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Abstract

Osteoblast differentiation is controlled by transcription factor RUNX2 which temporally activates
or represses several bone-related genes, including those encoding extracellular matrix proteins or
factors that control cell-cell and cell-matrix interactions. Cell-cell communication in the many
skeletal pericellular micro-niches is critical for bone development and involves paracrine secretion
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of growth factors and morphogens. This paracrine signaling is in part regulated by ‘A Disintegrin
And Metalloproteinase’ (ADAM) proteins. These cell membrane-associated metalloproteinases
support proteolytic release (‘shedding’) of protein ectodomains residing at the cell surface. We
analyzed microarray and RNA-sequencing data for Adam genes and show that Adam17, Adam10
and Adam9are stimulated during BMP2 mediated induction of osteogenic differentiation and are
robustly expressed in human osteoblastic cells. ADAM17, which was initially identified as a tumor
necrosis factor alpha (TNFa) converting enzyme also called (TACE), regulates TNFa-signaling
pathway, which inhibits osteoblast differentiation. We demonstrate that Adam1 7 expression is
suppressed by RUNX2 during osteoblast differentiation through the proximal AdamZ17 promoter
region (—0.4 kb) containing two functional RUNX2 binding motifs. Adam17 downregulation
during osteoblast differentiation is paralleled by increased RUNX2 expression, cytoplasmic-
nuclear translocation and enhanced binding to the AdamZ17 proximal promoter. Forced expression
of Adam17reduces Runx2and Alp/expression, indicating that Adam17 may negatively modulate
osteoblast differentiation. These findings suggest a novel regulatory mechanism involving a
reciprocal Runx2-Adam17 negative feedback loop to regulate progression through osteoblast
differentiation. Our results suggest that RUNX2 may control paracrine signaling through
regulation of ectodomain shedding at the cell surface of osteoblasts by directly suppressing
Adam17expression.
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INTRODUCTION

Differentiation of osteoblastic lineage cells requires the complex genetic and biochemical
interplay of gene regulatory signaling pathways, including BMPs, WNTs, FGFs, PTH, IGF,
GPNMBJ/osteoactivin, CTGF/CCNZ2 and several key transcription factors (e.g., RUNX2,
OSX/SP7, DLX5, ATF4, SATB2) (Stein et al., 2004; Long, 2011; Yang et al., 2011; Zhu et
al., 2011; Artigas et al., 2014; Shimizu et al., 2014; Sondag et al., 2014; Hendesi et al., 2015;
Hurley et al., 2016; Li et al., 2016). The essential role of RUNX2 during osteoblast
maturation is reflected by severe bone phenotypes resulting from genetic mutations that
abrogate the normal functions of RUNX2, its partner CBFB, or its downstream target
Osterix/SP7 in mouse models and human disease (Stein et al., 2004; Liu et al., 2011; Long,
2011; Yoshida et al., 2012; Okura et al., 2014; Lim et al., 2015; Qin et al., 2015; Takarada et
al., 2016). Consistent with the central role of RUNX2 in skeletal development and bone
formation, the expression of the Runx2 gene is tightly controlled by chromatin-dependent
mechanisms, multiple protein/DNA interactions and three-dimensional chromatin loops
(Hovhannisyan et al., 2013; Barutcu et al., 2014; Kawane et al., 2014; Tai et al., 2014; Rojas
et al., 2015; Aguilar et al., 2016). In addition, Runx2 expression is post-transcriptionally
controlled by multiple miRNAs that regulate osteoblast differentiation (Kapinas et al., 2010;
Zhang et al., 2011; Lian et al., 2012; Zhang et al., 2012; Smith et al., 2016) and the mitotic
partitioning of Runx2 mRNA in proliferating osteoblasts (Varela et al., 2016). The broad
biological functions of RUNX2 in osteoblasts are reflected by its intrinsic ability to activate
a large cohort of target genes in a cell-stage specific manner (Teplyuk et al., 2009a; Teplyuk
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et al., 2009b; Hawse et al., 2011; Purcell et al., 2012; van der Deen et al., 2012; McGee-
Lawrence et al., 2013a; McGee-Lawrence et al., 2013b; Yang et al., 2013; Meyer et al.,
2014; Wu et al., 2014).

The ADAM (A Disintegrin and Metalloproteinase) proteins are a family of transmembrane
metalloproteinases containing an extracellular catalytic domain implicated in ectodomain
shedding of different cell surface proteins (i.e, growth factors, cytokines, receptors and cell
adhesion molecules). The ADAM proteins are closely related to ADAMTS (A Disintegrin
And Metalloproteinase with Thrombospontin motifs), a group of secreted metalloproteinases
that mediate proteolytic processing or degradation of specific extracellular matrix (ECM)
molecules (e.g. pro-collagen and aggrecan). ADAM proteins may affect the bone micro-
niche through juxtacrine and paracrine effects by cleaving extracellular regions of cell
surface associated proteins (ectodomain shedding). For example, these proteins have potent
effects on multiple regulatory pathways including those involving fibroblast growth factor
receptor 2 (FGFR2), insulin-like growth factor binding protein 5 (IGFBP5), interleukin-6
receptor (IL6R) and Notch receptors in osteoblasts (Inoue et al., 1998; Dallas et al., 1999;
Mohan et al., 2002; Pan et al., 2004; Franchimont et al., 2005; Chan et al., 2012; Tan et al.,
2016). Other roles that ADAMSs perform in the bone micro-environment include effects on
Notch modulators, receptor activator of NF-kappaB ligand (RANKL), as well as other
mechanisms in osteoclasts, chondrocytes and bone-metastatic tumor cells (Hikita et al.,
2006; Karadag et al., 2006; Hall et al., 2013; Zhou et al., 2014). To gain insight into the
biological roles of ADAM proteins in osteoblastogenesis and bone formation, it is necessary
to assess which Adam genes are expressed in bone cells.

