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ABSTRACT

Periostin is an extracellular matrix protein that actively contributes to tumgrgssion and metastasis. Here, we
hypothesized that it could be a marker of bone metastasis formation. To ddidrgsgstion, we used two polyclonal

antibodies directed against the whole molecule or its C-terminal domain to eexpéorexpression of intact and

truncated forms of periostin in the serum and tissues (lung, head) bbwild-type and periostin-deficient mice. In

normal bones, periostin was expressed in the periosteum andcspedibstin proteolytic fragments were found in

bones, but not in soft tissues. In animals bearing osteolytic lesiossdchy 4T1 cells, C-terminal intact periostin

(iPTN) expression disappeared at the invasive front of skeletal tumors wineredsorbing osteoclasts were present.
In vitro, we found that periostin was a substrate for osteoclast-derivezpsath, generating proteolytic fragments

that were not recognized by anti-periostin antibodies directed against iPTNoJrusing an in-house sandwich

immunoassay aimed at detecting iPTN only, we observed a noticeable neddict@um periostin levels (-26%;<P

0.002) in animals bearing osteolytic lesions caused by 4T1 cells.eGrotitrary, this decrease was not obserwed i

women with breast cancer and bone metastases when periostin was megtbusetiuman assay detecting total

periostin._Collectively, these data showed that mouse periostin was degréueedh@ie metastatic sites, potentially

by cathepsin K, and that the specific measurement of iPTN in sgomd assist in detecting bone metastasis

formation in breast cancer.

Keywords: periostin, bone metastases, cathepsin K, ELISA sandwich, breast cancer
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INTRODUCTION

Bone metastases, the spread of cancer to the bones, are most comsumidyembwith cancers of the prostate, lung,
and breast [1]. In bone metastasis, metastatic cancer cells disrupt gielqgigal balance between osteoclast-
mediated bone resorption and osteoblast-mediated bone formation, resultimg idelstruction and release of bone
matrix-derived factors that stimulate tumor groyitt8]. Biochemical markers of bone resorption and bone formation,
which are released as a result of malignant bone involvement, have demonstitgddlinical utility for predicting
bone disease progression and risk of skeletal-related events in patibriiene metastases [4, 5]. Consequently, the
development of new markers detecting bone relapse is needed.

Periostin belongs to a family of extracellular matrix proteins includingntbospondins, secreted protein acidic and

rich in cysteine (SPARC), osteopontin, and tenascin that regulate biological fisationg embryonic development,

tissue injury and cancer development, while these proteins are absiembst @l normal healthy adult tissuggs8].

In cancer, periostin is usually expressed by fibroblasts associatethaitiimor stroma where it promotes tumor cell
adhesion and invasion through interactions with extracellular matrix protef@s¢in C, fibronectin, type | collagen),
cell surface receptors (integrins), and proteoglycans (heparif)HB]gain of adhesiveness and invasiveness induced
by periostin expression confers to tumor cells a selective advantage dagngeétastasis formation [9, 10} normal
bone biology, periostin is preferentially expressed by osteoblastest@dcytes in periosteum and cortical bone,
respectively [11]. Periostin deficient mice develop periodontitis and ostesipdt@]. It is an important mediator of
cortical bone response to parathyroid hormone (PTH) and mechanical_stre$8,[14]. In bone metastasis, tumor
cells create a permissive and supportive stroma environment for theithgib®]. Because periostin actively
contributes to tumor growth [6, 9, 10], we hypothesized that it comld bseful marker for the detection of bone
metastasis formation. To address this question, we first characterized antitv@dieesl against circulating and tissue-
derived forms of mouse periostin, then developed a sandwich immagoeiis these antibodies for the sole detection
of iPTN. Using this immunoassay, serum periostin levels were measusgdanimal model of breast cancer bone

metastasidn parallel, we measured periostin in women with breast cancer aadrsiastases with a human periostin

assay detected total periostin in serum. Our study shows that mouseirpé&icteaved at bone metastatic sites,

potentially by cathepsin K, and that the specific measurement of iPTNum s&rould assist in detecting bone

metastasis formation in breast cancer.

