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Transcriptional targeting by microRNA-Polycomb complexes
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dvances in the understanding of

the epigenetic events underlying
the regulation of developmental genes
expression and cell lineage commitment
are revealing novel regulatory networks.
These also involve distinct components
of the epigenetic pathways, including
chromatin histone modification, DNA
methylation, repression by polycomb
complexes and microRNAs. Changes in
chromatin structure, DNA methylation
status and microRNA expression levels
represent flexible, reversible and heri-
table mechanisms for the maintenance
of stem cell states and cell fate decisions.
We recently provided novel evidence
showing that microRNAs, besides deter-
mining the post-transcriptional gene
silencing of their targets, also bind to
evolutionarily conserved complemen-
tary genomic seed-matches present on
target gene promoters. At these sites,
microRNAs can function as a critical
interface between chromatin remodeling
complexes and the genome for transcrip-
tional gene silencing. Here, we discuss
our novel findings supporting a role of
the transcriptional chromatin target-
ing by polycomb-microRNA complexes
in lineage fate determination of human
hematopoietic cells.

Epigenetic Mechanisms
of Cell Fate Determination

The maintenance of stem cell identity, lin-
eage commitment and cell differentiation
is assured by specific gene expression pat-
terns temporally and spatially organized
by regulatory processes. These processes
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involve transcription factors that affect the
lineage-specific gene expression programs
and epigenetic mechanisms which con-
tribute to their stabilization. The impor-
tance of the establishment of specific
gene expression patterns during develop-
ment and adult life is well acknowledged.
However, the mechanisms and pathways
underlying cell fate choices are still incom-
pletely defined.

Polycomb (PcGs) proteins are tran-
scriptional repressors, which have recently
received much attention as modulators of
stem cell differentiation in mammals."?
PcGs control transcriptional programs
that preserve the epigenetic memory and
identity of each cell type throughout the
lifetime of organisms.*> PcGs proteins are
evolutionarily conserved and exist in at
least two separate protein complexes; the
PcG repressive complex 1 (PRCI1) and the
PcG repressive complex 2—4 (PRC2/3/4).
PRC1 is a large complex including several
proteins such as YY1, BMI1, HPHI1-3,
HPC proteins and RINGIA-1B.®” The
core components of PRC2/3/4 are EZH2,
various isoforms of EED, SUZ12 and the
histone-binding proteins RbAp48/46.°
Although the composition of PcG com-
plexes can vary among different cell types
and organisms,”" they all modify chro-
matin structure by covalent modification
of histone proteins.>'"'? PRC2 catalyzes
trimethylation of lysine 27 on histone
H3 (H3K27me2/3), while PRC1 mono-
ubiquitinates histone H2A on lysine 119
(H2AK119Ub1).!13:14

Genome-wide mapping of PcGs and
chromatin marks revealed the coexistence
of repressive H3K27me3 and activating
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H3 lysine 4 tri-methylation (H3K4me3)
marks at a number of genomic loci.
These loci, termed “bivalent domains,”
were found in mouse and human ES
cells as well as in a broad range of adult
stem cells, including hematopoietic stem
cells (HSCs).”>" Bivalent domains keep
developmentally regulated and tissue-
specific genes transcriptionally poised.'®**
The these
appears well-centered around the genes’
transcriptional start site; the H3K4me3
1 Kb around
the transcriptional start site, whereas
H3K27me3 affects a larger area of =
2.5 Kb."”?23 Bivalent domains can bind
to both the PRCI and PRC2 complexes at
the same time or exclusively to the PRC2

co-localization of marks

modification localizes +

complex.?® Indeed, bivalent domains are
divided into two classes depending on
the PcG complex that binds them. The
“PRCl-positive” bivalent domains are
evolutionarily conserved, more likely
retain H3K27me3 upon differentiation
and account for developmental regulator
genes. “PRC1-negative” bivalent domains,
exclusively bound by PRC2, are less con-
served, retain H3K27me3 poorly and cor-
respond to membrane protein genes or
genes with unknown functions. Genes
presenting bivalent domains show low or
intermediate expression levels in ES cells
and HSCs. When ES cells or HSCs are
induced to differentiate, bivalent domains
are generally resolved into either repres-
sive H3K27me3 or activating H3K4me3
marks.'®” However, which molecular
mechanisms drive the resolution of the
bivalent domains and their inheritance
through cell divisions is still an open
question. The recent discovery of histone
demethylases adds new complexity. Among
the Jumonji C domain-containing pro-
teins, Jaridl de-methylates H3K4me2/3,
whereas JMJD3 and UTX de-methylate
H3K27me2/3.5-3? These interactions may
integrate the activity of PcG and Trithorax
complexes. They modulate the inhibition
or activation of genes required for lineage-
specific determination.’"34

On the other hand, CDK1 and CDK2
phosphorylate EZH2 at threonine 350
during the S phase of cell cycle.%¢ At
target loci in cells, this modification acti-
vates EZH2 binding to PRC2 recruiters
(such as non-coding RNAs).*” This novel
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regulatory mechanism may be relevant for
the maintenance of H3K27me3 marks
through cell division.*3¢

Overexpression of EZH2 and its aber-
rant recruitment on target gene sites have
been implicated in cancer initiation and
progression. In prostate cancer, overexpres-
sion of EZH2 can be driven by the upreg-
ulation of MYC protein via transcriptional
(direct targeting of EZH2 promoter) and
post-transcriptional (downregulation miR-
26a and -26b) mechanisms.*® In acute
myeloid leukemia cells, Evil physically
interacts with EZH2 and recruits EZH2
and other PcG proteins to the PTEN
promoter region.®#® This induces his-
tone modifications (H3K27me3), which
represses PTEN transcription and acti-
vates the PI3KAKT/mTOR signaling
pathway. This mechanism also contrib-
utes to leukemogenesis.*** Interestingly,
Evil is expressed in 10% of cases of
acute myeloid leukemias associated with
extremely poor prognosis.*!

Resolution of Nuclear Factor I-A
Chromatin Signature by Polycomb
and RNAi Machinery Components

Directs Human Granulopoiesis

We initially identified the Nuclear fac-
tor I-A (NFI-A) as a post-transcriptional
miR-223 target, which was functionally
involved in a regulatory circuitry that
directed human granulopoiesis.*?

