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Although limited proteolysis of the histone H3 N-terminal tail (H3NT) is frequently observed during mammalian
differentiation, the specific genomic sites targeted for H3NT proteolysis and the functional significance of H3NT
cleavage remain largely unknown. Herewe report the firstmethod to identify and examineH3NT-cleaved regions in
mammals, called chromatin immunoprecipitation (ChIP) of acetylated chromatin (ChIPac). By applying ChIPac
combined with deep sequencing (ChIPac-seq) to an established cell model of osteoclast differentiation, we discov-
ered that H3NT proteolysis is selectively targeted near transcription start sites of a small group of genes and that
most H3NT-cleaved genes displayed significant expression changes during osteoclastogenesis. We also discovered
that the principal H3NT protease of osteoclastogenesis is matrix metalloproteinase 9 (MMP-9). In contrast to other
known H3NT proteases, MMP-9 primarily cleaved H3K18-Q19 in vitro and in cells. Furthermore, our results sup-
port CBP/p300-mediated acetylation of H3K18 as a central regulator ofMMP-9 H3NT protease activity both in vitro
and at H3NT cleavage sites during osteoclastogenesis. Importantly, we found that abrogation of H3NT proteolysis
impaired osteoclastogenic gene activation concomitant with defective osteoclast differentiation. Our collective
results support the necessity of MMP-9-dependent H3NT proteolysis in regulating gene pathways required for
proficient osteoclastogenesis.
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The basic components that comprise the canonical nucle-
osome core particle are evolutionarily conserved in all eu-
karyotes. Within a living cell, however, there exists a
remarkable degree of heterogeneity in nucleosome com-
position that influences chromatin structure and function
(Luger et al. 2012). This is exemplified by the various
covalent post-translational modifications (PTMs) of the
N-terminal tails (NTs) of the core histone proteins (H3,
H4, H2A, and H2B) that alter nucleosome composition
to regulate fundamental DNA-templated programs such
as transcription (Zentner and Henikoff 2013). For exam-
ple, acetylation of the H3 N-terminal tail (H3NT) can
directly facilitate transcription by destabilizing nucleo-
some structure, whereasmethylation of theH3NT can in-

directly regulate transcription by binding effector proteins
that stimulate or repress transcription (Bannister et al.
2001; Shogren-Knaak et al. 2006). Recent landmark re-
ports determined that differences in the “epigenomic sig-
natures” of several H3NT PTMs are strongly correlated to
the cell type-specific gene expression programs observed
in >250 normal and diseased human tissues (Polak et al.
2015; Roadmap Epigenomics Consortium et al. 2015).
These studies demonstrate that precise alterations of the
epigenome are essential in the regulation of gene path-
ways necessary for the derivation of normal and aberrant
cell types.
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Altering epigenomic signatures by “erasing” H3NT
PTMs can be achieved by several different enzymatic
mechanisms. One mechanism is the selective removal
of specific H3 PTMs by histone-modifying enzymes such
as deacetylases and demethylases (Black et al. 2012; Seto
and Yoshida 2014). A more extreme mechanism involves
ATP-dependent deposition of a new H3, resulting in the
removal of all pre-existing PTMs and associated interact-
ing proteins (Narlikar et al. 2013). An alternative interme-
diate mechanism between the specific and complete
erasure of H3 PTMs is proteolysis of the H3NT, which se-
lectively removes pre-existing H3NT PTMs and associat-
ed interacting proteins without affecting the H3 core
region (Azad and Tomar 2014; Dhaenens et al. 2015).
While retention of the H3 core region preserves nucleo-
some structure, lack of the H3NT destabilizes intranu-
cleosomal and internucleosomal interactions that may
increase DNA accessibility and facilitate factor binding
(Allan et al. 1982; Andresen et al. 2013; Nurse et al.
2013). Therefore, H3NT cleavage provides an efficient
means to rapidly and drastically alter chromatin structure
and function both directly and indirectly.
Although proteolysis of histones within chromatin was

first reported >55 years ago, the mechanisms and bio-
logical functions of histone cleavage remain largely un-
known (Phillips and Johns 1959). Proteolysis of the
H3NT has been detected in various single andmulticellu-
lar eukaryotes, indicating thatH3NT cleavage is an evolu-
tionarily conserved process that likely functions in
epigenetic regulation (Allis et al. 1980; Bortvin and Win-
ston 1996; Duncan et al. 2008; Pauli et al. 2010; Duarte
et al. 2014; Vossaert et al. 2014). Consistent with this,
H3NT cleavage is frequently observed duringmammalian
developmental programs, including embryonic stem cell
(ESC) differentiation, mammary gland development, and
myogenesis (Duncan et al. 2008; Asp et al. 2011; Khal-
khali-Ellis et al. 2014; Vossaert et al. 2014). The recent
identification of cathepsins L and D as the principal
H3NT proteases during mouse ESC (mESC) differentia-
tion and mammary gland development, respectively, sug-
gests that precursor cells use different H3NT proteases in
a differentiation-dependent context (Duncan et al. 2008;
Khalkhali-Ellis et al. 2014). While these reports imply
that targeted H3NT proteolysis at specific genomic re-
gions facilitates differentiation, the lack of a method
to identify H3NT-cleaved regions has precluded signifi-
cant insights into the mechanistic functions of H3NT
proteolysis.
In our recent study examining the regulatory mecha-

nisms of osteoclast differentiation, we observed limited
proteolysis of the H3NT in an established ex vivo mouse
model of osteoclastogenesis (An et al. 2014). In this study,
we demonstrate thatmatrixmetalloproteinase 9 (MMP-9)
is the principal H3NT protease of osteoclastogenesis.
By developing the first method to map H3NT-cleaved
regions in mammals, called chromatin immunoprecipita-
tion (ChIP) of acetylated chromatin (ChIPac), we discov-
ered the selective targeting of MMP-9-dependent H3NT
proteolysis near transcription start sites (TSSs) of osteo-
clastogenic genes during differentiation. Consistent with

H3NT cleavage-dependent gene activation reported in
Saccharomyces cerevisiae, we found that H3NTproteoly-
sis was strongly correlated with transcriptional activation
(Santos-Rosa et al. 2009).AbrogationofMMP-9-dependent
H3NT proteolysis resulted in impaired osteoclastogenic
gene activation and defective osteoclast differentiation.
Therefore, our collective results support amodel in which
MMP-9-dependent H3NT proteolysis at osteoclastogenic
genes facilitates their activation necessary for proficient
osteoclast differentiation.

