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Abstract

Epigenetic control is critical for regulation of gene transcription in mammalian cells. Among the
most important epigenetic mechanisms are those associated with post-translational modifications
of chromosomal histone proteins, which modulate chromatin structure and increased accessibility
of promoter regulatory elements for competency to support transcription. A critical histone mark is
trimethylation of histone H3 at lysine residue 27 (H3K27me3) that is mediated by Ezh2, the
catalytic subunit of the Polycomb Group Complex PRC2 to repress transcription. Treatment of
cells with the active vitamin D metabolite 1,25(0OH),Dg3, results in transcriptional activation of the
CYP24A1 gene, which encodes a 24-hydroxylase enzyme that is essential for physiological
control of vitamin D3 levels. We report that the Ezh2-mediated deposition of H3K27me3 at the
CYP24A1 gene promoter is a requisite regulatory component during transcriptional silencing of
this gene in osteoblastic cells in the absence of 1,25(0OH),D3. 1,25(0H),D3 dependent
transcriptional activation of the CYP24A1 gene is accompanied by a rapid release of Ezh2 from
the promoter, together with binding of the H3K27me3-specific demethylase Utx/Kdm6a and
thereby subsequent erasing of the H3K27me3 mark. Importantly, we find that these changes in
H3K27me3 enrichment at the CYP24A1 gene promoter are highly dynamic, as this modification is
rapidly reacquired following withdrawal of 1,25(0OH),D3.
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Introduction

Vitamin D3-dependent regulation of transcription is a principal mechanism for physiological
control of gene expression in osteoblasts (Meyer et al., 2014; Meyer et al., 2010a; Meyer &
Pike, 2013). The active ligand of vitamin D3, 1a.,25-dihydroxy vitamin D3 (1,25(0OH),D3),
binds to an intracellular specific Vitamin D Receptor (VDR) which trans-locates to the cell
nucleus. VDR-ligand complex interacts with genomic regulatory elements (VDREs, for
Vitamin D Responsive Element), particularly at target promoters and regulatory enhancers
(Pike & Christakos, 2017; Pike et al., 2016; Pike et al., 2017). VDR can form high molecular
weight complexes through specific protein-protein interactions with transcriptional co-
activators and/or co-repressors in a ligand-dependent manner (Herdick & Carlberg, 2000;
Meyer & Pike, 2013; Rachez & Freedman, 2000). Co-regulator factors include epigenetic
modifiers that are recruited to VDR-targeted chromatin to alter the surrounding epigenetic
landscape. There is consequential remodeling of chromatin organization that modifies
specificity and activity of transcription (Carvallo et al., 2008; Kim et al., 2005; Montecino et
al., 2007).

We and others have shown that changes in epigenetic histone marks accompany
1,25(0OH),D3-enhanced gene transcription in mammalian cells, including bone-derived
osteoblasts (Carvallo et al., 2008; Montecino et al., 2007; Nurminen et al., 2018; Pike et al.,
2016). These marks include histone H3 and H4 acetylation (H3ac and H4ac, respectively)
mediated by co-activators that include p300/CBP and SRC-1 (Carvallo et al., 2008; Kim et
al., 2005), and histone H3 and H4 methylation that include asymmetric di-methylation of
histone H3 arginine residue 17 (H3R17me2a) and H4R3me2a mediated by the arginine
methylases PRMT4 and PRMT1, respectively (Moena et al., in press).

The CYP24A1 gene has served as a paradigm for studying epigenetic mechanisms that
regulate gene expression in cells exposed to 1,25(0OH),D3 (Kim et al., 2005; Meyer et al.,
2010a; Pike et al., 2015). This gene encodes a vitamin D hydroxylase that catalyzes the
transition of 1,25(0OH),D3 to the inactive metabolite 1,25,24(0H)3D3, thereby modulating
long-term actions of the active ligand in nearly all tissues (Meyer & Pike, 2019). The
CYP24A1 gene remains transcriptionally silent in cells grown in the absence of
1,25(0OH),D3 and is rapidly induced to express when the cells are exposed to 1,25(0H),D3
(Dhawan & Christakos, 2010; Kim et al., 2005). Hence, CYP24A1 represents a gene model
system that is transcriptionally activated in the presence of 1,25(0OH),D3 that is then
inactivated by the enzymatic activity encoded by this gene.

