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The role of miR-29 family members in malignant hematopoiesis

Sona Kollinerova?, Stefano Vassanelli®, Martin Modriansky?

Aims. MicroRNAs of the miR-29 family members were one of the first microRNAs identified as possible therapeutic
agents in malignant hematopoiesis. The aim of our review is to summarize the current state of knowledge on miR-29
family members.

Methods. We performed literature searches involving miR-29 family members and their relationship to individual he-
matological malignancies, namely acute myeloid leukemia (AML), chronic lymphoblastic leukemia (CLL) and chronic
myeloid leukemia (CML). We also searched for subgroups of hematological malignancies, e.g. multiple myeloma, that
are regarded as members of the acute or chronic types of leukemias.

Results. A number of genes appear to be regulated by miR-29 family members in various physiological and pathologi-
cal situations. In our view regulation of Tcl-1, Mcl-1 and DNA methyltransferases is relevant in case of hematological
malignancies, hence these are the focus of this review. miR-29 family members also function during normal T-cell and
B-cell development.

Conclusion. MiR-29 family members appear to govern some general features in commonly heterogenous hematologi-

cal malignancies and therefore form a potential target for treatment.
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INTRODUCTION

MicroRNAs (miRNAs) were identified as short, non-
coding RNAs, that are 19-25 nucleotides long'. Large
body of evidence shows that miRNAs are important regu-
lators of protein expression and participate in a number of
fundamental biological processes, e.g. in the development
of the embryo, cell proliferation, cell growth, tissue differ-
entiation, and apoptosis. Mutations in miRNA sequences,
dysfunction of miRNA biogenesis and dysregulation of
miRNA expression can contribute to a wide spectrum
of diseases. The most common change in expression of
miRNAs was found in neoplasms, where miRNAs were
reported involved in tumorigenesis by targeting tumor sup-
pressor genes or oncogenes, both directly or indirectly?.

MiRNA expression is a dynamic process that reflects
changes in the physiological situation on the cellular
level. The increased or decreased expression of different
miRNAs was found to correspond with different settings,
including diagnosis of the disease, evaluation of prognosis
and prediction of response to treatment. It is thus possible
to use miRNA expression profiles derived from tumor
specimens as diagnostic or prognostic biomarkers?.

While hematological disorders are not the most com-
mon malignancies within human population, they earned
special attention because of successful treatments based
on genetical information. A hallmark case is chronic my-
eloid leukemia (CML) with Philadelphia chromosome
and the development of imatinib. Therefore we focused
our attention to hematological disorders in relation to a

gene family of miR-29 family members which appear to
play a role in hematological malignancies.

MiR-29 family members

MiR-29 is present in three family members: miR-29a,
miR-29b and miR-29c. There are two bi-cistronic clusters
of miR-29: the miR-29a/b-1 cluster and the miR-29b-2/c
cluster. Mir-29b-1 is located along with miR-29a on chro-
mosome 7 and miR-29b-2 lies in the same area as the
miR-29c on chromosome 1. The mature sequences of
miR-29b-1 and miR-29b-2 are identical, while miR-29a
and miR-29c differ from miR-29b and are distinguished
from each other by a difference in only a single nucleotide
outside the seed sequence. Each member of microRNA
family is characterized by the same “seed region” and
therefore microRNA family members overlap in their pre-
dicted mRNA targeting®. Despite similar sequences, the
miR-29 family members have different subcellular occur-
rence: as miR-29a is mainly cytoplasmic, miR-29b is more
abundant in the nucleus®. While polycistronic primary
transcript contains both miR-29a/miR-29b-1, subcellular
localization of both mature miR-29a and miR-29b is dif-
ferent owing to their 3‘end sequence. Terminal 3° motif of
AGUGUU in mature miR-29b is responsible for its import
into the nucleus where it may act as a transcription or
splicing regulator, a role distinct from the one commonly
ascribed to miRNASs’.

Currently several target genes regulated by miR-29
are known. Prominent among them are T-cell leukemia
oncogene (Tcl-1), myeloid cell leukemia sequence 1
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(Mcl-1) and DNA methyltransferases (DNMT) 3A and
3B. However, we believe that many target genes are still
unknown®®,

Regulation of miR-29 expression

Although studies involving microRNA evolved im-
mensely during the last couple of years, most of the
scientific effort focused on identification of microRNA
target genes rather than understanding the regulation of
microRNA genes. Promoters and regulation elements
remain one of the interesting areas of investigations
into microRNA regulation. On the other hand, the post-
transcriptional regulation at the level of primary miRNA,
extranuclear transport and further processing leading to
miRNA maturation, may display individual differences
among miRNAs. While a number of regulation mecha-
nisms governing miR-29 expression were observed in
various cell types, the basics of miR-29 regulation is still
a matter of debate.

There are two means of miR-29 family regulation. One
is by incidence of transcription factors in the promoter
region and the second is by post-transcriptional regula-
tion. Differences between the promoter regulation of the
miR-29a/b-1 and miR-29b-2/c clusters may be responsible
for the inconsistent ratio of miR-29a, miR-29b and miR-
29c¢ expression across tissues’. Summary of regulation of
miR-29 clusters by transcription factors is shown in Fig. 1.

Binding sites for the transcription factor Myc were
identified in the promoter region of both miR-29 clus-
ters. Myc is an oncogenic transcription factor, which is
pathologically activated in many human malignancies. It
was shown that Myc negatively regulates expression of
all miR-29 family members'. Investigation of transcrip-

tional suppression of miR-29b-1/a promoter by c-Myc,
Hedgehog and NF-«B was conducted in cholangiocytes.
The miR-29b-1/a promoter region contains a canonical
E-box Myc binding site and enforced expression of c-Myc
decreased promoter activity by 50%. The data confirm
suppression of miR-29 expression by c-Myc. Moreover,
it was demonstrated that miR-29b-1/a promoter contains
Gli binding site which can be regulated by hedgehog
pathway. Increased miR-29b expression suggested con-
stitutive hedgehog signaling in cholangiocarcinoma cells
and demonstrated that this pathway repressed miR-29b
expression. The data also supported the role of NF-«xB
activation through TLR signaling as a suppressor of miR-
29b-1/a promoter function and expression of mature miR-
29b through recognition of NF-kB binding sites located
in the miR29b-1/a promoter region'’.

