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Introduction

MicroRNAs (miRNAs) are a class of small non-coding RNAs, 
which regulate gene expression at the post-transcriptional 
level and may conceivably play a key role in tumorigenesis. 
From the first demonstration in 2002.1 to the present, the 
involvement of miRNAs in human cancer has led to extensive 
research.2–4 MiRNAs are dysregulated in almost all solid and 
hematological malignancies, and specific signatures allow 
the characterization of poorly differentiated tumors5 as well 
as harbor relevant clinical implications.6–9 MiRNAs, which are 
upregulated in cancer cells and contribute to carcinogenesis 
by inhibiting tumor suppressor genes, are considered onco-
genic miRNAs (OncomiRs),10 while downregulated miRNAs, 
that normally prevent cancer development by inhibiting the 
expression of proto-oncogenes, are known as tumor sup-
pressor miRNAs.11 Silencing Oncomirs with miRNA inhibitors 
or replacing tumor suppressor miRNAs with synthetic miRNA 
mimics is demonstrating a valuable experimental strategy for 
the treatment of solid and hematological malignancies.12–20 
MiRNAs with epigenetic or antiangiogenetic or modulatory 
activity within the microenvironment as well as with syner-
gistic activity with chemotherapeutic agents are particularly 
promising in translational therapeutic approaches.21–29

The miR-34 family consists of three members: miR-34a, 
miR-34b, and miR-34c; miR-34a is encoded by its own tran-
script, whereas miR-34b and miR-34c share a common pri-
mary transcript. In mice, miR-34a is ubiquitously expressed 
with the highest expression in brain, whereas miR-34b/c 
is mainly expressed in lung tissues. Moreover, miR-34a is 
expressed at higher levels than miR-34b/c, with the excep-
tion of the lung.30 Therefore, the two miR-34 genes have 
presumably tissue-specific functions, even though they are 

anyway direct transcriptional targets of the onco-suppressor 
p53, whose expression is greatly affected by DNA damage 
and oncogenic stress. miR-34 family, thus, contributes to p53 
downstream effects on proliferation arrest and induction of 
apoptosis, by targeting c-MYC, CDK6, and c-MET.30

MiRNAs are originally transcribed as long hairpin molecules 
(pri-miRNAs) that are subsequently processed over several 
steps until DICER cuts them intoduplexes of their final 22–23 
nt length. RNase III, human DROSHA, is the core nuclease 
that executes the initiation step of pri-miRNAs processing into 
stem-loop precursors of approximately 70 nucleotides (pre-
miRNAs). DICER, a member of the RNase III superfamily of 
bidentate nucleases, mediates the cytoplasmic processing of 
pre-miRNAs into mature miRNAs. Thus, the two RNase III pro-
teins, DROSHA and DICER, have key roles in miRNA-medi-
ated gene regulation in processes such as development and 
differentiation. As a last step, one strand of the miRNA duplex 
(“mature strand”) is incorporated into the RNA-induced silenc-
ing complex (RISC) while the other is supposedly degraded. 
Once integrated into the RISC, miRNAs guide this protein 
complex to partially complementary binding sites located in the 
3′ untranslated region (UTR) of target mRNAs and inhibit their 
expression either by interfering with translation or by destabiliz-
ing the target mRNA.31 BRCA1 triggers miRNA biogenesis in 
collaboration with DROSHA microprocessor and SMADs/p53. 
In details, BRCA1 has been shown to trigger expression of 
let-7a-1, miR-16-1, miR-145, and miR-34a.32 It has lately been 
shown that DICER1 depleted colorectal cancer cells revealed 
a notably higher expression of cancer stem cell markers such 
as Sox9, Sox2, Lgr5, CD44, and Nanog. Moreover, ectopic re-
expression of miR-34a in both primary and tumor-derived cell 
lines was put in correlation with cycle arrest, apoptosis and cell 
growth inhibition.11 Di Martino et al. have recently explored the 
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The microRNA(miRNA)-34a is a key regulator of tumor suppression. It controls the expression of a plethora of target proteins 
involved in cell cycle, differentiation and apoptosis, and antagonizes processes that are necessary for basic cancer cell viability 
as well as cancer stemness, metastasis, and chemoresistance. In this review, we focus on the molecular mechanisms of miR-
34a-mediated tumor suppression, giving emphasis on the main miR-34a targets, as well as on the principal regulators involved in 
the modulation of this miRNA. Moreover, we shed light on the miR-34a role in modulating responsiveness to chemotherapy and 
on the phytonutrients-mediated regulation of miR-34a expression and activity in cancer cells. Given the broad anti-oncogenic 
activity of miR-34a, we also discuss the substantial benefits of a new therapeutic concept based on nanotechnology delivery of 
miRNA mimics. In fact, the replacement of oncosuppressor miRNAs provides an effective strategy against tumor heterogeneity 
and the selective RNA-based delivery systems seems to be an excellent platform for a safe and effective targeting of the tumor.
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molecular effects induced by enforced expression of miR-34a 
on multiple myeloma (MM) cells, showing a time-dependent 
modulation of several signaling pathways involved in the con-
trol of cell proliferation and apoptosis. The last group was the 
first one to have demonstrated a role of miR-34a in the patho-
genesis of MM finding it downregulated in a wide series of MM 
samples.31,32 The involvement of miR-34a in this haematologi-
cal neoplasia can open a new scenario in understanding the 
molecular pathways involved in the generation of this disease 
from preneoplastic lesions such as monoclonal gammopathy. 
One of the most affected was the Erk/Akt-dependent pathway.31 
The authors demonstrated that miR-34a induces sequential 
down modulation of both Erk and Akt activity, which is followed 
by pro-caspase-6 and -3 cleavage and apoptosis induction in 
MM cells. Previously, the same authors have also showed the 
potential of miR-34a treatment in downregulating both Bcl-2 
and NOTCH1 and in the induction of apoptosis both in vitro 
and in a xenograft mouse model.32 In addition, downregulation 
of DICER in cancer cells was found to correlate with the promo-
tion of metastasis. Intriguingly, DICER1 deficient colon cancer 
cells showed lower expression of EpCAM, indicating invasive 
potential, and significant over-expression of CD44 and other 
cancer stem cell markers. Increased metastatic potential in 
DICER1-impaired cells associated with the defective produc-
tion of the miRNAs that regulate the pathways involved in this 
process, such as miR-34a, miR-126, and the miR-200 family.33 
MiR-34a has been also associated with regulation of cancer 
stem cells function in various cancer types such as prostate 
cancer,34 pancreatic cancer,35 medulloblastoma,36 glioblas-
toma.37 Furthermore, miR-34a inhibits prostate cancer stem 
cells and metastasis by directly repressing CD44, indicating 
the direct role of CD44 and miR-34a in cancer development 
and progression.34 Consistently, Shi et al. described that over-
expression of miR-34a inhibited CD44hi NSCLC cell growth 
in vitro and in xenograft tumors, demonstrating that miR-34a 
impairs tumors regeneration by negatively regulation of stem-
like NSCLC.38 In lung cancers, miR-34a has been evaluated 
as a replacement therapy candidate; in fact, exogenous miR-
34a-mimics delivery was found to substantially reduce the 
tumor growth.39 In addition, a relative loss of miR-34a expres-
sion was considered a key etiologic factor in contributing to 
the aggressive behavior of lung cancer stem cells (CSC), and 
thus those features were mitigated by exogenous delivery and 
restoration of miR-34a activity.40

DNA Damage Regulation

MiRNAs are actively involved in the regulation of genes that 
are related to DNA damage and repair; therefore, changes in 
miRNA biogenesis and maturation processes are often asso-
ciated with the response to these mechanisms. Recent stud-
ies show that transcription of miRNA can be directly affected 
by DNA damage. We have already underlined the critical role 
played by the p53 gene in this regulation and the p53-depen-
dent modulation of miR-34a in response to DNA injury.30 Sev-
eral studies have found that DNA damage-induced miR-34a 
expression was dependent on p53, and that this was followed 
by induction of cell cycle arrest, promotion of apoptosis, and 
DNA repair.36 Wild-type p53 expressing glioblastoma cell lines 

have been shown to respond to radiation and there was sig-
nificantly higher DNA damage in post-irradiated cancer cells. 
Mechanistically, it has been shown that miR-34a-mediated 
negative regulation of p53-binding protein 1(53BP1) resulted 
in suppression of genomic instability in tumor cells.41 p53 can 
induce expression of miR-34a also in irradiated mice. More-
over, upregulation of miR-34a in response to genotoxic agent 
exposure is observed in different biological systems.38 When 
DNA damage activates the p53 gene, p53 protein binds to 
the promoter of miR-34a and upregulates miRNA expression 
(Figure 1). MiR-34a is, in fact, a direct transcriptional target 
of p53 because the promoter region of miR-34a contains a 
canonical p53 binding site.39 The p53 network suppresses 
tumor formation through the coordinated activation of multiple 

