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During hippocampal neuron differentiation, the expression of critical inducers of non-neuronal cell lineagesmust
be efficiently silenced. Runx2 transcription factor is the master regulator of mesenchymal cells responsible for
intramembranous osteoblast differentiation and formation of the craniofacial bone tissue that surrounds and
protects the central nervous system (CNS) in mammalian embryos. The molecular mechanisms that mediate
silencing of the Runx2 gene and its downstream target osteogenic-related genes in neuronal cells have not
been explored. Here, we assess the epigenetic mechanisms that mediate silencing of osteoblast-specific genes
in CNS neurons. In particular, we address the contribution of histone epigenetic marks and histone modifiers
on the silencing of the Runx2/p57 bone-related isoform in rat hippocampal tissues at embryonic to adult stages.
Our results indicate enrichment of repressive chromatin histone marks and of the Polycomb PRC2 complex at
the Runx2/p57 promoter region. Knockdown of PRC2 H3K27-methyltransferases Ezh2 and Ezh1, or forced expres-
sion of the Trithorax/COMPASS subunitWdr5 activates Runx2/p57mRNA expression in both immature andmature
hippocampal cells. Together these results indicate that complementary epigenetic mechanisms progressively and
efficiently silence critical osteoblastic genes during hippocampal neuron differentiation.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Craniofacial bones and the brain ultimately originate from the dorsal
neural tube which arises during early stages of fetal development.
Formation andmaturation of themammalianhead during late gestation
involve intricate interactions between neural crest cells that generate
facial primordia (e.g., jaw and cheek bones) and the developing brain
[1–3]. Perturbations in the cellular andmolecular pathways that control
development of osseous and neural tissues in the developing head are
observed in a number of congenital disorders [2]. During craniofacial
development, neural crest cells are initially indistinguishable from
other neuro-epithelial cells, but then they undergo an epithelial-to-
mesenchymal transition and migrate to form future craniofacial struc-
tures [4]. The signaling molecules controlling neural crest formation are
the same as those regulating normal osteogenesis and include bone
morphogenetic proteins (BMP), fibroblast growth factors (FGF), and
Wnt signaling factors. The fundamental gene regulatory mechanisms by
iomedicas, Facultad de Ciencias
39, Santiago, Chile.
.

which cells maintain a neural cell fate while silencing programs required
for generating mesenchymal phenotypes (e.g., in cells with osteogenic
lineage potential) remain a major hiatus in our understanding of head
development.

Osteoblast lineage commitment is promoted and regulated by a coor-
dinated set of extracellular stimuli and developmentally-regulated signal-
ing pathways [5–8]. Following activation in osteoprogenitor cells, these
signaling pathways modulate the expression and function of osteoblast
master transcription factors. The latter control the expression of down-
stream bone-phenotypic genes and attenuatingmicroRNAs that together
establish the osteoblastic cell component of the mammalian skeleton
[9,10]. Commitment of precursor cells to the osteoblast lineage mainly
requires the function of the master transcriptional regulator Runx2
(Runt-related transcription factor 2) [11,12], which in turn controls the
expression of numerous target genes (like osteocalcin/Bglap) encoding
regulatory proteins that re-enforce the osteoblast phenotype and struc-
tural proteins that support formationof amineralized extracellularmatrix
[13–19].

During development Runx2/p57 expression is initiated at days 8.5–
9.5 post-coitum (p.c.) at the notochord and caudal somite tissues that
then lead to formation of the vertebral cord [15,20,21]. Later, Runx2/
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p57 is found at the mesenchymal tissues that generate the axial
skeleton, ribs and long bones. Osteoblasts in many of the craniofacial
bones descend from neural crest cells. The Runx2/p57 gene is primed
for transcriptional activation during the epithelial-mesenchymal transi-
tion that generates the progenitor cells required for the formation of
skull bones [22]. Once Runx2 reaches threshold concentrations, it initi-
ates the expression of a plethora of downstreamosteogenic target genes
that maintain and execute the phenotypic functions of mature osteo-
blasts [23–25]. In contrast, other neural ectoderm progenitors engage
differentiation towards multiple neuronal and non-neuronal cell types
of the CNS. In these cells, the osteogenic genetic program remains silent
throughout post-natal development. The epigenetic mechanisms
mediating transcriptional silencing of osteogenic genes in the CNS
have not been explored.

Polycomb Group (PcG) proteins are particularly relevant in this
context as they are critical epigenetic controllers of gene expression dur-
ingmammalian development by regulating target genes that are involved
in specification of multiple cell lineages [26,27] and neuronal functions
[28]. The PolycombRepressive Complex 2 (PRC2) contains several protein
subunits, including Its core components Enhancer of Zeste Homolog
(Ezh), Embryonic Ectoderm Development (Eed) and Suppressor of Zeste
12 (Suz12) [29]. Mammalian PRC2 complexes can contain either Ezh1
or Ezh2, which function as the catalytic subunits mediating tri-
methylation of histone H3 lysine residue 27 (H3K27me3), a modification
that is associated with gene repression [30,31]. We have previously
reported that during hippocampal development the two PRC2 catalytic
subunits Ezh1 and Ezh2 are differentially expressed in post-mitoticmam-
malian hippocampal neurons [28]. Moreover, during maturation of these
hippocampal cells both Ezh1 and Ezh2 can have opposing effects on the
transcriptional status of specific genes. For example, Ezh1 is recruited to
the PSD95/Dlg4 promoter to up-regulate its transcription in mature neu-
rons, but Ezh2 binds to this promoter sequence during early stages of hip-
pocampal development, where it mediates PSD-95 gene repression [28].

While the repressive H3K27me3 epigenetic mark is generated in
neuronal tissue by the PRC2 complex, activation of gene expression is
associated with tri-methylation of lysine 4 in histone H3 (H3K4me3)
[32,33]. The latter modification is mediated by the mammalian Set1
(1A and 1B)- and Mixed Lineage Leukemia (MLL1, 2, 3, 4 and 5)-con-
taining complexes that are collectively referred to as COMPASS (for
Complex of Proteins Associated with Set1) and COMPASS-like
complexes, respectively [34]. COMPASS and COMPASS-like complexes
contain the Wdr5 (WD Repeat Domain 5) protein subunit which is re-
quired for assembly and stability of these complexes, as well as for full
methyltransferase activity [35,36]. In addition, MLL3 and MLL4 com-
plexes are particularly enriched in the H3K27 demethylase UTX
(KDM6A), a Jumonji C domain-containing enzyme [37,38]. Because
transcriptional repression is associated with reduced H3K4me3 and en-
hanced H3K27me3 epigenetic marks, we postulate that transcriptional
silencing of osteogenic genes in neuronal cells may involve repressive
mechanisms that favor recruitment of PRC2 complexes to bone-
related genes.