Previous studies have shown that ADAM (ADAMS, 9, 10, 12, 15, 17 and 19) and ADAMTS
(ADAMTSL, 4 and 5) family members are expressed in osteoblastic cells and bone tissue
(Harris et. al., 1997; Kurisaki et. al., 1998; Miles et. al., 2000; Mohan et. al., 2002; \Verrier
et. al., 2004; Lind et. al., 2005; Nakamura et. al., 2005; Rehn et. al., 2007) and has been
demonstrated that some of them shown significant changes in its expression levels during
osteoblast differentiation (Inoue et. al., 1998; Govoni et. al., 2006). Moreover, Adamts4 and
Adamts5 genes have been reported to be direct downstream targets of RUNX2 in
chondrocytes (Thirunavukkarasu et. al., 2006; Thirunavukkarasu et. al., 2007; Lin et. al.,
2009; Kadri et. al., 2010; Tetsunaga et. al., 2011). Collectively, these data suggest that Adam
and Adamts genes are differentially expressed during osteoblast differentiation and that
RUNX2 may transcriptionally control the expression of members of the ADAM and
ADAMTS families. Particularly, conditional inactivation of Adam17gene in
osteochondroprogenitor cells results in several defects including increased osteoblast
numbers, suggesting potential functions related to bone formation (Horiuchi et. al., 2009).
ADAML17, also known as TNF-a converting enzyme (TACE), is a membrane-anchored
metalloproteinase that cleaves diverse cell surface proteins (i.e, cytokines, cell adhesion
proteins and cell growth factor receptors) including, interestingly, the type Il membrane-
bound precursor of TNFa, a known inhibitor of osteoblast differentiation (Gilbert et al.,
2000). Because of pleiotropic defects observed in Adam17 conditional knockout mice, we
dissected molecular mechanisms controlling AdamZ 7 functions using cell culture models.
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In this study, we show that osteoblastic cell types express multiple members of the ADAM
family and the relatively abundantly expressed members ADAM9, ADAM10 and ADAM17
exhibit significant changes in gene expression levels during osteogenic differentiation. We
show that RUNX2 directly attenuates Adam17gene expression via selective recruitment of
RUNX2 through a functional binding site contained in the proximal promoter of the
Adam17 gene and that the C-terminal transactivation region of RUNX2 is essential for
repression of the Adam17 promoter. Our study suggests that RUNX2 may control
ectodomain shedding in the pericellular micro-environment of osteoblasts to control the cell-
cell communication through the regulation of Adam7 gene expression.

MATERIALS AND METHODS

Cell Culture

Mouse MC3T3-E1 osteoblasts, mouse pre-myogenic mesenchymal C2C12 precursor cells,
rat osteosarcoma ROS17/2.8 cells and human osteosarcoma cell lines (SAOS-2, MG63,
U20S, G292, HOS and 143B cells) were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). Immortalized mouse Runx2 null (Runx27/7)
calvarial osteoprogenitor cells were described previously (Bae et al., 2007). Cells were
maintained in culture medium supplemented with 5-15% fetal bovine serum (FBS)
(HyClone Laboratories Inc, Logan, UT, USA) plus 2mM L-glutamine and a penicillin-
streptomycin cocktail at 37°C and 5% CO», humidified atmosphere MC3T3-E1 and Runx2~/
~ cells were cultured in a MEM medium (Gibco, Grand Island, NY, USA) supplemented
with 10% FBS. C2C12 cells were cultured in DMEM medium (Gibco, Grand Island, NY,
USA) supplemented with 10% FBS. ROS17/2.8 cell were grown in F12 medium (Gibco,
Grand Island, NY, USA) supplemented with 5% FBS. SAQOS cells were maintained in
McCoy’s medium (Sigma-Aldrich, St Louis, MO, USA) supplemented with 15% FBS.
U20S and G292 cells were cultured in McCoy’s medium with 10% FBS. MG63 and HOS
cells were grown in DMEM medium with 10% FBS. 143B cells were maintained in DMEM
medium, 1mM sodium pyruvate, 100 pg/ml of bromodeoxyuridine and 10% FBS. The
growth medium was changed every 2 days. Primary osteoblastic outgrowth cultures for
RNA-seq analysis were obtained from distal femur or proximal tibia bone specimens
obtained as surgical waste samples with approval of the Mayo Clinic Institutional Review
Board. Samples were manually minced and crushed with a scalpel and cells were allowed to
grow for one passage until confluence in standard media using procedures described
previously (Lewallen et al., 2016).

Osteoblast differentiation

For in vitro differentiation studies, MC3T3-E1 cells were plated in 100-mm or 60-mm
plates or in six well plates and grown in regular medium up to confluence. Confluent cells
were treated with 0.1 uM dexamethasone, 10 mM B-glycerophosphate, and 50 Ug/ml
ascorbic acid in fresh regular media and cultured for 22 days. Media was changed every two
days for the remainder of the experiment and cells were harvested at selected time points (at
days 0, 4, 8, 12 16 and 22 of their osteogenic differentiation) for western blot, RT-PCR and
immunohistochemistry. Cell cycle exit was determined by monitoring cyclin D1 (CCND1)
expression. The capacity of cells to differentiate into the osteoblastic lineage was evaluated
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by monitoring Runx2and alkaline phosphatase (A/jp)) MRNA levels, as well as RUNX2
levels and ALPL activity.