Results

Proteolysis of the H3NT during osteoclastogenesis

Since the epigenetic mechanisms that regulatemammali-
an osteoclastogenesis are largely unknown, an established
ex vivo cell model was used to examine possible histone
PTM changes during differentiation. Primary osteoclast
precursor (OCP) cells derived from adult mouse long
bone were cultured with the osteoclastogenic factor
RANKL to induce synchronous osteoclast differentiation
(An et al. 2014). As shown in Figure 1A, nearly all 3-d
OCP-induced cells were mononuclear preosteoclasts that
fuseto formlargemultinuclearosteoclastsbyday5.Nuclei
were isolated fromOCP-induced cells at these timepoints,
and chromatin was extracted. Western blot analysis re-
vealed an unexpected differentiation-dependent fast-mi-
grating H3 band in chromatin of preosteoclasts, with
elevated levels detected in osteoclasts (Fig. 1B). Because
an H3 C-terminal (H3CT) antibody was used in the West-
ernblot analysis, theobserved fast-migratingH3band indi-
cates specific proteolysis of the H3NT. Fast-migrating
bands of other nucleosome core histones were not ob-
served, demonstrating the selective, but limited, proteoly-
sis of the H3NT during osteoclastogenesis (Fig. 1B).

MMP-9 is the principal H3NT protease in preosteoclasts

To identify the protease responsible for H3NT cleavage
observed in preosteoclasts, nuclear extracts from 3-d
OCP-induced cells were fractionated by a series of chro-
matography steps (Fig. 1C). An in vitro H3NT cleavage as-
saywas developed using a recombinant H3 (rH3) substrate
and Western blot analysis with the H3CT antibody to
track and isolate nuclear fractions containing H3NT pro-
tease activity. Initial fractionation by P11 chromatogra-
phy revealed that H3NT protease activity was largely
restricted to two sequential fractions, BC400 and BC500,
suggesting that a single protease cleaves the H3NT in pre-
osteoclasts. These fractions were combined and fraction-
ated on a Q-Sepharose column where, again, H3NT
protease activity was largely restricted to two sequential
fractions, BR100 and BR200. The fractionswere combined
for glycerol gradient sedimentation, resulting in the final
purification of fractions (#3–5) containing H3NT protease
activity. These purified fractions were initially incubated
with different protease inhibitors to identify the family of
proteases responsible for H3NT cleavage. Various serine
and cysteine protease inhibitors failed to inhibit H3NT
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protease activity, which was highly unexpected, as these
families were reported to proteolyze the H3NT in yeast
and mice, respectively (Fig. 1D; Duncan et al. 2008; Khal-
khali-Ellis et al. 2014; Xue et al. 2014). Further screening
demonstrated that only metalloproteinase inhibition
could abrogate H3NT cleavage activity (Fig. 1E). Consis-
tent with these results, proteomic analysis of the purified
fractions revealed that MMP-9 was the predominant of
the four known proteases identified (Fig. 1F). In vitro
H3NT cleavage assays using these recombinant proteases
demonstrated that only rMMP-9 possessed H3NT prote-
ase activity (Fig. 1G). The purified fractions and rMMP-9
displayed similar H3NT protease activities for octamer
and nucleosome array substrates as well as for H3.1,
H3.2, and H3.3 substrates (Supplemental Fig. 1A,B). Incu-
bation of the purified fractions with a selective MMP-9
inhibitor abolished H3NT proteolysis, confirming that
MMP-9 activity is required for H3NT cleavage in vitro
(Fig. 1E). These findings identify MMP-9 as a novel
H3NT protease and the principal H3NT protease in
preosteoclasts.

MMP-9 activity is required for H3NT proteolysis
during osteoclastogenesis

MMPs are a large diverse family of zinc-dependent endo-
peptidases that function to remodel the pericellular space
via proteolysis of extracellular matrix proteins (Nagase
et al. 2006). MMP-9 and MMP-2 comprise the gelatinase
subfamily of MMPs and are differentially expressed in
osteoclasts and osteoblasts, respectively. MMP-9 is syn-
thesized as an inactive/latent 92-kDa proenzyme and
subsequently converted to an 82-kDa active form by pro-

teolysis of its inhibitory N-terminal prodomain. Since
MMP-9 is a secretory protein, our results demonstrating
nuclear MMP-9 activity were unexpected. To address
this discrepancy, MMP-9 localization dynamics were ex-
amined during osteoclastogenesis. Western blot analysis
demonstrated that MMP-9 was absent in control OCP
cells, but both the proform and active form of MMP-9
were detected in the nuclear compartment of 1-d OCP-in-
duced cells (Fig. 2A; Supplemental Fig. 2A). MMP-9 pro-
tein abundance was maximal by day 3 after induction
and was sustained in 5-d OCP-induced cells. Immunoflu-
orescence microscopy confirmed the progressive nuclear
accumulation of MMP-9 in OCP-induced cells (Supple-
mental Fig. 2B). Gelatin zymographywas performed using
nuclear extracts isolated from OCP-induced cells to as-
sess nuclear-specific MMP-9 gelatinase activity. Nuclear
gelatinase activity mirrored the progressive nuclear accu-
mulation of MMP-9 during osteoclastogenesis (Fig. 2B).
These results indicate that maximal MMP-9 nuclear
abundance and activity observed in 3-d OCP-induced
cells directly correlate with H3NT proteolysis. To test
the dependence of H3NT cleavage on MMP-9 during
osteoclastogenesis, OCP cellswere transducedwith a con-
trol or MMP-9-specific shRNA to deplete MMP-9 prior to
induction (Fig. 2C). MMP-9 depletion impeded nuclear
gelatinase activity in OCP-induced cells concurrent
with the significant and sustained impairment of H3NT
proteolysis (Fig. 2B,D). The continuous impairment of
H3NT cleavage was similarly observed in OCP-induced
cells treated with a selective MMP-9 inhibitor (Fig. 2D).
These collective results support the dependence of
H3NT proteolysis on nuclear MMP-9 activity during
osteoclastogenesis.