Previous studies have shown that enrichment in the symmetric di-methylation of histone H4
arginine 3 residue (H4R3me2s) mark represents a signature of the transcriptionally-silent
CYP24A1 gene promoter (Moena et al., in press; Seth-Vollenweider et al., 2014). This mark
is deposited on the promoter by the arginine methylase PRMTS5 in the absence of
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1,25(0OH),D3 and can be erased upon ligand-dependent induction of CYP24A1 gene
transcription. Recent results from our group demonstrated that knockdown of PRMT5
expression in osteoblastic cells and the concomitant reduction of H4R3me2s enrichment at
the CYP24A1 promoter, is not accompanied by CYP24A1 gene transcription (Moena et al.,
in press). This result indicates that CY24A1 gene silencing in osteoblasts in the absence of
1,25(0OH),D3, occurs independent of the PRMT5-mediated deposition of the H4R3me2s
mark. The possibility should thereby be considered that additional epigenetic mechanisms
contribute to this transcriptional silencing.

Bioinformatics analyses using the database ENCODE Project Consortium (ENCODE
Project Consortium (2012); Kent et al., 2002) website (accessed through the USCS Genome
Browser: https://genome.uscs.edu) reveal that in several osteoblastic and non-osteoblastic
cell types, the absence of 1,25(0OH),D3 results in a CYP24AL1 gene locus that exhibits
significant enrichment of H3K27me3. In general, this epigenetic mark is deposited by the
Polycomb Group Complex PRC2, predominantly by the activity of its catalytic subunit
Ezh2, and represses transcription (Kazanets et al., 2016; Raphael Margueron et al., 2008).
Reflecting a related dimension of epigenetic control, H3K27me3 can be erased from
chromatin through the activity of the Utx/Kdm6a and Jmjd3/Kdméb demethylases, which
are often associated with nuclear complexes that activate transcription (Agger et al., 2008;
Shilatifard, 2012; Sze & Shilatifard, 2016). The expression of a large set of genes that are
relevant for multiple physiological processes have been reported to be down-regulated by
PRC2-Ezh2-dependent enrichment of H3K27me3 (Raphaél Margueron & Reinberg, 2011),
further indicating that this epigenetic mark represents a critical component of the molecular
mechanisms that control gene expression in eukaryotic cells.

Here, we report that Ezh2-mediated deposition of H3K27me3 is an important component of
the CYP24AL1 gene repression in osteoblastic cells in the absence of 1,25(0OH),D3. Release
of Ezh2 from the CYP24A1 gene promoter, binding of Utx/Kdm6a and subsequent erasing
of the H3K27me3 mark accompany CYP24AL1 gene activation in response to 1,25(0OH),D3.
Mechanistically, these changes at the CYP24A1 gene promoter are highly dynamic and
persist in the presence of the ligand.

Cell culture and vitamin D3 treatment.

Rat osteosarcoma-derived ROS 17/2.8 cells (Majeska et al., 1980) were maintained in F-12
medium supplemented with 5% fetal bovine serum (FBS, Hyclone), 1.176 g/l NaHCOg,
0.118 g/l CaCl, x2H20, and 6.670 g/l HEPES. Prior to the treatments with 1a,25 dihydroxy
vitamin D3 (1,25(0OH),D3), cells were incubated for 24 h in media containing Charcoal/
Dextran-treated fetal serum (Hyclone). Then, 1078 M 1,25(OH),D5 or vehicle, were added
in fresh media for different periods of time (see below each figure).

Lentivirus production and infection of ROS17/2.8 cells.

HEK?293FT cells (Life Technologies) were grown in 60 mm culture plates to 80-90%
confluence; Lipofectamine 2000 reagent (Life Technologies) was used to transfect cells
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(following the manufacturer’s instructions) with the pPCMVVSVg, pCMV-dR8.91 and
pLKO.1-shRNA plasmids (at a 1:2:3 ratio, respectively, to a maximum of 10 ug total DNA
per plate). The pLKO.1 empty vector was used to generate control non-coding viral
particles. After 1618 h, the culture medium was replaced, and cells maintained at 32 °C for
additional 48 h. Supernatants containing pseudo-typed particles were collected and filtered
through a PVDF filter (0.45 um pore size). Aliquots of supernatants were immediately
stored at —80 °C. ROS17/2.8 cells were plated in 6-well culture plates and infected for 48 h
with 300 l lentiviral particles carrying shRNA-Ezh2 (TRCN0000040075), shRNA-UTX
(TRCNO0000096240) or empty plasmids. All short hairpin-containing plasmids were
acquired at Open Biosystems (GE Healthcare Dharmacon, UK).

