
 

 

Introduction 
 
MicroRNAs (miRNAs) are small non-coding RNAs 
of approximately 22 nucleotides (nt) and act as 
post-transcriptional regulators of gene expres-
sion. This type of regulation was first described 
in Caenorhabditis elegans in 1993 [1, 2], and it 
has since been described in many other organ-
isms. Today, more than 1,400 miRNAs have 
been described in humans (miRBase - http://
www.mirbase.org/cgi-bin/browse.pl), constitut-
ing 1 to 3% of the genes in the human genome 
[3]. It has been estimated that miRNAs regulate 
30 to 60% of protein-coding genes [4, 5]. 
MiRNAs are involved in the regulation of genes 
related to many biological processes, such as 
cell proliferation and apoptosis. However, their 
main function is to establish and maintain the 
differentiated status of many cell types [6]. They 
are located in different regions of the genome; 
70% are intragenic, and the host gene and 
miRNA invariably have the same orientation and 
are expressed together because both are con-
trolled by the same promoter region [7]. Forty 
percent of all miRNAs are organized in clusters, 
and the miRNAs in each cluster usually regulate 

a common pathway [7, 8]. 
 
These small RNA molecules are generally proc-
essed through the transcription of a primary 
miRNA (pri-miRNA), which can have one or sev-
eral secondary structures with 60- to 80-nt 
loops that are recognized and cleaved in the 
nucleus by DROSHA, an RNase III endoribonu-
clease, and its partner, DGCR-8 [9]. Pri-miRNA 
cleavage generates miRNA precursors (pre-
miRNAs), which are hairpin structures of ap-
proximately 70 nt with a 2-nt 3' overhang [10]. 
These are exported to the cytoplasm by exportin 
5 and its co-factor, Ran-GTP [11]. Finally, the 
pre-miRNAs are processed into miRNA duplexes 
of 21 to 25 nt by DICER, another RNase III en-
doribonuclease, and its partner, trans-activator 
RNA-binding protein (TRBP) [12]. Once mature, 
miRNA duplexes are loaded by DICER into the 
RNA-induced silencing complex (RISC), which 
keeps only the strand that is less stable at its 5' 
end and subsequently initiates the post-
transcriptional gene silencing (Figure 1). The 
fate of the unused miRNA strand is not fully 
understood. However, this unused strand may 
be incorporated into specific exosomes and 
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extruded from the cell [13]. This biological 
event results in the presence of extracellu-
lar microRNAs in body fluids, primarily 
blood serum. Accordingly, the possibility of 
using serum miRNAs for cancer detection 
and prognosis has received much attention 
[13].  
 
In mammals, translational repression by 
miRNAs is usually achieved through partial 
complementarity to the 3'UTR of target 
mRNAs [14]. The fine-tuning between cod-
ing gene expression and repression is ac-
complished by the differential expression of 
miRNAs, which makes their regulation diffi-
cult to study. Nevertheless, the identifica-
tion of new miRNAs and their targets, 
miRNA expression profiling in different spe-
cies and tissues [15] (such as in human 
and mouse embryonic stem cells [16] and 
tumor cells [17]) and epigenetic regulation 
of miRNAs [18] have been explored. Many 
miRNAs have been associated with the de-
velopment of various cancers; establish-
ment of cancer aggressiveness, invasive-
ness and metastatic capacity; and resis-
tance to anti-cancer treatments. Addressing 
these issues is the main aim of this review.  
 
MiRNAs and cancer development 
 
The first cancer-associated miRNAs were 
miR-15a and miR-16-1, which are located 
in the human chromosome 13q14 region, 
between exons 5 and 6 of the LEU2 gene, a 
region frequently deleted in chronic lym-
phocytic leukemia (CLL) that progresses to 
an aggressive state [19]. In normal cells, 
these miRNAs induce apoptosis through 
the regulation of the anti-apoptotic proto-
oncogene BCL2 [20]. Several other miRNAs 
with altered expression in cancers have 
been identified, and many causes for their 
deregulation have been discovered.  
 
A systematic analysis of the locations of 
miRNAs in the mammalian genome has 
shown that more than 50% of them are 
located in fragile genomic sites, regions of 
loss of heterozygosity (LOH), minimal ampli-
cons, and regions more susceptible to mu-
tations, breaks and rearrangements, all 
situations frequently found in tumor cells 
[21]. Thus, changes in the copy number of 
miRNA genes have an important role in 

Figure 1. MicroRNA biogenesis, with a special focus on the 
roles of DROSHA and DICER and the formation of the RISC 
complex. 
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tumor formation [19]. Moreover, the deregula-
tion of miRNA expression can have other 
causes, such as the deregulation of transcrip-
tion factors, epigenetic modifications, muta-
tions, and polymorphisms in the miRNA or in the 
binding site of the target mRNA sequences, and 
the deregulation of proteins that participate in 
miRNA biogenesis (reviewed in [22]). In full-
blown cancer, tumor suppressor miRNAs in-
volved in cell cycle blockage, apoptosis, cell 
differentiation, and oncogene silencing are sup-
pressed by genetic alterations, mainly the ho-
mozygous deletion of miRNA genes, which is a 
common event in human cancer [21]. However, 
the silencing of protective miRNAs is an early 
event during carcinogenesis. Indeed, exposure 
to environmental mutagens, such as cigarette 
smoke, results in a trend toward lung miRNA 
downregulation, as demonstrated in mice [23] 
and humans [24]. MiRNA downregulation is a 
reversible event in cases of short-term exposure 
to cigarette smoke but becomes irreversible 
after long-term exposure, thus committing a cell 
to cancer development [25]. For cigarette 
smoke-induced lung cancer, both DNA damage 
and miRNA alteration have to occur for full-
blown cancer to develop. Cigarette smoke in-
duces early DNA damage by promoting DNA 
adduct formation [26] and mutations in onco-
genes, such as K-ras [27]. However, the expres-
sion of mutated oncogenes is silenced by the 
physiological expression of specific miRNAs, 
such as those belonging to the let-7 family, 
which targets K-ras gene products. When let-7 
becomes irreversibly downregulated due to long
-term cigarette smoke exposure, cells exhibit 
uncontrolled expression of mutated K-ras and 
become committed to cancer development.  
 
High-throughput studies have screened the ex-
pression of different miRNAs to compare them 
between normal and cancer tissues. The data 
obtained show that there is an overall decrease 
in the expression of these miRNAs in tumor tis-
sues compared with normal tissues [17]. More-
over, there is a direct relationship between the 
expression of miRNAs and the origin of the tis-
sue. Consequently, each tumor type has a spe-
cific expression profile, which could provide in-
formation regarding its origin, degree of malig-
nancy, and state of differentiation [17]. This fact 
has great importance in the diagnosis and prog-
nosis of tumors, given that 3 to 5% of all human 
malignancies are metastatic cancers of un-
known primary origin (CUP) [28]. 

Although there is an overall decrease in the ex-
pression of miRNAs in tumor cells, specific 
miRNAs can be over-expressed, which causes 
deregulation of the expression levels of the tar-
get genes. MiRNAs that suppress the expression 
of proto-oncogenes and prevent the develop-
ment or maintenance of the tumor state are 
usually down-regulated in tumor cells and are 
called tumor suppressor miRNAs, as previously 
reported for let-7. On the other hand, oncomiRs 
are miRNAs that generally modulate the expres-
sion of tumor suppressor genes and are usually 
over-expressed or amplified in tumor cells, con-
tributing to tumor development. Despite the fact 
that these terms facilitate the description of the 
functions of these miRNAs, they reflect a state 
of activity, and a particular miRNA or cluster can 
have both functions. This can vary according to 
the cell type and its specific gene expression 
pattern. An example is the miR-17-92 cluster, 
whose members can function as oncomiRs in 
different tumor types, but one member, miR-17-
5p, is down-regulated in breast cancer cell lines, 
and its ectopic expression has an antiprolifera-
tive effect by targeting the oncogene AIB1 [29]. 
Deletion of this specific miRNA has been re-
ported in some cases of melanoma and breast 
and ovarian cancers [29], showing that it acts 
as a tumor suppressor. Other possible mecha-
nisms for the dual role played by this cluster 
may include post-transcriptional regulation, as 
over-expression of all of its members has been 
seen in lung cancer cells, with the exception of 
miR-17-5p, which was down-regulated [30].  
 
The miR-17-92 cluster is the most extensively 
studied cluster that has an oncogenic function. 
It comprises seven miRNAs, which reside in in-
tron 3 of the C13orf25 gene at 13q31.3 [31]. 
This cluster is widely expressed in healthy tis-
sues and is important for the regulation of the 
immune and hematopoietic systems and lung 
development [32-34]. However, it is situated in 
a region that is commonly amplified and, there-
fore, is usually over-expressed in B-cell lympho-
mas [31], as well as in other tumor types, such 
as other lymphomas and cancers of the lung, 
breast, prostate, pancreas, stomach, and colon 
[30, 35-38]. The ectopic expression of this clus-
ter increases the proliferation of lung cancer 
cells [30]. Additionally, the introduction of a por-
tion of this cluster into hematopoietic stem cells 
from transgenic Eµ-myc mice, which over-
express the oncogene Myc, promotes tumor 
development, higher levels of malignancy and 



MicroRNA and cancer outcome  

 
 
417                                                                                                            Am J Cancer Res 2012;2(4):414-433 

invasiveness, lower levels of apoptosis and ac-
celerated formation of malignancies compared 
with tumors from transgenic animals carrying an 
Eµ-myc oncogene and lacking the miRNA cluster 
[35]. This is due to the fact that the proto-
oncogene Myc encodes a transcription factor 
responsible for miR17-92 activation [36]. Simi-
larly, mice that over-express miR-17-92 in their 
lymphocytes develop lymphoproliferative dis-
ease and autoimmunity [34]. Several targets 
are regulated by this cluster, including E2F1, 
which is regulated by both miR-17-5p and miR-
20a [36]. This transcription factor is responsible 
for the activation of many genes involved in cell-
cycle regulation [39], such as Myc, and, as a 
dual-function protein, can stimulate both cell 
proliferation and apoptosis (reviewed in [40]). 
Additionally, under the effects of MYC, members 
of the miR-17-92 cluster, such as miR-18 and 
miR-19, promote an increase in tumor neovas-
cularization by targeting connective tissue 
growth factor (CTGF) and the anti-angiogenic 
thrombospondin-1 (TSP-1), respectively [37]. 
Moreover, Xiao et al. [34] and Ventura et al. 
[33] showed that the tumor suppressor gene 
PTEN and the pro-apoptotic gene BIM are also 
regulated by the miR-17-92 cluster.  
 
Among the tumor suppressor miRNAs, the let-7 
family is one of the better studied. Let-7 was 
one of the first miRNAs identified, from studies 
in heterochronic nematode mutants [41], and is 
involved in the regulation of the developmental 
timing of tissues in C. elegans [41]. Over the 
years, many other functions have been associ-
ated with this family in different organisms, 
such as limb development in mice [42], neuro-
musculature development in flies [43], and the 
regulation of cell differentiation and prolifera-
tion in mammals [44, 45]. Several additional 
members of this family have been identified. In 
humans and mice, they are located in 13 ge-
nomic loci and generate 10 mature miRNAs 
[46], having a highly conserved position and 
grouping pattern between different species, 
from flies to higher organisms [47, 48]. Their 
expression is temporal in several animals, corre-
lating with the cellular differentiation state, 
showing that this family may have an important 
role in the development of many organisms [44, 
45]. The let-7 miRNA in C. elegans leads to the 
terminal differentiation of seam cells in the last 
larval stage, initiating the formation of the adult 
organism [41]. In mutants of let-7, which have 
defects in this transition, the seam cells main-

tain the characteristics of stem cells, with a high 
proliferation capacity and lack of differentiation, 
which are also characteristics of cancer cells. 
The first evidence of the involvement of let-7 in 
cancer was through the observation that this 
miRNA was down-regulated in lung cancer cells, 
which was related to a lower survival of patients 
with non-small-cell lung cancer (NSCLC). Addi-
tionally, the over-expression of this miRNA was 
capable of inhibiting cancer cell growth in vitro 
[49]. Moreover, members of the let-7 family are 
located in fragile sites of the human genome 
that are frequently deleted in lung cancer cells 
[21]. The RAS gene, commonly deregulated in 
lung cancer, and HMGA2, an oncogene over-
expressed in several tumors, including benign 
mesenchymal and lung tumors, are regulated by 
members of the let-7 family [50, 51]. In some 
tumors, increased levels of HMGA2 can be lo-
cated even in microenvironments with normal 
let-7 levels. However, it frequently occurs when 
the mRNA of HMGA2 has a truncated 3'UTR 
region that lacks let-7 binding sites [51].  
 
Other examples of miRNAs with tumor suppres-
sor functions are those belonging to the miR-29 
family, which are down-regulated in several tu-
mor types [52, 53]. Its members regulate the 
expression of the anti-apoptotic protein MCL-1 
[54], the oncogene TCL-1 [55], and two DNA 
methyltransferases, DNMT3a and DNMT3b 
[52], and indirectly repress the expression of 
DNMT1 by targeting the transcription factor SP1 
[56]. MiR-34 family members also bear a tumor 
suppressor function, as they are the main p53 
effectors and thus are downregulated in a vari-
ety of cancer cells [57]. 
 
The downregulation of onco-protective miRNAs 
is not only achieved during the final stages of 
carcinogenesis but also during its early stages. 
Indeed, the most important lung carcinogen in 
humans, cigarette smoke, is able to down-
regulate a variety of onco-suppressive miRNAs 
that inhibit the expression of specific onco-
genes, including let-7 (targeting KRAS), miR-26a 
(targeting TGF), miR-30a (targeting EGF), and 
miR-125a (targeting ERBB2). In parallel, in the 
lung, cigarette smoke down-regulates the ex-
pression of miRNAs that activate onco-
suppressors, mainly miR-34 (targeting TP53) 
[23]. Accordingly, the downregulation of onco-
protective miRNAs due to cigarette smoke may 
represent an additional mechanism that wors-
ens the prognosis of smoking-related lung can-
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cer patients compared with the prognosis of 
non-smoking-related cancer patients.  Indeed, 
miRNA alterations greatly affect lung cancer 
prognosis [58].  
 
MiRNAs and epigenetic modifications in cancer 
 
Aberrant epigenomic patterns in tumor cells are 
frequently seen, including hypermethylation of 
CpG islands located next to gene promoter re-
gions, causing the silencing of tumor suppres-
sor genes [59], global hypomethylation [60], 
and reactivation of oncogene expression and 
creating chromosome instability. Moreover, his-
tone post-translational modifications, such as 
deacetylation and methylation, are also com-
mon (reviewed in [61]). These modifications 
have important roles in tumor initiation and 
maintenance (reviewed in [62]). A recent study 
has estimated that approximately half of the 
miRNA genes are associated with CpG islands, 
which could be an important mechanism for the 
transcriptional regulation of miRNAs [63].  
 
The first evidence of the altered expression of 
miRNAs and epigenetic modifications in tumor 
cells was reported by Scott et al. [64]. These 
authors demonstrated that the treatment of 
SKBr3 breast cancer cells with a pro-apoptotic 
dose of the histone deacetylase inhibitor 
(HDACi) LAQ824 alters miRNA expression, re-
sulting in 22 down-regulated and 5 up-regulated 
miRNAs after treatment [64]. However, Died-
erichs and Harber [65] found no significant al-
terations in the expression of miRNAs in A549 
lung cancer cells treated with a DNMT inhibitor 
(5-AZA-dC or 5-AZA-C) or HDACi (TSA or sodium 
butyrate), suggesting that different cell lines 
may have different responses, as well as differ-
ent dose-dependent effects [65].  
 
The direct correlation between miRNAs and epi-
genetic mechanisms in cancer was first demon-
strated by Saito et al. [18]. These authors found 
17 overexpressed miRNAs in T24 bladder can-
cer cells treated with both 5-AZA-dC and PBA 
(an HDACi). Among them, miR-127 was particu-
larly interesting because it was highly expressed 
after treatment. This miRNA is a member of a 
cluster located on chromosome 14q32.31 and 
is included in a CpG island [18, 66]. It is ex-
pressed in normal tissues but was down-
regulated or silenced in the majority of the tu-
mor cell lines analyzed [18]. The treatment led 
to the demethylation of its promoter region, 

which reactivated its expression, resulting in a 
decreased expression of its target proto-
oncogene BCL6 [18]. This work has opened up 
new pathways for the treatment of cancer 
through the correction of miRNA expression with 
drug treatments.  
 
Lujambio et al. [67] compared the expression of 
miRNAs in HCT116 colon cancer cells with their 
double-knockout counterpart DNMT3b/DNMT1 
(DKO). The authors found that miR-124a is the 
only miRNA out of 320 that is embedded in a 
CpG island, upregulated in DKO compared with 
the parental HCT116 cell line, methylated in 
HCT116 cells and demethylated in normal colon 
cells. They also discovered that the proto-
oncogene CDK6 is a target of miR-124a and 
that this gene is therefore overexpressed in the 
HCT116 tumor cells compared with normal con-
trols. Its expression is also decreased in cells 
treated with demethylating agents and in DKO 
cells compared with non-treated HCT116 paren-
tal cells.  
 
Indeed, the silencing of miRNAs with a tumor 
suppressor role by aberrant DNA hypermethyla-
tion is common in tumors, such as hsa-miR-9-1 
in breast cancer [68]; miR-370 in cholangiocar-
cinoma [69]; miR-342 and its host gene, EVL 
(Ena/VASP- Like), in colorectal cancer [70]; miR-
137 and miR-193 in oral cancer [71]; and miR-
203 in hematopoietic malignancies [72].  
 