Wdr5 is expressed in immortalized marrow stromal cells, osteo-
blasts, osteocytes, and chondrocytes both in culture and in vivo. Over-
expression of Wdr5 has been shown to accelerate the osteoblast and
chondrocyte differentiation programs both in vivo and in cell culture
models [39,40] in part by activating both the canonical Wnt- and the
BMP2-signaling pathways during skeletal development [41,42]. More-
over, Wdr5 has been shown to bind to the Runx2 P1 promoter in oste-
oblastic cells [41,43] where it can mediate the Runx2 transcriptional
up-regulation induced by Wnt signaling. In addition, H3K27me3 can
be demethylated by JmjD3 (KDM6B), a Jumonji domain-containing en-
zyme that interacts with different protein complexes compared to UTX
(KDM6A), including transcriptional regulators like p53 [38,44]. The
latter protein controls RUNX2 expression by a microRNA-mediated
mechanism and is important for bone formation, as well as normal
growth and differentiation of osteoblasts [45,46].
Beyond histone lysinemethylation, PRMT5-mediated symmetric di-
methylation of arginine 3 in histone H4 (H4R3Me2) also may mediate
transcriptional repression [47–49]. The ability of PRMT5 to repress
transcription has been mainly attributed to its interaction with DNA
methyltransferases like Dnmt3A [50] and may perhaps be biologically
linked to suppression of transposable elements in pre-implantation em-
bryos [48]. Therefore, we hypothesize that the epigenetic interplay be-
tween H3K27, H3K4 and H4R3 methyltransferases, as well as H3K27
demethylases may collectively or independently determine repression
versus activation of osteogenic lineage-determining factors in neural
cells and tissues.

In this work, we examined the mechanisms that repress osteoblast-
associated genes during rat hippocampal maturation. We find that
the Polycomb PRC2 complex and its associated epigenetic mark
H3K27me3 are enriched at the Runx2-P1 promoter region from embryo
to adult. We also find presence of H3K9me3 at the Runx2-P1 promoter
frompost-natal to adult stages,whileH4R3me2s is only found enriched at
Runx2-P1 in adult animals. Moreover, we demonstrate that silencing of
Polycomb H3K27-methyltransferases Ezh2 and Ezh1, as well as forced
expression of the Trithorax/COMPASS subunit Wdr5 in hippocampal
cells, activates Runx2/p57 mRNA expression. This Wdr5-dependent
de-repression is accompanied by a significant reduction in PRC2–Ezh2
binding to the P1promoter and theH3K27me3mark. Our data are consis-
tentwith amodel inwhich osteogenic gene silencing in the hippocampus
requires the concerted epigenetic interplay of PRC2 and COMPASS.

2. Materials and methods

2.1. Rat hippocampus isolation and primary hippocampal cell culture

All protocols involving rats were in accordance with NIH guidelines
and were approved by the Bioethical and Biosafety Committees of
Andres Bello University, Santiago, Chile. Sprague–Dawley rats were
deeply anesthetizedwith CO2 and hippocampi were removed using for-
ceps from 18 days-embryos (E18), 10-days postnatal animals (P10),
P30 or adults (P N 90). Hippocampal cell cultures were prepared from
E18 pups as described previously [28]. As shown by several laboratories,
including ours [28], these primary hippocampal cultures containmainly
post-mitotic neurons as the proliferation of the astrocytes is inhibited
by treatment with 2 μM cytosine arabinoside (AraC). The hippocampus
was removed bilaterally, dissected free of meninges and placed into
Phosphate buffered saline buffer (PBS) containing 50 μg/mL penicillin/
streptomycin (Life Technologies, CA, USA). The tissuewasminced, incu-
bated with 0.25% (w/v) trypsin (Life Technologies) for 20 min at 37 °C,
and the cellswere transferred to a new15mL tube containing 8mLplat-
ing medium (Dulbecco's modified Eagle's medium (DMEM, Life Tech-
nologies), supplemented with 10% horse serum (Life Technologies),
100 U/mL penicillin, and 100 μg/mL streptomycin). Cells were re-
suspended by mechanical agitation through fire-polished glass Pasteur
pipettes of decreasing diameters and were seeded in plating medium
onto 30–70 kDa poly-L-lysine-coated (Sigma, MO, USA) six-well culture
plates at a density of 8 × 105 cells per well. Cultures weremaintained at
37 °C in 5% CO2 for 4 h before replacing the plating medium with
Neurobasal growth medium (Life Technologies) supplemented with
B27 (Life Technologies), 2 mM L-glutamine, 100 U/mL penicillin, and
100 μg/mL streptomycin. On day 1, cultured neurons were treated
with 2 μM AraC (Sigma) for 24 h. Half of the medium was replaced
every 3 days.

2.2. Primary rat osteoblasts culture

Rat osteoblasts were isolated from E20 embryos according to the
procedure described by Owen et al. [51]: calvarias were obtained and
suture lineswere removed. Successive digestions using 2.5mg/mL tryp-
sin (Life Technologies) and 2mg/mL Collagenase P (Roche, Germany) in
PBS 1× were performed in a 37 °C-water bath as follows: first, 8 min
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without agitation; second, 10 min at 25 rpm, and finally, 35 min at
60 rpm. Supernatant containing released cells from bone tissue was fil-
tered through a metallic-13 mm and a polypropylene-25 mm Swinnex
device (Merck Millipore, Germany). Cells were recovered, centrifuged at
500 g for 5 min and re-suspended inαMEMmedium (Life Technologies)
supplemented with 10% FBS. 6 × 105 cells were seeded on each 35 mm
plate.

2.3. ROS17/2.8and HEK293FT cells culture

Rat osteosarcoma-derived ROS 17/2.8 cells [52] were maintained in
F-12 medium (Life Technologies) supplemented with 5% FBS, 1.176 g/L
NaHCO3, 0.118 g/L CaCl2 × 2H2O, 6.670 g/L HEPES (Life Technologies),
and Penicillin/Streptomycin. Human embryonic kidney-derived
HEK293FT cells were grown in DMEM medium (Life Technologies)
supplemented with 10% FBS, 3.7 g/L NaHCO3, 500 μg/mL G418, and
Penicillin/Streptomycin.

2.4. Transient transfections

Cells were transfected at 3 days of culture in vitro (DIV3) with a
modified CaPO4 transfection protocol to reduce cell toxicity [53,54].
For Wdr5 over expression, protein coding sequence was cloned from
mouse-derived total RNA using specific primers carrying restriction
sites for XbaI and EcoRI. Primer sequences were Fw: GGC TTC TCT AGA
ATG GCC ACA GAG GA and Rev: TGG AGC GAA TTC TTA GCA GTC ACT
CT. The amplified sequence was inserted downstream of the
citomegalovirus (CMV) promoter in a pCDH vector that also codes for
the copGFP under control of the EF1 promoter (cat. no. CD511B, System
Biosciences, CA, EEUU).