CCAAT/enhancer binding protein a (CEBPA) bind-
ing site was identified in miR-29b-1/a promoter'?. Because
CEBPA activated promoter and thereby positively regu-
lated expression of miR-29b in acute myeloid leukemia
(AML) more detailed overview is given in the AML sec-
tion.

The miR-29b-1/a promoter region also includes two
binding sites for T-cell factor/lymphoid enhancer factor
(TCF/LEF) which is necessary for osteoblast differentia-
tion. MiR-29a expression is induced by canonical Wnt
signaling. This effect is mediated by two TCF/LEF bind-
ing sites within the proximal promoter and is necessary
for osteoblast differentiation'.

Recent study unveiled the ability of interferon y to
regulate the pri-miR-29a/b-1 cluster expression in mela-
noma'. Interferons are cytokines that modulate the nat-
ural immune response, however, they also have strong
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Fig. 1. Regulation of miR-29 clusters by transcription factors on chromosome 1 and 7.

Panel A - Regulation of pre-miR-29b-1/a cluster on chromosome 7. Negative regulation was shown
for transcription factors Gli, C-Myc and NF-«B. Positive regulation (arrows) was shown for STAT1,
TCL/LEF and CEBPA. Panel B - Regulation of pre-miR-29b-2/c cluster on chromosome 1. Negative
regulation was shown for TGF B through Smad2/3, YY1 and C-Myc. Positive regulation was medi-
ated by MyoD.
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anti-proliferative activity. Interferon y inhibits malignant
cell growth by activating transcriptional factor STATI.
Following interferon y stimulation by infection or UV
light STAT1 induction ensues® causing formation of
homodimers of the factor and their binding to GAS
(IFN y - activated sequences) element in the promoter
region of target genes's. Predicted promoter region of
pri-miR-29a/b-1 contains five GAS elements. It was shown
that interferon y induces STAT1 dependent increase of
the primary cluster pri-miR-29a/b-1, and hence the expres-
sion of miR-29a and miR-29b, while the level of pri-miR-
29b-2/c remains undetectable. In this case the increased
miR-29a and miR-29b expression results in diminished
expression of CDK®6, ultimately leading to the cell cycle
arrest in the G1 phase of melanoma cells'*.

It was found that during myogenesis is miR-29 the
target gene of the NF-«kB-YY1 signaling pathway. The
study identified a regulation element localized approxi-
mately 20 kb upstream of miR-29b-2/c cluster on chromo-
some 1. The element consists of four YY1 binding sites
that are associated with transcriptional repressor factors
Polycomb group (PcG) Ezh2 and HDACI. Interestingly,
there were no YY1 binding sites identified on chromo-
some 7 on which the miR-29a/b-1 cluster is localized.
The result suggests that YY1 and PcG complex bind the
regulation element hence causing epigenetic repression
of miR-29b-2/c transcription in progenitor muscle cells'.
It was found previously that YY1 in myoblasts is under
positive regulation by the transcriptional factor NF-«xB
(ref.'®). Therefore it was confirmed that NF-kB negatively
regulates miR-29 expression. Lower activity of NF-«xB and
YY1 in conjunction with higher miR-29 expression during
differentiation of skeletal muscle cells demonstrates the
role of miR-29 in normal myogenesis'.

Recently a new regulator of miR-29 expression was
identified as tumor growth factor p (TGF-B) (ref.").
TGF-f is one of the strongest fibrogenic cytokines that
causes induction of trans-differentiation of myogenic cells
to myofibroblasts and muscle myogenesis*. Following
TGF-B binding to its receptor the signal is relayed by phos-
phorylation of Smad2 and Smad3, which are both translo-
cated into the nucleus where they regulate expression of a
number of target genes. In case of fibrotic genes it binds
to the promoter region of Smad Binding Element (SBE).
TGF-f may also inhibit Smad7, an inhibitor of Smad2/3,
hence providing the negative feedback?. Promoter region
of mouse miR-29b-2/c contains four E-box binding sites
for MyoD with close proximity to SBE. Independently of
these sites the CCAT box binding YY1 is located*’>. MyoD
is a transcriptional factor influencing differentiation of
skeletal muscle cells?’. A new mechanism by which Smad3
influences MyoD binding to the E-box and concurrently
binding of YY1 to the CCAT box was uncovered. TGF-3
activates Smad3 which then binds to the SBE therefore
preventing the binding of MyoD to the E-box that lies
in close proximity and allows YY1 binding to the Ezh2
And HDAC1 complex at the same time resulting in inhi-
bition of miR-29 transcription. If Smad3 is not activated
by TGF-3, MyoD would bind to the promoter E-box and
transcription of miR-29 follows. Therefore TGF--Smad3
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signaling pathway modulates the miR-29 expression by
two mechanisms?2.

Post-transcriptional manner of miR-29 regulation was
observed in HeLa cells. Although the clusters of miR-
29a/b-1 and miR-29b-2/c were co-transcribed, the mature
miR-29 family members show differential expression.
MiR-29a was detected in all stages of cell cycle, miR-29b
was found only during mitosis and miR-29¢ was not de-
tected’. Others demonstrated that the differences between
miR-29a and miR-29c result in the relatively quicker decay
of miR-29¢ (ref.?).

Mir-29 family members in normal and malignant
haematopoiesis

miR-29 family members play an important role in life
of T and B cells. Thymus is essential for T cell differentia-
tion and atrophy of the thymus, termed thymic involution,
results in a >90% reduction in thymus size and a reduction
in T cell generation. One of the key mechanisms by which
thymic involution is driven during infection is through
type I interferons (IFNa, ) produced by the pathogen
sensing pathway?’. Production of type I IFN signaling
occurs through a common receptor IFNa/p receptor
(IFNAR), which is expressed by nearly all cell types.
Binding to IFNAR activates the Jak/Stat pathway, which
protect the cell against infection?®. The mechanism for
tuning type I IFN signaling in thymic epithelial cells is set
by miR-29a/b-1 expression, which inhibits the production
of IFNARI (ref.?”). MiR-29a/b-1 does have a critical func-
tion in supporting T cell production in a T cell extrinsic
manner, namely a function in preventing inappropriate
thymic atrophy?:.

