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Abstract

Alpha 1 (XI) collagen (Coll1al) is essential formal skeletal development. Mutations_in Colltailise Marshall
and Stickler syndromes, characterized by craniafagbnormalities, nearsightedness and hearing ataiiies.

Despite its link to human diseases, few studie® lrdnaracterized the factors that control Collttadscription. We
previously identified Colllal as a differentiallypeessed gene in Lefl-suppressed MC3T3 preostdsblatere
we report that Lefl activates the Colllabmoter. This activation is dependent upon thEAinding domain of

Lefl, but does not require thg-catenin interaction domain, suggesting that iha$ responsive to Wnt signals.
Targeted deletion of Colllal with an antisense imaipo accelerated osteoblastic differentiation and
mineralization in C2C12 cells, similar to what vasserved in Lefl-suppressed MC3T3 cells. Moreawaurbation
with a purified Colllal N-terminal fragment, V1Brepented alkaline phosphatase expression in MC3iB a
C2C12 cells. These results suggest that Lefl iacéimator of the Colllapromoter and that Colllal suppresses
terminal osteoblast differentiation.

1. Introduction
Extracellular matrix proteins are essential for ttemal formation and function of all tissues (Ca@ampl996).

Skeletal tissue is composed of mineral and orgemimponents in combination with various cell typ€aKhale et
al., 2001). Collagens comprise a large percentégfee organic extracellular matrix in bone. Typmllagen is the
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major scaffolding protein for mineralized bone amhstitutes 90% of the organic matrix (Robey andkey,
2003). Other collagens, however, are also impbftarproper bone formation. Minor collagens, sashtypes i,
V, VI and XI collagen, control fibril growth, diarter and assembly of major collagens (Gelse eR@D3; Robey
and Boskey, 2003).

Type Xl collagen is a minor fibril-forming collagerit is a heterotrimer of alpha 1 (XI) collagemo{Clal), alpha 2
(XI) collagen (Col11a2) and alpha 1 (ll) collagebo(2al), except in the vitreous of the eye wherélCaP is
replaced with alpha 1 (V) collagen (Col5al) (Fichat al., 1995). Type Xl collagen assists in profype Il
collagen fibril formation (Gelse et al., 2003). ICal is mainly expressed in articular cartilagd #me vitreous
fluid of the eye (Lui et al., 1995; Yoshioka et, d995; lyama et al., 2001; So et al., 2001). HaweColllal
expression is detectable in many other human fetslies including the bone (Lui et al., 1995). niite lacking
Colllal(Chomice), chondrocytes fail to fully differentiateusing a chondrodystrophic phenotype. @hice also
have enhanced long bone mineralization, thickdreitalae, and increased bone mass at the diapBgsgifiller et
al., 1971). Observations from the Chmice suggest that Colllal is essential for sketetaphogenesis because it
controls type Il collagen fibrillogenesis, chondyteematuration and bone mineralization (Seegméteal., 1971; Li
et al., 1995).

Mutations in_Colllalause Marshall and type Il Stickler syndromes(i@nifet al., 1998; Annunen et al., 1999).
Marshall syndrome is an autosomal dominant inheéridlesease characterized by short stature, neagesigéss,
hearing loss, flattened facial features, thickecalstarium and intercranial ossifications. Typétickler syndrome
patients have similar symptoms but are of near abimight and exhibit no bony overgrowths (Sneadl dates,
1999). Both syndromes occasionally present witit gdalate and patients frequently develop earteasthritis
(Olsen, 1995; Snead and Yates, 1999; Rodriguek, 2Q94; Jakkula et al., 2005). Whether Marshalll Stickler
syndromes are variants of the same disease orate@mdromes is controversial, but it is appatieat they are
very similar and many patients display symptomdath diseases (Winter et al., 1983; Ayme and Pr&984;
Stratton et al., 1991; Annunen et al., 1999).