DNA transfection and adenoviral infection

Subconfluent RunxZ2/I~ cells or MC3T3-EL1 cells were transiently transfected with pcDNA-
Runx2, deletion mutant Runx2 1-361 (Runx2 AC), pcDNA-Adam17 or pcDNA-empty
vector (control) using Lipofectamin 2000® reagent (Invitrogene, Carlsbad, CA, USA)
according to the manufacturer’s recommendations. Adenoviral delivery of vector containing
the cDNA of Runx2 coupled to Green Fluorescent Protein (GFP) (Runx2-1RES-gfo) under
control of the CMV5 promoter was used as previously described (Pratap et al., 2003).
Preparation and purification of virus were performed according to the manufacturer’s
protocols (Promega, Madison, WI, USA). For control of infection, the same Adenovirus
vector carrying gfo was used. The Adenovirus Runx2 (Adv-Runx2) contains both the gfp
cassette and the Runx2 cDNA in forward orientation (+) and Adenovirus Vector (Adv-
Vector) contains the gfp cassette in the forward orientation (+) and the Runx2cDNA in
reverse orientation (=) (Pratap et al., 2003). Runx2"I~ cells were plated for infections in 60
mm plates at a density of 3 x 10° cells/plate and cultured in DMEM with 10% FBS. After 24
h, cells were infected at 60-70% of confluence with 30 x 101 OPU/mlI (optical particle unit)
of each virus in 900 ul of DMEM supplemented with 1% FBS for 4 h. Upon addition of 600
ul of media containing 1% FBS, cells were incubated for an additional 10 h. After
adenoviral infection, cells were grown for 24 to 72 hrs. Infection efficiencies were assessed
by activity of GFP using a Nikon Diaphot inverted fluorescence microscope.

Western blot analysis

RUNX2, ADAM17, CCND1 and B-actin/ACTB were analyzed by western blot analysis as
described previously (Galindo et al., 2005; Galindo et al., 2007). Briefly, equal amounts of
total cellular protein collected in the presence of the proteasome inhibitor MG132
(Calbiochem, San Diego, CA, USA) and Complete cocktail of protease inhibitor (Roche
Diagnostics, Mannhein, Germany) were resolved in 10% SDS-PAGE and transferred to
polyvinylidene difluoride membranes (Perkin Elmer, Boston, MA, USA). Blots were
incubated with a 1:2,000 dilution of each primary antibody for 1 h. RUNX2-specific mouse
monoclonal antibody 8G5 (MBL International, Woburn, MA, USA), ADAM17 rabbit
polyclonal antibody (Anti-TACE 807-823) (Calbiochem, San Diego, CA, USA), CCND1
mouse monoclonal antibody DCS-6 (sc-20044) (Santa Cruz Biotechnology Inc., Santa Cruz,
CA, USA) and p-actin goat polyclonal antibody C-11 (sc-1615) (Santa Cruz Biotechnology
Inc., Santa Cruz, CA, USA) were acquired commercially. Membranes were incubated with
the respective horseradish peroxidase-conjugated secondary antibody (sc-2005 anti-mouse
or sc-2004 anti-rabbit or sc-2020 anti-goat) (Santa Cruz Biotechnology Inc., Santa Cruz,
CA, USA) for 1 h. Immuno-reactive protein bands were visualized on a Kodak BioMax
Light film (Carestream Healt Inc, Rochester, NY, USA) using a chemiluminescence
detection kit (Thermo Scientific, Rockford, IL, USA). Signal intensities were quantified by
densitometry.
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RNA-sequencing (RNA-seq) and semi-quantitative PCR

RNA-sequencing analysis of select samples from human osteosarcoma cells and osteoblastic
bone-derived cells was performed using Illumina 2000 instrumentation and subsequently
analyzed using a standardized bioinformatics pipeline (Bioinformatics Core at Mayo Clinic)
as described in detail previously (Dudakovic et al., 2014). Expression values are denoted as
reads per kilobase per million mapped reads (RPKM). Expression of select genes was
visualized and validated by semi-quantitative PCR. Total RNA was isolated using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s specifications.
Total RNA (5 pg/lane) was separated in a 1% agarose-formaldehyde gel. Ethidium bromide
staining of the gels was used to assess RNA quality of samples. Purified RNA (3 pg) was
treated with RQ1RNase-Free DNase (Promega, Madison, WI, USA) and subjected to
reverse transcription using random subjected hexamer primers (Promega, Madison, WI,
USA) with M-MLV reverse transcriptase (Promega, Madison, W1, USA) according to the
manufacturer’s recommendations. Gene expression was assessed by PCR using the
following specific mouse (m) and human (h) gene primers (0.5 pmol/ul): m/rfhRunx2. F 5°-
CCGCACGACAACCGCACCAT-3’, R5’-CGCTCCGGCCCACAAATCTC-3’; m/hAdamg.
F 5’- CAGACTGCTGTGAGAGAAG-3’, R5’-CATTCCTGCAGTTCCACCA-3’; m/
hAdam10. F 5’- CCTACGAATGAAGAGGGAC-3’, R 5’-
ATCACAGCTTCTCGTGTTCC-3’; m/rlhAdam17 F5’-
GACATGAATGGCAAATGTGA-3’, R 5’-TGGACAAGAATGCTGAAAGGA-3"; mAlpl F
5’-TCCATCCTGCGCTGGGCCAA-3’, R 5’-GGCCAGCAGTTCAGTGCGGT-3"; m/r/
hGadph. F 5’-CCTTCATTGACCTCAACTA-3’, R 5’-GGCCATCCACAGTCTTCT-37).
PCR amplification of cDNAs was carried out using 1x PCR buffer (Promega, Madison, WI,
USA) containing 0.2 mM dNTPs (Promega, Madison, WI, USA), 1.5 mM MgCL (Promega,
Madison, WI, USA), 0.06 U/ul of Taq polymerase (Invitrogen, Carlsbad, CA, USA) by
incubation for 5 min at 94°C and 20-30 amplification cycles of synthesis were applied to
avoid product saturation (1 min at 94°C, 1 min at 52-62°C, and 1 min at 72°C), followed by
a final extension step at 72°C for 6 min. Aliquots of the resulting products (5 pl) were
visualized in 1% agarose gels by ethidium bromide staining.

