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ABSTRACT
As the most well-studied histone acetyltransferase (HAT) in yeast and mammals, general control nonderepressible 5 (GCN5)
was documented to play essential roles in various developmental processes. However, little is known about its role in osteogenic
differentiation ofmesenchymal stem cells (MSCs). Here, we detected the critical function of GCN5 in osteogenic commitment ofMSCs.
In this role, the HAT activity of GCN5 was not required. Mechanistically, GCN5 repressed nuclear factor kappa B (NF-kB)-dependent
transcription and inhibited theNF-kB signalingpathway. The impairedosteogenic differentiation byGCN5 knockdownwas blockedby
inhibitionofNF-kB.Most importantly, theexpressionofGCN5wasdecreased significantly in thebone tissue sectionsof ovariectomized
mice or agedmice. Collectively, these resultsmay point to theGCN5-NF-kB pathway as a novel potentialmolecular target for stem cell
mediated regenerativemedicineand the treatmentofmetabolic bonediseases suchasosteoporosis.©2015AmericanSociety for Bone
and Mineral Research.
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Introduction

Human mesenchymal stem cells (MSCs) can be differenti-
ated into osteoblasts, chondrocytes and adipocytes in

vitro depending on culture conditions.(1–3) Due to their ease
of isolation and lack of immunogenicity, MSCs have shown
strong potential in bone regeneration and tissue engineer-
ing. The capacity of MSCs to repair skeletal defects was
originally evaluated in experimental animal models and
subsequently in human osteogenesis imperfecta patients.(4)

Recent growing evidence has revealed that the final cell
fate decision of MSCs relies on an orchestrated activation
of lineage-specific genes and repression. For example,
Runx2 and Osx are considered master transcription factors
for osteogenic differentiation,(5–8) whereas the nuclear
hormone receptor peroxisome proliferator-activated recep-
tor g (PPARg) is a critical adipogenic regulator promoting
MSC adipogenesis.(9,10) Multiple signaling pathways, includ-
ing the Hedgehog, Notch, WNT, BMP, and FGF pathways,
have also been demonstrated to participate in the differenti-
ation of an osteoblast progenitor to a committed osteo-
blast.(11–18) In order to effectively harness MSCs for clinical

use, it is crucial to gain a better understanding of the
molecular mechanism underlying the differentiation of MSCs.

The transcription factor nuclear factor kappa B (NF-kB) is a
critical regulator of inflammation and immune signals.(19,20)

Recently, NF-kB was reported to play important roles in skeletal
remodeling and bone homeostasis by controlling the differenti-
ation of osteoprogenitor cells.(21–24) Selective inhibition of NF-kB
was demonstrated to block RANKL-induced osteoclastogenesis
both in vitro and in vivo and prevent inflammatory bone
destruction in vivo.(25) Moreover, RelA/p65, a subunit of NF-kB,
was demonstrated to promote osteoclast differentiation by
blocking RANKL-induced apoptosis.(26) In addition, activation of
NF-kB has been shown to prevent osteogenic differentiation of
MSCs and postnatal bone formation in vivo.(22,24) Thus, targeting
NF-kB may both promote bone formation and inhibit bone
resorption, and factors influencing its expression or transcrip-
tional activity may be potential targets for the regulation of
osteogenic differentiation.

General control nonderepressible 5 (GCN5) was identified as
the first histone acetyltransferase (HAT) related to transcriptional
regulation in 1996,(27) and its biological functions have
since been well-studied. This HAT performs both global and
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locus-specific histone acetylation, as well as acetylation of
nonhistone proteins such as transcriptional factors(27–29) HATs
are known to serve as coactivators of transcription and play
important roles for gene activation.(30) Although enrichment of
GCN5 has also been associated with genes that are repressed
during stress(31–33) no mechanism for how GCN5 contributes to
gene repression has been characterized. Although a few prior
studies have elucidated the role of GCN5 in regulating bone
morphogenetic protein signaling and mouse skeleton develop-
ment,(34,35) little is known regarding how GCN5 affects bone
formation andwhether this HAT is involved in themost common
bone disease osteoporosis.

In the present study, we first identified that GCN5 was
essential for the osteogenic differentiation of MSCs and played
an important role in osteoporosis. Mechanistically, GCN5
inhibited NF-kB signaling, which was demonstrated as a
negative regulator of osteoblast function. Notably, the
GCN5-promoted osteogenic differentiation was found to be
separable from its HAT activity, establishing this function as a
distinct property of GCN5.

Materials and Methods

Isolation and culture of MSCs

Primary human adipose-derived stem cells and bone marrow
MSCs were purchased from ScienCell Research Laboratories
(Carlsbad, CA, USA). To induce differentiation, MSCs were
cultured in osteogenic media containing 100mM/mL ascorbic
acid, 2mM b-glycerophosphate, and 10 nM dexamethasone.