Lefl is one four nuclear high mobility group (HM@)oteins that mediate gene transcription in respaias
canonical Wnt signaling, which is an important Hagpr of skeletal development and bone homeos{esisewed
in (Westendorf et al., 2004))._ Lefik essential for mesenchymal/epithelial interactighat occur during the
development of tissues such as mammary gland$, aeet whiskers (van Genderen et al., 1994). beilLmice are
smaller than wild type mice and die shortly aftetlb A mouse model expressing a mutant form dfLUacking
the HMG domain (LefBgal) displays several skeletal abnormalities, myoatisociated with skeletal patterning
(Galceran et al., 2004). Recently, we recentlyalisced that Lefl binds to Runx2 through the Lefl Glldomain
and represses Runx2-induced transcription of thieooalcin promoter. This repression is furtherasded by
mimicking canonical Wnt signaling with stabilizgtcatenin (Kahler and Westendorf, 2003). We preslipu
showed that in vitro, osteoblasts with reduced Lefpression mineralize at an accelerated rate vasteoblasts
over expressing Lefl do not mineralize (Kahlerlet2006). These data suggest that Lefl may havienportant
role in normal osteoblast maturation.

While we reported a role for Lefl in osteoblast mation, the exact mechanism by which Lefl affextteoblast
differentiation is unknown. In this report, we debe a role for Lefl in the expression of ColllaWe
demonstrate that Lefl-suppressed preosteoblastesxColllal mRNA at reduced levels compared toraon
cells. An antisense morpholino that inhibits CallXranslation enhances differentiation of C2C1s @dong the
osteoblast lineage in a manner similar to Lefl-seggion (Kahler et al., 2006). Moreover, incubatiath an N-
terminal fragment of Colllal slows alkaline phosaba production by pre-osteoblasts. These datgestighat
Lefl is important for Colllal expression and Coll la turn, plays a role in controlling osteobldgterentiation
and mineralization.

2. Results
2.1. Lefl-suppressed cells have reduced Colllpression
To identify genes that were differentially reguthtes a result of Lefl suppression, we subjected RaAples from

control (Ffl cells) and Lefl-suppressed (L2) MC33dls to gene chip analysis (Kahler et al., 200Bne group of
genes that was consistently and significantly degatated in Lefl-suppressed osteoblasts was thegeol family.
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The gene chip analyses indicated that collagens#l, 6a2 and 11al were all downregulated 1.5¢pluore at a
significance of p< 0.005 [Fig. 1A and (Kahler et al., 2006)]. Qutattve real time PCR confirmed that each of
these genes were downregulated in Lefl-suppresdedcompared to control cells (Fig. 1A). Colllapression
was reduced between 3.5- and 7-fold (Fig. 1A arah{&r et al., 2006)).

To verify that Colllal protein levels were concamily decreased in Lefl-suppressed cells, we tlectatrol
(Ffl) or Lefl-suppressed (L2) MC3T3 cells with asgenic medium for 14 days. Protein extracts frasthithe
conditioned media and extracellular matrices weigexted to immunoblot analysis. Collagen 11al eetsctable
in the conditioned medium of the control cells bot the Lefl-suppressed cells or in the extracallmatrices of
either cell line (Fig. 1B and data not shown). tBim with anti-decorin antibody shows that botimpdes contained
similar amounts of protein (Fig. 1B). Similar résuwere obtained with MC3T3 clone 14 cell linesit@ not
shown). These data show that Lefl suppressiors leadeduced expression of Colllal mRNA and protéin
these conditions, it also appears that Colllal astlyn secreted into the medium and not integratéd the
extracellular matrix. Decorin was readily detetgah the extracellular matrix (data not shown).

2.2. Lefl activates the Colllatomoter

Because Colllal was so strongly downregulated ft-tigppressed cells, we asked if Lefl could activiiie
collagen 11al promoter. We used a collagen 1llaingter reporter, pColllal(-1454)-luc, containingb44
upstream of the transcriptional start site andfitst exon of human Collla(Fig. 2A) (Yoshioka et al., 1995).
When transiently transfected into C2C12 cells, Leftivated the reporters 4-8-fold and in a conegiun-
dependent manner (Fig. 2B & C), but had no effectlee empty luciferase reporter plasmid, pGL3. 1Lako
activated the Colllafiromoter in other cell lines, including MC3T3, NaH3 and ROS cells, albeit at lower levels
(1.5 to 6 fold) (data not shown).

2.3. The Lefl HMG domain is necessary for actvatdf the Colllapromoter

We next sought to determine whether Lefl DNA bigdimctivity is necessary for activation of the Call
promoter. To test this, we used a Lefl construat kacks the HMG domain (LeAHMG), which is necessary for
DNA binding (Fig. 3A). LefAHMG was unable to activate the Colll@porter (Fig. 3B). These data suggest that
Lefl requires the HMG domain to activate the Colll pmomoter, either through its DNA binding domain or
through interaction with other proteins.