Alkaline phosphatase (AP) activity

Differentiating MC3T3-EL1 cells in 6-well plate or 60 mm plate were washed with PBS and
then fixed with 4% paraformaldehyde for 30 sec. AP activity was detected by colorimetric
reaction using the AP liquid substrate nitro blue tetrazolium and 5-bromo-4-chloro-3-idolyl
phosphate (NBT/BCIP) (Roche Diagnostics, Mannhein, Germany). AP staining solution
(NTB 0.4 mg/ml and BCIP 0.19 mg/ml in 100 mM Tris buffer, 50 mM MgSOy, pH 9.5) was
added to each well and staining was carried out at 37 °C for 25 min. NBT/BCIP colorimetric
reactions were stopped by aspirating the staining solution and rinsing the cells twice in PBS.
AP positive cells were detected and photographed under a Zeiss Axiostar Plus light
microscope.

Immunohistochemistry

MC3T3-EL1 cells were washed twice with PBS and collected in a 1.5 ml tube using a scraper
followed by centrifugation at 380 x g for 2 min. The cell pellets were fixed with formalin for
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24 h, dehydrated and embedded in paraffin using standard procedures. Paraffin-embedded
cells were sectioned (5 um), adhered to glass slides, and rehydrated, and antigens were
recovered by treatment with retrieval buffer (LmM Tris, 0.5 mM EGTA, pH 9.0). Sections
were blocked with PBS supplemented with 1% bovine serum albumin. Then sections were
incubated with 1:100 dilution of RUNX2 rabbit polyclonal antibody M-70 (sc-10758) (Santa
Cruz Biotechnology Inc., Santa Cruz, CA, USA) or ADAM17 rabbit polyclonal antibody,
washed and then incubated with 1:200 dilution of the indicated biotylinated secondary
antibody. Finally, antibodies bind to specific antigens were detected using a biotin-
streptavidin detection system. Samples were observed under a Zeiss Axiostar Plus light
microscope.

Luciferase reporter assays

For reporter assays, MC3T3-E1 cells were seeded at 8 x 104 cells/well in a six-well plate
and transiently transfected 24-48 hours after plating at a cell density of 60-70% with 1 pg of
the previously described construct 7ace promoter/pGL2 luciferase reporter plasmid which
contains the 2.304-kb mouse proximal 7ace promoter fused to the firefly luciferase reporter
(Charbonneau et. al., 2007). Alternatively, cells were transiently transfected with a series of
Tace promoter 5” deletants: p 7ace-1567, -903, —410, and —121, which were generated by
digestion of the p 7ace-Luc vector with the appropriate restriction enzymes (Charbonneau et.
al., 2007). Cells were co-transfected with 10 ng SV40/ Ranilla luciferase plasmid (pRL-
SV40) as an internal control. The promoterless pGL2 luciferase parent vector was used as a
negative control. Lipofectamine 2000 was used as a transfection agent according to the
manufacturer’s protocol and transfections were performed in absence of FBS and
antibiotics. Medium was changed after 4 h to normal growth medium with FBS and
antibiotics. Twenty-four hours after transfection, cells were harvested in 1x passive lysis
buffer and luciferase activity was measured in cell lysates using the Dual Luciferase
Reporter Assay System® kit (Promega, Madison, W1, USA) following the manufacturer’s
instructions. Luminescent signal was quantified by a luminometer (Synergy® 2SL BioTek),
and each measurement from the firefly luciferase construct was normalized using Renilla
luciferase values.

Chromatin immunoprecipitation (ChIP) analysis

ChIP assays studies were performed as described previously (van der Deen et al., 2008). Pre-
cleared chromatin fragments (200 to 300 bp) obtained from MC3T3-EL1 cells were
immunoprecipitated overnight with agitation using anti-RUNX2 M70 polyclonal antibodies.
The PCR primers used to evaluate the proximal (-400/-167), middle (-930/-731) and distal
(—-1651/-1422) regions of the mouse Adam17 promoter by Quantitative real-time PCR were:
(-400/-167): F 5’-GGACAGAGGCGAGAGAGAGA-3’, R 5’-
GCTGAGAGCGGCTTAACTC-3’; (-930/-731): F 5’-GCAAGACATTCCACAACGAA-3’,
R 5’-AGTGAACAGGAGCGACCATC-3’; (-1651/-1422): F 5’-
AGTGGCACTCAGCCTTCCTA-3’, R5’-GTACTCAACCCCTTGGGTCA-3’. Q-PCR was
performed using the Brilliant Il SYBR Green Q-PCR Master Mix (Agilent Technologies,
Santa Clara, CA, USA) in an MX3000P spectrofluorometric thermal cycler (Stratagene-
Agilent, Santa Clara, CA, USA) according to the manufacturer’s recommendations.
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Statistical analysis

Data were represented as mean £ SEM with a minimum of three independent samples and
analyzed using Student’s t-test. P value of less than 0.05 was considered statistically
significant.

RESULTS

Identification of BMP-2-responsive and abundantly expressed ADAM genes in the
osteogenic cell lineage.

To identify Adam genes that would be involved in the osteoblast differentiation process, we
determined gene expression patterns of these genes at early stages of osteogenic lineage
commitment in C2C12 mesenchymal progenitor cells stimulated with the Bone
Morphogenetic Protein 2 (BMP-2). This cell culture model system focuses on the first stages
of osteogenic lineage-commitment (1 to 24 hr) in response to BMP2/BMPR/SMAD
signaling and the initial activation of osteoblast specific gene expression programs as
evidenced by microarray gene expression profiling (Balint et al., 2003). Examination of
these published data revealed that three Adam genes are upregulated (Adam17, Adam10and
Adam9) between 4-12 h after BMP-2 treatment (Fig. 1A) and three genes are
downregulated (Adam8, Adam15and Adam19) (Fig. 1B). Expression analysis of ADAM
genes by RNA-seq reveals that the same group of BMP-2 responsive genes are the most
abundantly expressed ADAM genes in primary human osteoblastic bone derived cells
(hOBs) and collectively cover the ~97% of all ADAM transcripts in this cells (Fig. 1C).
Further expression analysis of the three BMP2- upregulated ADAMs in other cell types
revealed that expression of ADAM17, ADAMI0and ADAMSYis rather constant in human
primary osteoblastic bone-derived cells (i.e., hOB1, hOB2 and hOB3), but its expression
appears to be more variable in osteosarcoma cell types (Fig. 1D-F). Hence, cells in the
osteogenic lineage express a limited number of ADAMs genes, and their expression may be
selectively modulated in osteosarcoma cell types.