On the other hand, the overexpression of on-
comiRs is also seen as a result of epigenetic 
changes in cancer cells. One example is the let-
7a-3 gene. Its promoter region is highly methy-
lated in HCT116 cells, it has a lower degree of 
methylation in HCT116-DNMT1 (1KO) or -
DNMT3B (3bKO) knockout cells, and it is almost 
completely demethylated in DKO cells, indicat-
ing that this region is regulated by both 
DNMT3b and DNMT1 [73]. Additionally, in sev-
eral normal tissues, a strong methylation of this 
miRNA is seen. Because miRNAs of the let-7 
family have important roles in lung cancer [49, 
50], one study compared the methylation 
statuses of lung adenocarcinoma cells and non-
neoplastic lung cells from the same patients, 
showing that the promoter region of let-7a-3 
was highly methylated in normal tissues and 
demethylated in lung cancers [73]. Moreover, 
the introduction of the let-7a-3 miRNA in A549 
lung adenocarcinoma cells increased the capac-
ity of anchorage-independent growth, demon-
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strating an oncogenic function [73]. Because 
the let-7 family is well known for its tumor-
suppressive role, the function of let-7a-3 is 
atypical, demonstrating the diversity of func-
tions of similar miRNAs in cancer. In agreement 
with these observations, Lu et al. [74] analyzed 
the methylation of the let-7a-3 promoter in 214 
clinical samples of ovarian epithelial cancer and 
found a significant correlation between hyper-
methylation and a lower risk of death. In that 
work, they also observed an inverse correlation 
between the level of let-7a-3 methylation and 
the expression of insulin-like growth factor II 
(IGF-II), which is indirectly regulated by let-7a-3 
and is highly expressed in tumors with poor 
prognosis. In addition, a positive correlation 
between the methylation of let-7a-3 and IGFBP-
3 expression was observed [74]. 
 
Thus, an increasing number of studies have 
recently associated aberrant methylation and 
alterations in chromatin structure with the de-
regulated expression of miRNAs and, conse-
quently, with the onset of cancer.  
 
The opposite is also seen; namely, miRNAs can 
regulate the expression of components of the 
epigenetic machinery. In several types of can-
cer, DNMTs show high levels of expression [75, 
76]. Thus, miRNA activities may be good candi-
dates with which to control the aberrant methy-
lation of tumor suppressor genes in cancer. The 
first evidence that miRNAs regulate the expres-
sion of genes associated with the epigenetic 
machinery was reported by Chen and col-
leagues [77]. They observed the regulation of 
the enzyme histone deacetylase 4 (HDAC4) by 
miR-1, which promotes myogenesis. Members 
of the miR-29 family have been frequently asso-
ciated with cancer, being generally down-
regulated, which indicates a tumor suppressor 
role [52, 56]. Fabbri and colleagues [52] dem-
onstrated that members of the miR-29 family 
directly regulate the mRNAs of DNMT3a and 
DNMT3b in lung cancer cells, and the ectopic 
expression of these miRNAs inhibits the expres-
sion of these DNA methyltransferases, causing 
increased global methylation and the re-
expression of tumor suppressor genes. Further-
more, the ectopic expression of miR-29 inhibits 
cellular growth and induces apoptosis in vitro, 
as well as reduces the growth of tumors in nude 
mice. Next, Garzon and colleagues [56] ob-
served an indirect regulation of DNMT1 by miR-
29b in leukemia. This miRNA targets SP1, a 

transcription factor that regulates the expres-
sion of DNMT1. In another study, Duursma et al. 
[78] observed that miR-148 inhibits the expres-
sion of DNMT3b by binding to its ORF; this is 
one of the few studies showing this type of si-
lencing, which is common in plants. Interest-
ingly, this miRNA targets the DNMT3b1 isoform, 
but not DNMT3b3, revealing a splicing variant-
specific regulation. The interplay between 
miRNAs and changes in DNA methylation in tu-
mor cells is represented in Figure 2.  
 
The regulation of epigenetic machinery gene 
expression by miRNAs also has an important 
role in embryonic development, as observed by 
Sinkkonen et al. [79]. They demonstrated that 
miRNAs from the miR-290 cluster regulate the 
expression of de novo DNA methyltransferases 
in an indirect manner, through the inhibition of 
their transcriptional repressor, Rbl2. On the 
other hand, the DNA methyltransferases have 
an important role in the initiation of embryonic 
development, contributing to embryonic stem 
cell differentiation.  
 
MiRNAs play a major role in maintaining the 
stemness of stem cells. Indeed, various stem 
cell-specific miRNAs have been identified [80]. 
Furthermore, miRNA expression in lung physio-
logically shifts from the staminal status, which is 
characteristic of the prenatal and postnatal 
stages, to a differentiated pattern, which is 
characteristic of adults [81]. Because of the 
pivotal role of stem cells in cancer mainte-
nance, recurrences after treatment, and metas-
tasis formation [82], the maintenance of 
stemness by miRNAs plays a physiological role 
during intrauterine life but may play an onco-
genic role when expressed in adult organisms.   
 
MiRNAs in tumor invasion and metastasis 
 
Metastasis is the ability of tumor cells to reach 
sites far from the primary site, and it is the main 
cause of death in cancer patients. To metasta-
size, tumor cells must cross several barriers, 
such as migration of the primary tumor and tis-
sue invasion, entrance into and survival in the 
bloodstream or lymphatic system and, finally, 
extravasation and complete colonization of the 
tissue (reviewed in [83]). MiRNAs are involved in 
the development of such processes and could 
be prognostic markers and therapeutic targets 
in metastatic tumors. The most important 
miRNAs related to this topic are reported in  
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Figure 3. A complete list of these metastasis-
related miRNAs is provided as Table 1. The first 
observation of a miRNA involved in metastasis 
was made by Ma et al. [84]. The authors found 
that miR-10b was overexpressed in breast can-
cer cells with metastatic potential compared 
with non-metastatic breast cancer cells. How-
ever, in a previous study, primary breast tumors 
exhibited miR-10b down-regulation compared 
with normal breast tissue, regardless of their 
aggressiveness [85]. In fact, Ma and colleagues 
observed that the expression of this miRNA was 
down-regulated in tumor samples of patients 
free of metastasis compared with normal breast 
tissue. On the other hand, half of the patients 
with metastatic tumors showed an increased 
expression of miR-10b in tumor cells compared 

with normal tissue [85]. 
When silenced by an an-
tagomiR, a decrease in the 
invasive properties of these 
cells was observed in vitro, 
with no alterations in their 
viability or motility. The ec-
topic expression of miR-10b 
had no effect on cell prolif-
eration in vitro, but it in-
creased motility and inva-
sive capacity. In an in vivo 
assay, human breast cancer 
cells were transduced with a 
miR-10b-encoding retroviral 
vector and inoculated in 
mice. All animals developed 
tumors, including the control 
group. However, those who 
rece ived  ce l l s  over -
expressing miR-10b showed 
higher invasion rates into 
adjacent tissues, higher tu-
mor growth and proliferative 
rates, and greater angio-
genesis and metastases at 
distant sites. Chromatin im-
munoprecipitation (ChIP) 
showed that TWIST1, a tran-
scription factor that plays an 
essential role in tumor me-
tastasis [86], binds to the 
miR-10b promoter, indicat-
ing that it controls the ex-
pression of this miRNA [84]. 
Indeed, TWIST1 expression 
correlates with that of miR-
10b, and a target of this 

miRNA, HOXD10 [84], encodes a protein that 
inhibits the expression of several genes in-
volved in cellular migration and extracellular 
matrix remodeling [87]. 
 
Comparing miRNA expression profiles between 
parental lineages of human breast cancer and 
their metastatic derivatives, which have high 
bone- and lung-targeting capacities, Tavazoie 
and colleagues [88] characterized miRNAs 
downregulated in the latter, including miR-126, 
miR-206, and miR-335. These miRNAs are im-
portant for the metastatic phenotype because 
their ectopic expression significantly reduced 
lung metastases in mice. The authors also 
found that in humans, patients with primary 
breast cancer with down-regulation of miR-126 

Figure 2. Overview of the interplay between miRNAs and DNA methylation in 
tumor cells. Dashed lines denote the original function in normal cells that is 
lost in tumor cells. Open circles: unmethylated CpG sites; filled circles: methy-
lated CpG sites.  
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Table 1. A complete list of these metastasis-related miRNAs (Table 1 references reported between 
square brackets are available as Supplementary Material) 

MicroRNA Metastasis-
suppressing miRNA 
(MSM) or metastasis-
promoting miRNA 
(MPM) 

Expression in 
metastasis 
compared to 
benign tissue 

Tissues Target genes 

Let-7 family MSM [29, 101, 115, 
131, 157, 162, 163, 
165] 

- [28, 29, 47, 48, 
71, 101, 115, 
157, 162, 163, 
165] 

Breast cancer [29], esophageal 
squamous cell carcinoma [163], 
Pancreatic cancer cells [72], 
gastric carcinoma [115, 162], 
Uveal melanoma [85], mouse 
melanoma [131], Lung cancer 
[71, 157], prostate cancer [47], 
hepatocellular carcinoma [28, 
101], Colorectal cancer [165] 

HMGA1 [72],HMGA2 [72], 
KRAS [72], 
Bsg [131], E2RAS and c-
myc [49], MYH9 [162], 
COL1A2 [101], TRIM41, 
SOX13, SLC25A4, SEMA4F, 
RPUSD2, PLEKHG6, 
CCND2, and BTBD3  [165] 

lin-28b MPM [160] +[160] Colon cancer [160]  

miR-1  - [28] Hepatocellular carcinoma [28]  

miR-9 family  MSM [36, 38] + [90], - [6, 35, 
36, 38] 

breast cancer [6, 90], lung[34], 
ovarian cancer [35], brain 
cancer [36] 

CDH1 [90] 

miR-10a MPM [80] +[80] Pancreatic adencarcinoma [80]  

miR-10b MPM [11, 92, 104, 
118],MSM [107] 

+[11, 44, 73, 
74] 

Breast carcinoma [11, 107], 
hepatocellular carcinoma [73], 
AML [74], pancreatic tumor cells 
[44], esophageal cancer [92], 
nasopharyngeal carcinoma 
[118] 

HoxD10 [11], KLF4 [92], 
Tiam1 [107] 

miR-15a  - [28] Hepatocellular carcinoma [28]  

miR-16 MSM [70] - [70] Prostate cancer [70]  

miR-17-92 
cluster 

MPM [46,99] +[99] Neuroblastoma [46], Breast 
cancer [99] 

 

miR-19a  - [28] Hepatocellular carcinoma [28]  

miR-20a MSM [112]  Pancreatic cancer cell lines 
[112] 

Stat3 [112] 

miR-21 MPM [8, 21, 52, 59, 
102, 103, 106, 108, 
127, 148, 153, 161] 

+ [3, 52, 21, 
102, 103, 106, 
127, 148, 153, 
161] 

Several types of cancer [3, 4, 5, 
6, 8, 21, 52, 59, 102, 103, 106, 
127, 148, 153, 161] 

PTEN [5, 127], TPM1 [7], 
PDCD4 [8, 9, 56, 59, 106, 
153], SPRY2 [10], MARCKS 
[53], RECK 
and TIMP3 [60, 103], 
Maspin [59], RHOB  [108] 

miR-22 MSM [122, 159] - [122, 129, 
159] 

Ovarian cancer [122], Breast 
cancer [129, 159] 

CDK6, SIRT1 and Sp1 
[159] 

miR-23b MSM[39] - [39,81] Hepatocellular carcinoma[39], 
prostate cancer [81] 

uPA e c-met[39] 

Mir-24 MSM [26] - [26] Breast cancer [26] DHFR [27] 

miR-27a MPM [75] +[75] Gastric cancer [75]  

miR-29a MPM [67] +[67] Breast cancer [67]  

miR-29c  - [63] nasopharyngeal carcinomas 
[63] 

Laminin [63], collagen [63], 
tcl1 [64] 

Mir-30a/b MSM [109, 168] - [28, 109, 168] Hepatocellular carcinoma [28], 
breast tumor [109], non-small 
lung cancer cell [168] 

 

miR-30c  - [28] Hepatocellular carcinoma [28]  

miR-30d MPM[93] +[93] Hepatocellular carcinoma [93] Galphai2 [93] 

miR-30e  - [28] Hepatocellular carcinoma [28]  

miR-31 MSM[33, 132, 152] - [33, 132, 152] breast cancer [33]  Fzd3, ITGA5,  
M-RIP MMP16, RDX, 
RhoA [33], WAVE3 [132] 

miR-34a MSM [77, 143] - [77, 143] Hepatocellular carcinoma [77], 
prostate cancer [143] 

C-met [77], CDK6, cyclin D1 
[78], MYCN [79], CD44 
[143] 
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miR-34b/c MSM [38] - [38] colon cancer, head and neck 
cancer, melanoma [38] 

MYC, CDK6, E2F3 [38]  

miR-92a MPM [135] +[135] Esophageal squamous cell 
carcinoma [135] 

CDH1 [135] 

miR-92b MSM [36] - [36] brain tumor [36]  

miR-100  - [47, 81] Prostate cancer [47, 81]  

miR-101 MSM [65] -[65] Prostate cancer [65] EZH2 [65] 

miR-103/107 MPM [113, 126] +[113, 126] Breast cancer [113], gastric 
cancer [126] 

Dicer [113, 126] 

miR-106b  - [114] Renal cell carcinoma [114]  

Mir-122 MSM [55] -[28, 54,55] Hepatocellular carcinoma [28, 
54,55] 

ADAM17 [55] 

miR-124a MSM [174] - [28, 174] Hepatocellular carcinoma [28, 
174] 

ROCk2, EZH2 [174] 

miR-125a-3p MSM [111] - [111] Non-small cell lung cancer [111]  

miR-125a-5p MPM [111], MSM 
[141] 

+[111], - [141] Non-small cell lung cancer 
[111], gastric cancer [141] 

ERBB2 [141] 

miR-125b MSM [120] - [28, 120] Hepatocellular carcinoma [28], 
Liver cancer cell [120] 

LIN28B [120] 

miR-126 MSM [14, 62, 116] - [14, 28, 62, 
116] 

Lung cancer [62], Breast cancer 
[14], hepatocellular carcinoma 
[28], gastric cancer [116] 

Crk [62, 116] 

miR-127 MPM [86] +[86] cervical carcinoma [86]  

miR-138 MSM[31,96] -[31, 32,96] head and neck squamous cell 
carcinoma[31], squamous cell 
carcinoma of the tong [96], 
thyroid carcinoma [32] 

RhoC, ROCK2 [96], hTERT 
[32] 

miR-81 MSM [124] - [124] Hepatocellular carcinoma [124] ROCK2 [124] 

miR-143 MPM [43, 156], 
MSM [154, 169] 

+ [43, 156], - 
[154, 169] 

Hepatocellular carcinoma[43], 
osteosarcoma [154], 
esophageal squamous cell 
carcinoma [156], prostate 
cancer [169] 

FNDC3B[43] 

miR-145 MSM [97, 169], 
MPM [156] 

+[156], - [169] esophageal squamous cell 
carcinoma [156], prostate 
cancer [169] 

MUC1 [97] 

miR-146a/b MSM [12, 15, 30, 
57, 58, 91, 167] 

- [12, 15, 30, 
57,58, 91, 167] 

Glioblastoma [57], Breast 
cancer [12, 15, 30], prostate 
cancer [58], pancreatic cancer 
cells [91], gastric cancer [167] 

MMP16 [57], ROCK1[ 58], 
TRAF6 [15, 16], IRAK1 [34, 
16, 91, 167], EGFR [91, 
167] 

miR-148 MSM [38] - [28, 38] Hepatocellular carcinoma [28]  

Mir-151 MPM [94] +[94] Hepatocellular carcinoma [94] RhoGDIA [94] 

miR-155 MPM [61, 153] +[61, 153] colorectal cancer [153] RHOA [61] 

miR-181 MPM [144] +[144] Oral squamous cell carcinoma 
[144] 

 

miR-182 MPM [69] +[69] Melanoma [69] MITF and FOXO3 [69] 

miR-183 MSM [83,98, 121], 
MPM [164] 

-[83, 121], 
+[164] 

Lung cancer cells[83], breast 
cancer [121], medullary thyroid 
cancer [164] 

ITGB1[98],  KIF2A [98], 
Ezrin [83, 121] 

miR-185  +[28] Hepatocellular carcinoma [28]  

miR-194 MSM [125] - [28, 125] Hepatocellular carcinoma [28], 
liver cancer [125] 

 

MiR-196 
family (miR-
196a1, miR-
196a2, and 
miR-196b)  

MSM [119], MPM 
[45] 

- [119], +[45] Breast cancer [119], colorectal 
cancer [45] 

HOXC8 [119], ANXA1 [87] 

miR-198 MSM [170] - [170] Hepatocellular carcinomas 
[170] 

c-MET [170] 
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miR-199a MPM[128], MSM 
[150] 

+[128], - [150] Uveal melanoma [85], Gastric 
Cancer [128], testicular tumor 
[150] 

MAP3K11 [128], PODXL 
[150] 

Mir-199b-5p MSM [51] - [51] Medulloblastoma [51] HES1 [51] 

miR-200 
family (miR-
200a, miR-
200b, miR-
200c, miR-
141 and miR-
429) 

MSM[22, 23, 24, 25, 
84,88,89, 117, 134, 
139] MPM [37,100] 

+[37, 100], -  
[22,23, 24, 
25,84,  88, 89, 
117, 134, 139] 

Ductal adenocarcinomas of 
pancreas [37],  breast 
carcinoma cells [24,25,100], 
primary 
serous papillary ovarian 
tumors[25], lung cancer [84, 
117, 134], head and neck 
squamous cell carcinoma [139] 

ZEB1 [22, 23, 24,25], 
ZEB2 [24,25], WAVE3 [89], 
Flt1 [134], BMI1 [139], 
SIP1 [22, 23], EP300 [37] 

miR-203 MSM [137] - [137] Prostate cancer [137] ZEB2, Bmi, Survivin, Runx2 
[137] 

miR-204 MSM [105, 151] - [105, 151] Squamous cell carcinoma of 
head and neck [105], 
endometrial cancer [151] 