Figure 1. Identification of MMP-9 as a novel H3NT
protease. (A) Primary mouse OCP cells were cultured
with RANKL to induce osteoclastogenesis. OCP-in-
duced cells were fixed, stained for TRAP (tartrate-re-
sistant acid phosphatase), and photographed under a
light microscope (10×) at the indicated days. TRAP-
positive cells containing three or more nuclei repre-
sent osteoclasts. (B) Western blot analysis of chroma-
tin extracted from OCP-induced cells using
antibodies recognizing the C-terminal histone re-
gions, as indicated. (C ) Nuclear extracts from 3-d
OCP-induced cellswere fractionated on a P11 column
by increased salt concentration, as indicated, and the
in vitro H3NT cleavage assay was performed to iden-
tify H3NT active fractions by Western blot analysis
using the H3CT antibody. The indicated H3NT ac-
tive fractions were fractionated on a Q-Sepharose col-
umn followed by a 10%–40% glycerol gradient. (D)
H3NT cleavage assays of purified fractions #3–5 treat-
edwith different protease family inhibitors as indicat-
ed. (E) H3NT cleavage assays of purified fractions #3–
5 treated with metalloproteinase inhibitor EDTA or
CTT or a selective MMP-9 inhibitor. (F ) Proteomic
analysis of known proteases identified in purified
fractions #3–5. (G) H3NT cleavage assays using re-
combinant MMP-9, USP14, USP39, and DIM1. See
also Supplemental Figure 1.
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H3K18 is the primary primary cleavage (P1)
site of MMP-9

Previous reports demonstrated that H3A21 is the P1 site
for cysteine and serine proteases; however, the H3NT P1
site of theMMP-9metalloproteinase was unknown (Dun-
can et al. 2008; Santos-Rosa et al. 2009). In silico analysis
of histone H3 identified K18 as the only potential P1 site
on the H3NT, which was also predicted to be cleaved by
MMP-9 (Supplemental Fig. 3A; Song et al. 2012). To test
these predictions, liquid chromatography-tandem mass
spectrometry (LC-MS/MS) of the gel-excised rH3-cleaved
product generated by rMMP-9 was performed (Fig. 3A).
Peptide fragments containing H3 residues prior to Q19
were not identified in the proteomic analysis, supporting
H3K18 as themajor P1 site ofMMP-9. This result suggest-
ed that the sequence flanking H3K18 is a putativeMMP-9

consensus site. To test this in vitro, rH3-containing mu-
tated residues predicted to be necessary for MMP-9 activ-
ity were used as substrates in the H3NT cleavage assay
(Fig. 3B; Supplemental Fig. 3B). Mutation of rH3 at (P1,
K18R; P1′, Q19G) or flanking (P3, P16G; P3′, A21F) the
cleavage site ablated H3NT proteolysis by rMMP-9, con-
firming that the H3 amino acid 16–21 sequence is an
MMP-9 consensus site in vitro (Fig. 3C). These results
suggested that similar H3 mutations would ablate
H3NT proteolysis during osteoclastogenesis. To test
this, C-terminal Flag tag fusions of wild-type H3 or the
H3 mutants were transduced in OCP cells prior to induc-
tion. Western blot analysis of chromatin extracts con-
firmed proteolysis of wild-type H3-Flag in OCP-induced
cells (Fig. 3D). Although mutant H3-Flag proteins were
also readily detected in chromatin extracts, each muta-
tion of the MMP-9 consensus sequence abrogated H3NT
proteolysis in OCP-induced cells. These findings support
MMP-9 as the primary protease that directly cleaves
H3K18-Q19 during osteoclastogenesis.

Acetylation of H3K18 augments MMP-9 activity

Analysis of the canonical MMP-9 consensus sequence in-
dicated thatMMP-9 preferentially cleaves uncharged resi-
dues over charged residues at the P1 site (Supplemental
Fig. 3B). Based on this, we hypothesized that neutralizing
the H3K18 charge by acetylation would augment MMP-9
activity. As predicted, kinetic analysis of MMP-9 activity
using H3 peptide substrates confirmed that K18ac selec-
tively amplified rMMP-9 activity, resulting in a threefold
increase of cleaved H3 compared with unmodified H3 or
H3K27me1 peptides (Fig. 4A). Consistent with these re-
sults, H3NT cleavage assays using rH3 acetyl-lysine
analogs as substrates demonstrated that the specific acet-
ylation of K18 robustly increased H3NT proteolysis by
rMMP-9 (Fig. 4B; Shogren-Knaak and Peterson 2004).
MMP-9 activity with rH3 methyl-lysine analogs at K4,
K9, K27, or K36 was nearly identical to rH3 control in all
cases (Supplemental Fig. 4A). These findings suggested
that the acetylation of H3K18 facilitates MMP-9 activity
in chromatin. To test this, nucleosome arrays containing
unmodified rH3, the rH3 acetyl-lysine analogs, or modi-
fied native histones purified fromHeLa cells were generat-
ed in vitro and used as substrates in the H3NT cleavage
assay (Kim et al. 2013a). Remarkably, unmodified

Figure 2. MMP-9-dependent H3NT proteolysis during osteo-
clastogenesis. (A) Western blot analysis for MMP-9 using
whole-cell (top) or nuclear (bottom) lysates isolated fromOCP-in-
duced cells at the indicated days. Proform and active MMP-9 are
indicated. (B) Gelatin zymography of nuclear lysates isolated
fromOCP-induced cells expressing a control (top) or MMP-9-spe-
cific (bottom) shRNAat the indicated days. (C )Western blot anal-
ysis of nuclear lysates from 3-d OCP-induced cells expressing a
control (left) or MMP-9-specific (right) shRNA using the indicat-
ed antibodies. (D) OCP cells transducedwith a control orMMP-9-
specific shRNA (top) or treated with DMSO control or a selective
MMP-9 inhibitor (bottom). H3NT cleavage was assessed at the
indicated days after induction. See also Supplemental Figure 2.

Figure 3. H3K18 is the principal site of
MMP-9 proteolysis. (A) Peptide sequences
identified by LC-MS/MS of the gel-excised
rH3 product (H3Δ19) generated by
rMMP-9. (B) Putative MMP-9 cleavage
site identified in the H3NT (amino acids
16–21) in silico. Amino acids that are
more (red) or less (blue) conserved in the ca-
nonical MMP-9 consensus sequence are in-
dicated. (C ) H3NT cleavage assays using

rMMP-9 and rH3wild-type or mutant substrates as indicated. (D) OCP cells were transduced with wild-type or mutant H3-Flag. Chroma-
tin was isolated on the indicated days after induction for Western blot analysis using a Flag antibody to specifically detect proteolysis of
H3-Flag. See also Supplemental Figure 3.
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nucleosome array substrates were completely resistant to
rMMP-9 protease activity, in contrast to unmodified rH3
and octamer substrates (Fig. 4B,C; Supplemental Fig. 1).
Conversely, rMMP-9 displayed robust activity for modi-
fied native nucleosome arrays, supporting the dependence
of MMP-9 H3NT protease activity on specific histone
PTMs in chromatin (Fig. 4C). Consistent with this,
H3NTcleavage assays confirmed that the specific acetyla-
tion ofH3K18was both necessary and sufficient forH3NT
cleavage by rMMP-9 in a nucleosome array context (Fig.
4B). These results suggested that acetylation of H3K18
was required for MMP-9-dependent H3NT cleavage dur-
ing osteoclastogenesis. To test this, OCP cells were trans-
duced with a control shRNA or an shRNA to deplete the
CBP/p300 acetyltransferases, which are responsible for
the majority of H3K18ac, prior to induction (Henry et al.
2013). Diminishment of H3K18ac in CBP/p300-depleted
OCP-induced cells resulted in the sustained impairment
ofH3NTproteolysiswithout perturbing the nuclear abun-
dance of active MMP-9 (Fig. 4D,E). Identical results were
obtained from OCP-induced cells treated with a selective
CBP/p300 inhibitor (Fig. 4E). Depletion of the known
H3K18 acetyltransferase GCN5, Tip60, or MOZ did not
impair H3NT proteolysis during osteoclastogenesis, in
contrast to CBP/p300 depletion (Supplemental Fig. 4B,C).
These collective results support the regulation of MMP-
9-dependent H3NT cleavage during osteoclastogenesis
by the CBP/p300-mediated acetylation of H3K18.