RUNX2 modulates Adam17 gene expression

Because conditional /n vivo inactivation of Adam17 gene exhibited several bone-related
defects including increased osteoblast numbers and because ADAM17 protein is an
important regulator of TNFa-signaling pathway that inhibits osteoblast differentiation, we
focused our subsequent analyses on the molecular mechanism that control the expression of
Adam17during osteoblast differentiation.

We first investigated whether there is a functional coupling between RUNX2 and Adam17
expression in Runx2-null calvarial cells compared to several osteoblastic cell lines. In
agreement with our bioinformatics analyses, both Runx2and Adam17are expressed at
detectable mMRNA and protein levels in osteoblastic cell types (MC3T3-E1, ROS17/2.8 and
SAOS-2 cells). Interestingly, depletion of RUNX2 expression in Runx2null cells results in
significant increases of Adam17expression (Fig. 2A-D). This finding suggests that Adam17
expression is negatively regulated by RUNX2. This possibility is supported by a robust
decrease in Adam17expression induced by overexpression of Runx2in the same Runx2-
null cells (Fig. 2 E-H). Importantly, dosing experiments using different amounts of
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expression vector reveal that Adam17expression is inversely proportional to the amount of
exogenous Runx2expressed in Runx2null cells (Fig. 2 I and J). Hence, our data indicate
that RUNX2 suppresses Agam7mRNA and protein expression levels in osteogenic lineage
cells.

Adam17 gene is directly regulated by RUNX2 at the promoter level in committed
osteoblasts

Considering the inverse correlation between the expression levels of Runx2and Adam17, we
hypothesized that Adam17 can be a direct transcriptional target of RUNX2 during osteoblast
differentiation. In silico analysis of the mouse, rat and human AdgamZ17 promoter sequences
identified several potential RUNX2 binding sites. The mouse promoter exhibits nine
transcription start site (TSS) (Mizui et al., 1999) whereas the analysis of rat and human
promoters showed a single TSS (data non shown). We evaluate the presence of RUNX2-
binding motifs in the Adam17promoter using the consensus RUNX2 motif 5°-(T/A/
C)G(T/AIC)GG(T/G) that was previously validated in a genomic-wide occupancy study (van
der Deen et al., 2012). The mouse Adam17 gene promoter contains at least eight RUNX2
consensus motifs (Fig. 3A) whereas the analysis of rat and human promoters showed eight
and three RUNX2 motifs, respectively (data not shown). The motifs 5’-TGTGGT and 5-
AGTGGT, that are perfect matches respect to consensus sequence, represent 4/8 of the total
putative RUNX2 motifs observed in the mouse AdamZ17 promoter. Interestingly, a variable
number of a one-mismatch 5’-TGTGGG RUNX2 motifs are localized close to the TSSs in
the mouse Adam17 promoter (sites Runx2 I, 1l and VI). Moreover, one site (‘Runx2 I’) is
highly conserved in the rat and human Adam17 promoters (data not shown). This one-
mismatch motif is the second most frequently observed RUNX2 motif in genomic
promoters, and a large fraction of these gene promoters (~35%) is not co-occupied by
RNAPII (van der Deen et al., 2012), consistent with the model that this sequence motif may
support Runx2-mediated gene repression.

To determine the functional contribution of RUNX2 to regulation of Adam17 promoter, we
performed transient transfection assays with Adam17mouse promoter fragments spanning
2304 bp of 5’ sequence (containing eight RUNX2 motifs) in a luciferase reporter
(pAdam17-Luc, originally described as p 7ace-Luc) (Charbonneau et al., 2007), in pre-
osteoblast MC3T3-EL1 cells. Specifically, we identify promoter regions implicated in
RUNX2 transcriptional regulation using a series of 5’ deletion constructs of the pAdam17-
Luc vector (Fig. 3B). Deletion of nt —2304 to —903 results in an increase of Adami17
promoter activity, suggesting the presence of repressive elements in the 5’ region of the
distal-promoter (Fig. 3C). However, deletion of nt =903 to —121 decreases promoter activity,
thus also suggesting the presence of activating elements at the proximal-promoter.
Interestingly, co-expression of Runx2 does not significantly activate or repress Adami17
promoter at the putative RUNX2 binding sites VI1I-111 localized between nt —2304 to —410,
but RUNX2 significantly attenuates promoter activity of the =410 bp deletion construct (nt
-410 to —121) containing the RUNX2 | and |1 binding elements (Fig. 3C). These results
indicate that there are at least two functional RUNX2 binding sites located in the —410/-121
region at the proximal AdamZ17promoter that can orchestrate the RUNX2-mediated
repression of this regulatory region.
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Because the C-terminal domain of RUNX2 is required for its gene repressive functions, we
next analyze the contribution of this region to repress activity of the —410 bp Adam17 gene
promoter in MC3T3-E1 pre-osteoblastic cells (Fig. 3D). Interestingly, only wild type Runx2
but not the mutant version of this transcription factor (Runx2-A361) which lacks the C-
terminal region results in significant reductions of the —410 Adam17promoter in
osteoblastic cells, indicating that Adam17 gene repression by RUNX2 requires the C-
terminal region (Fig. 3E).