Chromatin Immunoprecipitation (ChiP).

ChIP studies were performed as described previously (Carvallo et al., 2008; Soutoglou &
Talianidis, 2002) with modifications. Cross-linked chromatin samples (200-300 bp) were
obtained from ROS17/2.8 cells, grown in the presence or absence of 1078 M 1,25(0H),D5
or vehicle, that were incubated for 10 min with 1% formaldehyde and gentle agitation.
Cross-linking was stopped by the addition of 0.125 M glycine and the cells washed with 10
ml of PBS, scraped off in 5 ml of PBS, and collected by centrifugation at 1,000g for 5 min.
The cell pellet was resuspended in 1 ml of lysis buffer (50 mM Hepes pH 7.8, 20 mM KClI, 3
mM MgCl2, 0.1% NP-40, and a cocktail of proteinase inhibitors) and incubated for 10 min
on ice. The cell extract was then collected by centrifugation at 1,000g for 5 min,
resuspended in 0.3 ml of 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 cocktail of proteinase
inhibitors). Chromatin was sheared in a water bath sonicator Bioruptor (Diagenode, NJ,
USA) to obtain fragments of 200-500 bp. Extracts were sonicated at high power for four
pulses of 5 min each, 30 sec on, 30 sec off, and centrifuged at 16,000 x 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 determining concentration by A260 measurements and chromatin size
by electrophoretic analysis. Cross-linked extracts (500 A260 units) were re-suspended in
sonication buffer to a final volume of 500 pL. Samples were pre-cleared by incubating with
2-4 ug of normal IgG and 50 uL of protein A/G-agarose beads (Santa Cruz Biotechnology,
CA, USA) for 2 h, at 4 °C with agitation. Chromatin was centrifuged at 4000 x g for 5 min,
the supernatant was collected and immunoprecipitated with either anti-EZH2 (07-689,
Merck Millipore, MA, USA), anti-UTX (ab36938, Abcam), anti-H3K27me3 Millipore (07—
449, Merck Millipore, MA, USA) and anti-H3K27Ac (ab4729, Abcam) for 12-16 h at 4 °C.
The immunocomplexes were recovered with addition of 50 pL of protein A or G-agarose
beads, followed by incubation for 1 h, at 4 °C with gentle agitation. Immunoprecipitated
complexes were washed once with sonication buffer, twice with LiCl buffer (100 mM Tris-
HCI pH 8.0, 500 mM LiCl, 1.0% NP-40, and 1.0% deoxycholic acid), and once with Tris—
EDTA (TE) buffer pH 8.0 (2 mM EDTA and 50 mM Tris—HCI, pH 8.0), each time for 5 min
at 4 °C; this was followed by centrifugation at 4000 x g for 5 min. Protein~-DNA complexes
were eluted by incubation with 100 pL of elution buffer (50 mM NaHCO3 and 1% SDS) for
15 min at 65 °C. Extracts were centrifuged at 16,000 x 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 pug of proteinase K (Merck Millipore) for 2 h at 50 °C, and the DNA was
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recovered by phenol/chloroform extraction and ethanol precipitation using glycogen (20
ug/mL) as a precipitation carrier. The PCR primers used to evaluate by qPCR the rat
CYP24A1 gene promoter (-423/-199) were: 5’- TATTGGAAGGCGGACACTCT-3’
(forward) and 5’- GACTCCACCCCGGAGATAAC-3’ (reverse) and for the rat Runx2-p57
P1 gene promoter (—118/+29) were: 5’-GTGGTAGGCAGTCCCACTTT -3’ (forward) and
5-TGTTTGTGAGGCGAATGAAG-3’ (reverse).

gPCR analyses.