T cell maturation is based on one of the most fun-
damental decision between the fates of Thl cellular im-
munity, with strong IFNy production, or Th2 humoral
immunity, with strong IL-4 production. It is likely that
miR-29 suppresses the Th1 fate by targeting three genes -
IFNy, T-bet and Eomes and that enhanced expression of
T-bet and Eomes largely functions to reduce the threshold
of Th1 induction, with expression levels normalized fol-
lowing polarization by feedback mechanisms?*3°. These
two studies suggest three functions of miR-29a/b in ma-
ture T cells. Firstly, the expression of miR-29a/b is critical
for setting the threshold for the Th1/Th2 cell fate deci-
sion. Secondly, down-regulation of miR-29a/b following
exposure to intracellular bacteria initiates a positive feed-
back loop of enhanced IFNy production and increased
resistance to infection. Thirdly, miR-29a/b likely plays a
similar role in the CD8 T cell and NK cell lineages, miR-
29a/b reduce exposure to intracellular bacteria and have
enhanced IFNy production in miR-29 transgenic mice?.

The miR-29 family has important functions in B cells,
as suggested by significant enrichment of B cell signaling
pathways among miR-29 targets. As we described pre-
viously, several associations exist between miR-29 fam-
ily members and variety of malignant hematopoieses.
Summary of these associations is shown in Fig. 2. We
can hypothesize that the various factors influencing ex-
pression of miR-29 family members and their target could
be linked across diseases. Therefore, monitoring of other
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Fig. 2. Summary diagram of miR-29 family members regulation and their target genes within various hematopoietic malignancies.
The first box shows the factors affecting the expression of miR-29. The third box contains the known target genes of miR-29 whose
changes affect the process of hematopoietic malignancies listed in the fourth box. Individual superscripts indicate which factors

are affected in which disease.

factors or biomarkers than those already in force for a he-
matological malignancy may unveil previously unknown
associations and cross-talks.

Target genes of miR-29

According to computational analyses miR-29 may have
as many as 6000 predicted target genes®'. However, only
24 of the predicted targets were experimentally validated
using multiple methods (Table 1). Therefore it appears
that miR-29 family could play important roles across
many cellular processes ranging from differentiation, af-
fecting immune response, extracellular matrix structure,
cell proliferation to apoptosis?'.

Relationship between miR-29 expression and extra-
cellular matrix proteins was investigated for example
for Collagens and Matrix metalloproteinase 2 (MMP2)
(ref.223236) In myogenic differentiation and skeletal myo-
genesis target genes influenced by miR-29 family members
expression were also found, for example TGF-, HDAC4
or YY1 (ref.'""). Role of miR-29 family members expres-
sion in immune response was observed on B7-H3 and
interferon y (ref.?>7). Currently a number of target genes
affected by miR-29 family members in variety of cancers
were identified. Some of them, which we consider relevant
for this review, are discussed in greater detail in the fol-
lowing text.

MiR-29 as a regulator of Tcl-1

The Tcl-1 oncogene was discovered as a target of fre-
quent chromosomal rearrangements at 14q31.2 in ma-
ture T-cell leukemias®’. Tcl-1 is a coactivator of the Akt
oncoprotein, a critical molecule in the transduction of
antiapoptotic signals in B and T cells®. It was confirmed
that high levels of Tcl-1 correlates with unmutated VH
status and Zap70 positive patients with aggressive form
of B-cell chronic lymphocytic leukemia (B-CLL). High

level of Tcl-1 also indicates the aggressive form of B-CLL
(ref.®h). In 2006 it was reported for the first time that
Tcl-1 mRNA expression is inhibited by miR-29 and
miR-181 and that their levels correlate with the form of
B-CLL. MiRNA expression profiling and Tcl-1 western
blot detection was carried out for three types of CLL: in-
dolent CLL, aggressive CLL, and aggressive CLL showing
11q deletion. Results of these experiments demonstrat-
ed that Tcl-1 over-expression correlates with aggressive
B-CLL phenotype and aggressive B-CLL with 11q dele-
tions. Using transfection experiments it was revealed that
coexpression of Tcl-1 with miR-29 significantly decreased
Tcl-1 expression. The conclusion was that Tcl-1 expres-
sion is regulated by miR-29 and miR-181 and this regula-
tion is relevant to the three groups of B-CLL studied.
The fact that neither miR-29 nor miR-181 is located at
11q chromosomal region suggests that deletions in this
region may affect an unknown regulator of the expression
of these two microRNAs®. These results were confirmed
by Stamatopoulos et al. who showed that miR-29¢ nega-
tive patients expressed significantly higher levels of Tcl-1
compared with miR-29c¢ positive patients®?.

To study the role of miR-29 in B-CLL, Ey-miR-29
transgenic mice overexpressing miR-29 in B cells were
generated. At 2 month of age 85% of the transgenic mice
exhibited expanded CD5+ B-cell populations, a charac-
teristic of B-CLL. At 2 years of age the mice showed sig-
nificantly enlarged spleens. Of these mice 20% developed
leukemia and subsequently died of the disease. These re-
sults suggest that dysregulation of miR-29 may contribute
to the pathogenesis of indolent B-CLL (ref.3?).

MiR-29 as a regulator of Mcl-1

Myeloid cell leukemia sequence 1 (Mcl-1) is an anti-
apoptotic protein of the Bcl-2 family containing Bcl-2-
homology domains BH1-3 that heterodimerizes with
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Table 1. Validated miR-29 target genes. Data were adopted from miRTarBase?®.