NFI-A belongs to the Nuclear Factor
I (NFI) family of transcriptional factors.
This family is composed of four inde-
pendent genes (NFI-A, -B, -C and X). Its
members are involved in the cell growth,
replication of adenoviral DNA, oncogenic
processes and disease state.*” NFI-A binds
as a dimer or heterodimer, along with
other members of the NF-I family or other
transcriptional factors, to the dyad sym-
metric consensus sequence TTGGC(N5)
GCCAA on DNA % Bindingsites for NFIs
have been identified in genes expressed in
virtually every tissue of vertebrates.

In human primary hematopoietic
stem/progenitor  cells  (HSC/HPCs),
upregulation of NFI-A levels induces dif-
ferentiation along the erythroid lineage,
while its downregulation shifts HSC/
HPC fate toward the granulocytic lineage.
Therefore, NFI-A acts as a regulator of
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human hematopoietic stem cell/progeni-
tor lineage choice. -4

Dissecting the epigenetic mechanisms
that regulate NFI-A gene expression in
HSC/HPCs, we observed, that in human
ES cells, the NFI-A promoter region is
marked by an H3K27me3/H3K4me3
bivalent domain.?® We showed that, in
hematopoietic cells, the resolution of the
NFI-A bivalent domain is required to
direct granulopoiesis or erythropoiesis.
During granulocytic differentiation of
primary HSC/HPCs and myeloid pre-
cursor cell lines, NFI-A gene silencing is
caused by the recruitment of PcG proteins
YY1 and Suzl2. These trigger the resolu-
tion of the bivalent domain (H3K27me3
increased, whereas H3K4me3 decreased)
and induce nearby heterochromatin for-
mation. A stable Suzl2-knockdown in
myeloid progenitor HL60 cells impeded
the bivalent domain resolution, increased
the expression levels of NFI-A and
retinoic acid (RA)-induced
granulocytic differentiation.*

impaired

YY1 is the only PcG protein possessing
a sequence-specific element (CCATnTT)
for DNA binding, where it can recruit
other PRCs.” A bio-informatic analysis of
NFI-A promoter region showed that it is
rich in consensus YY1 binding sites and
GAGAG recurrent motifs, recently con-
firmed as Polycomb Responsive Elements
(PREs).™8

PcGs also own RNA binding proper-
ties and ncRNAs may be required for PcG
recruitment to DNA, promoting chroma-
tin remodeling and transcriptional gene
silencing (TGS).**°

We then hypothesized that a lead-
ing role in PRC promoter targeting is
played by non-coding RNA (ncRNA)
or by RNAI machinery components. We
found that, in HL60 cells undergoing
RA-induced granulocytic differentiation,
YY1 associates with Dicerl. These two
proteins share a localization at the nuclear
periphery, a site of preferential hetero-
chromatin localization.”® Moreover, YY1,
Suz12, Dicerl and transiently Argonaute
(Ago) 1 accumulate on NFI-A promoter to
form a repressive complex.*® Accordingly,
the silencing of both Dicerl and Agol
in HLGO cells significantly impaired the
RA-induced bivalent domain
tion on NFI-A promoter. This affected

resolu-
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NFI-A-expression and cell differentiation
response, thus supporting a direct role of
these RNAi components in the transcrip-
tional regulation of this gene.

These findings are also in agreement
with emerging data attributing to com-
ponent of RNAi machinery, such as
Dicer and Ago proteins, a direct role in
determining chromatin modifications.
Dicer2 and Ago2 were found associated
to chromatin and contribute to tran-
scriptional regulation in Drosophila.’? In
Schizosaccharomyces pombe, Dicerl physi-
cally associates with chromatin, provid-
ing direct evidence for RNAi-mediated
heterochromatin formation in cis at cen-
tromeric repeats.”> Moreover, Giles et
al’* have shown that RNAi components
Dicerl and Ago2 are recruited at the
16 Kb chicken B-globin locus. The chro-
matin landscape of this locus is altered in
siDicerl- and siAgo2—6C2 cells (lowered
H3K9me?2 levels, increased H4acetylation
and H3K9 acetylation levels). Ahlenstiel
et al®
lar co-localization of Ago proteins with
promoter-targeted siRNAs during TGS
of SIV and HIV-1 infection. Their study
revealed that Agol co-localizes with
siRNA in the nucleus at the sites of TGS,
while Ago2 co-localized with siRNA in
the inner nuclear envelope. Overall, these

also investigated the subcellu-

and our results directly implicate Dicerl
and Ago proteins in epigenetic marking,
heterochromatin formation and transcrip-
tional activity of target genes, although
some discrepancy regarding the specific
role of Agol and Ago2 proteins still exists.
How Polycomb and RNAi components
can be guided to the controlled genomic
loci is still an open question. We hypothe-
sized that a newly discovered nuclear roles
of small or long non-coding RNA also
involve their direct binding of target genes
genomic loci.

Gene Transcriptional
Control by MicroRNAs

Emerging evidence suggest that noncod-
ing RNA (ncRNAs), have important
regulatory functions in the control of
transcriptional programs. Besides deter-
gene
silencing of their targets, ncRNAs may act

mining the post-transcriptional

as sensors and integrators of a wide variety
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of transcriptional responses and, probably,
epigenetic events t00.>

MicroRNA (miRNAs) genes tran-
scribe small ncRNAs -22 nucleotides
long, which repress the expression of pro-
teins involved in development, differen-
tiation, proliferation and apoptosis. They
mainly act through limited base-pairing
to complementary mRNA sequences.
Proper miRNAs’ functioning requires
their assembly into an RNA-induced
silencing complex (RISC), which includes
Dicer, members of the Argonaute protein
family, the RNA binding protein TRBP
and other proteins. In a RISC, miRNAs
serve as the specificity guide for target
mRNA recognition.””® MiRNA expres-
sion is tissue-specific and highly regulated
according to the cell’s developmental lin-
eage and stage.”*

MiRNAs are also present in integrated
transcriptional  regulatory  circuitries.
They can change the expression levels of
lineage-specific transcription factors and/
or members of the epigenetic machinery
and are, in turn, regulated by these factor
activities.>

Recently it has been shown that miR-
NAs expression and activity can be also
modulated by the cell type- and allele-
specific expression of snpRNAs (single
nucleotide polymorphism RNAs), which
represent allele-specific “decoy” targets
of miRNAs. MiRNA may act as intrinsic
regulatory components of snpRNA net-
works that contribute to maintenance of
the epigenetic state in cells.®

MiRNAs are therefore ideal intermedi-
ate in transcriptional regulation, as base
pairing with target sequences can account
for specificity and ensure the robustness of
cell fate decision.