FOXC1 [151] 

miR-205 MSM [22,68] - [22, 68] breast cancer [68], head and 
neck squamous cell carcinoma 
[66] 

LRP1[1], ErbB3 [68], VEGF-
A [68] 

miR-206 MSM [14, 136] - [14, 136] Breast cancer [14], lung cancer 
[136] 

 

miR-207  +[28] Hepatocellular carcinoma [28]  

miR-211 MPM [82], MSM 
[130, 133] 

+ [82], - [130, 
133] 

Oral carcinoma [82], melanoma 
[130, 133] 

KCNMA1 [130] 

miR-214 MSM [140] - [140] Cervical cancer [140] Plexin B1 [140] 

miR-218 MSM[47,95] - [47, 95] Gastric cancer [100], prostate 
cancer [47] 

LAMB3 [50], ROBO1 [95] 

Mir-219  +[28] Hepatocellular carcinoma [28]  

miR – 221 MSM [17]  - [17] prostate cancer [17] P27Kip1[18, 19, 20] 

miR-222 MSM[40] - [40] Tongue squamous  cell 
carcinoma[40] 

MMP1 and SOD2[40] 

miR-223 MPM [166] +[166] Gastric Cancer [166] EPB41L3  [166] 

miR-224 MPM [41] +[41] Pancreatic ductal 
adenocarcinomas [41] 

 

miR-328 MPM [155] +[155] Non-small cell lung cancer [155]  

miR- 335 MSM [14, 147] - [14, 147] Breast cancer [14, 147] SOX4, TNC [14] 

miR-338 MSM[42, 173] - [42, 173], 
+[28] 

Hepatocellular carcinoma[28, 
42], liver cancer [173] 

SMO [173] 

miR-339-5p MSM [123] - [123] Breast cancer [123]  

miR-340 MSM [142] - [142] Breast cancer [142] C-met [142] 

miR-345 MSM [171] - [171] Colorectal cancer [171] BAG-3 [171] 

miR-370 MPM [172] +[172] Gastric cancer [172] TGFβ-RII  [172] 

miR-373 MPM [13] +[13] Breast cancer cells [13] TXNIP e RABEP1 [146] 

miR-375 MPM [164] +[164] Medullary thyroid cancer [164]  

MIR-452 MPM [76] +[76] Urothelial carcinoma [76]  

miR-486 MPM [41] +[41] Pancreatic ductal 
adenocarcinomas [41] 

 

miR-503 MSM [158] - [158] Hepatocellular cancer [158]  

miR-516a-3p MSM [138] - [138] Gastric cancer [138] Sulfatase1 [138] 

miR-520b MSM [149] - [149] Breast cancer [149] HBXIP e IL-8 [149] 

miR-520c MPM [13] +[13] Breast cancer cells [13]  

miR-661 MPM [110] +[110] Breast cancer [110]  

miR-1258 MSM [145] - [145] breast cancer [145] HPSE [145] 
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and miR-335 had poor metastasis-free survival 
rates, and the inhibition of miR-335 in human 
non-metastatic breast cancer cells increased 
the colonization ability of these cells in the lung. 
Indeed, miR-126 is associated with the silenc-
ing of genes related to cell growth, adhesion, 
migration and invasion, such as Crk, an adhe-
sion adaptor protein [89], vascular cell adhe-
sion molecule 1 (VCAM-1) [90], insulin receptor 
substrate 1 (IRS-1) [91], and PIK3R2, which 
regulates the activity of PI3 kinase [92]. The re-
expression of miR-335 in metastatic human 
cells also affects the expression of several 
genes, including those associated with cy-
toskeleton control and extracellular matrix (type 
1 collagen, COL1A1), signal transduction 
(receptor-type tyrosine protein phosphatase, 
PTPRN2; c-Mer tyrosine kinase, MERTK; and 
phospholipase 1, PLCB1) and cell migration 
(tenascin C, TNC; and SRY-box-containing tran-

scription factor 4, SOX4) [88]. Additionally, miR-
206 blocks the anti-apoptotic activity of 
NOTCH3 at the transcriptional and post-
transcriptional levels [93].  
 
Another miRNA with great importance in metas-
tatic tumors is miR-21, whose role in cancer is 
well known. This miRNA represses several tu-
mor suppressor or metastasis suppressor 
genes, such as PTEN [94], a phosphatase that 
regulates the cell cycle by suppressing Akt/PKB 
signaling; tropomiosin1 (TPM1) [95], an actin-
binding protein that regulates microfilament 
organization and anchorage-independent 
growth; programmed cell death 4 (PDCD4) [95, 
96]; maspin [95, 97], an epithelial-specific 
member of the serine protease inhibitor (serpin) 
superfamily that inhibits the invasion and motil-
ity of tumor cells; TIMP3 [98], a metallopro-
teinase inhibitor; and RECK [98], a membrane-

Figure 3. Overview of miRNAs involved in metastasis progression. Dashed lines denote the original function in normal 
cells that is lost or altered in tumor cells. 
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anchored glycoprotein. In a human breast can-
cer model, the inhibition of miR-21 with an an-
tisense oligonucleotide reduced the tumor inva-
sion capacity in vitro and in vivo by up to 60% 
and induced a lower number of metastases in 
the lung [95]. MiR-21 is also upregulated in eso-
phageal cancer cells compared with normal 
esophageal epithelial cells, as determined by 
microdissection [99]. 
 
In another study, Huang et al. [100] conducted 
a migration assay using a breast cancer cell 
line, MCF-7, that does not exhibit migration or 
metastatic properties. MCF-7 cells were trans-
duced with approximately 450 different miRNA-
expressing vectors. In the migratory population 
prone to a metastatic phenotype, the authors 
found an enrichment of cells transduced with 
miR-373, miR-520c and miR-520e compared 
with the total population. When exogenous miR-
373 or miR-520c was introduced into MCF-7 
cells, they showed a more invasive and migra-
tory phenotype compared with the control cells. 
In addition, cells that endogenously express miR
-373, such as human breast MDA-MB-435 and 
human colon HCT-15 cancer cell lines, show a 
high capacity for migration, which was reduced 
in more than 70% of cells when a miR-373 an-
tagomiR was introduced [100]. In an in vivo 
assay, mice that received MCF-7 cells express-
ing exogenous miR-373 or miR-520c developed 
metastases to the skull, brain and lung, but this 
was not observed in mice that were injected 
with control MCF-7 cells [100]. The seed se-
quences of both miRNAs are similar, indicating 
that they might have overlapping functions by 
controlling the same targets. Among the targets 
predicted for miR-373 and miR-520c, CD44, 
which is a glycoprotein that modulates matrix 
degradation, cell growth, adhesion and motility 
[101], was confirmed as a direct target of both. 
In agreement with these findings, miR-373 was 
overexpressed in metastatic clinical samples 
compared with primary breast cancer samples 
from the same patients [100]. 
 
An important event seen in metastasis is the 
transition of cells from an epithelial to a mesen-
chymal phenotype (EMT). This phenomenon is 
important for the initiation of embryonic devel-
opment, as well as in adults, and is involved in 
tissue regeneration, fibrosis and healing [102]. 
Cells that undergo this transition show altered 
expression of several genes, such as loss of E-
cadherin expression and, therefore, loss of cell-

to-cell adhesion and increased motility [103]. In 
metastatic cells, EMT confers the ability to exit 
the primary site and to colonize distant sites. 
The miR-200 family has been implicated in EMT 
[104]. This family consists of five members 
grouped in two different regions of the genome: 
miR-200a, miR-200b and miR-429 on chromo-
some 1p36.33 and miR-141 and miR-200c on 
chromosome 12p13.31 [104]. These miRNAs, 
as well as miR-205, target and regulate ZEB1 
and SIP1 (ZEB2), which are factors that repress 
the transcription of E-cadherin [104]. 
 
Interestingly, several miRNAs involved in cancer 
metastasis, including miR, are downregulated 
by cigarette smoke [23]. In particular, lung can-
cer metastasis is linked to the downregulation 
of anti-angiogenic miRNAs, allowing blood ves-
sel penetration into the neoplastic mass. This 
event is linked to the hypoxic condition charac-
terizing the cancer tissue but promoted by hy-
poxic compounds contained in cigarette smoke, 
such as carbon monoxide and hydrogen cya-
nide, which render CS a pro-angiogenic factor 
due to its ability to induce the expression of hy-
poxia-related factors, triggering angiogenesis 
[23]. Furthermore, FOXO1 upregulation charac-
terizes cigarette smoke-induced lung cancer 
and is correlated with the silencing of specific 
miRNAs that target this gene, including miR-182 
[105]. These molecular events contribute to the 
establishment of poor prognosis in cancer pa-
tients and explain the poor cancer prognosis of 
smoke-induced lung cancer.  
 
MiRNAs and chemoresistance 
 
Chemotherapy is a treatment widely used in 
cancer, but in many cases, tumors can became 
refractory to this treatment by mutations, altera-
tions in gene expression caused by epigenetic 
deregulation, or drug-induced karyotypic altera-
tions (reviewed in [106]). Tumor chemoresis-
tance to certain types of drugs may be influ-
enced by miRNA regulation. Meng et al. [107] 
showed that the inhibition of miR-21 and miR-
200b increases the cytotoxicity induced by gem-
citabine in cholangiocarcinomas, while the 
transfection of non-malignant cholangiocytes 
with pre-miR-21 and pre-miR-200b increases 
cell viability. Indeed, Si et al. [108] have shown 
an association between silencing miR-21 and 
the sensitization of MCF-7 cells to the chemo-
therapeutic agent topotecan. In corroboration 
with these findings, miR-21 targets PTEN, a 
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negative regulator of the PI3 kinase pathway, 
which is involved in cell survival through the 
activation of AKT/mTOR [107].  
 
On the other hand, the overexpression of the 
tumor suppressor miRNAs miR-15 and miR-16, 
which are negative regulators of BCL2 [20], in-
creases the sensitivity to several cancer chemo-
therapeutic drugs, while its inhibition has the 
opposite effect. These miRNAs are downregu-
lated in a multidrug-resistant (MDR) gastric can-
cer cell line compared with their parental cell 
line [109]. The inhibition of miR-30 and miR-
138 before cancer onset and of mir-378 in full-
blown cancer has been associated with the in-
duction of MDR protein expression in lungs of 
rodents exposed to cigarette smoke [105]. 
 
Mishra and colleagues [110] have demon-
strated that polymorphisms can also promote 
drug resistance. The SNP 829C->T in the 3'UTR 
of the dihydrofolate reductase (DHFR) gene is 
frequently found in the Japanese population, 
resulting in an increase in its expression [111]. 
Mishra et al. [110] reported that this SNP is 
located next to the target site of miR-24, pre-
venting its binding. When DHFR is overex-
pressed, cells become resistant to treatment 
with the chemotherapeutic agent methotrexate. 
Thus, the authors proposed that SNPs in 
miRNAs or around their binding sites in target 
genes involved in the response to chemothera-
peutic agents may contribute to the increasing 
resistance or sensitivity of cells to chemothera-
peutics.  
 
With regard to the use of selective estrogen 
receptor modulators for breast cancer therapy, 
miRNAs have major roles in inducing drug resis-
tance in cancer cells. Indeed, miR-221 and miR-
222 are elevated in estrogen receptor alpha 
(ERα)-negative breast cancer cells compared 
with ERα-positive cells [112] and in tamoxifen-
resistant cells, whereas miR-21, miR-342 and 
miR-489 show decreased expression. Another 
study suggested that miR-342 regulates the 
tamoxifen response in breast cancer cells in 
vitro, and clinical data indicate a link between 
reduced miR-342 expression and tamoxifen 
resistance [113]. Mir-221 and miR-222 play 
roles in resistance to fulvestrant, which is used 
in hormone-sensitive breast cancers following 
the failure of previous tamoxifen or aromatase 
inhibitor therapies [114]. 
 

MiRNAs and radiotherapy 
 
Ionizing radiation (IR) induces breaks and other 
types of DNA damage, but the correct repara-
tion of these breaks in tumor cells can make 
them resistant to treatment [115]. Based on the 
fact that the oncogene RAS participates in cell 
protection against IR [116] and is regulated by 
the let-7 miRNA family [50], Weidhaas et al. 
[117] irradiated A549 lung cancer cells and 
CLR2741 normal lung epithelial cells and exam-
ined their miRNA expression profiles. A signifi-
cant change in response to radiation was seen 
in both cell lines after irradiation. Significant 
downregulation of the let-7 family members was 
seen, with the exception of let-7g, which was 
significantly upregulated. A549 cells transfected 
with pre-let-7a or pre-let-7b showed an increase 
in radiosensitivity compared with control cells, 
while transfection with anti-let-7b led to radio-
protection [117]. The opposite occurred with let-
7g, whose overexpression was radioprotective 
and whose inhibition led to radio-sensitization. 
Experiments with C. elegans have shown the 
same effects in vivo [117]. These results sug-
gest that miRNA expression can be modulated 
to act synergistically with radiotherapy, causing 
normal cells to become more resistant or sensi-
tizing tumor cells. 
 
Additionally, Yan and colleagues [115] have 
studied the role of miRNAs in the sensitization 
of tumor cells to radiotherapeutic treatment by 
targeting several genes involved in different 
DNA repair pathways. They identified in silico 
and validated miR-101 as a regulator of the 
DNA-PKcs and ATM genes. Next, they observed 
that the overexpression of this miRNA increased 
the sensitivity of tumor cells to radiation both in 
vitro and in vivo, indicating an important role of 
miR-101 in the regulation of genes involved in 
the repair of radiation-induced breaks in DNA.  
 
Despite the fact that radiation is widely used in 
the treatment of cancer, its undesirable effects 
and their causes are not fully understood. A 
possible effect of radiotherapy is the bystander 
effect, which consists of a destabilization of non
-irradiated cells next to the irradiated cells, lead-
ing to the carcinogenesis of normal cells 
(reviewed in [118]). This destabilization may be 
due to genomic instability, which could be 
caused by epigenetic alterations (reviewed in 
[119]). Koturbash and colleagues [120] ex-
posed rats to localized cranial irradiation and 
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monitored its effects in the spleen 24 hours and 
7 months after exposure. A decrease in global 
methylation in the spleen was observed, as well 
as in the expression of proteins that are part of 
the epigenetic machinery, such as DNMT3a and 
MeCP2. The consequent reactivation of retro-
transposons in that tissue was also seen. In 
addition, miR-194 was over-expressed after 
irradiation, both in plasma and in the spleen, 
and an in silico analysis revealed that the 
mRNAs of DNMT3a and MeCP2 were predicted 
targets of this miRNA. All of these alterations 
remained even 7 months post-irradiation, indi-
cating a possible contribution of epigenetic al-
terations to the destabilization of distant tis-
sues, achieved by miRNA regulation and possi-
bly contributing to carcinogenesis.  
 
Therapeutic modulation of miRNAs in cancer 
 
The modulation of cancer-related miRNAs, ei-
ther to study their functions or for future appli-
cations in therapy, has been receiving a great 
amount of attention due to several promising 
results. 
 
The two strategies used in miRNA modulation 
are (a) the introduction of molecules mimicking 
the expression of protective miRNAs downregu-
lated in cancer and (b) the introduction of an-
tagomiRs, which are synthetic miRNAs comple-
mentary to the miRNAs of interest, to inhibit 
oncomiRs overexpressed in tumor cells 
(reviewed in [121]). 
 
An important characteristic of miRNA expres-
sion modulation is that one miRNA is capable of 
silencing several genes, in contrast to RNA inter-
ference technology, which is capable of silenc-
ing only one gene or a few genes belonging to 
the same gene family. This turns the therapeu-
tic modulation of aberrantly expressed miRNAs 
into a powerful tool for the treatment of cancer, 
as well as for the understanding of carcinogene-
sis.  
 
The antisense technology based on antagomiRs 
is the major method used to reduce unwanted 
miRNA expression in tumor cells. AntagomiRs 
have been progressively improved by chemically 
modified oligonucleotides, providing more sta-
bility and affinity to the target miRNA and, con-
sequently, more efficiency than their natural 
counterparts (reviewed in [122]). The main 
modifications used are 2’-O-methyl and 2’-O-
methoxyethyl groups [123], 2’-O-methyl-

modified RNAs conjugated with cholesterol 
bound to phosphorothioate (known as an-
tagomiRs) [124], and “locked nucleic 
acid” (LNA) constructs [125]. Other widely used 
constructs are “miRNA sponges”, which have 
multiple binding sites to one or several miRNAs, 
thus competing with the targets of the miRNA(s) 
of interest [126]; and miR-masking antisense 
oligonucleotides (miR-masks), which are oli-
gonucleotides that are complementary to the 
binding site of the miRNA in the 3'UTR of the 
target gene and that prevent the binding of the 
miRNA to its target site [127]. On the other 
hand, the introduction of tumor suppressor 
miRNAs that are down-regulated in tumor cells 
may be achieved by delivering synthetic double-
stranded RNAs or vectors expressing the pre-
miRNAs (reviewed in [121]).  
 
However, delivery to the cell is still a great ob-
stacle for miRNA introduction in vivo. Despite 
the fact that the molecules are very small and 
can receive chemical modifications to increase 
their delivery efficiency, the nucleic acids are 
negatively charged and do not easily cross the 
cell membrane. Many strategies have been de-
scribed to overcome this issue, such as the en-
capsulation of the oligonucleotides in liposomes 
and the introduction of viral vectors (reviewed in 
[121]).  
 
