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O-GlcNAc Modification of the runt-Related
Transcription Factor 2 (Runx2) Links
Osteogenesis and Nutrient Metabolism in Bone
Marrow Mesenchymal Stem Cells*s

Alexis K. Nagelt and Lauren E. Ball1§

Runx2 is the master switch controlling osteoblast differ-
entiation and formation of the mineralized skeleton. The
post-translational modification of Runx2 by phosphory-
lation, ubiquitinylation, and acetylation modulates its
activity, stability, and interactions with transcriptional
co-regulators and chromatin remodeling proteins down-
stream of osteogenic signals. Characterization of
Runx2 by electron transfer dissociation tandem mass
spectrometry revealed sites of O-linked N-acetylglucos-
amine (O-GlcNAc) modification, a nutrient-responsive
post-translational modification that modulates the ac-
tion of numerous transcriptional effectors. O-GicNAc
modification occurs in close proximity to phosphory-
lated residues and novel sites of arginine methylation
within regions known to regulate Runx2 transactivation.
An interaction between Runx2 and the O-GicNAcylated,
O-GlIcNAc transferase enzyme was also detected. Phar-
macological inhibition of O-GilcNAcase (OGA), the en-
zyme responsible for the removal of O-GIcNAc from
Ser/Thr residues, enhanced basal (39.9%) and BMP2/
7-induced (43.3%) Runx2 transcriptional activity in
MC3T3-E1 pre-osteoblasts. In bone marrow-derived
mesenchymal stem cells differentiated for 6 days in os-
teogenic media, inhibition of OGA resulted in elevated
expression (24.3%) and activity (65.8%) of alkaline phos-
phatase (ALP) an early marker of bone formation and a
transcriptional target of Runx2. Osteogenic differentia-
tion of bone marrow-derived mesenchymal stem cells in
the presence of BMP2/7 for 8 days culminated in de-
creased OGA activity (39.0%) and an increase in the
abundance of O-GlcNAcylated Runx2, as compared with
unstimulated cells. Furthermore, BMP2/7-induced ALP
activity was enhanced by 35.6% in bone marrow-derived
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mesenchymal stem cells differentiated in the presence
of the OGA inhibitor, demonstrating that direct or BMP2/7-
induced inhibition of OGA is associated with increased ALP
activity. Altogether, these findings link O-GlcNAc cycling to
the Runx2-dependent regulation of the early ALP marker
under osteoblast differentiation conditions. Molecular &
Cellular Proteomics 13: 10.1074/mcp.M114.040691, 3381-
3395, 2014.

Runx2 [also known as: core binding factor « 1 (CBFA1);
acute myeloid leukemia transcription factor 3 (AML3); poly-
oma enhancer-binding protein 2a (PEPB2a)] is a member of
the runt-domain gene family of DNA binding proteins
(Runx1, Runx2, and Runx3), which control the expression of
numerous genes involved in cell growth, proliferation, and
determination of cell lineage (1). Aberrant expression and
activity of Runx proteins are implicated in leukemia, metas-
tatic breast cancer, and defects in skeletal development and
bone remodeling (2-4). Runx2 is expressed during early
embryonic development in mesenchymal and cartilage con-
densations of the developing bone anlagen, and its tran-
scription, activity, and stability are tightly regulated (5-7).
Considered the master regulator of osteoblast differentia-
tion, Runx2 also contributes to chondrocyte maturation (8,
9) and, through these cell-types, controls intramembranous
and endochondral ossification culminating in the formation
of the mineralized skeleton (5, 6, 10). A gain-of-function
mutation of Runx2, resulting from duplication of exons 3 to
5, is linked to dysplastic long bone formation, enlarged
clavicles, and thickening of the cranial vault (11). Con-
versely, the rare autosomal dominant disorder, cleidocranial
dysplasia, has been traced to multiple loss-of-function mu-
tations within the Cbhfa1 gene, and is characterized by de-
fective formation or absence of the clavicle, enlarged
fontanelles, and dental abnormalities (9, 12, 13). Mice nul-
lizygous for Runx2 develop a cartilaginous skeletal frame-
work that fails to undergo mineralization caused by the
absence of osteoblasts, and these mice die at birth because
of respiratory failure (5, 10).
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Runx2 is post-translationally modified (PTM)' downstream
of a diverse set of signaling pathways whose coordinated
action controls osteoblast differentiation and bone develop-
ment. The expression of genes associated with matrix
formation, remodeling, and mineralization, such as alkaline
phosphatase (ALP), osteocalcin (OCN), osteopontin, bone
sialoprotein, and matrix metalloprotease 13 is governed by
Runx2 [reviewed in (14)]. Runx2 activation, interactions with
transcriptional and epigenetic co-regulators, and PTM status
are modulated by endocrine, autocrine, and paracrine signals
such as estrogen, vitamin D5, parathyroid hormone (PTH),
TGF-B and bone morphogenetic proteins (BMPs), fibroblast
growth factor (FGF), Wnt ligands, and insulin-like growth fac-
tor 1 (IGF-1) [reviewed in (1, 15, 16)]. Phosphorylation of
Runx2 by ERK/MAPK (downstream of IGF-1, BMP2 and 7,
and FGF2) (17-19), GSK3pB (downstream of Wnt/B-catenin)
(20), and PKA (downstream of PTH) (21) modulates transcrip-
tional activity and the specificity of target gene expression.
Runx2 activity is also regulated through interactions with ly-
sine acetyltransferases (e.g. p300, CBP) and class I/l histone
deacetylases (HDACs 3, 4, 5, and 6) (22-25), and acetylation
of Runx2 in response to BMP2-SMAD-p300, FGF-ERK, or
HDAC inhibition enhances Runx2 activity and markers of os-
teoblast differentiation (22, 26).

Previous studies have linked enhanced expression of dif-
ferentiation markers in chondrocytes and pre-osteoblasts
with elevated modification of proteins by O-linked N-acetyl-
glucosamine (O-GIcNAc), and suggested O-GlcNAcylation of
Runx2 contributes to osteoblast differentiation (27, 28). Cy-
cling of O-GIlcNAc modification on protein Ser/Thr residues is
essential to mammalian tissue specification, cell survival, and
embryonic development (29-32), and there are numerous
examples of O-GIcNAc modification impinging on phosphor-
ylated-mediated signal transduction (33-36). The entirety of
cellular O-GIcNAc cycling is controlled by the actions of the
highly conserved enzymes O-GIcNAc transferase (OGT) and
O-GIcNAcase (OGA). OGT catalyzes the transfer of GIcNAc to
target proteins utilizing the donor substrate UDP-GIcNAc, a
product of the hexosamine biosynthetic pathway that requires
glucose, glutamine, acetyl CoA, and ATP (37). Inheritance of a
null OGT allele is embryonically lethal at an early stage (31),
and the elucidation of mutations within the OGT coding region

" The abbreviations used are: PTM, post-translational modification;
ALP, alkaline phosphatase; BMMSC, bone-marrow derived mesen-
chymal stem cell; BMP2/7, recombinant human bone morphogenetic
protein 2/7 heterodimer; ETD, electron transfer dissociation; C18
nLC-MS/MS, C18 reversed phase nano-liquid chromatography tan-
dem mass spectrometry; GalNAz, azido-labeled N-acetyl-galactos-
amine; GalT1, galactosyltransferase; HCD, higher energy collisional
dissociation; HexNAc, N-acetylhexosamine; MMP13, matrix metallo-
proteinase 13; MW, molecular weight; OCN, osteocalcin; OGA, O-
GlcNAcase; O-GIcNAc, B-O-linked N-Acetylglucosamine; OGT, O-
GlIcNAc transferase; PEG, polyethylene glycol; PST, proline/serine/
threonine rich region; PTH, parathyroid hormone; Runx2, runt-related
transcription factor 2.

of Drosophila super sex combs, which display aberrant spatial
tissue patterning and increased lethality, led to the discovery
that OGT is a member of the multiprotein polycomb group
repressor (PcG) complex that regulates transcription of ho-
meotic genes during embryonic development (38, 39). O-
GIcNAc levels fluctuate in a tissue-specific manner during
embryogenesis (40), embryonic stem cell differentiation (41—
43), and during differentiation of mesenchymal stem cell-
derived osteoblast (murine and human), adipocyte, myoblast,
and chondrocyte lineages (27, 28, 44-46). In embryonic
stem cells, OGT localizes to the promoters of multiple tran-
scription factors critical to osteoblast differentiation including
Runx1, Runx2, Osterix, and Twist2 (47). Although we have
detected O-GIcNAcylation of proteins integral to the BMP2-
TAK1-MAPK signaling axis in pre-osteoblasts (44), the regu-
lation and contribution of O-GIcNAc cycling enzymes during
osteoblast differentiation and bone formation is virtually
unexplored.