2.5. Lentivirus production

Lentivirus for chromatin modifiers silencing were produced in
HEK293FT cells as describedbefore [43]. For over expression experiments,
pSL3, pSL4, pSL5 and pCDH plasmids were used in a 1:2:2:3 ratio. pLKO.1
and pCDH (empty vectors) were used as controls. After 16–18 h, the
culture medium was replaced with fresh Optimem medium (Life
Technologies) and cells were maintained at 32 °C for 48 h. Supernatants
containing pseudo-typed lentiviral particles were collected, filtered
through a 0.45 μm-pore size PVDF filter and concentrated using an
100kDa-MWCOAmiconUltra-15filter device (MerckMillipore). Aliquots
were immediately stored at −80 °C. Primary hippocampal cells were
plated in 6-well culture plates and infected for 96hwith 5–20 μL lentiviral
particles containing shRNA-Ezh2 (TRCN0000040075/39,040), shRNA-
Ezh1 (TRCN0000095697/95), shRNA-PRMT5 (TRCN0000182229), or
empty vector plasmids. All short hairpin-containing plasmids were
purchased from Open Biosystems (GE Healthcare Dharmacon, UK).

2.6. Chromatin immunoprecipitation (ChIP) assays

ChIP assays were performed using hippocampal tissue as described
earlier [55,56], with the following modifications: isolated hippocampal
tissue from E18, P10, P30 or P N 90 rats was finely minced with scissors
and cross-linked with 1% PFA in PBS (bioWORLD, OH, EEUU) and
incubated at room temperature for 30minwith gentle agitation. The re-
action was stopped by adding 0.125 M glycine. The tissue was washed
three times with cold PBS. For ChIP against chromatin-modifying en-
zymes, we used double cross-linking with EGS (Ethylene glycol-
bis(succinic acid N-hydroxysuccinimide ester), E3257, Sigma) [57]:
after PFA and glycine, cells were washed three times, incubated with
2 mM EGS in PBS1× for 1 h at room temperature with gentle agitation
and washed three times with cold PBS. Cross-linked cells were re-
suspended in 1 mL of cell lysis buffer (CLB; 5 mM Hepes, pH 8.0,
85 mM KCl, Triton X-100 and proteinase inhibitors), and homogenized
with a Dounce homogenizer ~150 times using a tight pestle. The tissue
extract was collected by centrifugation at 3000 ×g for 5 min, and was
re-suspended in 1mL of CLB. Remaining cell clumpswere disaggregated
mechanically by passing 5 times through a syringe with a 25G needle.
To get rid of RNA, 10 μg of DNase-free RNase was added and incubated
on ice for 1 h. Extracts were centrifuged at 3000×g for 5min at 4 °C, the
supernatant was discarded and the pelleted nuclei were re-suspended
in 600 μL sonication buffer (50 mM Hepes, pH 7.9, 140 mM NaCl,
1 mM EDTA, 1% Triton X-100, 0.1% deoxycholate acid, 0.1% SDS, and a
mixture of proteinase inhibitors). Chromatin was sheared in a water
bath sonicator Bioruptor (Diagenode, NJ, USA) to obtain fragments of
200–500 bp. Extractswere sonicated at high power for four to six pulses
of 5 min each, 30 s on, 30 s off, and centrifuged at 16,000 ×g for 15 min
at 4 °C. Supernatant was collected, aliquoted, frozen in liquid nitrogen,
and stored at −80 °C; one aliquot was used for A260 measurements
to determine concentration and chromatin size was confirmed by elec-
trophoretic analysis. Cross-linked extracts (500 A260 units) were re-
suspended in sonication buffer to a final volume of 500 μL. Samples
were pre-cleared by incubating with 2–4 μg of normal IgG and 50 μL
of protein A/G-agarose beads (Santa Cruz Biotechnology, CA, USA) for
1–2 h at 4 °C with agitation. Chromatin was centrifuged at 4000 ×g
for 5 min, the supernatant was collected and then immunoprecipitated
with specific antibodies (see list below for antibodies used) for 12–16 h
at 4 °C. The immunocomplexeswere recoveredwith addition of 50 μL of
protein A or G-agarose beads, followed by incubation for 1 h at 4 °Cwith
gentle agitation. Immunoprecipitated complexes were washed once
with sonication buffer, twice with LiCl buffer (100 mM Tris–HCl,
pH 8.0, 500 mM LiCl, 0.1% Nonidet P40, and 0.1% deoxycholic acid),
and once with Tris–EDTA (TE) buffer pH 8.0 (2 mM EDTA and 50 mM
Tris–HCl, pH 8.0), each time for 5 min at 4 °C; this was followed by cen-
trifugation at 4000 ×g for 5 min. Protein–DNA complexes were eluted
by incubation with 100 μL of elution buffer (50 mM NaHCO3 and 1%
SDS) for 15 min at 65 °C. Extracts were centrifuged at 16,000 ×g for
30 s, and the supernatant was collected and incubated for 12–16 h at
65 °C, to revert the cross-linking. Proteins were digested with 25 μg of
proteinase K (MerckMillipore) for 2 h at 50 °C, and the DNAwas recov-
ered by phenol/chloroform extraction and ethanol precipitation using
glycogen (20 μg/mL) as a precipitation carrier. The qPCR primers used
to quantify the immunoprecipitated DNAwere: rat Runx2/p57 promot-
er region: Fw−118 (GTGGTAGGCAGTCCCACTTT) and Rev+29 (TGT
TTG TGA GGC GAA TGA AG), and rat PSD95 promoter region: Fw −33
(GGA GGG GTG AGA ACC CAC CGA) and Rev +118 (CTC CCC CTC CCC
ACT GCT CC). The following antibodies were used for ChIP assays: poly-
clonal anti histone H3 — total (ab1791, Abcam, MA, USA), polyclonal
anti H3K27me3 (07-449, Merck Millipore), polyclonal anti H3K27ac
(ab4729, Abcam), polyclonal anti H4R3me2-symmetric (ab5823,
Abcam), monoclonal anti H3K4me3 (ab1012, Abcam), polyclonal anti
H3K4me1 (ab8895, Abcam), polyclonal anti H3K9me3 (ab8898,
Abcam), monoclonal anti HP1α (05-689, Merck Millipore), polyclonal
anti Ezh2 (07-689, Merck Millipore), polyclonal anti Ezh1 (ab13665,
Abcam),monoclonal anti JBP1/PRMT5 (611,539, BD Transduction Labora-
tories, CA, USA), monoclonal anti Wdr5 (ab56919, Abcam), monoclonal
anti Suv39H1 (ab12405, Abcam), polyclonal anti UTX (ab36938,
Abcam), polyclonal anti JMJD3 (ab38113, Abcam), normal rabbit IgG
(12-370, MerckMillipore), normal mouse IgG (12-371, MerckMillipore).

