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ABSTRACT

Cell—-extracellular matrix (ECM) interactions playjor roles in controlling progenitor cell fate
and differentiation. The receptor tyrosine kinaisgoidin domain receptor 2 (DDR2), is an
important mediator of interactions between celld Blorillar collagens. DDR2 signals through
both ERK1/2 and p38 MAP kinase, which stimulateeobtast differentiation and bone
formation. Here we show that DDR2 is critical faeketal development and differentiation of
marrow progenitor cells to osteoblasts while suggireg marrow adipogenesmalliemice
(Ddr2%"®"9 ‘which contain a nonfunctionBidr2 allele, have multiple skeletal defects. A

progressive decrease in tibial trabecular bonemeltotal volume (BV/TV) was observed when



wild-type (WT), Ddr2""*" andDdr2°"*"® mice were compared. These changes were associated
with reduced trabecular number (Th.N) and trabedhiakness (Tb.Th) and increased

trabecular spacing (Tb.Sp) in both males and fesnalat reduced cortical thickness only in
Ddr25"®s"®females. Bone changes were attributed to decrézsesiformation rather than
increased osteoclast activity. Significantly, marfat and adipocyte-specific mMRNA expression
were significantly elevated ipdr25"™'® animals. Additional skeletal defects include wielen
calvarial sutures and reduced vertebral trabetudae. To examine the role of DDR2 signaling

in cell differentiation, bone marrow stromal clBBMSCs) were grown under osteogenic and

adipogenic conditiondr2°"®="®

cells exhibited defective osteoblast diversity andelerated
adipogenesis. Changes in differentiation wereedl#b activity of runt-related transcription
factor 2 (RUNX2) and PPAR transcription factors that are both controlled&PK-

dependent phosphorylation. Specifically, the défeabsteoblast disparity in calvarial cells from
Ddr2°"**" mice was associated with reduced ERK/MAP kinaseRIINX2-S319
phosphorylation and could be rescued with a caristély active phosphomimetic RUNX2
mutant. Also, DDR2 was shown to increase RUNX2-S3i@sphorylation and transcriptional
activity while also increasing PPAFS5112 phosphorylation, but reducing its activitypRR is,
therefore, important for maintenance of osteoldasvity and suppression of marrow

adipogenesis in vivo and these actions are retatedanges in MAPK-dependent RUNX2 and

PPARy phosphorylation. © 2016 American Society for Bamel Mineral Research
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Introduction
Extracellular matrix (ECM) signals have profounéeets on the differentiation of many cell
types. In bone, disparity of mesenchymal progertédis to osteoblasts requires interaction of
progenitor cells with a type | collagen-containEBGM, a response that is in part mediated by
o131 anda2p1 integrins‘.l“‘) However, the relatively mild bone phenotypes obsemwith
knockout or inactivation of collagen-binding integrin vivo suggest involvement of other
collagen-binding moleculé3®

Discoidin domain receptors (DDRs) are a seconskabéd collagen receptors that differ from
integrins in having intrinsic tyrosine kinase atinand selective affinity for triple-helical, naé
fibrillar and nonfibrillar collagens. DDR1 is of #ipelial origin and has a broad ligand specificity,
which includes all known collagens, whereas DDR&xigressed by mesenchymal cells and

principally binds collagens |, I, Ill, and %® Both DDR1 and DDR2 participate in a broad



range of cell functions related to development, E@Mover, growth regulation, and cancer (for
reviews, se‘é’g)). Two lines of genetic evidence suggest a roldiOR2 in bone. First, human
DDR2 mutations cause spondylo-meta-epiphyseal dyspl&8i&D), a skeletal disorder
associated with dwarfism, short fingers, bowindpoig bones, abnormal calcifications, and
craniofacial abnormaliti€$®*? In addition, polymorphisms iBDR2are associated with low
bone mineral density (BMD) and fracture risk in arHChinese populatidi? Mice harboring
deletions in th&dr2 locus have a SMED-like phenotype characterizedvigrfism and
reduction in total BMO** However, the detailed bone phenotype of thesealsihas not
been reported. Transgenic manipulatiodf2 also affects body mass index (BMI) and
adiposity"***® suggesting possible additional effects of thiepéor on energy metabolism.
Significantly, after collagen activation, DDR2 pegates downstream signals using the
ERK1/2 and p38 MAP kinase pathwa}s” which are also required for normal skeletal
development'®2?%The ERK1/2 MAP kinase pathway affects osteoblasttion by selectively
phosphorylating runt-related transcription factdRRINX2), a key transcription factor
controlling differentiation of osteoblast from masbymal progenitor cells. ERK1/2 binds and
phosphorylates RUNX2 on several serine residudsdimg S301 and S319, which are both
required for RUNX2-dependent transcripthH.These phosphorylation events are necessary for
the response of bone to several important stimaluding ECM synthesis, mechanical loading,
FGF2, and BMP treatmefft=>> Similarly, PPARy undergoes ERK-dependent phosphorylation
at S112, resulting in decreased PRARNscriptional activit)@“) As we recently showed,
activation of MAPK activity in mesenchymal cellstbaoncreases osteoblast distinction and
suppresses adipogenesis, actions that requird MreK-dependent phosphorylation of