Figure 1 MiR-34a biogenesis. DNA damage activates the p53 
gene, that binds to the miR-34a promoter and up-regulates miRNA 
expression. Mutation in the DNA-binding domain of p53 negatively 
affects this processing, thus reducing the expression of the related 
miRNAs. CpG island miR-34a promoter hypermethylation induces 
a miR-34a silencing that is dominant over its transactivation by p53 
after DNA damage. MiR-34a is originally transcribed as long hairpin 
molecule (pri-miRNA) that is subsequently processed by the human 
RNase III DROSHA, into a stem-loop precursor of approximately 
70 nucleotides (pre-miRNAs). Exportin-5 mediates the miR-34a 
traslocation from the nucleus to the cytoplasm. Another human RNase 
III, DICER, through several steps, cuts miR-34a into duplexes with 
final 22–23nt length. As a last step, one strand of the miRNA duplex 
(‘‘mature strand’’) is incorporated into the RNA-induced silencing 
complex (RISC) while the other is supposedly degraded. Once 
integrated into the RISC, miR34a guide this protein complex to partially 
or totally complementary binding sites located in the 3' untranslated 
region (UTR) of target mRNAs and inhibit their expression. In detail, 
the perfect alignment causes mRNA degradation, while the partial 
alignment interfers with mRNA translation.
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transcriptional targets, and miR-34 may act in concert with 
other effectors to inhibit inappropriate cell proliferation. DNA 
damage signaling also affects the miRNA maturation bio-
genesis processes through the activation of the p53 gene. 
In fact, p53 binding to DROSHA facilitates the processing of 
pri-miRNAs in pre-miRNAs and mutation in the DNA-binding 
domain of p53 negatively affects this processing, thus reduc-
ing the expression of the related miRNAs. Moreover, in silico 
analyses, reveal that all three components of the p53 tumor 
suppressor, p53, p63, and p73, can regulate the major com-
ponents of miRNA processing, such as DROSHA-DGCR8, 
DICER-TRBP2, and Argonaute proteins. In addition to being a 
direct transcriptional target of p53, miR-34a indirectly upregu-
lates p53-dependent apoptosis through another intermediate 
protein, SIRT1,39 which has a well-conserved NAD-dependent 
sirtuin core domain, and catalyzes NAD-dependent deacety-
lation of several targets. Once activated, SIRT1 deacetylates 
also a variety of non-histone target proteins, such as p53, the 
retinoblastoma protein (Rb), FoxO transcription factors, Ku70, 
NFκB and PGC-1alpha. SIRT1-mediated deacetylation of 
p53 decreases the transcriptional activation and consequent 
protein expression of p53 downstream targets, such as p21 
and PUMA.39 Therefore, SIRT1 mediates the survival of cells 
during periods of severe stress through the inhibition of apop-
tosis. MiR-34 inhibition of SIRT1 leads to an increase in p53 
acetylation and p53 activity. As a result, miR-34 suppression of 
SIRT1 strengthens p53-mediated apoptosis. Simultaneously, 
increased p53, heightens miR-34a production, thus enhancing 
p53 stabilization and completing a positive feedback loop that 
protects cells from cellular oxidative stress and DNA damage.

MiR-34a Targets

Bioinformatic approaches and cellular experiments have 
allowed identifying several mRNAs as direct miR-34a tar-
gets (Table 1). Most of them encode factors required for 
G1/S transition (c-MYC, E2F, CDK4, CDK6), anti-apoptotic 
proteins (Bcl2, SIRT1), and proteins involved in invasion 
(c-MET).30 MiRNAs regulate their targets via association of 
a 7 nucleotide stretch, the so-called seed-sequence, located 
in their 5′-portion with a complementary sequence in the  
3′-UTR of the target mRNA.31 Additional base pairing may 
occur via nucleotides in the middle and 3′-portion of the 
miRNA. Since the relatively short seed region is the primary 
determinant of target recognition, a single miRNA presum-
ably regulates dozens or even hundreds of target mRNAs. 
Bioinformatic predictions suggest that several hundred 
mRNAs contain matches to the miR-34a seed sequence. 
Recently, proteomics analysis revealed early targets of miR-
34a involved in neuroblastoma tumorigenesis.42,43 However, 
the main miR-34a targets also confirmed by cellular experi-
ments are summarized below and illustrated in the Figure 2.

Notch
Notch signaling pathway participates in a variety of cellular 
processes, including cell fate specification, differentiation, pro-
liferation, apoptosis, adhesion, epithelial-mesenchymal transi-
tion, migration, and angiogenesis. Activation of Notch signaling 
contributes to the pathogenesis of several human neoplasms 

and its inhibition may be an effective therapeutic approach. Li 
et al., put for the first time in relation the augmented levels of 
Notch with the miR-34a downregulation in glioblastoma and 
medulloblastoma, showing that miR-34a targeted both Notch-1 
and Notch-2.44 Furthermore, in cervical cancer and trophoblast 
cell lines, miR-34a was found to regulate the expression of Jag-
ged-1 and its receptor Notch-1; enforced expression of miR-34a 
was related with the reduction of the invasion capacity Jag-
ged-1 and Notch-1–mediated.45 It is well acclaimed that Delta-
like ligand-1 (Dll1) is a known ligand of the Notch-1 and Notch-2 
receptors. It has been shown that Dll1 is negatively regulated 
by miR-34a. Medulloblastoma cells reconstituted with miR-34a 
displayed remarkably reduced expression of Dll1 that resulted 
in activation of Notch-1 mediated signaling, as evidenced by 
Notch-1 intracellular domain (NICD1) protein after 12 hours. 
Also, one of the target genes of Notch-1 signaling, HEY1 was 
noted to be increased. Interestingly, Notch-2 mediated signal-
ing was inhibited in miR-34a reconstructed cancer cells, as evi-
denced by downregulation of NICD2 and of its known target: 
the Hairy and enhancer of split 1 (Hes1).46 Notably, since the 
Notch pathway is a critical regulator of asymmetric division of 
stem cells, Bu et al. described that well-differentiated colorectal 
cancer may perform either self-renewal or differentiated divi-
sion depending on miR-34a levels. Specifically, low mir-34a lev-
els upregulate notch signaling and promote symmetric division 
to produce colon cancer stem cells (CCSC), while asymmetric 
division and production of differentiated non-CCSC is con-
trolled by high miR-34a levels that depress Notch signaling.47,48

c-Myc
c-Myc is one of the major factors involved in tumor develop-
ment. Thus, its inhibition by miR-34a binding in 3′ UTR region 
is thought to be a significant function of miR-34a. In primary 
renal cell carcinoma, miR-34a reduces the c-Myc–Miz–Skp2 
transcriptional complex, which induces RhoA transcription 
and inhibits cell invasion. MiR-34a also directly suppresses 
formation of c-Myc–P-TEFb complex involved in the control 
of the elongation phase of transcription by Polymerase II. 
MiR-34a was also shown to strongly inhibit cell proliferation, 
in vivo xenograft tumor growth and cell invasion. Moreover, 
C-Myc resulted negatively regulated by miR-34a in kidney 
cancer cells and ChIP assay revealed that miR-34a sup-
pressed the recruitment of c-Myc to the RhoA promoter.49

c-Met
A series of studies carried out in parallel with those about 
Notch, revealed that also c-Met is a known target of miR-
34a and correlates to the metastasis potential of tumors. 
Enforced miR-34a expression downregulated c-Met onco-
gene and inhibited proliferation and metastasis of osteosar-
coma cells,50 of cervical carcinoma and choriocarcinoma 
cells,45 and of human hepatocellular carcinoma cells.51 
In HepG2 cells, ectopic expression of miR-34a potently 
reduced both mRNA and protein levels of c-Met, inhibited 
tumor cell migration and invasion in a c-Met-dependent 
manner and decreased c-Met-induced phosphorylation of 
extracellular signal-regulated kinases 1 and 2 (ERK1/2).51 
Interestingly, transfection of mesothelial cells with miR-34a 
inhibitors considerably enhanced cell proliferation and inva-
sive potential via upregulation of c-Met, phosphorylated 
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Table 1 Main miR-34a targets. Sequence alignment based on bioinformatic predictions.

Target gene mRNA target/hsa-miR-34a
alignment

References

Notch -AUUUUACACAGAAACACUGCCU-

-UGUUGGUCGAUUCUGUGACGGU-

Apoptosis, inhibition of proliferation (39, 52, 53-55)

c-Myc -UUAGCCAUAAUGUAAACUGCCUC-

-GUUAGUCGAUUACUGUGACGGAU-

G1 arrest (56)

c-Met -UCCAAUGGUUUUUUCACUGCCU-

-UGUUGGUCGAUUCUGUGACGGU-

G1 arrest, inhibition of invasion and migration (53, 57-61)

c-Kit -CAGGAGUGGGAAAACACUGCCA-

-UGUUGGUCGAUUCUGUGACGGU-

inhibition of proliferation and survival (62)

LMTK3 -UGUGGAUGACGGCGCCACUGCCA-

-UGUUGGUCGAUUCUGUGACGGU-

inhibition of proliferation and cell cycle progression (63)

Eag1 -GCUCGGGGACACUUCACUGCCU-

-UGUUGGUCGAUUCUGUGACGGU-

inhibition of proliferation and tumor progression (64)

LyGDI -GGGUCCCUCUUCAACACUGCCA-

-UGUUGGUCGAUUCUGUGACGGU-

Inhibition of tumor invasion (65)

Bcl-2 -UCGAAUCAGCUAUUUACUGCCA-

-UGUUGGUCGAUUCUGUGACGGU-

Apoptosis (66-68)

SIRT1 CCAGCUAGGACCAUUACUGCCA-

-UGUUGGUCGAUUCUGUGACGGU-

Increased p53 acetylation and activation (67-69)

Survivin -GAGCCCCUCGGGCCAACUGCCA-

-UGUUGGUCGAUUCUGUGACGGU-

Apoptosis (70-72)

E2F3 -AAUUAAUUUGUAAACACUGCCA-

-UGUUGGUCGAUUCUGUGACGGU-

Senescence and inhibition of proliferation (72)

AR -CCCUUUCAGAUGUCUUCUGCCU-

-UGUUGGUCGAUUCUGUGACGGU-

Apoptosis (73-75)

CCL22 -CACCUCCGUGCUGUCACUGCCA-

-UGUUGGUCGAUUCUGUGACGGU-

Inhibition of tumor survival and growth (76)

MDM4 -CAGAUUUUUUUUACUCACUGCCA-

-UGUUGGUCGAUUCUGUGACGGU-

Positive regulation of p53 (77, 78)