2.7. Western blotting

Nuclear extracts were prepared fromhippocampal cells using a buff-
er that contains 420 mM NaCl, 25% glycerol, 0.2 mM EDTA, 1 mM DTT,
20 mMHEPES pH 7.9, 1.5 mMMgCl2, and protease inhibitors as report-
ed previously [28,58]. Proteinswere detected bywestern blot using spe-
cific antibodies: monoclonal Ezh2 (AC22, Cell Signaling), polyclonal
Ezh1 (ab13665, Abcam), monoclonal JBP1/PRMT5 (611539, BD Trans-
duction Laboratories), monoclonal Wdr5 (ab56919, Abcam), polyclonal
RNA Pol II (sc-899, Santa Cruz Biotechnology), polyclonal TFIIB (sc-225,
Santa Cruz Biotechnology).
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2.8. Reverse transcriptase, PCR and quantitative real-time PCR (qPCR)

Total RNA was extracted with TRIzol (Life Technologies), according
to the manufacturer's protocol. Equal amounts of each sample (1–
2 μg) were used for reverse transcription. qPCR was performed using
Brilliant II SYBR® Green QPCR Master Mix (Agilent Technologies,
Santa Clara CA, USA) in a Stratagene Mx3000P thermal cycler Agilent
tech. All primer concentrations in qPCR reactions were previously stan-
dardized for 100% efficiency. Primer pairs used were: Total Runx2 Fw:
CGG GAA TGA TGA GAA CTA CTC, Rev: GTG AAG ACC GTT ATG GTC
AA; Runx2/p57 Fw: TCT GGA AAA AAA AGG AGG GAC TAT G, Rev:
GGT GCT CGG ATC CCA AAA GAA; Sp7/Osterix: CTC TGG CTA TGC CAA
TGA CTA C, Rev: ACA TAT CCA AGG ACG TGT AGA; Bglap/Osteocalcin:
CTG AGT CTG ACA AAG CCT TC, Rev: GTG GTC CGC TAG CTC GTC AC;
Ezh2 Fw: GCC AGA CTG GGA AGA AAT CTG, Rev: TCA CTG GTG ACT
GAA CAC TCC; Ezh1 Fw: AGT GAC AAG AAA GCG GAA ACG CCA, Rev:
GCC ATC GAT GTT GGG TGT GCA CTG; PRMT5 Fw: GCT GTG GTG ACG
CTA GAG AAC, Rev: AGC CCA GAA GTT CAC TGA CAA; Wdr5 Fw: CCA
GTC CAA CCT CAT CGT CT, Rev: CAT CAC GGT TGA AAT GAA CG;
GAPDH Fw: CAT GGC CTT CCG TGT TCC TA, Rev: CCT GCT TCA CCA
CCT TCT TGA T.

2.9. Statistical analyses

For ChIP assays through rat development (E18 to P N 90 stage), we
used a one-way ANOVA analysis followed by the Dunnett post-test to
compare significant changes with respect to E18 samples. For mRNA
expression and ChIP analyses where two groups were compared (e.g. si-
lencing vs. control), we used the Student's t-test. In those ChIP analyses
where only two columns are shown, a Student's t-testwas also performed
between the antibody and the control IgG. In all figures, error bars repre-
sent the mean ± S.D.; *: P b 0.05, **: P b 0.01, ***: P b 0.001.

3. Results

3.1. Master regulator of the osteogenic lineage gene program is efficiently
silenced during hippocampal development

Many studies have assessed epigenetic mechanismsmediating tran-
scriptional activation of genes associated with the osteogenic lineage
program during osteoblast differentiation in mesenchymal cell types
that are osteogenic or can trans-differentiate into osteoblastic cells
[43,59–71]. However, specific mechanismsmediating epigenetic silenc-
ing of these genes in non-mesenchymal cells have not been systemati-
cally addressed. This study leverages the experimental potential of
post-mitotic rat hippocampal brain tissue, a well-characterized and
developmentally-regulated differentiation system, to define the critical
epigenetic mechanisms that maintain repressed genes of the osteoblas-
tic lineage.

As shown in Fig. 1A, using Reverse Transcriptase qPCR analysis we
found that mRNA expression of the bone-related Runx2/p57, Sp7 and
Bglap genes remains largely repressed in hippocampal tissue obtained
at different stages of embryonic and post-natal development. Impor-
tantly, these genes are found repressed at stages as early as E18
(Fig. 1A), indicating that these immature neuronal and glial cells possess
mechanisms in place to efficiently silence these genes. As a control, we
show in the same graph (Fig. 1A) that mRNAs coding for these three os-
teogenic genes are readily detected under our experimental conditions
in the rat osteoblastic cell line ROS17/2.8 [52,72,73]. Moreover, in agree-
ment with previous reports [28], the expression of the hippocampal
plasticity-related gene PSD-95 progressively increases during hippo-
campal development and, as expected, is absent in the mRNA samples
from the ROS17/2.8 cells (Fig. 1A). Together, these results indicate that
the hippocampal development sequence represents a valid experimen-
tal model to studymechanisms that repress non-neuronal genes and, in
particular, to address the contribution of epigenetic control during
silencing of the osteogenic lineage program.

We next assessedwhether a specific landscape of epigenetic histone
marks accompanies repression of the osteoblastic master regulator
Runx2/p57 during hippocampal development. Using Chromatin Immu-
noprecipitation (ChIP) analysis, it was determined that the proximal
promoter region of this gene (P1 promoter of Runx2) exhibits signifi-
cant levels of histone H3 (Fig. 1B). This enrichment remains relatively
constant in samples from subsequent post-natal and adult stages like
P30 and P90 (Fig. 1B).

Our results also show that there is differential enrichment of specific
histone marks at the Runx2/p57 (P1) promoter during hippocampal
development. Thus, the Runx2 P1 promoter region exhibits high levels
of the H3K27me3 repressive mark at all the developmental stages
analyzed, with a significant reduction (50%) in this mark at the adult
(P90) stage (Fig. 1C). As the H3K27 residue can also be acetylated at
promoters that are either transcriptionally active or poised for expres-
sion [74,75], we then examined whether the presence of H3K27ac
could be detected in these osteogenic promoters. As shown in Fig. 1D,
the Runx2-P1 promoter does not exhibit significantly detectable levels
of the H3K27ac mark at any stage of the developmental sequence
analyzed (Fig. 1D, left panel). This reduced enrichment is in contrast
to that detected in promoters of transcriptionally active genes like
PSD-95 (Fig. 1D, right panel).

The symmetric di-methylation of arginine 3 residue in histone H4
(H4R3me2s) is a mark normally associated with the promoter region
of transcriptionally repressed genes [47,48,76]. This mark was found
enriched at the Runx2-P1 promoter, particularly in hippocampal cells
isolated from adult individuals (P90) (Fig. 1E).

In agreementwith their transcriptionally inactive status, the Runx2-
P1 gene promoter showed reduced enrichment of the H3K4me3 mark
(Fig. 1F, left panel) a modification that is typically associated with the
promoter regions of actively expressed genes [32,33]. As a required
control, we demonstrated that in these same hippocampal cells the
transcriptionally active PSD-95 gene promoter exhibits high enrich-
ment of this mark (Fig. 1F, right panel). Interestingly, we also found
that instead the H3K4 residue is modified by mono-methylation
(H3K4me1) in the Runx2-P1 promoter (Fig. 1G). Similar analyses indi-
cated that the H3K9me3mark, normally associatedwith transcriptional
silencing at different regions of the genome [30,31] is poorly enriched in
the Runx2-P1 promoter at E18, and then gradually increases as the
post-natal development sequence progresses (Fig. 1H).
3.2. Epigenetic regulators bind to the transcriptionally inactive master
osteogenic Runx2 gene promoter during hippocampal development

To gain insight into the enzymatic complexes that can be mediating
the deposition of the observed histone mark profiles at the Runx2-P1
gene promoter in hippocampal cells, we carried out ChIP analyses
using specific antibodies against well-established regulatory compo-
nents of candidate complexes.