RUNX2 and PPAR % These findings led us to hypothesize that DDR2ctalso alter



osteoblast and adipocyte differentiation via MAP&pdndent phosphorylation. To test this
hypothesis, we examined the bone and marrow fatqifiees oDdr2-deficient mice and
showed that actions of DDR2 on osteoblast and agltpalisparity can be explained by the

selective regulation of RUNX2 and PPAR

Materials and M ethods



Animals

Smalliemice, which contain a spontaneous deletioDdin2, were initially obtained from the
Jackson Laboratory on a C57BLS/J (BKS) backgro@®S(HRS-Ddr®/JngJ. Mice were

bred with C57BL/J6 (B6) mice for at least 10 getieres. Unlike mice on the BKS background
that are sterile when homozygoRdr2°"®*", homozygotes on the B6 background bred
normally with normal litter sizes (results not simwNevertheless, mutant mice of both sexes
retained the dwarf phenotype described on the B&&dround (Supporting Fig. 1A—C). Female
and male mice were genotyped using previously ddflACR primers and maintained on a
normal chow diet until sacrifice at 3 or 5 montbsdnalysis of skeletal and marrow fat
phenotypes. Mice were used for skeletal analyWA iBolation and as a source of calvarial
osteoblasts, marrow stromal cells (MSC), and mam@grophage cultures. All animal studies
were approved by the University of Michigan Comaetbn the Use and Care of Animals
(UCUCA) and conformed to all guidelines and regala for the protection of animal subjects.
Mice were housed in specific pathogen-free Assmigbr Assessment and Accreditation of
Laboratory Animal Care ( AAALAC)-certified faciliés. After genotyping, littermates were

assigned to the experimental groups indicated.
Micro—computed tomography analysis of bone

Trabecular and cortical bone parameters were megdyr micro—computed tomographyQT)
using a Scanco Model 100 (Scanco Medical AG, Badsef, Switzerland). Scan settings were:
voxel size 12 um, 70 kVp, 114 pA, 0.5 mm AL filteand integration time 500 ms. All scans
were analyzed using fixed thresholds (180 for ttats bone and 280 for cortical bone).

Trabecular parameters were collected from 50 se£{i® pum/section) under growth plates of



proximal tibia and the anterior end of L3 vertebi@ertical data were collected from 30 sections

above trabecular bone of tibia and fibula junction.

Analysis of bone marrow fat accumulation

After uCT scanning and calculation of osseous parametersamaccurate marrow volume,
samples were decalcified with 10% ethylenediaminadeetic acid. After fixation with 10%
neutral buffered formalin for 24 hours, the samplese incubated with 1% osmium tetroxide at
room temperature for 2 hours to stain marrow fam{@m staining was measured jg®T

analysis?®

Dynamic histomorphometry and osteoclast analysis

For dynamic bone histomorphometry, 12-week-old naeeeintraperitoneally injected with 30
mg/kg calcine 9 days before sacrifice and then Withmg/kg Alizarin Red 2 days before
sacrifice. Tibias were harvested and embeddedmtiyl methacrylate. Six micron sections
were cut using a Leica SM2500 metallurgical cutsggtem. For the measurement of in vivo
osteoclast activity, tibias were harvested fromnEzk-old mice. Tartrate-resistant acid
phosphatase (TRAP) staining was performed on loigkcdl sections using the Sigma Trap
staining kit (387-A). The fluorescence and TRARr&td images were photographed using a
Nikon 50i microscope. Histomorphometric parametersiouble labels and osteoclast activity

were assessed using an OsteoMeasureXP system f@sties, Decatur, GA, USA).