Axl receptor -GGAUCCAAGCUAAGCACUGCCA-

-UGUUGGUCGAUUCUGUGACGGU-

Inhibition of proliferation, migration and invasion (79, 80)

Msi1
-GGCCAAGGCCCACCCACUGCCA-

-UGUUGGUCGAUUCUGUGACGGU-

Apoptosis, inhibition of cell cycle progression, proliferation
and differentiation

(81)

CD24 -AGUAAAUCUUUUACAACUGCCU-

-UGUUGGUCGAUUCUGUGACGGU-

Inhibition of differentiation (82)

Src -GAGGACGUGUUACCCACUGCCA-

-UGUUGGUCGAUUCUGUGACGGU-

Apoptosis, inhibition of cell cycle progressio and migration (82)

IMPDH -GGCCAUGGGUAGGAGACUGCCC-

-UGUUGGUCGAUUCUGUGACGGU-

Inhibition of cell cycle, progression and migration (83)

ULBP2 -ACCCAAUAGCUCAUUCACUGCCU-

-UGUUGGUCGAUUCUGUGACGGU-

Inhibition of immune escape of the tumor associated with
tumor progression

(84)

Yin Yang-1 -UUUUUCCAAAAAAAUACUGCCAG-

-UGUUGGUCGAUUCUGUGACGGU-

Inhibition of tumor growth, cell proliferation and differentiation (85, 86)

HDAC1 -AAGUGAGCCAAGAAACACUGCCU-

-UGUUGGUCGAUUCUGUGACGGU-

Apoptosis, inhibition of tumor progression, cell proliferation
and cell cycle progression

(86, 88)

MTA2 -GGGGAGGGGGGCGUGCACUGCCA-

-UGUUGGUCGAUUCUGUGACGGU-

Inhibition of invasion and metastasis (86)

PDGFR α -UAGACUUG-GAGAAUACUGCCA-

-UGUUGGUCGAUUCUGUGACGGU-

Apoptosis (89)

PDGFR β -GGGUAUGGUUUUGUCACUGCCC -

-UGUUGGUCGAUUCUGUGACGGU-

Apoptosis (89)

PNUTS -AAGUCACACUACAUGCACUGCCU-

-UGUUGGUCGAUUCUGUGACGGU-

Apoptosis, inhibition of proliferation

The alignments between the hsa-miR-34a and the 3'-UTR of validated gene targets is reported. The target mRNA (upper sequence) is highlighted by bold,
italic and underlined text; the miR-34 seed region (lower sequence) is highlighted by blod text. The vertical lines between both sequences indicate perfect
Watson–Crick base pairs.
The indicated, exemplary putative miR-34a-binding sites were identified by bioinformatic analysis based on the target prediction tools TargetScan
(http://www.targetscan.org; release 5.1), PicTar (http://pictar.mdc-berlin.de) and miRanda (http://www.microrna.org).

(90)
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c-MET, and Bcl-2 proteins.52 Moreover, proliferation of 
UCH1 chordoma cells was effectively inhibited after miR-
34a transfection and apoptosis was inducted by c-Met 
downregulation following a direct targeting by miR-34a.53 
Finally, Menges et al. demonstrated that malignant meso-
theliomas are characterized by enhanced presence of CSC 
population associated with p53/miR-34a-dependent activa-
tion of c-Met.54

c-Kit
c-Kit, which is also known as CD117 or stem cell factor 
receptor, is a type III receptor tyrosine kinase (RTK) and an 
important mediator/initiator of several signaling cascades. 
Deregulated expression and activation of c-Kit contributes 
to several types of cancers, such as leukemia, glioblas-
toma, melanoma, lung and breast cancer. c-Kit, as well 
as various stemness markers (CD44, Lgr5, and BMI-1), is 
over-expressed in colorectal cancer cells. A recent report by 
Siemens et al., shows that miR-34 directly targets the c-Kit 
mRNA and thereby mediates repression of c-Kit expression. 
Accordingly, miR-34 activation negatively regulates c-Kit 
mediated signaling events and cell transformation, and stim-
ulates the chemosensitization.55

LMTK3
Another recent issue identifies in lemur tyrosine kinase 3 
(LMTK3), an important regulator of estrogen receptor alpha 
(ERα), a novel functional target of miR-34a involved in cell 
proliferation and cell cycle progression.56 Treating ERα-
positive breast cancer cell line MCF-7 with estrogen, results 
in downregulation of miR-34a. However, enforced expres-
sion of miR-34a, using lentiviral vector, causes downregula-
tion of LMTK3 and reduces Akt phosphorylation. This study 
reveals that, according to the mRNA sequence, LMTK3 
is a predicted target of miR-34a and this is confirmed by 
dual luciferase reporter assay and by the decrease of 
LMTK3 mRNA and protein levels after over-expression of 
miR-34a.56

Ether à go-go 1 channel
Ether à go-go 1 (Eag1) channel is constitutively overex-
pressed in osteosarcoma. Enforced expression of miR-34a in 
MG-63 and Saos-2 cells mediated downregulation of Eag1, 
via a negative feed-forward mechanism. Moreover, cancer 
cells reconstructed with miR-34a remarkably induced regres-
sion of growth of osteosarcoma cells in nude mice.57

LyGDI
There are multiple lines of evidence showing that LyGDI 
expression is related to tumor invasion and altered radio-sen-
sitivity. LyGDI is one of the key regulators of Rho GTPases 
based on its ability to bound Rac1, Rac3, and CDC42 in their 
inactive state. Duan et al. found that ectopic expression of 
miR-34a downregulated LyGDI expression, and thus pro-
moted constitutive activation and membrane translocation of 
Rac1, dramatically reducing expression of cyclooxygenase-2 
and thus restoring radiation induced apoptosis in non-small 
cell lung cancer cells. Furthermore, these investigators predi-
cated by TargetScan and further confirmed by both real-time 
RT-PCR and protein expression studies, that LyGDI is a new 
miR-34a target gene.58

Bcl-2 and SIRT1
Several investigational studies have detected Bcl-2 and 
SIRT1 as direct targets of miR-34a, identifying also an 
inverse correlation between the miR-34a level and both Bcl-2 
and SIRT1 expression. Recently, hepatocellular carcinoma 
(HCC) tissues with lower miR-34a expression were found to 
express higher levels of Bcl-2 protein than those with ele-
vated expression of miR-34a. Bioinformatics and luciferase 
reporter assays revealed that miR-34a binds the 3′-UTR of 
the Bcl-2 mRNA and represses its translation. Western blot-
ting analysis and qRT-PCR confirmed that Bcl-2 is inhib-
ited by miR-34a overexpression.59 Remarkably, it has been 
demonstrated that transfection of HCC cells with oncolytic 
adenovirus co-expressing IL-24 and miR-34a was an effec-
tive antitumor strategy and Bcl-2 and SIRT1 were noted be 
direct miR-34a targets.60 In breast cancer cells, restoration 
of miR-34a induced apoptosis and suppressed both prolif-
eration and invasion through the simultaneous inhibition of 
Bcl-2 and SIRT1, and this effect was significantly amplified 
by the combination with 5-Fluorouracil (5-FU) treatment.61 
Moreover, it has been shown that the treatment with the DNA 
damaging agent adriamycin induced expression of miR-34a 
in p53 wild-type A549 human lung cancer cell line, and this 
effect was not observed in mutant p53 SBC-5 cells. Sirtu-
ins have emerged as multifunctional regulators reported to 
deacetylate histones and several transcriptional regulators in 
the nucleus and SIRT1 have been shown to be quantitatively 
controlled by miR-34a and miR-199a. It has also been shown 
that gene silencing of SIRT1 in lung cancer cells consider-
ably improved sensitivity to cisplatin.62

Survivin and E2F3
Survivin has been shown to be an ideal target for cancer 
gene therapy based on its strong antiapoptotic effect. Shen 
et al. explored the relationship between miR-34a and sur-
vivin in larynx squamous cell carcinoma (LSCC). They found 
a direct negative regulation of gene expression, explored 

Figure 2 Cellular outcomes associated with miR-34a-induced 
gene silencing. Representation of the main miR-34a target mRNAs, 
and biological effects associated with their repression. MiR-34a can 
antagonize many different oncogenic processes.
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by using quantitative real-time PCR, Western blot and cell 
cycle analyses after transfection of miR-34a mimic in LSCC. 
MiR-34a expression levels were correlated with tumor dif-
ferentiation, lymphatic metastasis, clinical stages, and sur-
vival rates.63 Transfection of gastric cancer cells with miR-34a 
mimic resulted in inhibition of proliferation and invasion and 
miR-34a inhibitory effect was regulated by survivin target-
ing.64 More recently, the same authors have related miR-34a 
re-expression with improved sensitivity of gastric cancer cells 
against cisplatin-based chemotherapies, with PI3K/AKT/sur-
vivin signaling pathway possibly involved in this mechanism.64 
Furthermore, the enforced expression of miR-34a in head 
and neck squamous cell carcinoma cells extensively reduced 
cell proliferation, colony formation and migration via targeting 
of E2F3 and survivin. Cancer cells reconstituted with E2F3 
restored expression of survivin in miR-34a expressing cells.65

Androgen receptor
Androgen Receptor (AR) is a key determinant for the molecu-
lar changes required for apoptosis resistance and for driv-
ing prostate cancer cells from an androgen-dependent to an 
androgen-independent or androgen depletion-independent 
(ADI-castration resistant) state. Therefore, downregulation of 
AR expression should be considered the main strategy for 
the treatment of ADI prostate cancer. Enforced expression 
of miR-34a in prostate cancer cells considerably inhibits self-
renewal capacity and exerts a direct negative control on AR, 
PSA and Notch-1.66 It has been recently shown that the coop-
eration between miR-34a and 34c plays an important role 
in AR-dependent p53-mediated apoptosis in prostate cancer. 
Active AR contributes to the activation of some kinases that 
after treatment with DNA damaging agents enhance p53 
activity and its downstream targets. Accordingly, knocking 
down of AR prevents activation of kinases that upregulate 
p53. Concurrently, active AR inhibits calcium/calmodulin-
dependent kinase II (CaMKII), while AR inhibition activates 
CaMKII that partially restores p53 activation.