MMP-9 is required for osteoclastogenic gene activation
and proficient osteoclastogenesis

It was previously reported that H3NT cleavage facilitates
gene activation in yeast during sporulation, suggesting
that MMP-9-dependent H3NT proteolysis similarly func-
tions in gene activation during osteoclastogenesis (Santos-
Rosa et al. 2009). To test this, we sought to identify the

genes regulated by MMP-9 using RNA sequencing
(RNA-seq) of total mRNA isolated from control or MMP-
9-depleted 3-d OCP-induced cells (Fig. 2C). Comparative
transcriptome analysis revealed 1131 differentially ex-
pressed genes between the samples (Supplemental Table
1; Supplemental Fig. 5A,B). More than 67% of these genes
displayed significantly reduced expression in MMP-9-
depleted cells, supporting a function forMMP-9 in gene ac-
tivation during osteoclastogenesis (Fig. 5A). Gene ontolo-
gy analysis revealed that many of these genes are
regulatory components of osteoclastogenic signaling path-
ways, including the RANKL, AMPK, and VEGF pathways
(Supplemental Fig. 5C). In addition, gene set enrichment
analysis (GSEA) demonstrated that the expression of a
large set of RANKL and bone remodeling pathway genes
was significantly reduced in MMP-9-depleted cells com-
pared with control cells (Fig. 5B). Examination of the lead-
ing edge subset of these genes identified 26 canonical
osteoclastogenic genes that requiredMMP-9 for their acti-
vation, including Nfatc1, Lif, and Xpr1 (Fig. 5C; Takaya-
nagi et al. 2002; Bozec et al. 2008; Sharma et al. 2010).
Importantly, the diminishedH3NTcleavage anddefective
osteoclastogenic gene activation observed in MMP-9-de-
pleted or MMP-9-inhibited 5-d OCP-induced cells were
concurrent with a significant reduction of mature osteo-
clasts compared with control cells (Fig. 5D; Supplemental
Fig. 5D). Similar results obtained fromCBP/p300-depleted
or CBP/p300-inhibited 5-d OCP-induced cells further sup-
port the dependence of osteoclastogenic gene activation
and proficient osteoclast differentiation onH3NTproteol-
ysis (Fig. 5D; Supplemental Fig. 5D).

ChIPac combined with deep sequencing (ChIPac-seq):
a novel approach to identify H3NT-cleaved regions

The results suggested that MMP-9-dependent H3NT
proteolysis directly regulates gene expression during

Figure 4. Acetylation status of H3K18 regulatesMMP-9 activity. (A) The indicatedH3 peptides (amino acids 10–35) were incubatedwith
increasing concentrations of rMMP-9 (X-axis), and proteolysis was measured fluorometrically by reaction of free amino groups with fluo-
rescamine (Y-axis). The Vmax and Km values were obtained by nonlinear regression fit. (B) H3NT cleavage assays using rMMP-9 and the
indicated rH3 acetyl-lysine analog substrates either alone (top) or as reconstituted nucleosome arrays (bottom). (C ) H3NT cleavage assays
using rMMP-9 and recombinant (top) or native (bottom) nucleosome array substrates. (D) Western blot analysis of nuclear lysates from3-d
OCP-induced cells expressing a control or CBP/p300-specific shRNA using the indicated antibodies. (E) OCP cells transduced with a con-
trol or CBP/p300-specific shRNA (top) or treated with DMSO control or a selective CBP/p300 inhibitor (bottom). H3NT cleavage was as-
sessed at the indicated days after induction. See also Supplemental Figure 4.
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osteoclastogenesis, but the possible indirect effects of
MMP-9 depletion on gene expression, independent of
H3NT cleavage, could not be distinguished by transcrip-
tomic analysis. Therefore, we sought to determine the
genomic sites targeted for H3NT proteolysis during osteo-
clastogenesis to directly investigate the role of H3NT
cleavage in transcriptional regulation; however, a method
to identify H3NT-cleaved sites in mammalian cells has
not been reported. We hypothesized that mapping these
sites could be achieved by comparative ChIP-seq analysis
of the H3NT between control and MMP-9-depleted 3-d
OCP-induced cells that exhibit or lack H3NT cleavage,
respectively (Fig. 2D). Computational identification of ge-
nomic regions displaying significantly reduced H3NT en-
richment in control versus MMP-9-depleted cells would
indicate those regions selectively targeted forH3NTprote-

olysis during osteoclastogenesis. This ChIP approach re-
quires an antibody that has specific affinity for the
H3NT of all H3 proteins, is not dependent on or inhibited
by existing H3 PTMs, and is validated for ChIP applica-
tions; however, such an antibody is currently unavailable
to the best of our knowledge. To bypass this technical bar-
rier, established biochemical techniques were used to
develop a novel method, called ChIPac, for identification
and examination of H3NT-cleaved regions (Fig. 6A). We
reasoned that an H3K14 acetyl-specific antibody satisfies
the criteria above for ChIP of the H3NT following com-
plete lysine acetylation of cross-linked chromatin in vitro
by acetic anhydride. First, cells were fixedwithmethylene
blue to cross-link chromatin after brief exposure to white
light (Tuite and Kelly 1993). Because formaldehyde reacts
with lysine ε-amino side chains, which likely precludes
complete lysine acetylation by acetic anhydride, methy-
lene blue was used as an alternative for cell fixation
(Metz et al. 2004). Chromatin was isolated, and the effi-
ciency of cross-linking was confirmed by SDS–chloro-
form–isoamyl alcohol (SDS-CIA) prior to sonication
(Supplemental Fig. 6A; Lalwani et al. 1990). Fragmented
chromatin was then treated with acetic anhydride to
completely acetylate all unmodified lysine residues in vi-
tro (Supplemental Fig. 6B; Nakayasu et al. 2014). ChIPac
using an H3K14 acetyl-specific antibody selectively en-
riched H3NT-containing chromatin and simultaneously
excluded chromatin lacking the H3NT. ChIPac using an
H3CT antibody was performed in parallel as the normali-
zation control. H3NT-cleaved regions were identified by
the significant reduction in H3K14ac enrichment relative
to the control as determined by quantitative PCR (qPCR)
or next-generation (NextGen) sequencing analysis.