2.4. Lefl’sB-catenin binding domain is not required for aciimatof the_Colllapromoter

In many systems, Lefl interaction wiftcatenin is necessary for Lefl-mediated activatidntarget genes
(reviewed in (Behrens et al., 1996; Clevers anddeiVetering, 1997). Lefl lacking tRecatenin binding domain
is still able to bind DNA and thus could competahwi-catenin-responsive Lefl isoforms for DNA bindinites
(reviewed in (Waterman, 2004)). To determine whetbefl-mediated activation of the Colllpdomoter was
dependent upon interaction wifacatenin, we utilized an N-terminally truncated Lehutant protein lacking the
high affinity p-catenin binding domain (Fig. 4A). This construotflAp-cat, activated the Colllgdromoter in a
dose dependent manner (Fig. 4B) and enhanced tmtiviay full length Lefl in an additive manner (FigB).
These data indicate that Lefl does not requirerdntin with g-catenin to activate the Colllgdromoter.
Furthermore, LefAB-catenin does not behave as a competitive trargmrigactor at the_Colllabromoter,
suggesting that expression_of Coll11g/1l efl may be Wnt-independent.

2.5. Reduced Colllaixpression enhances osteoblastic differentiatfd@®2@12 cells

When induced to differentiate, Lefl-suppressed MEPfeosteoblasts express osteoblast markers aretratine
earlier than control cells (Kahler et al., 2006)o determine the role of Colllal in osteoblast nadion, C2C12
cells were cultured with BMP-2 in the presence bsemce of an antisense morpholino specifically ghesi to
downregulate the protein expression of Colllal teyically blocking the translation of the ColllalRNA.
Control C2C12 cells that were either untransfectettansfected with a non-specific morpholino esgesl Colllal
protein at the time of induction and Colllal levielsreased until 24 hours after the addition of BRIFFig. 5,
panels A, B, D, E, G, H). By 48 hours followingethddition of BMP-2, Col11al expression was nearly
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undetectable (Fig. 5, panel J and K). C2C12 dedissfected with the Colllal antisense morpholxmressed
considerably less Colllal protein at any time pdlinstrating the effectiveness of the antisensapholino (Fig.
5, Panels C, F, I, L). These data suggest thatXadl is expressed early in osteoblastic differ&atiabut that its
expression is quickly downregulated as osteoblastsire.

To determine the effect of the Colllal morpholino asteoblastic differentiation, we cultured C2CElscin
osteogenic medium containing BMP-2 in the preseaceabsence of the Colllal antisense or the control
morpholino and then stained the cells for alkafph@sphatase activity and mineralization. C2C1%dbht were
transfected with the Colllal antisense morpholiiobied increased alkaline phosphatase activity \am Kossa
staining as compared to C2C12 cells that were atgdeor transfected with a control morpholino (Fy. These
data indicate that Colllal | a negative regulat@steoblast differentiation.

2.6. An N-terminal fragment of Col11a¥V1B, blocks alkaline phosphatase production le/qgsteoblasts.

We next sought to confirm the role of Colllal amegative regulator of osteoblast maturation by rdeiténg the
consequence of increased Colllal protein durirepbkist differentiation. To test this, we cultu@2iC12 cells in
osteogenic medium containing BMP-2 in the presesfc€oll11al N-terminal fragments VO or V1B. The N-
terminal fragments VO and V1B represent variationshe domain of Colllal that remains associatel thie
surface of collagen fibril for an extended periodtime. VO and V1B are the two most prevalent isofs
implicated in mineralization of the bone collarlamg bone development (Davies et al 1998, Morriale2000). In
addition, the N-terminal fragments are proteollticaeleased from the surface of collagen fibrilevdly but at
isoform-specific rates of processing (Thom et H91, Medeck et al. 2003). As compared to corttetls, C2C12
cells treated with V1B had a 60% decrease in alkafihosphatase production after two days and 28Uctien
after five days (Fig. 7A), but only the former Iéveached statistical significance (p<0.5). SimylaMC3T3 cells
treated with Colllal V1B fragment exhibited reduesgbression of alkaline phosphatase compared téraion
MC3T3 cells at days three and nine of differentiatin osteogenic medium (Fig. 7B), but only the 723%uction at
day three was statistically significant (p<0.00Hragment VO also suppressed alkaline phosphatesigiion in
MC3T3 cells albeit to a lesser (39%) but significdevel (p<0.01) at day three. VO did not affetiatine
phosphatase production by C2C12 cells. Thesestigiaort the role of Colllal as a negative regutzftosteoblast
maturation in an isoform-specific manner. V1B haerb found specifically expressed in the cartilagmédiately
underlying the perichondrium, yet excluded from deeloping articular surface, further supporting hypothesis
of distinct functions for the different isoforms.