Bone marrow samples were collected from sham, ovariecto-
mized (OVXed), younger (2-month-old) and older (16-month-
old) mice by flushing the femurs and tibias with complete
medium containing Dulbecco’s Modified Eagle’s Medium
(DMEM) (Invitrogen, Carlsbad, CA, USA), 10% fetal calf serum
(FBS) (PAA Laboratories GmbH, Linz, Austria), and penicillin/
streptomycin (Invitrogen). The bone marrow suspension was
concentrated, washed twice in DMEM, and then cultured at 37°C
with 5% CO2 atmosphere. Cells were collected after 2 weeks
when the MSCs had expanded.

Viral infection

For viral packaging, HEK293T cells at 80% confluency were
cotransfected with the lentiviral transfer plasmid (pLNB) vectors
with a mutant chicken b-actin (CBA) promoter for gene
expression or shRNAs, the lentiviral packaging plasmid (psPAX2)
(Addgene, Cambridge, MA, USA) and the VSV-G-expressing
envelope plasmid (pVSV-G) (Clontech Laboratories, Palo Alto,
CA, USA) using the PolyJet Transfection Reagent (SignaGen
Laboratories, Rockville, MD, USA) according to the manufac-
turer’s instructions. The cell culture supernatant was collected at
36, 48, and 60 hours after transfection, centrifuged, and filtered
through an Acrodisc filter with a 0.45-mm polyvinylidene
fluoride (PVDF) membrane (Pall Corporation, Port Washington,
NY, USA) to remove cellular debris. The viral particles were then
precipitated by centrifugation with PEG-it (System Biosciences
[SBI], Mountain View, CA, USA). The concentrated lentiviral
particles were titered, aliquotted, and stored at –70°C until ready
for use.

In order to facilitate tracking of the knockdown efficiency, we
generated lentiviral plasmids for coexpression of green fluores-
cent protein (GFP) or red fluorescent protein (RFP) with the
target shRNA separately. We constructed a GCN5 RNA

interference plasmid with a lentivirus vector expressing RFP,
and the recombinant p65 RNA interference vector was
established with a lentivirus vector expressing GFP.

The shRNA target sequences were: scrambled non-target
shRNA, GTCTCCACGCGCAGTACATTT; GCN5sh#1, CCATTCATTCC
CTGGCATTAA; GCN5sh#2, GGCTACCTACAAGGTCAATTA; RelA
sh#1, GCCTTAATAGTAGGGTAAGTT; and RelAsh#2, GCGCATC
CAGACCAACAACAA.

ALP staining

After 7 days of culture, cells were washed with PBS three times
and then fixed in 4% paraformaldehyde at room temperature
(RT) for 10min. Subsequently, the cells were washed in PBS
three times, incubated with a 5-bromo-4-chloro-3-indolyl
phosphate–4-nitro blue tetrazolium (BCIP/NBT) staining kit
(CWBIO, Beijing, China) solution for 15min at RT and rinsed
with water.

Quantification of ALP activity

Cells from six-well culture plates were washed three times with
ice-cold PBS and then treated with 500mL/well of 1% Triton
X-100 (Sigma, St. Louis, MO, USA) for 5min at RT for cell lysis.
Cells were collected with a cell scraper, sonicated on ice, and
then centrifuged at 4°C for 30min at 13000 g. The supernatants
were used for determining protein concentration using a
bicinchoninic acid (BCA) protein assay reagent (Prod#23225;
Pierce Thermo Scientific, Waltham, MA, USA) andmeasuring ALP
activity. ALP activity in cell lysates was measured using an ALP
assay kit (A059-2; Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) and normalized by the protein content. Each
experimental condition was repeated three times.

Alizarin Red staining and quantification

Analysis of mineralization was determined by Alizarin Red
staining. Cells were first rinsed with Milli-Q water (Millipore,
Billerica, MA, USA), fixed for 30min in 70% ethanol at 4°C, and
then rinsed with Milli-Q water. Calcium deposition was then
visualized after incubation with 2%Alizarin Red S pH 4.2. Alizarin
Red S was extracted by destaining with hexadecyl pyridinium
chloride monohydrate, and mineral accumulation was quanti-
fied on a microplate reader at 562 nm.

Real-time quantitative PCR

Total RNA was extracted with TRIZOL reagent (Invitrogen)
and precipitated with ethanol. To exclude potential contamina-
tion of DNA, RNA was treated with DNase I for 30min at 37°C.
cDNA was synthesized from 0.5 to 2mg of RNA with
oligonucleotide (dT) 18 primers by using the Quantscript RT
Kit (Tiangen, Beijing, China).