Another major problem is nucleotide sequenc-
ing of artificial miRNA probes. Indeed, an ex-
ceedingly high GC content activates endoge-
nous TLR activation, triggering side effects rang-
ing from fever to the activation of autoimmune 
diseases. The fact that miRNA overload may 
have adverse consequences in humans has 
been recently highlighted for a rare genetic dis-
ease, Aicardi-Goutieres syndrome, targeting 
RNase H and thus resulting in endogenous 
miRNA accumulation in the central nervous sys-
tem, thereby impeding brain development 
[128].  
 
In 2008, the first clinical trial using miRNA-
based therapy began. A phase I trial was initi-
ated to treat hepatitis C using a LNA oligonu-
cleotide complementary to miR-122 to inhibit 
the expression of this oncogenic miRNA, which 
normally facilitates virus replication. In 2010, 
the success of this clinical trial and the begin-
ning of phase II was announced [129]. Despite 
the fact that this is the only study addressing 
the manipulation of a specific miRNA expres-
sion, several other clinical trials are currently 
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being performed, aiming at the treatment of 
several diseases, such as asthma, leukemia, 
a n d  o t h e r  c a n c e r  t y p e s  ( s e e 
www.clinicaltrials.gov). 
 
Conclusion 
 
MiRNAs are small molecules that have impor-
tant roles in regulating gene expression, main-
taining the differentiation status and controlling 
the cell cycle. It has been estimated that half of 
them are epigenetically regulated, while epige-
netic machinery is also targeted by miRNAs, 
demonstrating how these gene regulatory path-
ways are interrelated and involved in tumori-
genesis. MiRNA expression deregulation triggers 
cancer development, as well as cancer cell ag-
gressiveness, chemoresistance, radioresis-
tance, migration and metastasis. The identifica-
tion of miRNAs that are associated with the 
most varied types of cancer, the resistance to 
drugs and radiation, and the invasion and me-
tastasis of tumors will lead to more individual-
ized and efficient treatments for cancer. Addi-
tionally, miRNA expression profiles may provide 
a powerful tool for the diagnosis of metastasis 
of tumors from unknown primary sites.  
 
In conclusion, a better knowledge of miRNA 
functions, their interrelationships with other 
cellular processes and the already available 
treatments against unwanted proliferation can 
generate new approaches, such as combined 
therapies, in which the manipulation of miRNA 
expression can play a pivotal role. 
 
Acknowledgments 
 
The authors thank Carla Curi and Teresa Curi for 
English reviewing. This work was supported by 
the Fundação de Amparo à Pesquisa do Estado 
de São Paulo (FAPESP) and the Coordenação de 
Aperfeiçoamento de Pessoal de Nível Superior 
(CAPES) (Brazil) and by the Italian Association 
for Cancer Research (AIRC) grant n. 8909. 
 
Address correspondence to: Dr. Alberto Izzotti, De-
partment of Health Sciences, University of Genoa, Via 
A. Pastore 1, 16132, Genoa, Italy E-mail address: 
izzotti@unige.it 
 
References 
 
[1] Lee RC, Feinbaum RL and Ambros V. The C. 

elegans heterochronic gene lin-4 encodes small 
RNAs with antisense complementarity to lin-14. 

Cell 1993; 75: 843-854. 
[2] Wightman B, Ha I and Ruvkun G. Posttranscrip-

tional regulation of the heterochronic gene lin-
14 by lin-4 mediates temporal pattern forma-
tion in C. elegans. Cell 1993; 75: 855-862. 

[3] Zhao Y and Srivastava D. A developmental view 
of microRNA function. Trends Biochem Sci 
2007; 32: 189-197. 

[4] Bartel DP. MicroRNAs: genomics, biogenesis, 
mechanism, and function. Cell 2004; 116: 281
-297. 

[5] Friedman RC, Farh KK, Burge CB and Bartel DP. 
Most mammalian mRNAs are conserved tar-
gets of microRNAs. Genome Res 2009; 19: 92-
105. 

[6] Bushati N and Cohen SM. microRNA functions. 
Annu Rev Cell Dev Biol 2007; 23: 175-205. 

[7] Rodriguez A, Griffiths-Jones S, Ashurst JL and 
Bradley A. Identification of mammalian mi-
croRNA host genes and transcription units. 
Genome Res 2004; 14: 1902-1910. 

[8] Yuan X, Liu C, Yang P, He S, Liao Q, Kang S and 
Zhao Y. Clustered microRNAs' coordination in 
regulating protein-protein interaction network. 
BMC Syst Biol 2009; 3: 65. 

[9] Landthaler M, Yalcin A and Tuschl T. The hu-
man DiGeorge syndrome critical region gene 8 
and Its D. melanogaster homolog are required 
for miRNA biogenesis. Curr Biol 2004; 14: 
2162-2167. 

[10] Basyuk E, Suavet F, Doglio A, Bordonne R and 
Bertrand E. Human let-7 stem-loop precursors 
harbor features of RNase III cleavage products. 
Nucleic Acids Res 2003; 31: 6593-6597. 

[11] Yi R, Qin Y, Macara IG and Cullen BR. Exportin-5 
mediates the nuclear export of pre-microRNAs 
and short hairpin RNAs. Genes Dev 2003; 17: 
3011-3016. 

[12] Zhang H, Kolb FA, Brondani V, Billy E and Fili-
powicz W. Human Dicer preferentially cleaves 
dsRNAs at their termini without a requirement 
for ATP. EMBO J 2002; 21: 5875-5885. 

[13] Etheridge A, Lee I, Hood L, Galas D and Wang 
K. Extracellular microRNA: a new source of 
biomarkers. Mutat Res 2011; 717: 85-90. 

[14] Doench JG, Petersen CP and Sharp PA. siRNAs 
can function as miRNAs. Genes Dev 2003; 17: 
438-442. 

[15] Baskerville S and Bartel DP. Microarray profil-
ing of microRNAs reveals frequent coexpres-
sion with neighboring miRNAs and host genes. 
RNA 2005; 11: 241-247. 

[16] Houbaviy HB, Murray MF and Sharp PA. Embry-
onic stem cell-specific MicroRNAs. Dev Cell 
2003; 5: 351-358. 

[17] Lu J, Getz G, Miska EA, Alvarez-Saavedra E, 
Lamb J, Peck D, Sweet-Cordero A, Ebert BL, 
Mak RH, Ferrando AA, Downing JR, Jacks T, 
Horvitz HR and Golub TR. MicroRNA expression 
profiles classify human cancers. Nature 2005; 
435: 834-838. 

[18] Saito Y, Liang G, Egger G, Friedman JM, Chuang 



MicroRNA and cancer outcome  

 
 
429                                                                                                            Am J Cancer Res 2012;2(4):414-433 

JC, Coetzee GA and Jones PA. Specific activa-
tion of microRNA-127 with downregulation of 
the proto-oncogene BCL6 by chromatin-
modifying drugs in human cancer cells. Cancer 
Cell 2006; 9: 435-443. 

[19] Calin GA, Dumitru CD, Shimizu M, Bichi R, Zupo 
S, Noch E, Aldler H, Rattan S, Keating M, Rai K, 
Rassenti L, Kipps T, Negrini M, Bullrich F and 
Croce CM. Frequent deletions and down-
regulation of micro- RNA genes miR15 and 
miR16 at 13q14 in chronic lymphocytic leuke-
mia. Proc Natl Acad Sci USA 2002; 99: 15524-
15529. 

[20] Cimmino A, Calin GA, Fabbri M, Iorio MV, Fer-
racin M, Shimizu M, Wojcik SE, Aqeilan RI, Zupo 
S, Dono M, Rassenti L, Alder H, Volinia S, Liu 
CG, Kipps TJ, Negrini M and Croce CM. miR-15 
and miR-16 induce apoptosis by targeting 
BCL2. Proc Natl Acad Sci USA 2005; 102: 
13944-13949. 

[21] Calin GA, Sevignani C, Dumitru CD, Hyslop T, 
Noch E, Yendamuri S, Shimizu M, Rattan S, 
Bullrich F, Negrini M and Croce CM. Human 
microRNA genes are frequently located at frag-
ile sites and genomic regions involved in can-
cers. Proc Natl Acad Sci USA 2004; 101: 2999-
3004. 

[22] Vasques LR, Schoof CRG and Botelho ELS. 
MicroRNAs: a new paradigm for gene regula-
tion. In: Gupta VK, Sharma P, Gaur RK, Gafni Y, 
editors. RNAi Technology, 1st ed. Enfield, NH: 
Science Publishers 2011; pp: 133-152. 

[23] Izzotti A, Calin GA, Arrigo P, Steele VE, Croce CM 
and De Flora S. Downregulation of microRNA 
expression in the lungs of rats exposed to ciga-
rette smoke. FASEB J 2009; 23: 806-812. 

[24] Schembri F, Sridhar S, Perdomo C, Gustafson 
AM, Zhang X, Ergun A, Lu J, Liu G, Bowers J, 
Vaziri C, Ott K, Sensinger K, Collins JJ, Brody JS, 
Getts R, Lenburg ME and Spira A. MicroRNAs as 
modulators of smoking-induced gene expres-
sion changes in human airway epithelium. Proc 
Natl Acad Sci USA 2009; 106: 2319-2324. 

[25] Izzotti A, Larghero P, Longobardi M, Cartiglia C, 
Camoirano A, Steele VE and De Flora S. Dose-
responsiveness and persistence of microRNA 
expression alterations induced by cigarette 
smoke in mouse lung. Mutat Res 2011; 717: 9-
16. 

[26] Izzotti A, Bagnasco M, D'Agostini F, Cartiglia C, 
Lubet RA, Kelloff GJ and De Flora S. Formation 
and persistence of nucleotide alterations in 
rats exposed whole-body to environmental ciga-
rette smoke. Carcinogenesis 1999; 20: 1499-
1505. 

[27] Yao R, Wang Y, D'Agostini F, Izzotti A, Lubet RA, 
You M and De Flora S. K-ras mutations in lung 
tumors from p53 mutant mice exposed to ciga-
rette smoke. Exp Lung Res 2005; 31: 271-281. 

[28] Pavlidis N and Fizazi K. Cancer of unknown 
primary (CUP). Crit Rev Oncol Hematol 2005; 
54: 243-250. 

[29] Hossain A, Kuo MT and Saunders GF. Mir-17-5p 
regulates breast cancer cell proliferation by 
inhibiting translation of AIB1 mRNA. Mol Cell 
Biol 2006; 26: 8191-8201. 

[30] Hayashita Y, Osada H, Tatematsu Y, Yamada H, 
Yanagisawa K, Tomida S, Yatabe Y, Kawahara 
K, Sekido Y and Takahashi T. A polycistronic 
microRNA cluster, miR-17-92, is overexpressed 
in human lung cancers and enhances cell pro-
liferation. Cancer Res 2005; 65: 9628-9632. 

[31] Ota A, Tagawa H, Karnan S, Tsuzuki S, Karpas 
A, Kira S, Yoshida Y and Seto M. Identification 
and characterization of a novel gene, 
C13orf25, as a target for 13q31-q32 amplifica-
tion in malignant lymphoma. Cancer Res 2004; 
64: 3087-3095. 

[32] Lu Y, Thomson JM, Wong HY, Hammond SM 
and Hogan BL. Transgenic over-expression of 
the microRNA miR-17-92 cluster promotes 
proliferation and inhibits differentiation of lung 
epithelial progenitor cells. Dev Biol 2007; 310: 
442-453. 

[33] Ventura A, Young AG, Winslow MM, Lintault L, 
Meissner A, Erkeland SJ, Newman J, Bronson 
RT, Crowley D, Stone JR, Jaenisch R, Sharp PA 
and Jacks T. Targeted deletion reveals essen-
tial and overlapping functions of the miR-17 
through 92 family of miRNA clusters. Cell 2008; 
132: 875-886. 

[34] Xiao C, Srinivasan L, Calado DP, Patterson HC, 
Zhang B, Wang J, Henderson JM, Kutok JL and 
Rajewsky K. Lymphoproliferative disease and 
autoimmunity in mice with increased miR-17-
92 expression in lymphocytes. Nat Immunol 
2008; 9: 405-414. 

[35] He L, Thomson JM, Hemann MT, Hernando-
Monge E, Mu D, Goodson S, Powers S, Cordon-
Cardo C, Lowe SW, Hannon GJ and Hammond 
SM. A microRNA polycistron as a potential hu-
man oncogene. Nature 2005; 435: 828-833. 

[36] O'Donnell KA, Wentzel EA, Zeller KI, Dang CV 
and Mendell JT. c-Myc-regulated microRNAs 
modulate E2F1 expression. Nature 2005; 435: 
839-843. 

[37] Dews M, Homayouni A, Yu D, Murphy D, 
Sevignani C, Wentzel E, Furth EE, Lee WM, En-
ders GH, Mendell JT and Thomas-Tikhonenko A. 
Augmentation of tumor angiogenesis by a Myc-
activated microRNA cluster. Nat Genet 2006; 
38: 1060-1065. 

[38] Venturini L, Battmer K, Castoldi M, Schultheis 
B, Hochhaus A, Muckenthaler MU, Ganser A, 
Eder M and Scherr M. Expression of the miR-17
-92 polycistron in chronic myeloid leukemia 
(CML) CD34+ cells. Blood 2007; 109: 4399-
4405. 

[39] Leone G, DeGregori J, Sears R, Jakoi L and 
Nevins JR. Myc and Ras collaborate in inducing 
accumulation of active cyclin E/Cdk2 and E2F. 
Nature 1997; 387: 422-426. 

[40] Matsumura I, Tanaka H and Kanakura Y. E2F1 
and c-Myc in cell growth and death. Cell Cycle 



MicroRNA and cancer outcome  

 
 
430                                                                                                            Am J Cancer Res 2012;2(4):414-433 

2003; 2: 333-338. 
[41] Reinhart BJ, Slack FJ, Basson M, Pasquinelli 

AE, Bettinger JC, Rougvie AE, Horvitz HR and 
Ruvkun G. The 21-nucleotide let-7 RNA regu-
lates developmental timing in Caenorhabditis 
elegans. Nature 2000; 403: 901-906. 

[42] Lancman JJ, Caruccio NC, Harfe BD, Pasquinelli 
AE, Schageman JJ, Pertsemlidis A and Fallon JF. 
Analysis of the regulation of lin-41 during chick 
and mouse limb development. Dev Dyn 2005; 
234: 948-960. 

[43] Sokol NS, Xu P, Jan YN and Ambros V. Droso-
phila let-7 microRNA is required for remodeling 
of the neuromusculature during metamorpho-
sis. Genes Dev 2008; 22: 1591-1596. 

[44] Wulczyn FG, Smirnova L, Rybak A, Brandt C, 
Kwidzinski E, Ninnemann O, Strehle M, Seiler A, 
Schumacher S and Nitsch R. Post-
transcriptional regulation of the let-7 microRNA 
during neural cell specification. FASEB J 2007; 
21: 415-426. 

[45] Yu F, Yao H, Zhu P, Zhang X, Pan Q, Gong C, 
Huang Y, Hu X, Su F, Lieberman J and Song E. 
let-7 regulates self renewal and tumorigenicity 
of breast cancer cells. Cell 2007; 131: 1109-
1123. 

[46] Ruby JG, Jan C, Player C, Axtell MJ, Lee W, Nus-
baum C, Ge H and Bartel DP. Large-scale se-
quencing reveals 21U-RNAs and additional 
microRNAs and endogenous siRNAs in C. ele-
gans. Cell 2006; 127: 1193-1207. 

[47] Lagos-Quintana M, Rauhut R, Lendeckel W and 
Tuschl T. Identification of novel genes coding 
for small expressed RNAs. Science 2001; 294: 
853-858. 

[48] Bashirullah A, Pasquinelli AE, Kiger AA, Perri-
mon N, Ruvkun G and Thummel CS. Coordinate 
regulation of small temporal RNAs at the onset 
of Drosophila metamorphosis. Dev Biol 2003; 
259: 1-8. 

[49] Takamizawa J, Konishi H, Yanagisawa K, 
Tomida S, Osada H, Endoh H, Harano T, Yatabe 
Y, Nagino M, Nimura Y, Mitsudomi T and Taka-
hashi T. Reduced expression of the let-7 mi-
croRNAs in human lung cancers in association 
with shortened postoperative survival. Cancer 
Res 2004; 64: 3753-3756. 

[50] Johnson SM, Grosshans H, Shingara J, Byrom 
M, Jarvis R, Cheng A, Labourier E, Reinert KL, 
Brown D and Slack FJ. RAS is regulated by the 
let-7 microRNA family. Cell 2005; 120: 635-
647. 

[51] Mayr C, Hemann MT and Bartel DP. Disrupting 
the pairing between let-7 and Hmga2 enhances 
oncogenic transformation. Science 2007; 315: 
1576-1579. 

[52] Fabbri M, Garzon R, Cimmino A, Liu Z, Zanesi N, 
Callegari E, Liu S, Alder H, Costinean S, Fernan-
dez-Cymering C, Volinia S, Guler G, Morrison 
CD, Chan KK, Marcucci G, Calin GA, Huebner K 
and Croce CM. MicroRNA-29 family reverts 
aberrant methylation in lung cancer by target-

ing DNA methyltransferases 3A and 3B. Proc 
Natl Acad Sci USA 2007; 104: 15805-15810. 

[53] Garzon R, Volinia S, Liu CG, Fernandez-
Cymering C, Palumbo T, Pichiorri F, Fabbri M, 
Coombes K, Alder H, Nakamura T, Flomenberg 
N, Marcucci G, Calin GA, Kornblau SM, Kantar-
jian H, Bloomfield CD, Andreeff M and Croce 
CM. MicroRNA signatures associated with cyto-
genetics and prognosis in acute myeloid leuke-
mia. Blood 2008; 111: 3183-3189. 

[54] Mott JL, Kobayashi S, Bronk SF and Gores GJ. 
mir-29 regulates Mcl-1 protein expression and 
apoptosis. Oncogene 2007; 26: 6133-6140. 