Quantitative PCR (gPCR) was performed using the Brilliant Il SYBR Green QPCR master
mix in a MX3000P spectrofluorometric thermal cycler (Stratagene-Agilent, CA, USA)
according to the manufacturer’s recommendations. Efficiencies for each primer pair were
adjusted to nearly 100%, modifying the primer concentration in the amplification mix.

Nuclear extracts and protein expression analyses.

RT-PCR.

Nuclear extracts from ROS17/2.8 cells, grown in the presence or absence of 1078 M
1,25(0OH),D3 or vehicle, were prepared as previously described (Paredes et al., 2004).
Protein levels were quantified using Bio-Rad Protein Assay reagent according to
manufacturer’s instructions and using bovine serum albumin as standard (Bio-Rad, CA,
USA). For western blot analyses, 10 g of total protein were subjected to SDS-
polyacrylamide gel electrophoresis (PAGE) and then transferred to a nitrocellulose
membrane. Immunoblot was performed using the following antibodies: anti-TFIIB C-18
(sc-225, Santa Cruz Biotechnology, TX), anti-EZH2 (39901, Active Motif, CA) and anti-
UTX/KDMB6A (ab91231, Abcam). Immunablotting was carried out using secondary
antibodies conjugated to horseradish peroxide (Santa Cruz Biotechnology) and substrates for
enhanced chemiluminescence (Thermo Scientific, IL, USA).

Total RNA was extracted with TRIzol (Life Technologies), according to the manufacturer’s
protocol. Equal amounts of each sample (2 ug) were used for reverse transcription. gPCR
was performed using Brilliant Il SYBR® Green gPCR Master Mix (Agilent Technologies,
CA). Expression of CYP24A1, EZH2, UTX and GAPDH was determined, using the
following primers; rat CYP24A1l: 5’- GCATGGATGAGCTGTGCGA-3’ (forward) and 5°-
AATGGTGTCCCAAGCCAGC-3’ (reverse); EZH2: 5’- GCCAGACTGGGAAGAAATCTG
-3’ (forward) and 5°- TCACTGGTGACTGAACACTCC -3’ (reverse); UTX 5’-
ACAGTAATACGTGGCCTTGCTGGA-3’ (forward) and 5’-
TTCATCTGCTGGTTGTAACAACTG -3’ (reverse); and GAPDH: 5’-
CATGGCCTTCCGTGTTCCTA-3’ (forward) and 5’-CCTGCTTCACCACCTTCTTGAT-3’
(reverse).

Statistical analyses.

For ChIP assays, we used a one-way ANOVA analysis followed by the Dunnett post-test to
compare significant changes with respect to control. For mRNA expression analysis, we
used the Student’s t-test. In all the figures, error bars represent the mean = S.E.M.; *P <
0.05, **P < 0.01, ***P < 0.001.
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Statistical analyses

For ChlIP assays, we used a one-way ANOVA analysis followed by the Dunnett post-test to
compare significant changes with respect to control. For mRNA expression analysis by
gPCR, we used the Student’s t-test. In all figures, error bars represent the mean + SEM; *P <
0.05, **P < 0.01, ***P < 0.001.

Results

PRC2-Ezh2 binds to the transcriptionally silent CYP24A1 promoter and is released
following exposure to 1,25(0OH),Ds3.

Several groups have reported1,25(0OH),D3 mediated induction of the CYP24A1 gene in
mammal cells (Dhawan & Christakos, 2010; Fetahu et al., 2014; Kim et al., 2005). We
demonstrated that rat osteoblastic cells ROS 17/2.8 respond to 1078 M 1,25(0H),D5 by
increasing expression of CYP24A1 mRNA in a time-dependent manner (Moena et al., in
press), exhibiting a significant enhancement in response to the ligand within 2 h (Fig 1A).
ChIP analyses using specific antibodies against VDR confirm that upregulation of CYP24A1
is accompanied by VDR binding to the CYP24A1 promoter (—423 to —199) in response to
1,25(0OH),D5 for two h (Fig 1B).