Real-time quantitative PCR (RT-qPCR) was performed on an
Eppendorf Mastercycler ep realplex (Eppendorf, Hamburg,
Germany) using the Fast-Start Universal SYBR Green Master
Mix (Roche Applied Science, Mannheim, Germany). Reactions
were carried out in a total volume of 20 mL containing 2 mL of
1:10 diluted template cDNA, 10mL of 2� SYBR green PCRMaster
Mix (Roche Applied Science, Mannheim, Germany) and 100 nM
of each primer. The following amplification programwas used in
all PCRs: 95°C for 10min, followed by 40 cycles of 15 s at 95°C,
and 1min at 60°C. The specificity of each amplified reaction was
verified by a dissociation curve (melting curve) analyses after 40
cycles, which was carried out by heating the amplicon from 60°C
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to 95°C. Moreover, the specificity of the PCR product was further
confirmed by 2% agarose gel electrophoresis. Each sample was
analyzed in triplicate wells, and no-template controls (without
cDNA in the PCR) were included. Data were collected and
quantitatively analyzed using realplex software.
The primer sequences used for the amplification of human

GAPDH, ICAM1, IL6, IL8, RUNX2, SP7, BGLAP, ALP, and COL1A1, as
well as mouse Gapdh, Gcn5, Il6, Il8, and Icam1 for RT-qPCR were
as follows: human GAPDH, (F) AAGGAGTAAGACCCCTGGACCA,
(R) GCAACTGTGAGCAGGGGAGATT; RUNX2, (F) ACTACCAGC-
CACCGAGACCA, (R) ACTGCTTGCAGCCTTAAATGACTCT; SP7, (F)
AACAGGAGTGGAGCTGGCCT, (R) GCCATAGTGAACTTCCTCCT
GGG; BGLAP, (F) CACCATGAGAGCCCTCACACTC, (R) CCTGCTTGG
ACACAAAGGCTGC; ALP, (F) TGTGTGGGGTGAAGGCCAAT, (R)
TCGTGGTGGTCACAATGCCC; COL1A1, (F) TGGTCCCAAGGGTAA-
CAGCG, (R) AACACCAACAGGGCCAGGCT; Il6, (F) GCCAGAGCT
GTGCAGATGAGT, (R) AGCAGGCTGGCATTTGTGGT; IL8, (F) AC-
CACACTGCGCCAACACAG, (R) TGCACCCAGTTTTCCTTGGGG;
ICAM1, (F) AGTGTGACCGCAGAGGACGA, (R) GGCGCCGG AAAG
CTGTAGAT; TNF, (F) GCCCAGGCAGTCAGATCATCTTC, (R)
ACAGGCTTGTCACTCGGGGT; mouse Gapdh, (F) ACAGCAACTCC-
CACTCTTCCAC, (R) AGTTGGGATAGGGCCTCTCTTG; Gcn5, (F)
TGGAAAAACCCCAAGCCCCC, (R) GGGACACATGGTCCGCCAAA;
Il6, (F)TTCCTCTCTGCAAGAGACTTCC, (R) TTGTGAAGTAGGGAA
GGCCG; Il8, (F) CTGCTGGCTGTCCTTAACCT, (R) GTCACAGG-
GACGGACGAAGA; and Icam1, (F)CCACTGCCTTGGTAGAGGTG,
(R) GTCAGGACCGGAGCTGAAAA.

Chromatin immunoprecipitation assay

Briefly, 2� 107 cells were cross-linked with 1% formaldehyde,
resuspended in lysis buffer on ice for 3min and fragmented by
sonication. Soluble chromatin was then diluted and subjected to
immunoprecipitation with the indicated antibodies. Immune
complexes were then precipitated with Protein A/G Dynabeads
(Life Technologies, Carlsbad, CA, USA), washed sequentially with
RIPA (0.5mM EGTA, 140mM NaCl, 10mM Tris-HCl, pH 7.5, 1%
TritonX-100, 0.01% SDS, 1mM EDTA and protease inhibitor) and
TE (50mMNaCl, 5mM EDTA, and 50mMTris-HCl [pH 8.0]) buffer.
After the cross-linking was reversed, the DNA was purified and
subjected to RT-qPCR analysis. Sequences of chromatin
immunoprecipitation (ChIP) primers were as follows: IL6,
(F) AAGGTTTCCAATCAGCCCCA, (R) TTCTCTTTCGTTCCCGGTGG;
IL8, (F) CTTGAGGCATCTGTGAGGGA, (R) ATGAGCCCCTTGACCAT
GTG; and ICAM1, (F) ATTCAAGCTTAGCCTGGCCG, (R) ATTT
CCGGACTGACAGGGTG.

Coimmunoprecipitation and Western blot

Nuclear extraction, total protein extraction, and Western blot
were performed as described.(36) The antibodies used were anti-
GCN5, anti-RelA, anti-H3, and anti-H3K9 (Cell Signaling, Danvers,
MA, USA); anti-NF-kB p65 (acetyl K310) and anti-NF-kB p65
(Abcam, Cambridge, UK); anti-actin and anti-tubulin (Santa Cruz
Biotechnology, Dallas, TX, USA). For immunoprecipitation, cells
were harvested and then lysed in a Nonidet P-40 buffer
supplemented with a Complete protease inhibitor mixture
(Roche). Whole-cell lysates were used for immunoprecipitation
with the indicated antibodies.