[55] Pekarsky Y, Santanam U, Cimmino A, Pala-
marchuk A, Efanov A, Maximov V, Volinia S, 
Alder H, Liu CG, Rassenti L, Calin GA, Hagan JP, 
Kipps T and Croce CM. Tcl1 expression in 
chronic lymphocytic leukemia is regulated by 
miR-29 and miR-181. Cancer Res 2006; 66: 
11590-11593. 

[56] Garzon R, Liu S, Fabbri M, Liu Z, Heaphy CE, 
Callegari E, Schwind S, Pang J, Yu J, Mut-
husamy N, Havelange V, Volinia S, Blum W, 
Rush LJ, Perrotti D, Andreeff M, Bloomfield CD, 
Byrd JC, Chan K, Wu LC, Croce CM and Mar-
cucci G. MicroRNA-29b induces global DNA 
hypomethylation and tumor suppressor gene 
reexpression in acute myeloid leukemia by 
targeting directly DNMT3A and 3B and indi-
rectly DNMT1. Blood 2009; 113: 6411-6418. 

[57] He L, He X, Lim LP, de Stanchina E, Xuan Z, 
Liang Y, Xue W, Zender L, Magnus J, Ridzon D, 
Jackson AL, Linsley PS, Chen C, Lowe SW, 
Cleary MA and Hannon GJ. A microRNA compo-
nent of the p53 tumour suppressor network. 
Nature 2007; 447: 1130-1134. 

[58] Skrzypski M, Dziadziuszko R and Jassem J. 
MicroRNA in lung cancer diagnostics and treat-
ment. Mutat Res 2011; 717: 25-31. 

[59] Greger V, Passarge E, Hopping W, Messmer E 
and Horsthemke B. Epigenetic changes may 
contribute to the formation and spontaneous 
regression of retinoblastoma. Hum Genet 
1989; 83: 155-158. 

[60] Feinberg AP and Vogelstein B. Hypomethylation 
distinguishes genes of some human cancers 
from their normal counterparts. Nature 1983; 
301: 89-92. 

[61] Jones PA and Baylin SB. The epigenomics of 
cancer. Cell 2007; 128: 683-692. 

[62] Feinberg AP, Ohlsson R and Henikoff S. The 
epigenetic progenitor origin of human cancer. 
Nat Rev Genet 2006; 7: 21-33. 

[63] Weber B, Stresemann C, Brueckner B and Lyko 
F. Methylation of human microRNA genes in 
normal and neoplastic cells. Cell Cycle 2007; 6: 
1001-1005. 

[64] Scott GK, Mattie MD, Berger CE, Benz SC and 
Benz CC. Rapid alteration of microRNA levels by 
histone deacetylase inhibition. Cancer Res 
2006; 66: 1277-1281. 

[65] Diederichs S and Haber DA. Sequence varia-



MicroRNA and cancer outcome  

 
 
431                                                                                                            Am J Cancer Res 2012;2(4):414-433 

tions of microRNAs in human cancer: altera-
tions in predicted secondary structure do not 
affect processing. Cancer Res 2006; 66: 6097-
6104. 

[66] Altuvia Y, Landgraf P, Lithwick G, Elefant N, 
Pfeffer S, Aravin A, Brownstein MJ, Tuschl T and 
Margalit H. Clustering and conservation pat-
terns of human microRNAs. Nucleic Acids Res 
2005; 33: 2697-2706. 

[67] Lujambio A, Ropero S, Ballestar E, Fraga MF, 
Cerrato C, Setien F, Casado S, Suarez-Gauthier 
A, Sanchez-Cespedes M, Git A, Spiteri I, Das PP, 
Caldas C, Miska E and Esteller M. Genetic un-
masking of an epigenetically silenced mi-
croRNA in human cancer cells. Cancer Res 
2007; 67: 1424-1429. 

[68] Lehmann U, Hasemeier B, Christgen M, Muller 
M, Romermann D, Langer F and Kreipe H. Epi-
genetic inactivation of microRNA gene hsa-mir-
9-1 in human breast cancer. J Pathol 2008; 
214: 17-24. 

[69] Meng F, Wehbe-Janek H, Henson R, Smith H 
and Patel T. Epigenetic regulation of microRNA-
370 by interleukin-6 in malignant human 
cholangiocytes. Oncogene 2008; 27: 378-386. 

[70] Grady WM, Parkin RK, Mitchell PS, Lee JH, Kim 
YH, Tsuchiya KD, Washington MK, Paraskeva C, 
Willson JK, Kaz AM, Kroh EM, Allen A, Fritz BR, 
Markowitz SD and Tewari M. Epigenetic silenc-
ing of the intronic microRNA hsa-miR-342 and 
its host gene EVL in colorectal cancer. Onco-
gene 2008; 27: 3880-3888. 

[71] Kozaki K, Imoto I, Mogi S, Omura K and Ina-
zawa J. Exploration of tumor-suppressive mi-
croRNAs silenced by DNA hypermethylation in 
oral cancer. Cancer Res 2008; 68: 2094-2105. 

[72] Bueno MJ, Perez de Castro I, Gomez de Cedron 
M, Santos J, Calin GA, Cigudosa JC, Croce CM, 
Fernandez-Piqueras J and Malumbres M. Ge-
netic and epigenetic silencing of microRNA-203 
enhances ABL1 and BCR-ABL1 oncogene ex-
pression. Cancer Cell 2008; 13: 496-506. 

[73] Brueckner B, Stresemann C, Kuner R, Mund C, 
Musch T, Meister M, Sultmann H and Lyko F. 
The human let-7a-3 locus contains an epigen-
etically regulated microRNA gene with onco-
genic function. Cancer Res 2007; 67: 1419-
1423. 

[74] Lu L, Katsaros D, de la Longrais IA, Sochirca O 
and Yu H. Hypermethylation of let-7a-3 in 
epithelial ovarian cancer is associated with low 
insulin-like growth factor-II expression and fa-
vorable prognosis. Cancer Res 2007; 67: 
10117-10122. 

[75] Patra SK, Patra A, Zhao H and Dahiya R. DNA 
methyltransferase and demethylase in human 
prostate cancer. Mol Carcinog 2002; 33: 163-
171. 

[76] Girault I, Tozlu S, Lidereau R and Bieche I. Ex-
pression analysis of DNA methyltransferases 1, 
3A, and 3B in sporadic breast carcinomas. Clin 
Cancer Res 2003; 9: 4415-4422. 

[77] Chen JF, Mandel EM, Thomson JM, Wu Q, Callis 
TE, Hammond SM, Conlon FL and Wang DZ. 
The role of microRNA-1 and microRNA-133 in 
skeletal muscle proliferation and differentia-
tion. Nat Genet 2006; 38: 228-233. 

[78] Duursma AM, Kedde M, Schrier M, le Sage C 
and Agami R. miR-148 targets human DNMT3b 
protein coding region. RNA 2008; 14: 872-877. 

[79] Sinkkonen L, Hugenschmidt T, Berninger P, 
Gaidatzis D, Mohn F, Artus-Revel CG, Zavolan 
M, Svoboda P and Filipowicz W. MicroRNAs 
control de novo DNA methylation through regu-
lation of transcriptional repressors in mouse 
embryonic stem cells. Nat Struct Mol Biol 
2008; 15: 259-267. 

[80] Heinrich EM and Dimmeler S. MicroRNAs and 
stem cells: control of pluripotency, reprogram-
ming, and lineage commitment. Circ Res 2012; 
110: 1014-1022. 

[81] Izzotti A, Calin GA, Steele VE, Croce CM and De 
Flora S. Relationships of microRNA expression 
in mouse lung with age and exposure to ciga-
rette smoke and light. FASEB J 2009; 23: 3243
-3250. 

[82] Malanchi I, Santamaria-Martinez A, Susanto E, 
Peng H, Lehr HA, Delaloye JF and Huelsken J. 
Interactions between cancer stem cells and 
their niche govern metastatic colonization. Na-
ture 2012; 481: 85-89. 

[83] Steeg PS. Tumor metastasis: mechanistic in-
sights and clinical challenges. Nat Med 2006; 
12: 895-904. 

[84] Ma L, Teruya-Feldstein J and Weinberg RA. Tu-
mour invasion and metastasis initiated by mi-
croRNA-10b in breast cancer. Nature 2007; 
449: 682-688. 

[85] Iorio MV, Ferracin M, Liu CG, Veronese A, 
Spizzo R, Sabbioni S, Magri E, Pedriali M, 
Fabbri M, Campiglio M, Menard S, Palazzo JP, 
Rosenberg A, Musiani P, Volinia S, Nenci I, 
Calin GA, Querzoli P, Negrini M and Croce CM. 
MicroRNA gene expression deregulation in hu-
man breast cancer. Cancer Res 2005; 65: 
7065-7070. 

[86] Yang J, Mani SA, Donaher JL, Ramaswamy S, 
Itzykson RA, Come C, Savagner P, Gitelman I, 
Richardson A and Weinberg RA. Twist, a master 
regulator of morphogenesis, plays an essential 
role in tumor metastasis. Cell 2004; 117: 927-
939. 

[87] Carrio M, Arderiu G, Myers C and Boudreau NJ. 
Homeobox D10 induces phenotypic reversion 
of breast tumor cells in a three-dimensional 
culture model. Cancer Res 2005; 65: 7177-
7185. 

[88] Tavazoie SF, Alarcon C, Oskarsson T, Padua D, 
Wang Q, Bos PD, Gerald WL and Massague J. 
Endogenous human microRNAs that suppress 
breast cancer metastasis. Nature 2008; 451: 
147-152. 

[89] Feng R, Chen X, Yu Y, Su L, Yu B, Li J, Cai Q, Yan 
M, Liu B and Zhu Z. miR-126 functions as a 



MicroRNA and cancer outcome  

 
 
432                                                                                                            Am J Cancer Res 2012;2(4):414-433 

tumour suppressor in human gastric cancer. 
Cancer Lett 2010; 298: 50-63. 

[90] Harris TA, Yamakuchi M, Ferlito M, Mendell JT 
and Lowenstein CJ. MicroRNA-126 regulates 
endothelial expression of vascular cell adhe-
sion molecule 1. Proc Natl Acad Sci USA 2008; 
105: 1516-1521. 

[91] Zhang J, Du YY, Lin YF, Chen YT, Yang L, Wang 
HJ and Ma D. The cell growth suppressor, mir-
126, targets IRS-1. Biochem Biophys Res Com-
mun 2008; 377: 136-140. 

[92] Fish JE, Santoro MM, Morton SU, Yu S, Yeh RF, 
Wythe JD, Ivey KN, Bruneau BG, Stainier DY 
and Srivastava D. miR-126 regulates angio-
genic signaling and vascular integrity. Dev Cell 
2008; 15: 272-284. 

[93] Song G, Zhang Y and Wang L. MicroRNA-206 
targets notch3, activates apoptosis, and inhib-
its tumor cell migration and focus formation. J 
Biol Chem 2009; 284: 31921-31927. 

[94] Meng F, Henson R, Wehbe-Janek H, Ghoshal K, 
Jacob ST and Patel T. MicroRNA-21 regulates 
expression of the PTEN tumor suppressor gene 
in human hepatocellular cancer. Gastroenterol-
ogy 2007; 133: 647-658. 

[95] Zhu S, Wu H, Wu F, Nie D, Sheng S and Mo YY. 
MicroRNA-21 targets tumor suppressor genes 
in invasion and metastasis. Cell Res 2008; 18: 
350-359. 

[96] Frankel LB, Christoffersen NR, Jacobsen A, 
Lindow M, Krogh A and Lund AH. Programmed 
cell death 4 (PDCD4) is an important functional 
target of the microRNA miR-21 in breast cancer 
cells. J Biol Chem 2008; 283: 1026-1033. 

[97] Zhang D, Fan GC, Zhou X, Zhao T, Pasha Z, Xu 
M, Zhu Y, Ashraf M and Wang Y. Over-
expression of CXCR4 on mesenchymal stem 
cells augments myoangiogenesis in the infarc-
ted myocardium. J Mol Cell Cardiol 2008; 44: 
281-292. 

[98] Gabriely G, Wurdinger T, Kesari S, Esau CC, 
Burchard J, Linsley PS and Krichevsky AM. Mi-
croRNA 21 promotes glioma invasion by target-
ing matrix metalloproteinase regulators. Mol 
Cell Biol 2008; 28: 5369-5380. 

[99] Zhu L, Yan W, Rodriguez-Canales J, Rosenberg 
AM, Hu N, Goldstein AM, Taylor PR, Erickson 
HS, Emmert-Buck MR and Tangrea MA. Mi-
croRNA analysis of microdissected normal 
squamous esophageal epithelium and tumor 
cells. Am J Cancer Res 2011; 1: 574-584. 

[100] Huang Q, Gumireddy K, Schrier M, le Sage C, 
Nagel R, Nair S, Egan DA, Li A, Huang G, Klein-
Szanto AJ, Gimotty PA, Katsaros D, Coukos G, 
Zhang L, Pure E and Agami R. The microRNAs 
miR-373 and miR-520c promote tumour inva-
sion and metastasis. Nat Cell Biol 2008; 10: 
202-210. 

[101] Marhaba R and Zoller M. CD44 in cancer pro-
gression: adhesion, migration and growth regu-
lation. J Mol Histol 2004; 35: 211-231. 

[102] Yang J and Weinberg RA. Epithelial-

mesenchymal transition: at the crossroads of 
development and tumor metastasis. Dev Cell 
2008; 14: 818-829. 

[103] Frixen UH, Behrens J, Sachs M, Eberle G, Voss 
B, Warda A, Lochner D and Birchmeier W. E-
cadherin-mediated cell-cell adhesion prevents 
invasiveness of human carcinoma cells. J Cell 
Biol 1991; 113: 173-185. 

[104] Gregory PA, Bert AG, Paterson EL, Barry SC, 
Tsykin A, Farshid G, Vadas MA, Khew-Goodall Y 
and Goodall GJ. The miR-200 family and miR-
205 regulate epithelial to mesenchymal transi-
tion by targeting ZEB1 and SIP1. Nat Cell Biol 
2008; 10: 593-601. 

[105] Izzotti A, Larghero P, Balansky R, Pfeffer U, 
Steele VE and De Flora S. Interplay between 
histopathological alterations, cigarette smoke 
and chemopreventive agents in defining mi-
croRNA profiles in mouse lung. Mutat Res 
2011; 717: 17-24. 

[106] Roberti A, La Sala D and Cinti C. Multiple ge-
netic and epigenetic interacting mechanisms 
contribute to clonally selection of drug-resistant 
tumors: current views and new therapeutic 
prospective. J Cell Physiol 2006; 207: 571-
581. 

[107] Meng F, Henson R, Lang M, Wehbe H, Mahesh-
wari S, Mendell JT, Jiang J, Schmittgen TD and 
Patel T. Involvement of human micro-RNA in 
growth and response to chemotherapy in hu-
man cholangiocarcinoma cell lines. Gastroen-
terology 2006; 130: 2113-2129. 

[108] Si ML, Zhu S, Wu H, Lu Z, Wu F and Mo YY. miR-
21-mediated tumor growth. Oncogene 2007; 
26: 2799-2803. 

[109] Xia L, Zhang D, Du R, Pan Y, Zhao L, Sun S, 
Hong L, Liu J and Fan D. miR-15b and miR-16 
modulate multidrug resistance by targeting 
BCL2 in human gastric cancer cells. Int J Can-
cer 2008; 123: 372-379. 

[110] Mishra PJ, Humeniuk R, Longo-Sorbello GS, 
Banerjee D and Bertino JR. A miR-24 microRNA 
binding-site polymorphism in dihydrofolate re-
ductase gene leads to methotrexate resistance. 
Proc Natl Acad Sci USA 2007; 104: 13513-
13518. 

[111] Goto Y, Yue L, Yokoi A, Nishimura R, Uehara T, 
Koizumi S and Saikawa Y. A novel single-
nucleotide polymorphism in the 3'-untranslated 
region of the human dihydrofolate reductase 
gene with enhanced expression. Clin Cancer 
Res 2001; 7: 1952-1956. 

[112] Zhao JJ, Lin J, Yang H, Kong W, He L, Ma X, 
Coppola D and Cheng JQ. MicroRNA-221/222 
negatively regulates estrogen receptor alpha 
and is associated with tamoxifen resistance in 
breast cancer. J Biol Chem 2008; 283: 31079-
31086. 

[113] Cittelly DM, Das PM, Spoelstra NS, Edgerton 
SM, Richer JK, Thor AD and Jones FE. Down-
regulation of miR-342 is associated with ta-
moxifen resistant breast tumors. Mol Cancer 



MicroRNA and cancer outcome  

 
 
433                                                                                                            Am J Cancer Res 2012;2(4):414-433 

2010; 9: 317. 
[114] Rao X, Di Leva G, Li M, Fang F, Devlin C, Hart-

man-Frey C, Burow ME, Ivan M, Croce CM and 
Nephew KP. MicroRNA-221/222 confers breast 
cancer fulvestrant resistance by regulating 
multiple signaling pathways. Oncogene 2011; 
30: 1082-1097. 

[115] Yan D, Ng WL, Zhang X, Wang P, Zhang Z, Mo 
YY, Mao H, Hao C, Olson JJ, Curran WJ and 
Wang Y. Targeting DNA-PKcs and ATM with miR-
101 sensitizes tumors to radiation. PLoS One 
2010; 5: e11397. 

[116] Weidhaas JB, Eisenmann DM, Holub JM and 
Nallur SV. A conserved RAS/mitogen-activated 
protein kinase pathway regulates DNA damage-
induced cell death postirradiation in Radele-
gans. Cancer Res 2006; 66: 10434-10438. 

[117] Weidhaas JB, Babar I, Nallur SM, Trang P, 
Roush S, Boehm M, Gillespie E and Slack FJ. 
MicroRNAs as potential agents to alter resis-
tance to cytotoxic anticancer therapy. Cancer 
Res 2007; 67: 11111-11116. 

