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AbstrAct
A wealth of studies has highlighted the biological complexity of hematologic 

malignancies and the role of dysregulated signal transduction pathways. Along 
with the crucial role of genetic abnormalities, epigenetic aberrations are nowadays 
emerging as relevant players in cancer development, and significant research 
efforts are currently focusing on mechanisms by which histone post-translational 
modifications, DNA methylation and noncoding RNAs contribute to the pathobiology 
of cancer. As a consequence, these studies have provided the rationale for the 
development of epigenetic drugs, such as histone deacetylase inhibitors and 
demethylating compounds, some of which are currently in advanced phase of pre-
clinical investigation or in clinical trials. In addition, a more recent body of evidence 
indicates that microRNAs (miRNAs) might target effectors of the epigenetic machinery, 
which are aberrantly expressed or active in cancers, thus reverting those epigenetic 
abnormalities driving tumor initiation and progression. This review will focus on 
the broad epigenetic activity triggered by members of the miR-29 family, which 
underlines the potential of miR-29s as candidate epi-therapeutics for the treatment 
of hematologic malignancies.

IntroductIon

Genetic alterations, including point mutations, 
chromosomal translocations, amplifications and deletions, 
are hallmarks of cancer. These events may lead to 
oncogene activation, formation of chimeric oncoproteins 
and/or inactivation of tumor suppressor (TS) genes [1]. 
The contribution of such aberrations to the pathogenesis 
of different hematologic malignancies is now well 
established [2, 3]. Nevertheless, increasing knowledge 
in cancer epigenetics [4], as well as the availability of 
experimental tools to study epigenetic modifications [5], 
suggest that epigenetic alterations are also involved in the 
development of human cancer [6]. 

Epigenetics is defined as the study of heritable 

changes in gene expression and chromatin structure due 
to chemical modifications which occur independently 
of changes in DNA primary sequence [7]. A number of 
epigenetic modifications have been so far characterized, 
and among these, post-translational modification of 
histones [8], DNA methylation [9, 10] and the most 
recently discovered non-coding RNAs [11] are currently 
acknowledged as key determinants in the pathogenesis 
of human cancer, generally because aberrant epigenetic 
modifications turn on critical oncogenic pathways which 
drive tumor development and/or progression [12]. In 
contrast to genetic mutations, epigenetic changes are 
potentially reversible and this notion has prompted the 
design and further development of “epi-therapeutics”, 
such as demethylating drugs and histone deacetylase 
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(HDAC) inhibitors, some of which are FDA-approved for 
the treatment of hematologic malignancies [13].

An emerging class of epigenetic regulators is 
represented by microRNAs (miRNAs), a class of small 
non-coding RNAs, which regulate gene expression at the 
post-transcriptional level and with critical roles in fine-
tuning a wide array of biological processes [14]. miRNAs 
are small ncRNAs, only 20–22 nucleotides (nt) long. A 
single miRNA can control hundreds of different proteins 
produced in the cell by regulating their mRNA translation 
and stability via recognition of complementary target 
sites in their 3’UTR [15]. The biogenesis of miRNAs, 
their regulation and mode of action have been extensively 
addressed elsewhere and will not be discussed in detail 
in this review. MiRNAs regulate most of basic processes 
in cells such as proliferation, metabolism and apoptosis 
[16], and they are central in determining fate specification 
of a developing cell [17]. Noteworthy, miRNAs are 
dysregulated in almost all hematologic malignancies [18]; 
those up-regulated in cancer cells generally contribute to 
carcinogenesis by inhibiting tumor suppressor genes and 
are considered oncogenic miRNAs (OncomiRs) [19], 
while down-regulated miRNAs generally behave as TS-
miRNAs and target oncogenes [14]. Silencing OncomiRs 
with miRNA inhibitors [20-23] or replacing TS-miRNAs 
with synthetic miRNA mimics [24-30] is demonstrating 
a valuable experimental strategy for the treatment of 
hematologic malignancies such as multiple myeloma 
(MM) [31-36]. MiRNAs endowed with tumor suppressive 
or anti-angiogenetic activity within the microenvironment 
or with synergistic activity with chemotherapeutic agents 
indeed represent promising tools to develop translational 
miRNA-based therapeutic approaches [25, 30, 37-40].

A subclass of miRNAs, named “epi-miRNAs”, 
which target epigenetic regulators such as DNA 
methyltransferases (DNMTs), HDACs or components 
of the polycomb repressor complexes, have proven 
to contribute to the epigenetic cellular landscape and 
represent novel tools to revert aberrant epigenetic 
alterations commonly found in cancer [41]. Among a 
variety of miRNAs, the miR-29 family represents the 
prototypical example of epi-miRNAs, since miR-29s 
have been demonstrated to target a number of epigenetic 
effectors thus inhibiting their aberrant expression and 
activity and leading to the re-activation of relevant 
oncosuppressive pathways in hematologic malignancies 
[28, 42, 43].

Here, we aim at reviewing the most common 
epigenetic abnormalities found in cancer, focusing on 
recent advancements on miR-29 family members as novel 
epigenetic regulators. Altogether, these studies underscore 
the potential of miR-29-based therapeutic approaches for 
the treatment of hematologic malignancies.

EpI-mIrnAs

The expanding knowledge of the epigenome in 
cancer has highlighted the pivotal role that aberrant 
epigenetic regulation plays in the pathogenesis of many 
hematologic malignancies [44]. Most of the epigenetic 
mechanisms occur at the level of chromatin, the higher 
order structure of DNA. Chromatin is built up by 
nucleosomes which contain ±146 bp of DNA wrapped 
around an octamer of four core histones (H2A, H2B, 
H3 and H4). The chromatin structure and compactness 
relies upon epigenetic mechanisms including DNA 
methylation, post-translational modifications of histones 
and nucleosome positioning. The dynamics of such 
modifications affect the accessibility of the transcriptional 
machinery towards chromatin regions and ultimately 
leads to gene expression modification [45]. Epigenetic 
modulators basically regulate two processes: DNA 
methylation and histone modification. A brief overview of 
the key molecular mechanisms underlying these processes 
is provided in BOX-1 and BOX-2.

In the last few years, a wealth of studies has 
demonstrated that epi-miRNAs might control the 
epigenetic landscape of cancer by targeting key epigenetic 
effectors, such as DNMTs, HDACs or polycomb genes 
[41]. Manipulation of epi-miRNAs indeed produces 
profound consequences in the cellular epigenome, by 
affecting the expression of epigenetically-regulated genes 
involved in multiple cellular pathways. 

The field of epi-miRNAs thus appears very 
promising and the literature relative to aspects in cancer 
detection, prognosis and therapeutic value of such 
miRNAs is continously rising.

A number of miRNAs, including miR-148a, miR-
152 [46] and miR-222 [47] has been described to directly 
target the mRNA for DNMTs at 3’UTR. Downregulation of 
DNMT1 by miR-148a and miR-152 leads to re-expression 
of hypermethylated tumor suppressor genes, like Rassf1a 
and p16INK4a [48]. Importantly, some of these miRNAs, 
like miR-148a and miR-199a, are themselves regulated 
by methylation in cancer cells [49, 50], thus generating 
feedback regulatory loops which tightly connect miRNAs 
and DNA methylation pathway. In hepatocellular [51], 
endometrial cancer [52] and osteosarcoma [53], the 
tumor suppressive miR-101 targets EZH2, the catalytic 
subunit of the PRC2 (Polycomb Repressive Complex 
2) complex, which is responsible of the H3K27me3-
mediated silencing of tumor suppressor genes in cancer 
[54]. Moreover, other miRNAs, like miR-26a, miR-214 
and miR-32 [55] have been described to target EZH2 
gene. Importantly, a novel signaling network consisting of 
Specificity Proteins (SP), oncogenic miRNAs belonging to 
the miR-17-92, miR-106b-25 and miR-106a-363 clusters 
and ZBTB4 has been found to control EZH2 expression, 
and modulation of this gene/miRNA network represents a 
novel therapeutic approach for treatment of breast cancer 
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[56] and possibly of other malignancies. In aggressive 
B-cell lymphomas, c-MYC-mediated recruitment of EZH2 
causes H3K27me3-dependent silencing of the tumor 
suppressor miR-26a, and c-MYC or EZH2 inhibitors 
reactivate miR-26a expression in this malignancy [57]. 
MiR-15a/16-1 [58], miR-203 [59], miR-128 [60, 61], 
miR-194 [62] and miR-200c [63] instead control the PRC1 
complex activity by targeting the Bmi-1 subunit. MMSET 
(MM SET domain), also known as WHSC1 (Wolf-
Hirschhorn syndrome candidate 1) or NSD2 (nuclear 
SET domain-containing 2) is a SET-domain containing 
HMTase (histone methyltransferase) that is involved in 
the recurrent chromosomal translocation t(4;14) resulting 
in IgH enhancer-driven overexpression of MMSET in up 
to 20% of MM [64]. MMSET binds to transcriptionally 
active regions of the genome and specifically catalyzes 
H3K36 dimethylation, a mark associated with regions of 
open chromatin [65]. The oncogenic functions of MMSET 
in MM are associated with its HMTase catalytic activity 
making it amenable to therapeutic intervention. Recent 
reports suggest that like EZH2, MMSET is overexpressed 
in diverse solid tumors, however the consequence and 
the mechanism of this overexpression are not completely 
understood [65, 66].

Notably, EZH2 and MMSET have been found 
coordinately overexpressed and associated with human 
progression in some tumors. Importantly, EZH2 was 
found to repress the transcription of several miRNAs by 
H3K27me3 [67]; among 15 selected EZH2-repressed 
miRNAs, miR-26a, miR-31 and miR-203, that bind to 
multiple sites in the 3′UTR of MMSET mRNA, were 
found to cause a decrease in MMSET protein expression. 
These results indicate that EZH2 is able to activate 
MMSET activity by a miRNA network and that EZH2-
MMSET HMTase axis coordinately functions as a master 
regulator of transcriptional repression, activation, and 
oncogenesis [68]. On the other hand, MMSET is able to 
enhance the proliferation of MM cells by stimulating the 
expression of c-MYC at the post-transcriptional level: 
this occurs by increased trimethylation of H3K9 and 
decreased H3 acetylation of miR-126*, which results in 
miR-126* down-regulation and consequent increase in 
its target c-MYC [69]. Of note, the biological scenario 
involving MMSET in tumor cell proliferation appears 
even more complicated on the light of the discovery of 
the novel box H/ACA ncRNA, ACA11, encoded within 
intron 18–19 of the WHSC1 gene. ACA11 is an orphan 
small nucleolar RNA (snoRNA) that binds to a novel 
small nuclear ribonucleoprotein (snRNP) complex in 
MM cells. Overexpression of ACA11 protected MM cells 
from oxidative stress and modulated tumor proliferation, 
and knockdown of ACA11 slowed cell proliferation and 
sensitized MM cells to cytotoxic chemotherapy. These 
results further contribute to shed light on the prominent 
role played by non-coding RNAs in MMSET-driven 
epigenetic modifications [70].

The type II arginine methyltransferases PRMT5, that 
catalyze ω-NG-monomethylation and ω-NG,NG′-symmetric 
dimethylation [71], is overexpressed in lymphoid cancer 
cell lines and its level correlates with increased symmetric 
methylation of histones H3R8 and H4R3. Pal and 
colleagues demonstrated that PRMT5 overexpression in 
mantle cell lymphoma was dependent on down-regulation 
of the PRMT5-targeting miRNAs miR-92b and miR-96 
[72]; in leukemia and lymphoma cells, PRMT5 was found 
to be also targeted by miR-19a, miR-25, miR-32 and miR-
197 and to inhibit the expression of TS belonging to Rb 
family [73].

Enzymes regulating histone acetylation may 
also be targeted by epi-miRNAs. Some authors 
demonstrated that miR-9* is down-regulated in 
Waldeström Macroglobulinemia (WM) cells where it 
targets HDAC4, and miR-9* reconstitution increases 
the levels of acetylated histone H3 and dampens tumor 
growth [74]. miR-34a, a tumor suppressor in solid and 
hematologic cancers [24, 29, 36, 75-78], elicits HDAC-
inhibitor activity by targeting HDAC1 and HDAC7 [79]. 
Interestingly, members of miR-200 family, which are able 
to revert aberrant histone acetylation in hepatocellular and 
lung carcinomas by targeting HDAC4, are in turn down-
regulated by HDAC4 in an SP1-dependent manner [80]. 
These findings again support the existence of regulatory 
loops which epigenetically modulate gene expression. A 
comprehensive list of the most studied epi-miRNAs along 
with their epigenetic targets is reported in Table 1.

The first evidence supporting the existence of 
epi-miRNAs was achieved in lung cancer experimental 
models, where miR-29b was proven to directly targets 
DNMT3A and DNMT3B [81]. MiR-29b is nowadays 
widely acknowledged as TS in a variety of solid tumors, 
like cholangiocarcinoma [82], osteosarcoma [83], 
hepatocellular [84] and colorectal carcinoma [85], uterine 
leiomyoma [86], ovarian carcinoma [87] and many others.

Notably, a still raising number of studies indicates 
that members of the miR-29 family behave as epi-
miRNAs by down-modulating important drivers of the 
epigenetic machinery. Recently, by exploiting molecular 
profiles of more than 3,000 tumors from 11 human 
cancer types in “The Cancer Genome Atlas”, Jacobsen 
et al. systematically analyzed expression of miRNAs and 
mRNAs to infer recurrent cancer-associated miRNA-
target relationships: importantly, the miR-29 family was 
found to regulate the DNA methylation pathways [88], 
thus strengthening the importance of miR-29s as key 
epigenetic regulators in cancer. 

On these premises, we here review the most recent 
findings supporting the emerging role of miR-29s as key 
negative regulators of tumor cell growth and survival 
as well as their relevance as prognostic factors in the 
hematologic neoplasias where they have been studied, 
providing an overview of their genomic organization, of 
the molecular mechanisms controlling their expression 
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Figure 1: Cartoon showing the most relevant transcription factors and co-factors that inhibit miR-29 a/b-1 (A) or miR-29b-2/c (b) 
expression.

Figure 2: Down-modulation of miR-29b by epigenetic feedback loops sustaining proliferation and survival of (A) Multiple Myeloma, (b) 
AML and (c) B-cell lymphoma  cells. A. In MM cells, SP1 acts by repressing miR-29b promoter thus reducing miR-29b expression; miR-
29b in turn targets SP1, DNMT3A and DNMT3B, thus inducing global DNA hypomethylation and reactivation of SOCS-1 by promoter 
hypomethylation. B. In AML cells, a molecular complex formed by HDAC1-3/NF-kB and SP1 represses miR-29b promoter transcription. 
In turn, miR-29b targets SP1, a DNMT-1 transactivator, DNMT3A and DNMT3B, thus up-regulating ESR1 and p15 by promoter 
hypomethylation. C. In aggressive B-cell lymphomas, repression of miR-29b is accomplished by a multimeric complex comprising 
c-MYC, HDAC3, SUZ12 and EZH2 which represses miR-29b promoter. Of note, EZH2 causes H3K27me3-dependent repression of miR-
494, thus up-regulating the miR-494 target c-MYC, which in turn promotes EZH2 expression by inhibiting miR-26. miR-29b-dependent 
anti-proliferative effects in B-cell lymphomas rely on CDK6 and IGF1R targeting.
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and of their ability to affect the epigenome of cancer cells, 
which ultimately lend support to their role as TS epi-
miRNAs.

mIr-29 FAmIly 

The human miR-29 family consists of 3 members: 
miR-29a, miR-29b and miR-29c. The structure, function, 
and regulation of miR-29s are in high degree homologues 
in human, mouse and rat. MiR-29a was initially detected 
in HeLa cells by Lagos-Quintana [89], followed by the 
subsequent discovery of miR-29b and miR-29c [90, 

91]. The precursors of miR-29 family are transcribed 
in 2 bi-cistronic clusters: miR-29a/b-1 cluster is located 
on chromosome 7 (7q32), while miR-29b-2/c cluster is 
located on chromosome 1 (1q32). Even if miR-29b-1 and 
miR-29b-2 are located in different parts of genome, they 
both have identical mature sequences; indeed, mature 
miR-29a and miR-29c are identical except for only a 
single nucleotide outside the seed sequence. However, 
despite the identical seed sequence, recent studies suggest 
a context-dependent pattern for miR-29s expression and 
regulation. Consistently, a variety of physiological and 
disease conditions have been correlated to a differential 

table 1: the most representative cancer-related epi-mirnAs and their targets. 
epi-mirnA Epigenetic target(s) cancer reference
miR-29a/b/c DNMT3A,DNMT3B AML, MM, NSCLC [28, 42, 81]
miR-148a/b DNMT1 GC, HC [46, 184, 185]

miR-152 DNMT1 GC, BC, OC, NB [46, 186, 187]
miR-217 DNMT3A CML [188]
miR-1741
miR-16c
miR-222
miR-1632

DNMT3A
DNMT3B OC [47]

miR-185 DNMT1 TN-BC, OC [186, 189]

miR-140 DNMT1 HC [190]
miR-342 DNMT1 CC [191]
miR-143 DNMT3A CML [192]

miR-199a-3p DNMT3A TC [193]

miR-9* HDAC4
HDAC5 WM [74]

miR-34a HDAC1
HDAC7 BC [79]

miR-874 HDAC1 HN [194]
miR-520h HDAC1 GC [195]
miR-449a HDAC1 PC [196]
miR-145 HDAC2 HC [197]
miR-206 HDAC4 GC [198]
miR-200a HDAC4 HC [199]

miR-200b SUZ12 BC [200] 

miR-101 EZH2 Endometrial cancer [52]
miR-101 EZH2 GC [201]

miR-26a, miR-214, miR-32 EZH2 Oral cancer 
GC

[55] 
[202]
[203]

miR-15a/miR-16 Bmi-1 OC [58]
miR-203 Bmi-1 EC [59]
miR-200c Bmi-1 Melanoma [63] 
miR-128 Bmi-1 BC [61]

miR-26a, miR-31, miR-203 MMSET PC [68]