The CYP24A1 promoter exhibits significant enrichment of the repressive H3K27me3
epigenetic mark in both mouse osteoblasts and human breast cancer cells (ENCODE
Database, accessed through the USCS Genome Browser: https://genome.uscs.edu) in the
absence of 1,25(0OH),D3, when the CYP24A1 gene is transcriptionally silent (Saraméki et
al., 2006; Zhang et al., 2011). These results indicated that the Polycomb Group Complex
PRC2 binds to the CYP24A1 promoter to mediate H3K27me3 enrichment. As shown in Fig
1C, ChIP assays using antibodies against Ezh2, the catalytic subunit of PRC2, demonstrates
that the H3K27 methyltransferase is enriched at the CYP24A1 promoter in cells grown in
the presence of vehicle. Treatment with 1,25(0OH),D3 rapidly, within 2 h, results in
dissociation of Ezh2 from the CYP24A1 promoter (Fig 1C), concomitant with interaction of
the VDR (Fig 1B) and transcriptional upregulation of the CYP24A1 gene (Fig 1A). This
release of Ezh2 from the CYP24A1 promoter is not due to a decreased expression of Ezh2
(data not shown).

ChIP analysis using antibodies against H3K27me3 confirm that this repressive epigenetic
mark is enriched at the CYP24A1 promoter in the absence of 1,25(0OH)2D3. The H3K27me3
mark is relinquished from this genomic sequence in cells exposed to 1,25(0OH),D3 for 2 h
(Fig 2D). This 1,25(0OH),D3 dependent decrease in H3K27me3 is rapidly reversed in
osteoblastic cells by transient exposure to ligand for 2 h and additional 2 h only with the
vehicle (Fig 1D). Restoration of the H3K27me3 at the CYP24A1 promoter is comparable to
the levels observed in the absence of 1,25(0OH),D3 (Fig 1D).

The reduction in H3K27me3 (and of Ezh2) at the CYP24A1 promoter that accompanies
1,25(0OH),D3-dependent up-regulation of CYP24A1 transcription is not paralleled with a
rapid enrichment of the active mark H3K27ac (Fig 1E, left panel), that accompanies active
transcription of several mammalian genes and, particularly, active enhancers (Holmgvist &
Mannervik, 2013; Nurminen et al., 2018; Sepulveda et al., 2017). As a control, using the
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same anti H3K27ac antibody we confirmed that this mark is found enriched at the Runx2 P1
promoter (Fig 1E, right panel), a bone-related gene that is strongly active in these cells and
is transcriptionally independent of the presence of 1,25(0OH),Ds.

Ezh2 is required for enrichment of H3K27me3 at the transcriptionally silent CYP24A1 gene

promoter

We next determined whether Ezh2 indeed mediates deposition of H3K27me3 at the
CYP24A1 promoter in osteoblastic cells. Knockdown of Ezh2 expression was carried out by
infecting these cells with lentiviruses coding specific ShRNAs against Ezh2 mRNA (Fig 2A).
Reduced expression of Ezh2 results in a significant decrease of H3K27me3 enrichment (50
% or more) at the CYP24A1 gene promoter in cells grown with vehicle (Fig 2B). However,
this downregulation of Ezh2 expression does not result in significant expression of
CYP24A1 mRNA in the absence of 1,25(0OH),D3 (Fig 2C). Interestingly, the ShRNA-
mediated reduction of Ezh2 expression and the concomitant decreased enrichment of
H3K27me3 at this promoter is accompanied by enhanced transcriptional responsiveness of
the CYP24AL1 gene to the 1,25(0OH),D3 ligand (Fig 2C). Thus, CYP24A1 mRNA expression
following a 2 h treatment with the hormone increases about three-fold in the ROS 17/2.8
osteoblastic cells where Ezh2 had been previously depleted. Together, these results indicate
that Ezh2 is necessary to mediate deposition of the H3K27me3 epigenetic mark at the
CYP24A1 promoter in osteoblastic cells where this gene is transcriptionally silent. Our
results also show that a reduction of the H3K27me3 mark is necessary but not sufficient to
activate transcription of the CY24A1 gene in the absence of the 1,25(0OH),D3 ligand.