Specific gene TSSs are targeted for H3NT proteolysis
during osteoclastogenesis

ChIPac-seq was performed using control and MMP-9-de-
pleted 3-d OCP-induced cells to identify the specific sites
targeted for H3NT proteolysis during osteoclastogenesis.
MMP-9-depleted cells that lackH3NT-cleaved chromatin
displayed nearly indistinguishable enrichment patterns
between H3K14ac and the H3CT control, as predicted
(Fig. 6B; Supplemental Figs. 6C,D). These important re-
sults validated the ChIPac approach to purify all H3NT-
containing chromatin using the H3K14ac-specific anti-
body. The capability of ChIPac-seq to identify specific
H3NT-cleaved regions was confirmed in control 3-d
OCP-induced cells, which resulted in the identification
of 1233 regions displaying significantly reduced H3K14ac
enrichment relative to MMP-9-depleted cells. The maxi-
mal peak of H3K14ac depletion within each H3NT-
cleaved region and the gene nearest this peak were deter-
mined (Supplemental Table 2; Kim et al. 2013b). Our sub-
sequent computational analyses focused on the ±4-kb
region near geneTSSs, sinceH3NTcleavagewas previous-
ly reported at gene promoters in yeast (Santos-Rosa et al.
2009). K means clustering of TSSs revealed that <8% of
all protein-coding genes exhibited H3K14ac depletion
near TSSs, indicating that these sites are selectively

Figure 5. MMP-9 is required forosteoclastogenic gene activation
and proficient osteoclast differentiation. (A) Scatter plot of RNA-
seq normalized RPKM (reads per kilobase per million mapped
reads) levels of annotated genes from 3-d OCP-induced cells ex-
pressing a control (X-axis) or MMP-9-specific (Y-axis) shRNA.
Genes with significantly increased (green) or decreased (red) ex-
pression inMMP-9-depleted cells relative to control cellswere de-
finedbasedon false discovery rate (FDR)-adjustedP < 0.05 and log2
ratio ± 0.7. (B) GSEA of the 758 genes displaying impaired activa-
tion in MMP-9-depleted cells (X-axis) were ranked by increasing
expression differences (green curve) relative to control cells (Y-
axis). (C ) Expression differences of the indicated 26 osteoclasto-
genic genes identified in Figure 6B between control (left) and
MMP-9p-depleted (right) 3-d OCP-induced cells displayed as a
heat map in the pseudo-color scale indicated. (D) Visualization
(10×) of TRAP-stained5-dOCP-induced cells expressing a control,
MMP-9-specific, or CBP/p300-specific shRNA (top) or treated
with DMSO control, a selective MMP-9 inhibitor, or a selective
CBP/p300 inhibitor (bottom). See also Supplemental Figure 5
and Supplemental Table 1.
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targeted for H3NT proteolysis during osteoclastogenesis
(Fig. 6B; Supplemental Fig. 6C,D). Strikingly, these genes
partitioned into three distinct groupsbased on the location
of H3NT cleavage: promoter-specific (P; 31%), coding re-
gion-specific (CR; 42%), or both (P+CR; 27%). Profiling
the average tag densities in each group showed that
H3NT cleavage typically peaks ∼2 kb from TSSs (Fig.
6C). Gene pathway analysis indicated that H3NT-cleaved
genes are significantly linked to the RANKL and bone re-
modeling pathways (Supplemental Fig. 6E). Several canon-
ical osteoclastogenic genes were identified within each
H3NT-cleaved group, including Nfatc1 (P), Lif (CR), and
Xpr1 (P+CR). Notably, MMP-9 was required for H3NT
cleavage nearNfatc1, Lif, andXpr1TSSs and their concur-
rent activation during osteoclastogenesis, suggesting that
H3NT proteolysis facilitates gene activation (Supplemen-
tal Fig. 6C).

H3NT cleavage correlates with gene activation

To broadly examine the association betweenH3NT cleav-
age and gene expression, the RNA-seq data were analyzed
for the 1233H3NT-cleaved genes identified in control and
MMP-9-depleted 3-d OCP-induced cells. Comparative
analyses revealed that most H3NT-cleaved genes (>53%)
displayed significant expression differences in control ver-
sus MMP-9-depleted cells (Fig. 7A). The majority of these
genes (>82%), including Nfatc1, Lif, and Xpr1, exhibited
significantly reduced expression inMMP-9-depleted cells,
indicating a strong functional correlation between MMP-
9 and gene activation (Fig. 7A). To further investigate the
MMP-9-dependent activation of these genes during osteo-
clastogenesis, RT-qPCR was performed in OCP cells

transduced with a control or MMP-9-specific shRNA or
treated with DMSO control or a selective MMP-9 inhibi-
tor and cultured with or without RANKL for 3 d. Ablation
of H3NT cleavage in MMP-9-depleted or MMP-9-inhibit-
ed 3-d OCP-induced cells significantly impaired Nfatc1,
Lif, and Xpr1 activation, suggesting that H3NT proteoly-
sis directly facilitates their activation during osteoclasto-
genesis (Figs. 2D, 7B; Supplemental Fig. 7). We reasoned
that repeating these experiments in CBP/p300-depleted
or CBP/p300-inhibited 3-d OCP cells would test this
hypothesis, as nonacetylated H3K18 impedes MMP-9
H3NT protease activity (Fig. 4). Consistent with the hy-
pothesis, diminishment of H3K18 acetylation by CBP/
p300 depletion or inhibition ablated H3NT cleavage and
significantly impaired Nfatc1, Lif, and Xpr1 activation,
identical to the effects of MMP-9 depletion, but without
altering nuclear abundance of the active MMP-9 enzyme
(Figs. 4D,E, 7B; Supplemental Fig. 7). These results further
support the direct function of H3NT cleavage in gene ac-
tivation and suggest that CBP/p300-mediated acetylation
of H3K18 is a key regulator of MMP-9 H3NT protease ac-
tivity during osteoclastogenesis.