Target gene Ref. Regulated by miR-29 family member Validation method
COLI1A1 35, 39, 40 miR-29b RA, WB, qPCR, microarray
SP1 39, 41 miR-29b RA, WB, qPCR, microarray
CDK6 8,42 miR-29a, miR-29b, miR-29¢ RA, WB, gPCR

DNMT3A 43, 44 miR-29a, miR-29b, miR-29¢ RA, WB, qPCR, microarray
DNMT3B 41, 43 miR-29a, miR-29b, miR-29¢ RA, WB, gPCR

COL4A1 40, 45 miR-29a, miR-29b RA, WB, qPCR

COL4A2 45, 46 miR-29a RA, WB, gPCR

Mcl-1 7,40, 42,44, 47, 48 miR-29a, miR-29b, miR-29¢ RA, WB, qPCR, microarray
Bcl-2 48 miR-29a, miR-29b, miR-29¢ RA, WB, qPCR

SFRP2 13 miR-29a RA, WB, qPCR

DKK1 13 miR-29a RA, WB, gPCR

PPM1D 49 miR-29a RA, WB, qPCR, microarray
PIK3R1 50 miR-29a RA, WB, gPCR

Tcl-1A 6, 51 miR-29b RA, WB, qPCR, microarray
KREMEN?2 13 miR-29a RA, WB, qPCR

GRN 52 miR-29b RA, WB, gPCR

COL3A1 40, 53 miR-29b RA, WB, gPCR

MMP2 40 miR-29b RA, WB, qPCR

LPL 54 miR-29a RA, WB, gPCR

HMGA2 55 miR-29b RA, WB, gPCR

SAPCD2 56 miR-29a RA, WB, gPCR

SPARC 33,57 miR-29a RA, WB, qPCR, microarray
SERPINBY 59 miR-29a RA, WB, qPCR, microarray
BACE1 58 miR-29¢ RA, WB, gPCR

Listed are those target genes that were validated by all three methods of reporter assay (RA), western blotting (WB) and/or quantitative PCR
(qPCR). Several genes were also evaluated using microarray technology in addition to the three other methods. Relevant references for each

target gene are given in second column.

Bcl-2 family members. Mcl-1 is able to inhibit pro-apop-
totic BH3-only proteins Bim, Bid, Bik, Noxa, Puma and
Bak. Binding of Mcl-1 to Bid and Bim protects against
tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) induced cell death®. Its regulation is necessary
because the lack of Mcl-1 causes death and conversely its
over-expression can lead to tumor transformation®.

Computer-based programs such as TargetScan, mi-
RANDA, PicTar and miRBase Targets were used to pre-
dict microRNAs that potentially bind Mcl-1 (ref.’¢*). The
three family members of miR-29 (a, b, c¢) share the first
9 nucleotides with minor divergence thereafter, suggest-
ing all miR-29 family members potentially target Mcl-1.
Moreover, there is perfect complementarity between miR-
29b and the 3‘UTR of Mcl-1 and this binding site is con-
served across various species’.

In 2007 scientists investigated the expression of miR-
29 in human immortalized, but non malignant H69 chol-
angiocyte and malignant KMCH cholangiocarcinoma
cell lines because Mcl-1 is dysregulated in cells with the
malignant phenotype. They found, that miR-29b was
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highly expressed in cholangiocytes and down-regulated
in malignant cells, what is consistent with Mcl-1 protein
up-regulation. Enforced miR-29b expression reduced
Mcl-1 protein expression in the malignant KMCH cells
and over-expression of miR-29b sensitized the cancer cells
to TRAIL cytotoxicity. H69 which expressed high levels of
miR-29 was transfected with a locked-nucleic acid antago-
nist of miR-29b. Mcl-1 levels was increased and TRAIL-
mediated apoptosis was reduced’.

Monitoring of miR-29 family members expression
in three human myeloma cell lines (HMCLs) SKO-007,
U266 and XG7 revealed that miR-29b was significantly
down-regulated in all three cell lines, compared with miR-
29a and miR-29c. Transfection of two HMCLs (SKO-007,
XG7) with adenoviral vector Ad5f11p-CMV-miR-29b
caused a significant increase of miR-29b and western blot
analysis demonstrated that the over-expression of miR-29b
dramatically down-regulated Mcl-1 protein levels in a time-
dependent manner. The inhibition of target gene expres-
sion by miR-29b is not mediated by mRNA degradation
because Mcl-1 mRNA expression was not altered by the
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over-expression of miR-29b. Over-expression of miR-29b
in HMCLs also led to growth inhibition and apoptosis
induction through caspase-3 activation. Further, the re-
lationship between miR-29b expression and IL-6 activity
during Mcl-1 expression in MM was analyzed. Results
demonstrated that miR-29b at least partially interrupts
the process of IL-6-induced up-regulation of Mcl-1 and
suppresses the protective effect of IL-6 in myeloma cells.
These observations indicate that miR-29b could be an
important regulator of myeloma cells and may be involved
in the progress of multiple myeloma pathology®’.

MiR-29 as a regulator of DNA methyltransferases

Methylation changes to the epigenome are controlled
by DNA methyltransferases (DNMTs), which catalyze the
transfer of a methyl group from S-adenosyl methionine
to the carbon 5 position of cytosine in the context of
the sequence 5°-cytosine-guanosine (CpG) (ref.*®). The
promoter regions of approximately 50% of human genes
contain regions of DNA with CpG islands greater than
expected and their hypermethylations mediate transcrip-
tional gene silencing®’. Three catalytically active DNMTs
have been identified in mammals: DNMT1, DNMT3A
and DNMT3B. Whereas DNMT 1 preferentially replicates
already existing methylation patterns, DNMT3A and 3B
are responsible for establishing de novo methylation and
can introduce methyl groups on the parental template
strands of DNA (ref.®®). The levels of DNMTs mRNA are
reportedly elevated in various malignancies.

Hypermethylation is responsible for the silencing of tu-
mor suppressor genes involved in lung carcinogenesis such
as CDKN2A, CDH13 (ref.%®), FHIT, WWOX (ref.*™"),
CDHI1 and RASSF1A (ref.”?). It was demonstrated that
expression of miR-29 is down-regulated in non-small-cell
lung cancer (NSCLC) (ref.”). Computer-based programs
PicTar, TargetScan, miRANDA and miRGen predicted an
intriguing complementarity of miR-29 family members to
sites in the 3‘'UTR of DNMT3A and 3B. Over-expression
of individual miR-29 family members induced marked re-
duction of DNMT?3A and 3B levels. On the other hand,
silencing of miR-29 with antisense molecules induced up-
regulation of DNMT3A and 3B mRNA levels. In addi-
tion, DNMT3B mRNA was more significantly reduced by
expression of miR-29 than the 3A. It was probably caused
by the more predicted match “seeds” between miR-29 and
the 3°UTR of DNMT3B than the 3°UTR of DNMT3A. A
statistically significant inverse correlation was observed
between DNMT3A and 3B mRNA and miR-29a and miR-
29c¢ in NSCLC. Enforced expression of miR-29 leads to
reduced DNA methylation and restores expression of tu-
mor suppressor genes such as FHIT and WWOX mRNA
levels and inhibits tumorigenicity*.