Bone formation in vivo

Nude mouse implantation was performed as described.(37)

Specimens of each group were harvested at 6 weeks after

implantation, and animals in each group were euthanized by
CO2 asphyxiation. The bone constructs were fixed in 4%
paraformaldehyde and then decalcified for 10 days in 10%
EDTA (pH 7.4). After decalcification, the specimens were
dehydrated and subsequently embedded in paraffin. Sections
(5-mm thickness) were stained with hematoxylin and eosin
(H&E) and Masson’s trichrome stain.

Sample preparation and histomorphometric analyses were
performed as described.(38) For quantification of bone-like
tissue, 10 images of each sample were taken randomly
(Olympus, Tokyo, Japan) and SPOT 4.0 software (Diagnostic
Instruments, Sterling Heights, MI, USA) was used to measure the
area of new bone formation versus total area.

Micro–CT analyses of mice

C57BL/6 mice were obtained from The Jackson Laboratory (Bar
Harbor, ME, USA). Mice were maintained in a pathogen-free
facility on a 12-hour light/dark cycle with water and food
provided ad libitum. All work was approved by the Peking
University Biomedical Ethics Committee Experimental Animal
Ethics Branch. Five-month-old mice were sham-operated (sham)
or ovariectomized (OVXed), and the OVXed mice presented
osteoporosis as described.(39) Mice were allowed 3 months to
recover from the ovariectomy surgery and then euthanized for
the related assays. Because osteoporosis is also an age-related
marker in mice,(40) female 2-month-old mice (young) and
16-month-old mice (old) were used in the study.

The proximal femur and tibia thoroughly dissected free of soft
tissue was fixed with 4% paraformaldehyde for 24 hours and
subsequently washed with 10% sucrose solution. Twelve
hours later, images were scanned at a resolution of 8.82 mm,
with tube voltage of 80 kV, tube current of 500mA, and exposure
time of 1500ms. A typical examination consisted of a scout
view, selection of the examination volume, automatic position-
ing, measurement, offline reconstruction, and evaluation.
Two-dimensional images were used to generate 3D reconstruc-
tions using multimodal 3D visualization software (Inveon
Research Workplace, Siemens, Munich, Germany) supplied by
the micro–computed tomography (mCT) system.

To evaluate the mass and microarchitecture in bone
between different groups, mCT was undertaken using an
Inveon MM system (Siemens). Images were acquired at an
effective pixel size of 8.82 mm, voltage of 80 kV, current of 500
mA, and exposure time of 1500ms in each of the 360 rotational
steps. Parameters were calculated using an Inveon Research
Workplace (Siemens) as follows: bone volume/total volume
(BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N),
and trabecular separation (Tb.Sp) in the trabecular region (1 to
2mm distal to the proximal epiphysis) according to guidelines
set by the American Society for Bone and Mineral Research
(ASBMR).(41)

Histology and immunofluorescence staining of MSCs and
bone sections

MSCs were incubated with monoclonal anti-nestin
(Lifespan Bio Sciences, 1:500) at 4°C overnight. After washing
with PBS three times, the cells were incubated with
appropriate secondary antibodies (1:100 dilution; Jackson
ImmunoResearch, West Grove, PA, USA) in the dark at room
temperature for 1 hour. The cells were imaged with a confocal
laser scanning microscope (LSM510; Carl Zeiss, Oberkochen,
Germany).
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Bones were fixed in 4% paraformaldehyde at 4°C under
constant agitation for 3 days and then decalcified in 14% EDTA
solution (EDTA dissolved inMilli-Qwater, with pH adjusted to 7.1
with ammonium hydroxide) at 4°C or room temperature under
constant agitation for 3 to 5 days (fresh 14% EDTA solution
was exchanged every 24 hours). Bones were then washed in
PBS for 2 hours, soaked in 30% sucrose in PBS at 4°C under
constant agitation overnight, and finally embedded in 22-oxa-
1,25-dihydroxyvitamin D3 optimum cutting temperature (OCT)
compound. Free-floating sections (30-mm thick) were processed
for immunohistochemistry as described(42) with minor mod-
ifications. The anti-GCN5 antibody (1:100 dilution; Abcam) and
the anti-p65 antibody (1:100 dilution; Abcam) were applied
overnight at 4°C. The secondary antibody used was Alexa Fluor
546–labeled-goat anti-rabbit IgG (1:2000 dilution; Invitrogen).
Cell nuclei were counterstained with Hoechst 33258 (Invitro-
gen). Fluorescence images were acquired with a confocal laser
scanning microscope (LSM510).

Statistical analysis

All statistical analyses were performed using the GraphPad
scientific software for Windows (GraphPad Software, Inc., La
Jolla, CA, USA). Comparisons between two groups were
analyzed by independent two-tailed Student’s t tests, and
comparisons between more than two groups were analyzed by
one-way ANOVA followed by a Tukey’s post hoc test. Data were
expressed as the mean� standard deviation (SD) of 3 to 10
experiments per group. Values of p <0.05 were considered
statistically significant.