3. Discussion

Collagen 11al is mutated in Marshall and Stickjerdsomes (Snead et al., 1996; Griffith et al., Z9@8isler et al.,
1998; Annunen et al., 1999; Martin et al., 1999%&hand Yates, 1999). Patients with Marshall symérexhibit
short stature and bony overgrowths on the skulaftin et al., 1991; Meisler et al., 1998), suggesha role for
Colllal in controlling bone mineralization. Furtkgidence for this conclusion is apparent in_the &ice, which
exhibit excess mineralization in the long bones(feiller et al., 1971; Li et al., 1995). Sequemasgations in the
Colllalgene are also associated with osteoarthritisy-<@emset osteoarthritis, degenerative lumbar spitethosis
and cleft palate (Melkoniemi et al., 2003; Nopotteatala et al., 2003; Rodriguez et al., 2004; J&klet al., 2005).
Its association with a variety of common diseaseken Colllal an important target for musculosketiszase
research.

This report highlights a role for Lefl in regula@ii©olllal expression. Reduced Lefl expressioreledes with
decreased expression of Colllal mRNA and protégn JFand (Kahler et al., 2006)]. Transient traaesbn assays
indicated that Lefl activates the Colllmbmoter in a concentration-dependent manner @ig.These data are
consistent with a study which found a correlati@iween Colllal expression in colorectal carcinon an
activatedp-catenin-Lef1l/Tcf pathway (Fischer et al., 2001hatysis of the Colllapromoter identified at least six
potential Lefl binding sites, but only two were fiouto bind Lefl in vitro (data not shown). Mutafithese sites
individually or all together did not eliminate tlaetivation of the reporter by Lefl. These datagsst) that Lefl
activates the Coll1lal promoter indirectly, perhidpsugh the HMG domain, which is essential for llefaediated
activation.
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Despite the seriousness of Marshall and Sticklerdsymes and the implications of Colllal expression
osteoarthritis and other common disorders, theszeoaly a handful of reports on the transcriptiot@htrol of the
Colllalgene. The initial studies defining the Colljabmoter identified the minimal promoter contamicell
type specificity as the fragment from -199 to +38@shioka et al., 1995). However, the most acfivemoter
fragment in this study contained nucleotides -%11269. We found that this fragment remains respento Lefl
(data not shown). Yoshioka, et al. identified nidBlase | protected footprints in the region of gh@moter
containing bases -541 to + 269, most of which videatified as probable binding sites for ubiquitgusxpressed
proteins NF«B, CF1, AP2, AP3 and Spl. (Yoshioka et al., 1996ne footprint was determined to be a binding
site for a zinc-finger protein that was termed FRB@oshita et al., 1997). The only reported ziimger protein to
interact with Tcf/Lefl is Kaiso, which competes lwj-catenin for binding to Tcf-3 resulting in trangational
repression of the Samois gene in X. ladWark et al., 2005). This is unlikely to be tlaetbr through which Lefl
activates the Colllapromoter for several reasons. First, the Kaiswlibg sequence does not match that of the
unidentified zinc-finger protein FP9C. Second, $6acompetes witls-catenin binding to Tcf/Lefl and thg
catenin binding domain is not necessary for adtwabf the_Colllalpromoter (Fig. 2 and 3). Finally, Kaiso is
reported to be a repressor of transcription soract®n between Lefl and Kaiso is unlikely to résul
transcriptional activation (Kim et al., 2004; Patial., 2005; Spring et al., 2005).

A second transcription factor reported to intenaith the Colllalpromoter is CBF/NF-Y (Matsuo et al., 2003).
This transcription factor binds to the CollJ@bmoter within the -147 to -121 region the antivates transcription
of promoter (Matsuo et al., 2003). At this timkere is no evidence to suggest that Lefl coulddbieating the
Colllal promoter indirectly through CBF/NF-Y. We foundathLefl did not cooperate with NF-Y (data not
shown). We also did not detect any changes in §BFf expression in the gene chip experiment peréatwith
Lefl-suppressed cells, suggesting that the actiwity.efl on the_Colllajromoter is not through changes in
CBF/NF-Y expression (data not shown). Further stsiavill have to be performed to determine the matdrLefl’s
interaction with the_Colllapromoter whether it is through the above-mentiomasthanisms or through some
other undetermined mechanism.