Adam17 gene expression is reduced during osteoblastic differentiation

To address whether Adam17 downregulation is biological coupled to the physiologic
upregulation of RUNX2 observed during MC3T3-E1 osteoblast differentiation, we analyzed
endogenous expression of Adam17in relation to RUNX2 expression levels. Osteogenic
differentiation was monitored by ALPL activity (a cognate RUNX2-target gene) (Fig. 4A).
We found a significant reduction of Adam7mRNA levels that precedes the ADAM17
decrease in both protein levels and immune staining after day 4-8, in parallel with the early
elevation in Runx2 mRNA and RUNX2 protein levels as well as RUNX2 protein nuclear
immune staining (4-8 days) (Fig. 4B—F). These patterns are associated with the subsequent
cessation in cell proliferation and subsequent initiation of osteoblast differentiation, as
evidenced by the absence of CCND1 expression after day 12 and elevation of Alpl
expression between days 4-12 (Fig. 4D).

Proximal promoter of the Adam17 selectively associated with RUNX2 during osteoblastic
differentiation

To determine whether RUNX2 bind to the endogenous Adam17 gene proximal promoter
during osteogenic differentiation, we performed chromatin immunoprecipitation (ChIP)
analysis under in vitro culture conditions that reproduce osteoblast differentiation. We tested
RUNX2 binding to sites | and Il at the proximal promoter (—405/-167), as well as to others
in two selected regions upstream of this region (-930/-731 and -1651/-1422) that contain
sites 111-V and site VI, respectively (Fig. 5A). The data provide further in vivo evidence
showing that RUNX2 selectively binds to the proximal promoter of the Adam17 gene,
containing the RUNX2 | and Il binding elements in pre-osteoblast MC3T3-E1 cells (Fig.
5B). ChIP analyses also revealed that RUNX2 differentially binds to the 5’-proximal
promoter of Adam17and that occupancy of sites I-11 and sites 111-1V increases significantly
in differentiating osteoblasts, while the distal upstream region was not enriched in the
precipitated DNA samples (Fig. 5C). Taken together, our findings demonstrate that Adam17
gene repression during osteoblastic differentiation is associated with RUNX2 binding at the
Adam17 gene promoter.

Adam17 overexpression attenuates osteoblast differentiation

To understand the biological relevance of Adam17 gene repression in osteoblast
differentiation, we overexpressed exogenous Adam17 above normal physiological levels in
differentiating MC3T3-EL1 cells using a CMV-driven expression vector. Adam17was
efficiently expressed above the normal endogenous levels in osteoblasts from day 2—6 of
differentiation (Fig. 6A and B). Moreover, Adaml7 overexpression attenuates Runx2
expression and reduces both the expression and activity of the RUNX2-target gene Alp/that
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is normally increased during early stages of osteoblast differentiation (Fig. 6C—F). Thus, our
data suggest that Adam17expression regulates osteoblastic differentiation. Our collective
findings are consistent with a novel regulatory model in which reciprocal feedback
regulation between Runx2-Adaml7 controls progression of osteoblast differentiation.

DISCUSSION

In this study, we provide evidence that expression of Adam17, which physiologically
controls the presentation of proteins on the cell surface of osteoblasts, is a direct
transcriptional target of RUNX2 during osteoblast differentiation. The role of ADAML17 in
skeletal development has been previously analyzed in knockout mice in which Adam17was
conditionally disrupted in chondrocytes and osteochondroprogenitor cells (Horiuchi et al.,
2009; Hall et al., 2013; Saito et al., 2013). These studies showed that mutant mice exhibit
growth retardation, reduction on femur length with impaired growth of chondroblasts,
elongated hypertrophic zone and accumulation of differentiated chondrocytes that produces
a calcified matrix suggesting that ADAM17 regulates terminal differentiation of
chondrocytes during endochondral ossification (Hall et al., 2013; Saito et al., 2013).
Interestingly, a histomorphometric analysis revealed that osteoblast-related parameters,
including numbers of osteoblast, were increased in conditional Adam1 7-deficient mouse
suggesting that ADAM17 may also be involved in osteoblast differentiation (Horiuchi et. al.,
2009).

We examined the role of RUNX2 in controlling Adam17expression in osteoblasts using
different mouse and human cellular models included the MC3T3-E1 pre-osteoblast cell line,
human osteoblasts and the immortalized Runx2-null osteoprogenitor cells. Our data are
consistent with microarray gene expression profiling with Runx2null cells expressing wild
type and mutant RUNX2 proteins, which revealed changes in the expression of several
ADAM and ADAMTS members (Teplyuk et al., 2008). Moreover, examination of ChlP-
microarray data sets for RUNX2 target genes in human osteoblastic cells (van der Deen et
al., 2012) revealed additional genomic promoter interactions for RUNX2 on other promoters
of ADAM and ADAMTS genes (data not shown). Thus, several members of both gene
families could be potential downstream target genes of RUNX2, and our data clearly show
that Adam17is a prominent member controlled by RUNX2.