The aim of the present study was to characterize sites of
Runx2 O-GIcNAc modification and evaluate the regulation of
O-GIcNAc cycling by BMP2/7 in osteogenic, murine bone
marrow mesenchymal stem cells (BMMSCs). Human Runx2
(type II; MASNS...), expressed in HEK293 cells, was charac-
terized by tandem mass spectrometry (MS/MS). O-GlcNAc
modification was detected within the N-terminal activation
domain and the C-terminal proline/serine/threonine-rich (PST)
region that governs Runx2 activity and interaction with tran-
scriptional co-regulators. A chemoenzymatic labeling strategy
was employed to verify O-GlcNAc modification of Runx2 in
osteogenic BMMSCs. Differentiation in the presence of
BMP2/7 was associated with a decrease in OGA enzyme
activity, as well as an elevation in global protein O-GIcNAcy-
lation. Pharmacological inhibition of OGA enhanced basal and
BMP2/7-stimulated Runx2 transactivation and ALP activity.
These data demonstrate for the first time O-GIcNAc modifi-
cation of the critical osteogenic transcription factor, Runx2, at
specific residues, and link O-GlcNAc cycling to the regulation
of the early osteoblast marker and Runx2 target, ALP, during
early osteoblast differentiation.

EXPERIMENTAL PROCEDURES

Materials— Cell line origins were as follows: mesenchymal stem
cells derived from bone marrow (BMMSCs) of C57BL/6 mice were
obtained from Invitrogen (Carlsbad, CA); immortalized HEK293A cells
are from Qbiogene (Carlsbad, CA); C57BL/6 calvarial MC3T3E1 pre-
osteoblasts (subclone E4) were from ATCC (Manassas, VA). Minimum
essential medium alpha («MEM) was obtained from Cellgro-Mediat-
ech (Manassas, VA). Fetal bovine serum (FBS), mesenchymal stem
cell (MSC)-verified FBS, and modified improved essential medium
(IMEM) were from Invitrogen (Grand Island, NY). Penicillin/streptomy-
cin and penicillin G/streptomycin/amphotericin antibiotic/antimycotic
solutions were from HyClone (Logan, UT). Human, N-terminal
3XFLAG-tagged runt-related transcription factor 2 (Runx2) (transcript
variant 1; GenBank accession #: NM 001024630) under the control
of the CMV promoter is from GeneCopoeia Inc. (Rockville, MD).
Antibody providers were as follows: the pan-specific, monoclonal
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O-GIcNAc  antibody raised against YSPTS(O-GIcNAC)PSK
(CTD110.6) was from ThermoScientific (Rockford, IL); GAPDH (H-12)
was from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA); Runx2
(D1H7) was from Cell Signaling (Danvers, MA); OGT antibody was
from Sigma-Aldrich (St. Louis, MO); MGEA5 (OGA) antibody was
from ProteinTech Group Inc. (Chicago, IL); anti-DYKDDDDK (FLAG)
epitope tag was from Fisher Scientific (Pittsburgh, PA); Secondary,
dye-conjugated goat anti-rabbit IRDye 680RD and goat anti-mouse
800CW IgG antibodies were from Li-Cor (Lincoln, NE). Immunoblots
employing the CTD 110.6 O-GIcNAc antibody were incubated with
the secondary Alexa Fluor goat anti-mouse 680 IgM antibody (Invit-
rogen). Thiamet G (48) was from Cayman Chemical (Ann Arbor, M)
and recombinant human bone morphogenetic protein 2/7 het-
erodimer was from R&D Systems Inc. (Minneapolis, MN).

Cell Culture—HEK293 cells were maintained in IMEM with 10%
heat inactivated FBS, 1% antibiotic/antimycotic. For production of
3XFLAG-tagged Runx2, cells were transfected with 4 pug plasmid
encoding the N-terminal 3XFLAG-tagged human Runx2 cDNA in the
presence of PolyFect transfection reagent (Qiagen). Cells were main-
tained in growth medium for 24 h after which they were washed twice
with unamended IMEM and incubated for an additional 18 h under
serum-fasting conditions (1% heat-inactivated FBS) in the presence
of Thiamet G (20 uMm). Alternatively, HEK293 cells were infected with
the AdBioR2 adenoviral vector (2 X 10° ifu/ml), which encodes the
Type Il (P1) isotype of murine Runx2 containing a minimal biotinylation
sequence tag for 24 h (kindly provided by Renny Franceschi, Univer-
sity of Michigan) (17, 49).

BMMSCs and MC3T3ET1 cells were maintained in «MEM with 10%
MSC-FBS, 1% penicillin/streptomycin. To induce osteogenesis,
BMMSCs were seeded at 1 X 10* cells per cm? in growth medium
and allowed to attach for 18 h. Cells were then provided with medium
containing ascorbic acid (50 ng/ml) and B-glycerol phosphate (5 mm)
(osteogenic medium). This time point was defined as Day 0. Addi-
tional parameters for differentiation of BMMSCs are described in the
appropriate subsections for specific experiments. All cells were incu-
bated at 37 °C under 5% CO, conditions.

Luciferase Assays—MCS3T3E1 cells were plated at a density of 2 X
10* cells/cm? and transfected with the indicated plasmids in the
absence of antibiotics using Lipofectamine 2000 (Invitrogen). Each
well was transfected with 2.5 ug of the 60SE2-luciferase reporter
gene [contains six copies of the Runx2-specific cis-regulatory ele-
ment (OSE2) (50)] and 0.025 g of the pGL4-hRluc reporter (Promega,
Madison, WI) in which Renilla reformis luciferase cDNA expression is
driven by the constitutive SV40 promoter. After 6 h, cells were washed
twice and incubated for an additional 48 h in growth medium con-
taining 5% serum and amended with Thiamet G, BMP2/7, or their
respective vehicles. Luciferase activity was assayed using the Dual-
Luciferase Assay System (Promega) with a FLUOstar OPTIMA plate
reader (BMG Labtech, Ortenberg, Germany).

LC-MS/MS Analysis of Runx2—HEK293 cells expressing 3XFLAG-
tagged Runx2 were sonicated in 50 mm Tris HCI (pH 7.4), 150 mm
NaCl, 1 mm EDTA, 1% Triton X-100 amended with protease/phos-
phatase inhibitors (1:100 HALT inhibitor mixture; Pierce, Rockford, IL),
and an OGA inhibitor, Thiamet G (20 um). Insoluble material was
removed from the supernatant by centrifugation and resuspended in
50 mm Tris HCI (pH 7.4), 150 mm NaCl, and 1 mm MgCl, with 250 U
(1% v/v) benzonase nuclease (EMD Chemicals, Inc., San Diego, CA)
for 1 h (4 °C) to release any additional DNA-bound transcription
factor. After spinning at 8000 X g the benzonase-digested fraction
was pooled with the previously collected supernatant.