Abbreviations: AML, Acute Myeloid Leukemia; BC, Breast Cancer; CML, Chronic Myeloid Leukemia; EC, Esophageal 
Cancer; GC, Gastric Cancer; HC, Hepatocellular Carcinoma; HN, Head and Neck Cancer; MM, Multiple Myeloma; 
NB, Neuroblastoma; NSCLC, Non Small Cell Lung Cancer; OC, Ovarian Cancer; PC, Prostate Cancer; TN-BC, Triple 
Negative Breast Cancer.
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expression and subcellular organization of miR-29 family 
members. In 2007, it has been shown that miRNAs can 
also localize inside the nucleus; in this study, authors 
also demonstrated a different subcellular distribution of 
miR-29s, supporting the hypothesis that their functional 
relevance may not be identical. While miR-29a mainly 
localizes in cytoplasm, miR-29b and miR-29c are found 
enriched in the nucleus, this nuclear localization being 
correlated to the presence of the AGUGUU motif at the 
3’ end of miR-29b, which allows the transport inside the 
nucleus where it can act as transcriptional or splicing 
factor [92]. 
regulation of mir-29s expression

Several reports have shown that the expression 
of miR-29s is dysregulated in cancer cells and the 
mechanisms responsible for this phenomenon is still a 
matter of investigation. Altogether, these studies indicate 
that members of miR-29 family are regulated in both a 
transcriptional and post-transcriptional fashion. 
transcriptional regulation

Different binding sites for several transcriptional 
factors have been identified in the promoter of miR-
29a/b-1 and miR-29b-2/c clusters, thus explaining the 
inconsistent ratio of miR-29a, miR-29b and miR-29c 
expression across the tissues [93]. The promoter region 
of both miR-29 clusters contains a putative E-box Myc 
binding site and increased expression of c-MYC, such 
as in B-cell lymphoma, contributes to suppress miR-29s 
expression [94]. Several studies indicate that oncogenic 
transcription factors act by repressing miR-29b expression. 
MiR-29b-1/a promoter also contains a putative binding 
site for Gli, a hedgehog signalling component, as well as 
multiple NF-kB sites [95, 96]. Four Ying-Yang-1 (YY1) 
binding sites associated with transcriptional repressor 
factors Polycomb group (PcG) Ezh2 and HDAC1 are 
localized in miR-29b-2/c on chromosome 1; NF-kB 
negatively regulates miR-29 expression by acting on 
the YY1/PcG complex which in turn causes epigenetic 
repression of miR-29b-2/c transcription in progenitor 
muscle cells. Epigenetic mechanisms have been found 
to affect miR-29b levels in hematologic malignancies, 
like acute myeloid leukaemia (AML) and MM. Evidence 
supporting such regulation will be discussed in the section 
describing the role of miR-29b in the context of each 
hematologic malignancy. 

MiR-29b-1/a promoter region also includes 
CCAAT/enhancer-binding protein-α (CEBPA) binding 
site. The transcription factor CEBPalpha regulates miR-
29 expression directly, and CEBPalpha loss in AML 
leads to silencing of miR-29b [97]. Canonical Wnt 
signaling induces miR-29a expression by two T-cell 
factor/lymphoid enhancer factor (TCF/LEF) binding sites 
in the miR-29b-1/a promoter; this effect is necessary 
for osteoblast differentiation targeting antiosteogenic 
factors and extracellular matrix as well as Wnt signalling 

antagonist [98]. Mir-29b-1/a promoter region contains 5 
GAS (IFN-γ-activated sequences) elements; these binding 
sites are recognized by the interferon-γ induced STAT1, 
ultimately leading to increase of miR-29a and miR-29b 
expression. In melanoma, increased expression of miR-
29s upon interferon-γ activation of STAT1, results in 
diminished expression of CDK6 and cell cycle arrest in 
the G1 phase [99].Transforming growth factor-β (TFG-
β)-Smad-induced miR-29 deregulation is characteristic of 
fibrosis process and carcinogenesis [100]. TFG-β activates 
SMAD2/3 which in turn binds Smad Binding Element 
(SBE) contained inside the promoter region of miR-29b-
2/c; in addition, TFG-β also inhibits Smad7, an inhibitor of 
Smad2/3. Interestingly, Smad3 binding to SBE elements 
interferes with the MyoD binding to the E-box sites that 
lies in close proximity and permits YY1 binding to Ezh2 
and HDAC1 complex thus inducing a strong miR-29 
repression [101]. A cartoon illustrating the most relevant 
transcription factors or co-factors that regulate miR-a/b-1 
or miR-29b-2/c is reported in Figure 1.

post-transcriptional regulation

While miRNA expression can be regulated at any 
step during their biogenesis, very little is known regarding 
the decay of miRNAs. 

Some studies showed the heterogeneity of miRNA 
lifespan, ranging from many days in vivo to few hours in 
cell culture [102]. MiR-29s are also regulated in a post-
transcriptional manner. An interesting study [92] in HeLa 
cells showed that even if the clusters of miR-29b-1/a and 
miR-29b-2/c were co-transcribed, the mature miR-29s 
show differential expression. In detail, while miR-29a 
was expressed in all stages of cell cycle, miR-29b was 
rapidly degraded in cycling cells but was stable in mitotic 
cells and finally miR-29c was even not detected. Studies 
on the turnover rate of miR-29s demonstrated that uracils 
at nucleotide positions 9-11 of miR-29b are important for 
its rapid turnover, while difference between miR-29a and 
miR-29c result in the relative quicker decay of miR-29c 
[92, 102]. 

mIr-29s In normAl hEmAtopoIEsIs 
And ImmunE rEsponsE

The differentiation of normal hematopoietic 
cells is a highly regulated process in which pluripotent 
hematopoietic stem cells (HSCs) give rise to all the 
different cells that form the blood and the immune system. 
This complex process is driven by an intricate network of 
transcriptional and post-trascriptional mechanisms which 
need to be carefully regulated. In the recent past, different 
studies evidenced the role of miRNAs as master regulators 
of blood cells differentiation and function by influencing 
lineage commitment, proliferation, activation and death 



Oncotarget12843www.impactjournals.com/oncotarget

[103].The development of myeloid and lymphoid cells 
depends on the activation of specific genetic programs 
that are responsible for the reduction in cell proliferation 
and the expression of lineage specific genes. miRNAs 
provide an additional level of control beyond transcription 
factors by fine-tuning differentiation and adjusting the 
cell response to external stimuli. In particular, they play 
a crucial role in the regulation of blood cell specification 
by controlling the precise timing and expression levels 
of key factors and conferring robustness to regulative 
networks. To date, it has been shown that miRNAs are 
critical in almost every stage of hematopoiesis [104, 105]. 
miR-29a seems to have an important role in the early steps 
of hematopoiesis. Biessel et al. [106], using a combined 
characterization of miRNA and mRNA profiles, identified 
a different signature between CD133+ and CD34+CD133- 

cells which can affect proliferation, prevent apoptosis, 
inhibit differentiation and cytoskeletal remodeling. In 
particular, an inverse correlation between miR-29a and 
both TPM1 and FZD5 in CD133+ cells was observed. 
TPM1 is an important component of the cytoskeleton 
with a key role in many aspects of eukaryotic cell behavior 
such as cell morphology, divisions, and motility while 
FZD5 is one of the seven-pass transmembrane Frizzled 
receptors interacting with Wnt proteins which regulate 
cell proliferation and stem cell maintenance. Additionally, 
miR-29 family plays an important role in physiological 
T cell differentiation by protecting the thymus against 
inappropriate involution caused by infections, through 
down-regulation of IFNAR1 [107]. Indeed, the thymic 
epitelium of miR-29a-deficient mice presented high levels 
of IFNAR1 that, in turn, increased sensitivity to pathogen 
associated molecular patterns (PAMPs). By targeting 
IFNAR1, miR-29a reduces the threshold at which thymic 
cells begin their involution processes, allowing this event 
to be triggered only in presence of an adequate amount 
of IFN-a/PAMPs. Beyond their role in immune cells 
development and maturation, miR-29 family has been 
reported to be involved in the modulation of immune 
response to inflammation and infection at different steps. 
A low level of miR-29 in NK cells, CD4+ and CD8+ T 
lymphocytes has been reported to be associated with an 
increased production and secretion of IFN-γ in vitro and, 
on the same line, mice with transgenic expression of a 
miR-29 sponge showed enhanced resistance to infection 
with Listeria monocytogenes or mycobacterium bovis 
and an overall reduced lung bacterial burden [108]. This 
effect appears to be dependent on the ability of miR-29 
to negatively regulate both the T-box transcription factors 
T-bet and eomesodermin, and IFN-gamma production and 
secretion by T-helper cells [108, 109]. On the other hand, 
IFN-γ was found to upregulate miR-29 expression in T 
cells in a STAT1 dependent manner [99, 110]. Similarly, 
even type I interferons have been reported to upregulate 
miR-29 levels [99]. On this basis, it appears that miR-29s 
could tip the scales between pro and anti-inflammatory 

response being involved in a homeostatic regulatory loop 
in which IFN-γ induces miR-29 via STAT1 and miR-29, 
in turn, represses IFN-γ production. Due to its effect on 
IFN-γ biology, Smith et al [110] recently investigated 
the dynamic of miR-29 expression in different T helper 
subsets (Th1,Th2, Th17, Tregs) finding a general up-
regulation of these miRNAs during differentiation, 
regardless of subtype. However, lymphocytes retrieved 
from miR-29a/b1-deficient mice exhibited an activated 
inflammatory phenotype ex vivo, producing significant 
higher levels of IFN-γ and IL-17 compared to wild-type 
mice. Along the same lines, miR-29a was recently found 
to inhibit the production by dendritic cells of IL-23, 
the most potent Th17 polarizing cytokine, by targeting 
directly IL-12p40 and indirectly IL-23p19, via reduction 
of ATF2, thus attenuating the pro-inflammatory Th17 T 
cell response in vitro [111]. Notably, we recently reported 
the capability of miR-29b to induce SOCS-1, one of the 
most important regulator of cytokines signaling, and to 
impair STAT3 and NF-kB signaling [26], thus suggesting 
that miR-29 is potentially endowed with anti-inflammatory 
properties, a feature which deserves further investigations. 

Besides the canonical function of RNA interference, 
miR-29a and miR-29b have been reported to trigger 
inflammatory response and innate immune cells through 
binding to toll like receptors (TLR)-7/8 and induction 
of TNF-alpha and IL-6 production and secretion [112]. 
On this basis, miRNAs spontaneously released from 
different cells, including cancer cells, may act as paracrine 
modulators of both microenvironment and immune cells.

mIr-29s In hEmAtologIc 
mAlIgnAncIEs

Several reports indicate that the expression of miR-
29 family members is widely deregulated in hematologic 
cancers and its reconstitution deeply impacts on the 
phenotype of cancer cells. Importantly, anti-tumor activity 
of miR-29s often relies on alterations of the cancer cell 
epigenome induced by their intrinsic epi-miRNA activity.
multiple myeloma

Multiple myeloma (MM) is a hematologic 
malignancy characterized by abnormal proliferation of 
plasma cells within the bone marrow. In the last years, 
the huge advancement in the understanding of its biology, 
the availability of investigational platforms for plasma cell 
discrasias [113-118] and novel agents [34, 115, 119-128] 
have significantly expanded the therapeutic perspectives. 
Moreover, emerging findings are disclosing the role of 
miRNAs in its pathogenesis and some of them likely 
represent valuable targets for therapeutics. In this context, 
the anti-MM activity of miR-29b has been extensively 
studied by our group. We first reported that miR-29b 
was significantly down-regulated in primary malignant 
plasma cells and MM cell lines. Enforced expression of 
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miR-29b, achieved by either synthetic mimics transfection 
or by lentiviral-mediated delivery, triggered in vitro anti-
MM activity since it inhibited cell growth and promoted 
apoptosis [27]. MCL1 and CDK6 suppression were 
demonstrated to be dependent by miR-29b targeting 
and likely responsible of cell growth inhibition and 
apoptotic triggering. Most importantly, in vitro data were 
recapitulated in vivo in a murine model of human MM 
consisting of MM xenografts stably expressing miR-
29b. Importantly, harvested tumors revealed suppression 
of MCL-1 and CDK6 targets together with activation 
of caspase 3, thus linking the anti-tumor effects in vivo 
with miR-29b-dependent targeting. Synthetic miR-29b 
oligonucleotides delivered by different routes were also 
able to inhibit the growth of human MM xenografts in 
many preclinical models of MM, including the SCID-
synth-hu system [114] which recapitulate the growth of 
MM cells in the context of the human BMM represented 
by BMSCs growing on a poli-ɛ-caprolactone scaffold 
which mimics the bone architecture [28]. To explore 
additional mechanisms of miR-29b action, we focused 
on the transcription factor SP1. In fact, high SP1 activity 
was previously shown to be relevant for sustaining 
survival and proliferation of MM [129] and WM cells 
[130]. Indeed, we demonstrated direct targeting of SP1 
at 3’UTR along with the existence of a feed-back loop 
between SP1 and miR-29b, since both pharmacological or 
genetic inhibition of SP1 led to miR-29b transcriptional 
activation. Similar effects could be achieved after treating 
MM cells with the proteasome inhibitor bortezomib, 
which was previously shown to interfere with SP1/NF-kB 
pathway in AML cells [43]. Notably, bortezomib was able 
to affect the SP1/miR-29b loop by down-modulating SP1 
expression and up-regulating miR-29b. These findings 
prompted to investigate the anti-MM activity of miR-29b 
mimics/bortezomib combination: indeed, enforced miR-
29b in bortezomib-treated MM cells strongly increased 
growth inhibition and apoptosis in MM cells, while 
miR-29b inhibition by antagomiRs partially dampened 
bortezomib anti-MM activity. The relevance of miR-
29b/SP1 loop was further confirmed by the observation 
that the PI3/AKT pathway, which is hyperactivated in 
MM, can partially rescue miR-29b-mediated anti-MM 
activity in vitro. These data highlighted the potential 
utility of miR-29b as an innovative therapy for MM and 
likely as an useful tool to overcome emerging resistance 
to bortezomib in relapsed /refractory MM patients. As a 
further support to these findings, a recent report identified 
PSME4 as a novel target of miR-29b/c in MM cells [131]. 
PSME4 encodes for the proteasome activator PA200. In 
the presence of miR-29b, PA200 was reduced reinforcing 
the proteasome inhibition induced by bortezomib. miR-
29b was also capable to increase protein aggregates within 
the cytoplasm of MM cells, without leading to aggresome/
autophagosome formation, which are critical for adequate 
misfolded protein elimination. The overall effect was a 

potentiation of the apoptotic effects of bortezomib. 
Circulating serum miRNAs might serve as cancer 

biomarkers [32]. Sevcikova and colleagues demonstrated 
that miR-29a was present in the blood serum and 
expression of miR-29a can differentiate between healthy 
subjects and MM patients [132]. However, results are very 
preliminary and further studies are required to assess the 
potential of circulating miR-29s as biomarkers in MM and 
other malignancies.

Several studies have shown that MM pathogenesis 
is strictly linked to epigenetic modifications [133], such as 
aberrant DNA hypermethylation. Interestingly, DNMT3A 
and 3B expression was higher in MM and plasma cell 
leukaemia (PCLs) patients and could be further raised in 
the presence of bone marrow stromal cells (BMSCs). By 
these data, we first demonstrated that miR-29b directly 
targets DNMT3A and 3B. A global methylation assay 
was then carried on MM cells to assess whether miR-29b 
could work as an epigenetic modifier. The results showed 
that miR-29b levels correlated with a robust reduction 
of global CpGs methylation in MM cells. To support the 
therapeutic relevance of our data, we demonstrated that 
miR-29b mimics potentiated the in vitro anti-MM activity 
of a widely acknowledged demethylating agent such as 
5-azacytidine and confirmed DNMTs inhibition in vivo. 
Conversely, inhibition of DNMTs in MM cells did not 
cause any change in miR-29b levels, thus indicating that 
methylation of miR-29b promoter does not account for the 
low miR-29 expression observed in MM [28].

Among the main mechanisms by which DNA 
methylation supports MM growth, inhibition of 
tumor suppressor genes (TSGs) due to promoter 
hypermethylation is highly relevant [134]. As miR-
29b interferes with DNA methylation, we sought to 
explore whether epigenetic suppression of TSGs could 
be hampered by this miRNA. Among TSGs, SOCS-
1 has been documented as down-regulated in human 
malignancies [135]. We checked the expression of SOCS-1 
in MM and PCLs and found it consistently down-regulated 
as compared to normal plasmacells. A positive correlation 
between miR-29b and SOCS-1 was also unveiled in a 
specific clinical subgroup (TC2) of MM patients. Based 
on these findings, we demonstrated that miR-29b was a 
positive regulator of SOCS-1 by inducing demethylation 
of its promoter, the same effects being achieved by 
bortezomib-induced miR-29b induction. Either miR-29b 
mimics or bortezomib treatment hampered JAK/STAT 
signaling, the main pathway targeted by SOCS-1, and 
impaired migration of MM and endothelial cells [26]. 
Overall, these data unveiled more complex mechanisms 
of tumor suppressor activity exerted by miR-29b beyond 
direct targeting prediction and validation. Indeed, as an 
epi-miRNA, miR-29b widely enlarges the number of the 
targeted pathways within MM cells, thus explaining the 
consistent down-regulation that is observed across studies 
in both MM and primary PCLs. 
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mm-bone disease

One of the hallmark of MM is an extensive bone 
damage due to the generation of multiple lytic lesions 
of the skeleton triggered by enhanced osteoclast (OCL) 
activity in combination with suppressed osteoblastic 
(OBL) function. This imbalance is induced by MM 
plasmacells interaction with BM microenvironment [136]. 