RUNX2 is a bifunctional transcription factor that may interact with a broad spectrum of co-
activators and co-repressor, thus supporting activation or repression of RUNX2 target genes.
Several repression domains (RD) have been characterized in different regions of RUNX2
protein, which define binding of specific co-repressors. Specifically, the RUNX2 C-terminal
region exhibits at least two different repression domains capable of interacting with several
proteins involved in gene repression like histone deacetylases (HDACs) (Bradley et al.,
2015; Westendorf 2006; Ziros et al., 2008). The RUNX2 C-terminal region may support
transcriptional repression of Adam17 gene trough interactions with HDACs or other
chromatin related co-repressors. Interestingly, previous reports showed that RUNX2 can
positively regulate expression of Adamis4 and Adamts5in chondrocytes (Thirunavukkarasu
et al., 2006; Thirunavukkarasu et al., 2007; Lin et al., 2009; Tetsunaga et al., 2011), perhaps
suggesting that Runx2 may have a bifunctional role during osteogenesis.
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ADAM17 was initially characterized as an enzyme anchored to the plasma membrane which
is involved in proteolytic processing and the release of TNF-a to the extracellular milieu.
Interestingly, TNF-a (TNF) inhibits extracellular matrix maturation and mineralization in
osteoblasts by decreasing production of type | collagen, a key component of a mature
skeletal matrix, and by evoking an attenuated response to vitamin D associated with reduced
ALPL activity and osteocalcin/BGLAP release (Smith et al., 1987; Gowen et al., 1988). In
addition, TNF-a also induces a reduction of the IGF-1 expression, a growth factor that is
known to promote osteoblast differentiation, (Gilbert et al, 2000). Other studies have shown
that TNF-a downregulated expression of BMPR and attenuated BMP-2-mediate A/p/and
Ocl Bglap expression in human bone cells (Singhatanadgit et al., 2006). Moreover, TNF-a
inhibits osteoblast differentiation through the inhibition of mineralized nodule formation and
inhibition of Runx2and Osx/ Sp7expression, both master genes of the osteoblast
differentiation, and skeletal-specific genes (e.g., Alpl, Bspl Ibsp, Oc/Bglap) (Gilbert et al.,
2002; Gilbert et al., 2005; Lu et al., 2005; Gilbert et al., 2013). Hence, our results could be
envisioned as part of a RUNX2-ADAM17-TNF axis. In this model, the osteogenic activation
of RUNX2 stimulates osteoblast differentiation by preventing the ADAM17-mediated
release of TNF which otherwise suppresses osteoblast maturation. Negative regulation of
RUNX2 by ADAM17 may ensure that this axis only works when RUNX2 levels have
reached a critical threshold.

On the other hand, ADAM17 protein also releases a soluble form of the membrane-anchored
DLK1 protein (named fetal antigen 1, FA1) in mesenchymal precursors (Abdallah et al.,
2004; Taipaleenméki et al., 2012; Abdallah et al., 2015) and pre-osteoblastic cells (Wang
and Sul, 2009). Preosteoblastic cells treated with soluble DLK1 or overexpressing D/k1
exhibit elevated Sox9expression that prevents osteoblast differentiation and Runx2
expression (Wang and Sul, 2009). Hence, it is reasonable to propose that the results observed
following Adam17 overexpression in osteoblastic cells may also be due, at least in part to
enhanced DLK1 release that impairs osteoblast differentiation. Other well know substrates
of ADAM17 are known to suppresses osteoblast differentiation and Runx2/RUNX2
expression/transcriptional activity, including HB-EGF and Amphiregulin (AREG), which
are released by proteolytic cleavage, or the NOTCHL1 receptor, which is regulated by
ADAM17-dependent cleavage of it extracellular domain (Hilton et al., 2008; Engin et al.,
2008; Nakamura et al., 2010; Zanotti and Canalis, 2010; Zhu et. al., 2011; Zunke and Rose-
John, 2017). Taken together, we propose a molecular mechanism in which RUNX2 governs
Adam17 gene expression during osteoblast differentiation (Fig. 7). This mechanism implies
that RUNX2 may be controlling the cell-cell communication between osteoblastic cells in
the bone micro-niche, by modulating the shedding and release of extracellular ligands and/or
RIPping (regulated intramembrane proteolysis) of cognate receptors to support normal
progression from precursor cells to mature osteoblast during osteogenesis.
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Figure 1. Adam17, Adam10 and Adam9 gene expression is up regulated during early stage of
commitment and differentiation to the osteoblast phenotype and stably expressed in human
immature osteoblastic cells.

To identify genes that immediately respond to osteogenic stimuli, we retrieved microarray
data were retrieved for experiments with mouse C2C12 mesenchymal cells that were treated
with 300 ng/ml of BMP-2 and analysed at distinct time points (0, 4, 8, 12, 16, 20, and 24 h).
Data on ADAM genes were filtered for genes that show more than a 2 fold change in gene
expresseion. This analysis revealed that the Adam17, Adami0and Adam9 genes are
upregulated for more than 2-fold (A), while three others are downregulated (Adams,
Adam15, Adam19) (B). (C) The bar graph shows average expression values (in RPKM; STD
as error bar for n=3 human donors) that were rank ordered for relative expression based on
RNA-seq analysis of human osteoblastic bone-derived cells from three different donors. The
pie chart presented in the inset shows that the six most highly expressed ADAM genes
(including the BMP-responsive ADAMs ADAM17, ADAM10and ADAMS, which are
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presented in color) account for almost all (~97%) ADAM-related transcripts. (D) Results of
RNA-seq analysis for each individual donor and select osteosarcoma cell lines (SaOS-2,
MG63 and U20S) as indicated. (E) Visual presentation and validation of gene expression
data using semi-quantitative RT-PCR and ethidium bromide staining. ADAM17, ADAM10
and ADAMSY gene expression was assessed as indicated in human SAOS-2, MG63, U20S,
HOS, G292 and 143B immature osteoblast cells. The data shown are representative of three
experiments with similar outcomes. The graphs show quantification of the RT-PCR data
relative to Gapadh mRNA (D). All data are presented as mean £ SEM from three independent
experiments.
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Figure 2. Adam17 gene expression is negatively regulated by RUNX2.
Adaml7and Runx2expression was assessed in mouse Runx2-null osteoprogenitor cells