Growing evidence indicates that miR-
NAs also have nuclear functions. The
canonical miRNA biogenesis implies
Exportin 5-mediated transfer of the pre-
miRNA from nucleus to cytoplasm.”>%62
However, a number of studies indicate
that miRNAs may shuttle between cyto-
plasm and nucleus. This was first revealed
in HeLa cells for miR-29b, which displays
a mostly nuclear localization, determined
by a 3' terminal hexanucleotide.®® Further
studies have shown that both CRM1 and
Importin 8 contribute to intracellular
miRNA transport.®*®> These shuttling
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proteins can conduct nuclear importa-
tion for both miRNA and Ago proteins.
Accordingly, a number of mature miR-
NAs were identified by microarray and
RT-qPCR analysis in purified nuclei of
colon cancer cells and in the nucleolus of
rat myoblasts.®*”” A clear demonstration
of the nuclear distribution of miRNAs
came from a deep-sequencing analysis of
small RNAs in nuclear and cytoplasmic
fractions derived from a human nasopha-
ryngeal carcinoma cell line.®® Three hun-
dred miRNAs were identified both in the
nucleus and in the cytoplasm, whereas 39
miRNAs displayed a preferential nuclear
localization.®® Overall, the nuclear dis-
tribution of miRNAs seems to be solid
evidence. Indeed, besides their cytoplas-
mic activity, miRNAs may associate with
RISC components in the nucleus to regu-
late transcription, contributing to both
transcription activation and repression of
genes. However, the presence of miRNAs
in a transcription regulating molecular
complex on the promoter of target genes
and the biological relevance of miRNA-
mediate transcriptional regulation was not

analyzed in depth.

MiRNA and RNAi Components are
Present on Promoters in Protein
Complexes with PcGs to Regulate
Target Gene Transcription

A role for miR-223 in driving TGS by
PcGs-RNAi complexes was suggested by
the presence on the NFI-A promoter region
of two DNA sequences 5-AAACTG-3'
complementary to the miR-223 seed
sequence (3-UUUGACUGU-5"). These
sequences are located at a distance of 1-2
nucleosomes from the YYI-Dicerl-Agol
binding site, where the epigenetic modi-
fications controlling NFI-A expression
occurred. Indeed, we found that during
human granulopoiesis, miR-223 trans-
locates to the nucleus and localizes at its
complementary sequences on NFI-A pro-
moter.*® We identified nuclear localization
and NFI-A promoter targeting of miR-223
by multiple approaches, including confo-
cal microscopy of transfected fluorescent
miR-mimics and in situ hybridization to
the endogenous miRNA with fluorescent
oligonucleotides complementary to the
sequence of miR-223. We could also detect
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miR-223-specific signals on chromosome
spreads from cells undergoing myeloid
differentiation, but not undifferentiated
cells. The signals were often detectable on
symmetrical regions of sister chromatids,
thus suggesting a gene-specific localiza-
tion. Since, during metaphase mRNA
synthesis is blocked, this finding may
support a view whereby miR-223 directly
binds to DNA on specific sequences. In
agreement, by combining transfection of a
Cy5-labeled miR-223 with anti-Cy5 chro-
matin immunoprecipitation we were able
to demonstrate the presence of miR-223
on the NFI-A promoter DNA. Here, miR-
223 is part of a ribonucleoprotein repres-
sive complex involving YY1, Dicer-1 and
transiently Agol. The localization of this
complex on the NFIA promoter is RNA-
dependent, since it is prevented by RNase
treatment and is enhanced by miR223
overexpression. ¢

A similar miRNA-dependent complex
on DNA has been recently reported on
the promoter of CDC2 and CDCAS, two
E2F/Rb1 target genes, which contain a
miRNA-complementary sequence in the
antisense and sense strand, respectively.®
In this case the miRNA involved is let-7f
and the RISC component is Ago2. This
complex involves the Rbl and E2F pro-
tein and its aggregation is dependent on
both Ago2 and let-7f.% Functionally, both
miR-223 and let-7f containing nuclear
complexes repress gene transcription. We
found that miR-223 contributes, together
with the Polycomb/RNAi complex, to
the resolution of H3K27me3/H3K4me3
chromatin bivalent domains on the NFI-A
promoter, which induces heterochromatin
formation and transcriptional gene silenc-
ing.** Nuclear shifting of miR-223 and
miR-223 overexpression increase-histone
repressive marks and induce granulocytic
differentiation, whereas blocking miR-
223 activity using a miR-ZIP vector has
the opposite effect (increases the activa-
tion histone mark H3K4me3 and blocks
granulopoiesis).* In a similar way, the
transcriptional complex assembled by let-
7f, Ago2, and pRbl on E2F target genes
induces heterochromatin histone marks,
with increased H3K27me3, H3K9me3
and decreased H3K4me3 and H3K9ac.”
The activity of let-7f seems to contribute
to the process of cellular senescence. Thus,
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by cooperating with Rbl in the transcrip-
tional silencing of E2F target genes let-7f
participates in a fundamental biological
response. Actually, antagomiRs against
let-7f restore proliferation in senescent
fibroblasts and extend their lifespan.®’