Utx/Kdm6a demethylase is necessary to erase of H3K27me3 at the CYP24A1 promoter
during 1,25(0OH),D3 dependent transcriptional activation of CYP24A1

Utx/Kdm6a demethylase catalyzes “erasing” of the H3K27me3 mark at target genome
sequences and therefore to contribute to activate gene transcription (Agger et al., 2008;
Shilatifard, 2012; Sze & Shilatifard, 2016). By ChIP analyses we determined that Utx is not
bound to the CYP24A1 promoter in osteoblastic cells grown with vehicle (Fig 3A). Utx is
rapidly enriched at this promoter sequence following treatment of osteoblastic cells with
1,25(0OH),D3 for 2 h (Fig 3A). This interaction pattern of Utx is inversely correlated with
the enrichment levels of the H3K27me3 mark at the CYP24A1 promoter, indicating that Utx
may be mediating the decrease in H3K27me3 that accompanies 1,25(0OH),D3-dependent
CYP24A1 gene induction. To address this possibility, we down-regulated the expression of
Utx in these cells by infecting with lentiviruses coding for a sShRNA against the Utx mRNA
(Fig 3B). As shown in Fig 3C, this Utx knockdown condition inhibits the reduction of
H3K27me3 enrichment that accompanies 1,25(0OH),D3-dependent stimulation of CYP24A1
gene expression. This result further indicates that Utx mediates “erasing” of this repressive
epigenetic mark from the CYP24A1 gene promoter in osteoblastic cells exposed to
1,25(0OH),D3. Importantly, downregulation of Utx expression in these same cells results in a
significant inhibition (about 50%) in the ability of the CYP24A1 gene promoter to respond
transcriptionally to 1,25(0OH),D3 (Fig 3D), further confirming the role of this demethylase
during transcriptional activity of the CY24A1 gene. Other H3K27me3 demethylases (e.g.
Jmjd3/Kdme6b) were not found to interact with the CYP24A1 promoter in these osteoblastic
cells (not shown).
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Discussion

We report that Ezh2-dependent H3K27me3 enrichment at the CYP24A1 gene promoter is
associated with epigenetic silencing of this gene in ROS 17/2.8 rat osteoblastic cells. We
find that erasing of this H3K27me3 repressive mark by the Utx demethylase is necessary for
full 1,25(0OH),D3-dependent transcription activation of the CYP24A1 gene in osteoblasts.
Moreover, maintenance of CYP24A1 expression and of the concomitant H3K27me3
reduction at the CYP24A1 promoter, requires the continuous exposure of the cells to
1,25(0OH),D3. Together these results support a model (see Fig 4) where this epigenetic mark
is dynamically controlled during 1,25(0OH),D3-dependent activation of the CYP24A1 gene
is osteoblastic cells.

In the last few years, several groups have examined the presence and function of epigenetic
post-translational modifications in chromosomal histone proteins that are associated with the
CYP24A1 gene promoter (Fetahu et al., 2014; Meyer et al., 2010b; Moena et al., in press;
Seth-Vollenweider et al., 2014). Our team has reported that specific transitions in
enrichments of epigenetic histone marks accompany transcriptional upregulation of the
CYP24A1 gene in osteoblastic cells exposed to 1,25(0H),D3 (Moena et al., in press). These
transitions involve passing from a H4R3me2s-enriched and H3ac/H4ac/H3R17me2a/
H4Rme2a-poor CYP24A1 promoter chromatin in osteoblastic cells in the absence of
1,25(0OH),D3 to a H4R3me2s-poor and H3ac/H4ac/H3R17me2a/H4Rme2a-enriched
condition at this promoter in osteoblastic cells exposed to the ligand. Whether H3K27me3
and H4R3me2s together are sufficient to maintain the CYP24A1 gene repressed in the
absence of the hormone needs to be demonstrated. Our results showing that independent
downregulation of the H3K27me3 and H4R3me2s marks from the CYP24A1 promoter does
not result in transcriptional activation of this gene in the absence of ligand (Moena et al., in
press; and this work), provides initial support for proposing a cooperative function of both
histone marks during maintenance of CYP24A1 repression. Nevertheless, a potential
contribution of additional, yet undetermined, epigenetic regulatory components to CYP24A1
silencing cannot be, at this point, discarded.