We find that the PRC2 complex binds to the Runx2 gene, because its
catalytic subunit Ezh2 interacts with the P1 promoter region at all the
stages analyzed (E18, P10, P30 and p90). This binding of Ezh2 is signif-
icantly reduced in hippocampal tissue from adult (P90) animals
(Fig. 2A). Importantly, the apparent dissociation of Ezh2 from the
Runx2-P1 promoter is paralleled by enrichment of the PRC2 catalytic
subunit Ezh1 at developmental stages P30 and P90 (Fig. 2B). These re-
sults indicate that during post-natal development of the hippocampus,
binding of PRC2 involves an exchange of the catalytic subunits, which
is accompanied by a reduction in the H3K27me3 mark (see Fig. 1C).

In agreementwith the increased levels of the H4R3me2smark at the
Runx2-P1 promoter in adult hippocampal cells (Fig. 1E), we found that
the H4R3 methyltransferase PRMT5 is significantly enriched on this
promoter in samples from adult (P90) animals (Fig. 2C).



Fig. 1. Epigenetic post-translational modifications at histones associatedwith the Runx2/p57 promoter in developing hippocampus. (A): Total RNA was extracted from E18, P10, P30 and
P N 90 rat hippocampus andmRNA levels were determined by qRT-PCR using specific primers. Results were normalized against GAPDH and expressed as fold changewith respect to E18.
Samples from rat osteosarcoma ROS17/2.8 cells were used as positive controls. PSD95 mRNA levels are represented with respect to Runx2 E18 expression (B\\H): Chromatin
immunoprecipitation (ChIP) assays were performed on samples obtained from rat hippocampus at the indicated stages and incubated with antibodies against total histone H3
(B), H3K27me3 (C), H3K27ac (D), H4R3me2-symmetrical (E), H3K4me3 (F), H3K4me1 (G), and H3K9me3 (H). The precipitated DNA was quantified using specific primers against the
indicated region of the Runx2/p57promoter. Primers for the PSD95 promoter region were used as positive controls. Results are shown as Input (%) ± SD of at least three independent
experiments. Normal IgG was used as specificity control. *: P b 0.05, **: P b 0.01, ***: P b 0.001, with respect to E18 (ANOVA). For the right panel of D and F, ***: P b 0.001, with respect
to IgG (Student's t-test).

1047R. Aguilar et al. / Biochimica et Biophysica Acta 1859 (2016) 1043–1055
In accordance with the absence of H3K4me3 at the Runx2-P1 osteo-
genic promoter (Fig. 1F), we did not find interaction of Wdr5, a critical
component shared by all MLL/COMPASS complexes (Fig. 2D, left
panel). As a necessary control, we demonstrated that Wdr5 is enriched
at the PSD95 gene promoter (Fig. 2D, right panel), thereby confirming
that this protein is present in brain cells and is capable of interacting
with transcriptionally active genes [77].

Because the H3K9me3 repressive mark is enriched at the Runx2-P1
promoter in samples of hippocampus from adult individuals (Fig. 1H),
we next addressedwhether this promoter interacts with proteins associ-
ated with the deposition of this mark in brain tissue [78]. As shown in
Fig. 2E, binding of Suv39H1 an enzyme that mediates mono-, di- and
tri-methylation of the H3K9 residue is detected at the Runx2-P1 gene
promoter in samples from adult hippocampus (Fig. 2E). Similarly, HP1,
a protein that has been shown to interact with chromatin regions con-
taining theH3K9me3mark [79]was found enriched at the Runx2-P1pro-
moter in adult hippocampal cells (Fig. 2F). Taken together, these results
indicate that during post-natal development the Runx2-P1 gene is main-
tained in a repressed state through a mechanism that involves progres-
sive deposition of the H3K9me3 histone mark, which is well-correlated
with heterochromatin formation and transcriptional silencing [80].
3.3. Critical contribution of PRC2 during silencing of the Runx2 osteogenic
gene in hippocampal cells

Because the H3K27me3mark is the enzymatic product of the PRC2–
Ezh1 and PRC2–Ezh2 complexes [29], we next assessed the contribution
of PRC2 binding to this mark as well as to silencing of osteoblast gene
expression in hippocampal cells. Similar to the hippocampal tissue stud-
ied here, we previously demonstrated that Ezh2 and Ezh1 are differen-
tially expressed during maturation of hippocampal neuron-enriched
primary cultures [28]. Hence, both complexes PRC2–Ezh1 and PRC2–
Ezh2 are abundantly expressed at early stages of neuronal maturation
(3 days in culture in vitro, 3DIV) whereas PRC2–Ezh1 is expressed
predominantly in mature (17 days, 17DIV) neuronal cells.

Using lentiviruses expressing specific shRNAs against Ezh2 [28],
the expression of this enzyme was effectively reduced (at both mRNA
and protein levels, see Fig. 3A) in immature hippocampal neuron-
enriched primary cultures (7DIV). This decreased Ezh2 expression was
also reflected by a significant reduction in H3K27me3 levels at the
Runx2-P1 promoter (Fig. 3C), confirming that a PRC2–Ezh2 containing
complex could mediate the deposit of this repressive mark at this
transcriptionally-silent P1 promoter. Importantly, this knockdown is not



Fig. 2. Chromatin-modifying enzymes associated with the Runx2/p57 promoter in developing hippocampus. Chromatin immunoprecipitation (ChIP) assays were performed on samples
obtained fromE18, P10, P30 and P N 90 rat hippocampus and incubatedwith antibodies against Ezh2 (A), Ezh1 (B), PRMT5 (C),Wdr5 (D), SUV39H1 (E), andHP1 (F). The precipitatedDNA
was quantified using specific primers against the indicated region of the Runx2/p57 promoter. Primers for PSD95 promoter region were used as positive controls. Results are shown as
Input (%) ± SD of at least three independent experiments. Normal IgG was used as specificity control. *: P b 0.05, **: P b 0.01, ***: P b 0.001, with respect to E18 (ANOVA). For the right
panel of D, ***: P b 0.001, with respect to IgG (Student's t-test).

Fig. 3. Knockdown of Ezh2 results in the expression of Runx2/p57 in immature primary hippocampal cells. Hippocampal cells were infected at 3DIV with a lentivirus carrying a shRNA
against Ezh2 expression. (A): Total RNA samples were obtained 96 h later (7DIV) to confirm the Ezh2 silencing by qRT-PCR (left panel). Results were normalized against GAPDH and
expressed as fold change with respect to cells infected with a lentivirus packed with an empty vector. Ezh2 knockdown was also confirmed by Western blot using specific antibodies
(right panel). Detection of RNA Polymerase II with a specific antibody was used to control for equal protein loading. (B–E): ChIP experiments were performed on samples using
specific antibodies against total H3 (B), H3K27me3 (C), H3K4me3 (D) and H3K27ac (E). Results are expressed as Input (%) ± SD of at least three independent experiments. Normal
IgG was used as specificity control. Primers for PSD95 promoter region were used as positive controls. (F): Changes in mRNA expression of osteoblastic genes were determined by
qRT-PCR. *: P b 0.05, **: P b 0.01, ns: non-significant differences with respect to the corresponding control (empty vector) value (Student's t-test).
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accompanied by changes in histone H3 enrichment (Fig. 3B), or by an
increased enrichment in the H3K4me3 and H3K27ac marks at this
osteogenic master gene promoter (see left panels in Fig. 3D and E,
respectively). These two active marks, however, were found at the
transcriptionally active PSD95 gene promoter, detecting a slight in-
crease in their enrichment following Ezh2 knockdown (see right panels
in Fig. 3D and E, respectively).