MiRNAs Can Both Repress and
Activate Gene Transcription

Several other reports have investigated
transcriptional repression by miRNAs.
MiR-320 transfection in fibroblasts
induces TGS of the POLR3D gene, a
subunit of RNA polymerase III, whose
promoter contains a conserved miR-320
complementary sequence.”’ Concurrently
Agol, PcG EZH2, and
H3K27me3 associate on the gene pro-

component

moter. These data and our findings
suggest that miRNAs may repress tran-
scription by driving a repressor protein
complex to the promoter of target genes.
Transcriptional repression has been also
observed on the Progesterone Receptor
gene upon transfection of double strand
miR-mimic sequences selected for their
partial complementarities to promoter-
generated antisense small ncRNA.”! TGS
was accompanied by DNA methylation
and H3K9me2 enrichment at the gene
promoter and association of Ago2 with
PR promoter generated ncRNA, suggest-
ing that miR-423-5p may operate by
complementarity to ncRNA. A robust
TGS was also obtained on the HOXD4
gene by transfection of miR-10b in breast
cancer cell lines.”? This effect was inhib-
ited by Agol- and Ago3-siRNA and was
possibly mediated by miR-10b interac-
tion with ncRNA transcribed at the pro-
moter. Anti-miR-10b transfection caused
a strong increase in HOXD4 expres-
sion indicating that TGS by the endog-
enous miR-10b may be operating stably
in vivo.> miR17-5p and miR-20 also
induced heterochromatin features in pro-
moters (TBCEL, RASA2, RHPN2 and
WHSC1), which possess sequence com-
plementarity to these miRNAs.”? Overall,
these observations and our data compose
a picture whereby RISC components,
PcG proteins and miRNAs associate on
DNA to induce TGS. On the other hand,
miRNA may be able to activate transcrip-
tion. The genes encoding E-cadherin and
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cold-shock domain-containing protein
C2 (CSDC2) have miR-373 comple-
mentary sequences in their promoter.
Transfection of miR-373 into prostate and
colorectal cancer cell lines induced their
expression.”* MiR-744 induced Cyclin Bl
expression and enrichment of Agol, RNA
Polll and H3K4me3 at the gene promoter,
where miR-744 complementary sequences
were found.”

Sequence-specific Evolutionary
Conservation of MiRNA
Targeting Activity

In our study, the integrity of two miR-223
complementary seed-matches sequences
on NFI-A promoter was required for
TGS of NFI-A promoter reporter con-
structs during granulopoiesis.®® Both the
NFI-A promoter binding sites for miR-
223 sequence are evolutionarily con-
served. Specifically, the conservation for
both these sites is higher in mammalians
presenting adult hematopoiesis centered
in the bone marrow, whereas it is lost in
marsupials, birds and fish, all of whose
hematopoiesis differ significantly. The
pre-miRNA sequence outside the mature
miR-223 has a low homology with the
NFI-A promoter sequence, thus, theo-
retically, preventing its hybridization to
nascent RNA.“ The highest conserva-
tion between the two putative miR-223
binding sites on NFI-A promoter involves
nucleotides of the 5' miR-223 “seed”
region, which is the most important
determinant for mRNA target recogni-
tion and base pairing’”® Interestingly,
miRNA target sites on mRNA are highly
conserved among species. Non-conserved
seed targets, however, are also regulated
by miRNAs.”*”7 mRNAs with conserved
miRNA target sites tend to be expressed
in the same tissues as the related miRNA,
whereas non-conserved miRNA target
sites are often expressed in tissues in which
the cognate miRNA is not expressed.
Usually, changes in mRNA levels closely
reflect the impact of miRNAs on gene
expression. As a result, conserved tar-
gets are expressed at much lower levels
in tissues that express the miRNA.”® The
opposite relationship between the expres-
sion patterns of miRNAs and their con-
served mRNA targets underlies the role
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B Granulopoiesis C

Hematopoietic Progenitors

= miR-223
H3K27me3

H3K4me3
[

NFI-A gene

Erythropoiesis

NFI-A inhibition

miR-223 ' miR-223

NFI-A expression

Figure 1. Transcriptional regulation of the NFI-A gene by a miR-223/Polycomb/RISC complex governs hematopoietic progenitors cell fate. (A) The
undifferentiated hematopoietic progenitors display bivalent nucleosomal histone modifications on the NFI-A gene promoter, where H3K4me3 acti-
vating mark (green) and H3K27me3 repressive mark (red) are balanced. CpG islands are not methylated (white small circles). The expression levels of
both miR-223 and NFI-A mRNA are low. (B) Upon granulocytic differentiation the expression of miR-223 markedly increases and bivalent domains are
resolved: the repressive H3K27me3 mark accumulates whereas the activating H3K4me3 decreases and methylated CpGs increase (black small circles).
This is due to the aggregation on the promoter of the NFI-A gene of a ribonuclear complex involving miR-223, the RISC components Ago1 and Dicer1
and the PcG proteins YY1 and Suz12. The complex is driven by miR-223 to miR-complementary sequences on the NFI-A promoter. The result is tran-
scriptional repression of NFI-A gene. (C) During erythropoiesis the expression of miR-223 decreases and bivalent domains are resolved in the opposite
direction. The NFI-A gene promoter acquires a “permissive chromatin status,” with high levels of the activating histone marks H3K4me3, unmethylated
CpGs and low levels of the repressive histone mark H3K27me3. NFI-A expression is high. Gray spheres indicate the octamer of nucleosomal histones
with the double strand DNA wrapped around them.

of miRNAs in development and main-
tenance of tissue identity. Interestingly,
miR-223 is almost exclusively expressed
in bone marrow” and an inverse correla-
tion between the expression patterns of
miR-223 and NFI-A mRNA was detect-
able in normal and leukemic HSC/
HPCs.% Thus, a cooperation between
intimately connected post-transcriptional
and transcriptional pathways may regu-
late the expression levels of developmental
genes, such as miR-223 and NFI-A, which
act as life-long key determinants of HSC/
HPCs lineage restriction.

Concluding Remarks
Epigenetic marks are inheritable through

cell divisions, however in response to dif-
ferentiation-inducing cues these marks can

www.landesbioscience.com

be easily modified allowing developmental
genes to be in a “poised state.” Once a cell
is committed to accept a certain fate, per-
manent repression or activation of devel-
opmental genes must take place to allow
definitive cell fate decisions. We have now
obtained evidence for a novel cooperative
pathway of site-specific gene expression
regulation. This pathway is triggered by
the promoter recognition and transcrip-
tional targeting activity of miR-223 and
PcGs (YY1 and Suzl2). Biologically,
this mechanism is relevant for HSC/
HPCs granulocytic lineage determination
(Fig. 1). Here, we discussed data that sup-
port a key contribution of DNA targeting
by miRNAs in the generation of an epi-
genetic “memory” of transcriptional pro-
grams. MiRNA base pairing with DNA
sequences may provide robustness to
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regulatory epigenetic networks allowing
definitive lineage fate decision.

Although a general picture of miR-
NAs-mediated nuclear pathways is emerg-
ing, many questions remain. Further
studies need to be performed to elucidate
whether, besides post-transcriptional gene
silencing, endogenous miRNAs induce
TGS of their targets via direct binding to
DNA. Otherwise, the association of RISC
components with members of the epigen-
etic machinery may alters DNA and chro-
matin structure.