Regulation of DNMTs by miR-29 was also found in
acute myeloid leukemia. In this study it was demonstrated
that expression of miR-29b promotes DNA hypometh-
ylation not only through direct targeting of DNMT3A
and 3B but also by decreasing the DNMT]1 expression
indirectly via down-regulation of Spl, a known transac-
tivating factor of the DNMT1 gene. Transfection and
following over-expression of miR-29b resulted in global

DNA hypomethylation and gene re-expression of the hy-
permethylated and silenced p15™%%® and ESR1 in AML
cell lines*. Re-expression of these genes correlates with
clinical response in patients treated with the hypometh-
ylating agent decitabine™. Therefore, combining DNMT1
inhibitors (decitabine or azacitidine) with synthetic miR-
29b may result in a synergistic hypomethylating effect*..

The same result of miR-29 regulating DNMT3A and
3B was found in primordial germ cells of mouse embry-
os. Moreover, the most abundant miRNA on both sexes,
miR-29b, is preferentially expressed in the female gonad.
MiR-29b may play an important role in female gonadal
development by targeting DNMT3A and 3B and thereby
modulating methylation of genomic DNA in primordial
germ cells™.

Down-regulation of miR-29¢ and hypermethylation of
tumor-related genes is also associated with disease out-
come in cutaneous melanoma. All three miR-29 family
members were found to have lower expression in stage I11
and IV metastases compared to stage I/11 primary tumors.
Expression of miR-29c significantly decreased in meta-
static tumors. Expression of both DNMT3A and 3B was
found significantly higher in stages III and IV metastatic
melanomas compared to stage I/1I primary melanomas.
MiR-29c¢ expression was inversely correlated to DNMT3A
and 3B expression. These studies demonstrated that the
miR-29c¢ is a potential clinicopathological biomarker
for differentiating between individual melanoma stages
and its down-regulation may be indicative of aggressive
disease’.

Role of miR-29 in individual hematopoietic malignancies

Mir-29 and its role in chronic lymphocytic
leukemia (CLL)

CLL is the most common leukemia in the Western
world and occurs in two forms, aggressive and indolent.
Clinical features and genomic abnormalities in CLL were
studied but molecular mechanisms underlying disease de-
velopment are still emerging’’. Many studies have con-
firmed that miR-15a and miR-16-1 play an important role
in the pathogenesis of CLL. They act as tumor suppres-
sors because they target multiple oncogenes, including
Bcl2, Mcll, CCND1 and WNT3A which lead to inhi-
bition of cell proliferation, promote apoptosis of cancer
cells and suppress tumorigenicity’®. MiR-15a and miR-
16-1 are located on chromosome 13 in the 13q14.3 re-
gion, which is deleted in more than 55% of CLL patients.
Allelic loss in this region correlates with down-regulation
of both miRNAs expression”. It was demonstrated that
restoration of miR-15a and miR-16-1 triggers apoptosis
and suppresses tumorigenicity. It could be concluded that
these miRNA genes play an important role in regulating
apoptosis in CLL (ref.%%).

Current knowledge suggests the dysregulation of Tcl-1
oncogene to be involved in the pathogenesis of the aggres-
sive form of this disease®. Tcl-1 was first identified as a
target of translocations and inversions at 14q32.1, com-
mon chromosomal aberrations in T-cell prolymphocytic
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leukemia®. Tcll is co-activator of the Akt oncoprotein,
which is a critical molecule in the transduction of anti-
apoptotic signals in B and T cells®.. It was found that Tcll
activation caused CLL by activation of NF-kB pathway
and inhibition of AP-1 (ref.®?). It was shown that expres-
sion of miR-29 could discriminate between CLL samples
with good and bad prognosis. It was found that miR-29
is up-regulated in indolent B-CLL compared to aggres-
sive B-CLL where miR-29 expression is down-regulated®’.
Experiments helped to identify the target gene of miR-29
in CLL as Tcl-1 and expression levels of miR-29 inversely
correlated with Tcl-1 expression in the CLL samples.

Aggressive CLL with poor prognosis were associated
with chromosomal aberrations in tumor-suppressor gene
TP53 that codes for p53 protein involved in cellular re-
sponse to DNA damage. It was found that patients with
deletions and/or mutations in the 7P53 gene had sev-
eral microRNAs down-regulated, among them miR-29¢c
(ref.7). The data fit with an in vitro study performed in
HelLa cells, which is not a leukemia cell line, however, the
data support indirect activation of p53 by miR-29 family
members>’. Taken together, it offers an intriguing hypoth-
esis of a feedback loop between p53 and miR-29¢ in CLL.

Study by Sampath et al. considered the epigenetic ef-
fect on regulation of miRNA expression in CLL (ref.’*).
They showed that the histone deacetylases (HDACSs) are
overexpressed in CLL and mediate the epigenetic silenc-
ing of miR-15a, miR-16 and miR-29b. In approximately
35% of samples HDAC inhibition triggered the accumula-
tion of the transcriptionally activating chromatin modi-
fication and restored the expression of miR-15a, miR-16
and miR-29b. Induction of miR-15a, miR-16 and miR-29b
in response to HDAC inhibition is associated with de-
creases in the levels of the survival protein Mcl-1, loss of
mitochondrial function and activation of cell death®. One
hypothesis states that STAT3, which is the signal trans-
ducer and activator of transcription 3, mediates epigenetic
silencing of a variety of genes, in particular genes that
affect HDACs. Therefore STAT3 may induce epigenetic
silencing of various miRNAs in CLL cells®>. Moreover,
unphosphorylated STAT3 detected at high levels in CLL
cells constitutively activates the transcription factor nucle-
ar factor kB, which is known to induce the production of
several pro-inflammatory cytokines and activate survival
pathways®.