Prior to the immunoprecipitation of Runx2, total protein was diluted
to 2 mg/ml with 50 mm Tris HCI (pH 7.4), 150 mm NaCl and precleared
with Protein A (ProtA) agarose beads (EMD Chemicals, Inc.) to re-
move nonspecific interactors. Beads were collected by centrifugation

and the supernatant was incubated with Anti-FLAG M2-agarose af-
finity beads (Sigma) for 18 h at (4 °C). Beads were washed extensively
with 50 mm Tris HCI (pH 7.4), 150 mm NaCl, and immunoprecipitates
were eluted 2-3 X with an equal bead volume of 2 X XT sample buffer
(BioRad), 10% B-mercaptoethanol at 100 °C for 5 min. Eluates were
pooled and stored at —80 °C until further analysis.

Immunoprecipitated protein was resolved on a 4-12% gradient
Criterion XT gel (BioRad) and zinc stained (E-Zinc reversible stain kit;
Pierce) to visualize Runx2 (521 aa; 56.6 kDa). The band corresponding
to Runx2 [61.1 kDa including 3XFLAG-tag/linker (~4.5 kDa)] was
excised and de-stained using E-zinc eraser solution (Pierce). Gel
pieces were washed twice for 10 min with ammonium bicarbonate
(100 mwm), dehydrated with acetonitrile, and dried by vacuum centri-
fugation. To reduce cysteine residues, gel pieces were then incubated
with dithiothreitol (5 mg/ml in ammonium bicarbonate for 30 min) prior
to alkylating in iodoacetamide (15 mg/ml in ammonium bicarbonate)
in the dark for 30 min. Gel pieces were again washed with ammonium
bicarbonate, dehydrated, and dried under vacuum prior to digestion
with trypsin (Promega) at 37 °C for 18 h. To extract peptides, gel
pieces were washed twice with 50% acetonitrile, 5% formic acid, and
then twice with 85% acetonitrile and 5% formic acid. Peptides were
dried under vacuum and reconstituted in 0.1% TFA.

For separation by C18 reversed phase nano-LC, peptides were
reconstituted in solvent A (2% acetonitrile and 0.2% formic acid) and
loaded on a 300 um i.d. X 5 mm trap column [C18 PepMap 100, 5
um, 100 A (Thermo Scientific)] and washed for 10 min in solvent A.
Peptides were then separated on a 75 um i.d. x 15 cm analytical
column [C18 YMC ODS-AQ 120 A S5 (Waters Corporation) packed-in
house] at 200 nl/min with a gradient of 3-50%B in 180 min (B = 98%
acetonitrile, 2% H,0, and 0.2% formic acid) using an Ultimate 3000
nanoflow system (Dionex). The top ten most abundant ions in the full
mass spectrum survey scan (m/z 400-1700; resolution 60,000) were
fragmented by higher energy collisional dissociation (HCD) (35%
normalized collision energy) on an Orbitrap Elite (ThermoScientific).
The presence of diagnostic HexNAc oxonium ions (m/z 138.06,
186.08, and 204.09) within the top 30 product ions in the HCD scan
triggered the acquisition of an electron transfer dissociation (ETD)
fragmentation spectrum of the precursor ions in the Velos ion trap.
Charge-state dependent reaction time for ETD fragmentation was
enabled. Because of the labile nature of the O-linkage by collisional
dissociation, supplemental activation was not utilized. Dynamic ex-
clusion was enabled with a repeat count of 3, a repeat duration of
30 s, and exclusion duration of 180 s. A lock-mass (m/z 445.120024)
was utilized for recalibration (51).

Data Analysis—Tandem mass spectra were searched against the
human Runx2 sequence (UniProtKB accession number: Q13950) us-
ing Proteome Discoverer v. 1.4.0.288 or a human UniProtKB protein
database using Maxquant 1.4.1.2. Within both searches trypsin was
selected as the proteolytic enzyme, allowing for a maximum of two
missed cleavages, and spectra were searched allowing for the fol-
lowing variable modifications: phosphorylation (STY; +79.97 Da),
HexNAc (STY; +203.08 Da); monomethylation (KR; +14.02); di-
methylation (KR; +28.03); trimethylation (K; +42.05); and oxidation
(M; +15.995). Cysteine carbamidomethylation was allowed as a static
modification. Also, an additional allowance for the neutral loss of
GlcNAc from precursor and fragment ions was enabled. Within Pro-
teome Discoverer dual search nodes (Mascot; SEQUEST HT) were
enabled. HCD and ETD spectra were searched with precursor ion
mass tolerances set at 20 ppm and fragment ion mass tolerances at
0.1 Da and 0.8 Da, respectively. Within Maxquant, spectra were
searched using the Andromeda algorithm (52) with precursor ion
mass tolerances set at 20 ppm for the first search, 5 ppm for the
second search, and fragment ion mass tolerances at 0.1 Da and 0.8
Da, respectively. A decoy database (reward) was employed to filter
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peptide identifications to an FDR <0.01. After the main database
search, unmatched tandem mass spectra were re-searched for un-
anticipated modifications using the dependent peptide feature. This
search reveals unanticipated mass shifts that may be of interest or
chemical artifacts that arise during sample preparation. The depen-
dent peptide search utilizes a database constrained to the peptides
positively identified in the first search. These results were filtered by
an FDR <0.1 and a positional probability of >0.99. With the exception
of the O-GIcNAc modified peptides, the positional probability of the
assigned sites of modification of all modified peptides reported was
>0.99. The search results are provided in supplemental Tables. The
sites of modification on reported peptides were manually confirmed
by comparing experimental sequence ions to theoretical fragment
ions generated by Protein Prospector 2 v. 5.10.8.

Immunoblotting and gPCR— For analysis of total cell lysate protein,
monolayers were washed twice with ice-cold PBS and lysed in 15 mm
Tris-HCI (pH 7.4), 150 mm NaCl, 1 mm EDTA, 1% Nonidet P-40
amended with protease, phosphatase, and OGA inhibitors (Thiamet
G). Insoluble material was pelleted at 8000 X g and soluble protein
saved for immunoblot analysis. Alternatively crude cytosolic and nu-
clear fractions were collected using NE-PER extraction reagents
(ThermoScientific) according to manufacturer’s instructions. Protein
concentration was determined by Bradford assay (ThermoScientific)
and total protein (25 pg) resolved by SDS-PAGE. After transfer to a
nitrocellulose membrane immunoblots were incubated with protein-
or modification-specific antibodies prior to detection with dye- con-
jugated secondary antibodies (1:20,000) on an Odyssey Infrared im-
aging system (Li-Cor). Image analysis was performed with Image
Studio Software v.2.1.10 for quantitation of antibody signal by
densitometry.

For mRNA analysis, total RNA was extracted from cells using the
RNeasy Mini Kit (Qiagen) and RNA concentration determined by UV
absorbance at 260 nm [NanoDrop 2000 UV-Vis spectrophotometer
(ThermoScientific)]. Messenger RNA (1 ng) was reverse transcribed
with iScript cDNA Synthesis (BioRad) reagents and cDNA ampilified in
the presence of SYBR Select Master Mix (Applied Biosystems, Foster
City, CA) and sequence specific primers on an StepOnePlus real-time
PCR system (Applied Biosystems). Primers used were as follows for
the following mouse (Mus musculus) gene products: ALP (liver/bone/
kidney), forward 5'-ATCGGAACAACCTGACTGACCCTT-3’, reverse
5'-ACCCTCATGATGTCCGTGGTCAAT-3’; peroxisome proliferator-
activated receptor (PPAR) v, forward 5'-ACATAAAGTCCTTCCCGCT-
GACCA-3', reverse 5'-AAATTCGGATGGCCACCTCTTTGC-3’; and
GAPDH, forward 5'-CAGCAAGGACACTGAGCAAG-3', reverse 5'-
GGTCTGGGATGGAAATTGTG-3'. Amplification parameters were as
described previously (44) and products were quantified with StepOne™
system software v2.0 (Applied Biosystems).