CCL22
A wealth of information suggests that, in tumor microenviron-
ment, FoxP3 expressing regulatory T cells (Treg) are co-opted 
by tumor cells to tactfully escape from immune surveillance. 
Hepatitis B virus has been shown to potentiate TGF signal-
ing in liver microenvironment, thus suppressing miR-34a 
and restoring the expression of chemokine CCL22. To bet-
ter understand the role of miR-34a and CCL22 in regulation 
of tumor growth, Hepa cells were inoculated subcutaneously 
into C57BL/6J mice and tumor growth was noted. Enforced 
expression of miR-34a significantly reduced tumor growth in 
immunocompetent mice, while the removal of miR-34a target 
sequence from CCL22 mRNA, inhibited miR-34a mediated 
negative regulation of CCL2 expression.67

MDM4
Among many reported putative miR-34 targets, the MDM4 
gene (also referred to as HDM4 in humans) has emerged as 
a prominent candidate due to its important functions as one 
major negative regulator of p53. It is a well-established that 
MDM4 binding to p53 unable the triggering of its target genes. 
MDM4 is negatively regulated by MDM2 via MDM2 mediated 

degradation. Recent emerging evidence has started to shed 
light on the MDM4 negative regulation by miR-34a, show-
ing that it is likely not mediated by the 3′ untranslated region 
(UTR), but rather by a miR-34a site in the coding region of the 
last exon of MDM4 (exon 11).68 Okada et al., demonstrated 
a positive feedback loop between p53 and miR-34a that is at 
least in part due to the miR-34a-mediated repression of the 
negative p53 regulator, MDM4. While p53 induces the tran-
scription of miR-34a, this miRNA in turn represses post-tran-
scriptionally MDM4, in parallel with the repression of SIRT1, 
to enhance p53 transcription activity and decrease p53 pro-
tein turnover. This positive feedback loop between p53 and 
miR-34 further strengthens the p53 activity upon p53 activa-
tion, conferring a robust tumor suppression response.69

Axl receptor tyrosine kinase
Axl is a tyrosine kinase receptor involved in the induction of 
proliferation, migration and invasion. In triple negative breast 
cancer cells, MDA-MB-231, transfection of miR-34a resulted 
in suppression of Axl receptor, that has been first identified as 
a putative miR-34a target using multiple miRNA/target pre-
diction algorithms and further confirmed by reporter assays. 
Moreover, it was observed a notable decline in Akt phosphor-
ylation and phenotypic effects on cell migration in miR-34a 
transfected cancer cells.70 Luciferase-reporter assays con-
firmed the specificity of miR-34a targeting on the 3′-UTR of 
Axl. An inverse correlation between Axl protein and miR-34a 
expression in a panel of non-small cell lung cancer (NSCLC), 
colorectal cancer (CRC), and breast cancer (BRC) cell lines 
was also observed. Moreover, pre-miR34a transfection inhib-
ited in vitro migration and invasion and, in vivo, reduced the 
number of distant lung- or liver-metastases.71

Msi1
Musashi1 (Msi1) is an evolutionarily conserved RNA-binding 
protein that has been connected to the development of mul-
tiple tumor types such as glioblastoma multiforme, medullo-
blastoma, cervical carcinoma, lung and colon cancers. It can 
interfere with the expression of specific gene subsets involved 
in cell cycle control, proliferation, apoptosis and differentiation, 
and results to be negatively regulated by miR-34a. Msi1 long 
3′-UTR region was proven to be targeted by several tumor sup-
pressor miRNAs including miR-34a. It has been reported that 
cells reconstituted with miR-34a displayed a decrease in Msi1 
expression profile and a reduced cell proliferation. Furthermore, 
cell proliferation inhibition induced by the tumor suppressor 
miRNAs was partially rescued by Msi1 transgenic expression.72

CD24 and Src
CD24 is a glycosylphosphatidylinositol (GPI)-anchored 
membrane protein and has been shown to activate Src. Src is 
well known to induce the activation of AP-1 transcription fac-
tors via MAPK mediated phosphorylation of c-Jun. Therefore, 
CD24 mediate expression of miR-21 via AP-1 transcription 
factors. Transient transfection of CD24 in low CD24-express-
ing Rko and HCT-116 cell lines triggers upregulation of miR-
21. 3′-UTR of CD24 or Src were individually co-transfected 
together with pre-miR-34a into the HT-29 and Geo cell lines 
and the resulting data revealed that cancer cells displayed 
notably reduced expression of CD24 and/or Src. These 
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findings suggest that miR-34a inhibited expression of miR-21 
via negative regulation of CD24 and Src. Moreover, reversion 
of the epigenetic silencing of miR-34a was assumed to be 
therapeutically beneficial for colorectal cancer patients.73

Inosine 5′-monophosphate dehydrogenase
MiR-34a has also been shown to quantitatively control the 
expression of inosine 5′-monophosphate dehydrogenase 
(IMPDH), a rate-limiting enzyme of de novo GTP biosynthe-
sis. MiR-34a mediates negative control of IMPDH, resulting 
in dramatic suppression of GTP-dependent Ras signaling 
pathway.74

ULBP2
Natural killer cell immunoreceptor ligands NKG2DL are 
present on surface of tumor cells and sensitize them to kill-
ing by NK cells and cytotoxic T lymphocytes. ULBP2 is a 
NKG2DL and strong prognostic marker in human malignant 
melanoma regulated by miR-34a/c and miR-449a/miR-
449c. Bioinformatic analyses revealed that both miRNAs 
directly target the 3′-UTR region of ULBP2 mRNA. Accord-
ingly, transfection of miR-34a in melanoma cells notably 
reduced ULBP2 expression and NK cells-mediated recogni-
tion of tumor cells.75

Yin Yang-1, HDAC1, and MTA2
Overexpression of miR-34a in GBM cells (U251) resulted in 
suppression of EGFR protein. It was mechanistically shown 
that miR-34a mediates targeting of Yin Yang-1 (YY1), a tran-
scription factor that can stimulate the expression of EGFR, 
thus repressing the expression of cell-cycle proteins and 
EGFR. Moreover, both deletion of miR-34a and amplification 
of EGFR were associated with a drastic reduction of overall 
survival in glioblastoma (GBM) patients.76 Kaller et al., con-
firmed miR-34a targeting of YY1 mRNA and identified addi-
tional miR-34a targets known to be negative regulators of p53 
such as MTA2 and HDAC1.77 MTA2 and HDAC1 are compo-
nents of the NURD complex, which mediates deacetylation 
and destabilization of the p53 protein. YY1, in addition to 
stimulating the expression of EGFR, is also able to modulate 
MDM2-mediated ubiquitination of p53. The repressing activ-
ity of YY1, MTA2 and HDAC1 is therefore one of the different 
mechanisms by which miR-34a exerts its growth inhibitory 
effects.77 TP53-positive and TP53-negative cancer cells dis-
played notable miR-34-mediated inhibitory effect on cancer 
cell growth. It has been shown that HDAC1 represses expres-
sion of p21 in cancer cells. However, cancer cells reconsti-
tuted with miR-34 displayed an increase in p21 expression 
via HDAC1 mediated negative regulation.78

PDGFR α/β
Data obtained from five different NSCLC cell lines with p53 
WT, mutant or null indicated that miR-34a, -34b, and -34c 
expression was downregulated with respect to normal cells. 
Furthermore, expression of PDGFRα and PDGFRβ was 
found to be notably upregulated. The most intriguing feature 
was an inverse correlation between PDGFRα/β and miR-
34a/c. Overexpression of miR-34a/c resulted in the down-
regulation of PDGFRα/β and in the consequent restoration of 
TRAIL-induced apoptosis in NSCLC cell lines.79

PNUTS
Xenografting nude mice with CD44+CD133+ gallblad-
der cancer tumor stem-like cells resulted in establishment 
of tumor. It was astonishing to note that lower miR-34a 
expression and longer telomere length were observed in 
gallbladder adenocarcinoma tissues. Enforced expression 
of miR-34a dramatically reduced tumor-forming capacity 
and increased sensitivity to radiation via negative regu-
lation of PNUTS, thus providing an effective antitumor 
strategy. PNUTS has been shown to be constitutively over-
expressed in gallbladder cancer cells, where it is able to 
promote telomere lengthening. Therefore miR-34a inhibi-
tory effect was also mediated by negative regulation of telo-
mere lengthening.80

Regulators Involved in The Modulation of MiR-34a

MiRNA maturation is controlled by the DROSHA micropro-
cessor complex. Recently, additional molecules have been 
shown to be involved in miRNA maturation; e.g., the TGF-
β signal transducer SMADS promotes miR-21 maturation, 
and the tumor suppressor p53 enhances the processing of 
miR-16, miR-143, miR-145, and miR-206,81 whereas estro-
gen receptor α attenuates maturation of pri-miRNAs into 
pre-miRNAs.82 However, only a limited number of miR-34a 
modulators are currently known and these are listed and dis-
cussed below.