Another study inferred that some miRNAs can regu-
late surface-immunoglobulin B cell receptor (BCR) com-
plex expressed by CLL cells®’. BCR-regulated miRNA
could contribute to the orchestration of B cell prolifera-
tion, apoptosis or sensitivity to BCR signaling. In turn,
BCR stimulation can alter the expression of microR-
NAs?. Many of the miRNAs that are affected by BCR-
stimulation in CLL and normal B cells are also those that
are differentially expressed between cases of CLL with
favorable versus unfavorable prognosis. For example, acti-
vation via BCR ligation can reduce the levels of miR-29c,
miR-150, miR-181b or miR-223 and relatively low-levels
expression of these miRNAs was found in CLL cells of
patients with shorter overall survival®$.
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It is known that miRNA expression in CLL is influ-
enced by aberrant methylation and acetylation of their
promoter regions, which could be due to the response to
BCR stimulation. In these situations, the use of histone
deacetylases can restore miRNA expression and sensitize
CLL cells to apoptotic stimuli®.

Mantle Cell Lymphoma (MCL) is one of the most
aggressive B-cell lymphomas, a disease biologically simi-
lar to CLL. Hybridizing miRNA array with RNAs from
39 patients with MCL revealed that 21 miRNAs were up-
regulated and 18 miRNAs, including miR-29 family mem-
bers, were down-regulated. Diminished expression levels
of the miR-29 family members are associated with short
overall survival of patients with MCL. It was found that
miR-29 directly regulates CDK6 and inverse correlation
between miR-29 and CDK6 was observed in MCL cell
lines and primary tumor specimens. The elevated CDK6
cooperates with cyclin D1 to further promote cell-cycle
progression. These findings indicate that deregulation
of miRNA is a common event in MCL and that miR-29
could be a valuable prognostic marker and pathogenetic
factor in MCL (ref'?).

Mir-29 and its role in acute myeloid leukemia (AML)

AML is a heterogeneous disorder characterized by un-
controlled proliferation of hematopoietic progenitors and
a blockage in myeloid differentiation is major characteris-
tic of AML (ref.®). Many different cytogenetic and molec-
ular abnormalities were demonstrated in tumorigenesis of
AML. Molecular and prognostic classification was based
on specific chromosomal translocations, deletions, and
amplifications (such as t(15;17), -5q, -7q, +8), the discov-
ery of gene mutations (e.g. FLT3-ITD, CEBPA, NMP1)
and oncogene deregulation (e.g. ERG and BAALC over-
expression) (ref.*®).

Recent studies revealed dysregulation of multiple
miRNAs in AML, for example miR-155, miR196a/b or
miR-181. MiR-155 was up-regulated in FLT3-ITD posi-
tive adult AML (ref.’'), down-regulation of miR-196a/b
was found in adult MLL rearranged AML (ref.*?) and
over-expression of miR-181 was associated with a high
percentage of blasts in AML with a favorable outcome®.

A number of studies focused on the role of miR-29
family members in AML. Results on expression level of
miR-29 family members in AML patient samples are, how-
ever, quite different. It may be caused by high variability
of AML because it is a very heterogeneous disorder and
comparing different subtypes of this disease is almost im-
possible to do.

Han et al. demonstrated high level expression of
miR-29a in human AML. The study focused on the func-
tion of miR-29a and self-renewal capacity in hemato-
poietic progenitors. Self-renewal is a property essential
to ability to maintain life-long hematopoiesis. Because
miR-29a is highly expressed in the majority of human
AML tested, their findings provide evidence that miRNAs
may serve as robust oncogenes during leukemogenesis and
that they may convert myeloid progenitors into leukemia
stem cells (LSC) critical for the development of AML
(ref.**). Self-renewal is observed in hematopoietic stem
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cells (HSCs) and also in malignant counterparts of HSC/
progenitors in human AML (ref.?®). Self-renewal is an im-
portant property acquired by normal committed progeni-
tors during leukemic transformation and this property is
required for the establishment of leukemia stem cells®.

Contradicting results were found by Wang et al. who
detected down-regulation of miR-29a and miR-142-3p
in 52 newly diagnosed AML patients. This finding is
universal among the five AML subtypes according to
French-American-British classification, i.e. M1, M2, M3,
M4 and M5, and may function jointly in granulopoiesis
and monopoiesis®’. Microarray platform used to perform
genome wide miRNome analysis of AML samples and
normal progenitor CD34" cells identified molecular sig-
natures associated with several cytogenetic groups. Down-
regulation of miR-29a was observed in AML samples with
deletions of 7q (del7q) (ref.?®).

Follow-up study on the influence of miR-29 and
miR-142-3p on hematopoiesis in AML demonstrated a
positive effect of these miRNAs on the monocytic and
granulocytic differentiation (myeloid differentiation) and
validated three targets involved in AML development.
They used leukemia cell lines NB4, HL60, and THP-1, in
which up-regulation of miR-29a and miR-142-3p expres-
sion during all-trans-retinoic acid (ATRA)-induced granu-
locytic differentiation and phorbol 12-myristate 13-acetate
(PMA )-induced monocytic differentiation was observed®’.
It is conceivable that miR-29a and miR-142-3p promote
myeloid differentiation primarily by affecting CCNT2,
CDKS6 and TAB2. Significantly increased levels of the
target proteins were detected in the AML blast with ab-
normally reduced expression of miR-29a and miR-142-3p,
which further suggested that these two miRNAs regulate
myeloid differentiation and AML development via the
three target genes®®%.

Experimental data indicated that forced expres-
sion of miR-29a and miR-29b in AML cell lines and
in primary AML blasts inhibited cell growth and in-
duced apoptosis. The apoptotic effect of miR-29s over-
expression after transfection in AML cell lines was
observed after 48 h, whereas the anti-proliferative effect
was noticed earlier at 24 h. These results suggest that
miR-29-dependent cell proliferation effects are not the
result of apoptosis and are both likely to contribute to the
tumor suppressor activity of miR-29s. The tumor suppres-
sor effect of miR-29b in AML was further demonstrated
in vivo in a xenograft model. Mice were inoculated by
K562 cells thereby inducing tumor growth on their bod-
ies. After 10 and 14 days of injection of synthetic miR-29b
directly into the tumors were these significantly smaller
and some disappeared completely in contrast to inject-
ing with scrambled oligonucleotides. Restoring miR-29b
expression down-modulated Mcl-1, induced apoptosis and
dampened cell growth in AML cells, thereby suggesting
miRNA-based therapy as a novel pro-apoptotic approach
to increase response in AML (ref.*?).

miR-29a and miR-29¢ were found up-regulated in AML
with aberrant cytoplasmic NPM1 localization. AML car-
rying NPM1 mutations and cytoplasmic nucleophosmin
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(NPMc positive AML) account for about one-third of
adult AML. A strong miRNA signature that distinguishes
NPM1 positive mutated from the cytoplasmic-negative
(NPM1 unmutated) cases was identified and included
up-regulation of miR-29 family members'®.