Cell cultures and in vitro differentiation
Primary calvaria osteoblasts and bone marrow stroalis (BMSCs) were isolated from 12-

week-old mice as previously descrid@?® Osteoblast differentiation was induced by growith i



o modified essential medium/10% fetal bovine seraAEM/10% FBS) containing 50 pug/mL
ascorbic acid and 10 mBtglycerophosphate. For adipogenesis, cells wenargfor 2 days in
o-MEM containing 10% FBS, insulin (5 pg/mL), dexatregone (1 uM), IBMX (500 uM), and
troglitazone (5 uM), followed by growth in a mediwontaining troglitazone (5 uM) for 9 days.
To stain mineral, cells were incubated at room tmafure in 2% Alizarin Red S (pH 4.2 with
10% ammonium hydroxide) for 0.5 hours. For measergrof fat-droplet accumulation, fixed
cells were incubated with 60% isopropyl alcohol ¥6rmin, then stained with 2 mg/mL Oil Red
O for 1 hour. For in vitro osteoclast differentgatj bone marrow macrophages (BMM) were
isolated from tibias and femurs of 12-week-old miseng the method of Mizoguchi and
coworker§® and treated with 1g/mL M-CSF and 5@,g/mL RANKL for 3 days®V For
measurement of osteoclast induction, cells weiaesdgor TRAP (Sigma staining kit; Sigma-
Aldrich, St. Louis, MO, USA) or grown on BioCoat ®slogic dishes (BD Biosciences, San
Jose, CA, USA) for 3 days before measurement dbpibation. Cell images were taken using
an inverted phase contrast microscope (Nikon D3D8)eoblasts and adipocyte-specific mMRNA
expression were assessed by real-time RT-PCR anthfied to GAPDH as previously
described?® The following mRNAs were measuredglap2 Ibsp,andRunx2mRNAs for
osteoblasts anBparg Cebpa Adipoqg,andFabp4for adipocytes. Western blot analysis was
performed using standard procedures. Sources fimoaies were as follows: total RUNX2
antibody, MBL; PPAR phospho-S112-specific antibody and total PRARtibody, Millipore;
phospho-ERK1/2 and total ERK1/2 antibody, Cell Sigrg. RUNX2 phospho-S319-specific
antibody was previously describ&d.Phosphorylation at this site is closely correlatith

overall levels of RUNX2 transcriptional activiy:??



Transfections
The 60SE2-Luc reporter, pCMV wild-type (WT) RUNXRWUNX2-WT), S301,319A RUNX2
(RUNX2-SA), and S301,319E RUNX2 (RUNX2-SE) expressvectors were previously

described?” as were ARE-Luc, RXR, wild-type PPARPPARy-WT) and S112A PPAR

vectors (PPAR-SA).®233WT, dominant-negative, and constitutively actii@R2 expression
vectors were a generous gift from Dr. Scott Friedpht. Sinai School of Medicine, New York,
NY, USA.BY For lentivirus production, cDNAs encoding WT RUNXRUNX2-SA, or
RUNX2-SE were subcloned into pLenti-GFP-puro (Adugél7448) and packaged by the
University of Michigan Vector Core, Ann Arbor, MISA. Calvarial cells were isolated from
12-week-old WT anddr2siie/slie mice, transduced with lentivirus vectors, and Istabll lines
were developed by selection in 10¢/mL puromycin for 4 weeks. To measure effects DR2
on RUNX2 and PPARtranscriptional activity, COS7 cells were trangéelcwith the indicated
expression plasmids and either 60SE2-Luc (RUNX®ntep) or PPRE-Luc (PPAReporter),
and pRL-SV40 (encodes Renilla reniformis lucifersseontrol for transfection efficiency), as

previously describef®

Statistical analysis

All statistical analyses were performed using SP&Sion 16.0 Software (SPSS, Inc., Chicago,
IL, USA). Unless indicated otherwise, each repoxigidie is the mean + SD of triplicate
independent samples for in vitro cultures or astlesax animals per group for in vivo studies.

Statistical significance was assessed using a @yeawalysis of variance.