The sites and extent of H3NT proteolysis are directly
linked to H3K18 acetylation

Identification of the specific H3NT-cleaved sites at
Nfatc1 (P), Lif (CR), andXpr1 (P+CR) allowed us to directly
examine the necessity of H3K18 acetylation on MMP-9
H3NT protease activity and gene activation during osteo-
clastogenesis. OCP cells were transduced with a control,
MMP-9-specific, or CBP/p300-specific shRNA; cultured
with or without RANKL for 3 d; and then processed for

Figure 6. Selective targeting of MMP-9-dependent H3NT proteolysis near TSSs during osteoclastogenesis. (A) Schematic of ChIPac-seq.
Cells were fixed withmethylene blue, and chromatin was extracted. Cross-linked chromatin was sonicated to generate nucleosomes con-
taining full-length (green) and NT-cleaved (yellow) H3. Acetic anhydride was used to artificially acetylate all unmodified lysines (red lol-
lipops). ChIPacwas performed for H3CT control to enrich all nucleosomes or for H3K14ac to enrich onlyH3NT-containing nucleosomes.
(B) Comparative ChIPac-seq analyses of control (left) and MMP-9-depleted (right) 3-d OCP-induced cells for enrichment (dark blue) or
depletion (light blue) of H3CT control (left) or H3K14ac (right) near TSSs (±4 kb) of all known protein-coding genes. K means clustering
identified specificH3NT-cleavedTSSs at either promoters (P), coding regions (CR), or both (P+CR). (C ) Average tag density profiles (Y-axis)
of each H3NT-cleaved group near TSSs (X-axis) for H3CT and H3K14ac in control and MMP-9-depleted 3-d OCP-induced cells, as indi-
cated. See also Supplemental Figure 6 and Supplemental Table 2.
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ChIPac or conventional ChIP using an H3K18ac-specific
antibody. Subsequent qPCR confirmed the site-specific
H3NT cleavage at Nfatc1 (P), Lif (CR), and Xpr1 (P+CR)
in induced versus noninduced control shRNA cells (Fig.
7C). In contrast, H3K18ac enrichment at all sites exam-
ined was remarkably similar between induced and nonin-
duced control shRNA cells (Fig. 7D). These results and the
findings above suggested that H3NT cleavage sites are se-
lectively targeted forH3K18 acetylation to activateMMP-
9 H3K18-Q19 proteolysis, resulting in a tailless H3 that is
exempt from enrichment by the H3K18ac ChIP. Consis-
tent with this model, significantly increased H3K18ac en-
richment at eachH3NT cleavage site, but not the flanking
noncleavage sites, was concurrent with the ablation of
H3NT cleavage at these sites in MMP-9-depleted 3-d
OCP-induced cells (Fig. 7C,D). Notably, the relative in-
crease of H3K18ac at each H3NT cleavage site observed
in MMP-9-depleted cells was directly proportional to the
relative decrease of H3K14ac observed in control shRNA
cells, suggesting thatH3K18 acetylation directly regulates
the sites and extent of MMP-9 H3NT protease activity
during osteoclastogenesis. Consistent with this, preclu-
sion of H3K18 acetylation at each H3NT cleavage site
was concurrent with the loss of H3NT cleavage at these
sites in CBP/p300-depleted 3-d OCP-induced cells despite
the presence of active MMP-9 in the nucleus (Figs. 4D,

7C,D). The collective results indicate that the targeted
CBP/p300-dependent acetylation of H3K18 at Nfatc1 (P),
Lif (CR), and Xpr1 (P+CR) is prerequisite but insufficient
for their expression, thereby further supporting the neces-
sity of H3NT proteolysis for their activation during
osteoclastogenesis.

Discussion

In this study, we discovered that MMP-9 is a novel H3NT
protease required for H3NT proteolysis observed during
osteoclastogenesis. Our data demonstrate that RANKL-
induced differentiation of primary mouse OCP cells facil-
itates the progressive nuclear accumulation and activity
ofMMP-9 concomitant with increasedH3NTproteolysis.
By applying our novel ChIPac-seqmethod, we determined
that many canonical osteoclastogenic genes are selective-
ly targeted for H3NT proteolysis during osteoclasto-
genesis. Depletion of MMP-9 or inhibition of MMP-9
activity abrogated H3NT proteolysis concurrent with im-
paired osteoclastogenic gene activation and defective os-
teoclast differentiation. Our collective results support a
model in which RANKL signaling inducesMMP-9-depen-
dent H3NT proteolysis at osteoclastogenic genes to regu-
late their expression necessary for proficient osteoclast

Figure 7. CBP/p300-mediated acetylation of H3K18 regulates the sites and extent of MMP-9 H3NT proteolysis. (A, left) Distribution of
all H3NT-cleaved genes displaying no change (blue) or significantly changed expression (red) between MMP-9-depleted and control 3-d
OCP-induced cells. (Right) Distribution of H3NT-cleaved genes dependent on MMP-9 for activation (green) or repression (black) in 3-d
OCP-induced cells. (B) Fold expression changes (Y-axis) ofNfatc1, Lif, andXpr1 normalized to β-actin in 3-d OCP-induced cells expressing
a control (blue), MMP-9-specific (red), or CBP/p300-specific (green) shRNA relative to noninduced OCP cells. (C ) ChIPac was performed
with H3K14ac-specific (H3NT) (left) and H3CT control (right) antibodies in 3-d control (−) or RANKL-induced (+) OCP cells expressing a
control (blue), MMP-9-specific (red), or CBP/p300-specific (green) shRNA (X-axis). qPCRwas performed at the promoters (P) (left) and cod-
ing regions (CR) (right) of Nfatc1 (P-cleaved), Lif (CR-cleaved), and Xpr1 (P+C-cleaved). Enrichments were plotted relative to noninduced
control shRNA OCP cells (first column) (Y-axis). The stars indicate H3NT cleavage. (D) ChIP-qPCR analysis of H3K18ac as described
above. The stars indicate significantly increased H3K18ac enrichment. See also Supplemental Figure 7.
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differentiation. Consistent with this, previous reports
demonstrated that chemical inhibition ofMMP-9 activity
in vivo attenuates osteoclast formation in juvenile mouse
calvaria, and MMP-9−/− mice display delayed long bone
development and defective bone fracture repair (Vu et al.
1998; Colnot et al. 2003; Cackowski et al. 2010; Franco
et al. 2011). Although these reports and our results indi-
cate the necessity of MMP-9 activity for osteoclast dif-
ferentiation, further studies are required to determine
whether MMP-9-dependent H3NT proteolysis and/or
other functions of MMP-9, independent of H3NT proteol-
ysis, are requisite for proficient osteoclastogenesis.

