2).

miR-200c suppresses the migration and invasion of NSCLC
cells, such as A549, H1299 and SPC-A-1 (112) (Figure 8). In a
model of experimental metastasis, SPC-A-1 cells transfected
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Figure 8. miRs-22, -101, -200c and -338: mode action These miRs are down-regulated in NSCLC samples compared to matching normal tissues. Their
down-regulation results in activation of pro-metastatic pathways shown here. ACLY: ATP citrate lyase, β3: integrin-β3, EMT: epithelial mesenchymal
transition, NfkappaB: nuclear factor kappa B, SOX4: SRY-related HMG-box4, TRAF5,6: TNF receptor associated factor 5,6, USP25: ubiquitin specific
lyase peptidase 25, ZEB1: Zinc finger E-box binding homeobox 1.



with a miR-200c inhibitor, the number of lung metastases
increased compared to the control group (112). In a xenograft
model, implanted SPC-A-1 cells overexpressing miR-200c
through a lentiviral vector also impair the spontaneous
metastasis to the lungs (112). Ubiquitin specific peptidase 25
(USP25) has been identified as a direct target of miR-200c
(112). USP25 is involved in the negative regulation of IL17-
mediated signaling and inflammation, by interacting with
Tumor necrosis factor receptor associated factors 5 and 6
(TRAF5 and TRAF6) and by regulating Toll-like receptor 4
(TLR4)-dependent innate immune responses, via the de-
ubiquitination of the adapter protein TRAF3 (112, 113). The
role of miR-200c in the metastasis of NSCLC requires further
investigation. Knock-down of USP25 in A549 cells inhibits
NSCLC metastasis in vivo (112). NSCLC specimens expressing
high levels of miR-200c tend to express low levels of USP25
(112). Importantly, miR-200c negatively regulates tumor
metastases in NSCLC patients by targeting USP25 (112). 

miR-338 is down-regulated in highly metastatic lung cancer
cells and lung cancer tissue specimens (114, 115). The five-
year survival rate of the low miR-338 expressing group is
significantly lower than that of the high miR-338 expressing

group (114). miR-338 inhibits proliferation, adhesion, tumor
migration and invasion of NSCLC cell lines A549, NCI-H292
and 9981 in vitro (114, 115). It was shown that 9,981 cells
overexpressing miR-338-3p and injected into the posterior
flank of mice give rise to less metastatic lung nodules
compared to the untransfected control cell line (114).
Similarly, fewer lung metastases can be identified with NCI-
H292 cells overexpressing miR-338 compared to the
untransfected cell line, following tail vein injection (115).
TCGA-related data also support the lower expression levels
of miR-338 in lung cancer tissues compared to normal lung
tissues (Figure 2). SR4-related HMG-box (SOX4) and
integrin-β3 have been identified as direct targets of miR-338
(114,115) (Figure 8). The transcription factor SOX4 is an
inducer of EMT and has been found to be overexpressed in
several types of cancer (116). Integrin-β3 is a receptor of the
ECM of tumor cells and plays a role in tumor invasion and
metastasis (117). In addition, increased expression of integrin-
β3 correlates with a strong metastatic potential in Colorectal
carcinoma (CRC) (118). 

Expression of another molecule, miR-361, is inversely
associated with clinico-pathological characteristics and its
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Figure 9. miRs-29c, 95-3p, -145-5p and -708-5p: mode of action. These miRs are down-regulated in NSCLC compared to matching normal tissues.
Their down-regulation results in the activation of pro-metastatic pathways as shown here. β1: Integrin-β1, CSP3: caspase 3, EGFR: epidermal growth
factor receptor, MMP2: matrix metalloproteinase 2, MYC: transcription factor MYC, Oct 4: octamer-binding transcription factor 4, p21: protein 21,
ROCK2: Rho-associated coiled-coil containing protein kinase 2, TPD52: tumor protein D52, TSP1: Thrombospondin 1. 