Although ~ the  complementarity
requirements for miRNA interaction with
promoter sequences (either nascent RNA
or DNA) are presently unknown, the
three dimensional conformation of the
DNA molecule may well determine these
requirements, which may be different from
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those defined over the years for mRNA in
the cytoplasm. The next challenge will
be to identify other miRNAs that may
be active in cell nuclei as transcriptional
regulators of genes requiring permanent
transcriptional inhibition to allow defini-
tive cell fate decisions.

New insight into the functioning of
genetic and epigenetic regulatory asso-
ciations is essential for the development
of novel strategies to maintain stem cells,
reprogram differentiated cells or direct
cell differentiation. In addition, aberrant
interactions between these factors may
promote cell transformation and contrib-
ute to malignancy. Thus, a new vision
of miRNA’s range of activities may pro-
vide new clues into cancer pathogenesis,
generating novel approaches to cancer
treatment.

Acknowledgments

We thank all our past and current col-
laborators for their invaluable discussion.
We apologize that due to space limitations
many crucial references were not directly
cited but they can be found in cited
reviews. Work cited from our laboratories
was supported by the Italian Association
for Cancer Research (IG-4082 to G.Z.,
1G-9390 to F.G. and I1G-11949 to C.N.);
University of Roma “La Sapienza,”
Ministero dell’Istruzione dell’Universita
e della Ricerca (PRIN) and Fondazione
Cenci Bolognetti.

References

1. Bracken AP, Helin K. Polycomb group proteins:
navigators of lineage pathways led astray in cancer.
Nat Rev Cancer 2009; 9:773-84. PMID:19851313;
htep://dx.doi.org/10.1038/nrc2736

2. Pietersen AM, van Lohuizen M. Stem cell regu-
lation by polycomb repressors: postponing com-
mitment. Curr Opin Cell Biol 2008; 20:201-7.
PMID:18291635; http://dx.doi.org/10.1016/j.
ceb.2008.01.004

3. Schuettengruber B, Cavalli G. Recruitment of
polycomb group complexes and their role in the
dynamic regulation of cell fate choice. Development
2009; 136:3531-42. PMID:19820181; hetp://dx.doi.
org/10.1242/dev.033902

4. Surface LE, Thornton SR, Boyer LA. Polycomb group
proteins set the stage for early lineage commitment.
Cell Stem Cell 2010; 7:288-98. PMID:20804966;
hetp://dx.doi.org/10.1016/j.stem.2010.08.004

5. Sparmann A, van Lohuizen M. Polycomb silencers
control cell fate, development and cancer. Nat Rev
Cancer 2006; 6:846-56. PMID:17060944; http://
dx.doi.org/10.1038/nrc1991

6. Lund AH, van Lohuizen M. Epigenetics and cancer.
Genes Dev 2004; 18:2315-35. PMID:15466484;
http://dx.doi.org/10.1101/gad.1232504

3548

10.

11.

12.

13.

15.

16.

17.

18.

19.

20.

21.

Ringrose L, Rehmsmeier M, Dura JM, Paro R.
Genome-wide prediction of Polycomb/Trithorax
response elements in Drosophila melanogaster. Dev
Cell 2003; 5:759-71. PMID:14602076; htep://
dx.doi.org/10.1016/S1534-5807(03) 00337-X

Zhang Y, Reinberg D. Transcription regulation by
histone methylation: interplay between different
covalent modifications of the core histone tails.
Genes Dev 2001; 15:2343-60. PMID:11562345;
http://dx.doi.org/10.1101/gad.927301

Boyer LA, Plath K, Zeitlinger J, Brambrink T,
Medeiros LA, Lee TI, et al. Polycomb complex-
es repress developmental regulators in murine
embryonic stem cells. Nature 2006; 441:349-53.
PMID:16625203; http://dx.doi.org/10.1038/
nature04733

Kerppola TK. Polycomb group complexes--many
combinations, many functions. Trends Cell Biol
2009; 19:692-704. PMID:19889541; http://dx.doi.
0rg/10.1016/.tcb.2009.10.001

Miiller J, Verrijzer P. Biochemical mechanisms of
gene regulation by polycomb group protein com-
plexes. Curr Opin Genet Dev 2009; 19:150-8.
PMID:19345089;  http://dx.doi.org/10.1016/j.
£de.2009.03.001

Simon JA, Kingston RE. Mechanisms of polycomb
gene silencing: knowns and unknowns. Nat Rev Mol
Cell Biol 2009; 10:697-708. PMID:19738629
Wang H, Wang L, Erdjument-Bromage H, Vidal
M, Tempst P, Jones RS, et al. Role of histone
H2A ubiquitination in Polycomb silencing. Nature
2004; 431:873-8. PMID:15386022; http://dx.doi.
org/10.1038/nature02985

. de Napoles M, Mermoud JE, Wakao R, Tang YA,

Endoh M, Appanah R, et al. Polycomb group pro-
teins RinglA/B link ubiquitylation of histone H2A
to heritable gene silencing and X inactivation. Dev
Cell 2004; 7:663-76. PMID:15525528; htep://
dx.doi.org/10.1016/j.devcel.2004.10.005

Bracken AP, Dietrich N, Pasini D, Hansen KH,
Helin K. Genome-wide mapping of Polycomb target
genes unravels their roles in cell fate transitions.
Genes Dev 2006; 20:1123-36. PMID:16618801;
hetp://dx.doi.org/10.1101/gad.381706

Oguro H, Yuan J, Ichikawa H, Tkawa T, Yamazaki
S, Kawamoto H, et al. Poised lineage specification
in multipotential hematopoietic stem and progenitor
cells by the polycomb protein Bmil. Cell Stem Cell
2010; 6:279-86. PMID:20207230; http://dx.doi.
org/10.1016/j.stem.2010.01.005

Konuma T, Oguro H, Iwama A. Role of the poly-
comb group proteins in hematopoietic stem cells. Dev
Growth Differ 2010; 52:505-16. PMID:20646023;
http://dx.doi.org/10.1111/j.1440-169X.2010.01191.x
Azuara V, Perry P, Sauer S, Spivakov M, Jorgensen
HF, John RM, et al. Chromatin signatures of plu-
ripotent cell lines. Nat Cell Biol 2006; 8:532-
8. PMID:16570078; http://dx.doi.org/10.1038/
ncb1403