Strikingly, the reduced H3K27me3 enrichment found at the Runx2-
P1 promoter results in transcriptional activation of the Runx2-p57 gene
(Fig. 3F, left panel). However, no reversion was detected in the
repressed condition of the late bone phenotypic Bglap gene (Fig. 3E,
right panel). Although the Bglap gene is a downstream target of the
Runx2 factor, it is well known to be temporally activated much later
than Runx2 both in vivo and in cell culture [81]. Together, these results
suggest that the PRC2–Ezh2-mediated deposition of the H3K27me3
mark is a principal component of the mechanisms that maintain the ex-
pression of the main osteogenic master regulator Runx2 repressed in im-
mature hippocampal neurons. Additionally, these results indicate that
transcriptional activation of this key osteogenic gene can occur in these
cells in the absence of the two main histone marks associated with
transcription in mammal cells, H3K4me3 and H3K27ac [32,33,74,75].

Our results indicate that in adult hippocampus the osteogenic Runx2
gene promoter here analyzed retains binding of a PRC2 complex
containing Ezh1 instead of Ezh2 (Fig. 2A and B). Therefore, we next de-
terminedwhether knockdown of Ezh1 expression inmature hippocam-
pal neurons (17DIV through 21DIV) also alters the repressed state of
Fig. 4. Knockdown of Ezh1 results in the expression of Runx2/p57 in mature primary hippoca
shRNA against Ezh1 expression. (A): Total RNA samples were obtained 96 h later (21DIV) t
GAPDH and expressed as fold change with respect to cells infected with a lentivirus packed w
antibodies (right panel). Detection of RNA Polymerase II was used to control for equal protein
against total H3 (B), H3K27me3 (C), H3K4me3 (D), and H3K27ac (E). Results are expressed
specificity control. Primers for PSD95 promoter region were used as positive controls. (F): Cha
***: P b 0.001, ns: non-significant differences with respect to the corresponding control (empty
Runx2 gene expression. As shown in Fig. 4A, lentiviral-driven shRNA-
mediated knockdown of Ezh1 expression (at mRNA and protein levels),
results in a significant decrease of the H3K27me3mark at the Runx2-P1
promoter (Fig. 4C) without affecting the overall enrichment of histone
H3 (Fig. 3B). Lack of enrichment in the H3K4me3 and H3K27ac
marks following Ezh1 knockdown was also confirmed (Fig. 4D and E,
respectively). Importantly, the reduction in H3K27me3 was found ac-
companied by transcriptional activation of the Runx2 gene (Fig. 4C,
left panel), further confirming that in these hippocampal cells Runx2
gene repression depends on PRC2-mediated H3K27me3 deposition at
the P1 promoter. As expected, Bglap gene repression is not modified
by Ezh1 knockdown (Fig. 4C, right panel).

We initially observed that one significant change at the Runx2-P1
gene promoter during hippocampal development was the enrichment
of the H4R3me2s mark and of its catalyzing enzyme PRMT5 (Figs. 1E
and 2C, respectively). Therefore, we assessed a putative functional con-
tribution of thismark to themechanismof epigenetic silencing of Runx2
in mature cells. Using shRNAs against PRMT5, we generated a knock-
down of this enzyme that effectively reduces its mRNA and protein
levels (Fig. 5A) at late stages of hippocampal neuron maturation
(17DIV through 21DIV). The resulting loss of PRMT5 causes a drastic de-
crease of theH4R3me2smark at the Runx2-P1 promoter (Fig. 5B). Inter-
estingly, this strong reduction of the H4R3me2smark was not reflected
in Runx2 gene transcription (Fig. 5C, left panel) or Bglap gene expres-
sion (Fig. 5C, right panel). These results indicate that although binding
of PRMT5 and enrichment in H4R3me2s at the Runx2-P1 promoter
mpal cells. Hippocampal cell cultures were infected at 17DIV with a lentivirus carrying a
o confirm the Ezh1 silencing by qRT-PCR (left panel). Results were normalized against
ith an empty vector. Ezh1 knockdown was also confirmed by Western blot using specific
loading. (B–E): ChIP experiments were performed on samples using specific antibodies
as Input (%) ± SD of at least three independent experiments. Normal IgG was used as
nges in mRNA expression of osteoblastic genes were determined by qRT-PCR. *: P b 0.05,
vector) value (Student's t-test).



Fig. 5. Knockdown of PRMT5 does not alter repression of the Runx2/p57 gene in primary hippocampal cells. Mature hippocampal cells were infected at 17DIVwith a lentivirus carrying a
shRNA against PRMT5 expression. (A): Total RNA samples were obtained 96 h later to confirm the PRMT5 silencing by qRT-PCR (left panel). Results were normalized and expressed as
described in Fig. 3. PRMT5 knockdown was also confirmed by Western blot using specific antibodies (right panel). Detection of TFIIB was used to control for equal protein loading.
(B): ChIP experiments were performed on samples using specific antibodies against H3K27me3. Results are expressed as Input (%) ± SD of at least three independent experiments.
Normal IgG was used as specificity control. (C): Potential changes in mRNA expression of the indicated osteoblastic genes were determined by qRT-PCR. ***: P b 0.001, with respect to
the corresponding control (empty vector) value (Student's t-test).
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represent a hallmark of a transcriptionally inert state of this gene (see
Discussion), it is not a critical component during maintenance of this
repression.

3.4. Wdr5-associated H3K4 methylase activity can reactivate transcription
of the Runx2/p57 osteogenic master regulator in hippocampal cells

Trithorax/MLL/COMPASS complexes mediate mono-, di-, and
tri-methylation of H3K4 at promoter regions that surround the tran-
scriptional start site [34,82]. Wdr5 functions as a critical assembling
component that maintains the integrity and functionality of each
complex [35]. Targeted over expression in vivo of Wdr5 promotes
bone formation [39,40]. Corroborating these earlier findings, we find
that forced expression of Wdr5 in proliferating rat calvaria-derived pri-
mary osteoblasts (Fig. 6A, left and central panels) suffices to increase
Runx2/p57 mRNA expression (Fig. 6A, right panel).