[118] Hall EJ. The bystander effect. Health Phys 
2003; 85: 31-35. 

[119] Goldberg Z. Clinical implications of radiation-
induced genomic instability. Oncogene 2003; 
22: 7011-7017. 

[120] Koturbash I, Boyko A, Rodriguez-Juarez R, 
McDonald RJ, Tryndyak VP, Kovalchuk I, Po-
gribny IP and Kovalchuk O. Role of epigenetic 
effectors in maintenance of the long-term per-
sistent bystander effect in spleen in vivo. Car-
cinogenesis 2007; 28: 1831-1838. 

[121] Garzon R, Marcucci G and Croce CM. Targeting 
microRNAs in cancer: rationale, strategies and 
challenges. Nat Rev Drug Discov 2010; 9: 775-
789. 

[122] Weiler J, Hunziker J and Hall J. Anti-miRNA oli-
gonucleotides (AMOs): ammunition to target 
miRNAs implicated in human disease? Gene 
Ther 2006; 13: 496-502. 

[123] Hutvagner G, Simard MJ, Mello CC and Zamore 
PD. Sequence-specific inhibition of small RNA 
function. PLoS Biol 2004; 2: E98. 

[124] Krutzfeldt J, Rajewsky N, Braich R, Rajeev KG, 
Tuschl T, Manoharan M and Stoffel M. Silencing 
of microRNAs in vivo with 'antagomirs'. Nature 
2005; 438: 685-689. 

[125] Vester B and Wengel J. LNA (locked nucleic 
acid): high-affinity targeting of complementary 
RNA and DNA. Biochemistry 2004; 43: 13233-
13241. 

[126] Ebert MS, Neilson JR and Sharp PA. MicroRNA 
sponges: competitive inhibitors of small RNAs 
in mammalian cells. Nat Methods 2007; 4: 721
-726. 

[127] Xiao J, Yang B, Lin H, Lu Y, Luo X and Wang Z. 
Novel approaches for gene-specific interfer-
ence via manipulating actions of microRNAs: 
examination on the pacemaker channel genes 
HCN2 and HCN4. J Cell Physiol 2007; 212: 285
-292. 

[128] Pulliero A, Fazzi E, Cartiglia C, Orcesi S, Balottin 
U, Uggetti C, La Piana R, Olivieri I, Galli J and 
Izzotti A. The Aicardi-Goutieres syndrome. Mo-
lecular and clinical features of RNAse defi-
ciency and microRNA overload. Mutat Res 
2011; 717: 99-108. 

[129] Lanford RE, Hildebrandt-Eriksen ES, Petri A, 
Persson R, Lindow M, Munk ME, Kauppinen S 
and Orum H. Therapeutic silencing of microRNA
-122 in primates with chronic hepatitis C virus 
infection. Science 2010; 327: 198-201. 



MicroRNA and cancer outcome  

 

 
1                                                                                                                                Am J Cancer Res 2012;2(4):414-433 

 

Supplementary Data 
 

Table 1 References 
 

1. Song H, Bu G: MicroRNA-205 inhibits tumor cell migration through down-regulating the expression of the LDL 

receptor-related protein 1. Biochem Biophys Res Commun 2009, 388:400-405. 

2. Chan JA, Krichevsky AM, Kosik KS: MicroRNA-21 is an antiapoptotic factor in human glioblastoma cells. Cancer Res 

2005, 65:6029-6033. 

3. Slaby O, Svoboda M, Fabian P, Smerdova T, Knoflickova D, Bednarikova M, Nenutil R, Vyzula R: Altered expression of 

miR-21, miR-31, miR-143 and miR-145 is related to clinicopathologic features of colorectal cancer. Oncology 2007, 

72:397-402. 

4. Connolly E, Melegari M, Landgraf P, Tchaikovskaya T, Tennant BC, Slagle BL, Rogler LE, Zavolan M, Tuschl T, Rogler CE: 

Elevated expression of the miR-17-92 polycistron and miR-21 in hepadnavirus-associated hepatocellular carcinoma 

contributes to the malignant phenotype. Am J Pathol 2008, 173:856-864. 

5. Meng F, Henson R, Wehbe-Janek H, Ghoshal K, Jacob ST, Patel T: MicroRNA-21 regulates expression of the PTEN 

tumor suppressor gene in human hepatocellular cancer. Gastroenterology 2007, 133:647-658. 

6. Iorio MV, Ferracin M, Liu CG, Veronese A, Spizzo R, Sabbioni S, Magri E, Pedriali M, Fabbri M, Campiglio M, et al: 

MicroRNA gene expression deregulation in human breast cancer. Cancer Res 2005, 65:7065-7070. 

7. Zhu S, Si ML, Wu H, Mo YY: MicroRNA-21 targets the tumor suppressor gene tropomyosin 1 (TPM1). J Biol Chem 

2007, 282:14328-14336. 

8. Asangani IA, Rasheed SA, Nikolova DA, Leupold JH, Colburn NH, Post S, Allgayer H: MicroRNA-21 (miR-21) post-

transcriptionally downregulates tumor suppressor Pdcd4 and stimulates invasion, intravasation and metastasis in 

colorectal cancer. Oncogene 2008, 27:2128-2136. 

9. Frankel LB, Christoffersen NR, Jacobsen A, Lindow M, Krogh A, Lund AH: Programmed cell death 4 (PDCD4) is an 

important functional target of the microRNA miR-21 in breast cancer cells. J Biol Chem 2008, 283:1026-1033. 

10. Sayed D, Rane S, Lypowy J, He M, Chen IY, Vashistha H, Yan L, Malhotra A, Vatner D, Abdellatif M: MicroRNA-21 

targets Sprouty2 and promotes cellular outgrowths. Mol Biol Cell 2008, 19:3272-3282. 

11. Ma L, Teruya-Feldstein J, Weinberg RA: Tumour invasion and metastasis initiated by microRNA-10b in breast cancer. 

Nature 2007, 449:682-688. 

12. Edmonds MD, Hurst DR, Vaidya KS, Stafford LJ, Chen D, Welch DR: Breast cancer metastasis suppressor 1 

coordinately regulates metastasis-associated microRNA expression. Int J Cancer 2009, 125:1778-1785. 

13. Huang Q, Gumireddy K, Schrier M, le Sage C, Nagel R, Nair S, Egan DA, Li A, Huang G, Klein-Szanto AJ, et al: The 

microRNAs miR-373 and miR-520c promote tumour invasion and metastasis. Nat Cell Biol 2008, 10:202-210. 

14. Tavazoie SF, Alarcon C, Oskarsson T, Padua D, Wang Q, Bos PD, Gerald WL, Massague J: Endogenous human 

microRNAs that suppress breast cancer metastasis. Nature 2008, 451:147-152. 

15. Bhaumik D, Scott GK, Schokrpur S, Patil CK, Campisi J, Benz CC: Expression of microRNA-146 suppresses NF-kappaB 

activity with reduction of metastatic potential in breast cancer cells. Oncogene 2008, 27:5643-5647. 

16. Taganov KD, Boldin MP, Chang KJ, Baltimore D: NF-kappaB-dependent induction of microRNA miR-146, an inhibitor 

targeted to signaling proteins of innate immune responses. Proc Natl Acad Sci U S A 2006, 103:12481-12486. 

17. Spahn M, Kneitz S, Scholz CJ, Stenger N, Rudiger T, Strobel P, Riedmiller H, Kneitz B: Expression of microRNA-221 is 

progressively reduced in aggressive prostate cancer and metastasis and predicts clinical recurrence. Int J Cancer 

2010, 127:394-403. 

18. Galardi S, Mercatelli N, Giorda E, Massalini S, Frajese GV, Ciafre SA, Farace MG: miR-221 and miR-222 expression 

affects the proliferation potential of human prostate carcinoma cell lines by targeting p27Kip1. J Biol Chem 2007, 

282:23716-23724. 

19. Ie Sage C, Nagel R, Egan DA, Schrier M, Mesman E, Mangiola A, Anile C, Maira G, Mercatelli N, Ciafre SA, et al: 

Regulation of the p27(Kip1) tumor suppressor by miR-221 and miR-222 promotes cancer cell proliferation. Embo J 

2007, 26:3699-3708. 

20. Visone R, Russo L, Pallante P, De Martino I, Ferraro A, Leone V, Borbone E, Petrocca F, Alder H, Croce CM, Fusco A: 

MicroRNAs (miR)-221 and miR-222, both overexpressed in human thyroid papillary carcinomas, regulate p27Kip1 

protein levels and cell cycle. Endocr Relat Cancer 2007, 14:791-798. 

21. Yan LX, Huang XF, Shao Q, Huang MY, Deng L, Wu QL, Zeng YX, Shao JY: MicroRNA miR-21 overexpression in human 

breast cancer is associated with advanced clinical stage, lymph node metastasis and patient poor prognosis. Rna 

2008, 14:2348-2360. 

22. Gregory PA, Bert AG, Paterson EL, Barry SC, Tsykin A, Farshid G, Vadas MA, Khew-Goodall Y, Goodall GJ: The miR-200 

family and miR-205 regulate epithelial to mesenchymal transition by targeting ZEB1 and SIP1. Nat Cell Biol 2008, 

10:593-601. 

23. Bracken CP, Gregory PA, Kolesnikoff N, Bert AG, Wang J, Shannon MF, Goodall GJ: A double-negative feedback loop 

between ZEB1-SIP1 and the microRNA-200 family regulates epithelial-mesenchymal transition. Cancer Res 2008, 

68:7846-7854. 

24. Korpal M, Lee ES, Hu G, Kang Y: The miR-200 family inhibits epithelial-mesenchymal transition and cancer cell 

migration by direct targeting of E-cadherin transcriptional repressors ZEB1 and ZEB2. J Biol Chem 2008, 283:14910-

14914. 

25. Park SM, Gaur AB, Lengyel E, Peter ME: The miR-200 family determines the epithelial phenotype of cancer cells by 

targeting the E-cadherin repressors ZEB1 and ZEB2. Genes Dev 2008, 22:894-907. 

26. Baffa R, Fassan M, Volinia S, O'Hara B, Liu CG, Palazzo JP, Gardiman M, Rugge M, Gomella LG, Croce CM, Rosenberg 

A: MicroRNA expression profiling of human metastatic cancers identifies cancer gene targets. J Pathol 2009, 

219:214-221. 



MicroRNA and cancer outcome  

 

 
2                                                                                                                                Am J Cancer Res 2012;2(4):414-433 

 

27. Mishra PJ, Humeniuk R, Mishra PJ, Longo-Sorbello GS, Banerjee D, Bertino JR: A miR-24 microRNA binding-site 

polymorphism in dihydrofolate reductase gene leads to methotrexate resistance. Proc Natl Acad Sci U S A 2007, 

104:13513-13518. 

28. Budhu A, Jia HL, Forgues M, Liu CG, Goldstein D, Lam A, Zanetti KA, Ye QH, Qin LX, Croce CM, et al: Identification of 

metastasis-related microRNAs in hepatocellular carcinoma. Hepatology 2008, 47:897-907. 

29. Yu F, Yao H, Zhu P, Zhang X, Pan Q, Gong C, Huang Y, Hu X, Su F, Lieberman J, Song E: let-7 regulates self renewal and 

tumorigenicity of breast cancer cells. Cell 2007, 131:1109-1123. 

30. Hurst DR, Edmonds MD, Scott GK, Benz CC, Vaidya KS, Welch DR: Breast cancer metastasis suppressor 1 up-

regulates miR-146, which suppresses breast cancer metastasis. Cancer Res 2009, 69:1279-1283. 

31. Liu X, Jiang L, Wang A, Yu J, Shi F, Zhou X: MicroRNA-138 suppresses invasion and promotes apoptosis in head and 

neck squamous cell carcinoma cell lines. Cancer Lett 2009, 286:217-222. 

32. Mitomo S, Maesawa C, Ogasawara S, Iwaya T, Shibazaki M, Yashima-Abo A, Kotani K, Oikawa H, Sakurai E, Izutsu N, et 

al: Downregulation of miR-138 is associated with overexpression of human telomerase reverse transcriptase protein 

in human anaplastic thyroid carcinoma cell lines. Cancer Sci 2008, 99:280-286. 

33. Valastyan S, Reinhardt F, Benaich N, Calogrias D, Szasz AM, Wang ZC, Brock JE, Richardson AL, Weinberg RA: A 

pleiotropically acting microRNA, miR-31, inhibits breast cancer metastasis. Cell 2009, 137:1032-1046. 

34. Yanaihara N, Caplen N, Bowman E, Seike M, Kumamoto K, Yi M, Stephens RM, Okamoto A, Yokota J, Tanaka T, et al: 

Unique microRNA molecular profiles in lung cancer diagnosis and prognosis. Cancer Cell 2006, 9:189-198. 

35. Laios A, O'Toole S, Flavin R, Martin C, Kelly L, Ring M, Finn SP, Barrett C, Loda M, Gleeson N, et al: Potential role of 

miR-9 and miR-223 in recurrent ovarian cancer. Mol Cancer 2008, 7:35. 

36. Nass D, Rosenwald S, Meiri E, Gilad S, Tabibian-Keissar H, Schlosberg A, Kuker H, Sion-Vardy N, Tobar A, Kharenko O, 

et al: MiR-92b and miR-9/9* are specifically expressed in brain primary tumors and can be used to differentiate 

primary from metastatic brain tumors. Brain Pathol 2009, 19:375-383. 

37. Mees ST, Mardin WA, Wendel C, Baeumer N, Willscher E, Senninger N, Schleicher C, Colombo-Benkmann M, Haier J: 

EP300--a miRNA-regulated metastasis suppressor gene in ductal adenocarcinomas of the pancreas. Int J Cancer 

2010, 126:114-124. 

38. Lujambio A, Calin GA, Villanueva A, Ropero S, Sanchez-Cespedes M, Blanco D, Montuenga LM, Rossi S, Nicoloso MS, 

Faller WJ, et al: A microRNA DNA methylation signature for human cancer metastasis. Proc Natl Acad Sci U S A 2008, 

105:13556-13561. 

39. Salvi A, Sabelli C, Moncini S, Venturin M, Arici B, Riva P, Portolani N, Giulini SM, De Petro G, Barlati S: MicroRNA-23b 

mediates urokinase and c-met downmodulation and a decreased migration of human hepatocellular carcinoma cells. 

Febs J 2009, 276:2966-2982. 

40. Liu X, Yu J, Jiang L, Wang A, Shi F, Ye H, Zhou X: MicroRNA-222 regulates cell invasion by targeting matrix 

metalloproteinase 1 (MMP1) and manganese superoxide dismutase 2 (SOD2) in tongue squamous cell carcinoma 

cell lines. Cancer Genomics Proteomics 2009, 6:131-139. 

41. Mees ST, Mardin WA, Sielker S, Willscher E, Senninger N, Schleicher C, Colombo-Benkmann M, Haier J: Involvement of 

CD40 targeting miR-224 and miR-486 on the progression of pancreatic ductal adenocarcinomas. Ann Surg Oncol 

2009, 16:2339-2350. 

42. Huang XH, Wang Q, Chen JS, Fu XH, Chen XL, Chen LZ, Li W, Bi J, Zhang LJ, Fu Q, et al: Bead-based microarray 

analysis of microRNA expression in hepatocellular carcinoma: miR-338 is downregulated. Hepatol Res 2009, 39:786-

794. 

43. Zhang X, Liu S, Hu T, Liu S, He Y, Sun S: Up-regulated microRNA-143 transcribed by nuclear factor kappa B enhances 

hepatocarcinoma metastasis by repressing fibronectin expression. Hepatology 2009, 50:490-499. 

44. Bloomston M, Frankel WL, Petrocca F, Volinia S, Alder H, Hagan JP, Liu CG, Bhatt D, Taccioli C, Croce CM: MicroRNA 

expression patterns to differentiate pancreatic adenocarcinoma from normal pancreas and chronic pancreatitis. Jama 

2007, 297:1901-1908. 

45. Schimanski CC, Frerichs K, Rahman F, Berger M, Lang H, Galle PR, Moehler M, Gockel I: High miR-196a levels 

promote the oncogenic phenotype of colorectal cancer cells. World J Gastroenterol 2009, 15:2089-2096. 

46. Chayka O, Corvetta D, Dews M, Caccamo AE, Piotrowska I, Santilli G, Gibson S, Sebire NJ, Himoudi N, Hogarty MD, et 

al: Clusterin, a haploinsufficient tumor suppressor gene in neuroblastomas. J Natl Cancer Inst 2009, 101:663-677. 

47. Leite KR, Sousa-Canavez JM, Reis ST, Tomiyama AH, Camara-Lopes LH, Sanudo A, Antunes AA, Srougi M: Change in 

expression of miR-let7c, miR-100, and miR-218 from high grade localized prostate cancer to metastasis. Urol Oncol 

2011, 29:265-269. 

48. Ozen M, Creighton CJ, Ozdemir M, Ittmann M: Widespread deregulation of microRNA expression in human prostate 

cancer. Oncogene 2008, 27:1788-1793. 

49. Johnson SM, Grosshans H, Shingara J, Byrom M, Jarvis R, Cheng A, Labourier E, Reinert KL, Brown D, Slack FJ: RAS is 

regulated by the let-7 microRNA family. Cell 2005, 120:635-647. 

50. Martinez I, Gardiner AS, Board KF, Monzon FA, Edwards RP, Khan SA: Human papillomavirus type 16 reduces the 

expression of microRNA-218 in cervical carcinoma cells. Oncogene 2008, 27:2575-2582. 

51. Garzia L, Andolfo I, Cusanelli E, Marino N, Petrosino G, De Martino D, Esposito V, Galeone A, Navas L, Esposito S, et al: 

MicroRNA-199b-5p impairs cancer stem cells through negative regulation of HES1 in medulloblastoma. PLoS One 

2009, 4:e4998. 