expression correlates with a good prognosis of NSCLC, as
shown by comparing frozen NSCLC tissues to the
corresponding normal lung tissues (119). As shown in NSCLC
cell lines A549, HTB-182 and SPC-A-1, miR-361-3p inhibits
their proliferation, migration and invasion in vitro (119), by
binding to the 3’-UTR of its target SH2B1 adaptor protein 1
(SH2B1) (Figure 7) (119). NSCLC cell lines A549 and HTB-
182 stably expressing miR-361-3p exhibit reduced tumor
growth and lung metastasis following subcutaneous and
orthotopic implantation (119). Gain and loss-of function
SH2B1 mutations can abrogate or mimick the impact of miR-
361 on cell proliferation, migration and invasion in cell lines
A549, HT-182 and SPC-A-1 (119). SH2B1 has a src
homology 2 and pleckstrin homology (PH) domain and
functions as an adaptor protein that can bind to janus kinases
1 and 2 (JAK1 and JAK2), fibroblast growth factor receptor,
insulin receptor and insulin receptor substrate 1 (120-122). As
an adaptor/scaffolding protein, it can recruit Rac GTPases to
activated membrane receptor JAK complexes or to receptor
tyrosine kinases to regulate the cytoskeleton and promote
membrane ruffling and cell motility (120-122).

miR-708-5p expression inversely correlates with the
metastatic potential of NSCLC cell lines and tissue samples

(123). Transfection of NSCLC cell lines PG, A549 and H1299
with miR-708-5b induces apoptosis and inhibits their
migration and invasion (123). The anti-metastatic activity of
miR-708-5p has been evaluated in two in vivo models (123).
In a tail vein injection model, a “sponge”, which contains
multiple binding elements for miR-708-5p increased
metastasis to the lungs and the heart, while in a spontaneous
metastasis model of subcutaneously implanted A549 cells,
miR-708-5p delivered intravenously twice weekly for three
weeks attenuated lung metastasis significantly (123). The
same group has identified cyclin-dependent kinase inhibitor
p21 as as a direct target of miR-708-5p (Figure 9), which
suppresses not only cytoplasmic p21, but also its translocation
to the nucleus (123). p21–caspase 3 complexes inhibit
apoptosis, while down-regulation of p21 in the cytoplasm
weakens actin rearrangement and leads to decreased cell
motility (124, 125).

miR-769-5p is down-regulated in NSCLC compared to
matching normal tissues and is a predictor of poor prognosis
(126). The use of miR-769-5p mimics and inhibitors has shown
that miR-769-5p inhibits proliferation, migration and invasion
of several NSCLC cell lines, such as A549, H157, A973 and
GLC82 (126). The tumor growth and metastasis-related
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Figure 10. miRs-192 and -218: mode of action. These miRs are down-regulated in NSCLC in comparison to matching normal tissues. Their down-
regulation results in the activation of pro-metastatic pathways, as shown here. CDCP1: CUB domain containing protein 1, CXCL1: chemokine (C-X-
C motif) ligand 1, EC: endothelial cell, EMT: epithelial mesenchymal transition, ICAM1: intercellular adhesion molecule 1, IL8: interleukin 8, MAPK:
mitogen-activated protein kinase, PKC: protein kinase C, Slug: transcription factor slug, SRC: tyrosine kinase SRC, STAT3: signal transducer and
activator of transcription 3, ZEB2: zinc finger E-box binding homeobox 2.



properties of miR-769-5p have been assessed by subcutaneous
implantation of A973 cells in nude mice and by intravenous
injection with a miR-769-5p antagomir. Tumor volume, as well
as prevalence of metastasis in the lungs were significantly
enhanced in the presence of the antagomir (126). TGFβR1 has
been identified as a direct target of miR-769-5p (126) (Figure
5). The role of the TGFβ1/TGFβR1 signaling in metastasis has
been described for several tumor entities (127-129).

Lung cancer metastasis inhibitory miRs identified following
intracardiac injection of lung cancer cells. mir29c is down-
regulated in the metastatic NSCLC cell line 95D, and it
suppresses proliferation, adhesion to ECM as well as invasion
and migration of these cells in vitro (130). In an in vivo mouse
model of metastasis, nude mice injected intracardially with
95D cells transfected with miR-29c mimics, have shown
reduced metastasis to the bones and the liver (130). miR-29c
directly targets the 3’-UTR of integrin-β1, as well as of the
MMP2 gene (130) (Figure 9), whose enzymatic activity is
inhibited by miR-29c (130) MMP2, also referred to as
gelatinase A, is an inducer of EMT, but also a mediator of
metastasis through the degradation of ECM components of the
basement membrane (131). Integrin-β1 has been shown to
facilitate cancer cell proliferation, adhesion, migration as well
as metastasis (132, 133). 