Bernstein BE, Mikkelsen TS, Xie X, Kamal M,
Huebert DJ, Cuff], et al. A bivalent chromatin struc-
ture marks key developmental genes in embryonic
stem cells. Cell 2006; 125:315-26. PMID:16630819;
htep://dx.doi.org/10.1016/j.cell.2006.02.041

Pan G, Tian S, Nie ], Yang C, Ruotti V, Wei H, et al.
Whole-genome analysis of histone H3 lysine 4 and
lysine 27 methylation in human embryonic stem cells.
Cell Stem Cell 2007; 1:299-312. PMID:18371364;
http://dx.doi.org/10.1016/j.stem.2007.08.003

Zhao XD, Han X, Chew JL, Liu J, Chiu KP, Choo
A, et al. Whole-genome mapping of histone H3 Lys4
and 27 trimethylations reveals distinct genomic
compartments in human embryonic stem cells. Cell
Stem Cell 2007; 1:286-98. PMID:18371363; http://
dx.doi.org/10.1016/j.stem.2007.08.004

Cell Cycle

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

35.

Cui K, Zang C, Roh TY, Schones DE, Childs RW,
Peng W, et al. Chromatin signatures in multipotent
human hematopoietic stem cells indicate the fate
of bivalent genes during differentiation. Cell Stem
Cell 2009; 4:80-93. PMID:19128795; http://dx.doi.
0rg/10.1016/j.stem.2008.11.011

Mikkelsen TS, Ku M, Jaffe DB, Issac B, Lieberman
E, Giannoukos G, et al. Genome-wide maps of chro-
matin state in pluripotent and lineage-committed
cells. Nature 2007; 448:553-60. PMID:17603471;
http://dx.doi.org/10.1038/nature06008

Ku M, Koche RP, Rheinbay E, Mendenhall EM,
Endoh M, Mikkelsen TS, et al. Genomewide analysis
of PRCI and PRC2 occupancy identifies two classes
of bivalent domains. PLoS Genet 2008; 4:¢1000242.
PMID:18974828; http://dx.doi.org/10.1371/journal.
pgen.1000242

Agger K, Cloos PA, Christensen ], Pasini D, Rose
S, Rappsilber J, et al. UTX and JMJD3 are his-
tone H3K27 demethylases involved in HOX gene
regulation and development. Nature 2007; 449:731-
4. PMID:17713478; http://dx.doi.org/10.1038/
nature06145

Hong S, Cho YW, Yu LR, Yu H, Veenstra TD,
Ge K. Identification of JmjC domain-containing
UTX and JMJD3 as histone H3 lysine 27 demeth-
ylases. Proc Natl Acad Sci USA 2007; 104:18439-
44. PMID:18003914; http://dx.doi.org/10.1073/
pnas.0707292104

Lan F, Nottke AC, Shi Y. Mechanisms involved in the
regulation of histone lysine demethylases. Curr Opin
Cell Biol 20085 20:316-25. PMID:18440794; http://
dx.doi.org/10.1016/j.ceb.2008.03.004

Xiang Y, Zhu Z, Han G, Lin H, Xu L, Chen CD.
JMJD3 is a histone H3K27 demethylase. Cell Res
2007; 17:850-7. PMID:17923864; http://dx.doi.
0rg/10.1038/cr.2007.83

Cloos PA, Christensen J, Agger K, Helin K. Erasing
the methyl mark: histone demethylases at the center
of cellular differentiation and disease. Genes Dev
2008; 22:1115-40. PMID:18451103; http://dx.doi.
org/10.1101/gad.1652908

Pasini D, Cloos PA, Walfridsson J, Olsson L,
Bukowski JP, Johansen JV, et al. JARID2 regulates
binding of the Polycomb repressive complex 2 to
target genes in ES cells. Nature 2010; 464:306-
10. PMID:20075857; http://dx.doi.org/10.1038/
nature08788

Shen X, Kim W, Fujiwara Y, Simon MD, Liu Y,
Mysliwiec MR, et al. Jumonji modulates polycomb
activity and self-renewal versus differentiation of stem
cells. Cell 2009; 139:1303-14. PMID:20064376;
http://dx.doi.org/10.1016/j.cell.2009.12.003

Zhang Z, Jones A, Sun CW, Li C, Chang CW, Joo
HY, et al. PRC2 complexes with JARID2, MTF2,
and esPRC2p48 in ES cells to modulate ES cell pluri-
potency and somatic cell reprogramming. Stem Cells
2011; 29:229-40. PMID:21732481; htep://dx.doi.
org/10.1002/stem.578

Schmitz SU, Albert M, Malatesta M, Morey L,
Johansen JV, Bak M, et al. JaridIb targets genes
regulating development and is involved in neu-
ral differentiation. EMBO ] 2011; 30:4586-600.
PMID:22020125; http://dx.doi.org/10.1038/
emboj.2011.383

. van Haaften G, Dalgliesh GL, Davies H, Chen L,

Bignell G, Greenman C, et al. van HG. Somatic
mutations of the histone H3K27 demethylase gene
UTX in human cancer. Nat Genet 2009; 41:521-3.
PMID:19330029; http://dx.doi.org/10.1038/ng.349
Zeng X, Chen S, Huang H. Phosphorylation of
EZH2 by CDKI1 and CDK2: a possible regula-
tory mechanism of transmission of the H3K27me3
epigenetic mark through cell divisions. Cell Cycle
2011; 10:579-83. PMID:21278485; http://dx.doi.
0rg/10.4161/cc.10.4.14722

Volume 11 Issue 19

Do not distribute.

I0Science.