CD95
It is interesting to note that CD95 is a target gene of p53 and 
p53 knockout in HCT116 cells induced significant reduction 
of CD95 levels. Surprisingly, it has been shown that overex-
pressing CD95 in CD95 low expressing MCF7 cells caused 
dramatic upregulation of miR-34a in chemotherapeutic drug 
treated cancer cells. Moreover, miR-34a expression was cor-
related with the sensitivity of cells to CD95-mediated apopto-
sis. MiR-34a was also identified as a marker of cancer cells 
that are more sensitive to CD95-mediated apoptosis, and as 
a sensitizer to apoptosis mediated by CD95. Another exciting 
piece of information related to CD95-mediated signaling is 
the negative regulation of let-7 expression. In details, it was 
discovered a p53-regulated network in which CD95 main-
tains p53 expression and, indirectly, also the expression of 
miR-34a, providing a substantial protective axis against the 
loss of let-7.83

PPAR-γ
Recent evidence has demonstrated the underlying mecha-
nisms of miR-34a induction in TP53 (biallelically altered) cell 
lines treated with PPAR-γ ligand.84

PAR2
Proteinase activated receptor 2 (PAR2) was found to be 
broadly expressed in cancer and was positively correlated 
with tumor progression in colorectal cancer. It has recently 
been shown that PAR2 triggers the expression of Cyclin D1 
via suppressing miR-34a in colon cancer cells. In addition, it 
was shown that PAR2 modulates upregulation of TGF-β that 
also suppresses miR-34a expression.85
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Myc
Myc mediates downregulation of miR-34a in diffuse 
large B-cell lymphoma (DLBCL) cells and enhances  
FoxP1-regulated cell proliferation. Cells transfected with  
miR-34a considerably reduced proliferation via the targeting 
of FoxP1.86

SNAIL and ZEB1
MiR-34a downregulation is now well studied during EMT in 
TGF treated cancer cells. SNAIL and ZEB1 trigger expres-
sion of miR-34a/c via binding to E-boxes in the miR-34a/b/c 
promoters. MiR-34a has also been shown to negatively 
regulate SNAIL and ZEB1. Therefore, enforced expression 
of miR-34a resulted in reversal of mesenchymal to epithelial 
transition.87 Consistently, EMT-mediated invasion and metas-
tasis was described after IL-6R/STAT3/miR-34a feedback 
loop activation in CRC primary tumors.88 The authors dem-
onstrated that the exposure of CRC cells to IL-6 activates the 
transcription factor STAT3 that directly repress miR-34a gene 
and that IL-6R is a miR-34a target.

PDGF
MiR-34a expression was downregulated in response to 
PDGF treatment in NIH-3T3 cell line harboring a unique 
fusion protein (KP) composed of the extracellular domain of 
KDR (VEGF receptor II) and the intracellular domain of PDG-
FRA. It was further shown that PI3K/Akt/MDM2 signaling axis 
did not reduce the expression of p53 in KP-expressing NIH-
3T3 cells; therefore, the regulation of miR-34a expression by 
PDGF signaling likely operates through a p53-independent 
mechanism. These findings thus identify a reciprocal nega-
tive feedback loop influencing oncogenic receptor tyrosine 
kinase (RTK) signaling.89

Modulation of Drug Response in Cancer Cells

Several works have established a role for miR-34a in modu-
lating responsiveness to chemotherapy. This effect is at least 
in part mediated by the direct post-transcriptional repres-
sion of the oncogenic substrates of miR-34a. The altered 
modulation of drug response mediated by miR-34a has been 
reported in a number of cellular models including NSCLC, 
HCC, breast cancer, bladder cancer, colorectal cancer, pros-
tate cancer, and head and neck squamous cell carcinoma 
cell lines. In NSCLC cells with primary and acquired erlotinib 
resistance, therapeutic miR-34a treatment induced tumor 
growth inhibition by the replacement of the sensitization to 
the drug. Moreover, a strong synergistic interaction between 
erlotinib and miR-34a mimics was also observed in a panel 
of HCC known to be refractory to erlotinib.90 Li et al. showed 
that enforced expression of miR-34a in MCF-7 breast cancer 
cells was able to restore sensitivity to adriamycin and this 
effect was partially reversed by the use of miR-34a inhibitor. 
It was also found an inverse association between Notch1 and 
miR-34a expression; thus the acquired adriamycin resistance 
of breast cancer was at least in part attributed to the target-
ing of Notch1.91 Similarly, miR-34a transfection increased the 
sensitivity to cisplatin for lung cancer cells, and this effect 
could be reverted by the miR-34a inhibition.62 Several studies 

have demonstrated that perturbation of the p53-Rb signaling 
axis is linked to muscle-invasive transitional cell carcinoma 
of the bladder (MI-TCC) progression following cystectomy. 
Based on this premise, and considering the ability of miR-
34a to target multiple points of the p53-Rb pathway, Vinall 
et al. investigated whether increased miR-34a expression 
could sensitize bladder cancer cell lines to treatment with 
cisplatin. They demonstrated that transfection with pre-miR-
34a increased chemosensitivity to cisplatin through inhibition 
of Cdk6 and SIRT1. Analysis of miR-34a expression in TCC 
patient samples taken before chemotherapy revealed that 
many patients express low levels of miR-34a and that lower 
miR-34a expression may be a useful predictor of response to 
chemotherapy.92 Another study compared miR-34a the levels 
of human colorectal cancer DLD-1 cells 5-fluorouracil (5-FU)-
resistant with the parental counterpart of DLD-1 cells. It was 
not only found that 5-FU-resistant cells expressed significant 
higher levels of miR-34a, but also that the introduction of 
miR-34a into resistant cells significantly inhibited cell growth 
and induced a considerable attenuation of 5-FU-resistance, 
which was accompanied by reduced expression of SIRT1 
and E2F family proteins. These findings suggest that the 
resistance to 5-FU in DLD-1 cells was at least in part medi-
ated by miR-34a/SIRT1/E2F3 cascade.93 Furthermore, also 
paclitaxel resistance resulted overcome by miR-34a over-
expression and SIRT1 knockdown in hormone-refractory 
PC3, as demonstrated by Kojima et al.94 Moreover, cis-diam-
minedichloroplatinum resistant head and neck squamous 
cell carcinoma cell line revealed downregulated miR-34a. In 
addition, it is relevant to mention that a significant association 
was found between decreased expression of miR-34a and 
poor disease specific survival (P = 0.0015), poor disease free 
survival (P = 0.0019), and poor local control rates (P = 0.017) 
in patients with nasal squamous cell carcinomas treated with 
intra-arterial infusion of cis-diamminedichloroplatinum. Fur-
thermore, multivariate analyses demonstrated significant 
associations between miR-34a expression and the hazard 
ratios of disease free survival.95 Therefore, there are excel-
lent premises for the use of miR-34a as prognostic biomarker 
in patients with nasal squamous cell carcinoma. Another 
study underlined the important advance in diagnostic and 
prognostic settings represented by the use of miRNA sig-
natures. In details, Nakatani et al.96 investigated miRNAome 
expression in 34 Ewing’s sarcoma (EWS) patients, validat-
ing the expression of the most significant miRNAs by qRT-
PCR. The resulting data, with the support of in vitro studies 
attesting the increased chemo-sensitivity and the decreased 
aggressiveness of cancer cells after enforced expression of 
miR-34a, lead to consider miR-34a as the most significant 
predictor of outcome.

Nutrigenomics

There are several evidences regarding the influence of phyto-
chemicals and nutrients such as amino acids, carbohydrates, 
fatty acids, and vitamins on miRNA gene expression in ani-
mals and on the consequent physiological consequences. 
For this reason, it was also explored the potential use of 
miRNAs as new therapeutic agents for the dietary-derived 
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disorders and the putative effect of food-derived miRNAs to 
influence host gene expression. More in details, as regards 
the effects on miR-34a expression, the lack of folic acid 
(vitamin B 9) in the nutrient medium of cell cultures caused 
changes in its expression levels, which returned to the basal 
extent after the re-addition of folate to the growth medium. It 
was demonstrated that rats fed with a diet deficient in methyl 
donors (folate, methionine, and choline) developed hepato-
cellular carcinoma97 and that miR-16, -17–92, -34a, and -127 
presented a decreased expression in hepatocellular carci-
noma induced by methyl deficiency.98 Interestingly, changes 
in the expression of these miRNAs and protein levels of their 
targets, resulted a prominent event during development of 
nonalcoholic steatohepatitis (NASH) induced by methyl defi-
ciency, and this strongly suggests that severity of NASH and 
susceptibility to NASH may be determined by variations in 
miRNA expression response. Recently, it was found a syner-
gism between curcumin (a biphenyl compound derived from 
rhizome) and emodin (an active component isolated from 
the root and rhizome of Rheum palmatum) in breast cancer 
cells growth inhibition, suggesting a new and potentially use-
ful approach for breast cancer therapy. Interestingly, breast 
cancer cell lines, including MDA-MB-231 and MDA-MB-435, 
show low expression of miR-34a; however, emodin and cur-
cumin treatment revealed an increase in miR-34a levels and 
a concomitant negative regulation of miR-34a-dependent 
anti-apoptotic genes, including Bcl-2 and Bmi-1.99 CDF is a 
curcumin analog with an improved bioavailability. It is now 
well known that instead of HCT116 colon cancer cell line, 
SW620 colon cancer cell line is positive for CpG methylation 
of miR-34a promoter. 5-aza-2′-deoxycytidine, a methyltrans-
ferase inhibitor, effectively induced expression of miR-34a in 
SW620 cells. Likewise, CDF also triggered upregulation of 
miR-34a in SW620 cells.100 The action of other natural com-
pounds such as Rhamnetin, a polyphenol, and Cirsiliol, a 5, 
3′, 4′-trihydroxy 6,7-dimethoxyflavone, was studied for the 
treatment of non-small cell lung cancer cells (NSCLC) cells. 
Upon the drug combination, cells displayed an increase in 
miR-34a expression and a Notch-1 suppression, with con-
sequent notable downregulation of the nuclear factor-κB 
pathway.101 In terms of cancer prevention and treatment, 
the tocotrienols belonging to the Vitamin E family, seem to 
be able to both stop angiogenesis and promote apoptosis. 
Delta-tocotrienols appear to be the most effective in induc-
ing apoptosis in cancer cells by inhibiting multiple signal-
ing pathways such as the EGFR, NF-κB, MAPK, and PI3K/
AKT pathways. Experimental evidence showed that delta-
tocotrienol inhibited Notch-1 signaling, cell proliferation, 
invasion and induced apoptosis in NSCLC cells via altera-
tion of miR-34a expression.102 The induction of apoptosis 
via the indirect targeting of Notch-1, through the induction of 
miR-34a upregulation, was also found in pancreatic cancer 
cells treated with the soy isoflavone Genistein,103 that was 
reported to be involved also in the regulation of prostate can-
cer.104 The treatment of DU145 prostate cancer cells (Mutant 
RB) with flavone substantially reduced cdk4 and cdk6 and 
concomitantly enhanced Cdk inhibitors p21/p27. Moreover, 
flavones-mediated increase in miR-34a expression, caused 
the negative regulation of E2F1 and E2F3.104 It has sub-
sequently been shown that Genistein was able to regulate 