It is also necessary to consider that there is a requirement for concomitant deposition of
active epigenetic histone marks to activate CYP24A1 transcription. Hence, a potential two-
step process where erasing and then writing of epigenetic signatures is necessary during
transcriptional activation of this gene. Among the necessary components for epigenetic
writing we can identify the critical role of the VDR/SRC-1/p300 complex, which is formed
in osteoblastic cells at target promoters in response to 1,25(0OH),D3 (Carvallo et al., 2008;
Kim et al., 2005; Paredes et al., 2004; Sierra et al., 2003). This VDR/SRC-1/p300 complex
brings into place the intrinsic histone acetyl transferase (HAT) activity of both SRC-1 and
p300 coactivators (Carvallo et al., 2007; Kim et al., 2005), which can then mediate the
increased histone acetylation that has been shown as critical during 1,25(0OH),D3 dependent
CYP24A1 transcription activation (Moena et al., in press). Additionally, VDR-containing
complexes can activate transcription by directly interacting with the RNA polymerase Il
holoenzyme at target gene promoters (Arriagada et al., 2010; Chiba et al., 2000; Sutton &
MacDonald, 2003), including CYP24A1 (Carvallo et al., 2008; Montecino et al., 2007).
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We recently established that histone acetylation at the CYP24A1 promoter in osteoblastic
cells is hierarchically dominant over other active histone marks during induction of
CYP24A1 gene transcription in response to 1,25(0OH),D3 (Moena et al., in press).
Surprisingly, here we find that 1,25(0OH),D3-dependent decrease in H3K27me3 at the
CYP24A1 promoter is not accompanied by a significant enrichment in H3K27ac, an
epigenetic mark found present at transcriptionally active gene promoters in both osteoblastic
and non-osteoblastic cells (Bustos et al., 2017; Rojas et al., 2015; Sepulveda et al., 2017).
H3K27me3 and H3K27ac have been found to be mutually exclusive at regulatory genomic
regions, although most studies indicate that H3K27ac is preferentially enriched at active
enhancer and super-enhancer elements (Weiner et al., 2016). Therefore, together these
observations suggest that the decrease in H3K27me3 at some promoters like CYP24A1
(perhaps changing to H3K27me2 or H3K27mel) in response to 1,25(0H),Ds is sufficient to
provide, in association with other active epigenetic histone marks, a proper epigenetic
context to support transcription. Whether the absence of a H3K27me3 to H3K27ac transition
during 1,25(0OH),D3 dependent CYP24A1 gene activation explains the subsequent rapid
return to the H3K27me3 repressive condition at the CYP24A1 promoter after removal of
1,25(0OH),D3 from the media, represents a tempting working hypothesis. It will be important
to determine in future investigations whether this paradigm also applies to other active genes
in osteoblastic cells.

Presently, the specific mechanisms mediating the recruitment of both PRC2-Ezh2- and Utx-
containing complexes to the CYP24A1 gene promoter in the absence and presence of
1,25(0OH),D3, respectively, are not fully understood. Extensive research in the last decade
indicates that regulatory components that include non-coding RNAs, transcription factors
and specific epigenetic readers, contribute to mediate binding of PRC2-Ezh2 complexes to
target promoters during gene silencing (Kazanets et al., 2016; Margueron et al., 2008). On
the other hand, the H3K27me3 demethylase Utx has been shown associated with complexes
involved in transcription activation in mammals, including COMPASS (Agger et al., 2008;
Shilatifard, 2012; Sze & Shilatifard, 2016). This complex catalyzes the deposition of the
active histone mark H3K4me3 at target promoters, in close proximity to the TSS.
Interestingly, H3K4me3 has been shown to accompany CYP24A1 gene transcription in
response to 1,25(0OH),D3 (Nurminen et al., 2018; Singh et al., 2019), suggesting that Utx is
bound to the CYP24AL1 gene promoter as part of a COMPASS-like complex that is recruited
in response to the ligand.

Here, our results shed light on PRC2 mediated epigenetic control of CYP24A1 gene
repression in osteoblastic cells and demonstrates that during transcription activation of this
gene in response to 1,25(0OH),D3, the PRC2 complex is released and replaced at the
CYP24A1 promoter, by a Utx-containing complex. Future studies will need to address
whether all of the reported epigenetic histone marks, as well as their writers, readers, and
erasers, operate in a tightly coordinated manner to modulate chromatin structure and
transcription activity using gene models like CYP24A1.
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Figure 1. 1,25(0OH)»>D3 dependent expression of the CYP24A1 geneinvolvesrelease of EZH2 and
areduction of H3K 27me3 enrichment at the CYP24A1 promoter.