The current therapeutic approach of MM bone 
disease (BD) is based on the use of bisphosphonates 
(BPs) that promote OCL apoptosis [115, 123, 137-142]. 
However, BPs are associated with the development of 
serious adverse events in the mid- long term-treatments. 
Emerging evidence has highlighted a number of miR-
mediated functions in BM microenvironmental cells, 
specifically osteoclasts (OCLs) and osteoblasts (OBLs), 
where deregulated miRNAs may impact on their 
differentiation, maturation and final activation. OCL 
formation requires permissive concentrations of M-CSF 
and RANK-L and is driven by contact with OBLs and 
BMSCs in the bone marrow. OCL precursors express 
RANK and the interaction between RANK-L and RANK 
is the major determinant of OCL formation [143,144]. 
Epigenetic events are involved in the regulation of 
RANK-L expression in MM cells: Yan et al. recently 
demonstrated that TNFα in the BMM promotes RANK-L 
promoter demethylation, and this relies on a molecular 
circuitry which involves miR-140 and miR-126-3p, both 
known to repress DNMT1 translation [145].

Besides the increased OCL activity, the pathogenesis 
of MM BD is also related to a reduced OBL function. 
Wnt signalling and the transcription factor Runx2/Cbfa1 
(Runt-related transcription factor 2/core-binding factor 
Runt domain α subunit 1) are both required for OBL 
differentiation. MiR-29b indeed plays a central role in 
bone remodelling [146] and Rossi et al. first identified its 
key role in the inhibition of OCL generation and function. 
In fact, miR-29b is progressively down-regulated during 
OCL differentiation of monocyte precursors cultured in 
the presence of M-CSF and RANK-L and restoration of 
miR-29b expression strongly suppresses the resorbing 
activity of OCL by reducing intracellular levels of tartrate 
acid phosphatase (TRAP), cathepsyn K, metalloproteinase 
type 2 and 9 (MMP-2 and MMP-9) [30]. The reduced 
expression levels of these specific OCL-resorbing 
enzymes is due to direct targeting of miR-29b on MMP-2 
and c-FOS mRNAs. C-FOS is a key transcription factor 
for OCLs as it regulates the expression of the master OCL 
transcription factor, NFATC-1, which in turn encodes for 
critical OCL genes such cathepsin K, MMP9 and TRAcP. 
Another effect likely ascribed to c-FOS inhibition was 
an impaired rearrangement of actin rings, whose normal 
morphology is critical for OCL resorbing activity and 
bone adherence. Finally, we demonstrated that enforced 
expression of miR-29b reduces RANK expression on cell 
surface thereby limiting OCL capability to respond to 
RANK-L stimulation [30].

On the other hand, other authors had 
previously shown that miR-29b is up-regulated along 
osteoblastogenesis during late mineralization phases 
[146], showing its role as promoter of OBL differentiation 
and suggesting a potential mechanism of inhibition of 
collagen deposition. Evidence indicates that miR-29b also 
turns off the synthesis of key OBL-inhibitor proteins such 
as TGFβ3 and HDAC4, thus allowing the expression of 
Runx2, and down-regulates the Wnt pathway inhibitor 
CTNNBIP1 (catenin beta interacting protein 1) [147], 
thus confirming the epi-miR-29b activity also in this 
pathophysiological context. Although further studies 
are required to ascertain how miR-29b can impact on 
bone remodelling and how can be modulated to restore 
the physiologic balance between OBL/OCL within MM 
milieu, the findings above reported provide the preclinical 
evidence of miR-29b as novel potential therapeutic tool 
that may open a new scenario for the management of MM-
BD and strongly encourage the study of miR-29b also in 
the context of other bone malignancies.

chronic lymphocytic leukemia

Chronic Lymphocytic Leukemia (CLL) has been, 
among malignant diseases, the first where miRNA 
deregulation was extensively studied. Calin et al. [148] 
compared the miRNome of 38 CLL samples with 
CD5+B cells from one normal lymph node and 5 healthy 
donors samples (2 tonsillar CD5+ B cells and 3 PBMCs) 
and highlighted a distinct signature for CLL. When 
considering distinct CLL subsets (IgVH mutated and 
unmutated), 5 miRNAs including miR-29c were identified 
as preferentially expressed in IgVH mutated CLLs. 
Therefore, miR-29c was associated with better prognosis 
in CLL. The same group asked whether the differentially 
expressed miRNAs at various stages may have an impact 
on CLL pathogenesis. To address this issue, 80 CLL 
samples [149] were separated into 3 distinct groups 
according to disease course and karyotype: indolent CLLs, 
aggressive CLLs with chromosome 11 deletion or without 
chromosome 11 deletion. These categories were chosen 
as the putative CLL oncogene TCL-1 was differentially 
expressed in the three CLL subgroups. Indeed, TCL1 
deregulation has been considered as an early event for the 
switch from indolent to aggressive CLLs [150]. Putative 
TCL-1 targeting miRNAs were preliminary predicted by 
software analysis. Among these miRNAs, only miR-29b 
and miR-181b were found consistently down-regulated 
in aggressive CLL samples carrying ch.11 deletion. 
Target confirmation experiments demonstrated that TCL1 
expression was reduced in the presence of miR-29b or 
miR-181b. Interestingly, as different miR-29 family 
members (miR-29a-2, miR-29b-2, miR-29c) were down-
regulated in aggressive CLL forms, the authors concluded 
that this family has likely a central role in controlling the 
TCL-1 oncogene. These exciting data led investigators 
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to develop a miR-29 transgenic mouse model [151]. In 
this model, a preferential expansion of CLL-like B cells 
(CD5+CD19+ B cells) was observed as compared to 
control. Interestingly, the course of the disease in the mice 
was indolent with only 20% of mice dying of leukaemia at 
old age. The peculiar finding that miR-29 family members 
are upregulated mostly in indolent CLLs, while their 
expression is reduced in aggressive CLL disease [152] 
provided an innovative tool for prognosis stratification of 
CLL patients and suggested that miR-29 may work as an 
oncogene and a tumor suppressor according to the disease 
stage [153], underpinning the multifaceted activity of 
miRNAs in tumor development and progression. miR-29 
family members down-modulation is also likely to affect 
the regulation of apoptotic program in CLL cells. Indeed, 
MCL-1 is a validated miR-29b target in AML. MCL-1 
has a central role in CLL progression and resistance to 
chemotherapy [154, 155]. Following these observations, 
emerging evidence indicated that miRNA changes within 
CLL cells may be also linked to BCR signalling and T 
cell-dependent stimuli [156]. CLL miRNA profile seems 
closely related to activated B cell mirnome. Indeed, BCR/ 
co-stimulatory molecule ligation of B cells promotes 
miRNA changes in the same direction and magnitude of 
CLL cells. When considering miR-29 family, miR-29a/b/c 
can be up or down-regulated according to the specific 
BCR stimuli (anti IgM/CD40L or TLRs). Interestingly, B 
cell activation through anti IgM (BCR ligand) or CD40L 
(co-stimulatory molecule ligand) down-regulated miR-29c 
as observed in poor prognosis CLLs. The same group thus 
confirmed previous reports, where low levels of miR-29c 
were associated with unmutated, ZAP70+ CLLs, which 
carry a worse prognosis [152]. According to these data, 
the authors hypothesised that the disparities observed 
among previously published CLL miRNA signatures may 
be also due to differences in the activation status of CLL 
cells analysed other than different microarray platforms 
utilised. 

An additional mechanism that modulates miRNA 
levels within CLL cells is represented by epigenetic 
silencing. Sampath et al. [157] asked whether HDAC 
activity could affect miRNA expression in CLL cells. 
Exposure to CLL cells to different HDAC inhibitors 
(LBH589, SAHA and MS275) partially restored the 
expression of miR-15, -16 and 29b, thus demonstrating an 
epigenetic control of miRNA expression. These findings 
indeed contribute to shed a new light on the mechanisms 
of action of HDAC inhibitors in cancer therapy.

Taking into account these data, CLL represents 
a paradigmatic disease to understand the function 
of miRNAs in cancer development and progression. 
Specifically, miR-29 family members seem to play a 
central role in determining the biological behaviour of 
malignant CLL B-cells.

Acute myeloid leukemia

Acute myeloid leukemia (AML) is a heterogeneous 
disorder that includes many entities with diverse 
genetic abnormalities and clinical features. Abnormal 
proliferation, repression of apoptosis and differentiation 
blockade of hematopoietic stem/progenitor cells are widely 
accepted to be the main reasons leading to acute myeloid 
leukemia (AML). In addition to specific chromosomal 
translocations, deletions and amplifications (eg, t(15;17), 
−5q, −7q, +8), gene mutations (eg, FLT3-ITD, CEBPA, 
and NPM1) and oncogene deregulation are considered 
paradigm of this malignancy [158]. Results on miR-29 
expression levels in such disease are quite controversial, 
this discrepancy depending on the different platforms 
used for the studies and on the different AML subtypes 
analyzed. Consistently, a diverse pattern of expression of 
miR-29 family members along with different biological 
functions is continuously emerging from the literature. 
miR-29a seems a bona fide oncogene in AML since 
enforcing its expression in immature mouse hematopoietic 
stem/progenitor cells results in the acquisition of 
self-renewal capacity by myeloid progenitors, biased 
myeloid differentiation, and the development of a 
myeloproliferative disorder progressing to AML [149]; 
the same authors demonstrated that homozygous deletion 
of the miR-29a/b-1 bicistron results in decreased numbers 
of hematopoietic stem and progenitor cells, decreased 
HSC self-renewal, and increased HSC cell cycling 
and apoptosis, such phenotype being dependent on the 
loss of miR-29a [159]. MiR-29a promotes progenitor 
cells proliferation by expediting G1 to S/G2 cell cycle 
transition; however, over-expression of miR-29b or miR-
29c does not recapitulate the phenotype of miR-29a over-
expression [160]. Conversely, Wang et al. found that miR-
29a and miR-142-3p expression increases during myeloid 
differentiation of THP-1, NB4, and HL-60 AML cell lines 
and their over-expression promote myeloid differentiation 
both in cell lines and primary blasts. By in silico analysis, 
the authors found two genes, specifically CCNT2, a 
component of the positive transcription elongation factor 
b (P-TEFb), and CDK6 as putative targets of miR-29a, 
and functionally validated their down-regulation as 
important for miR-29a to induce myeloid and granulocytic 
differentiation [161]. Garzon et al. reported that a unique 
miRNA profile associated with the main cytogenetic and 
molecular subgroups of AML. Importantly, expression of 
miR-29 family members was down-regulated in primary 
AML samples with the t(6;11) and t(9;11) translocations 
[162]. Moreover, primary CN-AML samples with wild-
type nucleophosmin gene (NPM1) beared lower levels of 
miR-29s than CN-AML samples bearing NPM1 mutations, 
thus indicating that miR-29 family may play a role in the 
pathogenesis of AMLs [163]. Lower levels of miR-29a 
were also found in MLL-rearranged pediatric AMLs as 
compared to AMLs carrying NPM1 mutations or FLT3-
ITDs, suggesting a role of this miRNA in the pathogenesis 
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of a specific subgroup of leukemias. Following this pivotal 
study, others have reported significant lower expression of 
miR-29a/29b and higher expression level of two potential 
target genes, BCL-2 and MCL-1, in PBMCs from AML 
patients compared with control group. In addition, miR-
29a expression in AML was significantly lower than that 
in CML [164].

Transcriptome analysis after ectopic transfection 
of synthetic miR-29b into leukemia cells indicates that 
miR-29b targets apoptosis, cell cycle and proliferation 
pathways. A significant enrichment for apoptosis genes, 
including MCL-1, was found among the mRNAs inversely 
correlated with miR-29b expression in 45 primary AML 
samples. AKT2 and CCND2 mRNAs were validated as 
targets of the miR-29 members, and the role of miR-29 
family was attributed to the decrease of Akt2 and CCND2, 
two key signaling molecules. Inverse correlation among 
Akt2, CCND2 or c-MYC levels with miR-29b were 
detected in AML blasts. Furthermore, a feed-back loop 
comprising of c-MYC, miR-29 family and Akt2 was 
discovered, further supporting the existence of oncogenic 
molecular circuitries promoting myeloid leukemogenesis 
via miR-29b down-regulation [165]. Restoration of 
miR-29b by transfecting miR-29 oligonucleotides into 
AML cell lines or primary samples led to a dramatic 
reduction of tumorigenicity in xenografted AML models 
[155]. In order to reduce degradation in bio-fluids and 
increase cellular uptake of miR-29b in AML cells, a 
novel transferrin-conjugated nanoparticle delivery system 
for synthetic miR-29b (Tf-NP-miR-29b) was developed 
by the same group. Of note, this kind of formulation 
improved miR-29b effects in terms of both down-
regulation of oncogenic targets and inhibition of tumor 
growth, thus supporting the therapeutic value of miR-29b 
replacement in acute leukemias and the need to develop 
specific formulations to improve the biodisponibility of 
microRNAs into body fluids [166]. Studies in AMLs have 
provided a wide scenario supporting the role of miR-
29b as epi-miRNA. Aberrant DNA hypermethylation, 
mainly due to over-expression of DNMTs, contributes to 
myeloid leukemogenesis by silencing structurally normal 
genes involved in hematopoiesis [167]. Evidence of epi-
miRNA activity of miR-29b has been widely provided 
in AML: as observed in MM, enforced expression of 
miR-29b in AML cells results in marked reduction of 
the expression of DNMT1, DNMT3A, and DNMT3B at 
both RNA and protein levels; this in turn led to decrease 
in global DNA methylation and re-expression of tumor 
suppressors p15(INK4b) and ESR1 through promoter 
DNA hypomethylation. Although down-regulation 
of DNMT3A and DNMT3B was the result of a direct 
interaction of miR-29b with the 3’ untranslated regions of 
these genes, no miR-29b interaction sites were detected in 
the DNMT1 3’ UTRs. Further experiments revealed that 
miR-29b down-regulates DNMT1 indirectly by targeting 
SP1, a transactivator of the DNMT1 gene [42]. Altogether, 

these data indicate a potential therapeutic use of synthetic 
miR-29b oligonucleotides as effective hypomethylating 
compounds also in the setting of AMLs.

The relevance of the TF SP1 in regulating miR-
29b expression has been also proven in AML bearing 
KIT mutations, where SP1 participates in an epigenetic 
complex formed by NF-kB/HDAC which represses miR-
29b transcription. Interestingly, miR-29b oligonucleotides 
as well as pharmacological re-activation of miR-29b 
via HDAC-inhibition, exert anti-AML activity in KIT-
driven AMLs, therefore providing a novel experimental 
platform to treat this specific AML clinical subgroup [43]. 
Another important epigenetic circuitry has been found 
in large granular lymphocyte (LGL) leukemia, where 
IL-15 initiates cancer by inducing an HDAC1/c-MYC/
NF-kB complex which repress miR-29b expression, 
thus resulting in increased DNMT expression and DNA 
hypermethylation [168].