Chemoenzymatic Labeling of O-GIcNAc Modified Nuclear Lysate
Proteins—Chemoenzymatic labeling of proteins containing terminal
O-GlIcNAc residues with a 5122 Da polyethylene glycol mass tag
(PEG, 98% pure; Creative PEGWorks; Winston-Salem, NC) was used
to visualize glycosylation of Runx2 by immunoblotting (53). First,
azide-labeled galactose (GalNAz) is enzymatically incorporated onto
terminal GIcNAc residues utilizing a mutant galactosyltransferase
(Y298L pB-1,4-GalT1) enzyme. O-GIcNAc modified protein from
HEK293 cellular lysates or BMMSC nuclear lysates was labeled in this
manner in the presence of the GalT1 enzyme (4.8% v/v) and UDP-
GalNAz using the Click-iT O-GIcNAc Enzymatic Labeling System
(Invitrogen). Next, the alkyne-labeled PEG tag was reacted with
GalNAz in the presence of a copper [Cu(l)] catalyst using the Click-iT
Protein Analysis Detection kit (Invitrogen) according to the manufac-
turer’s instructions with the exception that the alkyne-labeled biotin
was replaced with alkyne-labeled PEG at 6 mwm final reaction concen-
tration (53). PEG-labeled protein was resolved by SDS-PAGE and

immunoblotted with a Runx2-specific antibody. To estimate the stoi-
chiometry of Runx2 O-GIcNAc modification in BMMSC nuclear ly-
sates we performed densitometry. The MW values of unmodified
Runx2 and the three most abundant PEG-labeled populations (e.g.
PEGH1, 2, and 3) were quantified relative to a protein standard (Preci-
sion Plus Protein standard; Bio-Rad). Average MW values for each
band were calculated from at least three independent replications. To
estimate the number of O-GIcNAc modifications present on Runx2
under Thiamet G conditions, the unmodified Runx2 MW value was
subtracted from the MW value of the PEG-labeled population, and
this value was then divided by the MW value of the PEG mass tag.

ALP Activity—ALP activity was assayed in BMMSC total cell ly-
sates using the Lab Assay ALP kit (Wako Pure Chemical Industries,
Osaka, Japan) according to the manufacturer’s instructions. For
these assays, BMMSCs were cultured in 5% FBS under osteogenic
conditions for 24 h (Day 1) before supplementing the medium with
Thiamet G (20 pm) or its DMSO vehicle (0.025% v/v final concentra-
tion). Cells were cultured for an additional 6 days (7 days total culture)
in the absence or presence of Thiamet G. The medium was replaced
on Day 4. For ALP activity assays, BMMSCs were lysed in 10 mm
Tris-HCI (pH 8.0), 1 mm MgCl,, 0.5% TX-100 (54) amended with
complete-mini EDTA-free protease inhibitor mixture (Sigma-Aldrich)
and OGA inhibitors [PUGNAc (50 um) or Thiamet G (20 um)]. Crude
lysate protein (20-40 pg) was incubated with p-nitrophenylphos-
phate for 15 min at 37 °C (pH 9.8). Sample absorbance was quantified
at 405 nm on a FLUOstar OPTIMA plate reader. ALP activity (U/ul)
was calculated for blank (buffer only) subtracted values relative to a
p-nitrophenol standard curve, were U is defined as 1 nmol p-nitro-
phenol released per minute. Enzyme activity was normalized by pro-
tein concentration (uwg/ul) determined by Bradford assay at 600 nwm.
For each experimental replicate, three monolayers were assayed in
duplicate. Alternatively, cell monolayers were stained to visualize ALP
activity. For this, cells were washed twice with PBS, fixed for 10 min
in 4% (v/v) paraformaldehyde in PBS with 0.3% (v/v) Triton X-100,
and then washed three more times with PBS before incubating with
Permanent FastRed Quanto stain (ThermoScientific) according to
manufacturer’s instructions. Plates were imaged and image quality
(brightness, contrast, red channel saturation) was adjusted equally
across represented images with Adobe Photoshop 7.0.1.

BMMSC Proliferation—To measure the effect of OGA inhibition on
BMMSC proliferation, cultures were incubated with 5-bromo-2'-de-
oxyuridine (BrdU) for 24 h prior to detection with the BrdU Cell
Proliferation Assay kit (Cell signaling Technology; Danvers, MA). BrdU
incorporation was quantified at 450 nwm.

OGA Activity—OGA activity was analyzed in BMMSC total cell
lysates by measuring the colorimetric conversion of p-nitrophenyl
N-acetyl-B-d-glucosaminide (p-NPAGA) to p-nitrophenol in a molar
excess of N-acetylgalactosamine (55). BMMSCs were cultured in
osteogenic medium for 24 h and the next day (Day 1) cells were
supplemented with BMP2/7 (50 ng/ml) or vehicle (4 mm HCl and 0.1%
BSA in PBS; brought to 0.5% v/v final concentration in culture media).
Cells were cultured for 8 days. The osteogenic medium was changed
on Days 3 and 6 at which time cells were resupplied with BMP2/7 or
its vehicle. BMMSCs were lysed in 15 mm Tris-HCI (pH 7.4), 150 mm
NaCl, 1 mm EDTA, and 0.5% Triton X-100 in the absence of Thiamet
G. Aliquots were reserved from each treatment replicate for subse-
quent quantitation of OGA protein levels by immunoblot. These ali-
quots were amended with Thiamet G (20 uwm) at the time of harvest to
inhibit residual OGA activity and stored at —80 °C for subsequent
analysis. For analysis of OGA activity, crude lysate protein (0.2-0.5
mg) in 100 wl lysis buffer was diluted 1:1 in reaction buffer (50 mm
sodium cacodylate, pH 6.4 and 0.3% BSA) in the presence of 2 mm
p-NPAGA and 50 mm N-acetylgalactosamine. All treatments assayed
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Fic. 1. Runx2 transcriptional activity is enhanced by inhibition of OGA. MC3T3E1 cells were transfected with the 60SE2-luc reporter and
the pGL4-hRLuc plasmid and incubated for 48 h in the absence or presence of both Thiamet G (20 um) and BMP2/7 (50 ng/ml). Firefly luciferase
activities (60OSE2-luc) were normalized to corresponding Renilla luciferase activities to control for transfection efficiency. Relative luciferase
activity was averaged across three independent replications and is expressed as a percentage of the vehicle control mean. On the right, lysate
protein (20 ng) from each treatment was immunoblotted for O-GIcNAc modification (CTD110.6), Runx2 and GAPDH as a loading control. Error

bars are = S.E.: p < 0.05 ().

for OGA activity in the absence or presence of Thiamet G, to control
for background signal.

Absorbance was measured at 405 nm at 25, 35, and 65 min. The
concentration (c) of p-nitrophenol (™ = 17.7) released by OGA was
calculated using Beer’s law (A5 = eLc). OGA activity (wmol/mg/min)
was determined from background subtracted-values, and averaged
across the three time points for each treatment replicate. To control
for potential variations in OGA protein expression, reserved lysate
protein was immunoblotted and OGA protein expression was quan-
tified by densitometry. Relative OGA expression for each treatment
replicate was determined by normalizing against GAPDH signal in-
tensity. OGA activity was then normalized by OGA protein expression.
Three monolayers were assayed per independent replicate.

Statistics—Data are represented as mean values = S.E. Statistical
significance was assessed using Student’s pairwise t test (@ = 0.05).