Results



Reduced trabecular bone in the appendicular arad skéletons obdr2®™*"® mice is explained
by a selective defect in bone formation

Smalliemice contain a 150-kilobase (kb) deletion in B2 locus that includes most of the
coding sequence (17 out of 18 exons deleted),tieguih a loss of function allefé? Like

SMED patients, these animals are dwarfed and rexieced total bone mass but, otherwise,
their bone phenotype has not been characterizeturifer define the skeletal phenotype of
Smalliemice, uCT was used to examine tibias from \D@r2""*" andDdr2%"®" animals.
Tibias of 3- and 5-month-old mice showed major dases in trabecular bone that were
proportional to gene dose in both genders (femal&sipporting Fig. 2 and Fig. 1, and males in
Supporting Fig. 3). For example, in 5-month-old &esDdr2""*" mice exhibited a 35%
decrease in bone volume/total volume (BV/TV) refatio WT controls, whereas this parameter

was decreased nearly 70%Ddr2%"/"

animals (Fig. B). These changes were accompanied by
expected reductions in trabecular number (Th.N)thiwkness (Tb.Th), and increased trabecular
spacing (Th.Sp) (Fig.G—E). In addition, a 7% decrease in cortical bone alzserved in

females, but not in males (compare Fig.viith Supporting Fig. 3F). Changes in bone mass
were accompanied by a gene dosage-related declmeneral apposition rate (MAR) and bone
formation rate (BFR) (Fig.G), osteoblast markeRUnx2, Bglap2andlbsp mRNA levels

(Fig. 13-L), and serum osteocalcin whBdr2""s"® andDdr2"**"® mice were compared with WT
(Fig. IM). Ddr2°"®*" mice also had large reductions in vertebral trataedone. Micro—

computed tomography analysis of the third lumbatel®ae revealed 20% and 60% declines in

BV/TV in Ddr2""s"® andDdr25"""® mice, respectively (Supporting Fig. 4).

<Insert Figure 1>



Two approaches were used to determine if the deedelaone iDdr2°"®"™ mice was in part
explained by changes in bone resorption: (1) TR&@&®g was used to measure osteoclast
surface and numbers in tibia; and (2) the abilithane marrow macrophage cultures to undergo
osteoclast differentiation was measured. No diffees were seen in osteoclast surface,
osteoclast number, or osteoclast number/osteclafstce. In addition, the serum bone
resorption markers CTx-1 and TRAP were not affebleDdr2 status (Supporting Fig. 5A-F).
Furthermore, after growth of BMM in medium contaigiM-CSF and RANKL to induce
osteoclast formation, no differences were obsebetdieen groups in terms of TRAP-positive
cells/dish or mineral resorption measured usindBet dishes (Supporting Fig. 6A-D). Finally,
equivalent levels of two osteoclast marker mRNBiskandNfatcl and culture medium levels
of CTx-1 and TRAP were detected in all groups (Sufpg Fig. 6E—H). Thu®dr2 deletion in

vivo preferentially affects bone formation withagticeably altering osteoclast activity.

The reduced bone idr2°'®*" mice is associated with increased marrow fat

Histological examination of bones fropdr2***"® andDdr2*"**"®mice often showed regions
containing apparent adipocytes (Supporting Fig.. 3&)quantify this marrow fat, tibia from 5-
month-old female mice were stained with the lipdpliompound osmium tetroxide, and tibial
marrow fat was visualized by ucfalg.) As shown in Fig. 2, marrow fat increased in proadisnd
distal regions. Specific quantitation of osmium slgnin the proximal tibia revealed a more than
fivefold increase in marrow adipose tissue when War2""s"® andDdr25"**"®mice were
compared (Fig. B-D). Gene expression profiles of whole bone alsoiomed a shift from

osteoblastRunx2, Bglap2, Ibgpo adipocytePparg, Cebpa, Fabp4ndAdipog marker



MRNAs (compare Fig.ZL with Fig. Z2-H). In addition, serum adiponectin levels increased
parallel withAdipogmRNA, whereas serum leptin decreased (HigJ)2

<Insert Figure 2>

Impaired osteoblast differentiation and increastipa@genesis in BMSCs frodr25®*®mice

To determine the requirement for DDR2 in the didton of marrow progenitors to osteoblasts
or adipocytes, BMSCs from WT amtir2®"**"®mice were grown in osteoblast or adipocyte
induction conditions (Fig. 3). Cells froBdr2°"®*"®mice formed fewer mineralized nodules and
expressed lower levels of osteoblast marker mRNH#g BA-D). In contrast, they formed
increased numbers of lipid droplet-containing catisl expressed higher levels of adipocyte
markers (Fig. B-). Although DDR2 has been reported to affect cadliferation in other cell
types such as fibroblasts, no major differencewatiferation rates were observed when BMSCs
from wild-type andDdr25""®mice were compared (Supporting Fig. 1D).