(A) ROS17/2.8 osteoblasts were treated with 108 M 1,25(0OH),Dj3 or vehicle for 1 to 4 h
periods and CYP24A1 mRNA levels were determined by gRT-PCR using specific primers.
Values were normalized against GAPDH mRNA. (B-C) Binding of VDR (B) and EZH2 (C)
proteins to the CYP24A1 promoter in ROS17/2.8 cells exposed to 1078 M 1,25(0H),D5 or
vehicle for 2 h, was determined by ChIP. (D) Enrichment of the H3K27me3 mark at the
CYP24A1 promoter was determined by ChIP in samples from ROS17/2.8 cells exposed
during 2 h to 1078 M 1,25(OH),Ds or vehicle, or alternatively, for 2h to 1078 M
1,25(0OH),D3 followed for additional 2 h only to vehicle. (E) Enrichment of H3K27Ac mark
at the CYP24A1 (left) and RUNX2 (right) promoters in ROS17/2.8 cells exposed to 1078 M
1,25(0OH),D3 or vehicle for 2 h. ChIP values are expressed as % input £ SEM. Normal 1gG
was used as specificity control. Statistical analyses were carried out with respect to vehicle.
*, p0.05; ** p0.01***, p0.001; N.S. Statistically not significant differences.
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Figure 2. Enrichment of H3K27me3 at the CYP24A1 gene promoter ismediated by EZH2
binding.

ROSl?/Z.S osteoblasts were transduced for 48 h with lentiviruses encoding shRNAs against
EZH2 or shRNA control, and then exposed to 108 M 1,25(OH),Dj or vehicle for 2 h. (A)
EZH2 knockdown was confirmed by measuring EZH2 mRNA (left) and protein (right)
levels by gRT-PCR and western blot analyses, respectively. GAPDH mRNA was determined
as mRNA expression control. Detection of TFIlb was used to control for equal protein
loading. (B) Effect of EZH2 knockdown on H3K27me3 enrichment at the CYP24A1
promoter. (C) Downregulation of EZH2 expression increases CYP24A1 gene responsiveness
to 1,25(0OH),D3. CYP24A1 mRNA levels were measured by qRT-PCR, as described in
figure legend 1. ChIP values are expressed as % input + SEM. Normal 1gG was used as
specificity control. Statistical analyses were performed with respect to vehicle. **, p
0.01***; p0.001; N.S. Statistically not significant differences.
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Figure 3. 1,25(0OH),D3 dependent binding of UT X to the CYP24A1 promoter isrequired for
decreased H3K 27me3 enrichment and transcriptional enhancement in response to 1,25(0OH)2D3.

ROS17/2.8 osteoblastic cells were incubated with 1078 M 1,25(OH),Ds or vehicle for 2 h.
(A) ChIP assays using antibodies against the UTX protein. (B-C) Downregulation of UTX
expression in ROS17/2.8 cells infected for 48 h with lentiviruses encoding sShRNAs against
UTX or shRNA control, and subsequently exposed to 1078 M 1,25(0OH),Dj5 or vehicle for 2
h. UTX knockdown was confirmed at mRNA (left) and protein (right) expression levels as
described in figure legend 2. GAPDH mRNA is shown as mRNA expression control.
Detection of TF1Ib was used to control for equal protein loading. (C) Effect of UTX
knockdown on H3K27me3 enrichment at the CYP24A1 promoter. (D) Knockdown of UTX
decreases 1,25(0OH),D3 dependent CYP24A1 expression. ChlP values are expressed as %
input + SEM. Normal 1gG was used as specificity control. Statistical analyses were
performed with respect to vehicle. *, p0.05; **, p0.01; N.S. Statistically not significant
differences.
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Figure 4. Proposed model describing control of histone H3K27me3 enrichment at the CYP24A1
gene promoter in osteoblastic cells.

Schematic representation of the CYP24A1 gene promoter showing the control of the
H3K27me3 levels by EZH2 and UTX chromatin modifiers in ROS 17/2.8 osteoblasts grown
in the presence or absence of 1,25(0OH),D3, respectively. The arrowhead represents the
transcription start site (TSS) and the open ellipses, indicate nucleosomes localized along the
proximal promoter region of the CYP24A1 gene. The sizes of modifications and modifiers
reflect their respective levels of enrichment.
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