RESULTS

Pharmacological Inhibition of OGA Enhances Runx2 Activity
in MC3T3E1 Pre-osteoblasts— It was previously reported that
inhibition of hexosaminidases with O-(2-Acetamido-2-deoxy-
p-glucopyranosylidenamino) N-phenylcarbamate (PUGNAC)
in MC3T3E1 pre-osteoblasts amplified the effects of PTH and
forskolin on Runx2 transcriptional activity and osteocalcin
expression (28). To confirm that OGA inhibition, and the con-
comitant rise in protein O-GIcNAc modification, augments
Runx2-dependent transactivation, the activity of the 60SE2-
luciferase reporter gene was measured in MC3T3E1 pre-os-
teoblasts cultured in the presence or absence of BMP2/7 and
a selective OGA inhibitor, Thiamet G. BMP2/7 enhanced
Runx2 activity after 48 h as expected and inhibition of OGA
elevated Runx2 activity to a similar extent (Fig. 1). In the
presence of both BMP2/7 and Thiamet G, Runx2 activity was
further enhanced. Protein lysates probed for O-GlcNAc mod-

ification and Runx2 by immunoblotting confirmed the ex-
pected rise in total protein O-GlcNAc modification and dem-
onstrated that the increase in Runx2 activity was independent
of changes in Runx2 protein expression. Altogether these
results support previous findings by Kim et al. that Runx2
activity is enhanced through global elevation of O-GIcNAc
modification.

Runx2 is O-GIcNAc Modified Proximal to Phosphorylation
at Ser28—To identify sites of O-GIcNAc modification, Runx2
was characterized by tandem mass spectrometry. To facili-
tate mass spectrometric analysis, FLAG-tagged Runx2 was
expressed in HEK293 cells in the presence of Thiamet G. The
protein was affinity purified with anti-FLAG beads, gel puri-
fied, trypsin digested, and the peptides were analyzed by
tandem mass spectrometry (MS/MS) using higher energy col-
lisional dissociation (HCD) and electron transfer dissociation
(ETD). The presence of diagnostic N-acetylhexosamine
(HexNAc) product ions in the HCD MS/MS spectrum triggered
the acquisition of ETD fragmentation spectra, enabling unam-
biguous assignment of O-GlcNAc modification sites (56). Sev-
enty-eight percent of the Runx2 sequence was observed
(supplemental Table 1). One large peptide (residues 392-468)
containing the His/Thr/Tyr motif required for BMP2-induced
osteoblastogenesis (57) was not detected. The peptide
,6RFSPPSSSLQPGK;s was simultaneously phosphorylated
at Ser28 and O-GIcNAc modified. The ETD spectrum (Fig. 2A)
is consistent with fragmentation of the phosphorylated pep-
tide that is mono-glycosylated at Ser32 (c, and z4 ions at m/z
1059.74 and 613.72, respectively), whereas the ETD frag-
mentation pattern of the unphosphorylated, fully tryptic
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Fig. 2. Runx2 is O-GlcNAc modified
and co-immunoprecipitates with O-
GIlcNAc transferase. 3XFLAG-Runx2
was expressed in HEK293 cells for 24 h
before treating cells with Thiamet G (20
um) for 18 h. A, The ETD MS/MS frag-
mentation spectrum of residues 26-38
(557.60"° m/z) modified by phosphory-
lation at Ser28 and HexNAc at Ser32. B,
The ETD MS/MS fragmentation spec-
trum for residues 27-38 (717.86"2 m/z).
The fragmentation pattern observed in
the ETD MS/MS is consistent with co-
elution of two mono-glycosylated pep-
tides that are O-GIcNAc modified at
Ser32 (*zg and z, ions at m/z 614.66 and
903.80 respectively) or Ser33 (Xl z; at m/z
817.71). C, The ETD MS/MS fragmenta-
tion spectrum for residues 359-374
(617.64"° m/z). For (A-C) the correspond-
ing HCD MS/MS spectra (supplemental
Data) are annotated according to the
fragmentation pattern of the unmodified
peptide because of neutral loss of the
HexNAc moiety prior to peptide back-
bone dissociation. C, Aliquots from all
steps of the immunoprecipitation (IP)
procedure [total cell lysate (input);
post-IP supernatant (Flow); elimination
of nonspecifically binding proteins
(ProtA); post-IP anti-FLAG beads; elu-
tion of Runx2 (Runx2 IP)] were resolved
by SDS-PAGE and immunoblotted with
the indicated antibodies (bottom).
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TABLE |
Identification of O-GIcNAc modification, phosphorylation, and methylation sites on human Runx2

Peptide Residues Modification Site Ob(?;rz\jed [pAp%] Charge MMSégAeS dP gseg'r%]:(lj%
RFSPPSSSLQPGK 26-38  Phospho 28 489.90 0.36 +3  HCD, ETD Yes (17, 21, 58, 59, 88)
RFSPPSSSLQPGK 26-38 Phospho/HexNAc p28/g32  557.60 0.41 +3  HCD, ETD No
FSPPSSSLQPGK 27-38 HexNAc 32 717.86 1.52 +2  HCD, ETD No
FSPPSSSLQPGK 27-38 HexNAc 33 717.86 1.52 +2 HCD, ETD No
IPHPSMR 252-258 Methyl 258 426.23 —-0.56* +2 HCD No
VGVPPQNPRPSLNSAPSPFNPQGQSQITDPR 259-289 Methyl 267 1099.89 -5.63* +3 HCD No
VGVPPQNPRPSLNSAPSPFNPQGQSQITDPR 259-289 Dimethyl 267 110490 -6.72* +3 HCD Yes (62)
RISDDDTATSDFC[Cam] LWPSTLSK 338-358 Phospho 340 1248.55 —0.99 +2  HCD Yes (17, 21)
KSQAGASELGPFSDPR 359-374 HexNAc 371 617.64 0.01 +3 HCD, ETD No
QFPSISSLTESR 375-386 Methyl 386 683.35 —1.48 +2  HCD No
QFPSISSLTESRFSNPR 375-391 Methyl 386 984.01 0.15 +2  HCD No
QFPSISSLTESRFSNPR 375-391 Dimethyl 386 991.52 1.57 +2  HCD No

Bold residues denote localization of PTMs either by HCD or ETD MS/MS. [Cam] = carbamidomethyl. Peptide precursor masses were
recalibrated in MaxQuant. Mass errors of peptides only detected by Proteome Discoverer are indicated with an asterisk.

,-FSPPSSSLQPGK,g peptide is consistent with co-elution
and cofragmentation of the mono-O-GIcNAcylated peptide,
modified at Ser32 and Ser33 (Fig. 2B and Table I). The pep-
tide, residues 26-38 phosphorylated at Ser28, was also ob-
served without O-GIcNAc modification. Ser28 is phosphory-
lated downstream of ERK/MAPK, PI3K/Akt, and PTH/PKA
pathways (17, 21, 58, 59), and phosphorylation at this site has
been implicated in PTH-induced expression of MMP13 (21) as
well as invasive properties of metastatic breast cancer cells
(58).

Runx2 O-GIlcNAc Modification at Ser371—0O-GIcNAc mod-
ification was also identified within the C-terminal peptide,
350KSQAGASELGPFSDPR;-,, at Ser371 (Fig. 2C and Table I).
Residing within the PST-rich domain, this residue and those
immediately surrounding it are conserved among human
Runx1, Runx2, and Runx3. Phosphorylation of the homolo-
gous residue in Runx3 (Ser243) was previously detected in a
global phosphoproteomic analysis of Hela cells (60), and may
be a site of reciprocal or mutually exclusive modification.