Results

Knockdown of GCN5 inhibits differentiation of MSCs into
osteoblast cells

To evaluate the potential role of GCN5 in the process of
osteogenic differentiation, we first generated a stable cell line
with lentiviruses expressing GCN5 shRNA. The knockdown
efficiency was confirmed by immunofluorescence and Western
blotting (Supplemental Fig. 1A, Fig. 1A). After culturing theMSCs
in osteogenic media for 7 days, ALP activity was detected and
found to be significantly suppressed by GCN5 knockdown
(Fig. 1B, C). Moreover, the extracellular matrix mineralization, as
determined by Alizarin Red S staining and quantification, was
also impaired in GCN5 knockdown cells at 2 weeks after
osteogenic induction (Fig. 1D, E). To confirm that GCN5
depletion inhibited osteogenic differentiation, we investigated
several osteogenic markers when MSCs were treated with
osteogenic stimulation. As shown in Fig. 1F–I, in contrast to the
control cells, knockdown of GCN5 resulted in significantly
decreased mRNA expression levels of RUNX2, SP7, BGLAP, and
COL1A1. In addition, the osteogenic differentiation of MSCs
could also be blocked with another independent GCN5 shRNA
fragment but not with a random shRNA, excluding the
possibility of off-target effects (Supplemental Fig. 1B–G). Taken
together, these results indicated that GCN5 knockdown
inhibited osteogenic differentiation in vitro.

HAT activity of GCN5 is dispensable for its role in
osteogenic differentiation

In order to further verify the function of GCN5 in the osteogenic
differentiation process, we next established the GCN5 rescue

cell line with the vector, flag-GCN5 (wild-type [WT]) and
flag-GCN5Y621A/P622A (a GCN5 catalytically inactive acetyl-
transferase mutant)(43) (Supplemental Fig. 2A, Fig. 2A). As shown
in Fig. 2B, C, not only WT GCN5 but also the catalytic mutant of
GCN5 could promote the ALP activity in response to osteogenic
stimulation. Similarly, when MSCs were treated with osteogenic
media at 2 weeks, both WT and mutant GCN5 could enhance
the formation of mineralization nodules (Fig. 2D, E). Thus, the
regulation of osteogenic differentiation by GCN5 appeared to
be independent of its HAT activity. In addition, we detected the
expression of osteogenesis-associated genes in the GCN5
rescue cell line under osteogenic induction. These genes were
upregulated in both WT and the mutant GCN5-overexpressing
cells compared to the control cells (Fig. 2F–H, Supplemental
Fig. 2B, C). Together, these results demonstrated that GCN5
promotes osteogenic differentiation independently of its
HAT activity.

GCN5 is responsible for degradation of RelA and
suppression of the NF-kB signaling pathway

To investigate the molecular mechanism by which GCN5
promotes osteogenic differentiation of MSCs, we screened
several signaling pathways and key regulators of MSC
differentiation. Unexpectedly, we found that GCN5 was
responsible for the inhibition of NF-kB signaling. GCN5-deficient
cells showed increased expression of NF-kB–targeted genes,
such as ICAM1 and TNF, as well as IL6 and IL8 (Fig. 3A, B;
Supplemental Fig. 3A, B). Detection of the expression of NF-kB
targets in GCN5 rescue cells revealed that both WT and mutant
GCN5 effectively inhibited NF-kB–regulated genes (Fig. 3C, D;
Supplemental Fig. 3C, D). Moreover, GCN5 suppressed
NF-kB–dependent transcription, as determined by the
NF-kB–dependent luciferase reporter assay (Fig. 3E). We also
examined p65 recruitment to the promoters of the indicated
targeted genes using the ChIP assay. The deficiency of GCN5
was found to lead to increased promoter occupancy by p65
(Fig. 3F, G; Supplemental Fig. 3E). To further investigate the role
of GCN5 in the inhibition of the NF-kB pathway, Western blot
assays were first conducted to detect the protein level of p65 in
GCN5-deficient cells. Knockdown of GCN5 increased the nuclear
protein level of p65 (Fig. 3H). By contrast, p65 levels were
decreased in both WT and catalytically inactive mutant GCN5
rescue cells, whereas MG132 treatment could reverse the
GCN5-induced decrease of p65 (Fig. 3I). As acetylation
reportedly has been associated with increased NF-kB target
gene transcription and is required for p65 activation,(44,45) we
next investigated the p65 (acetyl K310) levels in both GCN5
knockdown and WT GCN5 overexpression cells. As shown in
Supplemental Fig. 3F, G, the p65 acetylation levels was positively
correlated with the p65 levels in GCN5-deficient and
GCN5-overexpressing cells. Moreover, analyses using a coim-
munoprecipitation (Co-IP) assay was conducted to verify the
interaction between p65 and GCN5 (Supplemental Fig. 3H). As a
whole, these results suggested that GCN5 inhibited NF-kB
signaling by mediating the proteasomal degradation of p65.