<Insert Figure 3>

Defective calvarial mineralization and osteoblaststrast inDdr2%"*"®mice

In addition to the defects in the appendicular axidl skeleton noted above, skulls from
newbornDdr28"®*"®mice had widened sutures and were poorly mineligech that total
cranial bone volume was reduced by approximatedg 4Big. 4A, B). In addition, calvarial
osteoblasts from thegdce, like BMSCs, formed few mineralized noduled axpressed lower

levels of osteoblast marker mRNAs than cells frofh Mtermates (Fig. @-F).

Basis for DDR2 effects on osteoblast and adipodifterences



MAPK activation in mesenchymal cells both increasgteoblast differences and inhibits
adipogenesis via phosphorylation of RUNX2 and Pi?ﬁﬁ Because MAPK is a major DDR2-
activated downstream sigrf&l*” we hypothesized that reduced MAPK signaling in 2BR
deficient cells could explain the observed decréassteoblast differentiation and increase in
adipogenesis. This hypothesis was evaluated intays. We: (1) examined the role of RUNX2
phosphorylation in the differentiation of calvaralls from WT and DDR2-deficient mice; and
(2) directly measured the ability of DDR2 to redgal® UNX2 and PPARphosphorylation and
transcriptional activity.

In agreement with our previous repGft, MAP kinase activity (P-ERK/total ERK) and
RUNX2 phosphorylation (P-RUNX2/total RUNX2) gradilyahcreased during calvarial
osteoblast differentiation. This increase was agaoned by a parallel increase in DDR2 protein
(Fig. 4GH). Consistent with their reduced differentiatiorigadial, DDR2-deficient cells had
much lower levels of MAP kinase activity and RUNKRosphorylation. To determine if this
could explain the observed suppression of ostebbiasrsity in cells fronDdr25"/s" mice, we
compared the activity of WT (RUNX2-WT), phosphotida site mutant (RUNX2 S301,S319A;
RUNX2-SA), and phosphorylation site mimetic (RUN%301,S319E; RUNX2-SE) forms of
RUNX2 in WT or DDR2-deficient cells (Fig.J4L). Lentiviral transduction was used to generate
stable cell lines that were then grown in ostedhlagparate conditions for 2 weeks before
measurement of osteoblast mMRNAs. Consistent witkiipus findings?® overexpression of WT
RUNX2 in DDR2-sufficient (WT) cells strongly indudébspandBglap2 mRNAs, whereas
levels were reduced by approximately 50% in cedfgessing the phosphorylation-deficient
mutant (RUNX2-SA). As would be expected if RUNX2ogbhorylation was necessary for

DDR2 effects on differentiation, mRNA levels wesgluced to similar levels in DDR2-deficient



(DDR2) cells regardless of whether they were exqngsWT or phosphorylation-deficient
RUNX2. Similarly, in cells expressing the phosphatipn mimetic RUNX2 (RUNX2-SE),
which does not require phosphorylation for fulliaity, both Bgalp2andlbsp mRNAs were
expressed at high levels regardless of DDR2 status.
<Insert Figure 4>

Effects of DDR2 on RUNX2 and PPARranscriptional activity measured using luciferase
reporters are shown in Fig. 5. In cells transfegtéd WT RUNX2, WT DDR2 and, to a greater
extent, a constitutively active DDR2 mutant incethR®RUNX2 phosphorylation (P-RUNX2/total
RUNX2) and transcriptional activity whereas a doamtinegative DDR2 mutant had no effect
(Fig. 5A, B). As expected, DDR2 also increased MAPK actiiRyeRK) without affecting either
total RUNX2 or ERK levels. The RUNX2 response regdiMAPK-dependent phosphorylation
because the RUNX2-SA mutant was resistant to DgRlation. Similarly, DDR2 actions on
PPARy transcriptional activity are explained by a medsaminvolving MAPK-dependent
phosphorylation (Fig.G, D). In this case, a WT or constitutively active DDR2reased PPAR
S112 phosphorylation with concomitant inhibitionreporter activity whereas a dominant-
negative mutant was inactive. In contrast PRAf®ntaining an S112A mutation rendering it
resistant to MAPK-dependent inhibition, had highasal activity and was not inhibited by
DDR2 overexpression.