All of the O-GIcNAcylated peptides observed exhibited the
expected neutral loss of the GIcNAc monosaccharide from
precursor peptide and fragment ions upon higher energy col-
lisional dissociation, as well as generation of three or more
diagnostic HexNAc fragment ions at m/z 126, 138, 144, 168,
186, or 204 (supplemental Data). The ETD fragmentation
yielded primarily ¢, z, and y ions, partial neutral loss of
HexNAc from the precursor ions, and, in some instances, neutral
loss of the HexNAc acetyl group. In addition to the complex
fragmentation pattern of O-GlcNAc modified peptides gener-
ated by MS/MS, identification of O-GIcNAc modification is
also complicated by the inability of MS/MS to distinguish
N-acetylglucosamine (GIcNAc) from N-acetygalactosamine
(GalNAc), which are isobaric and exhibit the same fragmen-
tation pattern. Thus the 203.2 Da mass increase occurring at
Ser, Thr, and Tyr residues is annotated as HexNAc. Proteins
containing a single O-linked GaINAc monosaccharide are typ-
ically associated with the endoplasmic reticulum, plasma
membrane, or are extracellularly localized (61).

O-GIcNAc Transferase (OGT) Co-immunoprecipitates with
Runx2—To further confirm O-GIcNAc modification of Runx2,
immunoprecipitated 3XFLAG-tagged Runx2 was immuno-
blotted with the monoclonal pan-specific anti-O-GIcNAc an-
tibody (CTD110.6) (Fig. 2D). In addition to a strong signal
corresponding to O-GlcNAc modified Runx2, the presence of
a prominent band at 110 kDa prompted us to probe for OGT,
which is known to be O-GIlcNAcylated and interact with chro-
matin remodeling proteins and transcription factors. The pres-
ence of endogenous OGT in Runx2 immunoprecipitates, but
not in the Protein A-agarose control, suggests a specific and
detectable interaction between the O-GIcNAc cycling enzyme
and Runx2.

Runx2 is Mono- and Di-methylated at Multiple Arginine
Residues—In addition to O-GlcNAc modification, multiple
sites of methylation were observed by MS/MS (Table I, sup-
plemental Tables). Arginine residues can be monomethylated,
symmetrically dimethylated, or asymmetrically dimethylated,
and we observed mono- (Me1) and dimethylation (Me2) of the
250VGVPPQNPRPSLNSAPSPFNPQGQSQITDPR,g peptide
at Arg267 (supplemental Data). This site of modification was
recently observed in a large-scale screen of asymmetrically
dimethylated proteins that were immunoaffinity enriched from
murine embryonic tissue (62). Novel sites of methylation were
also identified at Arg258 (Me1) (Fig. 3A) and Arg386 (Me1 and
Me2) (Fig. 3B and supplemental Data). Arg386 occurs in close
proximity to Ser388, which in murine type Il Runx2 is targeted
by the MAP3K mixed-lineage kinase 3 (MLK3), an upstream
regulator of ERK1/2- and p38MAPK-mediated Runx2 activa-
tion (59). This raises the possibility of functional regulation of
Runx2 phosphorylation by proximal methylation, which has
been described on other transcription factors such as FoxO1
(63, 64).

Runx2 is O-GlcNAc Modified in BMMSCs—Initial attempts
to confirm O-GIcNAcylation of Runx2 immunoprecipitated
from MC3T3E1 pre-osteoblasts were inconclusive because of
cross-reactivity of the CTD110.6 O-GlcNAc antibody with an
immunogen of similar molecular weight in IgG control immu-
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Fic. 3. Runx2 is mono- and di-methylated at multiple arginines. The HCD MS/MS fragmentation spectra for residues A, 252-258
(426.2372 m/z) and B, 375-386 (683.35"2) revealed mono-methylation of arginines 258 and 356. Annotated spectra of dimethylated peptides

are provided in the supplemental Data.

noprecipitates (data not shown). As an alternative approach,
O-GlcNAcylated Runx2 was chemoenzymatically labeled (53).
Briefly, a mutant galactosyl transferase (Y298L B-1,4-GalT)
catalyzes the transfer of azido-modified UDP-GalNAc
(GalNAz) to terminal GIcNAc moieties. Subsequently, a 5 kDa
polyethylene glycol (PEG) alkyne tag is reacted with the azido-
labeled sugar through azide-alkyne Huisgen cycloaddition to
slow the electrophoretic mobility of O-GlcNAc modified pro-
teins by SDS-PAGE. This strategy was initially applied to
lysates from Thiamet G-stimulated (18 h) HEK293 cells trans-
duced with an adenoviral construct encoding murine type Il
Runx2, which contains a minimal biotinylation sequence tag
(17). Labeled O-GlcNAcylated proteins were separated by

SDS-PAGE and probed for Runx2 by Western blot. Multiple
antibody reactive bands were detected above the unmodified
Runx2 band (Fig. 4A). The intensities of the two highest MW
bands were increased by OGA inhibition consistent with in-
creased O-GlcNAc modification.

Next, this strategy was applied to nuclear protein isolated
from bone marrow mesenchymal stem cells (BMMSCs) that
had been cultured under osteogenic conditions in the pres-
ence of BMP2/7 for 48 h, and then treated with Thiamet G
for 18 h. Three major mass-shifted Runx2 bands could be
visualized after chemoenzymatic labeling and immunoblot-
ting (Fig. 4B). The average MW of these bands (= S.E.) was
58.5 *+ 0.4 (unmodified Runx2), 63.9 + 0.2 kDa (PEG1),
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Fic. 4. Endogenously expressed Runx2 is O-GlcNAc modified in BMMSCs. Total or nuclear protein was chemoenzymatically labeled with
5 kDa PEG (+PEG), resolved by SDS-PAGE, and immunoblotted with the Runx2 antibody. As a negative control, reactions were performed
in the absence of the GalT1 enzyme (-GalT1). A, HEK293 cells were transduced with the AdBioR2 adenovirus encoding murine type Il Runx2
for 24 h before treating cells with Thiamet G (20 um) or its DMSO carrier with 1% serum (18 h). Total lysate protein (150 ng) was then
chemoenzymatically labeled, black arrows indicate mass-shifted, O-GlcNAc modified Runx2. B, BMMSCs pretreated with BMP2/7 for 48 h
under osteogenic conditions were incubated with Thiamet G with 1% serum (18 h). Nuclear protein (75 pg) was chemoenzymatically labeled
and the Runx2 protein detected by immunoblotting. The shift in MW of the most prominent bands were calculated to determine the number
of GIcNAc moieties on the protein. The relative abundance of O-GlcNAc modified Runx2 was estimated by densitometry. C, BMMSCs were
serum-starved (18 h) before stimulation with BMP2/7 (50 ng/ml) or its vehicle for 24 or 48 h under osteogenic conditions. Nuclear protein was
chemoenzymatically labeled in the presence or absence of GalT1 (+GalT1, 150 ug protein; -GalT1, 50 ug protein). The asterisk denotes an
unidentified protein that reacts with the Runx2 antibody but remains unchanged with chemoenzymatic labeling. Lamin A/C served as a loading

control.

78.5 = 1.7 kDa (PEG2), and 93.3 = 1.9 (PEGS), which
correspond to 0, 1, 4, and 7 sites of O-GlcNAc modification,
respectively. Two minor mass-shifted bands corresponding
to Runx2 proteoforms labeled at two or three O-GIcNAc
sites were also consistently observed between PEG1 and
PEG2 populations but these faint bands were below the limit
of quantitation. Densitometry was employed to estimate the
fraction of nuclear localized Runx2 that is O-GlcNAcylated
(Fig. 4B). The PEG1 band (1 O-GIcNAc) represented ~15%
of the total population, whereas PEG2 (4 O-GiIcNAc) and
PEGS3 (7 O-GIcNAc) bands made up ~21 and 5% of the total
population, respectively. The Runx2 antibody also detected
a band of unknown identity above unmodified Runx2, which
may represent a more heavily modified (e.g. phosphory-
lated) form of Runx2. This band (Fig. 4B*) was unaffected by

the chemoenzymatic reaction. Under conditions of Thiamet
G-treatment an estimated 40% of the nuclear Runx2 in
BMMSCs was O-GIcNAc modified.