Though the importance of Colllal has been estadlishrough the detrimental effects of the loss ofmal
Coll1lal expression in Marshall and Stickler syndrsnthe exact role Colllal plays in bone formdtias not yet
been identified. This report shows a link betwéefil and Colllal both in the ability of Lefl to imate the
Colllalpromoter and the osteoblastic phenotype resultorg reduced expression of both Lefl and Coll114k
previously reported that using RNAi to reduce Lefkpression leads to accelerated osteoblast maturati
characterized by early expression of osteoblaskenarand enhanced matrix mineralization (Kahlealgt2006).
Lefl-suppressed cells have reduced Colllal exprefsSig. 1). When we used an antisense morphotmosimic
the reduced Colllal expression seen in Lefl-supgnlesells, we observed that alkaline phosphatageession
and mineralization were enhanced (Fig. 6). In ed@ace, exposure to a Col 11lal N-terminal fragndetdyed
early osteoblast maturation as measured by alkphtsphatase expression. These data suggestnhaifdhe
main mechanisms for the enhanced differentiatiorbserved as a result of reducing Lefl levelsésréduction of
Colllal. They also suggest that Colllal is impofta controlling the rate of osteoblast mineratian. The VO
and V1B containing isoforms of Colllal constitu@e/to 80% of the total Colllal transcripts in gtotate
cartilage, including the region undergoing mineaiion to form the bone collar between the cartilagnd the
perichondrium. V1B Colllal shows a restrictedrithigtion in the cartilage of the developing longhbs. Before
primary ossification, V1B is expressed only in tfiephysis, primarily adjacent to the perichondriwarocation
consistent with a role in the inhibition of osteadtl differentiation and mineralization. This uréglocalization of
V1B may indicate that it is involved in the sigmaji between the cells of the perichondrium, assediat
chondrocytes and differentiating osteoblasts.

The main function of type XI collagen is to contfilrillogenesis of type Il collagen (Gelse et 2003). However,
this function requires the integration of type Xllagen into matrix containing type Il collagen (&xet al., 2003).
Furthermore, the expression of each of the inda&idype Xl collagen genes is varied from tissuetissue,
suggesting that they do not form heterotrimers lintissues and hence the function of each type dllagen
molecule might be tissue specific (Lui et al., 1p98Vhen we examined the expression of Colllal upaduction
of osteoblastic differentiation, we observed vepyrlye expression of Colllal with nearly a compleaissl of
expression by 48 hours (Fig. 5). It is possibbg tholllal is incorporated into the matrix but aarbe detected by
immunofluorescence. However, we were unable teeaie€olllal protein in the matrix of differentiatin
osteoblasts by immunoblotting, a method that eatgfgcted Colllal in the supernatant (Fig. 1). difsence of

R. A. Kahler, S. M.C. Yingst, L. H. Hoeppner, E. I2nsen, D. Krawczak, J. T. Oxford & J. J. WestehdoMATRIX BIOLOGY (2008) 5



This is an author-produced, peer-reviewed versfahis article. The final, definitive version dfis document can be found online at Matri
Biology, published by Elsevier. Copyright restiocts may apply. doi: 10.1016/j.matbio.2008.01.002

Colllal in the matrix suggests that the role oflCal in osteoblast differentiation is separate fitsrole in
controlling fibrillogenesis in other tissues. Timechanism by which the reduction of Colllal expoessduces
enhanced mineralization and alkaline phosphatasains to be determined. However, its presencddauts the
matrix might suggest a role in regulating the aaillty of growth factors or as a signaling molextitself
(reviewed in (Tran et al., 2004; Bi et al., 200% Bnd lozzo, 2005; lozzo, 2005; Tran et al., 2005)

4. Experimental Procedures
4.1. Plasmids

The luciferase reporter construct (pColllal(-146d)was kindly provided by Dr. Francesco Ramirem($hita et
al., 1997; Matsuo et al., 2003). Dr. Liliana Adti® provided pCMV5B-Lefl-HA and pCMV5B-LefHMG-HA.
Dr. Randall Moon provided pCMV5-LefB-catenin.