On the basis of its hypomethylating activity, authors 
validated miR-29b levels as predictive of response to 
decitabine in AML patients. To this aim, a phase II clinical 
trial with single-agent decitabine was carried out in older 
patients with previously untreated AML not eligible for 
or who refused intensive chemotherapy. The complete 
remission rate was 47%, achieved after a median of three 
cycles of therapy, which raised to 64% if considering nine 
additional subjects who had no morphologic evidence 
of disease with incomplete count recovery. Complete 
remission was achieved in 50% of subjects presenting with 
either normal or complex karyotypes. Importantly, higher 
levels of miR-29b were associated with clinical response, 
supporting the role of miR-29b in predicting response of 
older AML patients to decitabine [169]. These findings 
prompted the same authors to exploit other therapeutic 
strategies up-regulating miR-29b levels in order to 
increase decitabine response in AML. Interestingly, the 
HDAC inhibitor AR-42 induced miR-29b levels, this 
effect being accompanied by down-regulation of known 
miR-29b targets (DNMT3A, DNMT3B, SP1). Priming 
of AML cells with AR-42 before decitabine treatment 
resulted in a stronger anti-leukemic activity in vitro and 
in vivo than decitabine followed by AR-42 or either 
drug alone [170], providing the basis of novel treatment 
approach based on the combination of epigenetic-targeting 
compounds in AML. Basing on the same premises, the 
authors explored another miR-29b-inducing compound, 
i.e. the proteasome inhibitor bortezomib, to potentiate 
decitabine response in AML patients. To this purpose, a 
phase 1 trial of bortezomib and decitabine was carried out. 
Induction with decitabine plus bortezomib was tolerable, 
although bortezomib-related neuropathy developed after 
repetitive cycles. Of previously untreated patients (age ≥ 
65 years), 5 of 10 had CR (complete remission, n = 4) 
or incomplete CR (CRi, n = 1); 7 of 19 overall had CR/
CRi. Pharmacodynamic analysis showed FLT3 down-
regulation on day 26 of cycle 1. Elegant mechanistic 
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studies showed that FLT3 down-regulation was due to 
bortezomib-induced miR-29b up-regulation, that led to 
SP1 down-regulation and destruction of the SP1/NF-
κB complex that transactivated FLT3 [171]. This study 
demonstrated for the first time the feasibility and the 
preliminary clinical activity of decitabine plus bortezomib 
combination treatment in AML.
chronic myeloid leukemia

The relevant role of miR-29 family in AML raised 
the question whether these miRNAs may be in involved 
in the pathogenesis of chronic myeloid leukaemia (CML). 
Up to date, few reports have been produced that seem to 
confirm this hypothesis. Starting from the observation 
that miR-29a/b are down-regulated in AML, the levels of 
these miRNAs were analysed in 14 newly untreated CML 
patients [164] and found consistently suppressed. As a 
comparison, newly diagnosed AML and healthy people 
were also analysed. Among the miR-29 targets that can 
be relevant for CML pathogenesis, BCL-2 and MCL-1 
were found up-regulated in CML patients as shown in 
AML [172]. Emerging findings indicate ABL1 as a new 
validated target of miR-29b [173]. Enforced expression 
of miR-29b within K562 cells inhibits cell growth and 
colony formation and promotes apoptosis through caspase 
3 and PARP. However, ABL1 suppression is likely not 
responsible alone for miR-29b-mediated inhibition of 
cell growth and induction of apoptosis. Indeed, Lee et al. 
[174] showed that miR-29a/b/c target RNAse-L in K562, 
leading to inhibition of cell proliferation. RNAse-L-stable 
knockdown in K562 inhibited tumorigenesis in a xenograft 
model, supporting the oncogenic role of RNAse-L in 
tumor development and progression. Overall these data 
support a tumor suppressor role of miR-29s in CML.
lymphoma

Several reports have evaluated miRNA expression 
profile in Non Hodgkin Lymphomas (NHLs). Due to 
the extreme heterogeneity of these diseases, miRNA 
signatures may significantly differ among these studies. 
Di Lisio et al. [175] profiled 147 NHLs, that included 
12 Burkitt Lymphomas (BL), 29 Diffuse Large B cell 
Lymphomas (DLBCL), 22 mantle cell lymphomas (MCL), 
17 Splenic Marginal Zone Lymphomas (SMZL), 18 CLL, 
23 Follicular Lymphomas (FL), 11 Nodal marginal Zone 
Lymphomas (NMZL) and 15 MZL/MALT, and 15 non 
tumoral samples. 14 deregulated miRNAs were used 
for RT-PCR validation. In BLs, miR-29a/b/c were found 
down-regulated, while in DBLCLs were up regulated. 
TCL-1 and MCL-1 were proven as relevant targets of 
miR-29 family that are involved in high grade lymphoma 
pathogenesis [82, 149]. Down-regulation of miR-29a/b has 
been also described in SMZLs carrying the 7q32 deletion 
[176]. Translocations involving chromosomes 3 and 7, 
that fuse BCL-6 to the non coding region FRAH7, have 
been reported. FRAH7 contains a miRNA gene cluster 
that includes miR-29b; indeed, the t(3;7)(q27;q32) leads 

to miR-29b down-regulation. The relevance of miR-29b 
suppression on lymphoma outcome has been examined by 
Zhao et al. [177], who profiled 30 MCL patients. Such 
analysis again highlighted miR-29b down-regulation and 
associated low levels of miR-29b with worse OS. The 
prognostic value of miR-29b was equivalent to MIPI 
score and better than IPI. The authors identified CDK6 
as an important target, that supports MCL development. 
Based on these data, further light on miR-29b-related 
mechanisms of lymphomagenesis has been shed by Zhang 
et al [178]. Importantly, the authors provided evidence of 
an epigenetic circuitry promoting lymphomagenesis and 
which is based on miR-29b down-modulation: in detail, 
miR-29b promoter was found to be targeted by C-MYC, 
that recruits HDAC3 and PRC2, leading to histone 
deacetylation and trimethylation and consequent miR-29b 
suppression. Upregulation of miR-29b can be achieved 
by inhibition of HDAC3 with vorinostat, of PRC2 by 
its inhibitor 3-deazaneplanocin, and siRNA-mediated 
C-MYC silencing. Additional partners such as EZH2 and 
SUZ12 are recruited by c-MYC and concur to miR-29b 
down-regulation. Furthermore, MYC contributes to EZH2 
up-regulation by inhibiting the EZH2 targeting miR-26a, 
and EZH2 induces MYC through inhibition of the MYC-
targeting miR-494 thus generating a positive feedback 
loop. Combination therapies based upon vorinostat 
and 3-deazaneplanocin resulted in lymphoma growth 
suppression in vitro and in vivo and restored miR-29 
expression, thus leading to inhibition of the lymphoma-
associated miR-29 targets, CDK6 and IGF1R. Overall, 
these findings support the role of miR-29b as a TS- 
miRNA in lymphomas. 

Hematologic cancer-related functionally validated 
targets of miR-29 family members are summarized in 
Table 2. Epigenetic molecular circuitries involving miR-
29b and operative in hematologic cancers are shown as 
cartoon in Figure 2. 

pErspEctIvEs And conclusIons

The comprehension of the molecular machinery 
which orchestrates cancer development and progression is 
critical for diagnosis, prognosis and treatment. Although 
highly heterogenous in their regulatory mechanisms, 
alterations of epigenetic processes are emerging as a 
relevant unifying theme in hematologic malignancies 
[179], which actually represent excellent models to 
investigate epigenetic pathways in the challenging quest 
for more effective anti-cancer therapeutics. A plethora 
of data have been generated in the last decade regarding 
ncRNAs, their regulation by the epigenetic machinery and, 
in turn, their role in the regulation of epigenetic processes 
[179]. Understanding how these two mechanisms of 
regulation are integrated in disease pathobiology is 
disclosing new avenues for the identification of suitable 
predictive and prognostic tools for personalized therapies. 
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In this scenario, epi-miRNAs are emerging as excellent 
candidate epi-therapeutics for their prominent role in the 
regulation of the epigenetic machinery. Several reports 
indicate that miR-29 family members are TS in almost 
all hematological malignancies, in which their activity is 
often associated to inhibition of key epigenetic effectors, 
such as DNMTs or polycomb genes, and to re-activation 
of epigenetically-silenced anti-oncogenic pathways [179]. 
In addition, the relevance of the TS role of miR-29s is 
further underlined by the onset of cancer-associated 
epigenetic circuitries which indeed require miR-29 
inhibition for driving malignant transformation (Figure 
2). Preliminary indications demonstrate that miR-29 might 
target TET enzymes in solid cancers [180], although data 
in hematologic diseases such as AML, where TET family 
members do play a role, are still lacking, thus suggesting 
that the search of additional epigenetic targets underlying 
epi-miR-29 activity should go ahead and would possibly 
contribute to better design miR-29-based epi-therapeutic 
approaches. 

On the light of data presented in this review, 
synthetic miR-29 mimics represent novel epi-therapeutics 
since they are able to inhibit MM and AML growth in 
suitable pre-clinical models, and these effects likely 
rely on the induction of global DNA hypomethylation 
and re-activation of promoter-hypermethylated tumor 
suppressor genes both in vitro and in vivo [179]. Overall, 
miR-29b mimics would seem candidates to enter clinical 
trial in hematological cancers. Undoubtedly, one of the 
main advantages of miRNA-based therapy is the fact 
that miRNAs have the ability to simultaneously target 
several cellular pathways, although this intrinsic multi-
target property could potentially result in off-target side 
effects [179]. Systemic overexpression of miR-29s, which 

regulate physiological processes within the hematopoietic 
compartment, could likely target genes in healthy tissues. 
Moreover, it has to be considered that some studies have 
reported an oncogenic activity of miR-29 family members 
in certain hematologic [160] and solid [181, 182] tumors, 
although results seem controversial and additional 
preclinical studies are required. Hence, before entering 
the clinical arena, much work needs to be done in order to 
clarify the pathophysiological role of miR-29 members in 
the context of murine models which better recapitulate the 
scenario of the human disease. MiRNA-based treatment 
is currently becoming a reality and biotech companies 
are focusing on the use of miRNAs as novel theranostics, 
while pharmaceutical companies are finalizing 
preclinical research towards clinical trials. Importantly, 
the translation into clinics requires the development of 
safe delivery vehicles which allow systemic transport 
of oligonucleotides to tumor tissues [183]. Expanding 
the knowledge on the mechanisms that facilitate the 
distribution of miR-29 oligonucleotides in tissues, their 
stability in biological fluids and their selective uptake 
by cancer cells to achieve sustained target inhibition, 
would provide relevant information which will increase 
knowledge on RNA-based therapeutic approaches and 
will hopefully lead to the clinical development of miR-29 
therapeutics to cure hematologic malignancies.

boX-1. dnA-methylation

DNA methylation, i.e. the covalent addition 
of a methyl-group on the 5’ cytosine residue (5mC) 
preceeding a guanine, is the reaction catalyzed by DNA 
methyltransferases (DNMTs) which utilizes S-adenosyl-

table 2: Functionally validated mir-29 targets in hematologic neoplasias.
target neoplasia mir-29 family member reference
MCL-1 MM, AML miR-29b [27] [155] 
CDK6 MM, AML, B-cell 

lymphomas, MCL
miR-29a/b/c [27] [155] [177]

CXXC6 AML miR-29b [42]
TCL-1 CLL miR-29b [149]
SP1 AML, MM miR-29b [42] [28]
DNMT3A/B AML, MM miR-29b [42] [28]
AKT2 AML miR-29a/b/c [165]
CCND2 AML miR-29a/b/c [165]
ABL1 CML miR-29b [173]
RNASE-L CML miR-29a/b/c [174]
PSME4 MM miR-29b [131]
MMP2 MM-BD miR-29b [30]
c-FOS MM-BD miR-29b [30]
CCNT2 AML miR-29a [161]
IGF1R B-cell lymphomas miR-29a/c [178]

Abbreviations: AML, Acute Myeloid Leukemia; CLL: Chronic Lymphocytic Leukemia; CML, Chronic Myeloid 
Leukemia; MCL: Mantle Cell Lymphoma; MM, Multiple Myeloma; MM-BD, Multiple Myeloma-related Bone 
Disease.
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L-methionine (SAM) as methyl donor. Three different 
DNMT isoforms, DNMT1, DNMT3A and DNMT3B, have 
been so far identified and characterized: DNMT3A and 
DNMT3B, which account for de novo DNA methylation, 
and DNMT1, which is responsible for replicating the DNA 
methylation pattern in genomic DNA [204].

CpG dinucleotides are enriched in CpG islands 
located at the 5’ flanking promoter regions of genes, 
close to their transcriptional start site (TSS) [205]. The 
outcome of DNA methylation is dependent on the location 
of methylation sites within a gene. CpG poor-promoters 
are also subjected to DNA methylation close to their TSS 
and like in CpG-rich promoters; this negatively correlates 
with gene expression. However, CpG sites are also found 
within gene coding sequences and methylation of these 
sites positively correlates with gene expression [206]. 
In general, human tumors are globally hypomethylated 
and this contributes to genomic instability, transposon 
activation and accumulation of mutations [205]. However, 
locus-specific hypermethylation occurring at CpG islands 
located in the promoter region of TS genes, have been 
detected in many hematologic neoplasias like AML [207] 
and MM [133], where it is responsible for gene silencing. 
This event is frequent for genes involved in cell cycle 
regulation, cell invasion, growth factor signaling, DNA 
repair and immune modulation. Methylation of several of 
these genes, like SPARC, BNIP3 [208], TGFβR2 [179] 
and p16 has been associated with poor prognosis of MM 
patients [133] or, as for SOCS-1, with the progression 
from MGUS to MM [209].

Another group of enzymes involved in DNA 
methylation is represented by TET (Ten-Eleven-
Translocation) family, which comprises three 
enzymes able to convert 5-methylcytosine (5-mc) to 
5-hydroxymethylcytosine (5-hmc) [210]. 5mC can 
be recognized by proteins containing methyl binding 
domains (MBD), thus resulting in the recruitment of 
proteins which trigger repressive histone modifications 
and chromatin remodeling. DNA demethylation is carried 
out by enzymatic activity and includes conversion of 
5mC by deamination to thymine (catalyzed by AID) or 
by hydroxylation to hydroxyl-methyl cytosine (5hmC; 
catalyzed by the TET family). The function of 5-hmc is 
still under debate, although it has been hypothesized to be 
an intermediate in the demethylation of DNA and to play 
a role in base excision repair mechanisms [211]. TET2 
mutations, generally resulting in gene inactivation, have 
been found in AML, MDS, myeloproliferative neoplasms 
and CML, and generally associate with other myeloid-
related gene mutations; TET1 was instead found as MLL 
fusion partner in AML patients bearing the t(10;11)
(q22;q23) translocation [212]. Aberrant DNMT activity 
might be pharmacologically inhibited: 5-azacitidine and 
5-aza-deoxycitidine (decitabine) are two FDA-approved 
DNA hypomethylating agents which have proven 
efficacious in many types of cancers. The mechanism of 

action of these drugs seems related to their capacity to 
intercalate into DNA or RNA at CpG dinucleotides and to 
trap DNMTs leading to their degradation and consequent 
gene hypomethylation and re-expression of silenced loci 
[213]. The highest therapeutic effectiveness of these two 
drugs is against MDS and AML. 

BOX-2. histone modifications

Post-translational modifications at the N-terminal 
tails of histones are the result of a complex interplay 
between different molecules referred to as chromatin 
modifying proteins which are generally categorized 
in three different groups: writers, readers and erasers. 
Writers are enzymes that catalyze the modification while 
readers are proteins that contain domains recognizing 
the different types of modifications. Methylated residues 
can be recognized by PHD fingers and the Tudor-royal 
family containing tudor domains, chromodomains and 
MBT domains. Acetylated residues are recognized by 
bromodomains and phosphorylated residues by a domain 
in 14-3-3 proteins. Erasers consist of enzymes that remove 
histone modifications. Histone modifications generally 
relie upon specific protein complexes consisting of 
different writers, erasers and chromatin accessory proteins.
histone acetylation 

Acetylation of lysine (K) residues of histone 
tails affects the interaction of histone tails and DNA in 
nucleosomes. Hyperacetylation results in a more relaxed 
state of chromatin which enhances accessibility of the 
transcription machinery; conversely, hypoacetylation 
leads to a more compact chromatin state and generally 
leads to gene silencing. The balance of histone acetylation 
depends on the activity of two enzyme groups: histone 
acetyltransferases (HATs) and histone deacetylases 
(HDACs). HDAC proteins can be divided into four 
classes: class I HDACs (HDAC-1, -2, -3 and -8) are 
exclusively found in the nucleus, class II (HDAC-4, -5, -6, 
-7, -9 and -10) shuttle between nucleus and cytoplasm and 
contain two deacetylase domains. HDAC 11 represents 
class IV because of the low sequence similarity with other 
HDACs. Class I, II and IV HDACs all require Zn2+ for 
their catalytic activity. In contrast, class III HDACs (also 
called sirtuins) are NAD+ dependent [214]. Histone tails 
contain several lysine residues that have been described to 
be acetylated. Acetylation sites linked with transcriptional 
activation are for example histone-3-lysine-9 acetylation 
(H3K9ac), H3K14ac, H3K18ac and H4K5ac. Other 
functions are also mediated by histone acetylation such 
as DNA repair (H4K8ac, H3K56ac) and chromatin 
remodeling (H4K16ac, H2BK12ac) [215]. Along with 
histones, various other types of proteins involved in 
transcription, translation, splicing, DNA repair, cell cycle 
progression, protein folding, cytoskeleton dynamics, 
signal transduction and metabolism are subjected to 
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acetylation. Protein acetylation regulates several functions 
including DNA-binding, activity of transcription factors, 
subcellular localization and protein stability [216].

HDAC inhibitors (HDACi) act by promoting the 
retention of acetyl groups on histone tails, thus allowing 
a more active and open chromatin conformation. Most of 
the HDACi interfere with Zn2+ in the catalytic site of one 
or multiple HDACs. Vorinostat was the first HDACi to 
enter the clinical arena after its FDA-approval in 2006 for 
the treatment of cutaneous T-cell lymphoma [217]. Other 
HDACi, such sodium phenylbutyrate, have given rise 
to second-generation compounds such as entinostat and 
panobinostat, which have shown limited efficacy as single 
agents in MDS, AML, ALL [218] and MM [219].
histone methylation 

Histone methylation has been linked to both 
activation and repression of transcription. Both lysine 
and arginine (R) residues in histone tails are subjected 
to methylation. These residues can be mono-, di-, or tri-
methylated (only K). The enzymes responsible for histone 
methylation are grouped in lysine (KHMT) and arginine 
histone methyltransferases (PRMT) and use SAM as 
cofactor. The SET domain in KHMTs is responsible for the 
enzymatic activity. Lysine methylation sites that are linked 
with transcriptional activation are di-, tri-methylation of 
H3K4 (H3K4me2/3), H3K36me2/3 and H3K79me, while 
repressive marks include H3K9me2/3, H3K27me2/3 and 
H4K20me3 [20,29]. Arginine residues on both H3 and 
H4 histone can be methylated by PRMTs and include 
H3R2, H3R17, H3R26 and H4R3. Functionally, arginine 
methylation can regulate transcriptional activation and 
repression, mRNA splicing, DNA repair and signal 
transduction. Histone methylation is reversible as 
evidenced by the discovery of histone demethylases , such 
as lysine specific demethylases (KMD1-5, also known 
as LSD-1) and JumonjiC (JmjC)-domain containing 
demethylases [220]. 