©2012 Landes B



36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Chen S, Bohrer LR, Rai AN, Pan Y, Gan L, Zhou X,
et al. Cyclin-dependent kinases regulate epigenetic
gene silencing through phosphorylation of EZH2.
Nart Cell Biol 2010; 12:1108-14. PMID:20935635;
http://dx.doi.org/10.1038/ncb2116

Kaneko S, Li G, Son J, Xu CF, Margueron R, Neubert
TA, et al. Phosphorylation of the PRC2 component
Ezh2 is cell cycle-regulated and up-regulates its
binding to ncRNA. Genes Dev 2010; 24:2615-
20. PMID:21123648; http://dx.doi.org/10.1101/
gad.1983810

Koh CM, T, Zheng Q, Bethel C,
Yegnasubramanian S, De Marzo AM. Myc enforces
overexpression of EZH2 in early prostatic neoplasia
via transcriptional and post-transcriptional mecha-
nisms. Oncotarget 2011; 2:669-83. PMID:21941025
Yoshimi A, Goyama S, Watanabe-Okochi N, Yoshiki
Y, Nannya Y, Nitta E, et al. Evil represses PTEN
expression and activates PI3K/AKT/mTOR via
interactions with polycomb proteins. Blood 2011;
117:3617-28. PMID:21289308; http://dx.doi.
org/10.1182/blood-2009-12-261602

Yoshimi A, Kurokawa M. Evil forms a bridge between
the epigenetic machinery and signaling pathways.
Oncotarget 2011; 2:575-86. PMID:21795762

Valk PJ, Verhaak RG, Beijen MA, Erpelinck CA,
Barjesteh van Waalwijk van Doorn-Khosrovani S,
Boer JM, et al. Prognostically useful gene-expression
profiles in acute myeloid leukemia. N Engl ] Med
2004; 350:1617-28. PMID:15084694; http://dx.doi.
0rg/10.1056/NEJMo0a040465

Fazi F, Rosa A, Fatica A, Gelmetti V, De Marchis
ML, Nervi C, et al. A minicircuitry comprised of
microRNA-223 and transcription factors NFI-A and
C/EBPalpha regulates human granulopoiesis. Cell
2005; 123:819-31. PMID:16325577; http://dx.doi.
0rg/10.1016/j.cell.2005.09.023

Gronostajski RM. Roles of the NFI/CTF gene
family in transcription and development. Gene
2000; 249:31-45. PMID:10831836; http://dx.doi.
0rg/10.1016/S0378-1119(00)00140-2

Starnes LM, Sorrentino A, Pelosi E, Ballarino M,
Morsilli O, Biffoni M, et al. NFI-A directs the fate
of hematopoietic progenitors to the erythroid or

Iwata

granulocytic lineage and controls beta-globin and
G-CSF receptor expression. Blood 2009; 114:1753-
63. PMID:19542302; http://dx.doi.org/10.1182/
blood-2008-12-196196

Starnes LM, Sorrentino A, Ferracin M, Negrini
M, Pelosi E, Nervi C, et al. A transcriptome-wide
approach reveals the key contribution of NFI-A
in promoting erythroid differentiation of human
CD34(+) progenitors and CML cells. Leukemia
2010; 24:1220-3. PMID:20428206; http://dx.doi.
0rg/10.1038/leu.2010.78

Zardo G, Ciolfi A, Vian L, Starnes LM, Billi M,
Racanicchi S, et al. Polycombs and microRNA-223
regulate human granulopoiesis by transcriptional
control of target gene expression. Blood 2012;
119:4034-46. PMID:22327224; htep://dx.doi.
org/10.1182/blood-2011-08-371344

Wilkinson FH, Park K, Atchison ML. Polycomb
recruitment to DNA in vivo by the YY1 REPO
domain. Proc Natl Acad Sci USA 2006; 103:19296-
301. PMID:17158804; http://dx.doi.org/10.1073/
pnas.0603564103

Sing A, Pannell D, Karaiskakis A, Sturgeon K, Djabali
M, Ellis ], et al. A vertebrate Polycomb response ele-
ment governs segmentation of the posterior hind-
brain. Cell 2009; 138:885-97. PMID:19737517;
http://dx.doi.org/10.1016/j.cell.2009.08.020

Kim DH, Villeneuve LM, Morris KV, Rossi JJ.
Argonaute-1 directs siRNA-mediated transcriptional
gene silencing in human cells. Nat Struct Mol Biol
2006; 13:793-7. PMID:16936726; http://dx.doi.
0rg/10.1038/nsmb1142

www.landesbioscience.com

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Janowski BA, Huffman KE, Schwartz JC, Ram
R, Nordsell R, Shames DS, et al. Involvement
of AGOIl and AGO2 in mammalian transcrip-
tional silencing. Nat Struct Mol Biol 2006; 13:787-
92. PMID:16936728; http://dx.doi.org/10.1038/
nsmb1140

Palko L, Bass HW, Beyrouthy MJ, Hurt MM.
The Yin Yang-1 (YYI) protein undergoes a DNA-
replication-associated switch in localization from the
cytoplasm to the nucleus at the onset of S phase. |
Cell Sci 2004; 117:465-76. PMID:14702388; http://
dx.doi.org/10.1242/jcs.00870

Cernilogar FM, Onorati MC, Kothe GO, Burroughs
AM, Parsi KM, Breiling A, et al. Chromatin-
associated RNA interference components contribute
to transcriptional regulation in Drosophila. Nature
2011; 480:391-5. PMID:22056986; http://dx.doi.
org/10.1038/nature10492

Woolcock K]J, Gaidatzis D, Punga T, Biihler M.
Dicer associates with chromatin to repress genome
activity in Schizosaccharomyces pombe. Nat Struct
Mol Biol 2011; 18:94-9. PMID:21151114; http://
dx.doi.org/10.1038/nsmb.1935

Giles KE, Ghirlando R, Felsenfeld G. Maintenance
of a constitutive heterochromatin domain in verte-
brates by a Dicer-dependent mechanism. Nat Cell
Biol 2010; 12:94-9, 1-6; PMID:20010811; http://
dx.doi.org/10.1038/ncb2010.