BMPs are known to stimulate osteoblast differentiation by
increasing Runx2 phosphorylation and transactivation (17,
65). To test whether acute BMP2/7-stimulation alone affected
the relative abundance of Runx2 O-GIcNAc modification,
BMMSCs were serum-starved for 18 h and cultured under
osteogenic conditions for 24 or 48 h in the absence or pres-
ence of BMP2/7. Nuclear lysates were chemoenzymatically
labeled with the 5 kDa PEG mass tag. Although treatment with
BMP2/7 increased Runx2 protein levels and facilitated detec-
tion of the chemoenzymatically labeled protein, we did not
observe a change in the extent of Runx2 O-GlcNAcylation
(Fig. 4C).

Molecular & Cellular Proteomics 13.12

3389



Runx2 is O-GlcNAc Modified During Osteogenesis in BMMSCs

Inhibition of OGA Increases ALP Expression and Activity in
BMMSCs—To examine the impact of OGA inhibition on os-
teoblast differentiation at an early stage, we measured the
expression and activity of the Runx2-transcriptional target,
ALP, in BMMSCs induced toward the osteoblast lineage.
Cells were cultured for 6 days in medium containing 5%
serum, ascorbic acid, B-glycerol phosphate (66-69), and
Thiamet G or its vehicle. Differentiation toward the osteoblast
lineage was confirmed by measuring ALP and PPARg tran-
script expression, markers of osteoblast and adipocyte differ-
entiation, respectively (supplemental Fig. S1). As a positive
control, BMMSCs were also differentiated in the presence of
BMP2/7. Chronic pharmacological inhibition of OGA in-
creased global protein O-GIcNAc levels and induced an ex-
pected compensatory increase in OGA transcript and protein
expression (27) (Fig. 5A, supplemental Fig. S2). Furthermore,
treatment with Thiamet G increased ALP activity in a dose-
dependent manner (Fig. 5B) and increased ALP transcript
expression (Fig. 5C). On average, treatment with 20 um Thia-
met G enhanced ALP activity by 65.8% and ALP transcript
expression by 24.3% compared with vehicle treatments.

Immunoblot analysis also revealed a modest increase in
global O-GIcNAc modification in BMP2/7-treated BMMSCs
compared with vehicle controls (Fig. 5A), suggesting that
BMP2/7 may affect the activity of O-GIcNAc cycling enzymes.
To test this, we measured the expression and activity of OGA
in BMMSCs after 8 days of culture in osteogenic media.
Although OGA and OGT protein expression remained un-
changed (supplemental Fig. S3), OGA enzyme activity was
significantly decreased by 39.0% (Fig. 5D). To test whether
inhibition of OGA activity enhances BMP2/7-induced effects
on ALP activity, BMMSCs were cultured under 5% serum
osteogenic conditions for 6 days with 50 ng/ml BMP2/7 in the
presence or absence of Thiamet G. Compared with treat-
ments lacking the OGA inhibitor, addition of Thiamet G sig-
nificantly enhanced the effect of BMP2/7 on the induction of
ALP activity by 35.6% (p < 0.05) (Fig. 5E). In summary, these
data suggest that induction of the early osteogenic marker
ALP is associated with down-regulation of OGA enzyme ac-
tivity that can be induced by BMP2/7-treatment.

BMMSCs remain proliferative in culture for several days
past the point of visible confluence, creating a dense mono-
layer resulting from cell packing. To investigate whether OGA
inhibition affected BMMSC proliferation, the incorporation of
the BrdU pyrimidine analog into the DNA of actively prolifer-
ating cells was measured. BMMSCs were cultured in osteo-
genic medium containing 5% serum and amended with Thia-
met G (20 um), BMP2/7 (50 ng/ml), or their respective vehicles.
Although BMP2/7 increased proliferation as expected, Thia-
met G-treatment did not affect BMMSC proliferation at Days
2, 3, 4, or 6 (Day 6 time point shown in Fig. 5F), similar to a
previous report in lung and colon cancer cell lines (70).

DISCUSSION

The PTM of Runx2 allows for the discrimination of complex
signals that influence co-regulator interactions, localization,
and protein stability during osteoblast differentiation (15, 16).
We report for the first time novel sites of O-GlcNAc modifica-
tion and methylation on human type Il Runx2. A summary of
known and novel PTMs (this study), as well as regions of
protein and DNA interactions on Runx2, is provided in Fig. 6.
O-GIcNAc modification of endogenously expressed Runx2
was confirmed in BMMSCs by chemoenzymatic labeling, and
using this method it was estimated by densitometry that 40%
of the nuclear localized Runx2 pool was O-GlcNAcylated in
response to OGA inhibition. Additionally, the abundance of
O-GIcNAcylated Runx2 was enhanced with BMP2/7 treat-
ment, and inhibition of OGA augmented the activity of a
Runx2-specific luciferase reporter and the ALP marker under
both basal and BMP2/7-stimulated conditions. This suggests
that O-GIcNAc modification of Runx2 increases its transcrip-
tional activity, consistent with a previous report (28). To date,
we have observed three sites of O-GIcNAc modification on
Runx2 at S32, S33, and S371 that reside within known trans-
activation domains and that are proximal to regulatory sites of
phosphorylation. Ongoing studies are aimed at the mass
spectrometric characterization of Runx2 isolated from osteo-
genic cell lines to facilitate functional assessment of site-
specific Runx2 O-GIcNAc modification on transcriptional ac-
tivation and protein—-protein interactions.

Chronic treatment of BMMSCs with Thiamet G enhanced
the activity of the Runx2-target ALP, an early marker of dif-
ferentiation, in both unstimulated and BMP2/7-induced cells
after a week of culture. The timing associated with observed
effects of OGA inhibition on ALP expression are in-line with
studies in chondrocytes that showed increased ALP transcript
levels after 9 days of differentiation in the presence of Thiamet
G (27). Similarly, in human MSCs, altered regulation of ALP
activity by alanine-substitution at MAPK-regulated Runx2
phosphorylation sites were observed after 6 days (71). Of
note, Runx2 transcriptional activity was enhanced by Thiamet
G treatment after 48 h in MC3T3E1 pre-osteoblasts, a cell
stage approximated in BMMSCs after 6 days of culture under
osteogenic conditions. In addition to Runx2, Thiamet G may
also induce changes in ALP expression through regulation of
Msx2 or DIx5 which also target the promoter of the ALP gene
(ALPL) (72). Future studies utilizing site-directed mutagenesis
will more directly address the role of O-GIcNAc modified
residues of Runx2 on the regulation of ALP expression.

This study revealed the presence of a potentially novel
mechanism for BMP2/7 regulation of ALP expression. The
observation that BMP2/7 stimulation decreases OGA activity
suggests that regulation of O-GlcNAc modification may con-
tribute, in part, to the pro-osteogenic effects elicited by select
BMP growth factors. Previous studies demonstrate interac-
tions between OGT and ERK/p38MAPK pathway components
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Fic. 5. OGA mediates induction of the early osteogenic marker ALP. BMMSCs were cultured for 6 days (Days 1-7) in osteogenic medium
containing 5% serum and Thiamet G (0-20 um), BMP2/7 (50 ng/ml), or their respective DMSO and HClI vehicles (Vh). A, Changes in total protein
O-GlcNAc modification, OGT, and OGA protein levels in response to OGA inhibition or BMP2/7 treatment were probed by immunoblotting. B,
The effect of inhibition of OGA on ALP activity was measured in BMMSC lysates and fixed monolayers. OGA enzyme activity (Units/ug total
protein) is expressed as a percentage of the control (left panel). ALP staining of BMMSC monolayers treated with Thiamet G (20 um) or BMP2/7
(50 ng/ml) (right panel). C, Inhibition of OGA increases ALP mRNA transcript expression. Values are expressed as a percentage of control. D,
Chronic BMP2/7 treatment decreases OGA activity. BMMSCs were cultured in osteogenic medium containing 10% serum and BMP2/7 (50
ng/ml) or its vehicle. The enzyme activities of ALP and OGA were measured on Day 7 and Day 8, respectively. OGA activity was normalized
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Fic. 6. Post-translational Modifications and Protein Interactions of RUNX2. Cartoon of human type Il RUNX2 with previously described
sites of PTM (top) and novel sites of PTM identified in this study (below) indicated. Interactions with select transcriptional co-regulators are
indicated by gray arrows. QA: glutamine-alanine rich domain; RUNT: DNA-binding domain; NLS: nuclear localization sequence; PST:
proline/serine/threonine-rich domain; NMTS: nuclear matrix targeting sequence. A summary of known modifications on RUNX2 with references

can be found at www.phosphosite.org.