Despite increasing evidence supporting H3NT proteol-
ysis in epigenetic regulation, advances in the field have
been significantly impeded by the lack of a method to
define and investigate genomic regions targeted for
H3NT proteolysis in mammalian cells. In this study, we
describe the development of the ChIPacmethod as a gene-
ral approach to map and examine H3NT-cleaved regions.
Since H3K14 resides within the H3NT-cleaved fragment
and primarily exists in either an unmodified or acetylated
state in mammals, an H3K14ac-specific antibody was
used to selectively immunoprecipitate H3NT-containing
nucleosomes from artificially acetylated cross-linked
chromatin. ChIPac-seq in MMP-9-depleted OCP cells
that lack H3NT proteolysis validated the proficiency of
the H3K14ac antibody to capture all nucleosomes, as
the H3K14ac enrichment patterns were nearly identical
to H3CT control. Furthermore, ChIPac-seq in control
3-d OCP-induced cells that exhibit limitedH3NT proteol-
ysis identified a small number of genomic regions display-
ing significant reductions in H3K14ac enrichment,
indicative of nucleosomes lacking the H3NT. Inhibition
of H3NT proteolysis in 3-d OCP-induced cells rescued
H3K14ac enrichment, confirming that ChIPac with an
H3K14ac-specific antibody identified sites selectively tar-
geted for H3NT proteolysis during osteoclastogenesis.
These results validate the ChIPac-seq method to identify
H3NT-cleaved sites that most likely can be used in other
eukaryotic model systems. Application of ChIPac-seq in
this study resulted in the first demonstration of selective
H3NT proteolysis at specific genomic sites during mam-
malian differentiation.

It was previously reported that proteolysis of the H3NT
at gene promoters is directly correlated to transcriptional
activation during yeast sporulation (Santos-Rosa et al.
2009). In this study, ChIPac-seq similarly identified
H3NT-cleaved regions surrounding the TSSs of specific
protein-coding genes during osteoclastogenesis. Whereas
H3NT proteolysis occurred at yeast promoters, mouse
preosteoclasts displayedH3NT-cleaved regions that parti-
tioned as those that were promoter-specific (P), coding
region-specific (CR), or both (P+CR). The functional sig-
nificance for these differences, if any, is unclear. Regard-
less of H3NT cleavage location (P, CR, or P+CR), the
majority of genes targeted for H3NTproteolysis during os-
teoclast differentiation displayed concomitant significant
changes in expression. H3NT proteolysis correlated to
transcriptional activation for >82% of these genes during
osteoclastogenesis, similar to results in yeast, supporting

the direct role of H3NT cleavage in gene activation. Sev-
eral H3NT-cleaved genes were repressed andmany others
exhibited little difference in expression during differentia-
tion, suggesting that H3NT proteolysis regulates activa-
tion of specific groups of genes in a context-dependent
manner. In the context of RANKL signaling in OCP cells,
the activation of a group of canonical osteoclastogenic
genes necessary for osteoclast differentiation was directly
correlated to the selective H3NT proteolysis near their
TSSs. Inhibition of H3NT proteolysis at these sites signif-
icantly impaired their activation despite continuous
RANKL signaling, resulting in defective osteoclast differ-
entiation. Therefore, we postulate that distinct signaling
cues induce selective H3NT proteolysis to facilitate the
rapid activation of specific developmental genes neces-
sary for proficient differentiation.

Biochemical purification of preosteoclast nuclear ex-
tracts identified MMP-9 as a novel H3NT protease. De-
tailed investigation confirmed that MMP-9 is the
principal histone protease in preosteoclasts that selective-
ly cleaves the H3NT in vitro and in cells. Our collective
results strongly support amodel in whichMMP-9 directly
cleaves the H3NT to activate genes. However, we cannot
exclude the possibility that MMP-9 activity may also
regulate unknown factors necessary to facilitate H3NT
proteolysis and/or gene activation during osteoclastogen-
esis. Identification and examination of these factors are re-
quired to test the model. Regardless, our results are the
first to demonstrate proteolysis of histones by a metallo-
proteinase that therefore expands the spectrum of histone
proteases beyond the canonical serine and cysteine prote-
ase families (Dhaenens et al. 2015). While these findings
suggest possible histone proteolysis by the remaining
22 MMPs, this has yet to be determined. The P1 site of
the yeast PRB1 serine protease and mouse cathepsin cys-
teine proteases is H3A21 (Duncan et al. 2008; Duarte
et al. 2014; Khalkhali-Ellis et al. 2014; Xue et al. 2014).
In contrast, in silico analysis predicted H3K18 as the P1
site for MMP-9, which was confirmed experimentally.
The MMP-9 and PRB1 endopeptidases generate a single
major H3NT-cleaved product, whereas cathepsins gener-
ate progressively shorter H3 forms after T22 due to their
additional aminopeptidase activity. These enzymatic
and substrate differences support MMP-9 as the founding
member of a novel class of H3K18 proteases. Future dis-
covery of additional histone proteases will determine
whether MMP-9 is the sole H3K18 protease or whether
other members also belong to this class.

Based on our findings and previous reports, we postulate
that specific classes of H3NT proteases are used in a con-
text-dependent manner to facilitate distinct epigenetic
mechanisms due to their particular H3NT proteolytic ac-
tivities. In the context of mESC differentiation, the ca-
thepsin L H3A21 protease accumulates in the nucleus
and is required for H3NT proteolysis (Duncan et al.
2008). The resulting H3Δ22-cleaved product impeded
CBX7 chromodomain binding to H3K27me3 in vitro, sug-
gesting that proteolysis of H3 amino acids 1–21 reduces
the affinity of repressive H3K27me-binding proteins/
complexes, thereby facilitating gene activation in
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differentiatingmESCs. This putativemechanism of epige-
netic regulation may be conserved for H3A21 proteases
but is less likely to apply to H3K18 proteases, since an
H3Δ18 peptide did not impair H3K27me3–CBX7 binding
in vitro (Duncan et al. 2008). Although the primarymech-
anism of epigenetic regulation by H3K18 proteases re-
mains unknown, the contrasting H3NT activities and
epigenetic regulatory mechanisms observed between
MMP-9 and cathepsins may explain why each protease
is selectively used during differentiation of distinct cell
types.
During osteoclast differentiation, MMP-9 accumulates

in the nucleus concomitant with gelatinase activity and
H3NTproteolysis. Consistent with our results, increasing
evidence demonstrates MMP-9 nuclear localization and
activity in specific cell types and under certain physio-
logical conditions (Mannello and Medda 2012). The
mechanisms that facilitate MMP-9 nuclear translocation
remainunknown, but the lackof a nuclear localization sig-
nal supports the necessity of unidentified MMP-9-associ-
ated factors for transport. Our results demonstrate that
progressive MMP-9 nuclear accumulation during osteo-
clastogenesis is directly proportional to the extent of gelat-
inase activity and H3NT proteolysis. Robust gelatinase
activity and H3NT proteolysis were not observed prior
to preosteoclast formation despite nuclear localization
of the MMP-9 active form shortly after RANKL treat-
ment, suggesting that a threshold of MMP-9 abundance
regulates its nuclear protease activity. Furthermore, our
results support H3K18 acetylation as a key regulator of
MMP-9 activity. The specific acetylation of H3K18 was
necessary and sufficient for MMP-9 H3NT proteolysis of
nucleosome substrates in vitro, and, in preosteoclasts,
the sites and extent of H3NT cleavage were directly pro-
portional to the level of acetylated H3K18. Our results
demonstrating that H3NT proteolysis is dependent on
CBP/p300 activity but not other canonical H3K18 acetyl-
transferases support CBP/p300 as a central regulator of
H3K18ac-dependent H3NT proteolysis. It was recently
reported that CBP recruitment and histone acetylation at
the Nfatc1 promoter were directly correlated to Nfatc1
transcriptional activation during osteoclastogenesis, fur-
ther supporting the necessity of CBP/p300-mediated
H3K18 acetylation in regulating H3NT proteolysis and
gene activation (Park-Min et al. 2014). Importantly, our re-
sults demonstrate that the targeted acetylation of H3K18
at the H3NT cleavage sites of Nfatc1, Lif, and Xpr1 was
insufficient to induce their expression during osteoclasto-
genesis, supporting H3NT cleavage as a prerequisite for
their activation. We predict that modulation of H3NT
proteolysis byH3K18acetylation is a conserved regulatory
mechanism of many H3NT proteases, as cathepsin L
activity was also augmented byH3K18ac in vitro (Duncan
et al. 2008).
Previous reports demonstrated that other histone mod-