Histone modifications may also contribute 
to determine the global architecture of chromatin. 
This is demonstrated by the existence of hetero- and 
euchromatin, each with their specific epigenetic marks. 
Heterochromatin contains permanently silenced genes and 
compacted regions such as centromeres and telomeres; 
typical heterochromatin marks include low levels of 
acetylation and methylation of H4K9, H3K27 and H4K20. 
Euchromatin is a less compacted region containing active 
genes. Genes that are actively transcribed contain high 
levels of acetylation, H3K4me3 and H3K36me3 [214]. 
Enhancer of Zeste 2 (EZH2, KMT6) is the catalytic 
subunit of the Polycomb Repressive Complex 2 (PRC2), 
which catalyzes dimethylation and trimethylation of K27 
on histone H3, which in turn leads to gene repression. 
EZH2 is found to be over-expressed in a wide variety of 
cancers where it enhances self-renewal, cell migration and 
genomic instability [221]. The S-adenosylhomocysteine 

hydrolase inhibitor 3-deazaneplanocin A (DZNeP) is an 
EZH2 inhibitor which promotes apoptosis by inducing 
degradation of EZH2 and consequent reduced levels 
of H3K27me levels [222]. SUZ12 and EED are other 
members of the PRC2 complex found mutated in myeloid 
malignancies [223]. MM carrying the t(4;14) translocation 
overexpress the MMSET/NSD2/WHSC1 protein, a 
histone methyltransferase specific for demethylation of 
lysine 36 on histone H3 (H3K26me2). Overexpression 
of MMSET leads to a global increase in K36me2 and a 
decrease in H3K27me2/3 across the genome [224].

AcknowlEdgmEnts

This work has been supported by the Italian 
Association for Cancer Research (AIRC), PI: PT. “Special 
Program Molecular Clinical Oncology - 5 per mille” 
n. 9980, 2010/15. N.A. is a recipient of a “Fondazione 
Umberto Veronesi” Post-Doctoral Fellowship (2015).

conFlIcts- oF- IntErEst dIsclosurE

The authors declare no competing financial interests.

rEFErEncEs

1. Hanahan D and Weinberg RA. Hallmarks of cancer: the 
next generation. Cell. 2011; 144:646-674.

2. Cagnetta A, Adamia S, Acharya C, Patrone F, Miglino M, 
Nencioni A, Gobbi M and Cea M. Role of genotype-based 
approach in the clinical management of adult acute myeloid 
leukemia with normal cytogenetics. Leukemia research. 
2014; 38:649-659.

3. Morgan GJ, Walker BA and Davies FE. The genetic 
architecture of multiple myeloma. Nature reviews Cancer. 
2012; 12:335-348.

4. Virani S, Colacino JA, Kim JH and Rozek LS. Cancer 
epigenetics: a brief review. ILAR journal / National 
Research Council, Institute of Laboratory Animal 
Resources. 2012; 53:359-369.

5. Han Y and Garcia BA. Combining genomic and proteomic 
approaches for epigenetics research. Epigenomics. 2013; 
5:439-452.

6. Baylin SB and Jones PA. A decade of exploring the cancer 
epigenome - biological and translational implications. 
Nature reviews Cancer. 2011; 11:726-734.

7. Berger SL, Kouzarides T, Shiekhattar R and Shilatifard 
A. An operational definition of epigenetics. Genes & 
development. 2009; 23:781-783.

8. Falkenberg KJ and Johnstone RW. Histone deacetylases and 
their inhibitors in cancer, neurological diseases and immune 
disorders. Nature reviews Drug discovery. 2014; 13:673-
691.

9. Singal R and Ginder GD. DNA methylation. Blood. 1999; 



Oncotarget12852www.impactjournals.com/oncotarget

93:4059-4070.
10. Robertson KD and Wolffe AP. DNA methylation in health 

and disease. Nature reviews Genetics. 2000; 1:11-19.
11. Esteller M. Non-coding RNAs in human disease. Nature 

reviews Genetics. 2011; 12:861-874.
12. Popovic R, Shah MY and Licht JD. Epigenetic therapy 

of hematological malignancies: where are we now? 
Therapeutic advances in hematology. 2013; 4:81-91.

13. Mair B, Kubicek S and Nijman SM. Exploiting epigenetic 
vulnerabilities for cancer therapeutics. Trends in 
pharmacological sciences. 2014; 35:136-145.

14. Kasinski AL and Slack FJ. Epigenetics and genetics. 
MicroRNAs en route to the clinic: progress in validating 
and targeting microRNAs for cancer therapy. Nature 
reviews Cancer. 2011; 11:849-864.

15. Bartel DP. MicroRNAs: target recognition and regulatory 
functions. Cell. 2009; 136:215-233.

16. Ebert MS and Sharp PA. Roles for microRNAs in 
conferring robustness to biological processes. Cell. 2012; 
149:515-524.

17. Sun K and Lai EC. Adult-specific functions of animal 
microRNAs. Nature reviews Genetics. 2013; 14:535-548.

18. Calin GA and Croce CM. MicroRNA signatures in human 
cancers. Nature reviews Cancer. 2006; 6:857-866.

19. Esquela-Kerscher A and Slack FJ. Oncomirs - microRNAs 
with a role in cancer. Nature reviews Cancer. 2006; 6:259-
269.

20. Leone E, Morelli E, Di Martino MT, Amodio N, Foresta 
U, Gulla A, Rossi M, Neri A, Giordano A, Munshi NC, 
Anderson KC, Tagliaferri P and Tassone P. Targeting 
miR-21 inhibits in vitro and in vivo multiple myeloma cell 
growth. Clinical cancer research : an official journal of the 
American Association for Cancer Research. 2013; 19:2096-
2106.

21. Di Martino MT, Gulla A, Gallo Cantafio ME, Altomare 
E, Amodio N, Leone E, Morelli E, Lio SG, Caracciolo D, 
Rossi M, Frandsen NM, Tagliaferri P and Tassone P. In 
vitro and in vivo activity of a novel locked nucleic acid 
(LNA)-inhibitor-miR-221 against multiple myeloma cells. 
PloS one. 2014; 9:e89659.

22. Di Martino MT, Gulla A, Cantafio ME, Lionetti M, Leone 
E, Amodio N, Guzzi PH, Foresta U, Conforti F, Cannataro 
M, Neri A, Giordano A, Tagliaferri P and Tassone P. In 
vitro and in vivo anti-tumor activity of miR-221/222 
inhibitors in multiple myeloma. Oncotarget. 2013; 4:242-
255.

23. Leotta M, Biamonte L, Raimondi L, Ronchetti D, Di 
Martino MT, Botta C, Leone E, Pitari MR, Neri A, 
Giordano A, Tagliaferri P, Tassone P and Amodio N. A 
p53-dependent tumor suppressor network is induced by 
selective miR-125a-5p inhibition in multiple myeloma cells. 
Journal of cellular physiology. 2014; 229:2106-2116.

24. Di Martino MT, Leone E, Amodio N, Foresta U, Lionetti 
M, Pitari MR, Cantafio ME, Gulla A, Conforti F, Morelli E, 

Tomaino V, Rossi M, Negrini M, Ferrarini M, Caraglia M, 
Shammas MA, et al. Synthetic miR-34a mimics as a novel 
therapeutic agent for multiple myeloma: in vitro and in vivo 
evidence. Clinical cancer research : an official journal of the 
American Association for Cancer Research. 2012; 18:6260-
6270.

25. Raimondi L, Amodio N, Di Martino MT, Altomare E, 
Leotta M, Caracciolo D, Gulla A, Neri A, Taverna S, 
D’Aquila P, Alessandro R, Giordano A, Tagliaferri P 
and Tassone P. Targeting of multiple myeloma-related 
angiogenesis by miR-199a-5p mimics: in vitro and in vivo 
anti-tumor activity. Oncotarget. 2014; 5:3039-3054.

26. Amodio N, Bellizzi D, Leotta M, Raimondi L, Biamonte L, 
D’Aquila P, Di Martino MT, Calimeri T, Rossi M, Lionetti 
M, Leone E, Passarino G, Neri A, Giordano A, Tagliaferri 
P and Tassone P. miR-29b induces SOCS-1 expression by 
promoter demethylation and negatively regulates migration 
of multiple myeloma and endothelial cells. Cell Cycle. 
2013; 12:3650-3662.

27. Amodio N, Di Martino MT, Foresta U, Leone E, Lionetti 
M, Leotta M, Gulla AM, Pitari MR, Conforti F, Rossi M, 
Agosti V, Fulciniti M, Misso G, Morabito F, Ferrarini M, 
Neri A, et al. miR-29b sensitizes multiple myeloma cells to 
bortezomib-induced apoptosis through the activation of a 
feedback loop with the transcription factor Sp1. Cell death 
& disease. 2012; 3:e436.

28. Amodio N, Leotta M, Bellizzi D, Di Martino MT, D’Aquila 
P, Lionetti M, Fabiani F, Leone E, Gulla AM, Passarino G, 
Caraglia M, Negrini M, Neri A, Giordano A, Tagliaferri 
P and Tassone P. DNA-demethylating and anti-tumor 
activity of synthetic miR-29b mimics in multiple myeloma. 
Oncotarget. 2012; 3:1246-1258.

29. Di Martino MT, Campani V, Misso G, Gallo Cantafio ME, 
Gulla A, Foresta U, Guzzi PH, Castellano M, Grimaldi A, 
Gigantino V, Franco R, Lusa S, Cannataro M, Tagliaferri 
P, De Rosa G, Tassone P, et al. In vivo activity of miR-
34a mimics delivered by stable nucleic acid lipid particles 
(SNALPs) against multiple myeloma. PloS one. 2014; 
9:e90005.

30. Rossi M, Pitari MR, Amodio N, Di Martino MT, Conforti 
F, Leone E, Botta C, Paolino FM, Del Giudice T, Iuliano 
E, Caraglia M, Ferrarini M, Giordano A, Tagliaferri P 
and Tassone P. miR-29b negatively regulates human 
osteoclastic cell differentiation and function: implications 
for the treatment of multiple myeloma-related bone disease. 
Journal of cellular physiology. 2013; 228:1506-1515.

31. Tagliaferri P, Rossi M, Di Martino MT, Amodio N, Leone 
E, Gulla A, Neri A and Tassone P. Promises and challenges 
of MicroRNA-based treatment of multiple myeloma. 
Current cancer drug targets. 2012; 12:838-846.

32. Amodio N, Di Martino MT, Neri A, Tagliaferri P and 
Tassone P. Non-coding RNA: a novel opportunity for 
the personalized treatment of multiple myeloma. Expert 
opinion on biological therapy. 2013; 13 Suppl 1:S125-137.

33. Misso G, Zappavigna S, Castellano M, De Rosa G, Di 



Oncotarget12853www.impactjournals.com/oncotarget

Martino MT, Tagliaferri P, Tassone P and Caraglia M. 
Emerging pathways as individualized therapeutic target of 
multiple myeloma. Expert opinion on biological therapy. 
2013; 13 Suppl 1:S95-109.

34. Rossi M, Amodio N, Di Martino MT, Caracciolo D, 
Tagliaferri P and Tassone P. From target therapy to miRNA 
therapeutics of human multiple myeloma: theoretical and 
technological issues in the evolving scenario. Current drug 
targets. 2013; 14:1144-1149.

35. Rossi M, Amodio N, Di Martino MT, Tagliaferri P, Tassone 
P and Cho WC. MicroRNA and multiple myeloma: from 
laboratory findings to translational therapeutic approaches. 
Current pharmaceutical biotechnology. 2014; 15:459-467.

36. Misso G, Di Martino MT, De Rosa G, Farooqi AA, 
Lombardi A, Campani V, Zarone MR, Gulla A, Tagliaferri 
P, Tassone P and Caraglia M. Mir-34: a new weapon against 
cancer? Molecular therapy Nucleic acids. 2014; 3:e194.

37. Challagundla KB, Fanini F, Vannini I, Wise P, Murtadha 
M, Malinconico L, Cimmino A and Fabbri M. microRNAs 
in the tumor microenvironment: solving the riddle for a 
better diagnostics. Expert review of molecular diagnostics. 
2014; 14:565-574.

38. Zhang X, Tang J, Zhi X, Xie K, Wang W, Li Z, Zhu Y, 
Yang L, Xu H and Xu Z. miR-874 functions as a tumor 
suppressor by inhibiting angiogenesis through STAT3/
VEGF-A pathway in gastric cancer. Oncotarget. 2015; 
6:1605-1617.

39. Zhang K, Chen J, Chen D, Huang J, Feng B, Han S, Chen 
Y, Song H, De W, Zhu Z, Wang R and Chen L. Aurora-A 
promotes chemoresistance in hepatocelluar carcinoma 
by targeting NF-kappaB/microRNA-21/PTEN signaling 
pathway. Oncotarget. 2014; 5:12916-12935.

40. Zhao JJ and Carrasco RD. Crosstalk between 
microRNA30a/b/c/d/e-5p and the canonical Wnt pathway: 
implications for multiple myeloma therapy. Cancer 
research. 2014; 74:5351-5358.

41. Malumbres M. miRNAs and cancer: an epigenetics view. 
Molecular aspects of medicine. 2013; 34:863-874.

42. Garzon R, Liu S, Fabbri M, Liu Z, Heaphy CE, Callegari 
E, Schwind S, Pang J, Yu J, Muthusamy N, Havelange V, 
Volinia S, Blum W, Rush LJ, Perrotti D, Andreeff M, et 
al. MicroRNA-29b induces global DNA hypomethylation 
and tumor suppressor gene reexpression in acute myeloid 
leukemia by targeting directly DNMT3A and 3B and 
indirectly DNMT1. Blood. 2009; 113:6411-6418.

43. Liu S, Wu LC, Pang J, Santhanam R, Schwind S, Wu YZ, 
Hickey CJ, Yu J, Becker H, Maharry K, Radmacher MD, 
Li C, Whitman SP, Mishra A, Stauffer N, Eiring AM, et 
al. Sp1/NFkappaB/HDAC/miR-29b regulatory network in 
KIT-driven myeloid leukemia. Cancer cell. 2010; 17:333-
347.

44. Sandoval J and Esteller M. Cancer epigenomics: beyond 
genomics. Current opinion in genetics & development. 
2012; 22:50-55.

45. Struhl K and Segal E. Determinants of nucleosome 
positioning. Nature structural & molecular biology. 2013; 
20:267-273.

46. Azizi M, Teimoori-Toolabi L, Arzanani MK, Azadmanesh 
K, Fard-Esfahani P and Zeinali S. MicroRNA-148b and 
microRNA-152 reactivate tumor suppressor genes through 
suppression of DNA methyltransferase-1 gene in pancreatic 
cancer cell lines. Cancer biology & therapy. 2014; 15:419-
427.

47. Lee JY, Jeong W, Lim W, Lim CH, Bae SM, Kim J, Bazer 
FW and Song G. Hypermethylation and post-transcriptional 
regulation of DNA methyltransferases in the ovarian 
carcinomas of the laying hen. PloS one. 2013; 8:e61658.

48. Braconi C, Huang N and Patel T. MicroRNA-dependent 
regulation of DNA methyltransferase-1 and tumor 
suppressor gene expression by interleukin-6 in human 
malignant cholangiocytes. Hepatology. 2010; 51:881-890.

49. Li HP, Huang HY, Lai YR, Huang JX, Chang KP, 
Hsueh C and Chang YS. Silencing of miRNA-148a by 
hypermethylation activates the integrin-mediated signaling 
pathway in nasopharyngeal carcinoma. Oncotarget. 2014; 
5:7610-7624.

50. Chen BF, Suen YK, Gu S, Li L and Chan WY. A miR-199a/
miR-214 self-regulatory network via PSMD10, TP53 and 
DNMT1 in testicular germ cell tumor. Scientific reports. 
2014; 4:6413.

51. Xu L, Beckebaum S, Iacob S, Wu G, Kaiser GM, Radtke A, 
Liu C, Kabar I, Schmidt HH, Zhang X, Lu M and Cicinnati 
VR. MicroRNA-101 inhibits human hepatocellular 
carcinoma progression through EZH2 downregulation and 
increased cytostatic drug sensitivity. Journal of hepatology. 
2014; 60:590-598.

52. Konno Y, Dong P, Xiong Y, Suzuki F, Lu J, Cai M, 
Watari H, Mitamura T, Hosaka M, Hanley SJ, Kudo M 
and Sakuragi N. MicroRNA-101 targets EZH2, MCL-1 
and FOS to suppress proliferation, invasion and stem cell-
like phenotype of aggressive endometrial cancer cells. 
Oncotarget. 2014; 5:6049-6062.

53. Zhang K, Zhang Y, Ren K, Zhao G, Yan K and Ma B. 
MicroRNA-101 inhibits the metastasis of osteosarcoma 
cells by downregulation of EZH2 expression. Oncology 
reports. 2014; 32:2143-2149.

54. Francis NJ, Kingston RE and Woodcock CL. Chromatin 
compaction by a polycomb group protein complex. Science. 
2004; 306:1574-1577.

55. Zhang D, Ni Z, Xu X and Xiao J. MiR-32 functions as a 
tumor suppressor and directly targets EZH2 in human 
oral squamous cell carcinoma. Medical science monitor : 
international medical journal of experimental and clinical 
research. 2014; 20:2527-2535.