Regulation of osteogenic differentiation by GCN5 is
NF-kB–dependent

In order to clarify the functional connection between GCN5 and
NF-kB signaling in osteogenic differentiation, we generated
lentiviruses expressing p65 shRNA in GCN5 knockdown cells. As
shown in Fig. 4A and Supplemental Fig. 4A, p65 was effectively
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knocked down as determined by fluorescence and Western
blot analyses. When cells were treated with osteogenic media,
the decrease of osteogenic differentiation ability by GCN5
knockdown was effectively reversed in GCN5 and p65 double
knockdown cells, which was indicated by ALP quantification
(Fig. 4B). In addition, the decreased expression of RUNX2 caused
byGCN5deficiencywas also blockedby inhibition of p65 (Fig. 4C).
Upon treatment of MSCs with the NF-kB inhibitor BAY 11–7082,
NF-kB transcriptional activity showed a significant decrease
(Supplemental Fig. 4B). Next,we treatedGCN5knockdown cells in

the absence or presence of BAY 11–7082 in osteogenic media.
As shown in Fig. 4D, inhibition of NF-kB activity could reverse the
decrease in osteogenic differentiation caused by GCN5
knockdown. These results suggested that NF-kB was involved
in the GCN5-regulated osteogenic differentiation process.

To further support this speculation, we examined whether
the knockdown of GCN5 and p65 affected MSC-mediated
bone formation in vivo. GCN5 knockdown, GCN5/p65
knockdown or negative control cells were mixed with collagen
carriers and then transplanted into the dorsal side of nude mice.

Fig. 1. Knockdown of GCN5 inhibits the osteogenic differentiation of MSCs. (A) Knockdown of GCN5 was validated by Western blot. (B–C) GCN5
knockdown decreased ALP activity in MSCs. Control or GCN5 knockdown cells were treated with proliferation or osteogenic media for 7 days for ALP
staining (B), and cellular extracts were prepared to quantify ALP activity (C). (D, E) Knockdown of GCN5 inhibited mineralization in MSCs. Cells with or
without GCN5 knockdownwere treatedwith proliferation or osteogenic media for 14 days, and then calcium depositionwas observed using Alizarin Red
S staining (D) and quantified (E). The knockdown of GCN5-inhibited expression levels of RUNX2 (F), SP7 (G), BGLAP (H), and COL1A1 (I) in MSCs were
determined by RT-qPCR. All data are shown as the mean� SD, n¼ 3. ��p < 0.01, ���p < 0.001. pm¼proliferation media; om¼ osteogenic media;
Scrsh¼ control cells; GCN5sh¼GCN5 knockdown cells.
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After 6 weeks, transplants were harvested and prepared for
histological analysis. H&E and Masson’s trichrome staining
showed that GCN5 knockdown cells formed less bone tissues
than control cells and GCN5/p65 knockdown cells. Quantitative
measurements demonstrated that the area of bone formation

of the GCN5 knockdown group was significantly decreased
(p < 0.05) compared with the control group and GCN5/p65
knockdown group (Fig. 4E, Supplemental Fig. 4C). As a whole,
these results indicated the novel role of GCN5 in bone formation
in a NF-kB–dependent manner.

Fig. 2. Acetylase activity of GCN5 is dispensable for the regulation of osteogenic differentiation. (A) Rescue ofWT ormutant GCN5 cell line was validated
byWestern blot. (B, C) Overexpression of GCN5 increasedALP activity inMSCs. Control, WT, ormutant GCN5 rescue cells were treatedwith proliferation or
osteogenic media for 7 days for ALP staining (B), and cellular extracts were prepared to quantify ALP activity (C). (D, E) Overexpression of GCN5 promoted
mineralization in MSCs. Cells with WT or mutant GCN5 overexpression were treated with proliferation or osteogenic media for 14 days, and then calcium
deposition was observed using Alizarin Red S staining (D) and quantified (E). Overexpression of GCN5 promoted expression of RUNX2 (F), SP7 (G), and
COL1A1 (H) in MSCs as determined by RT-qPCR. All data are shown as the mean� SD, n¼ 3. ��p < 0.01, ���p < 0.001. pm¼proliferation media;
om¼ osteogenic media.
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Decreased GCN5 in osteoporotic bone marrow

Based on our above experiments, we considered the possibility
that GCN5 may be abnormally expressed in bone sections of
osteoporotic mice. Therefore, we established the OVXed mouse
model to test this hypothesis.mCT andH&E staining showed that
the trabecular bone was significantly reduced in OVXed mice as

compared with sham mice (Fig. 5A–C; Supplemental Fig. 5A, B).
Next, histological and immunofluorescence analyses of femur
sections from OVXed and sham mice were performed to detect
GCN5 levels, and those of OVXed mice showed reduced GCN5
staining (Fig. 5D, E). Aged mice are also useful mouse models of
osteoporosis. As shown in Fig. 5F and Supplemental Fig. 5C–F,