<Insert Figure 5>

Discussion
Here we describe the skeletal and marrow fat plypestofDdr2-deficient mice and relate these

changes to defects in MAP kinase signaling and giamylation of RUNX2 and PPAR



Although absence of DDR2 inhibits growth and boidg seffects previously attributed to
reduced proliferation of growth plate chondrocytésour studies clearly show that DDR2 is
also required for normal trabecular bone formaiiothe absence of changes in resorption.
Furthermore, loss of DDR2 increases marrow adipegjerand alters serum levels of the
adipocyte-related hormones adiponectin and leptin.

This study provides the first in vivo evidencettB®R2 increases bone mass largely by
increasing osteoblast differentiation and bone &irom. Specifically, bone formation in
Ddr25"®s"® mice was shown to be dramatically reduced, leattirdpcreased trabeculae in long
bones and vertebrae. Consequently, osteoblastetitfation was reduced in BMSCs and
calvarial cells fronDdr2-deficient mice due to a reduction in ERK/MAP kinaggnaling and
RUNX2 phosphorylation. The concept that DDR2 stiaes bone formation through MAP
kinase and RUNX2 was originally proposed by Zhamg) @oworkers on the basis of studies with
osteoblast and chondrocyte cell lii&SIn their study, DDR2 was shown to increase MAP
kinase activity and phosphorylation of RUNX2 at 38t and Ser 316> sites previously
identified by us as being essential for MAPK-deprtdcRUNX2 transcriptional activity®
More recently, the same group proposed, largelherbasis of cell culture studies, that DDR2
can also suppress osteoclastogenesis and showewéhexpression of DDR2 in bone marrow
could reverse ovariectomy-induced bone [88&Vhereas our studies provide in vivo validation
of the former concept, we failed to obtain evidefaradefective osteoclast formation in
Ddr2°"®s" mice. These animals had normal levels of bonee#stsul osteoclasts and serum
resorption markers. Furthermore, osteoclast diffiéon from bone marrow macrophages as
measured by induction of osteoclast markers or besarbing activity (resorptive pit formation)

was normal, indicating that the principal in viViteets of DDR2 on bone are at the level of



osteoblast differentiation and bone formation. Aitgh it is difficult to directly compare our in
vivo results with this previous work, a possiblagen for this apparent discrepancy might be
compensation for loss of DDR2 when it is absenimduall stages of osteoclast development in
vivo that does not occur when DDR2 is knocked down wlitRNA during differentiation of
osteoclasts in vitro.

In the initial report describingdr2°"®/s"

mice, homozygous animals were found to be sterile
due to gonadal insufficiency in both males and festd” Although all pituitary and
hypothalamic hormones and releasing factors wemaalcas was circulating IGF-1, secreted
steroid hormones were reduced in both gendersrigleaduced steroid hormone levels would
be expected to affect bone metabolism as well@®dection. Nevertheless, we do not think
this explains our results. As noted in Materiald Btethods, when originally characterized,
smalliemice were on a BKS background; all our studies! i&® mice, which bred normally
even aDdr2®"®*"® homozygotes (see Materials and Methods). Althouglhave not measured
circulating steroid hormone levels, they are indedfficient for gender maturation and function.
Moreover, our failure to observe defects in ost@stcgenesis in females is certainly
incompatible with a major reduction in gender stsoThus the reproductive defects associated
with the absence of DDR2 are likely mouse line-gmedNonetheless, a more detailed
understanding of the functions of DDR2 in bone weljuire the development of a tissue-specific
knockout model that is currently under developmemur laboratory.