Therefore, we evaluated whether a forced increase in Wdr5-
containing Trithorax/MLL/COMPASS-like complexes in hippocampal
cells parallels its binding to a silent osteogenic promoter and, through
an enrichment of theH3K4me3mark, produce an activation of the tran-
scription of these genes. As shown in Fig. 6B, immature hippocampus
neuronal cells (3DIV) were efficiently transfected with a CMV-driven
plasmid coding for Wdr5, producing significantly increased levels of
Wdr5mRNAand protein after 96h (Fig. 6B, left and right panels, respec-
tively). Forced Wdr5 expression resulted in binding of this protein to
the Runx2-P1 promoter. Enrichment of Wdr5 at the Runx2-P1 region
is equivalent to that found at the transcriptionally-active neuronal-
specific PSD95 promoter (compare Fig. 6C, left and right panels). Impor-
tantly, binding of Wdr5 at the Runx2-P1 promoter is accompanied by
the presence of reduced, but detectable levels of H3K4me3 enrichment
(Fig. 6D, left panel).

It has beenwell-established that at least some of the Trithorax/MLL/
COMPASS complex members carry UTX-associated H3K27me3
demethylase activity. Hence, once bound to regulatory target regions
these multi enzymatic complexes can promote transcription by both
increasing the H3K4me3 and reducing the H3K27me3 marks [34].
Accordingly, we next addressed whether increased recruitment of
Wdr5 at the Runx2-P1 promoter also affected the H3K27me3 enrich-
ment in this region. As shown in Fig. 6E, binding of Wdr5 is paralleled
by a drastic decrease of the H3K27me3 mark. Most importantly, this
H3K27me3 reduction is accompanied by transcriptional activation of
the Runx2 gene (Fig. 6F). Together, these results further establish that
elevated expression of Wdr5 and subsequent association, likely as part
of a Trithorax/MLL/COMPASS complex, with the P1 promoter region
of the Runx2 gene represents a critical step during activation of tran-
scription of this osteogenic master regulator.

Although it has been demonstrated that theH3K27me3 demethylase
UTX is a component of Trithorax/MLL/COMPASS complexes including
MLL3/4 as the H3K4 methylase, we did not find UTX bound to the
Runx2-P1 promoter in hippocampal cells overexpressing Wdr5
(Fig. 6G, left panel). Similarly, UTX was not found associated, in vitro
or in vivo, with the Runx2-P1 promoter at any other stage of hippocam-
pal development (data not shown). As a required control, we deter-
mined that UTX is bound to the transcriptionally active PSD95 gene
promoter in these cells (Fig. 6G, right panel). The reduced levels of
H3K27me3 found at the Runx2-P1 promoter in hippocampal cells
over-expressing Wdr5 could also be the result of an increased interac-
tion of the JMJD3 demethylase [38,83] and/or reduction in PRC2–Ezh2.
It was found that the JMJD3 enzyme interacts continuously with the
Runx2-P1 promoter in hippocampal samples isolated at the develop-
mental stages E18, P10, P30, and P90 (Fig. 6H). Importantly, we deter-
mined that following Wdr5 over expression in hippocampal cells,
binding of JMJD3 to the Runx2-P1 promoter remains unchanged
(Fig. 6I), whereas the interaction of Ezh2 with this promoter is substan-
tially reduced (Fig. 6J). Taken together, these results indicate that eleva-
tion of Wdr5 levels and subsequent binding of Wdr5 to the Runx2-P1



Fig. 6.Overexpression ofWdr5 results in the expression of Runx2/p57 in primary hippocampal cells. 2DIV rat calvaria-derived osteoblasts (A) and 3DIVhippocampal cellswere infected or
transfected, respectively,with a vector coding for theCOMPASS subunitWdr5 (B-J). (A, B): Total RNA sampleswere obtained 96 h later to confirmWdr5mRNAoverexpression byqRT-PCR
(left panels). Results were normalized against GAPDH and expressed as fold change with respect to cells transfected with an empty vector. Wdr5 overexpression was also confirmed by
Western blot using specific antibodies (right panels). TFIIB protein detectionwas used to control for equal loading. (C–E, G–J): ChIP experimentswere performed on samples using specific
antibodies againstWdr5 (C), H3K4me3 (D), H3K27me3 (E), UTX (G), JmjD3 (H, I), and Ezh2 (J). Results are expressed as Input (%)± SDof at least three independent experiments. Normal
IgG was used for specificity control. (A [right panel] and F): Changes in mRNA expression of Runx2/p57 were determined by qRT-PCR. *: P b 0.05, **: P b 0.01, ***: P b 0.001, ns: non-
significant differences with respect to the corresponding control (pCDH) value (Student's t-test). For panel H, **: P b 0.01, with respect to E18 (ANOVA).
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promoter leads to transcriptional activation through a mechanism that
involves PRC2–Ezh2 displacement and H3K27me3 decrease.

4. Discussion

In thiswork,we have identified epigeneticmechanisms that prevent
transcription of the osteogenic gene program in the hippocampus of
embryonic, post-natal, and adult rats. We demonstrate that during em-
bryonic development (E18), the Ezh2-containing PRC2 complex princi-
pally contributes to suppression of Runx2/p57 gene expression by
mediating the deposition of the H3K27me3 mark at the promoter re-
gions near their transcriptional start sites. Moreover, knockdown of
Ezh2 in immature embryonic hippocampal cells decreases H3K27me3
enrichment at the Runx2-P1 promoter and activates transcription of
this gene. Interestingly, PRC2 continues to principally mediate
transcriptional repression of the Runx2/p57 gene in mature hippocam-
pal cells.Moreover, in these cells tri-methylation of theH3K27 ismainly
maintained by Ezh1 that replaces Ezh2 in the PRC2 complex as hippo-
campal maturation progresses [28]. Repression of Runx2 as the most
critical osteoblast master regulator is also characterized by later enrich-
ment of complementary epigenetic silencing mechanisms in post-natal
and adult hippocampus; Runx2/p57 gene silencingmay be reinforced at
the P1 promoter by deposition of the H3K9me3 and HP1. Together, the
results support a model (see Fig. 7) in which silencing of this master
regulator of osteoblast lineage commitment ismaintained by accumula-
tion of repressive epigenetic marks at its osteogenic P1 promoter, as
hippocampal neuron maturation proceeds from embryonic develop-
ment to adulthood. We propose that these biochemical events may
represent a fail-safe mechanism that operates in hippocampal tissue
to further prevent any potential transcriptional awakening of this



Fig. 7. Schematic diagram representing the epigenetic mechanisms regulating Runx2/p57 gene silencing during hippocampal maturation.
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gene and of the down-stream osteoblast genetic program in adult CNS
cells. We anticipate that functional impairments in vivo of these silenc-
ing mechanisms may have physiological consequences with potential
pathological implications for human congenital disorders of the head.

Late bone phenotypic genemarkers like Bglap are not transcription-
ally activated following Runx2/p57 expression. This result suggests that
additional repressive mechanisms that cannot be overcome by Runx2/
p57 must be operating to maintain transcriptional inhibition of Bglap-
like genes. Previous reports have established that Bglap silencing in
mesenchymal non-osteoblastic or pre-osteoblastic cells involves CpG
methylation at the promoter region [66]. Unpublished results from
our team also indicate that the Bglap gene locus exhibits elevated CpG
methylation in hippocampal cells (not shown). Because increased CpG
methylation may prevent transcriptional activation of the Bglap gene
promoter in mature hippocampal neurons, it is tempting to speculate
that DNA methylation at regulatory promoter sequences of genes acti-
vated downstream of Runx2 may serve as a fundamental mechanism
to further consolidate repression of non-neuronal gene transcription
in hippocampal tissue.