Lung cancer inhibitory miRs identified in intracardiac
injection/orthotopic models or in orthotopic models. miR-95-3p
is another molecule that is down-regulated in brain metastatic
lesions of NSCLC and correlates with poor prognosis (134).
miR-95-3p inhibits metastasis of orthotopically implanted
PC14PE6/LvBr4 cells to whole body and brain (134).
Expression of miR-95-3p suppresses the invasiveness,
proliferation and clonogenicity of brain metastatic
PC14PE6/LvBr4 cells, through the down-regulation of cyclin
D1 (134) (Figure 9). Cyclin D1 is a direct target of miR-95-3p
(134) and is involved in cancer progression, including
metastasis (135). Cyclin D1 increases cellular migration by
down-regulating thrombospondin 1 and Rho-activated Kinase
2 (ROCK2) and by interacting with the cell-cycle inhibitor p27
(136). Cyclin D1 is induced by TGFβ and is reponsible for
TGFβ-mediated migration in cooperation with p21 (137). 

In highly metastatic lung cancer cells, miR-145-5p
expression is maintained at low levels by epigenetic
modifications, such as hypermethylation and deacetylation of
its promoter (138). Expression of miR-145-5p impairs cell
migration of H1299 NSCLC cells (138). In similar
experiments, intracranial orthotopic injection of A549 and
A549 transfected with miR-145-5p restrains their invasive
capacity both in vitro and in vivo (138). Several direct targets
of miR-145-5p have been identified, such as c-MYC, EGFR,
Mucin-1 (MUC-1), Octamer binding transcription factor 4
(OCT-4) and Tumor Protein D52 (TPD52) (138-141) (Figure
9). Out of these targets, the down-regulation of MUC-1

protein is overexpressed in many types of carcinomas and
known to prevent EGFR nuclear localization and thus has an
inhibitory effect on EGFR signaling (138). Taken together, the
down-regulation of miR-145-5p leads to activation of a
network of oncogenic proteins involved in metastasis. 

In the highly metastatic subpopulations of the NSCLC cell
line A549, an inverse correlation between expression of miR-
192 and in vitro invasion has been found (142). Intracardiac
injection of cells overexpressing miR-192 has revealed a
significant reduction of tumor burden and bone osteolytic
lesions (142). A549 cells overexpressing miR-192 can release
exosome-like vesicles (ELV) containing miR-192, which can
deliver their cargo into the cytosol of neighbouring cells, such
as endothelial cells (142). miR-192-enriched cells can
modulate angiogenesis and impact tumor-induced osteolysis,
as they are transferred into the bone marrow via the systemic
circulation. Intratibial injection of highly metastatic M1 cells
and intravenous injection of ELVs from A549 cells can lead
to a six-fold decrease in osteolytic lesions of mice (142). In
this context it has been shown that miR-192 down-regulates
mediators of angiogenesis, such as Intercellular cell adhesion
molecule1 (ICAM1), Chemokine (CXC) motif ligand 1
(CXCL1) and IL8 in endothelial cells (Figure 10). In
conclusion, miR-192 mediates inhibition of angiogenesis as
well as bone resorption, however, the direct targets of miR-
192 in this context remain to be identified.