ifications also regulate the activity of H3A21 proteases.
Methylation of H3K27 augmented cathepsin L activity
in vitro, whereas acetylated H3K23 abrogated H3 proteol-
ysis in a dominantmanner (Duncan et al. 2008). Similarly,
H3K4me3 suppressed H3NT proteolysis in yeast, consis-

tent with the absence of H3K4me3 in the cleaved H3NT
peptides isolated from differentiating mESCs (Santos-
Rosa et al. 2009). In contrast to these reports, our results
demonstrate that H3K4 methylation, H3K23 acetylation,
andH3K27methylation are insufficient to regulateMMP-
9 activity in vitro. These findings suggest that distinct
H3NT proteases are differentially regulated by a specific
“histone code” that stimulates or inhibits their activity
(Strahl and Allis 2000). This may explain in part why
only limited H3NT proteolysis is observed during differ-
entiation and why MMP-9-dependent H3NT proteolysis
is detected at only a small number of defined regions dur-
ing osteoclastogenesis.
TheH3NTproteases generate a cleavedH3 product that

is transiently retained in chromatin during yeast sporu-
lation and mESC differentiation (Duncan et al. 2008;
Santos-Rosa et al. 2009). Although the rapid H3NT prote-
olysis identified at yeast promoters was insufficient for
gene activation, the cleaved H3 facilitated subsequent nu-
cleosome eviction at these promoters by unknownmech-
anisms concomitant with their activation. These findings
suggest the similar requirement of cleaved H3-mediated
nucleosome eviction for proficient gene activation during
mammalian differentiation. However, our results demon-
strate that cleaved H3 is retained within chromatin of
differentiated osteoclasts and that robust activation of
the H3NT-cleaved genes examined during osteoclasto-
genesis is independent of nucleosome eviction or histone
replacement near their TSSs. While retention of cleaved
H3 is observed in chromatin of terminally differentiated
and senescent cells, the functional significance between
retention and eviction/replacement of cleaved H3, as
observed in differentiating mESCs and human ESCs, re-
mains unknown (Duncan et al. 2008; Asp et al. 2011;
Duarte et al. 2014; Vossaert et al. 2014).

Materials and methods

Cell transduction, inhibition, chromatin extraction,Western blot
analysis, antibodies, chromatography, and PCR primers are de-
tailed in the Supplemental Material.

Cell culture

PrimarymouseOCP cells were derived,maintained, and differen-
tiated as previously described (An et al. 2014). Cells were fixed
and stained for tartrate-resistant acid phosphatase (TRAP) using
a TRAP kit (Sigma).

Recombinant proteins and H3 cleavage assays

His-tagged proteins were generated in Rosetta 2 (DE3) pLysS
Escherichia coli (Novagen) and purified as previously described
(Kim et al. 2008). Recombinant and native histone octamers
and nucleosome arrays were prepared as previously described
(Kim et al. 2012). Cell extracts or recombinant proteins were in-
cubated with 1 µg of histone octamer or 2 µg of nucleosomes ±
protease inhibitors, andH3NT cleavagewas determined byWest-
ern blot analysis. H3 peptides (amino acids 10–35) were synthe-
sized (EZBiolab) and incubated with rMMP-9 at increasing
concentrations. Peptide hydrolysis was measured using a plate
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chameleon spectrofluorometer (Hidex), and kinetic parameters
were determined by Michaelis-Menten analysis. For further de-
tails, see the Supplemental Material.

ChIPac-seq

Cells were fixed with methylene blue (Sigma). Cross-linking was
confirmed by SDS-CIA of extracted chromatin prior to acetyla-
tion with acetic anhydride. Acetylated chromatin was immuno-
precipitated with an H3K14ac-specific antibody (Active Motif)
or an H3CT antibody (Abcam). Libraries were constructed, se-
quenced, and aligned to the mm9 reference genome (Li et al.
2008). Each read was extended in the sequencing orientation to
a total of 200 bases to infer nucleosome coverage at each genomic
position. Signal density was calculated in sliding 1-kb windows,
and aligned reads were considered to be within a window of the
midpoint of its estimated fragment. Midpoints in each window
were counted, and empirical distributions of window counts
were created. Genomic bins containing statistically significant
regions were identified based on background distribution of
randomized reads specific for each sample (Kim et al. 2013b).
The ngs.plot was used to calculate the average coverage of
TSSs, and composite plots were generated by averaging reads in
200-base-pair (bp) windows (Shen et al. 2014). Peaks were anno-
tated with nonoverlapping genes from Ensembl. Kmeans cluster-
ing of tag densities ±4 kb of TSSs was determined in R (http://
www.r-project.org). For further details, see the Supplemental
Material.

RNA-seq

Libraries were generated from total RNA for sequencing. High-
quality reads were aligned to mm9 using TopHat in conjunction
with a gene model from Ensembl release 61 (Kim et al. 2013b).
Data were quantitated by counting the number of RPKM (reads
per kilobase per million mapped reads) (Mortazavi et al. 2008).
The values were adjusted globally by matching count distribu-
tions at the 75th percentile and then adjusting counts to a uni-
form distribution between samples. Differential expression was
estimated by selecting transcripts that displayed significant
changes (P < 0.05) after Benjamini and Hochberg correction using
a null model constructed from 1% of transcripts showing the
closet average level of observation to estimate experimental
noise. The gene list was ranked using fold change criteria.
GSEA and leading edge analysis were performed on the ranked
list using gene sets from the C2 collection of theGSEAMolecular
Signatures Database version 3.0 and several gene sets associated
with bone remodeling. For further details, see the Supplemental
Material.

Accession numbers

Sequencing data sets were deposited at NCBI Gene Expression
Omnibus (GSE72846 and GSE72957).
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