Ahlenstiel CL, Lim HG, Cooper DA, Ishida T,
Kelleher AD, Suzuki K. Direct evidence of nucle-
ar Argonaute distribution during transcriptional
silencing links the actin cytoskeleton to nuclear
RNAI machinery in human cells. Nucleic Acids Res
20125 40:1579-95. PMID:22064859; http://dx.doi.
org/10.1093/nar/gkr891

Wang X, Song X, Glass CK, Rosenfeld MG. The long
arm of long noncoding RNAs: roles as sensors regulat-
ing gene transcriptional programs. Cold Spring Harb
Perspect Biol 2011; 3:a003756. PMID:20573714;
http://dx.doi.org/10.1101/cshperspect.a003756
Ambros V. The functions of animal microRNAs.
Nature 2004; 431:350-5. PMID:15372042; http://
dx.doi.org/10.1038/nature02871

Bartel DP. MicroRNAs: genomics, biogenesis,
mechanism, and function. Cell 2004; 116:281-97.
PMID:14744438; http://dx.doi.org/10.1016/S0092-
8674(04)00045-5

Fazi F, Nervi C. MicroRNA: basic mechanisms
and transcriptional regulatory networks for cell fate
determination. Cardiovasc Res 2008; 79:553-61.
PMID:18539629; http://dx.doi.org/10.1093/cvr/
cvnl51

Juan AH, Sartorelli V. MicroRNA-214 and poly-
comb group proteins: a regulatory circuit controlling
differentiation and cell fate decisions. Cell Cycle
2010; 9:1445-6. PMID:20372071; http://dx.doi.
org/10.4161/cc.9.8.11472

Glinskii AB, Ma S, Ma J, Grant D, Lim CU, Guest
I, et al. Networks of intergenic long-range enhancers
and snpRNAs drive castration-resistant phenotype
of prostate cancer and contribute to pathogenesis
of multiple common human disorders. Cell Cycle
2011; 10:3571-97. PMID:22067658; http://dx.doi.
org/10.4161/cc.10.20.17842

Melo SA, Esteller M. A precursor microRNA in a
cancer cell nucleus: get me out of here! Cell Cycle
2011; 10:922-5. PMID:21346411; http://dx.doi.
org/10.4161/cc.10.6.15119

Hwang HW, Wentzel EA, Mendell JT. A hexanu-
cleotide element directs microRNA nuclear import.
Science 2007; 315:97-100. PMID:17204650; heep://
dx.doi.org/10.1126/science.1136235

Castanotto D, Lingeman R, Riggs AD, Rossi J].
CRM1 mediates nuclear-cytoplasmic shuttling
of mature microRNAs. Proc Natl Acad Sci USA
2009; 106:21655-9. PMID:19955415; http://dx.doi.
0rg/10.1073/pnas.0912384106

Cell Cycle

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

. Weinmann L, Hock J, Ivacevic T, Ohrt T, Miitze J,
Schwille P, et al. Importin 8 is a gene silencing factor
that targets argonaute proteins to distinct mRNAs.
Cell 2009; 136:496-507. PMID:19167051; http://
dx.doi.org/10.1016/j.cell.2008.12.023

Park CW, Zeng Y, Zhang X, Subramanian S, Steer
CJ. Mature microRNAs identified in highly purified
nuclei from HCT116 colon cancer cells. RNA Biol
2010; 7:606-14. PMID:20864815; http://dx.doi.
org/10.4161/rna.7.5.13215

Politz JC, Hogan EM, Pederson T. MicroRNAs
with a nucleolar location. RNA 2009; 15:1705-
15. PMID:19628621; http://dx.doi.org/10.1261/
rna.1470409

Liao JY, Ma LM, Guo YH, Zhang YC, Zhou H,
Shao P, et al. Deep sequencing of human nuclear
and cytoplasmic small RNAs reveals an unexpect-
edly complex subcellular distribution of miRNAs
and tRNA 3' trailers. PLoS ONE 2010; 5:e10563.
PMID:20498841; http://dx.doi.org/10.1371/jour-
nal.pone.0010563

Benhamed M, Herbig U, Ye T, Dejean A, Bischof O.
Senescence is an endogenous trigger for microRNA-
directed transcriptional gene silencing in human cells.
Nat Cell Biol 2012; 14:266-75. PMID:22366686;
http://dx.doi.org/10.1038/ncb2443

Kim DH, Saetrom P, Sneve O Jr., Rossi ]J.
MicroRNA-directed transcriptional gene silenc-
ing in mammalian cells. Proc Natl Acad Sci USA
2008; 105:16230-5. PMID:18852463; http://dx.doi.
org/10.1073/pnas.0808830105

Younger ST, Corey DR. Transcriptional regulation
by miRNA mimics that target sequences down-
stream of gene termini. Mol Biosyst 2011; 7:2383-
8. PMID:21589992; http://dx.doi.org/10.1039/
cImb05090g

Tan Y, Zhang B, Wu T, Skogerbe G, Zhu X, Guo X,
et al. Transcriptional inhibiton of Hoxd4 expression
by miRNA-10a in human breast cancer cells. BMC
Mol Biol 2009; 10:12. PMID:19232136; http://
dx.doi.org/10.1186/1471-2199-10-12

Gonzalez S, Pisano DG, Serrano M. Mechanistic
principles of chromatin remodeling guided by siR-
NAs and miRNAs. Cell Cycle 2008; 7:2601-8.
PMID:18719372; htep://dx.doi.org/10.4161/
cc.7.16.6541

Place RF, Li LC, Pookot D, Noonan EJ, Dahiya R.
MicroRNA-373 induces expression of genes with
complementary promoter sequences. Proc Natl Acad
Sci USA 2008; 105:1608-13. PMID:18227514;
http://dx.doi.org/10.1073/pnas.0707594105

Huang V, Place RF, Portnoy V, Wang J, Qi Z, Jia
Z, et al. Upregulation of Cyclin Bl by miRNA
and its implications in cancer. Nucleic Acids Res
20125 40:1695-707. PMID:22053081; http://dx.doi.
org/10.1093/nar/gkr934

Bartel DP. MicroRNAs: target recognition and
regulatory functions. Cell 2009; 136:215-33.
PMID:19167326; http://dx.doi.org/10.1016/j.
cell.2009.01.002

Berezikov E. Evolution of microRNA diversity and
regulation in animals. Nat Rev Genet 2011; 12:846-
60. PMID:22094948; http://dx.doi.org/10.1038/
nrg3079

Guo H, Ingolia NT, Weissman ]S, Bartel DP.
Mammalian microRNAs predominantly act to
decrease target mRNA levels. Nature 2010; 466:835-
40. PMID:20703300; http://dx.doi.org/10.1038/
nature09267

Chen C-Z, Li L, Lodish HF, Bartel DP. MicroRNAs
modulate hematopoietic lineage differentiation.
Science 2004; 303:83-6. PMID:14657504; http://
dx.doi.org/10.1126/science.1091903

3549

Do not distribute.

I0Science.

©2012 Landes B