MATERIAL AND METHODS
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1. Patient population and measurement of total periostin in human serum

A cohort of 53 women with metastatic hormone receptor-positive (anawmk) breast cancer and bone metastasis

[mean age +* standard deviation (SD): 68.3 + 11.03 years] and @lcooiort of 54 age-matched healthy post-

menopausal women were used for periostin serum measuremeniBl§be].was drawn 14 days before initiation of

therapy. Serum was stored at -80°C until use. Circulating levels of periostiatients were measured using a

commercial sandwich Enzyme-linked immunosorbent adsisA) kit (USCN, China), as previously described [16].

2. Animal studies
The animals were maintained in a 12 hrs light-dark cycle and given fcessato food and water. All procedures
involving animals, including their housing and care, the mefilyoshich they were culled, and experimental protocols
were reviewed and approved by local ethical committees of Geneva School of Me@ieievd, Switzerland) and

the University of Lyon (Lyon, FranceAnimal studies were routinely inspected by the attending veterinarian teensu

continued compliance with the proposed protocols.

P ostn2¢ Zknockin C57BI6/J mice (Postr) and wild-type mice (Posttl) were generated as previously reported [17].

Serum and tissues (bone, lung and heart) were collected for biochemigakanBlone metastasis experiments were
conducted using 5 week-old immunocompetent female Balb/c mice (CharlesfRareze). Mouse 4T1 breast cancer

cells [5 x 10 cells in 0.1ml of phosphate buffered saline (PBS)] or only PBS drmivup) were inoculated intra-

arterially to animals. The formation of osteolytic lesions was monitoreddiggraphy, using a cabinet X-ray system
(Faxitron, USA). Osteolytic lesions were identified on radiographs as radiolucesrislési bone. Animals were

sacrificed on day 14 after tumor cell inoculation. The hind limbs were collémtéchmunohistochemistry (IHC).

Serums were stored at -80°C until used for iPTN measurements.

3. Antibodies against mouse periostin

Rabbit antibodies used are (i) a biotin-conjugated polyclonal antibody (BBE-2955, R&D, USA) and (ii) an in-

house polyclonal antibody (Ab2) directed against amino-acid sequed@@&d. T of mouse periostin, respectively. Ab2
antibody was obtained by immunizing New Zealand White rabbits using synthetic peptide
(KKIPANKRVQGPRRRSREGRSQ , Genepep, France) coupled to keyhole limpet hemocyAhispliced variants

of periostin share the amino-acid sequences recognized by Abl anédmb2dies meaning that in the next
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immunoblotting analyses the bands recognized by both Abl and Ab2diesitimrrespond to iPTN and the bands
recognized only by Ablantibody correspond to cleaved periostin at then@vatend.

4. Preparation of mouse serum

Serum (25ul) was depleted of three high abundant proteins [albuminniogiebulin G (IgG) and transferrin] using

a MARS Ms3 cartridge (Agilent technologies, USA). Proteins were desalted by precipitation2uBirigean-Up kit
(GE-Healthcare-LifeSciences, Germany), according to the manufacturer’s instructions. Thereafter, proteins were
rehydrated with 25ul of Laemmli sample buffer (Bio-Rad, USA) orl 25pDestreak rehydration solution (GE-

Healthcare-Life-Sciences, Germany) for one-dimensional (1D) or twerdiimnal (2D) electrophoresis, respectively.

5. Preparation of mouse tissue extracts

The proximal and the distal metaphysis of femora were removed and therlaorow was flushed out. Bones and
lungs of mice were extensively washed with demineralized water andjthend to fine powder in liquid nitrogen.
Proteins were extracted from tissue powder wusing 7 M wurea, 2 M rehiou4% 3{3-

cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 2Giydithiothreitol (DTT), 1% immobilized

pH gradient (IPG) buffer pH 30 (GE-Healthcare-Life-Sciences, Germany), desalted and concentrated by

precipitation using 2-D Clean-Up kit. Proteins were rehydrated with Destreakatioy solution and quantified using

2-D Quant kit (GE-Healthcare-Life-Sciences, Germany).