4.2. Cell Culture and Differentiation

MC3T3 Ffl and MC3T3 L2 cells were described preglyuKahler et al., 2006). MC3T3 cells were maiinéal in
minimal essential medium (MEM) supplemented witldl@etal bovine serum (FBS), 1% non-essential amino
acids, 200 mM L-glutamine, 50 units/ml penicillinda50 pg/ml streptomycin. To induce differentiaticonfluent
MC3T3-E1 were transferred to differentiation mediyoMEM supplemented with 10% FBS, 50 units/ml
penicillin, 50 pg/ml streptomycin, 50 pg/ml ascaerlaicid and 10 mMB-glycerolphosphate), which was replaced
every three days.

C2C12 cells were maintained at 1.5 x° I&lls per 75 cfhin Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco) containing 10% FBS (Gibco), 100U/ml pemiciland 100ug/ml streptomycin, at 3T in a humidified
atmosphere, 5% GO To induce differentiation along the osteoblasitieage, C2C12 cells were plated at 2 £ 10
cells/cnt and the medium was replaced with DMEM containirip $BS, 100U/ml penicillin, 100ug/ml
streptomycin and 300 ng/ml of BMP& the indicated lengths of time.

Twelve micromolar of either Colllal antisense BECTGGACCAGGGCTCCATCACCAA -3') or standard
control morpholino, (5’-CCTCTTACCTCAGTTACAATTTATA-3 (Gene Tools) and &M of Endo-Porter (Gene
Tools) were added to C2C12 cells at 2 ddlis/cnf. Cells were incubated for 24 hours in medium caing 5%
FBS, 100 U/ml penicillin and 10Qg/ml streptomycin prior to inducing osteoblasti¢fetientiation as described
above.

One microgram of either Colllal N-terminal fragme@tor V1B purified protein was added to C2C12 gahd
MC3T3 cells cultured in osteogenic medium as dbsdriabove at a density of 1.5 X’ T@lls per well of a 12-well
plate. Colllal VO or V1B protein was added todbks every 3 days over the course of the difféation when
the medium was replaced.

4.3. Collagen Fragment Synthesis

VO and V1B sequences were amplified, cloned andessed as described previously (Gregory et al 2000)
Recombinant proteins were purified, refolded araratterized as previously described (Warner &Gil7).

4.4. Alkaline Phosphatase and von Kossa Staining

C2C12 cells were plated at 2 x*t@lls/cnf on tissue culture-treated glass slides (Nunchénpresence or absence
of the collagen 11al antisense or control morpbdiin 14 days with 300 ng/ml of BMP-2 (R&D System€)2C12
cells were then fixed for 5 minutes in cold metHaar@ incubated for 45 minutes in 0.1 mg/ml of tAphAS-MX
phosphate, 0.4% N, N-Dimethylformamide, 0.2M Tri€lHbH 8.3 and 0.6mg/ml of Red Violet LB salt. Téleles
were then washed in distilled water four times atained with 2.5% silver nitrate for 30 minuted)doed by 4
washes in distilled water.
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4.5. Cell Transfection and Luciferase Assays

Prior to transfection, C2C12 cells were seeded agrsity of 4 x 1bcells/well into 12-well plates and allowed to
adhere overnight. C2C12 cells were transientlgdfected with pGL3 or pGL3-Coll1lal-luc (200 ng/\NeiRL-
null (50 ng/well), and pCMV5B-Lefl-HA, pCMV5B-LefiHMG-HA or pCMV5-LeflAB-catenin as indicated
using LipofectAMINE (Invitrogen) as directed by theanufacturer. Transcription of luciferase repodenstructs
was measured using the Dual-Luciferase ReporteayASystem kit (Promega) according to the manufacsir
instructions 24 hours after transfection.