A recent study showed that Ezh2 knockdown in undifferentiated
mesenchymal C3H10T1/2 cells increases Runx2 expression and potenti-
ates BMP2-dependent osteoblast commitment [84]. In contrast, our
group recently demonstrated that decreased levels of H3K27me3 at
the Runx2 P1 promoter upon loss of Ezh2 in pro-myogenic mesenchy-
mal cells does not suffice to prevent Runx2/p57 repression during
myogenic differentiation [43]. Rather, repression of theRunx2/p57mas-
ter gene during differentiation of mesenchymal cells to the myoblastic
lineage is principally mediated by the H3K4me3 demethylase Jarid1B
(KDM5B). Importantly, knockdown of Jarid1B prevents repression of
the Runx2-P1 promoter during myogenic lineage commitment [43].
The latter results in the unscheduled expression of the osteogenic
gene program under conditions that induce myogenic differentiation
and coincides with enrichment of the H3K4me3 and H3K27ac marks
at the Runx2-P1 promoter. Hence, these results suggest that repression
of the Runx2/p57 gene during neuronal and muscle lineage commit-
ment may occur through alternative and/or complementary epigenetic
mechanisms.

Conditional genetic loss of Ezh2 in uncommitted mouse mesenchy-
mal cells results in multiple defects in skeletal patterning and bone for-
mation [85]. Extensive transcriptomic analyses revealed that Ezh2-null
cells exhibit elevated levels of Runx2 mRNA expression, consistent
with accelerated cessation of cell growth and precocious maturation
of osteoblasts. Consistent with these cellular consequences, mice that
in which Ezh2 is conditionally deleted in mesenchymal precursor cells
have shortened forelimbs, craniosynostosis and clinodactyly. Further-
more, PRC2–Ezh2 has a critical role in epigenetic control during devel-
opment of craniofacial skeletal structures. Conditional ablation of Ezh2
in neural crest cells (NCCs) during embryonic development significantly
affects the formation of neural crest-derived craniofacial structures [86].
Interestingly, the absence of Ezh2 and concomitant decrease in
chromatin-enrichment of H3K27me3 does not appear to alter differen-
tiation of NCCs during formation of early structureswithin the peripher-
al nervous system, even though Ezh2 is clearly critical for embryonic
differentiation of cells in the CNS [26]. These studies together indicate
that PRC2 can only effectively control the expression of non-neuronal
genes in particular neuronal tissues and/or at specific developmental
stages.

One question that arises from our studies is how tri-methylation of
H3K27 by Ezh2 in the embryonic hippocampus dominates over de-
methylation of H3K27me3, which may be mediated by enzymes like
JMJD3/KDM6B and/or UTX/KDM6A [38,87]. We have previously
shown that Ezh2 binds together with UTX and JMJD3 to the actively
transcribed PSD95/DLG4 gene promoter in hippocampal neurons [28].
Continuous recruitment of both demethylases significantly contributes
to the removal of the H3K27me3 mark deposited by Ezh2. In this
study, we find that JMJD3, but not UTX, binds to the osteogenic
Runx2-P1 promoter in hippocampal cells. This result is consistent with
the earlier finding that JMJD3 is essential during neuronal lineage differ-
entiation [88] and spinal cord formation [89]. Although tight control of
H3K27me3 demethylase activity is critical in the CNS, the sole presence
of JMJD3 does not suffice to conclude that this enzyme mediates a re-
duction of this silencing mark from the Runx2-P1 promoter in the hip-
pocampus. Future functional analyses must confirm this possibility as
there are several examples of histone demethylases that albeit being
enriched at target sequences do not contribute to transcriptional regula-
tion through their intrinsic enzymatic activities [38,90–92]. One alterna-
tive attractive possibility that still remains to be experimentally
addressed is that the enzymatic activity of JMJD3 may be negatively
modulated within the context of the Runx2 P1 promoter in hippocam-
pal neurons.

Wdr5 expression and function is strongly linked to osteoblastic gene
expression in mesenchymal cells [39,41,42]. Its accumulation in at least
some non-osteogenic cells may affect the maintenance of the lineage
identity. For example, Wdr5 protein levels are actively reduced by
rapid ubiquitination and subsequent proteasomal degradation in brain
cells to avoid undesired transcriptional activation of non-neuronal
genes [77].We find that forced expression ofWdr5 increases its binding
to the Runx2-P1 promoter, displaces PRC2/Ezh2 and decreases
H3K27me3 enrichment in hippocampal cells. Thus, our results reveal
that PRC2/Ezh2-mediated repression of the osteoblast-related master
regulator Runx2 is critically responsive to Wdr5 modulation in non-
osseous cells.

The methylase PRMT5 contributes to neuronal maturation and
prominently expressed in brain. PRMT5 expression gradually increases
throughout post-natal brain development [93]. Corroborating these re-
sults, we find that PRMT5 and its epigenetic product H4R3me2 are sig-
nificantly enriched at the Runx2-P1 promoter in adult hippocampus.
Even though enriched, our results indicate that this epigenetic mark is
not critical for maintaining Runx2/p57 gene repression. Rather, PRMT5
may exert its function in the hippocampus, in part, by recruiting the de
novo DNA methyltransferase Dnmt3a that mediates transcriptional re-
pression by CpG methylation [50]. Because the Runx2-P1 promoter
lacksmethylated CpG [61], it is plausible that Runx2 silencingmaybe in-
dependent of PRMT5 during hippocampalmaturation. Nevertheless, it is
also important to keep in mind several reports indicating that PRMT5
may not always function as a transcriptional repressor [43,94–97].

The ability to de-repress the Runx2/p57 gene in post-mitotic imma-
ture hippocampal neurons following Ezh2 knockdown and Wdr5 over
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expression, is easily understood if activators of this master osteoblastic
gene are present in hippocampal cells. Indeed, transcription factor
Dlx5 is enriched in the CNS [98]. Dlx5 is a critical BMP2 responsive acti-
vator of Runx2/p57 gene transcription during osteoblast differentiation
[23,99,100]. Furthermore, Wnt signaling, which is required for brain
development and neuronal maintenance [101,102], also strongly acti-
vates Runx2/p57 gene expression in mesenchymal cells [103–105].
Wdr5 mediates Wnt signaling pathway in mesenchymal cells and
supports induction of Runx2-P1 expression [42]. Hence, regulatory
cross-talk between both WNT-WDR5 and BMP2-DLX5 dependent
pathways may prime activation of Runx2 in non-osseous neural cells.

In conclusion, our results provide novel insights into epigenetic si-
lencing events that are operative in hippocampal cells. The findings
from this studymay be relevant tomesenchymal gene activation during
the epithelial to mesenchymal transition that generates neural crest
cells during head development and that is fundamental to formation
of craniofacial bone tissues. The work presented here enhances our ap-
preciation for epigenetic pathways that coordinately control bone and
brain development in the head and that may be deregulated in the
hundreds of currently known congenital craniofacial syndromes.
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