(40, 73, 74), and the close proximity of ERK and p38MAPK-
regulated sites of phosphorylation at Ser24, Ser28, and Ser31
(17, 59) to O-GIcNAcylation at Ser32 and Ser33, as well as the
simultaneous occurrence of O-GIcNAcylation and phosphor-
ylation of peptide residues 26-38, raises the possibility of
cooperativity among these modifications. ERK1/2 and
p38MAPK-dependent pathways are integral to proper bone
formation and osteoblast function, and are stimulated by
BMPs, FGFs, and insulin/IGF-1, as well as loading-induced
biophysical signals that result in activating phosphorylation of
Runx2 and increased bone formation (75, 76). The critical role
of the TGF-B activated kinase 1 (TAK1)-MAPK kinase 3/6-
p38MAPK-Runx2 axis was revealed in TAK1-deficient mice
that exhibited impaired Runx2 phosphorylation, activation,
and a skeletal phenotype similar that of Runx2-haploinsuffi-
cient mice (71). Sequential alanine-substitution at sites ho-
mologous to Ser31, Ser275, and Ser312 of the human Type Il
isoform additively attenuated BMP2/7-induced activation of
the OCN promoter by type | RUNX2, and the triple mutant
failed to drive osteoblast differentiation of human mesenchy-
mal stem cells (71). Also, simultaneous alanine-substitution of
Ser28, Ser301, and Ser319 (numbering for murine Runx2 type
Il, Ser294 and Ser312 human Runx2) attenuated the stimula-
tory effects of mixed lineage kinase 3 (MLK3), a MAP3K that
activates both p38MAPK and ERK1/2, on Runx2 transcrip-
tional activity (59). Very little is known regarding the upstream
regulation of OGA, and to our knowledge BMP2/7-mediated
inhibition of OGA activity has not been described.

Novel sites of arginine methylation (Arg258, Arg267, and
Arg386) were observed within the PST-domain close to the

runt-DNA binding domain and the nuclear matrix targeting
sequence (NTMS). Previous studies support a role for protein
methylation in the modulation of osteogenesis and bone
maintenance. S-adenosylmethionine (SAM), the universal do-
nor for the methylation of target residues (77), is depleted with
low folic acid intake, a condition associated with increased
fracture risk in the elderly (78-80). In chondrocytes the func-
tional interaction between the H3K9 histone methyltrans-
ferase ESET (i.e. SETDB1), Runx2, and HDAC4 represses
Runx2 responsive genetic programs that regulate terminal
chondrocyte differentiation during endochondral ossification,
and mesenchymal ESET-deficient mice display premature
chondrocyte hypertrophy, lower levels of trabecular bone for-
mation, and defective expression of mineralization markers in
long bones (81). Although it has yet to be determined whether
direct methylation of Runx2 affects its function, inhibition of
SAM methyltransferases in C2C12 stromal cells attenuated
BMP2-induced activation of Runx2 (78). This effect was not
observed in response to a specific reduction in DNA methyl-
ation, suggesting that methylation cycling at the protein level
is necessary for Runx2 transcriptional activation. We ob-
served methylation at Arg386 that occurs within close prox-
imity to phosphorylation at Ser388 (59). Recent studies dem-
onstrate mutually exclusive functions for protein arginine
methyltransferase (PRMT)-mediated methylation of FOXO1 at
Arg248 and Arg250, which antagonizes its AKT-mediated
phosphorylation at Ser253 and nuclear export (63, 64). It is
therefore possible that sites of methylation and phosphoryla-
tion may interact to influence Runx2 function.

by OGA expression as determined by densitometric analysis of immunoblots (supplemental Fig. S3) and is expressed as a percentage of the
control. E, OGA inhibition enhances BMP2/7-stimulated ALP activity as measured in lysates or monolayers. BMMSCs were cultured for 6 days
with BMP2/7 and Thiamet G (20 um) or its DMSO vehicle. ALP activity was determined on Day 7 by enzyme assay (top panel) or by staining
(lower panel). F, OGA inhibition does not impact the rate of cellular proliferation. The incorporation of BrdU was measured at A450 on Day 6
of differentiation of BMMSCs treated with Thiamet G or BMP2/7. BMP2/7- and serum-treatments were employed as positive and negative
controls for proliferation, respectively. Error bars are = S.E.: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***).
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Differential PTM of Runx2, its interacting co-regulators, and
associated histones provides a complex and dynamic mech-
anism for the regulation of bone remodeling in response to
hormones, nutrients, stress, and mechanical load, and the
effects of PTM cross-talk on the modulation of Runx2 function
are only beginning to be clarified. Such examples include the
partial dependence of FGF2-induced Runx2 acetylation on its
phosphorylation at the MEK1/2-regulated murine Ser301 site,
a process that regulates Runx2 ubiquitinylation and stability
(82). Also, phosphorylation modulates Runx2 interactions with
p300, CBP, and PCAF histone acetyltransferases and co-
repressors (HDAC4) (71, 83, 84), as well as the prolyl cis-trans
isomerase (PIN1)-mediated stabilization of Runx2 (85). Within
the Runx2 protein proximal sites of O-GIcNAc modification
and phosphorylation may be mutually exclusive (33, 86), or
may vyield distinct regulatory functions as suggested by a
study demonstrating that only 8% of O-GIcNAcylation sites,
(of over 1750 identified in murine synaptosomes), occurred at
phosphorylation sites (61). Additionally, the observed interac-
tion of Runx2 with OGT is consistent with this protein’s ability
to scaffold chromatin remodeling factors and co-regulators
such as HDACs 3-6, p300/CBP, retinoblastoma protein
(pRb), SMADs, SMURF1, TLE/Groucho, mSin3a, STAT1, glu-
cocorticoid receptor, etc. [reviewed in (16, 87)]. The availabil-
ity of modification-specific Runx2 antibodies will greatly facil-
itate elucidation of its PTM regulation and the co-occurrence
of modified Runx2 forms on activated promoters of genes that
drive osteogenesis.

In summary, we report O-GIcNAc modification and methyl-
ation of the critical transcription factor Runx2. We also pres-
ent findings that suggest a role for OGA in the modulation of
Runx2-dependent pathways that influence the production
of the ALP matrix maturation marker during early phases of
osteoblast differentiation. Our findings link the activity of O-
GlcNAc cycling enzymes to the regulation of osteoblast func-
tion, and have implications for pathological bone loss ob-
served under conditions of dysregulated nutrient metabolism
such as type | and type Il diabetes and age-related osteopenia
and osteoporosis. It remains to be determined whether O-
GIcNAc modification of Runx2 increases expression of gene
targets such as ALP through direct effects on DNA-binding
and transactivation, or through modulation of functional com-
plex formation, which allows discrimination of complex up-
stream signals governing Runx2-dependent transcriptional
programs.
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