miR-218 has been validated as a target for treatment of
NSCLC with CUB domain containing protein 1 (CDCP1) and
independently with Slug and Zinc finger box 2 (ZEB2) as its
targets (143, 144) (Figure 10). miR-218 is down-regulated in
advanced clinical stage and metastases of NSCLC specimens
compared to matching normal tissues (143, 144). In B7brmx2
cells, doxocycline-dependent expression of miR-218 inhibits
tumor cell motility, anchorage-dependent-free survival and
tumor sphere formation (143). Furthermore miR-218
negatively regulates the migration, invasion and EMT of
NSCLC cells, such as A549, H1299, PL9 and SPA-1 (143).
Intracardially injected B7brmx2 cells into SCID mice with an
inducible expression of mir-218 exhibit reduced lung
metastasis compared to the control group. In another model,
mice treated with a systemic delivery of liposomal complex
plasmids expressing miR-218 twice weekly for three weeks
have shown a significantly prolonged survival time compared
to the control group (143). In addition, miR-218 inhibited the
growth of H1299 and A549 cells injected into the posterior
flanks of nude mice (143). Finally, in an orthotopic model in
which trimmed tumor pieces were transplanted into the lungs
of mice, fewer metastatic foci were found with miR-218
transfected cells compared to the control cell line (144). miR-
218 targets CDCP1, a protein with an Extracellular domain
(ECD) containing two CUB domains, which mediates loss of
cell adhesion (145, 146). CUB1 has a documented role in
metastases (145, 147), while miR-218 targets Slug and ZEB2
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are validated mediators of EMT (147). TCGA-related data
support the down-regulation of miR-218 in lung cancer tissues
compared to normal lung tissues (Figure 2). 

Therapeutic aspects. As outlined in the previous chapters,
several up- or down-regulated miRs have been identified as
mediators of metastasis in several NSCLC cell lines in nude
mouse models. Some of these are associated with clinical
parameters, such as metastasis to distant organs, prognosis and
patient survival. Their identification relies on the use of different
NSCLC cell lines and in vivo metastasis assays, such as tail vein
injection and metastasis to the lungs, metastasis to distant
organs following intracardiac or subcutaneous injection, as well
as orthotopic bone or brain models followed by intraosseous
dissemination or intracranial dissemination and metastasis to
distant organs. Despite the identification of one or several
targets for each of the miRs described here, their mode of action
in defined steps of the metastatic cascade remains unknown and
is dependent on the corresponding cell lines and on the type of
the in vivo system. Experimental metastasis (tail vein injection
and metastasis to the lungs) is the most frequently used in vivo
system. This system assesses the process of metastasis from the
blood to the lungs with the objective to identify genes and
pathways that mediate metastasis of NSCLC from the lungs to
distant organs. This may sound counterintuitive, however, the
process of cancer dissemination through blood vessels is shared
by both metastatic stages and many targets whose expression
correlates with clinical parameters, such as prognosis and
survival, as outlined in previous chapters, have been identified
by this approach.

Anti-metastatic compounds to be used in clinical settings
should have an impact on the migration, proliferation and
survival of disseminated tumor cells rather than merely
attempting to block the escape of these cells from the primary
tumors. Compounds that only affect migration are confined to
long-lasting preventive clinical protocols with permanent
toxicities, which should not be acceptable. For example, the
src inhibitor Dasatinib antagonizes bone metastasis of breast
cancer cells in xenograft models by impairing the survival of
already extravasated tumor cells, before they colonize the
bone marrow (148). In the best case, anti-metastatic agents
directly affect the growth of already established metastases
and lead to their eradication (148). There are many hurdles to
tackle this problem, however, there are examples of adoptive
immunotherapy or immune checkpoint inhibitors combined
with other immunotherapy-based strategies that can achieve
this objective in some patients (149, 150). Unfortunately, none
of the described in vivo metastasis systems is reflecting this
scenario in clinical practise.

Another issue is targeting the dormant tumor cells in
metastatic niches and the bone marrow. These cells have
already exited the cell-cycle and this renders them more
resistant to almost all available therapies (151, 152). Recently

it was shown that dormant tumor cells can be re-activated by
epigenetic therapy which can render them sensitive to
cytotoxic therapy (151, 152). The elimination process of
dormant tumor cells can be monitored by measuring their
number in bone marrow aspirates and at the same time
determining their decrease in the peripheral blood (153, 154).
As an alternative to targeting the seed, interference with the
soil, i.e. the tumor microenvironment, can result in the
therapeutic benefit of patients with bone metastatic lesions.
Targeting non-neoplastic stromal cells in the TME of
metastases by agents, such as bisphosphonates, anti-RANK
mAb Denosumab and TGFβ inhibitors, all of which prevent
the osteoclast-mediated degradation of bone, have resulted in
a therapeutic benefit of cancer patients (155, 156). 

miR-related therapy of metastatic lung cancer. As outlined in
the previous chapters, NSCLC metastasis-modulating miRs
can be up- or down-regulated in cancer tissues compared to
matching normal tissues. If they have a validated role in in
vitro and in vivo pre-clinical systems, either the inhibition or
the reconstitution of their function can be used as a therapeutic
option. In cases of non-resectable metastatic NSCLC or in
metastasis to distant organs, local and intravenous delivery,
respectively, are potential options for therapeutic miRs.