52. Du J, Yang S, An D, Hu F, Yuan W, Zhai C, Zhu T: BMP-6 inhibits microRNA-21 expression in breast cancer through 

repressing deltaEF1 and AP-1. Cell Res 2009, 19:487-496. 

53. Li T, Li D, Sha J, Sun P, Huang Y: MicroRNA-21 directly targets MARCKS and promotes apoptosis resistance and 

invasion in prostate cancer cells. Biochem Biophys Res Commun 2009, 383:280-285. 

54. Kutay H, Bai S, Datta J, Motiwala T, Pogribny I, Frankel W, Jacob ST, Ghoshal K: Downregulation of miR-122 in the 

rodent and human hepatocellular carcinomas. J Cell Biochem 2006, 99:671-678. 



MicroRNA and cancer outcome  

 

 
3                                                                                                                                Am J Cancer Res 2012;2(4):414-433 

 

55. Tsai WC, Hsu PW, Lai TC, Chau GY, Lin CW, Chen CM, Lin CD, Liao YL, Wang JL, Chau YP, et al: MicroRNA-122, a tumor 

suppressor microRNA that regulates intrahepatic metastasis of hepatocellular carcinoma. Hepatology 2009, 

49:1571-1582. 

56. Hiyoshi Y, Kamohara H, Karashima R, Sato N, Imamura Y, Nagai Y, Yoshida N, Toyama E, Hayashi N, Watanabe M, 

Baba H: MicroRNA-21 regulates the proliferation and invasion in esophageal squamous cell carcinoma. Clin Cancer 

Res 2009, 15:1915-1922. 

57. Xia H, Qi Y, Ng SS, Chen X, Li D, Chen S, Ge R, Jiang S, Li G, Chen Y, et al: microRNA-146b inhibits glioma cell 

migration and invasion by targeting MMPs. Brain Res 2009, 1269:158-165. 

58. Lin SL, Chiang A, Chang D, Ying SY: Loss of mir-146a function in hormone-refractory prostate cancer. Rna 2008, 

14:417-424. 

59. Zhu S, Wu H, Wu F, Nie D, Sheng S, Mo YY: MicroRNA-21 targets tumor suppressor genes in invasion and metastasis. 

Cell Res 2008, 18:350-359. 

60. Gabriely G, Wurdinger T, Kesari S, Esau CC, Burchard J, Linsley PS, Krichevsky AM: MicroRNA 21 promotes glioma 

invasion by targeting matrix metalloproteinase regulators. Mol Cell Biol 2008, 28:5369-5380. 

61. Kong W, Yang H, He L, Zhao JJ, Coppola D, Dalton WS, Cheng JQ: MicroRNA-155 is regulated by the transforming 

growth factor beta/Smad pathway and contributes to epithelial cell plasticity by targeting RhoA. Mol Cell Biol 2008, 

28:6773-6784. 

62. Crawford M, Brawner E, Batte K, Yu L, Hunter MG, Otterson GA, Nuovo G, Marsh CB, Nana-Sinkam SP: MicroRNA-126 

inhibits invasion in non-small cell lung carcinoma cell lines. Biochem Biophys Res Commun 2008, 373:607-612. 

63. Sengupta S, den Boon JA, Chen IH, Newton MA, Stanhope SA, Cheng YJ, Chen CJ, Hildesheim A, Sugden B, Ahlquist P: 

MicroRNA 29c is down-regulated in nasopharyngeal carcinomas, up-regulating mRNAs encoding extracellular matrix 

proteins. Proc Natl Acad Sci U S A 2008, 105:5874-5878. 

64. Pekarsky Y, Santanam U, Cimmino A, Palamarchuk A, Efanov A, Maximov V, Volinia S, Alder H, Liu CG, Rassenti L, et 

al: Tcl1 expression in chronic lymphocytic leukemia is regulated by miR-29 and miR-181. Cancer Res 2006, 

66:11590-11593. 

65. Varambally S, Cao Q, Mani RS, Shankar S, Wang X, Ateeq B, Laxman B, Cao X, Jing X, Ramnarayanan K, et al: 

Genomic loss of microRNA-101 leads to overexpression of histone methyltransferase EZH2 in cancer. Science 2008, 

322:1695-1699. 

66. Fletcher AM, Heaford AC, Trask DK: Detection of metastatic head and neck squamous cell carcinoma using the 

relative expression of tissue-specific mir-205. Transl Oncol 2008, 1:202-208. 

67. Gebeshuber CA, Zatloukal K, Martinez J: miR-29a suppresses tristetraprolin, which is a regulator of epithelial polarity 

and metastasis. EMBO Rep 2009, 10:400-405. 

68. Wu H, Zhu S, Mo YY: Suppression of cell growth and invasion by miR-205 in breast cancer. Cell Res 2009, 19:439-

448. 

69. Segura MF, Hanniford D, Menendez S, Reavie L, Zou X, Alvarez-Diaz S, Zakrzewski J, Blochin E, Rose A, Bogunovic D, 

et al: Aberrant miR-182 expression promotes melanoma metastasis by repressing FOXO3 and microphthalmia-

associated transcription factor. Proc Natl Acad Sci U S A 2009, 106:1814-1819. 

70. Takeshita F, Patrawala L, Osaki M, Takahashi RU, Yamamoto Y, Kosaka N, Kawamata M, Kelnar K, Bader AG, Brown D, 

Ochiya T: Systemic delivery of synthetic microRNA-16 inhibits the growth of metastatic prostate tumors via 

downregulation of multiple cell-cycle genes. Mol Ther 2009, 18:181-187. 

71. Takamizawa J, Konishi H, Yanagisawa K, Tomida S, Osada H, Endoh H, Harano T, Yatabe Y, Nagino M, Nimura Y, et al: 

Reduced expression of the let-7 microRNAs in human lung cancers in association with shortened postoperative 

survival. Cancer Res 2004, 64:3753-3756. 

72. Watanabe S, Ueda Y, Akaboshi S, Hino Y, Sekita Y, Nakao M: HMGA2 maintains oncogenic RAS-induced epithelial-

mesenchymal transition in human pancreatic cancer cells. Am J Pathol 2009, 174:854-868. 

73. Ladeiro Y, Couchy G, Balabaud C, Bioulac-Sage P, Pelletier L, Rebouissou S, Zucman-Rossi J: MicroRNA profiling in 

hepatocellular tumors is associated with clinical features and oncogene/tumor suppressor gene mutations. 

Hepatology 2008, 47:1955-1963. 

74. Garzon R, Garofalo M, Martelli MP, Briesewitz R, Wang L, Fernandez-Cymering C, Volinia S, Liu CG, Schnittger S, 

Haferlach T, et al: Distinctive microRNA signature of acute myeloid leukemia bearing cytoplasmic mutated 

nucleophosmin. Proc Natl Acad Sci U S A 2008, 105:3945-3950. 

75. Katada T, Ishiguro H, Kuwabara Y, Kimura M, Mitui A, Mori Y, Ogawa R, Harata K, Fujii Y: microRNA expression profile 

in undifferentiated gastric cancer. Int J Oncol 2009, 34:537-542. 

76. Veerla S, Lindgren D, Kvist A, Frigyesi A, Staaf J, Persson H, Liedberg F, Chebil G, Gudjonsson S, Borg A, et al: MiRNA 

expression in urothelial carcinomas: important roles of miR-10a, miR-222, miR-125b, miR-7 and miR-452 for tumor 

stage and metastasis, and frequent homozygous losses of miR-31. Int J Cancer 2009, 124:2236-2242. 

77. Li N, Fu H, Tie Y, Hu Z, Kong W, Wu Y, Zheng X: miR-34a inhibits migration and invasion by down-regulation of c-Met 

expression in human hepatocellular carcinoma cells. Cancer Lett 2009, 275:44-53. 

78. Sun F, Fu H, Liu Q, Tie Y, Zhu J, Xing R, Sun Z, Zheng X: Downregulation of CCND1 and CDK6 by miR-34a induces cell 

cycle arrest. FEBS Lett 2008, 582:1564-1568. 

79. Wei JS, Song YK, Durinck S, Chen QR, Cheuk AT, Tsang P, Zhang Q, Thiele CJ, Slack A, Shohet J, Khan J: The MYCN 

oncogene is a direct target of miR-34a. Oncogene 2008, 27:5204-5213. 

80. Weiss FU, Marques IJ, Woltering JM, Vlecken DH, Aghdassi A, Partecke LI, Heidecke CD, Lerch MM, Bagowski CP: 

Retinoic acid receptor antagonists inhibit miR-10a expression and block metastatic behavior of pancreatic cancer. 

Gastroenterology 2009, 137:2136-2145 e2131-2137. 

81. Tong AW, Fulgham P, Jay C, Chen P, Khalil I, Liu S, Senzer N, Eklund AC, Han J, Nemunaitis J: MicroRNA profile analysis 

of human prostate cancers. Cancer Gene Ther 2009, 16:206-216. 

82. Chang KW, Liu CJ, Chu TH, Cheng HW, Hung PS, Hu WY, Lin SC: Association between high miR-211 microRNA 



MicroRNA and cancer outcome  

 

 
4                                                                                                                                Am J Cancer Res 2012;2(4):414-433 

 

expression and the poor prognosis of oral carcinoma. J Dent Res 2008, 87:1063-1068. 

83. Wang G, Mao W, Zheng S: MicroRNA-183 regulates Ezrin expression in lung cancer cells. FEBS Lett 2008, 582:3663-

3668. 

84. Gibbons DL, Lin W, Creighton CJ, Rizvi ZH, Gregory PA, Goodall GJ, Thilaganathan N, Du L, Zhang Y, Pertsemlidis A, 

Kurie JM: Contextual extracellular cues promote tumor cell EMT and metastasis by regulating miR-200 family 

expression. Genes Dev 2009, 23:2140-2151. 

85. Worley LA, Long MD, Onken MD, Harbour JW: Micro-RNAs associated with metastasis in uveal melanoma identified by 

multiplexed microarray profiling. Melanoma Res 2008, 18:184-190. 

86. Lee JW, Choi CH, Choi JJ, Park YA, Kim SJ, Hwang SY, Kim WY, Kim TJ, Lee JH, Kim BG, Bae DS: Altered MicroRNA 

expression in cervical carcinomas. Clin Cancer Res 2008, 14:2535-2542. 

87. Luthra R, Singh RR, Luthra MG, Li YX, Hannah C, Romans AM, Barkoh BA, Chen SS, Ensor J, Maru DM, et al: 

MicroRNA-196a targets annexin A1: a microRNA-mediated mechanism of annexin A1 downregulation in cancers. 

Oncogene 2008, 27:6667-6678. 

88. Iliopoulos D, Polytarchou C, Hatziapostolou M, Kottakis F, Maroulakou IG, Struhl K, Tsichlis PN: MicroRNAs 

differentially regulated by Akt isoforms control EMT and stem cell renewal in cancer cells. Sci Signal 2009, 2:ra62. 

89. Sossey-Alaoui K, Bialkowska K, Plow EF: The miR200 family of microRNAs regulates WAVE3-dependent cancer cell 

invasion. J Biol Chem 2009, 284:33019-33029. 

90. Ma L, Young J, Prabhala H, Pan E, Mestdagh P, Muth D, Teruya-Feldstein J, Reinhardt F, Onder TT, Valastyan S, et al: 

miR-9, a MYC/MYCN-activated microRNA, regulates E-cadherin and cancer metastasis. Nat Cell Biol 2010, 12:247-

256. 

91. Li Y, Vandenboom TG, 2nd, Wang Z, Kong D, Ali S, Philip PA, Sarkar FH: miR-146a suppresses invasion of pancreatic 

cancer cells. Cancer Res 2010, 70:1486-1495. 

92. Tian Y, Luo A, Cai Y, Su Q, Ding F, Chen H, Liu Z: MicroRNA-10b promotes migration and invasion through KLF4 in 

human esophageal cancer cell lines. J Biol Chem, 2010 285:7986-7994. 

93. Yao J, Liang L, Huang S, Ding J, Tan N, Zhao Y, Yan M, Ge C, Zhang Z, Chen T, et al: MicroRNA-30d promotes tumor 

invasion and metastasis by targeting Galphai2 in hepatocellular carcinoma. Hepatology 2010, 51:846-856. 

94. Ding J, Huang S, Wu S, Zhao Y, Liang L, Yan M, Ge C, Yao J, Chen T, Wan D, et al: Gain of miR-151 on chromosome 

8q24.3 facilitates tumour cell migration and spreading through downregulating RhoGDIA. Nat Cell Biol 2010, 12:390-

399. 

95. Tie J, Pan Y, Zhao L, Wu K, Liu J, Sun S, Guo X, Wang B, Gang Y, Zhang Y, et al: MiR-218 inhibits invasion and 

metastasis of gastric cancer by targeting the Robo1 receptor. PLoS Genet 2010, 6:e1000879. 

96. Jiang L, Liu X, Kolokythas A, Yu J, Wang A, Heidbreder CE, Shi F, Zhou X: Downregulation of the Rho GTPase signaling 

pathway is involved in the microRNA-138-mediated inhibition of cell migration and invasion in tongue squamous cell 

carcinoma. Int J Cancer 2010, 127:505-512. 

97. Sachdeva M, Mo YY: MicroRNA-145 suppresses cell invasion and metastasis by directly targeting mucin 1. Cancer 

Res 2010, 70:378-387. 

98. Li G, Luna C, Qiu J, Epstein DL, Gonzalez P: Targeting of integrin beta1 and kinesin 2alpha by microRNA 183. J Biol 

Chem 2010, 285:5461-5471. 

99. Liu S, Goldstein RH, Scepansky EM, Rosenblatt M: Inhibition of rho-associated kinase signaling prevents breast 

cancer metastasis to human bone. Cancer Res 2009, 69:8742-8751. 

100. Dykxhoorn DM, Wu Y, Xie H, Yu F, Lal A, Petrocca F, Martinvalet D, Song E, Lim B, Lieberman J: miR-200 enhances 

mouse breast cancer cell colonization to form distant metastases. PLoS One 2009, 4:e7181. 

101. Ji J, Zhao L, Budhu A, Forgues M, Jia HL, Qin LX, Ye QH, Yu J, Shi X, Tang ZY, Wang XW: Let-7g targets collagen type I 

alpha2 and inhibits cell migration in hepatocellular carcinoma. J Hepatol 2010, 52:690-697. 

102. Roldo C, Missiaglia E, Hagan JP, Falconi M, Capelli P, Bersani S, Calin GA, Volinia S, Liu CG, Scarpa A, Croce CM: 

MicroRNA expression abnormalities in pancreatic endocrine and acinar tumors are associated with distinctive 

pathologic features and clinical behavior. J Clin Oncol 2006, 24:4677-4684. 

103. Song B, Wang C, Liu J, Wang X, Lv L, Wei L, Xie L, Zheng Y, Song X: MicroRNA-21 regulates breast cancer invasion 

partly by targeting tissue inhibitor of metalloproteinase 3 expression. J Exp Clin Cancer Res 2010, 29:29. 

104. Ma L, Reinhardt F, Pan E, Soutschek J, Bhat B, Marcusson EG, Teruya-Feldstein J, Bell GW, Weinberg RA: Therapeutic 

silencing of miR-10b inhibits metastasis in a mouse mammary tumor model. Nat Biotechnol 2010, 28:341-347. 

105. Lee Y, Yang X, Huang Y, Fan H, Zhang Q, Wu Y, Li J, Hasina R, Cheng C, Lingen MW, et al: Network modeling identifies 

molecular functions targeted by miR-204 to suppress head and neck tumor metastasis. PLoS Comput Biol 2010, 

6:e1000730. 

106. Motoyama K, Inoue H, Mimori K, Tanaka F, Kojima K, Uetake H, Sugihara K, Mori M: Clinicopathological and 

prognostic significance of PDCD4 and microRNA-21 in human gastric cancer. Int J Oncol 2010, 36:1089-1095. 

107. Moriarty CH, Pursell B, Mercurio AM: miR-10b targets Tiam1: implications for Rac activation and carcinoma migration. 

J Biol Chem 2010, 285:20541-20546. 

108. Connolly EC, Van Doorslaer K, Rogler LE, Rogler CE: Overexpression of miR-21 promotes an in vitro metastatic 

phenotype by targeting the tumor suppressor RHOB. Mol Cancer Res 2010, 8:691-700. 

109. Yu F, Deng H, Yao H, Liu Q, Su F, Song E: Mir-30 reduction maintains self-renewal and inhibits apoptosis in breast 

tumor-initiating cells. Oncogene 2010, 29:4194-4204. 

110. Vetter G, Saumet A, Moes M, Vallar L, Le Bechec A, Laurini C, Sabbah M, Arar K, Theillet C, Lecellier CH, Friederich E: 

miR-661 expression in SNAI1-induced epithelial to mesenchymal transition contributes to breast cancer cell invasion 

by targeting Nectin-1 and StarD10 messengers. Oncogene 2010, 29:4436-4448. 

111. Jiang L, Huang Q, Zhang S, Zhang Q, Chang J, Qiu X, Wang E: Hsa-miR-125a-3p and hsa-miR-125a-5p are 

downregulated in non-small cell lung cancer and have inverse effects on invasion and migration of lung cancer cells. 

BMC Cancer 2010, 10:318. 



MicroRNA and cancer outcome  

 

 
5                                                                                                                                Am J Cancer Res 2012;2(4):414-433 

 

112. Yan H, Wu J, Liu W, Zuo Y, Chen S, Zhang S, Zeng M, Huang W: MicroRNA-20a overexpression inhibited proliferation 

and metastasis of pancreatic carcinoma cells. Hum Gene Ther 2010, 21:1723-1734. 