(RunxZ"I7) and mouse MC3T3-E1 pre-osteoblasts cells, as well as rat ROS17/2.8 and
human SAQS-2 osteosarcoma cells. Protein and mRNA levels were evaluated by western
blot analysis (A, and down graph B) and RT-PCR (C, and down graph D), respectively.
Runx2-null cells were infected with an adenovirus vector expressing RUNX2 or GFP
(control) as indicated (E and G). Alternativelly, cells were transiently transfected with
different concentrations (0.5, 1, 2.5, 5, and 10 pg of DNA) of pcDNA-Runx2 or pcDNA-
empty vector (control) (1). Runx2-null cells expressing Adam17and Runx2 mRNA (E, I,
and down graph F and J) and protein levels (G, and down graph H) were evaluated by RT-
PCR and western blot analysis, respectively. The data shown are representative of three
experiments with similar outcomes. AdamZ17and Runx2 mRNA and protein values were
normalized to Gapadhand Actin, respectively. All data are presented as mean + SEM from
three independent experiments. *£<0.05 and **/~<0.01.
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Figure 3. Adam17 promoter hasa proximal region containing RUNX2 binding sites supporting
transcriptional repression.

Adam17 gene promoter from mouse was analyzed for the presence of the genome-wide
consensus Runx motif (5’-[A/C]CC[A/T/G]C[A/T/G]-3’) previously established for us (van
der Deen et al., 2012) (A). S and AS indicated sense- and antisense-stranded DNA. Arrows
indicated transcription start sites (TSS) (=161 to —55, relative to ATG codon). MC3T3-E1
cells were transfected with either a luciferase reporter gene under transcriptional control of
the promoter region of mouse Adam17 (pAdami72.3-Kb) or with a series of deletion
mutants spanning the mouse Adam17 gene promoter that overexpress will-type Runx2 or
empty vector control pcDNA 3.1 (EV) for RunxZ2expression construct (B and C). Effect of
will type Runx2 (Runx2 WT) or deletion mutant Runx21-361 (Runx2 AC) expression or
empty vector control pcDNA 3.1 (EV) on 0.4-Kb Adam17 proximal promoter was also
determined by a luciferase activity assay (D and E). The promoter activity was determined
by a luciferase activity assay after 24 h of transient transfection and normalized by
cotransfection with Renilla luciferase. All data are presented as mean £ SEM from three
independent experiments. *A<0.05.
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Figure 4. Adam17 expression is down-regulated during osteogenic differentiation.
MC3T3-EL1 cells were induced to differentiate with ascorbic acid and B-glycerophosphate

for 28 days. Cells were fixed in paraformaldehy for histochemical detection of alkaline
phosphatase at the indicated days of differentiation (day 0, 4, 8, 12, 16, 22 and 28) (A).
Adam17and Runx2 mRNA and protein levels as well as ADAM17 and RUNX2 cellular
localization were determined by RT-PCR (B, and down graph C), western blot (D, and down
graph E) and immunostaining (F), respectively. Expression of osteoblast phenotypic genes
alkaline phosphatase (A/p/) as well as cell cycle marker cyclin D (Ccndl) were additionally
examined by RT-PCR and western blot, respectively. The data shown are representative of
three experiments with similar outcomes. Runx2and Adam17mRNA (C, right graph) and
protein (E, left graph) values were normalized to Gapdhand Actin, respectively. All data are
presented as mean + SEM from three independent experiments. */<0.05 and **/<0.01.
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Figure 5. RUNX2 bindsto the Adam17 proximal promoter region in differentiating osteoblastic
cells.

Diagram illustrates the location of the primers used in the ChIP experiments. Arrows
indicate the direction of each primer, and the negative values indicate their position relative
to ATG (A). MC3T3-EL1 cells were induced to differentiate with ascorbic acid and -
glycerophosphate and cultured up to day 12. Undifferentiated (B) and differentiated (C) cells
were cross-linked with 1% formaldehyde, and the sonicated chromatin fragments were
immunoprecipitated using specific polyclonal antibodies against RUNX2 protein. The
enrichment of Adam17 promoter sequences in the precipitated chromatin fragments was
quantified by gPCR using the primers described in panel A. All data are presented as mean +
SEM from three independent experiments. **/<0.01 and ***/<0.001.
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Figure 6. Adam17 expression affects osteoblastic differentiation.
MC3T3-EL1 cells were transfected with a construct expressing Adam17 or control empty

vector (EV). Cells were induced to differentiate at 24 h after transfection with ascorbic acid
and B-glycerophosphate for 6 days. Expression of Adam17, Runx2and alkaline phosphatase
(Alph were examined by RT-PCR at day 0, 2, 4, and 6 of differentiation (A). Adam17(B),
Runx2 (C) and A/o/ mRNA (D) values normalized to Gapah. Additionally, cells were fixed
in paraformaldehy for histochemical detection of alkaline phosphatase at the indicated days
of differentiation (day 0, 4, and 6) (E). Histochemical staining of ALP activity was
quantified using Image J processing software and values were expressed in relative intensity
units (RIU) (F). All data are presented as mean £ SEM from three independent experiments.
*P<0.05 and **F<0.01.
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Figure 7. A crosstalk model of the RUNX2 and ADAM 17 signaling axes in osteoblast
differentiation control.

The current study provides evidence for a regulatory mechanism involving a reciprocal
RUNX2-ADAM17 negative feedback loop to regulate progression of osteoblast
differentiation. We have shown that RUNX2 represses Adam17 expression through its
binding to the Adam17 proximal promoter and that Adam7 overexpression antagonizes
Runx2 expression during osteoblast differentiation. Several substrates of ADAM17 (e.g.
TNF-a, DLK1, EB-EGF, AREG and NOTCH1) have been shown to control osteoblast
differentiation by suppressing either the expression or the activity of RUNX2. As a whole,
our study and those from others suggest that RUNX2 may regulate progression of osteoblast
differentiation through a negative modulation of both receptor ripping (NOTCH1) and
shedding of various extracellular signals (e.g. TNF-a, DLK1, EB-EGF and AREG) derived
from repression of Adam17 gene expression.
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