Fig. 3. GCN5 suppresses the NF-kB signaling pathway. (A, B) Knockdown of GCN5 increased IL6 and IL8 expression inMSCs as determined by RT-qPCR. (C,
D) BothWT andmutant GCN5 inhibited IL6 and IL8 expression inMSCs as determined by RT-qPCR. (E) Knockdown of GCN5 promoted NF-kB transcription
in MSCs as determined by luciferase reporter assay. (F, G) Occupancy of p65 on IL6 and IL8 gene promoters was analyzed by ChIP assay. (H) GCN5
deficiencywas associated with enhanced p65 expression. Nuclear cell lysates of GCN5 knockdown cells were subjected to immunoblotting with anti-p65
antibody. (I)Whole-cell extracts were analyzed by immunoblotting after transfectionwith an empty plasmid or a plasmid expressingWT ormutant GCN5,
in the presence or absence ofMG132 (2mM, for 12 hours). All data are shown as themean� SD, n¼ 3. ���p< 0.001. Scrsh¼ control cells; GCN5sh¼GCN5
knockdown cells.
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the trabecular bone morphometry showed significant bone
loss in 16-month-old mice. To further confirm that GCN5 is
associated with MSC fate commitments, we examined its
status in bone sections of aged mice. Compared with younger
2-month-old mice, immunohistochemistry and confocal
microscopy of femur sections in 16-month-old mice

showed decreased GCN5 staining (Fig. 5G, H). Moreover, we
observed increased p65 expression of femur sections in
16-month-old mice compared with younger 2-month-old mice
(Supplemental Fig. 5G, H). Similarly, compared with sham
mice, OVXed mice also showed increased p65 staining
(Supplemental Fig. 6A, B). We also stained for actin in both

Fig. 4. GCN5 regulates osteogenic differentiation in a NF-kB–dependent manner. (A) Double knockdown of GCN5 and p65 was validated by Western
blot. (B) ALP activity in control, GCN5 knockdown, and GCN5/p65 knockdown groups. (C) RUNX2 expression in control, GCN5 knockdown, and GCN5/p65
knockdown groups was determined by RT-qPCR. (D) RUNX2 expression in control, GCN5 knockdown, and GCN5 knockdownþ BAY 11-7082 groups was
determined by RT-qPCR. (E) H&E and Masson’s trichrome staining of histological sections from implanted MSC-scaffold hybrids. Scale bar¼ 50mm. All
data are shown as the mean� SD, n¼ 3. ���p < 0.001. pm¼proliferation media; om¼ osteogenic media. Scrsh¼ control cells; GCN5sh¼GCN5
knockdown cells; p65sh¼p65 knockdown cells.
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sham and OVXed bone sections, and no difference was
detected (Supplemental Fig. 6C). Moreover, no fluorescence
was detected when the primary antibody was omitted as
shown in Supplemental Fig. 6D.

Furthermore, we isolated MSCs from both 2-month-old and
16-month-old mice. Recently, mouse MSCs were found to
express nestin, which could be utilized to directly detect MSCs in
mouse bone marrow.(46) Many of the primary MSCs were

Fig. 5. Decreased GCN5 expression in osteoporotic bone marrow. Sixty mice were separated into four groups, with 15 mice per group (sham mice,
OVXedmice, 2-month-oldmice, and 16-month-old mice). (A) RepresentativemCT image and H&E staining of bone loss in OVXedmice. Scale bars formCT
and H&E represent 1mm and 50mm, respectively. (B) Trabecular number was reduced in OVXed mice. (C) Bone volume was reduced in OVXed mice.
(D) Histology and immunofluorescence analyses of bone sections from OVXed mice showed decreased GCN5 expression compared with sham mice.
Scale bar¼ 50mm. (E) Quantification of normalized GCN5 signals in D. (F) Representative mCT image and H&E staining of bone loss in 16-month-old
mice. Scale bars for mCT and H&E represent 1mm and 20mm, respectively. (G) Histology and immunofluorescence analyses of bone sections from
16-month-old mice showed decreased GCN5 expression compared with 2-month-old mice. Scale bar¼ 50mm. (H) Quantification of normalized GCN5
signals in G. (I) Expression of Gcn5 was reduced in MSCs from aged mice. (J) Expression of Gcn5 was reduced in MSCs from OVXed mice compared with
sham mice. All data are shown as the mean� SD, n¼ 3. ��p < 0.01, ���p < 0.001.
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nestin-positive cells as observed by immunofluorescence stain-
ing (Supplemental Fig. 6E), and RT-qPCR revealed that the
expression of Gcn5 was decreased in MSCs from 16-month-old
mice compared with those from 2-month-old mice (Fig. 5I).
Compared with sham mice, MSCs from OVXed mice also
displayed significantly reduced Gcn5 expression (Fig. 5J). By
contrast, expression of p65 target genes Il6 and Il8 increased in
agedmice,whereas the Icam1 expressiondisplayedno significant
change (Supplemental Fig. 6F–H).