113. Martello G, Rosato A, Ferrari F, Manfrin A, Cordenonsi M, Dupont S, Enzo E, Guzzardo V, Rondina M, Spruce T, et al: A 

MicroRNA targeting dicer for metastasis control. Cell 2010, 141:1195-1207. 

114. Slaby O, Jancovicova J, Lakomy R, Svoboda M, Poprach A, Fabian P, Kren L, Michalek J, Vyzula R: Expression of 

miRNA-106b in conventional renal cell carcinoma is a potential marker for prediction of early metastasis after 

nephrectomy. J Exp Clin Cancer Res 2010, 29:90. 

115. Zhu YM, Zhong ZX, Liu ZM: Relationship between let-7a and gastric mucosa cancerization and its significance. World J 

Gastroenterol 2010, 16:3325-3329. 

116. Feng R, Chen X, Yu Y, Su L, Yu B, Li J, Cai Q, Yan M, Liu B, Zhu Z: miR-126 functions as a tumour suppressor in human 

gastric cancer. Cancer Lett 2010, 298:50-63. 

117. Ceppi P, Mudduluru G, Kumarswamy R, Rapa I, Scagliotti GV, Papotti M, Allgayer H: Loss of miR-200c expression 

induces an aggressive, invasive, and chemoresistant phenotype in non-small cell lung cancer. Mol Cancer Res 2010, 

8:1207-1216. 

118. Li G, Wu Z, Peng Y, Liu X, Lu J, Wang L, Pan Q, He ML, Li XP: MicroRNA-10b induced by Epstein-Barr virus-encoded 

latent membrane protein-1 promotes the metastasis of human nasopharyngeal carcinoma cells. Cancer Lett 2010, 

299:29-36. 

119. Li Y, Zhang M, Chen H, Dong Z, Ganapathy V, Thangaraju M, Huang S: Ratio of miR-196s to HOXC8 messenger RNA 

correlates with breast cancer cell migration and metastasis. Cancer Res 2010, 70:7894-7904. 

120. Liang L, Wong CM, Ying Q, Fan DN, Huang S, Ding J, Yao J, Yan M, Li J, Yao M, et al: MicroRNA-125b suppressesed 

human liver cancer cell proliferation and metastasis by directly targeting oncogene LIN28B2. Hepatology 2010, 

52:1731-1740. 

121. Lowery AJ, Miller N, Dwyer RM, Kerin MJ: Dysregulated miR-183 inhibits migration in breast cancer cells. BMC Cancer 

2010, 10:502. 

122. Li J, Liang S, Yu H, Zhang J, Ma D, Lu X: An inhibitory effect of miR-22 on cell migration and invasion in ovarian cancer. 

Gynecol Oncol 2010, 119:543-548. 

123. Wu ZS, Wu Q, Wang CQ, Wang XN, Wang Y, Zhao JJ, Mao SS, Zhang GH, Zhang N, Xu XC: MiR-339-5p inhibits breast 

cancer cell migration and invasion in vitro and may be a potential biomarker for breast cancer prognosis. BMC Cancer 

2010, 10:542. 

124. Wong CC, Wong CM, Tung EK, Au SL, Lee JM, Poon RT, Man K, Ng IO: The microRNA miR-139 suppresses metastasis 

and progression of hepatocellular carcinoma by down-regulating Rho-kinase 2. Gastroenterology 2011, 140:322-331. 

125. Meng Z, Fu X, Chen X, Zeng S, Tian Y, Jove R, Xu R, Huang W: miR-194 is a marker of hepatic epithelial cells and 

suppresses metastasis of liver cancer cells in mice. Hepatology 2010, 52:2148-2157. 

126. Li X, Zhang Y, Shi Y, Dong G, Liang J, Han Y, Wang X, Zhao Q, Ding J, Wu K, Fan D: MicroRNA-107, an Oncogene 

MicroRNA that Regulates Tumor Invasion and Metastasis By Targeting DICER1 in Gastric Cancer: MiR-107 promotes 

gastric cancer invasion and metastasis. J Cell Mol Med 2010. 

127. Lou Y, Yang X, Wang F, Cui Z, Huang Y: MicroRNA-21 promotes the cell proliferation, invasion and migration abilities in 

ovarian epithelial carcinomas through inhibiting the expression of PTEN protein. Int J Mol Med 2010, 26:819-827. 

128. Song G, Zeng H, Li J, Xiao L, He Y, Tang Y, Li Y: miR-199a regulates the tumor suppressor mitogen-activated protein 

kinase kinase kinase 11 in gastric cancer. Biol Pharm Bull 2010, 33:1822-1827. 

129. Patel JB, Appaiah HN, Burnett RM, Bhat-Nakshatri P, Wang G, Mehta R, Badve S, Thomson MJ, Hammond S, Steeg P, 

et al: Control of EVI-1 oncogene expression in metastatic breast cancer cells through microRNA miR-22. Oncogene 

2011, 30:1290-1301. 

130. Mazar J, DeYoung K, Khaitan D, Meister E, Almodovar A, Goydos J, Ray A, Perera RJ: The regulation of miRNA-211 

expression and its role in melanoma cell invasiveness. PLoS One 2010, 5:e13779. 

131. Fu TY, Chang CC, Lin CT, Lai CH, Peng SY, Ko YJ, Tang PC: Let-7b-mediated suppression of basigin expression and 

metastasis in mouse melanoma cells. Exp Cell Res 2011, 317:445-451. 

132. Sossey-Alaoui K, Downs-Kelly E, Das M, Izem L, Tubbs R, Plow EF: WAVE3, an actin remodeling protein, is regulated by 

the metastasis suppressor microRNA, miR-31, during the invasion-metastasis cascade. Int J Cancer 2011, 129:1331-

1343. 

133. Levy C, Khaled M, Iliopoulos D, Janas MM, Schubert S, Pinner S, Chen PH, Li S, Fletcher AL, Yokoyama S, et al: 

Intronic miR-211 assumes the tumor suppressive function of its host gene in melanoma. Mol Cell 2010, 40:841-849. 

134. Roybal JD, Zang Y, Ahn YH, Yang Y, Gibbons DL, Baird BN, Alvarez C, Thilaganathan N, Liu DD, Saintigny P, et al: miR-

200 Inhibits lung adenocarcinoma cell invasion and metastasis by targeting Flt1/VEGFR1. Mol Cancer Res 2011, 

9:25-35. 

135. Chen ZL, Zhao XH, Wang JW, Li BZ, Wang Z, Sun J, Tan FW, Ding DP, Xu XH, Zhou F, et al: microRNA-92a promotes 

lymph node metastasis of human esophageal squamous cell carcinoma via E-cadherin. J Biol Chem 2011, 

286:10725-10734. 

136. Wang X, Ling C, Bai Y, Zhao J: MicroRNA-206 Is Associated With Invasion and Metastasis of Lung Cancer. Anat Rec 

(Hoboken) 2011, 294:88-92. 

137. Saini S, Majid S, Yamamura S, Tabatabai L, Suh SO, Shahryari V, Chen Y, Deng G, Tanaka Y, Dahiya R: Regulatory Role 

of mir-203 in Prostate Cancer Progression and Metastasis. Clin Cancer Res 2011. 

138. Takei Y, Takigahira M, Mihara K, Tarumi Y, Yanagihara K: The metastasis-associated microRNA miR-516a-3p is a novel 

therapeutic target for inhibiting peritoneal dissemination of human scirrhous gastric cancer. Cancer Res 2011, 

71:1442-1453. 

139. Lo WL, Yu CC, Chiou GY, Chen YW, Huang PI, Chien CS, Tseng LM, Chu PY, Lu KH, Chang KW, et al: MicroRNA-200c 

attenuates tumour growth and metastasis of presumptive head and neck squamous cell carcinoma stem cells. J 

Pathol 2011, 223:482-495. 



MicroRNA and cancer outcome  

 

 
6                                                                                                                                Am J Cancer Res 2012;2(4):414-433 

 

140. Qiang R, Wang F, Shi LY, Liu M, Chen S, Wan HY, Li YX, Li X, Gao SY, Sun BC, Tang H: Plexin-B1 is a target of miR-214 in 

cervical cancer and promotes the growth and invasion of HeLa cells. Int J Biochem Cell Biol 2011, 43:632-641. 

141. Nishida N, Mimori K, Fabbri M, Yokobori T, Sudo T, Tanaka F, Shibata K, Ishii H, Doki Y, Mori M: MicroRNA-125a-5p is 

an independent prognostic factor in gastric cancer and inhibits the proliferation of human gastric cancer cells in 

combination with trastuzumab. Clin Cancer Res 2011, 17:2725-2733. 

142. Wu ZS, Wu Q, Wang CQ, Wang XN, Huang J, Zhao JJ, Mao SS, Zhang GH, Xu XC, Zhang N: miR-340 inhibition of breast 

cancer cell migration and invasion through targeting of oncoprotein c-Met. Cancer 2011, 117:2842-2852. 

143. Liu C, Kelnar K, Liu B, Chen X, Calhoun-Davis T, Li H, Patrawala L, Yan H, Jeter C, Honorio S, et al: The microRNA miR-

34a inhibits prostate cancer stem cells and metastasis by directly repressing CD44. Nat Med 2011, 17:211-215. 

144. Yang CC, Hung PS, Wang PW, Liu CJ, Chu TH, Cheng HW, Lin SC: miR-181 as a putative biomarker for lymph-node 

metastasis of oral squamous cell carcinoma. J Oral Pathol Med 2011, 40:397-404. 

145. Zhang L, Sullivan PS, Goodman JC, Gunaratne PH, Marchetti D: MicroRNA-1258 suppresses breast cancer brain 

metastasis by targeting heparanase. Cancer Res 2011, 71:645-654. 

146. Yan GR, Xu SH, Tan ZL, Liu L, He QY: Global identification of miR-373-regulated genes in breast cancer by quantitative 

proteomics. Proteomics 2011, 11:912-920. 

147. Png KJ, Yoshida M, Zhang XH, Shu W, Lee H, Rimner A, Chan TA, Comen E, Andrade VP, Kim SW, et al: MicroRNA-335 

inhibits tumor reinitiation and is silenced through genetic and epigenetic mechanisms in human breast cancer. Genes 

Dev 2011, 25:226-231. 

148. Walter BA, Gomez-Macias G, Valera VA, Sobel M, Merino MJ: miR-21 Expression in Pregnancy-Associated Breast 

Cancer: A Possible Marker of Poor Prognosis. J Cancer 2011, 2:67-75. 

149. Hu N, Zhang J, Cui W, Kong G, Zhang S, Yue L, Bai X, Zhang Z, Zhang W, Zhang X, Ye L: miR-520b regulates migration 

of breast cancer cells by targeting hepatitis B X-interacting protein and interleukin-8. J Biol Chem 2011, 286:13714-

13722. 

150. Cheung HH, Davis AJ, Lee TL, Pang AL, Nagrani S, Rennert OM, Chan WY: Methylation of an intronic region regulates 

miR-199a in testicular tumor malignancy. Oncogene 2011, 30:3404-3415. 

151. Chung TK, Lau TS, Cheung TH, Yim SF, Lo KW, Siu NS, Chan LK, Yu MY, Kwong J, Doran G, et al: Dysregulation of 

microRNA-204 mediates migration and invasion of endometrial cancer by regulating FOXC1. Int J Cancer 2011. 

152. Valastyan S, Chang A, Benaich N, Reinhardt F, Weinberg RA: Activation of miR-31 function in already-established 

metastases elicits metastatic regression. Genes Dev 2011, 25:646-659. 

153. Shibuya H, Iinuma H, Shimada R, Horiuchi A, Watanabe T: Clinicopathological and prognostic value of microRNA-21 

and microRNA-155 in colorectal cancer. Oncology 2010, 79:313-320. 

154. Osaki M, Takeshita F, Sugimoto Y, Kosaka N, Yamamoto Y, Yoshioka Y, Kobayashi E, Yamada T, Kawai A, Inoue T, et al: 

MicroRNA-143 regulates human osteosarcoma metastasis by regulating matrix metalloprotease-13 expression. Mol 

Ther 2011, 19:1123-1130. 

155. Arora S, Ranade AR, Tran NL, Nasser S, Sridhar S, Korn RL, Ross JT, Dhruv H, Foss KM, Sibenaller Z, et al: MicroRNA-

328 is associated with (non-small) cell lung cancer (NSCLC) brain metastasis and mediates NSCLC migration. Int J 

Cancer 2011. 

156. Akagi I, Miyashita M, Ishibashi O, Mishima T, Kikuchi K, Makino H, Nomura T, Hagiwara N, Uchida E, Takizawa T: 

Relationship between altered expression levels of MIR21, MIR143, MIR145, and MIR205 and clinicopathologic 

features of esophageal squamous cell carcinoma. Dis Esophagus 2011. 

157. Park S, Minai-Tehrani A, Xu CX, Chang SH, Woo MA, Noh MS, Lee ES, Lim HT, An GH, Lee KH, et al: Suppression of 

A549 lung cancer cell migration by precursor let-7g microRNA. Mol Med Report 2010, 3:1007-1013. 

158. Zhou J, Wang W: Analysis of microRNA expression profiling identifies microRNA-503 regulates metastatic function in 

hepatocellular cancer cell. J Surg Oncol 2011, 104:278-283. 

159. Xu D, Takeshita F, Hino Y, Fukunaga S, Kudo Y, Tamaki A, Matsunaga J, Takahashi RU, Takata T, Shimamoto A, et al: 

miR-22 represses cancer progression by inducing cellular senescence. J Cell Biol 2011, 193:409-424. 

160. King CE, Cuatrecasas M, Castells A, Sepulveda AR, Lee JS, Rustgi AK: LIN28B promotes colon cancer progression and 

metastasis. Cancer Res 2011, 71:4260-4268. 

161. Liu XG, Zhu WY, Huang YY, Ma LN, Zhou SQ, Wang YK, Zeng F, Zhou JH, Zhang YK: High expression of serum miR-21 

and tumor miR-200c associated with poor prognosis in patients with lung cancer. Med Oncol 2011. 

162. Liang S, He L, Zhao X, Miao Y, Gu Y, Guo C, Xue Z, Dou W, Hu F, Wu K, et al: MicroRNA let-7f inhibits tumor invasion 

and metastasis by targeting MYH9 in human gastric cancer. PLoS One 2011, 6:e18409. 

163. Liu Q, Lv GD, Qin X, Gen YH, Zheng ST, Liu T, Lu XM: Role of microRNA let-7 and effect to HMGA2 in esophageal 

squamous cell carcinoma. Mol Biol Rep 2011. 

164. Abraham D, Jackson N, Gundara JS, Zhao J, Gill AJ, Delbridge L, Robinson BG, Sidhu SB: MicroRNA Profiling of 

Sporadic and Hereditary Medullary Thyroid Cancer Identifies Predictors of Nodal Metastasis, Prognosis, and Potential 

Therapeutic Targets. Clin Cancer Res 2011, 17:4772-4781. 

165. Zhang P, Ma Y, Wang F, Yang J, Liu Z, Peng J, Qin H: Comprehensive gene and microRNA expression profiling reveals 

the crucial role of hsa-let-7i and its target genes in colorectal cancer metastasis. Mol Biol Rep 2011. 

166. Li X, Zhang Y, Zhang H, Liu X, Gong T, Li M, Sun L, Ji G, Shi Y, Han Z, et al: miRNA-223 Promotes Gastric Cancer 

Invasion and Metastasis by Targeting Tumor Suppressor EPB41L3. Mol Cancer Res 2011, 9:824-833. 

167. Kogo R, Mimori K, Tanaka F, Komune S, Mori M: Clinical Significance of miR-146a in Gastric Cancer Cases. Clin 

Cancer Res 2011, 17:4277-4284. 

168. Kumarswamy R, Mudduluru G, Ceppi P, Muppala S, Kozlowski M, Niklinski J, Papotti M, Allgayer H: MicroRNA-30a 

inhibits epithelial-to-mesenchymal transition by targeting Snai1 and is downregulated in non-small cell lung cancer. 

Int J Cancer 2011. 

169. Peng X, Guo W, Liu T, Wang X, Tu X, Xiong D, Chen S, Lai Y, Du H, Chen G, et al: Identification of miRs-143 and -145 

that is associated with bone metastasis of prostate cancer and involved in the regulation of EMT. PLoS One 2011, 



MicroRNA and cancer outcome  

 

 
7                                                                                                                                Am J Cancer Res 2012;2(4):414-433 

 

6:e20341. 

170. Tan S, Li R, Ding K, Lobie PE, Zhu T: miR-198 inhibits migration and invasion of hepatocellular carcinoma cells by 

targeting the HGF/c-MET pathway. FEBS Lett 2011, 585:2229-2234. 

171. Tang JT, Wang JL, Du W, Hong J, Zhao SL, Wang YC, Xiong H, Chen HM, Fang JY: MicroRNA 345, a methylation-

sensitive microRNA is involved in cell proliferation and invasion in human colorectal cancer. Carcinogenesis 2011, 

32:1207-1215. 

172. Lo SS, Hung PS, Chen JH, Tu HF, Fang WL, Chen CY, Chen WT, Gong NR, Wu CW: Overexpression of miR-370 and 

downregulation of its novel target TGFbeta-RII contribute to the progression of gastric carcinoma. Oncogene 2011. 

173. Huang XH, Chen JS, Wang Q, Chen XL, Wen L, Chen LZ, Bi J, Zhang LJ, Su Q, Zeng WT: miR-338-3p suppresses 

invasion of liver cancer cell by targeting smoothened. J Pathol 2011. 

174. Zheng F, Liao YJ, Cai MY, Liu YH, Liu TH, Chen SP, Bian XW, Guan XY, Lin MC, Zeng YX, et al: The putative tumour 

suppressor microRNA-124 modulates hepatocellular carcinoma cell aggressiveness by repressing ROCK2 and EZH2. 

Gut 2011. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