One study observed decreased miR-29a expression
in the bone marrow from pediatric patients with newly
diagnosed AML, compared with normal controls. The re-
duced expression of miR-29a was significantly associated
with advanced clinical features of pediatric AML patients.
Analysis revealed that the expression level of miR-29a
was a predictor of shorter relapse-free survival (RFS) and
overall survival (OS) independent of the cytogenetic ab-
normalities. Prognostic value of miR-29a expression was
especially more obvious in the subgroup of patients with
intermediate risk cytogenetics®. This finding is consistent
with the previous study showing reduced expression of
miR-29a in adult AML patients®. In addition it was found
that the decreased expression of miR-29a was significantly
associated with classification subtype M7 (FAB) and the
unfavorable cytogenetic risks’.

Epigenetic effects of miR-29 in acute myeloid leukemia
were confirmed by identification of DNA methyltrans-
ferases (DNMTs) as miR-29 target genes*. Silencing of
structurally normal tumor suppressor genes by aberrant
DNA hypermethylation has been reported in hematologic
malignancies, including subsets of acute myeloid leuke-
mia (AML) (ref.'"). Over-expression of miR-29b in AML
cells resulted in reduction of the expression of all DNMTs,
which led to decrease in DNA methylation and re-expres-
sion of p15™ and ESR1 via promoter DNA hypomethyl-
ation. Down-regulation of DNMT3A and 3B was the result
of a direct interaction with miR-29b. Another experiment
revealed that miR-29b down-regulates DNMT 1 indirectly
by targeting Sp1, a transactivator of the DNMT 1gene?'.

Function of CCAAT/enhancer-binding protein
o (CEBPA) is frequently disrupted or mutations in the
CEBPA coding regions are present in AML (ref.!%?).
CEBPA is the key transcription factor for normal haema-
topoiesis'®, Relationship between CEBPA and miR-29 in
AML was revealed. CEBPA-mediated miR-29b expression
indicated that only the miR-29a/b1 locus on chromosome
7q32.3 is activated by CEBPA, whereas miR-29b2/c ex-
pression is not affected by CEBPA. These findings sug-
gest a rationale for miR-29b suppression in AML patients
with disrupted CEBPA function or with aberrations on
chromosome 7 (ref.?).

Recent study demonstrated AKT2 and CCND?2
mRNA to be targets of the miR-29 family members in
AML where increased levels of Akt2, CCND2 and c-Myc
were correlated with the decreased miR-29 family mem-
bers expression in AML blasts. Feed-back loop comprised
of c-Myc, miR-29 and Akt2 was found in myeloid leuke-
mogenesis. Re-expression of miR-29 partially corrected
abnormal cell proliferation and apoptosis repression and
myeloid differentiation arrest in AML blasts. Moreover,
an intravenous injection of miR-29 in the AML model
mice relieved leukemic symptoms significantly'%¢.
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Mir-29 and its role in chronic myeloid leukemia (CML)

CML is a myeloproliferative neoplasm which is char-
acterized by a translocation between chromosomes 9 and
22, known as the Philadelphia chromosome. It leads to
generation of a specific fusion protein - tyrosine kinase
BCR/ABL, which activates multiple signaling pathways
leading to proliferation, reduced growth factor depen-
dence and resistance to apoptosis!®>. One study demon-
strated that RNase-L expression is post-transcriptionally
regulated by the miR-29 family members via 4 target sites
in its 3°UTR (ref.!°®). RNase-L is the endoribonuclease
that is the terminal component of an interferon-regulated
RNA decay pathway known as the 2°-5°-oligoadenylate
system whose established function include antimicrobial
and tumor suppressive activities'”’. This assignment is
contrary to other finding where RNase-L was suggested
to play a novel oncogenic function. Transfection of K562
CML cells by miR-29 results in reduced proliferation, en-
hanced apoptosis and inhibited tumorigenesis. Consistent
with this interpretation, stable knockdown of RNase-L,
decreased K562 proliferation and inhibited tumorigenesis
was found in a xenograft model'®.

Another study focused on the effect of miR-29 expres-
sion on BCR/ABL1 protein in CML. It was found that
level of miR-29b expression is lower in CML patients
compared with normal volunteers and then demonstrated
that miR-29b down-regulates ABL1 and BCR/ABLI1 ex-
pression in K562 CML cells. Finally, it was confirmed
that miR-29b suppresses cell proliferation and induces
cell apoptosis!®.

Mir-29 and its role in multiple myeloma (MM)

MM is one of the most common type of plasma cell
cancer. It is a post-germinal center B cell malignancy,
characterized by clonal plasma cell expansion within the
bone marrow®. MM pathogenesis is a multistep process
with chromosomal changes, genetic and epigenetic events
occurring at different stages during the course of the dis-
ease'”. As we mentioned above, the expression level of
miR-29 is also altered in multiple myeloma cells. It was
shown in the bone marrow specimens that miR-29b was
significantly down-regulated. Perfect complementarity was
revealed between miR-29b and the 3°UTR of Mcl-1, which
is an anti-apoptotic member of the Bcl-2 family. Moreover,
miR-29b partially interrupts the process of IL-6-induced
up-regulation of Mcl-1 and suppresses the protective effect
of IL-6 in myeloma cells®.

Epigenetic events play a major role in MM pathogen-
esis!!, It was found that miR-29b targets DNMT3A/B
mRNAs and reduces global DNA methylation in MM
cells. In vitro transfection of MM cells with synthetic miR-
29b mimics significantly impairs cell cycle progression
and also potentiates the growth-inhibitory effects induced
by the demethylating agent 5-azacytidine'"'. Epigenetical
activity of miR-29b leads to promoter demethylation of
suppressor of cytokine signaling-1 (SOCS-1), a hyper-
methylated tumor suppressor gene. MiR-29b-induced
SOCS-1 demethylation was associated with reduced
STAT3 phosphorylation and impaired NFxB activity'2.

Table 2. Summary of expression of miR-29 family members in variety of hematopoietic malignancies.