56. Yang WS, Chadalapaka G, Cho SG, Lee SO, Jin UH, 
Jutooru I, Choi K, Leung YK, Ho SM, Safe S and Kim 
K. The Transcriptional Repressor ZBTB4 Regulates EZH2 
Through a MicroRNA-ZBTB4-Specificity Protein Signaling 



Oncotarget12854www.impactjournals.com/oncotarget

Axis. Neoplasia. 2014; 16:1059-1069.
57. Zhao X, Lwin T, Zhang X, Huang A, Wang J, Marquez 

VE, Chen-Kiang S, Dalton WS, Sotomayor E and Tao J. 
Disruption of the MYC-miRNA-EZH2 loop to suppress 
aggressive B-cell lymphoma survival and clonogenicity. 
Leukemia. 2013; 27:2341-2350.

58. Bhattacharya R, Nicoloso M, Arvizo R, Wang E, Cortez A, 
Rossi S, Calin GA and Mukherjee P. MiR-15a and MiR-
16 control Bmi-1 expression in ovarian cancer. Cancer 
research. 2009; 69:9090-9095.

59. Yu X, Jiang X, Li H, Guo L, Jiang W and Lu SH. miR-203 
inhibits the proliferation and self-renewal of esophageal 
cancer stem-like cells by suppressing stem renewal factor 
Bmi-1. Stem cells and development. 2014; 23:576-585.

60. Venkataraman S, Alimova I, Fan R, Harris P, Foreman N 
and Vibhakar R. MicroRNA 128a increases intracellular 
ROS level by targeting Bmi-1 and inhibits medulloblastoma 
cancer cell growth by promoting senescence. PloS one. 
2010; 5:e10748.

61. Zhu Y, Yu F, Jiao Y, Feng J, Tang W, Yao H, Gong C, 
Chen J, Su F, Zhang Y and Song E. Reduced miR-128 
in breast tumor-initiating cells induces chemotherapeutic 
resistance via Bmi-1 and ABCC5. Clinical cancer research 
: an official journal of the American Association for Cancer 
Research. 2011; 17:7105-7115.

62. Dong P, Kaneuchi M, Watari H, Hamada J, Sudo S, Ju 
J and Sakuragi N. MicroRNA-194 inhibits epithelial to 
mesenchymal transition of endometrial cancer cells by 
targeting oncogene BMI-1. Molecular cancer. 2011; 10:99.

63. Liu S, Tetzlaff MT, Cui R and Xu X. miR-200c inhibits 
melanoma progression and drug resistance through down-
regulation of BMI-1. The American journal of pathology. 
2012; 181:1823-1835.

64. Chesi M, Nardini E, Lim RS, Smith KD, Kuehl WM 
and Bergsagel PL. The t(4;14) translocation in myeloma 
dysregulates both FGFR3 and a novel gene, MMSET, 
resulting in IgH/MMSET hybrid transcripts. Blood. 1998; 
92(9):3025-3034.

65. Kuo AJ, Cheung P, Chen K, Zee BM, Kioi M, Lauring J, Xi 
Y, Park BH, Shi X, Garcia BA, Li W and Gozani O. NSD2 
links dimethylation of histone H3 at lysine 36 to oncogenic 
programming. Molecular cell. 2011; 44:609-620.

66. Brito JL, Walker B, Jenner M, Dickens NJ, Brown NJ, 
Ross FM, Avramidou A, Irving JA, Gonzalez D, Davies 
FE and Morgan GJ. MMSET deregulation affects cell cycle 
progression and adhesion regulons in t(4;14) myeloma 
plasma cells. Haematologica. 2009; 94(1):78-86.

67. Cao W, Younis RH, Li J, Chen H, Xia R, Mao L, Chen W 
and Ren H. EZH2 promotes malignant phenotypes and is a 
predictor of oral cancer development in patients with oral 
leukoplakia. Cancer Prev Res (Phila). 2011; 4:1816-1824.

68. Asangani IA, Ateeq B, Cao Q, Dodson L, Pandhi M, 
Kunju LP, Mehra R, Lonigro RJ, Siddiqui J, Palanisamy 
N, Wu YM, Cao X, Kim JH, Zhao M, Qin ZS, Iyer MK, 

et al. Characterization of the EZH2-MMSET histone 
methyltransferase regulatory axis in cancer. Molecular cell. 
2013; 49:80-93.

69. Min DJ, Ezponda T, Kim MK, Will CM, Martinez-Garcia 
E, Popovic R, Basrur V, Elenitoba-Johnson KS and Licht 
JD. MMSET stimulates myeloma cell growth through 
microRNA-mediated modulation of c-MYC. Leukemia. 
2013; 27:686-694.

70. Chu L, Su MY, Maggi LB, Jr., Lu L, Mullins C, Crosby 
S, Huang G, Chng WJ, Vij R and Tomasson MH. Multiple 
myeloma-associated chromosomal translocation activates 
orphan snoRNA ACA11 to suppress oxidative stress. The 
Journal of clinical investigation. 2012; 122:2793-2806.

71. Bedford MT and Richard S. Arginine methylation an 
emerging regulator of protein function. Molecular cell. 
2005; 18:263-272.

72. Pal S, Baiocchi RA, Byrd JC, Grever MR, Jacob ST and 
Sif S. Low levels of miR-92b/96 induce PRMT5 translation 
and H3R8/H4R3 methylation in mantle cell lymphoma. The 
EMBO journal. 2007; 26(15):3558-3569.

73. Wang L, Pal S and Sif S. Protein arginine methyltransferase 
5 suppresses the transcription of the RB family of tumor 
suppressors in leukemia and lymphoma cells. Molecular 
and cellular biology. 2008; 28:6262-6277.

74. Roccaro AM, Sacco A, Jia X, Azab AK, Maiso P, Ngo 
HT, Azab F, Runnels J, Quang P and Ghobrial IM. 
microRNA-dependent modulation of histone acetylation in 
Waldenstrom macroglobulinemia. Blood. 2010; 116:1506-
1514.

75. Agostini M and Knight RA. miR-34: from bench to bedside. 
Oncotarget. 2014; 5:872-881.

76. Wang AM, Huang TT, Hsu KW, Huang KH, Fang WL, 
Yang MH, Lo SS, Chi CW, Lin JJ and Yeh TS. Yin Yang 1 
is a target of microRNA-34 family and contributes to gastric 
carcinogenesis. Oncotarget. 2014; 5:5002-5016.

77. Scognamiglio I, Di Martino MT, Campani V, Virgilio 
A, Galeone A, Gulla A, Gallo Cantafio ME, Misso 
G, Tagliaferri P, Tassone P, Caraglia M and De Rosa 
G. Transferrin-conjugated SNALPs encapsulating 
2’-O-methylated miR-34a for the treatment of multiple 
myeloma. BioMed research international. 2014; 
2014:217365.

78. Siemens H, Jackstadt R, Kaller M and Hermeking H. 
Repression of c-Kit by p53 is mediated by miR-34 and is 
associated with reduced chemoresistance, migration and 
stemness. Oncotarget. 2013; 4:1399-1415.

79. Wu MY, Fu J, Xiao X, Wu J and Wu RC. MiR-34a 
regulates therapy resistance by targeting HDAC1 and 
HDAC7 in breast cancer. Cancer letters. 2014; 354:311-
319.

80. Chen DQ, Pan BZ, Huang JY, Zhang K, Cui SY, De W, 
Wang R and Chen LB. HDAC 1/4-mediated silencing of 
microRNA-200b promotes chemoresistance in human lung 
adenocarcinoma cells. Oncotarget. 2014; 5:3333-3349.



Oncotarget12855www.impactjournals.com/oncotarget

81. Fabbri M, Garzon R, Cimmino A, Liu Z, Zanesi N, 
Callegari E, Liu S, Alder H, Costinean S, Fernandez-
Cymering C, Volinia S, Guler G, Morrison CD, Chan KK, 
Marcucci G, Calin GA, et al. MicroRNA-29 family reverts 
aberrant methylation in lung cancer by targeting DNA 
methyltransferases 3A and 3B. Proceedings of the National 
Academy of Sciences of the United States of America. 
2007; 104:15805-15810.

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

83. Di Fiore R, Drago-Ferrante R, Pentimalli F, Di Marzo D, 
Forte IM, D’Anneo A, Carlisi D, De Blasio A, Giuliano 
M, Tesoriere G, Giordano A and Vento R. MicroRNA-
29b-1 impairs in vitro cell proliferation, selfrenewal and 
chemoresistance of human osteosarcoma 3AB-OS cancer 
stem cells. International journal of oncology. 2014; 
45:2013-2023.

84. Fang JH, Zhou HC, Zeng C, Yang J, Liu Y, Huang X, 
Zhang JP, Guan XY and Zhuang SM. MicroRNA-29b 
suppresses tumor angiogenesis, invasion, and metastasis 
by regulating matrix metalloproteinase 2 expression. 
Hepatology. 2011; 54:1729-1740.

85. Wang B, Li W, Liu H, Yang L, Liao Q, Cui S, Wang H and 
Zhao L. miR-29b suppresses tumor growth and metastasis 
in colorectal cancer via downregulating Tiam1 expression 
and inhibiting epithelial-mesenchymal transition. Cell death 
& disease. 2014; 5:e1335.

86. Qiang W, Liu Z, Serna VA, Druschitz SA, Liu Y, Espona-
Fiedler M, Wei JJ and Kurita T. Down-regulation of miR-
29b is essential for pathogenesis of uterine leiomyoma. 
Endocrinology. 2014; 155:663-669.

87. Dai F, Zhang Y, Zhu X, Shan N and Chen Y. Anticancer 
role of MUC1 aptamer-miR-29b chimera in epithelial 
ovarian carcinoma cells through regulation of PTEN 
methylation. Targeted oncology. 2012; 7:217-225.

88. Jacobsen A, Silber J, Harinath G, Huse JT, Schultz N and 
Sander C. Analysis of microRNA-target interactions across 
diverse cancer types. Nature structural & molecular biology. 
2013; 20:1325-1332.

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

90. Lagos-Quintana M, Rauhut R, Yalcin A, Meyer J, 
Lendeckel W and Tuschl T. Identification of tissue-specific 
microRNAs from mouse. Current biology : CB. 2002; 
12:735-739.

91. Dostie J, Mourelatos Z, Yang M, Sharma A and Dreyfuss 
G. Numerous microRNPs in neuronal cells containing novel 
microRNAs. RNA. 2003; 9:180-186.

92. Hwang HW, Wentzel EA and Mendell JT. A hexanucleotide 
element directs microRNA nuclear import. Science. 2007; 
315:97-100.

93. Sempere LF, Freemantle S, Pitha-Rowe I, Moss E, 

Dmitrovsky E and Ambros V. Expression profiling of 
mammalian microRNAs uncovers a subset of brain-
expressed microRNAs with possible roles in murine and 
human neuronal differentiation. Genome biology. 2004; 
5:R13.

94. Chang TC, Yu D, Lee YS, Wentzel EA, Arking DE, West 
KM, Dang CV, Thomas-Tikhonenko A and Mendell JT. 
Widespread microRNA repression by Myc contributes to 
tumorigenesis. Nature genetics. 2008; 40:43-50.

95. Mott JL, Kurita S, Cazanave SC, Bronk SF, Werneburg NW 
and Fernandez-Zapico ME. Transcriptional suppression of 
mir-29b-1/mir-29a promoter by c-Myc, hedgehog, and NF-
kappaB. Journal of cellular biochemistry. 2010; 110:1155-
1164.

96. Wang H, Garzon R, Sun H, Ladner KJ, Singh R, Dahlman J, 
Cheng A, Hall BM, Qualman SJ, Chandler DS, Croce CM 
and Guttridge DC. NF-kappaB-YY1-miR-29 regulatory 
circuitry in skeletal myogenesis and rhabdomyosarcoma. 
Cancer cell. 2008; 14:369-381.

97. Eyholzer M, Schmid S, Wilkens L, Mueller BU and Pabst 
T. The tumour-suppressive miR-29a/b1 cluster is regulated 
by CEBPA and blocked in human AML. British journal of 
cancer. 2010; 103:275-284.

98. Kapinas K, Kessler C, Ricks T, Gronowicz G and Delany 
AM. miR-29 modulates Wnt signaling in human osteoblasts 
through a positive feedback loop. The Journal of biological 
chemistry. 2010; 285:25221-25231.

99. Schmitt MJ, Philippidou D, Reinsbach SE, Margue C, 
Wienecke-Baldacchino A, Nashan D, Behrmann I and 
Kreis S. Interferon-gamma-induced activation of Signal 
Transducer and Activator of Transcription 1 (STAT1) up-
regulates the tumor suppressing microRNA-29 family in 
melanoma cells. Cell communication and signaling : CCS. 
2012; 10:41.

100. Maurer B, Stanczyk J, Jungel A, Akhmetshina A, 
Trenkmann M, Brock M, Kowal-Bielecka O, Gay RE, 
Michel BA, Distler JH, Gay S and Distler O. MicroRNA-29, 
a key regulator of collagen expression in systemic sclerosis. 
Arthritis and rheumatism. 2010; 62:1733-1743.

101. Zhou L, Wang L, Lu L, Jiang P, Sun H and Wang H. 
Inhibition of miR-29 by TGF-beta-Smad3 signaling through 
dual mechanisms promotes transdifferentiation of mouse 
myoblasts into myofibroblasts. PloS one. 2012; 7:e33766.

102. Zhang Z, Zou J, Wang GK, Zhang JT, Huang S, Qin YW 
and Jing Q. Uracils at nucleotide position 9-11 are required 
for the rapid turnover of miR-29 family. Nucleic acids 
research. 2011; 39:4387-4395.

103. Montagner S, Deho L and Monticelli S. MicroRNAs in 
hematopoietic development. BMC immunology. 2014; 
15:14.

104. Pagano F, De Marinis E, Grignani F and Nervi C. Epigenetic 
role of miRNAs in normal and leukemic hematopoiesis. 
Epigenomics. 2013; 5:539-552.

105. Xiao C and Rajewsky K. MicroRNA control in the immune 



Oncotarget12856www.impactjournals.com/oncotarget

system: basic principles. Cell. 2009; 136:26-36.
106. Bissels U, Bosio A and Wagner W. MicroRNAs are shaping 

the hematopoietic landscape. Haematologica. 2012; 97:160-
167.

107. Papadopoulou AS, Dooley J, Linterman MA, Pierson W, 
Ucar O, Kyewski B, Zuklys S, Hollander GA, Matthys 
P, Gray DH, De Strooper B and Liston A. The thymic 
epithelial microRNA network elevates the threshold 
for infection-associated thymic involution via miR-29a 
mediated suppression of the IFN-alpha receptor. Nature 
immunology. 2012; 13:181-187.

108. Ma F, Xu S, Liu X, Zhang Q, Xu X, Liu M, Hua M, Li 
N, Yao H and Cao X. The microRNA miR-29 controls 
innate and adaptive immune responses to intracellular 
bacterial infection by targeting interferon-gamma. Nature 
immunology. 2011; 12:861-869.

109. Steiner DF, Thomas MF, Hu JK, Yang Z, Babiarz JE, 
Allen CD, Matloubian M, Blelloch R and Ansel KM. 
MicroRNA-29 regulates T-box transcription factors and 
interferon-gamma production in helper T cells. Immunity. 
2011; 35:169-181.

110. Smith KM, Guerau-de-Arellano M, Costinean S, Williams 
JL, Bottoni A, Mavrikis Cox G, Satoskar AR, Croce CM, 
Racke MK, Lovett-Racke AE and Whitacre CC. miR-29ab1 
deficiency identifies a negative feedback loop controlling 
Th1 bias that is dysregulated in multiple sclerosis. J 
Immunol. 2012; 189:1567-1576.

111. Brain O, Owens BM, Pichulik T, Allan P, Khatamzas 
E, Leslie A, Steevels T, Sharma S, Mayer A, Catuneanu 
AM, Morton V, Sun MY, Jewell D, Coccia M, Harrison 
O, Maloy K, et al. The intracellular sensor NOD2 induces 
microRNA-29 expression in human dendritic cells to limit 
IL-23 release. Immunity. 2013; 39:521-536.

112. Salama A, Fichou N, Allard M, Dubreil L, De Beaurepaire 
L, Viel A, Jegou D, Bosch S and Bach JM. MicroRNA-29b 
modulates innate and antigen-specific immune responses 
in mouse models of autoimmunity. PloS one. 2014; 
9:e106153.

113. Tassone P, Neri P, Carrasco DR, Burger R, Goldmacher 
VS, Fram R, Munshi V, Shammas MA, Catley L, Jacob 
GS, Venuta S, Anderson KC and Munshi NC. A clinically 
relevant SCID-hu in vivo model of human multiple 
myeloma. Blood. 2005; 106:713-716.

114. Calimeri T, Battista E, Conforti F, Neri P, Di Martino MT, 
Rossi M, Foresta U, Piro E, Ferrara F, Amorosi A, Bahlis 
N, Anderson KC, Munshi N, Tagliaferri P, Causa F and 
Tassone P. A unique three-dimensional SCID-polymeric 
scaffold (SCID-synth-hu) model for in vivo expansion of 
human primary multiple myeloma cells. Leukemia. 2011; 
25:707-711.

115. Tassone P, Tagliaferri P, Rossi M, Calimeri T, Bulotta 
A, Abbruzzese A, Caraglia M and Neri P. Challenging 
the current approaches to multiple myeloma-related bone 
disease: from bisphosphonates to target therapy. Current 
cancer drug targets. 2009; 9:854-870.

116. Tassone P, Neri P, Burger R, Di Martino MT, Leone E, 
Amodio N, Caraglia M and Tagliaferri P. Mouse models 
as a translational platform for the development of new 
therapeutic agents in multiple myeloma. Current cancer 
drug targets. 2012; 12:814-822.