4.6. Reverse Transcriptase Polymerase Chain Reacti

RT-PCR was performed by reverse transcribingglRNA using the Invitrogen Superscript First-Stré@yhthesis
System for RT-PCR. Targets were amplified from ¢BNA, 1 ul of a 1:10 dilution, using the sequence-specific
primers: Lefl forward 5-TCACTGTCAGGCGACACTTC-3',dfl reverse 5-TGAGGCTTCACGTGCATTAG-
3’, Col3al forward 5-GTCCACGAGGTGACAAAGGT-3’, Coll reverse 5-CATCTTTTCCAGGAGGTCCA-
3’, Col5al forward 5-TGCCCTCTGACTGCCTCTAT-3’, Caa reverse 5-CACATTGCAGCCTGAAAGAA-3,
Col6a2 forward 5-CTTCCCCTACCCCAAGTCTC-3, Col6azverse 5-TGATATGGGGCTCTCAGGTC-3,,
Colllal forward 5-CTGGTCATCCTGGGAAAGAA-3’, Colllakverse 5-TTGAATCCTGGAAAGCCATC-3',
Actin forward 5-AAGGAAGGCTGGAAAAGAGC-3', Actin reerse 5-GCTACAGCTTCACCACCACA-3',
Alkaline phosphatase forward 5-TGTTGACAAGGCAGACAAE3, Alkaline phosphatase reverse 5'-
CAGGACCGTTGCCGTATAGT-3'. Standard RT-PCRs werefpaned in a Bio Rad iCycler. All quantitative
PCRs were done in a Roche Light Cycler. Amplifimatof targets was performed on cDNA using the SYBRen
Taq ReadyMix, Capillary Formulation (Sigma).

4.7. Extracellular Matrix Preparation

Media were collected from 14-day differentiatioritates and the remaining cells were washed onck & M
acetic acid. The washes were pooled with the ¢mmdid media before equal volumes of 4 M NaCl & M. acetic
acid were added. Proteins were precipitated bybating this mixture for 48 hours at €. To collect the
extracellular matrix proteins, the washed cellsemeeated overnight with 1 mg/ml pepsin in 0.5 Mtacacid at 4
C. The supernatants were collected and proteiesigatated as described above. All protein preéafps were
collected by centrifugation for 1 hour at 26,00@,xesuspended in 0.5 M acetic acid and dialyzednag 0.5 M
acetic acid to remove the salts. The samples therelyophilized and resuspended in 0.5 M acetid. ac

4.8. Immunoblotting

Protein was quantitated using the Bio-Rag P¥otein Assay kit. Protein aliquots were mixedhwion-reducing
protein sample dye and resolved by SDS 7% PAGEotefs were transferred to PVDF membranes for
immunoblotting with a rabbit polyclonal antibodycognizing the C-telopeptide domain of collagen 1{2(545)

(Li et al., 1995; Davies et al., 1998) or mouse owonal anti-decorin antibody (Scott et al., 199%)ol11al and
decorin antibodies were diluted 1:1000 and 1:46peetively, in TBST (TBS, 0.4% tween-20) with 3% ARSDr.
Paul G. Scott graciously provided the anti-decaritibody.

4.9. Immunofluorescence and Microscopy

C2C12 cells were plated as described above on glakss in the presence or absence of Colllalesmsgsor
control morpholinos. All treatment groups receig@D ng/ml of BMP-2 following 24 hours incubationthvthe
indicated morpholino. The cells were fixed for lates in cold methanol at the indicated time ponmainging from

0 hours to 48 hours following treatment with BMP-Phe slides were then rinsed in TBS and permeadbiiz TBS-
0.5% Triton X-100 (TX) for 10 minutes. The slideere washed 3x 5 minutes in TBS-0.1% TX, followed b
blocking with 2% BSA in TBS-0.1% TX for 10 minute#\nti-collagen 11al antibody was added to theestitia
dilution of 1:100 in 2% BSA, TBS-0.1% TX for 1.5 tns in a humidified chamber at 7. The cells were
subsequently washed 5x 5minutes in TBS-0.1% TXlo®ing the last wash, the secondary antibody, ad@imine
(TRITC)-conjugated AffiniPure Donkey Anti-Rabbit@y(Jackson ImmunoResearch Laboratories) dilute@iOLid
TBS-0.1% TX was added and incubated for 1 hour liumidified chamber at 3€. The slides were then washed
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3x 5 minutes in TBS-0.1% TX and incubated in 3giml of DAPI for 10 minutes (Molecular Probes). eTlides
were again washed 3x 5 minutes in TBS-0.1% TX,ednsnce in TBS, drained, mounted with Vectashield
according to the manufacturer’s protocol (Vectobduatories) and sealed.