Hematopoietic miR-29 family Up/down regula-

In vitro | in vivo

Reference cell/tissue

malignancy members tion of expression experiments
CLL c l in vivo normal B cells®?
a,b,c T in vivo normal B cells®
b ) in vivo STAT3 non-transfected primary CLL B cells®
c i in-vivo CLL B cells with wild-type TP53*
AML a 1 in vivo normal bone marrow mononuclear cells®
a ! in vivo normal peripheral blood mononuclear cells®’
a, b, c ! in vivo AML patients lacking t(11g23)°
a ! in vivo patients with normal karyotype*
a,c 1 in vivo cytoplasmic nucleophosmin negative AML patients'®®
a N in vivo normal bone marrow?
b ! in vivo normal mature monocytes and granulocytes'?
a, b, c N\ in vivo normal CD34+ cells'*
CML b ! in vitro non-transfected K562 cells!®
MCL a,b,c ! in vivo normal B lymphocytes®
MM b l in vitro human myeloma cell lines®

Differences in individual miR-29 family members expression versus the reference cells or tissues or patients is indicated by corresponding arrows.

Evidence from in vivo or in vitro studies is referenced.
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CONCLUSION

Hematopoietic malignancies are very heterogenous
regarding genetic background, however, there appear to
be some common features apparently governed by miR-29
family members. Targeted manipulation of miR-29 may
facilitate current treatments of the malignancies. Because
of the known genetic heterogeneity manipulation of miR-
29 expression in individual, well characterized cells could
expedite the development of combined treatments.

ABBREVIATIONS

3'UTR, 3' untranslated region; ADAM 12, Disintegrin
and metalloproteinase domain-containing protein 12;
AKT?2, RAC-beta serine/threonine-protein kinase; ALL,
Acute lymphoblastic leukemia; AML, Acute myeloid leu-
kemia; AP-1, Activator protein 1; ATRA, All-trans-retinoic
acid; BAALC, Brain and Acute Leukemia, Cytoplasmic;
BACE]I, Beta-site APP-cleaving enzyme 1; Bcl-2, B-cell
Ilymphoma 2; B-CLL, B-cell chronic lymphocytic leu-
kemia; BCR, Surface-immunoglobulin B cell receptor;
BMP1, Bone morphogenetic protein 1; CCNDI, G1/S-
specific cyclin-D1; CCND2, Cyclin D2; CCNT2, Cyclin
T2; CDH1, Cadherin 1; CDH13, Cadherin 13; CDKS6,
Cyclin-dependent kinase 6; CDKN2A, Cyclin-dependent
kinase inhibitor 2A; CEBPA, CCAAT/enhancer binding
protein a; CLL, Chronic lymphoblastic leukemia; CML,
Chronic myeloid leukemia; COL1A1, Collagen, type 1,
alpha 1; COL3Al, Collagen, type 3, alpha 1; COL4Al,
Collagen, type 4, alpha 1; COL4A2, Collagen, type 4,
alpha 2; CpG47, 5°cytosine-guanosine; DKK 1, Dickkopf
WNT signaling pathway inhibitor 1; DNMT, DNA meth-
yltransferases; E-box, Enhancer Box sequence; ERG, ETS-
related gene; ESR1, Estrogen receptor 1; Ezh2, Enhancer
of zeste homolog 2; FHIT, Fragile histidine triad protein;
FLT3-ITD, Internal tandem duplications of Fms-Related
Tyrosine Kinase 3; GAS, IFN - y - activated sequences;
GRN, Granulin; HDAC1, Histone deacetylase 1; HDAC4,
Histone deacetylase 4, HMCL, Human Myeloma Cell
Line; HMGAZ2, High mobility group AT-hook2; HSCs,
Hematopoietic stem cells; IFN, Interferon; IFN a,
Interferon alpha; IFN B, Interferon beta; IFN v, Interferon
gamma; IFNAR, IFNa/f receptor; IL-4, Interleukin 4;
IL-6, Interleukin 6; KMCH, Combined hepatocellular
and cholangiocarcinoma cell line; Kremen2, Kringle
containing transmembrane protein 2; LPL, Lipoprotein
lipase; LSC, Leukemia stem cells; Mcl-1, Myeloid cell leu-
kemia 1; miRNA, MicroRNA; MM, Multiple myeloma;
MMP2, Matrix metalloproteinase 2; MyoD, Myogenic
differentiation 1; NF-kB, Nuclear factor kappa B; NK,
Natural killer cell; NMP1, Nuclear matrix protein 1;
NPM1, Nucleophosmin 1; NSCLC, Non-small-cell lung
cancer; OS, Overall survival; PcG, Polycomb group;
PCR, Polymerase chain reaction; PMA, Phorbol 12-my-
ristate 13-acetate; PPM 1D, Protein phosphatase Mg?*/
Mn?* dependent, 1D; PIK3R 1, Phosphoinositide-3-kinase,
regulatory subunit 1; RASSF1A, Ras association domain-
containing protein 1; RFS, Relapse-free survival; RNase-L,
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Ribonuclease L; SAPCD2, Suppressor APC domain
containing 2; SBE, Smad Binding Element; SERPINB9Y,
Serpin peptidase inhibitor, clade B, member 9; SFRP2,
Secreted frizzeled-related protein 2; Smad2, Mothers
against decapentaplegic homolog 2; Smad3, Mothers
against decapentaplegic homolog 3; Smad7, Mothers
against decapentaplegic homolog 7; SOCS-1, Suppressor
of cytokine signaling 1; Sp1, Transcription factor Spl
(specificity protein 1); SPARC, Secreted protein, acidic,
cysteine-rich; STAT1, Signal Transducer and Activator of
Transcription 1; STAT3, Signal Transducer and Activator
of Transcription 3; TAB2, TGF-Beta Activated Kinase 1;
TCF/LEF, T-cell factor/lymphoid enhancer factor; Tcl-1,
T-cell leukemia oncogene; TGF-, Tumor growth factor b;
TLR, Toll-like receptor; TRAIL, Tumor necrosis factor-re-
lated apoptosis-inducing ligand; WNT3A, Wingless-Type
MMTYV Integration Site Family, Member 3A; WWOX,
WW domain-containing oxidoreductase; YY1, Yin Yang
1; Zap70, Zeta-chain-associated protein kinase 70.
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