117. Ditzel Santos D, Ho AW, Tournilhac O, Hatjiharissi E, 
Leleu X, Xu L, Tassone P, Neri P, Hunter ZR, Chemaly 
MA, Branagan AR, Manning RJ, Patterson CJ, Moreau 
AS, Ciccarelli B, Adamia S, et al. Establishment of 
BCWM.1 cell line for Waldenstrom’s macroglobulinemia 
with productive in vivo engraftment in SCID-hu mice. 
Experimental hematology. 2007; 35:1366-1375.

118. Tassone P, Neri P, Kutok JL, Tournilhac O, Santos DD, 
Hatjiharissi E, Munshi V, Venuta S, Anderson KC, Treon 
SP and Munshi NC. A SCID-hu in vivo model of human 
Waldenstrom macroglobulinemia. Blood. 2005; 106:1341-
1345.

119. Rossi M, Di Martino MT, Morelli E, Leotta M, Rizzo A, 
Grimaldi A, Misso G, Tassone P and Caraglia M. Molecular 
targets for the treatment of multiple myeloma. Current 
cancer drug targets. 2012; 12:757-767.

120. Neri P, Tagliaferri P, Di Martino MT, Calimeri T, Amodio 
N, Bulotta A, Ventura M, Eramo PO, Viscomi C, Arbitrio 
M, Rossi M, Caraglia M, Munshi NC, Anderson KC and 
Tassone P. In vivo anti-myeloma activity and modulation of 
gene expression profile induced by valproic acid, a histone 
deacetylase inhibitor. British journal of haematology. 2008; 
143:520-531.

121. Neri P, Ren L, Gratton K, Stebner E, Johnson J, Klimowicz 
A, Duggan P, Tassone P, Mansoor A, Stewart DA, Lonial S, 
Boise LH and Bahlis NJ. Bortezomib-induced “BRCAness” 
sensitizes multiple myeloma cells to PARP inhibitors. 
Blood. 2011; 118:6368-6379.

122. Yasui H, Hideshima T, Hamasaki M, Roccaro AM, 
Shiraishi N, Kumar S, Tassone P, Ishitsuka K, Raje N, Tai 
YT, Podar K, Chauhan D, Leoni LM, Kanekal S, Elliott 
G, Munshi NC, et al. SDX-101, the R-enantiomer of 
etodolac, induces cytotoxicity, overcomes drug resistance, 
and enhances the activity of dexamethasone in multiple 
myeloma. Blood. 2005; 106:706-712.

123. Tassone P, Galea E, Forciniti S, Tagliaferri P and Venuta 
S. The IL-6 receptor super-antagonist Sant7 enhances 
antiproliferative and apoptotic effects induced by 
dexamethasone and zoledronic acid on multiple myeloma 
cells. International journal of oncology. 2002; 21:867-873.

124. Fulciniti M, Hideshima T, Vermot-Desroches C, Pozzi S, 
Nanjappa P, Shen Z, Patel N, Smith ES, Wang W, Prabhala 
R, Tai YT, Tassone P, Anderson KC and Munshi NC. A 
high-affinity fully human anti-IL-6 mAb, 1339, for the 
treatment of multiple myeloma. Clinical cancer research : 
an official journal of the American Association for Cancer 
Research. 2009; 15:7144-7152.

125. Ishitsuka K, Hideshima T, Neri P, Vallet S, Shiraishi N, 
Okawa Y, Shen Z, Raje N, Kiziltepe T, Ocio EM, Chauhan 
D, Tassone P, Munshi N, Campbell RM, Dios AD, Shih 



Oncotarget12857www.impactjournals.com/oncotarget

C, et al. p38 mitogen-activated protein kinase inhibitor 
LY2228820 enhances bortezomib-induced cytotoxicity 
and inhibits osteoclastogenesis in multiple myeloma; 
therapeutic implications. British journal of haematology. 
2008; 141:598-606.

126. Tassone P, Forciniti S, Galea E, Savino R, Turco MC, 
Iacopino P, Tagliaferri P, Morrone G, Ciliberto G and 
Venuta S. Synergistic induction of growth arrest and 
apoptosis of human myeloma cells by the IL-6 super-
antagonist Sant7 and Dexamethasone. Cell death and 
differentiation. 2000; 7:327-328.

127. Burger R, Le Gouill S, Tai YT, Shringarpure R, Tassone 
P, Neri P, Podar K, Catley L, Hideshima T, Chauhan 
D, Caulder E, Neilan CL, Vaddi K, Li J, Gramatzki M, 
Fridman JS, et al. Janus kinase inhibitor INCB20 has 
antiproliferative and apoptotic effects on human myeloma 
cells in vitro and in vivo. Molecular cancer therapeutics. 
2009; 8:26-35.

128. Marra M, Salzano G, Leonetti C, Tassone P, Scarsella M, 
Zappavigna S, Calimeri T, Franco R, Liguori G, Cigliana 
G, Ascani R, La Rotonda MI, Abbruzzese A, Tagliaferri 
P, Caraglia M and De Rosa G. Nanotechnologies to use 
bisphosphonates as potent anticancer agents: the effects of 
zoledronic acid encapsulated into liposomes. Nanomedicine 
: nanotechnology, biology, and medicine. 2011; 7:955-964.

129. Fulciniti M, Amin S, Nanjappa P, Rodig S, Prabhala R, 
Li C, Minvielle S, Tai YT, Tassone P, Avet-Loiseau H, 
Hideshima T, Anderson KC and Munshi NC. Significant 
biological role of sp1 transactivation in multiple myeloma. 
Clinical cancer research : an official journal of the American 
Association for Cancer Research. 2011; 17:6500-6509.

130. Fulciniti M, Amodio N, Bandi RL, Munshi M, Yang 
G, Xu L, Hunter Z, Tassone P, Anderson KC, Treon 
SP and Munshi NC. MYD88-independent growth and 
survival effects of Sp1 transactivation in Waldenstrom 
macroglobulinemia. Blood. 2014; 123:2673-2681.

131. Jagannathan S, Vad N, Vallabhapurapu S, 
Vallabhapurapu S, Anderson KC and Driscoll JJ. MiR-
29b replacement inhibits proteasomes and disrupts 
aggresome+autophagosome formation to enhance the 
antimyeloma benefit of bortezomib. Leukemia. 2015; 
29:727-738.

132. Sevcikova S, Kubiczkova L, Sedlarikova L, Slaby O and 
Hajek R. Serum miR-29a as a marker of multiple myeloma. 
Leukemia & lymphoma. 2013; 54:189-191.

133. Galm O, Wilop S, Reichelt J, Jost E, Gehbauer G, Herman 
JG and Osieka R. DNA methylation changes in multiple 
myeloma. Leukemia. 2004; 18:1687-1692.

134. Kaiser MF, Johnson DC, Wu P, Walker BA, Brioli A, 
Mirabella F, Wardell CP, Melchor L, Davies FE and 
Morgan GJ. Global methylation analysis identifies 
prognostically important epigenetically inactivated tumor 
suppressor genes in multiple myeloma. Blood. 2013; 
122:219-226.

135. Brakensiek K, Langer F, Schlegelberger B, Kreipe H 

and Lehmann U. Hypermethylation of the suppressor 
of cytokine signalling-1 (SOCS-1) in myelodysplastic 
syndrome. British journal of haematology. 2005; 130:209-
217.

136. Anderson KC, Alsina M, Bensinger W, Biermann JS, 
Chanan-Khan A, Cohen AD, Devine S, Djulbegovic B, 
Faber EA, Jr., Gasparetto C, Huff CA, Kassim A, Medeiros 
BC, Meredith R, Raje N, Schriber J, et al. Multiple 
myeloma. Journal of the National Comprehensive Cancer 
Network : JNCCN. 2011; 9:1146-1183.

137. Rogers MJ, Frith JC, Luckman SP, Coxon FP, Benford 
HL, Monkkonen J, Auriola S, Chilton KM and Russell RG. 
Molecular mechanisms of action of bisphosphonates. Bone. 
1999; 24:73S-79S.

138. Russell RG, Rogers MJ, Frith JC, Luckman SP, Coxon FP, 
Benford HL, Croucher PI, Shipman C and Fleisch HA. The 
pharmacology of bisphosphonates and new insights into 
their mechanisms of action. Journal of bone and mineral 
research : the official journal of the American Society for 
Bone and Mineral Research. 1999; 14 Suppl 2:53-65.

139. Marra M, Abbruzzese A, Addeo R, Del Prete S, Tassone P, 
Tonini G, Tagliaferri P, Santini D and Caraglia M. Cutting 
the limits of aminobisphosphonates: new strategies for the 
potentiation of their anti-tumour effects. Current cancer 
drug targets. 2009; 9:791-800.

140. Caraglia M, D’Alessandro AM, Marra M, Giuberti G, Vitale 
G, Viscomi C, Colao A, Prete SD, Tagliaferri P, Tassone 
P, Budillon A, Venuta S and Abbruzzese A. The farnesyl 
transferase inhibitor R115777 (Zarnestra) synergistically 
enhances growth inhibition and apoptosis induced on 
epidermoid cancer cells by Zoledronic acid (Zometa) and 
Pamidronate. Oncogene. 2004; 23:6900-6913.

141. Tassone P, Tagliaferri P, Viscomi C, Palmieri C, Caraglia 
M, D’Alessandro A, Galea E, Goel A, Abbruzzese 
A, Boland CR and Venuta S. Zoledronic acid induces 
antiproliferative and apoptotic effects in human pancreatic 
cancer cells in vitro. British journal of cancer. 2003; 
88:1971-1978.

142. Tassone P, Forciniti S, Galea E, Morrone G, Turco MC, 
Martinelli V, Tagliaferri P and Venuta S. Growth inhibition 
and synergistic induction of apoptosis by zoledronate and 
dexamethasone in human myeloma cell lines. Leukemia. 
2000; 14:841-844.

143. Mellis DJ, Itzstein C, Helfrich MH and Crockett JC. The 
skeleton: a multi-functional complex organ: the role of key 
signalling pathways in osteoclast differentiation and in bone 
resorption. The Journal of endocrinology. 2011; 211:131-
143.

144. Blair HC and Athanasou NA. Recent advances in osteoclast 
biology and pathological bone resorption. Histology and 
histopathology. 2004; 19:189-199.

145. Yuan L, Chan GC, Fung KL and Chim CS. RANKL 
expression in myeloma cells is regulated by a network 
involving RANKL promoter methylation, DNMT1, 
microRNA and TNFalpha in the microenvironment. 



Oncotarget12858www.impactjournals.com/oncotarget

Biochimica et biophysica acta. 2014; 1843:1834-1838.
146. Kapinas K and Delany AM. MicroRNA biogenesis and 

regulation of bone remodeling. Arthritis research & therapy. 
2011; 13:220.

147. Li Z, Hassan MQ, Jafferji M, Aqeilan RI, Garzon R, 
Croce CM, van Wijnen AJ, Stein JL, Stein GS and Lian 
JB. Biological functions of miR-29b contribute to positive 
regulation of osteoblast differentiation. The Journal of 
biological chemistry. 2009; 284:15676-15684.

148. Calin GA, Liu CG, Sevignani C, Ferracin M, Felli N, 
Dumitru CD, Shimizu M, Cimmino A, Zupo S, Dono M, 
Dell’Aquila ML, Alder H, Rassenti L, Kipps TJ, Bullrich 
F, Negrini M, et al. MicroRNA profiling reveals distinct 
signatures in B cell chronic lymphocytic leukemias. 
Proceedings of the National Academy of Sciences of the 
United States of America. 2004; 101:11755-11760.

149. Pekarsky Y, Santanam U, Cimmino A, Palamarchuk 
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 research. 2006; 
66:11590-11593.

150. Bichi R, Shinton SA, Martin ES, Koval A, Calin GA, Cesari 
R, Russo G, Hardy RR and Croce CM. Human chronic 
lymphocytic leukemia modeled in mouse by targeted 
TCL1 expression. Proceedings of the National Academy of 
Sciences of the United States of America. 2002; 99:6955-
6960.

151. Santanam U, Zanesi N, Efanov A, Costinean S, 
Palamarchuk A, Hagan JP, Volinia S, Alder H, Rassenti L, 
Kipps T, Croce CM and Pekarsky Y. Chronic lymphocytic 
leukemia modeled in mouse by targeted miR-29 expression. 
Proceedings of the National Academy of Sciences of the 
United States of America. 2010; 107:12210-12215.

152. Calin GA, Ferracin M, Cimmino A, Di Leva G, Shimizu 
M, Wojcik SE, Iorio MV, Visone R, Sever NI, Fabbri 
M, Iuliano R, Palumbo T, Pichiorri F, Roldo C, Garzon 
R, Sevignani C, et al. A MicroRNA signature associated 
with prognosis and progression in chronic lymphocytic 
leukemia. The New England journal of medicine. 2005; 
353:1793-1801.

153. Pekarsky Y and Croce CM. Is miR-29 an oncogene or 
tumor suppressor in CLL? Oncotarget. 2010; 1:224-227.

154. Calin GA, Cimmino A, Fabbri M, Ferracin M, Wojcik SE, 
Shimizu M, Taccioli C, Zanesi N, Garzon R, Aqeilan RI, 
Alder H, Volinia S, Rassenti L, Liu X, Liu CG, Kipps TJ, 
et al. MiR-15a and miR-16-1 cluster functions in human 
leukemia. Proceedings of the National Academy of Sciences 
of the United States of America. 2008; 105:5166-5171.

155. Garzon R, Heaphy CE, Havelange V, Fabbri M, Volinia S, 
Tsao T, Zanesi N, Kornblau SM, Marcucci G, Calin GA, 
Andreeff M and Croce CM. MicroRNA 29b functions in 
acute myeloid leukemia. Blood. 2009; 114:5331-5341.

156. Li S, Moffett HF, Lu J, Werner L, Zhang H, Ritz J, 

Neuberg D, Wucherpfennig KW, Brown JR and Novina 
CD. MicroRNA expression profiling identifies activated B 
cell status in chronic lymphocytic leukemia cells. PloS one. 
2011; 6:e16956.

157. Sampath D, Liu C, Vasan K, Sulda M, Puduvalli VK, 
Wierda WG and Keating MJ. Histone deacetylases mediate 
the silencing of miR-15a, miR-16, and miR-29b in chronic 
lymphocytic leukemia. Blood. 2012; 119:1162-1172.

158. Lowenberg B, Downing JR and Burnett A. Acute myeloid 
leukemia. The New England journal of medicine. 1999; 
341:1051-1062.

159. Hu W, Dooley J, Chung SS, Chandramohan D, Cimmino 
L, Mukherjee S, Mason CE, Strooper B, Liston A and Park 
CY. MiR-29a maintains mouse hematopoietic stem cell 
self-renewal by regulating Dnmt3a. Blood. 2015; 125:2206-
2216.

160. Han YC, Park CY, Bhagat G, Zhang J, Wang Y, Fan JB, Liu 
M, Zou Y, Weissman IL and Gu H. microRNA-29a induces 
aberrant self-renewal capacity in hematopoietic progenitors, 
biased myeloid development, and acute myeloid leukemia. 
The Journal of experimental medicine. 2010; 207:475-489.

161. Wang XS, Gong JN, Yu J, Wang F, Zhang XH, Yin XL, 
Tan ZQ, Luo ZM, Yang GH, Shen C and Zhang JW. 
MicroRNA-29a and microRNA-142-3p are regulators of 
myeloid differentiation and acute myeloid leukemia. Blood. 
2012; 119:4992-5004.

162. 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, Kantarjian H, Bloomfield CD, et 
al. MicroRNA signatures associated with cytogenetics 
and prognosis in acute myeloid leukemia. Blood. 2008; 
111:3183-3189.

163. Garzon R, Garofalo M, Martelli MP, Briesewitz R, Wang 
L, Fernandez-Cymering C, Volinia S, Liu CG, Schnittger 
S, Haferlach T, Liso A, Diverio D, Mancini M, Meloni G, 
Foa R, Martelli MF, et al. Distinctive microRNA signature 
of acute myeloid leukemia bearing cytoplasmic mutated 
nucleophosmin. Proceedings of the National Academy of 
Sciences of the United States of America. 2008; 105:3945-
3950.

164. Xu L, Xu Y, Jing Z, Wang X, Zha X, Zeng C, Chen S, Yang 
L, Luo G, Li B and Li Y. Altered expression pattern of miR-
29a, miR-29b and the target genes in myeloid leukemia. 
Experimental hematology & oncology. 2014; 3:17.

165. Gong JN, Yu J, Lin HS, Zhang XH, Yin XL, Xiao Z, 
Wang F, Wang XS, Su R, Shen C, Zhao HL, Ma YN and 
Zhang JW. The role, mechanism and potentially therapeutic 
application of microRNA-29 family in acute myeloid 
leukemia. Cell death and differentiation. 2014; 21:100-112.

166. Huang X, Schwind S, Yu B, Santhanam R, Wang H, 
Hoellerbauer P, Mims A, Klisovic R, Walker AR, Chan KK, 
Blum W, Perrotti D, Byrd JC, Bloomfield CD, Caligiuri 
MA, Lee RJ, et al. Targeted delivery of microRNA-29b by 
transferrin-conjugated anionic lipopolyplex nanoparticles: 



Oncotarget12859www.impactjournals.com/oncotarget

a novel therapeutic strategy in acute myeloid leukemia. 
Clinical cancer research : an official journal of the American 
Association for Cancer Research. 2013; 19:2355-2367.