Discussion

Our study demonstrated that GCN5 played an important role
in osteogenic commitment of MSCs, revealing a previously
uncharacterized function of the HAT GCN5. Interestingly, we
observed cross-talk between GCN5 and NF-kB through
investigation of the molecular mechanism. GCN5 was found
to inhibit NF-kB signaling in MSCs, and most importantly, the
HAT activity of GCN5 was determined to be not required for
this process. In addition, experiments in OVXed and aged
mouse models indicated that the metabolic bone disease
osteoporosis was associated with abnormal expression of
GCN5.

Upon differentiation of stem cells, relative levels of
epigenetic markers change to reflect the activation and
repression, guiding development toward one specific cell
lineage. Histone acetylation has long been associated with
transcriptionally active chromatin and histone deposition
during DNA replication,(47,48) and it has been reported to be
involved in osteogenesis recently. High levels of acetylated H3
and H4 histones during the proliferative period of osteoblast
differentiation were observed in the promoter and coding
region of the osteocalcin gene.(49) Moreover, downregulation
of histone deacetylase could promote osteoblast differentia-
tion.(50) However, the relationship between one specific HAT
and the osteogenic commitment of MSCs has not been
completely understood. In order to investigate the potential
role of the HAT GCN5, we established GCN5 stable knockdown
cells and detected that GCN5 deficiency impaired the
osteogenic differentiation capability of MSCs (Fig. 1A–I,
Supplemental Fig. 1B–G). However, contrary to our prediction,
the GCN5 catalytically inactive acetyltransferase mutant was
able to facilitate osteogenesis as well as WT GCN5 (Fig. 2).
Previous genetic evidence indicated that GCN5 has
HAT-independent functions. Deletion of GCN5 was shown to
lead to embryonic death soon after gastrulation, whereas loss
of GCN5 HAT activity caused neural tube closure defects.(51) A
recent report also showed that GCN5/PCAF could repress
IFN-b production and innate antiviral immunity in a
HAT-independent and nontranscriptional manner.(52) As dis-
cussed above, a property of GCN5 was uncovered, which is
separable from its known HAT activity in the current study.

In order to understand the molecular mechanism by which
GCN5 promotes osteogenic differentiation of MSCs, we uncov-
ered an unexpected crosstalk between GCN5 and NF-kB
signaling in MSCs. GCN5-deficient cells demonstrated increased
expression of NF-kB targeted genes (Fig. 3A, B; Supplemental
Fig. 3A, B). This transcriptional inhibition was further confirmed
by luciferase reporter and ChIP assays (Fig. 3E–G, Supplemental
Fig. 3E). Consistent with our observations, another group
reported the inhibition of NF-kB–mediated transcription by
GCN5 in 293 and U2OS cells.(53) They indicated that GCN5

interacts with RelA and promotes its ubiquitination, and most
importantly, GCN5-promoted RelA ubiquitination is separable
from its known HAT activity or the function of its Bromo domain.
Here, for the first time, we clarified that the suppression of NF-kB
signaling by GCN5 occurred in a HAT activity–independent
manner during osteogenic differentiation of MSCs (Fig. 3C, D;
Supplemental Fig. 3C, D). Growing evidence suggests that NF-kB
inhibits osteogenic differentiation of MSCs and bone formation
in vivo. In the current study, both knockdown of p65 and
treatment with the NF-kB inhibitor BAY 11-7082 were able to
reverse the impaired osteogenic differentiation in GCN5
knockdown cells. Furthermore, bone formation experiments
solidified our observations in vivo. Bio-Oss Collagen (Geistlich
Pharma North America Inc., Princeton, NJ, USA) transplantation
was used to identify the role of GCN5 and NF-kB in the
nude mouse xenograft model. The collagen facilitates handling
of the graft particles and acts to hold the Bio-Oss Collagen at the
desired place. It acts as a framework onto which bone-forming
cells and blood vessels can travel for formation of new bone.(54)

Taking advantage of this system, we substantiated the function
of GCN5 and NF-kB in vivo using H&E and Masson’s trichrome
staining.

Osteoporosis is one of the most common bone metabolic
diseases that is associated with a shift in MSC lineage
commitment. To examine the function of GCN5 in osteogenic
differentiation of MSCs, we detected the expression of GCN5
in osteoporotic mice. Histological and immunofluorescence
analyses of bone tissue sections revealed a significantly
decreased GCN5 level in OVXed mice or aged mice
(Fig. 5D, G). Combined with the in vitro data, the in vivo
study suggests that decreased GCN5 contributes to the
development of osteoporosis by influencing determination
of MSC fate choices in the bone marrow.

Based on the present findings, we propose a novel role of
GCN5 in the osteogenic commitment and development of
osteoporosis. This novel function of GCN5 may provide valuable
knowledge of the regulation of osteogenic differentiation of
MSCs and benefit development of cell-based therapies for a
diverse range of bone metabolic diseases.
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