Our observation that marrow adipose tissue is dtiaally increased iDdr2s"®*" mice is
of particular interest, in that marrow adiposityssociated with many skeletal diseases

Zslie/slie

including osteoporosis and disuse osteop&hid’ Previous analysis dddr mice detected

a modest decrease in total body fat in males amdlés and significantly elevated blood glucose



levels. However, marrow fat was not examiHéBParadoxically, transgenic overexpression of
Ddr2 in all tissues also decreased BMI and epididyriapfd weight while decreasing serum
LDL-cholesterol, albumin, and uric acid but, agamgrrow fat was not analyzé]a?

As we recently showed, differentiation of mesemealycells into osteoblasts or adipocytes
is reciprocally controlled by the relative activaf RUNX2 and PPAR transcription factors
that are both regulated by MAP kinase-dependerErpﬂmylatior1‘.25) Specifically,
phosphorylation of RUNX2 at Ser 301 and Ser 318eases transcriptional activity and
osteoblast differentiation, whereas phosphorylatbRPARy at Ser 112 inhibits its activity and
blocks adipogenesis. This pathway provides a dieisnechanism to explain how DDR2, acting
through MAP kinase, increases bone formation appresses marrow adipogenesis. As shown
in Fig. 5, DDR2 stimulates phosphorylation of bBEtINX2 and PPAR leading to increased
RUNX2-dependent transcriptional activity and desesaPPAR-dependent transcription. Also,
as would be predicted, MAP kinase activity, RUNX®pphorylation, and osteoblast

2slelslie mice. The decreased osteoblast

differentiation are reduced in calvarial culturesni Ddr
differentiation in DDR2-deficient cells was expladthby a defect in RUNX2 phosphorylation
that was likely a consequence of the reduced MAE&K ity in these cells; differences in
RUNX2-dependent gene expression in wild-type veBDR2-deficient cells were not seen in
cells containing a phosphorylation-deficient RUNXRtant (RUNX2 S301,319A), whereas a
phosphomimetic mutant (RUNX2 S301,319E) restoraddtriptional activity to the same levels
in wild-type or DDR2-deficient cells (Fig.J4L).

Notably, MAPK activity, RUNX2 phosphorylation, amdteoblast differentiation are only
partially inhibited in cells fronDdr2°"®*" mice (Fig. 4). This indicates that DDR?2 is not the

only mediator of the collagen/MAPK/RUNX2 pathwaylione cells. As mentioned in the



Introduction, collagen-binding integrins can alimslate osteoblast disparity and they likely
account for the residual osteoblast distinction lamide formation in the absence of DDR2.
The observation that DDR2 can affect peripherdlmarrow fat, as well as the adipokines
adiponectin and leptin, proposes that DDR2 may pdsticipate in the regulation of energy
metabolism, possibly through its action on marralipase tissue. Recent studies showed that
marrow fat is a major source of circulating adipditeand manipulations that alter marrow
adiposity can also affect adiponectin leviétsAccordingly, it is possible that the increased
serum adiponectin we observedidr2®"®="® mice may be related to the increased marrow
adipose tissue in these animals and that changeponectin may explain the reported
decrease in BMI in the absence of DD®2Nevertheless, further studies will be required to

establish a direct role for DDR2 in energy metadli
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Fig. 1. Decreased trabecular and cortical bone, bone formation, and osteoblast gene
expression in Ddr2stie/slie mice. Trabecular and cortical bone parameters were measured by
MCT in 5-month-old Ddr2wt/wt (wild-type [WT]), Ddr2slie/wt (hetero), or Ddr2slie/slie (homo)
female mice. (A) Representative UCT images of tibia showing trabecular and cortical bone.
(B-E) Measurements are shown for trabecular bone volume over total volume (BV/TV),
trabecular number (Tb.N), trabecular thickness (Tb.Th, mm) and trabecular spacing (Tb.Sp,
mm). (F) Cortical BV/TV. (G-I) Dynamic bone histomorphometry. For measurement of
bone formation parameters, 12-week-old female mice were injected with calcine and
Alizarin Red followed by measurement of mineral apposition rate (MAR) and bone
formation rate (BFR). Representative fluorescent images are shown in (G). (J-L) Osteoblast
marker mRNAs. RNA was extracted from whole bones of 5-month-old females and the
following mRNAs were measured: Runx2, BglapZ2, and Ibsp. (M) Serum levels of total
osteocalcin (Bglap2). n = 8/group; statistically significant at *p < 0.01.