167. Mizuno S, Chijiwa T, Okamura T, Akashi K, Fukumaki 
Y, Niho Y and Sasaki H. Expression of DNA 
methyltransferases DNMT1, 3A, and 3B in normal 
hematopoiesis and in acute and chronic myelogenous 
leukemia. Blood. 2001; 97:1172-1179.

168. Mishra A, Liu S, Sams GH, Curphey DP, Santhanam R, 
Rush LJ, Schaefer D, Falkenberg LG, Sullivan L, Jaroncyk 
L, Yang X, Fisk H, Wu LC, Hickey C, Chandler JC, Wu 
YZ, et al. Aberrant overexpression of IL-15 initiates large 
granular lymphocyte leukemia through chromosomal 
instability and DNA hypermethylation. Cancer cell. 2012; 
22:645-655.

169. Blum W, Garzon R, Klisovic RB, Schwind S, Walker A, 
Geyer S, Liu S, Havelange V, Becker H, Schaaf L, Mickle 
J, Devine H, Kefauver C, Devine SM, Chan KK, Heerema 
NA, et al. Clinical response and miR-29b predictive 
significance in older AML patients treated with a 10-
day schedule of decitabine. Proceedings of the National 
Academy of Sciences of the United States of America. 
2010; 107:7473-7478.

170. Mims A, Walker AR, Huang X, Sun J, Wang H, Santhanam 
R, Dorrance AM, Walker C, Hoellerbauer P, Tarighat SS, 
Chan KK, Klisovic RB, Perrotti D, Caligiuri MA, Byrd 
JC, Chen CS, et al. Increased anti-leukemic activity of 
decitabine via AR-42-induced upregulation of miR-29b: 
a novel epigenetic-targeting approach in acute myeloid 
leukemia. Leukemia. 2013; 27:871-878.

171. Blum W, Schwind S, Tarighat SS, Geyer S, Eisfeld AK, 
Whitman S, Walker A, Klisovic R, Byrd JC, Santhanam 
R, Wang H, Curfman JP, Devine SM, Jacob S, Garr C, 
Kefauver C, et al. Clinical and pharmacodynamic activity 
of bortezomib and decitabine in acute myeloid leukemia. 
Blood. 2012; 119:6025-6031.

172. Xu Z, Zhang L, Fei X, Yi X, Li W and Wang Q. The miR-
29b-Sirt1 axis regulates self-renewal of mouse embryonic 
stem cells in response to reactive oxygen species. Cellular 
signalling. 2014; 26:1500-1505.

173. Li Y, Wang H, Tao K, Xiao Q, Huang Z, Zhong L, Cao 
W, Wen J and Feng W. miR-29b suppresses CML cell 
proliferation and induces apoptosis via regulation of BCR/
ABL1 protein. Experimental cell research. 2013; 319:1094-
1101.

174. Lee TY, Ezelle HJ, Venkataraman T, Lapidus RG, 
Scheibner KA and Hassel BA. Regulation of human 
RNase-L by the miR-29 family reveals a novel oncogenic 
role in chronic myelogenous leukemia. Journal of interferon 
& cytokine research : the official journal of the International 
Society for Interferon and Cytokine Research. 2013; 33:34-
42.

175. Di Lisio L, Sanchez-Beato M, Gomez-Lopez G, Rodriguez 
ME, Montes-Moreno S, Mollejo M, Menarguez J, Martinez 
MA, Alves FJ, Pisano DG, Piris MA and Martinez N. 

MicroRNA signatures in B-cell lymphomas. Blood cancer 
journal. 2012; 2:e57.

176. Ruiz-Ballesteros E, Mollejo M, Mateo M, Algara P, 
Martinez P and Piris MA. MicroRNA losses in the 
frequently deleted region of 7q in SMZL. Leukemia. 2007; 
21:2547-2549.

177. Zhao JJ, Lin J, Lwin T, Yang H, Guo J, Kong W, 
Dessureault S, Moscinski LC, Rezania D, Dalton WS, 
Sotomayor E, Tao J and Cheng JQ. microRNA expression 
profile and identification of miR-29 as a prognostic marker 
and pathogenetic factor by targeting CDK6 in mantle cell 
lymphoma. Blood. 2010; 115:2630-2639.

178. Zhang X, Zhao X, Fiskus W, Lin J, Lwin T, Rao R, 
Zhang Y, Chan JC, Fu K, Marquez VE, Chen-Kiang S, 
Moscinski LC, Seto E, Dalton WS, Wright KL, Sotomayor 
E, et al. Coordinated silencing of MYC-mediated miR-29 
by HDAC3 and EZH2 as a therapeutic target of histone 
modification in aggressive B-Cell lymphomas. Cancer cell. 
2012; 22:506-523.

179. de Carvalho F, Colleoni GW, Almeida MS, Carvalho 
AL and Vettore AL. TGFbetaR2 aberrant methylation 
is a potential prognostic marker and therapeutic target in 
multiple myeloma. International journal of cancer Journal 
international du cancer. 2009; 125:1985-1991.

180. Zhang P, Huang B, Xu X and Sessa WC. Ten-eleven 
translocation (Tet) and thymine DNA glycosylase (TDG), 
components of the demethylation pathway, are direct targets 
of miRNA-29a. Biochemical and biophysical research 
communications. 2013; 437:368-373.

181. Wang C, Bian Z, Wei D and Zhang JG. miR-29b regulates 
migration of human breast cancer cells. Molecular and 
cellular biochemistry. 2011; 352:197-207.

182. Wang C, Gao C, Zhuang JL, Ding C and Wang Y. A 
combined approach identifies three mRNAs that are down-
regulated by microRNA-29b and promote invasion ability 
in the breast cancer cell line MCF-7. Journal of cancer 
research and clinical oncology. 2012; 138:2127-2136.

183. Zhao X, Pan F, Holt CM, Lewis AL and Lu JR. Controlled 
delivery of antisense oligonucleotides: a brief review of 
current strategies. Expert opinion on drug delivery. 2009; 
6:673-686.

184. Yan J, Guo X, Xia J, Shan T, Gu C, Liang Z, Zhao W 
and Jin S. MiR-148a regulates MEG3 in gastric cancer 
by targeting DNA methyltransferase 1. Med Oncol. 2014; 
31:879.

185. Gailhouste L, Gomez-Santos L, Hagiwara K, Hatada 
I, Kitagawa N, Kawaharada K, Thirion M, Kosaka N, 
Takahashi RU, Shibata T, Miyajima A and Ochiya T. 
miR-148a plays a pivotal role in the liver by promoting the 
hepatospecific phenotype and suppressing the invasiveness 
of transformed cells. Hepatology. 2013; 58:1153-1165.

186. Xiang Y, Ma N, Wang D, Zhang Y, Zhou J, Wu G, Zhao 
R, Huang H, Wang X, Qiao Y, Li F, Han D, Wang L, 
Zhang G and Gao X. MiR-152 and miR-185 co-contribute 



Oncotarget12860www.impactjournals.com/oncotarget

to ovarian cancer cells cisplatin sensitivity by targeting 
DNMT1 directly: a novel epigenetic therapy independent 
of decitabine. Oncogene. 2014; 33:378-386.

187. Das S, Foley N, Bryan K, Watters KM, Bray I, Murphy 
DM, Buckley PG and Stallings RL. MicroRNA mediates 
DNA demethylation events triggered by retinoic acid during 
neuroblastoma cell differentiation. Cancer research. 2010; 
70:7874-7881.

188. Nishioka C, Ikezoe T, Yang J, Nobumoto A, Tsuda M and 
Yokoyama A. Downregulation of miR-217 correlates with 
resistance of Ph(+) leukemia cells to ABL tyrosine kinase 
inhibitors. Cancer science. 2014; 105:297-307.

189. Tang H, Liu P, Yang L, Xie X, Ye F, Wu M, Liu X, 
Chen B, Zhang L and Xie X. miR-185 suppresses tumor 
proliferation by directly targeting E2F6 and DNMT1 and 
indirectly upregulating BRCA1 in triple-negative breast 
cancer. Molecular cancer therapeutics. 2014; 13:3185-3197.

190. Takata A, Otsuka M, Yoshikawa T, Kishikawa T, Hikiba 
Y, Obi S, Goto T, Kang YJ, Maeda S, Yoshida H, Omata 
M, Asahara H and Koike K. MicroRNA-140 acts as a 
liver tumor suppressor by controlling NF-kappaB activity 
by directly targeting DNA methyltransferase 1 (Dnmt1) 
expression. Hepatology. 2013; 57:162-170.

191. Wang H, Wu J, Meng X, Ying X, Zuo Y, Liu R, Pan Z, 
Kang T and Huang W. MicroRNA-342 inhibits colorectal 
cancer cell proliferation and invasion by directly targeting 
DNA methyltransferase 1. Carcinogenesis. 2011; 32:1033-
1042.

192. Shen JZ, Zhang YY, Fu HY, Wu DS and Zhou HR. 
Overexpression of microRNA-143 inhibits growth and 
induces apoptosis in human leukemia cells. Oncology 
reports. 2014; 31:2035-2042.

193. Chen BF, Gu S, Suen YK, Li L and Chan WY. microRNA-
199a-3p, DNMT3A, and aberrant DNA methylation in 
testicular cancer. Epigenetics : official journal of the DNA 
Methylation Society. 2014; 9:119-128.

194. Nohata N, Hanazawa T, Kinoshita T, Inamine A, 
Kikkawa N, Itesako T, Yoshino H, Enokida H, Nakagawa 
M, Okamoto Y and Seki N. Tumour-suppressive 
microRNA-874 contributes to cell proliferation through 
targeting of histone deacetylase 1 in head and neck 
squamous cell carcinoma. British journal of cancer. 2013; 
108:1648-1658.

195. Shen Q, Yao Q, Sun J, Feng L, Lu H, Ma Y, Liu L, Wang 
F, Li J, Yue Y, Jin H and Wang X. Downregulation of 
histone deacetylase 1 by microRNA-520h contributes to 
the chemotherapeutic effect of doxorubicin. FEBS letters. 
2014; 588:184-191.

196. Noonan EJ, Place RF, Basak S, Pookot D and Li LC. miR-
449a causes Rb-dependent cell cycle arrest and senescence 
in prostate cancer cells. Oncotarget. 2010; 1:349-358.

197. Noh JH, Chang YG, Kim MG, Jung KH, Kim JK, Bae HJ, 
Eun JW, Shen Q, Kim SJ, Kwon SH, Park WS, Lee JY 
and Nam SW. MiR-145 functions as a tumor suppressor 

by directly targeting histone deacetylase 2 in liver cancer. 
Cancer letters. 2013; 335:455-462.

198. Ren J, Huang HJ, Gong Y, Yue S, Tang LM and Cheng SY. 
MicroRNA-206 suppresses gastric cancer cell growth and 
metastasis. Cell & bioscience. 2014; 4:26.

199. Yuan JH, Yang F, Chen BF, Lu Z, Huo XS, Zhou 
WP, Wang F and Sun SH. The histone deacetylase 4/
SP1/microrna-200a regulatory network contributes to 
aberrant histone acetylation in hepatocellular carcinoma. 
Hepatology. 2011; 54:2025-2035.

200. Iliopoulos D, Lindahl-Allen M, Polytarchou C, Hirsch HA, 
Tsichlis PN and Struhl K. Loss of miR-200 inhibition of 
Suz12 leads to polycomb-mediated repression required 
for the formation and maintenance of cancer stem cells. 
Molecular cell. 2010; 39:761-772.

201. Carvalho J, van Grieken NC, Pereira PM, Sousa S, Tijssen 
M, Buffart TE, Diosdado B, Grabsch H, Santos MA, 
Meijer G, Seruca R, Carvalho B and Oliveira C. Lack of 
microRNA-101 causes E-cadherin functional deregulation 
through EZH2 up-regulation in intestinal gastric cancer. 
The Journal of pathology. 2012; 228:31-44.

202. Penna E, Orso F and Taverna D. miR-214 as a Key Hub 
that Controls Cancer Networks: Small Player, Multiple 
Functions. The Journal of investigative dermatology. 2015; 
135:960-969.

203. Bao B, Wang Z, Ali S, Ahmad A, Azmi AS, Sarkar 
SH, Banerjee S, Kong D, Li Y, Thakur S and Sarkar 
FH. Metformin inhibits cell proliferation, migration 
and invasion by attenuating CSC function mediated by 
deregulating miRNAs in pancreatic cancer cells. Cancer 
Prev Res (Phila). 2012; 5:355-364.

204. Bestor TH. The DNA methyltransferases of mammals. 
Human molecular genetics. 2000; 9:2395-2402.

205. Deaton AM and Bird A. CpG islands and the regulation of 
transcription. Genes & development. 2011; 25:1010-1022.

206. Jones PA. Functions of DNA methylation: islands, start 
sites, gene bodies and beyond. Nature reviews Genetics. 
2012; 13:484-492.

207. Toyota M, Kopecky KJ, Toyota MO, Jair KW, Willman 
CL and Issa JP. Methylation profiling in acute myeloid 
leukemia. Blood. 2001; 97:2823-2829.

208. Song YF, Xu R, Zhang XH, Chen BB, Chen Q, Chen YM 
and Xie Y. High-frequency promoter hypermethylation of 
the deleted in liver cancer-1 gene in multiple myeloma. 
Journal of clinical pathology. 2006; 59:947-951.

209. Stanganelli C, Arbelbide J, Fantl DB, Corrado C and 
Slavutsky I. DNA methylation analysis of tumor suppressor 
genes in monoclonal gammopathy of undetermined 
significance. Annals of hematology. 2010; 89:191-199.

210. Ko M, Huang Y, Jankowska AM, Pape UJ, Tahiliani M, 
Bandukwala HS, An J, Lamperti ED, Koh KP, Ganetzky 
R, Liu XS, Aravind L, Agarwal S, Maciejewski JP and Rao 
A. Impaired hydroxylation of 5-methylcytosine in myeloid 
cancers with mutant TET2. Nature. 2010; 468:839-843.



Oncotarget12861www.impactjournals.com/oncotarget

211. Guo JU, Su Y, Zhong C, Ming GL and Song H. Emerging 
roles of TET proteins and 5-hydroxymethylcytosines in 
active DNA demethylation and beyond. Cell Cycle. 2011; 
10:2662-2668.

212. Shih AH, Abdel-Wahab O, Patel JP and Levine RL. The 
role of mutations in epigenetic regulators in myeloid 
malignancies. Nature reviews Cancer. 2012; 12:599-612.

213. Kihslinger JE and Godley LA. The use of hypomethylating 
agents in the treatment of hematologic malignancies. 
Leukemia & lymphoma. 2007; 48:1676-1695.

214. de Ruijter AJ, van Gennip AH, Caron HN, Kemp S and 
van Kuilenburg AB. Histone deacetylases (HDACs): 
characterization of the classical HDAC family. The 
Biochemical journal. 2003; 370:737-749.

215. Selvi RB and Kundu TK. Reversible acetylation of 
chromatin: implication in regulation of gene expression, 
disease and therapeutics. Biotechnology journal. 2009; 
4:375-390.

216. Choudhary C, Kumar C, Gnad F, Nielsen ML, Rehman M, 
Walther TC, Olsen JV and Mann M. Lysine acetylation 
targets protein complexes and co-regulates major cellular 
functions. Science. 2009; 325:834-840.

217. Mann BS, Johnson JR, Cohen MH, Justice R and Pazdur 
R. FDA approval summary: vorinostat for treatment 
of advanced primary cutaneous T-cell lymphoma. The 
oncologist. 2007; 12:1247-1252.

218. Dimicoli S, Jabbour E, Borthakur G, Kadia T, Estrov Z, 
Yang H, Kelly M, Pierce S, Kantarjian H and Garcia-
Manero G. Phase II study of the histone deacetylase 
inhibitor panobinostat (LBH589) in patients with low or 
intermediate-1 risk myelodysplastic syndrome. American 
journal of hematology. 2012; 87:127-129.

219. Kaufman JL, Fabre C, Lonial S and Richardson PG. Histone 
deacetylase inhibitors in multiple myeloma: rationale and 
evidence for their use in combination therapy. Clinical 
lymphoma, myeloma & leukemia. 2013; 13:370-376.

220. Greer EL and Shi Y. Histone methylation: a dynamic mark 
in health, disease and inheritance. Nature reviews Genetics. 
2012; 13:343-357.

221. Albert M and Helin K. Histone methyltransferases in 
cancer. Seminars in cell & developmental biology. 2010; 
21:209-220.

222. McCabe MT, Ott HM, Ganji G, Korenchuk S, Thompson 
C, Van Aller GS, Liu Y, Graves AP, Della Pietra A, 3rd, 
Diaz E, LaFrance LV, Mellinger M, Duquenne C, Tian 
X, Kruger RG, McHugh CF, et al. EZH2 inhibition as a 
therapeutic strategy for lymphoma with EZH2-activating 
mutations. Nature. 2012; 492:108-112.

223. Kroeze LI, Nikoloski G, da Silva-Coelho P, van Hoogen 
P, Stevens-Linders E, Kuiper RP, Schnittger S, Haferlach 
T, Pahl HL, van der Reijden BA and Jansen JH. Genetic 
defects in PRC2 components other than EZH2 are not 
common in myeloid malignancies. Blood. 2012; 119:1318-
1319.

224. Martinez-Garcia E, Popovic R, Min DJ, Sweet SM, 
Thomas PM, Zamdborg L, Heffner A, Will C, Lamy L, 
Staudt LM, Levens DL, Kelleher NL and Licht JD. The 
MMSET histone methyl transferase switches global histone 
methylation and alters gene expression in t(4;14) multiple 
myeloma cells. Blood. 2011; 117:211-220.