For microscopic observation and photomicrography tled fluorescently labeled cells, an Olympus BX60
fluorescence microscope equipped with a PM-10ADtesysfor photomicrography was used. The fluorescent
molecules were excited with a 100 W mercury lamiRITC-labeled molecules were detected with a fiket
having a 510-560 nm wavelength bandpass, a 565idmoit beamsplitter and a 575 to 645 nm emissiber f
(scale 10 nm).

For microscopic observation and photomicrographthefgeneral morphology and of alkaline phosphataseVon
Kossa staining of the cells, a Nikon Inverted Mgope Eclipse TS100-F equipped with a Spot Ins@Ebibr
digital camera and software was used (Nikon InséntsiInc.). The cells were detected with a 40xectje using
Hoffman Modulation Contrast (HMC) microscopy (scalnm).
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Figure Legends

Figure 1. Colllal expression is reduced in Lefl-deficient cells. A. The relative change in expression of
collagen 11al in Lefl-suppressed MC3T3 cells (lIr@ampared to control cells expressing a shorptmiRNA
against firefly luciferase (Ffl). Black bars depfold reduction of expression £ SD as measuredyéye chip
analysis with a p-valug 0.05. Grey bars depict fold reduction of exprasst SD as measured by quantitative RT-
PCR. B. Immunoblot analysis of protein precigthfrom L2 or Ffl cell-conditioned media. The uppanel is
blotted with a-collagen 11al antibody. The lower panel is btbttgth a-decorin antibody as a protein loading
control.

Figure 2. Lefl activates the Colllal promoter. A. This schematic depicts the Colllabmoter used in this
study. pColllal(-1454)-luc encompasses bases 1b45%269. B. C2C12 cells were transfected withLp@r
pGL3-Col11al(-1454)-luc, pRL-null and 200 ng ofheit pcDNA (-) or pCMV5B-Lefl-HA. Transcriptional
activation is shown as fold luciferase activity beentrol + SEM and corrected for transfection aéncy relative
to renilla expression. C. C2C12 cells were trastsfi: with pGL3-Col1llal(-1454)-luc, pRL-null and tinelicated
concentrations of pPCMV5B-Lefl-HA. Data were analgzs in B.

Figure 3. The HMG domain of Lefl is required for activation of Colllal promoter. A. This schematic
depicts the Lefl and LeAHMG expression constructs used in these experimefisat BD, B-catenin binding
domain; TLE BD, TLE binding domain; HMG,high moltyligroup domain. B. C2C12 cells were transfeotét
pColllal(-1454)-luc, pRL-null and 200 ng of eithecDNA3 (-), pCMV5-Lefl-HA (Lefl), or pCMV5-
LefIAHMG-HA (AHMG) as indicated. Transcription is measured &slfeciferase activity over control + SEM.
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Figure 4. Interaction with B-catenin is not required for Lefl-mediated activation of the Col1llal promoter.
A. This diagram depicts Lefl and Ldéfi-cat. Abbreviations are listed in Fig. 5A. B. ©2 cells were
transfected with pCol11(-1454)-luc, pRL-null, 20§ pCMV5B-Lefl-HA and either 200 ng pcDNAS3 (-) oreth
indicated amount of LefiB-cat.

Figure 5. Colllal expression isinhibited by Col1lal antisense morpholinos. A-C. C2C12 cells were treated
with either no (A), control (B) or Colllal antisensorpholinos (C) and immunofluorescently stainéith an anti-
Colllal primary antibody and a TRITC-labeled seaopndantibody. D-L. C2C12 cells were treated witie
indicated morpholinos and induced to differentieti® the osteoblastic lineage by treatment with BRMMBor the
indicated length of time, followed by immunofluocest staining as above.

Figure 6. A Colllal antisense morpholinosinducesincreased expression of osteoblast markers. C2C12 cells
were treated either with no (A), control (B) or Cbal antisense morpholinos (C) and stained forliatka
phosphatase activity (red) and mineralization (Kossa staining, black) after 14 days treatment ®MP-2.

Figure 7: Alkaline phosphatase expression isinhibited during osteoblast differentiation by an N-ter minal
Coll1al fragment, V1B. C2C12 cells were differentiated in osteogenic inmadsupplemented with BMP2 for five
days (A) and MC3T3-E1 cells were differentiated#teogenic medium for nine days (B) in the preseficehicle
alone, Colllal VO fragment, or Colllal V1B fragmeRINA was collected at the indicated time poimtd a
guantitative PCR was performed using alkaline phatgse and actin specific primers. Alkaline phasase values
were normalized to actin.
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