Fig. 2. Increased marrow adipose tissue in tibias fromorim-old femaleDdr2"®*" mice.
Analysis used the same samples as FAgF1 (A) Micro-CT images obsmium-stained
demineralized tibias fromwild-type (WT), heterozygous, and homozyg®gr2°"®/*" mice
showing landmarks used to calculate multifocabhtachycardia (MAT) in the proximal tibias
(dashed lines) B-D) Measurement of total osmium-positive volume (OSM;g’), total bone
volume (TV, mni), and osmium-positive volume/total bone volume NOBV). (E-H)
Adipocyte marker mRNA levels from whole boriparg mRNA (E), CebpamRNA (F), Fabp4

MRNA (G), andAdipogmRNA (H). (I, J) Measurement of serum adipocyte marker proteins by

ELISA: adiponectinl) and leptin J). n = 8/group; statistically significant ap* 0.01.



Fig. 3. Decreased osteoblast and increased adipocytestiffation in BMSCs fronDdr2s"/s'
mice. BMSCs were isolated from 12-week-old wildeyiwT) and homozygousdr2s'®/sie
female mice (DDR2) and grown in osteogeieD), or adipogenic condition&€l). (A)
Mineralization. Cells were stained with Alizarin dRafter 3 weeks in cultureB{D) Osteoblast
differentiation marker mMRNAsB) Runx2mRNA, (C) Bglap2mRNA, and D) IbspmRNA. E)
Lipid-droplet accumulationCells were stained with Oil Red O after 9 daysuhwe. E-I)
Adipocyte differentiation marker mRNAS=)Y PpargmRNA, (G) CebpamRNA, (H) Adipoq
MRNA, and [) Fabp4mRNA.

Zslie/slie mice are

Fig. 4. Defective calvarial mineralization and osteobt#ifferentiation inDdr
related to reduced RUNX2 phosphorylatiofh, B) Micro—CT (L CT) analysis of calvaria from
newborn mice.4) Representative pCT imageB) Calculation of total bone volume (BV, mim
(C-I) Osteoblast differentiation. Calvarial osteoblastse isolated from 12-week-old wild-type
(WT) or homozygou®dr2°"™*female mice and grown in osteogenic medium fottithes
indicated. C) Alizarin Red stainingf 2-week-old calvaria cell culture+F) Osteoblast
differentiation marker mRNAYD) Runx2mRNA, E) Bglap2ZmRNA, and F) IbspmRNA. (G-

I) Western blot quantitation of DDR2, phosphorylatédNX2, total RUNX2, phosphorylated
ERK1/2, and total ERK1/2J{L) Analysis of stable cell lines from WT amtir25"*"® mice
expressing control vector (GFP), WT RUNX2, phosplation site mutant RUNX2 (RUNX2
S301,319A; SA), or phosphorylation site mimetic RRENRUNX2 S301,319E; SE). Stable cell

lines were established using lentivirus transductie described in Materials and Methods, and

RUNX2 protein levels were measured by Western inigit)). Bglap2(K) andibsp (L) mMRNAs



were measured after growth in osteoblast diffeagioin conditionsn = 8/group; statistically

significant at p < 0.01.

Fig. 5. Reciprocal control of RUNX2 and PPARanscriptional activity by DDR2-dependent
phosphorylation.4, B) RUNX2 regulation. COS7 cells were transfectedhvaitRUNX2 reporter
plasmid (60SE2-Luc) and expression vectors encodiltgtype (WT) (Runx2-WT) or
phosphorylation site mutant RUNX2 (Runx2 S301A/S8)1@nd empty vector (EV), WT, or
constitutively active (CS) DDR2AJ Normalized luciferase activityBj Immunoblot of
RUNX2-S319-P, total RUNX2, P-ERK, and total ERK.IMas under each lane indicate ratios or
P-RUNX2/total RUNX2 and P-ERK/total ERK as measungdiensitometry., D) PPARy
regulation Cells were transfected with PPxReporter/RXR combination (PPRE-Luc) as
described in Materials and Methods, together wiibression vectors encoding WT (PPAR-WT)
or phosphorylation site mutant PPABPPAR-S112AA) and EV, WT, or CS DDRZ)(
Normalized luciferase activityD\) Immunoblot of PPAR-S112-P, total PPAR P-ERK, and

total ERK.
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