HOTAIR. HOX transcript antisense RNA (HOTAIR) gene is 
located within the Homeobox C (HOXC) gene cluster on 
chromosome 12 and encodes lncRNA molecule. Emerging 
evidence has started to shed light on HOTAIR interaction with 
both PRC2 and lysine specific demethylase 1 (LSD1) com-
plexes. HOTAIR interaction with PRC2 and LSD1 mediated 
histone H3 lysine 27 methylation and lysine 4 demethylation 
for epigenetic silencing of different genes. Astonishingly, 
Genistein induced upregulation of miR-34a and mediated 
negative regulation of HOTAIR in PC3 and DU145 prostate 
cancer cells inhibiting their cell growth.105 Oral administra-
tion of 3,6-dihydroxyflavone (3,6-DHF) to BALB/c nude mice 
inoculated with breast cancer cells induced in vivo regression 
of tumor growth as well as a reversion of the global upregu-
lation of miR-21 and the downregulation of miR-34a, mark-
edly promoting pro-apoptotic effects.106 It has recently been 
shown that treatment of malignant neuroblastoma SH-SY5Y 
and SK-N-DZ cells with epigallocatechin-3-gallate (EGCG) 
notably reduced expression of miR-92, miR-93, and miR-
106. However, miR-7-1, miR-34a, and miR-99a were found 
to be upregulated.107 Moreover, also the combined treatment 
of malignant neuroblastoma SK-N-BE2 and IMR-32 cells 
with N-(4-hydroxyphenyl) retinamide (4-HPR) and EGCG, 
induced an increase in the expression of miR-34a.108

Animal Model Studies

The biological activity of miR-34a studied in cell models sug-
gests the potential ability to also suppress tumor growth in 
vivo. A common approach to achieve miRNA expression in 
vivo is based on vectoral systems that function similarly to 
those used for traditional gene therapy.109,110 These can be 
used either on conventional xenografts, before transplanta-
tion, or systemically as nanoparticles, by parenteral admin-
istration. One example of systemic delivery is provided by 
Di Martino et al., who explored the clinical translatability of 
their experimental findings examining the antitumor activ-
ity of miR-34a in murine xenograft models of human MM. 
In details, the authors demonstrated the successful delivery 
of miR-34a mimics in MM xenografts in SCID mice and in 
a recently established novel SCID-synth-hu model111,112 via 
NLE, a novel lipid-based delivery vehicle, which overcomes 
many of the most important limitations of other vehicles. 
Importantly, these findings supported the development 
of formulated miR-34a as new experimental agent for the 
treatment of MM.32 In order to explore the potential clinical 
applications of miR-34a, Li et al. incorporated it into a tar-
geting expression plasmid based on an engineered expres-
sion vector, the T-VISA-miR-34a system, which can enhance 
cancer-specific promoter activity by 100-fold and prolong the 
duration of gene expression. T-VISA-miR-34a was found to 
induce both robust and persistent expression of miR-34a, 
dramatically inhibiting tumor growth and prolonging survival, 
did not inducing systemic toxicity, in an orthotopic mouse 
model of breast cancer.113 It is noteworthy that the thera-
peutically resistant KrasLSL-G12D/+; Trp53LSL-R172H/+ mouse lung 
cancer model demonstrated downregulation of miR-34a and 
heightened expression of miR-34 target genes, such as Met 
and Bcl-2,as evidenced by qRT-PCR. Moreover, animals 



Molecular Therapy—Nucleic Acids

Mir-34: A New Weapon Against Cancer?
Misso et al

10

bearing lung-specific transgene activation infected with 
mir-34a-expressing lentivirus, showed little or no evidence 
of tumorigenesis and reduced progression of pre-formed 
tumors, thus supporting the use of miR-34 as a lung tumor-
preventative and tumor-static agent.114 Based on the use 
of cell culture-based and mouse models, Iqbal et al. have 
recently investigated on miR-34a involvement in p53-inde-
pendent blockade of cell cycle. They defined a new role for 
miR-34a, providing an essential link between p19Arf and its 
capacity to block cell proliferation driven by PDGFRβ.115 
Substantial fraction of information has been added into the 
biology of EMT through the use of an experimental mouse 
model of human lung adenocarcinoma metastasis driven 
by ZEB1. This model has hallowed to establish a strong 
link between high levels of EMT activators and loss of cell 
polarity, reduced expression of basement membrane com-
ponents, and increased propensity for metastasis. In details, 
ZEB1 was found to modulate the expression of numerous 
oncogenic and tumor-suppressive miRNAs, including miR-
34a, whose ectopic re-expression decreased tumor cell 
invasion and metastasis, by the inhibition of pro-migratory 
cytoskeletal structures, and suppressed activation of the 
RHO GTPase family; moreover, miR-34a replacement regu-
lated gene expression signature enriched in cytoskeletal 
functions and predictive of outcome in human lung adenocar-
cinomas. These findings demonstrated that ZEB1 drives pro-
metastatic actin cytoskeletal remodeling by downregulating 
miR-34a expression and provided the rationale to develop 
miR-34a as a therapeutic agent in lung cancer patients.116 
The in vivo tumor suppressor function of miR-34a as well 
as its therapeutic activity was also demonstrated by Wiggins 
et al. that used a synthetic miR-34a mimic in an effort to 
restore a loss of function in cancer. They developed a thera-
peutic formulation based on chemically synthesized miR-
34a and a lipid-based delivery vehicle able to block tumor 
growth in mouse models of non-small cell lung cancer. This 
formulation was effective and well tolerated when adminis-
tered either locally or systemically and the anti-oncogenic 
effects were accompanied by an accumulation of miR-34a 
in the tumor tissue and by a downregulation of the direct 
miR-34a targets.117 Similar results were obtained in a geneti-
cally engineered mouse model of lung cancer based on the 
constitutively active KRAS mutant G12D.118 Ten weeks after 
the activation of the KRAS-G12D mutant and the initiation 
of orthotopic lung tumors, miR-34a mimics conjugated with 
NLE were systemically introduced every other day for a total 
of eight injections at a concentration of 1 mg/kg each time. 
Systemic treatment led to a significant decrease in tumor 
burden. Specifically, mice treated with miR-34a displayed a 
60% reduction in tumor area compared to mice treated with 
a miRNA control. This result correlated with a significant ele-
vation of miR-34a levels in lung tissue, reduced expression 
of Ki67 and an increase in TUNEL-positive cells. Another 
example of systemic delivery is provided by the intravenous 
delivery of miR-34a in polycationic liposome-hyaluronic acid 
nanoparticles modified with a GC4 single-chain antibody 
fragment (scFv).119 The authors hypothesized that the anti-
body moiety GC4 scFv could facilitate the targeting of the 
nanoparticles to tumor metastasis. To test the therapeutic 
utility, the formulation was administered on two consecutive 

days (0.3 mg/kg) to mice that had lung metastases induced 
by the B16F10 melanoma xenograft. Eleven days after the 
first treatment, the tumor burden was reduced by approxi-
mately 50% as assessed by luminescence imaging of met-
astatic lesions. In a separate experiment, miR-34a activity 
was confirmed by an increase of miR-34a-induced apopto-
sis and the downregulation of survivin protein levels in lung 
metastases. The therapeutic potential of miR-34a was also 
investigated in subcutaneous and orthotopic pancreas Mia-
Paca-2 xenografts, were miR-34a was delivered systemi-
cally using a 100 nm-lipid-based nanoparticle that contains 
a miR-34a-encoding vector. The tumors from mice treated 
with miR-34a were significantly smaller and showed signs 
of necrosis and apoptosis. Moreover, orthotopic and subcu-
taneous tumors displayed reduced levels of Ki67 and SIRT1 
proteins, respectively. Also CD44 and ALDH mRNA levels 
were reduced in tumor tissues of miR-34a-treated animals.120

In summary, the preclinical data from animal tumor mod-
els demonstrate the therapeutic usefulness of develop-
ing novel miR-34a formulations designed to achieve the  
clinical trial.