Inhibition of miRs can be achieved by ASOs, Locked
nucleic acids (LNAs), decoy miRs or small-molecule drugs
(157-159). Anti-miRs are single-stranded nucleic acids based
on ASO or modified locked nucleic acids that block the
function of the corresponding miRs by binding to them
strongly via a complementary sequence (157-159). Decoy
agents contain many artificial miR-binding sites functioning as
sponges for the miRs to be inhibited (157-159). Considerable
progress has been achieved by improving their binding affinity,
stability and target modulation, as well as their impact on the
pharmaco-kinetic and pharmaco-dynamic properties of nucleic
acid-based agents through chemical modifications of the
backbone and of the bases. Low molecular weight drugs can
affect the transcription of miRs or interfere with their
secondary structure, but specificity issues associated with such
compounds remain to be solved (157-159). 

Replenishing metastasis-suppressive miRs can be
performed via their expression in tumor cells following their
incorporation into plasmid- or virus-based expression systems
or by using synthetic oligo duplexes, which mimic the
function of the miRs to be substituted (157-159).

Considerable progress has been achieved in the field of
delivery agents, such as viral vectors, neutral lipid emulsions,
liposomes, Poly (ethylene glycol) and chitosan, dendrimers and
N-acetyl-D-galactosamin, which can be modified and
formulated to serve the optimal target strategy (160). Issues
which must be addressed include: i) the hybridization-
dependent and -independent off-target effects, ii) the
hepatotoxicity and other associated toxicities, iii)
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immunomodulatory effects, iv) the design of efficient delivery
systems, v) the rapid clearance by the reticulo-endothelial
system, vi) the enhancement of circulation time when injected
into the bloodstream, vii) the delivery to metastases and vii)
the endosomal escape (161-163). Fast renal clearance can be
prevented by coupling miRNA with polyethylene glycol
(PEG), albumins or cholesterol, which mediate shielding from
renal clearance (164-166). Shielding of nucleic acids
ameliorates their immuno-genicity and their potential to
activate a cytokine release syndrome (167). Co-administraion
or fusion of nucleic acids with cell penetrating viral proteins
can lower the endosomal barrier and promote endosomal
escape (168-170). Combination of formulation of nucleic acids
with lipophilic polymers and targeting entities can create cell-
type specific delivery packages (171-174). The therapeutic
efficacy in vivo could be triggered by a combination of efficient
delivery approaches antd anti-tumoral immune responses
directed against the tumor-related antigens hat are released by
the apoptotic tumor cells.

Ten synthetic miRNAs of a pronounced therapeutic interest
are summarized in a review by Titze-de-Almeida et al. (175).
The therapeutic evaluation of miR-122 antagomir miravirsen
(Santaris Pharma) has shown a meaningful activity by inhibiting
HCV replication (176, 177) RG 101 (Regulus Therapeutics), a
more potent drug containing a GalNAC targeting moiety,
displays an efficient targeting in the liver, however, it has been
put on clinical hold due to jaundice in two patients (177).

In patients with solid and haematological cancers, a miR-
34 mimetic, which restores a range of cell death and survival
genes, has been abandoned after Phase I, due to cytokine
release syndrome-related side-effects (177, 178). In patients
with malignant pleural mesothelioma, a combination of miR-
15,16 mimetic drugs encapsulated in nonliving bacterial
minicells (nanoparticles) cells encoated with an EGFR
antibody (targomirs) that exert a tumor-suppressive activity,
are presently evaluated in a Phase I study (179). Many other
oncology-related studies will follow to get a clearer picture on
the clinical performance of miR-related approaches.
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