Human Studies

The involvement of miR-34a in cancer, as well as its precise 
role during carcinogenesis is still being dissected. MiR-34a 
has been found to be deregulated in cancer by DNA copy 
number changes and epigenetic alterations, as well as by 
altered processing by the miRNA biogenesis machinery and 
through altered transcriptional activation. Although it is clear 
that miR-34a can acts as tumor suppressor by regulating 
processes such as proliferation, cell cycle, apoptosis, inva-
sion and metastasis, it is however still under investigation 
the precise correlation between miR-34a expression levels 
and the metastatic cancer stage. Overall, the expression of 
miR-34a was reduced in many types of cancers. To evalu-
ate the potential role of miR-34 family in human epithelial 
ovarian cancer (EOC), it has determined its expression level 
in a panel of 83 cancer tissues.121 MiR-34a expression was 
reduced in 100% of EOC with p53mutation, and miR-34b/c in 
72%; at the same time, miR-34a was downregulated in 93% 
of tumors with wild-type p53. In all cases, decreased miR-34a 
levels were associated with metastatic clinical stage. Further-
more, miR-34 re-expression in p53 mutant EOC cancer cells 
correlated with reduced proliferation, motility and invasion, 
and decreased expression of receptor protein tyrosine kinase 
c-MET.121 Downregulation of miR-34a was reported in neuro-
blastoma tumors harboring 1p36.3 loss122 and in chronic lym-
phocytic leukemia patients carrying 17p13/TP53 deletions,123 
compared with patients without such deletions. Loss of 1p36, 
the genomic interval harboring miR-34a, is common in diverse 
human cancers, but one of the other mechanisms responsi-
ble for decrease of miR-34 family expression levels seems to 
be CpG island hypermethylation. miR-34a promoter methyla-
tion was reported in 3 of 23 cases of colon cancer, 19 out of 
24 primary prostate carcinomas, 6 out 24 breast carcinomas, 
7 out 24 lung carcinomas, 3 out 14 kidney carcinomas, 1 out 
5 bladder carcinomas, 3 out 19 pancreatic carcinomas, as 
well as in 20 out 32 primary melanomas.124 As a result of this 
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methylation, it was observed a concomitant loss of miR-34a 
expression and cancer development. Interestingly, another 
contemporary study revealed miR-34a promoter methylation 
in 45.1% of the samples and a strong association with colon 
cancer metastasis.125 Accordingly, miR-34 family was found 
to be epigenetically silenced in 9 of 9 cell lines examined and 
in 101 of 111 primary colorectal carcinomas (CRCs), but they 
were not in normal colonic epithelium. After treatment with 
demethylating agents, their expression was restored. As a 
result, it was reported a severe inhibition of both tumor motil-
ity and metastasis formation.126 Moreover, miR-34a expres-
sion was found to be downregulated in the 36% of human 
CRCs, compared with the counterpart of normal tissues, 
and this was put in relation with the subsequent upregula-
tion of the E2F pathway, and the downregulation of the p53/
p21 pathway, thus leading to aberrant cell proliferation and 
colon cancer development.127 In human HCCs, there were 
discrepant reports on the expression of miR-34a. Pineau et 
al.128 observed by microarray that miR-34a increased in HCC 
and this was linked to disease progression from normal liver 
through cirrhosis to full-blown HCC. On the other hand, Li et 
al.51 reported that downregulation of miR-34a expression was 
highly significant in 19 of 25 (76%) human HCC tissues com-
pared with adjacent normal tissues, using real time RT-qPCR. 
The different source of the samples and the various assays 
might partly explain the discordance of the different results. 
A recent report showed a significantly decreased miR-34a 
expression in eighty-three cases of HCC formalin-fixed par-
affin-embedded (FFPE) tissues, compared to that in the adja-
cent liver tissues. Moreover, functional experiments showed 
that HCC cells transfected with miR-34a mimic displayed 
remarkable decrease in pERK1/2 and pSTAT-5, as evidenced 
by western blot assay, as well as suppression of cell growth, 
migration and invasion and a simultaneous increase of cel-
lular apoptosis and caspase activity.129 In non-small-cell lung 
cancer (NSCLC) patients treated only with curative surgery, 
low levels of miR-34a in tumor samples correlated with a high 
rate of relapse. Moreover, miR-34a levels were modulated 
by methylation of the promoter region of the miR-34a gene. 
The frequency of p53 mutations was significantly higher 
in patients with low miR-34a expression, and the group of 
patients with both p53 mutations and low miR-34a expression 
had a very poor prognosis, indicating a potential synergism 
for these two factors.130 However, a recent report suggested 
upregulated miR-34a (P < 0.05) in advanced NSCLC patients 
treated with pemetrexed, compared with healthy controls. No 
significant association with clinical outcome was recorded 
for miR-34a.131 Peurala et al., focused on the expression of 
miR-34a in an extensive series of human breast carcinomas 
and on its relationship with tumor phenotype and prognosis. 
In details, low expression of miR-34a was found in about 
32% and high expression in about 25% of the tumors, with 
the remaining tumors showing intermediate expression lev-
els. Unexpectedly, high miR-34a expression was correlated 
with an aggressive phenotype of hormone receptor nega-
tive tumors, p53-immunopositive, high tumor grade and high 
proliferation rate of the tumors, indicating miR-34a expres-
sion activation per se as a marker for an aggressive breast 
tumor. However, it was found to exert an independent effect 
for a lower risk of recurrence or death from breast cancer.132 

Noteworthy, there is another conflicting report that indicated 
increased amounts of miR-34a in ER− and ER−/PR− breast 
carcinoma patients.133 Surprisingly, a recent report indicated, 
for breast tumors, a downregulation of miR-34a independent 
of the two main regulating mechanisms, such as mutant 
p53 or epigenetic silencing. Furthermore, downregulation 
of miR-34a was significantly associated with metastasis, 
while there was a significant correlation between upregula-
tion of miR-34a and non-metastatic condition, indicating a 
protective role for miR-34a against more invasive disease.134 
Recent blood-based miRNA reports, clearly show that malig-
nancy alters miRNA levels in the circulation, although it is 
still unclear how tumor associated miRNAs make their way 
into the bloodstream. Significantly reduced circulating miR-
34a levels in both colorectal and breast cancer patients, com-
pared to healthy individuals, highlights the potential of these 
molecules as novel non-invasive biomarkers for cancer.135 
Overall, miR-34a seems to represent an attractive candidate 
for gene therapy approaches, rather than siRNA approaches, 
because of its capacity of regulating cell proliferation and cell 
death, as well as cell migration and invasion, through the 
targeting of several target genes. For this reason, there are 
several ongoing studies aimed at better understanding the 
usefulness of the miR-34a replacement, in view to improve 
the clinical management of cancer patients.

Nanotechnology to Deliver MiR-34A In Cancer

Despite the interest on the use of miR-34a as new anticancer 
agent, biopharmaceutical issues, i.e., rapid degradation in 
biological fluids, poor uptake into cells and not specific distri-
bution into the body, hamper the use of wild-type non-coding 
RNA by systemic administration.136 Chemical modifications of 
the RNA backbone can increase the in vivo half-life,6 although 
the interaction with the intracellular target could be affected. 
In the light of these considerations, the use of delivery sys-
tems represents a valid tool to facilitate miRNA passage 
from the bench to the bed-side. Ideally, a delivery system 
should be safe, stable, effective and tumor-specific. Nano-
technology have been largely investigated for drug delivery 
and different nanocarriers have been proposed in oligonucle-
otide-based therapies. Nanotechnology-based formulations 
are in advanced phase of clinical study to deliver non-coding 
RNA.137 The use of nanocarriers is especially advantageous 
in cancer, due to the possibility to passively accumulate drug 
in tissues (i.e., tumors) characterized by highly permeable 
endothelium of the capillaries and by a reduced lymphatic 
function (the so called enhanced and permeability and reten-
tion (EPR) effect).138 The possibility to modify the nanocarrier 
surface with different molecules (i.e., ligands binding specific 
receptor or monoclonal antibody) have been explored to tar-
get cells overexpressing receptors or antigens characteristic 
of tumor phenotype (active targeting).139

Different biomaterials have been investigated to deliver 
nucleic acid, and more specifically non-coding RNA, in can-
cer. Lipid-based nanocarriers are certainly the most investi-
gated systems for nucleic acids delivery.140 In details, cationic 
liposomes are commonly used as transfection reagents in 
vitro. They are able to interact with negatively charged nucleic 
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acid forming colloidal nanoparticles, also named lipoplexes 
that are efficiently up taken into the cells by endocytosis. 
However, lipoplexes aggregate in serum and their use in vitro 
requires serum-free cell culture media; moreover, safe and 
efficacious delivery in vivo is rarely achieved due to toxic-
ity, non-specific uptake, and unwanted immune response.141 
To overcome these concerns, formulations based on cationic 
lipids have been modified with different approaches. For 
instance, cationic liposomes were associated to hyaluronic 
acid to deliver miR-34a in an animal model of lung metasta-
sis.119 This delivery system consisted on hyaluronic acid and 
miR-34a firstly complexed with protamine; this complex was 
then encapsulated in cationic liposomes by charge interac-
tion. The PEGylation of the formulation increased its stability 
in serum, while the surface modification with tumor-targeting 
single-chain antibody fragment (scFv) allowed to target lung 
metastasis cells. The efficient inhibition of the tumor growth 
was associated with a very limited systemic toxicity.119 Cat-
ionic liposomes have also been used to deliver plasmid DNA, 
namely pMSCV-puro vectors expressing corresponding miR-
34a.120 In this study, the growth of orthotopic pancreatic can-
cer xenografts was significantly inhibited by replacement of 
miR-34a through systemic delivery.

The development of the stable nucleic acid lipid particles 
(SNALPs) represents a successful strategy to reduce both 
physical instability in serum and toxicity of liposomes, due to 
the cationic charge of the lipid, maintaining the high encap-
sulation efficiency of nucleic acids. These nanoparticles are 
characterized by ionizable lipids that assure high miR-34a 
entrapment in the protonated form and higher stability in 
serum upon charge neutralization on the particle surface.31 
These systems were rapidly assessed on mammalian pri-
mates for the delivery of small interfering RNA and differ-
ent clinical trials are ongoing. SNALPs were successfully 
used to deliver miR-34a in vitro in medulloblastoma cells, 
showing equal effects to those achieved with adenovirus 
miR-34a cell infection.36 SNALPs were also used to deliver 
a miR-34a mimic in MM cells with a significant change of 
gene expression with relevant effects on multiple signal 
transduction pathways. The same system was then tested 
in vivo in a MM xenograft. In these experiments, a signifi-
cant tumor growth inhibition and a prolonged mice survival 
were observed. These findings were associated to an effi-
cient miR-34a delivery into the tumor cells and to reduced 
NOTCH1 expression.33 In order to additionally improve the 
delivery of miR-34a in MM cells overexpressing transferrin 
(Tf) receptor, SNALPs were conjugated with Tf.142 In this 
study, a miR-34a with two different chemical backbones 
was used. The use of a completely 2′-O-methylated miR-
34a resulted in higher oligonucleotide encapsulation into the 
vesicles. In an experimental model of MM, all the animals 
treated with SNALPs encapsulating miR-34a showed a sig-
nificant inhibition of the tumor growth. However, SNALPs 
conjugated with Tf and encapsulating 2′-O-methylated miR-
34a caused the highest increase of mice survival. A different 
lipid-based approach consists on the use of neutral phos-
pholipids formulated in nanoemulsion prepared by extrusion 
immediately before use. This formulation has been success-
fully used to deliver miR-34a in different experimental tumor 
models. MiR-34a was formulated with this neutral emulsion 

and locally or systemically administered in a murine model 
of NSCLC.39 In both cases, miR-34a accumulation into the 
tumor was found, although higher levels were found in the 
case of the locally injected formulation. In both cases, a 
therapeutic effect was found, suggesting that only minimal 
amounts of miR-34a are needed to elicit the pharmacologi-
cal activity. In the case of systemic delivery, miR-34a dis-
played a 60% reduction in tumor area compared to mice 
treated with a naked miRNA.120 Finally, the administration 
of formulated miR-34a was well tolerated, confirming that 
pathways regulated by the miRNA mimic are already acti-
vated by the endogenous miRNA in healthy cells. The same 
formulation was investigated in an experimental model of 
MM in which a comparison with the stable transfection with 
miR-34a lentivirus was carried out. In this study, similar inhi-
bition of tumor formation was found by comparing the effect 
of miR-34a lentivirus and nanocarriers encapsulating miR-
34a.39 The observed downregulation of miR-34a validated 
targets at both mRNA and protein levels additionally sup-
ported the therapeutic potential of miR-34a mimics formu-
lated with a neutral lipid emulsion.34

Active targeting of CD44 molecule, an integral membrane 
glycoprotein over-expressed on the surface of various 
tumor cells, has been used to specifically deliver miR-
34a to tumor cells. To do this, nanoparticles “decorated” 
with hyaluronic acid have been developed. In particular, 
chitosan/hyaluronic acid based nanoparticles encapsulat-
ing miR-34a, alone or associated with doxorubicin, have 
been prepared. These nanoparticles were stable in differ-
ent media and protected miRNA against enzymatic degra-
dation. Doxorubicin and miR-34a were released from the 
nanoparticle at a different release rate that was accelerated 
in acidic pH (characteristic of such solid tumors). These 
nanoparticles demonstrated higher antitumor activity in 
vitro and in vivo likely mediated by a CD44 receptor endo-
cytosis pathway.143 The same authors proposed a easier 
CD44-targeting system consisting on hyaluronic acid/prot-
amine sulfate interpolyelectrolyte complexes encapsulating 
miR-34a.144 Antibody specifically binding GD2, a glycolipid 
highly expressed on the cell surface of neuroblastoma and 
several other cancers, was conjugated on silica nanopar-
ticles to restore miR-34a in tumor cell. In this study, none 
of the organs exhibited any increase in mature miR-34a 
transcript levels subsequent to treatment; adverse effects 
on kidney and/or liver function were also not observed. The 
use of these nanoparticles resulted in a significant inhibition 
of neuroblastoma tumor growth in a murine orthotopic dis-
ease model.145 In a different approach, a tumor-homing and 
-penetrating bifunctional peptide was physically combined 
with the cationic β-cyclodextrin-polyethylenimine conju-
gates for effective miR-34a delivery in tumor cells.146 These 
nanoparticles induced migration suppression and displayed 
antiproliferative activity in vitro and in vivo. In a recent study, 
nanoparticles based on inorganic materials, namely cal-
cium/phosphate, were also proposed for miR34a delivery. 
The nucleic acid was chemically modified with a spacer 
to improve entrapment efficiency into calcium phosphate 
nanoparticles. The nanoparticles have also been modi-
fied with linear polyethylenimine, a cationic polymer used 
as powerful transfection agent. These nanosized particles 
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showed great homogeneity and were successfully deliv-
ered into cancer cell in vitro. Starting from these evidences, 
nanotechnology-based approach should be taken into 
account when designing a new therapy involving miR-34a 
restoration. In this light, miRNA therapeutics screened mul-
tiple existing delivery systems in pre-clinical development 
or already in clinical trials. This evaluation encompassed 
an assessment of efficacy in appropriate mouse models of 
cancer, miRNA biodistribution, and preliminary safety. From 
these tests, liposomes based on ionizable lipids (NOV340 
technology—SMARTICLES) were selected for the follow-
ing phase of the study. In May 2013, miRNA Therapeutics 
announced the beginning of the phase 1 clinical study 
MRX34, bringing the first miRNA (miR-34a) in humans. The 
study is, at the moment, ongoing.

Conclusion

MiRNA-based therapy has a great potential to be a more pow-
erful tool in tumor treatment by the simultaneous modulation 
of multiple genes involved in distinct tumor-related signaling 
networks. MiR-34a is, to date, one of the most characterized 
tumor suppressor miRNAs in a variety of tumors. As evidenced 
by the current literature, it is lost or expressed at reduced lev-
els in numerous tumor tissues, and the re-introduction of miR-
34 mimics was found to inhibit cancer cell growth both in vitro 
and in vivo. Therefore, miR-34a has proved to be a tumor sup-
pressor in cancer cells and an ideal therapeutic tool to combat 
metastasis, chemoresistance and tumor recurrence. However, 
several obstacles, including degradation and inactivation by 
nucleases, poor intracellular delivery, rapid plasma elimina-
tion, and both renal and dose-limiting hemodynamic toxici-
ties, hamper the development of therapies based on miRNAs. 
Hence, there is a growing interest for the development of ad 
hoc delivery systems aimed to lead miR-34a toward the tran-
sition from bench to bedside. In the last decade, more than 
one technology has been developed to establish a promising 
clinically relevant candidate as antitumor therapeutic agent. 
Recently, it has been developed a SNALP-based delivery sys-
tem of miR-34a that has been also modified through the use 
of two strategies to enhance miR-34a delivery in cancer.142 
In another study,143 it was reported a successful application 
of hyaluronic acid-chitosan (HA-CS) as a dual nanocarrier 
system to simultaneous delivery of the chemotherapeutic 
drug Doxorubicin (DOX) and the tumor suppressive miR-34a, 
exploiting their synergistic effect and the enhanced anti-can-
cer chemotherapeutic efficacy after intracellular internaliza-
tion of co-loaded nanoparticles. Another chance associated 
to the development of new strategies for the use of miR-34a 
as a therapeutic weapon in cancer is the combination of miR-
34a replacement in combination with other anticancer agents. 
In this light, it was recently reported that Mir-34a regulates 
interferon (IFN)-β protein expression in human cells147 and 
we have also reported the regulation of interferon genes and 
pathways in MM cells.31 Moreover, IFN-β seems to have a role 
in the pathogenesis and therapy of pancreatic cancer.148–150 
Based upon these results, it should be suggested the com-
bined use of IFN-β and miR-4a replacement as an interest-
ing strategy in order to treat pancreatic cancer, a neoplasm 

almost orphan of available medical treatments. Other impor-
tant considerations have to be done regarding he general 
strategy of treat human cancers with miRNAs. First, miRNAs 
have multiple intracellular targets and thus they can induce 
pleiotropic intracellular effects on multiple signal transduction 
pathways involved in the maintenance of the neoplastic phe-
notype. In this light, anticancer treatment based upon miRNAs 
resembles that one based on multi kinase inhibitors. The lat-
ter, differently from kinase inhibitors raised against a specific 
molecular target, have contributed to give important advance-
ments in the therapy of several neoplasms such as renal 
cell cancer and gastro-intestinal stromal tumors that were 
before almost without any active medical treatment. Based 
upon these considerations, miRNAs have a great therapeutic 
potential in human cancers. Second, it is widely demonstrated 
that different neoplasms derived from different histotypes or 
also from the same type of tumor can have a different miRNA 
signature that is important on the choice of the “best miRNA 
target” to be used for therapeutic purposes. This consideration 
discloses the interest on the molecular characterization of 
the tumors also for the specific miRNAs found to be altered 
if compared with the normal counterparts. Moreover, miRNAs 
themselves can be mutated in tumor tissues and this mutation 
can have a role in cell transformation. Therefore, as already 
occurred for monoclonal antibodies or kinase inhibitors also 
in the case of miRNAs it can be predicted the importance of 
the molecular diagnostic study of the tumor in order to drive 
the clinician in the choice of the most promising strategy. 
Finally, miRNAs are differently involved in the maintenance of 
the homeostasis of cancer and normal tissues. Therefore, it 
cannot be excluded that the same miRNA that has advanta-
geous effects on cancer cells can, on the other hand, have 
negative side effects on normal tissues. This phenomenon is 
known with the name of “off target” effects. Based on this last 
consideration, it becomes more evident the need to deliver 
the miRNAs specifically in cancer tissues sparing the normal 
ones. Based on these considerations, chemical modifications, 
aimed to improve the biological stability of miR-34a, could be 
successfully combined with targeting approaches based upon 
the active delivery of the nanotechnological devices, in order 
to finally optimize these models for the subsequent translation 
in the clinical setting.
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