6. Electrophoresis and Immunoblotting

For 1D electrophoresis, non-reduced or reduced, 5ul of depletedwerervaded on 7.5% Mini-PROTEAN GX™

Precast Protein Gels, 10-well, 30ul (Bio-Rad, USA) and electrophoresedwati20@ith Mini-Proteafi Tetra Vertical

Electrophoresis system (Bio-Rad, USA).

For 2D electrophoresis, 60ug of protein tissue extracts or 12.5gptdtdd serum were diluted to a final volume of

125pl in a Destreak solution buffer supplemented with 20mM DTT and 1%uF& pH 3-10. IPG strips, 7 cm, pH

3-10L (GE-Healthcare-Life-Sciences, Germany) were rehydrated wilathples during 18h at 20°C. The isoelectric

focusing (IEF) was carried out using an Ettan IPGphor Il IEF Unit (GHthteme-Life-Sciences, Germany) for 4.5

hrs with a gradient of 500 to 4000 volt-hrs. After IEF, IPG stwpse first reduced in a buffer containing 6M urea,

50mM Tris-HCI, pH 8.8, 2% _sodium dodecyl sulfate (SDS), 30% glycerol and 0.06&%nophenol blue

supplemented with 10mg/ml DTT, and then alkylated using the saner buffplemented with 25 mg iodoacetamide

(GE-Healthcare-Life-Sciences, Germany). The procedure was doreorat temperature for 15 min with each
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component (DTT and iodoacetamide). Reduced and alkylated IPG stripthemgaced on 7.5% Mini-PROTEAN

TGX™ Precast Protein Gels, 7cmm IPG/prep well, 450ul (Bio-Rad, USA) angtbtins were electrophoresed at

110 volts.

After electrophoresis, proteins were transferred onto nitrocellulose membrathefBlot Dry Blotting System

(ThermoFisher Scientific, USA) and analyzed by immunoblotting. Mands were probed with rabbit anti-periostin

Abl or Ab2 polyclonal antibody (1: 1,000 dilution) or with a eeumonoclonal antibody (5ug/ml concentration) that
is directed againgtcarboxylation modification of glutamic acid (Gla) residues (Sckisui DiggsasLC, USA). After
overnight incubation with primary antibodies at 4°C, membranes weted#sen incubated 1 hr at room temperature
with horseradish peroxidase (HRP)-conjugated donkey anti-rabbitO@ :@iution) or HRP-conjugated goat anti-
mouse secondary antibody (1: 8,000 dilution) (Jackson ImmunoRbséH(), and immunostaining was performed

with a Chemiluminescence Imaging System (Chemi-Smart 2100WL/20MeMillurmat, Germany)

7. H

Hind limbs were fixed in alcohol, formalin, and acetic acid fixative, decalcifidu@steosoft solution (Merck KGaA,

Germany), dehydrated and paraffin-embedded. Bone tissue sections eudyatéd overnight at 4°C with rabbit
polyclonal Abl, Ab2 (1: 1,000 dilution) and cathepsin K antibody1@0 dilution, Biovision Inc., USA). After

washing, bone tissue sections were incubated 1 hr at room tempevéatuan HRP-conjugated donkey anti-rabbit
secondary antibody (1: 100 dilution; GE-Healthcare-Life-Sciences), arsighal developed with diaminobenzidine

(Dako product, Agilent Technologies, InC., USA). Additionally, osteoclastimitone tissue sections were stained

using the tartrate-resistant acid phosphatase (TRAP) activity kit assay (Merék &6anany).

8. Development of an ELISA assay against mouse iPTN

All steps of this protocol were performed under shaking conditidB8 (pm). Streptavidin-coated plates (Nunc
Immobilizer, Dutscher, France) were first washed 3 times with Trietmd saline (TBS) containing 0.05 % Tween-
20 (Euromedex, France). Then plates were coated with Ab1 antibodyl(2@Ql; 200 ng/ml) in TBS containing 0.5%

bovine serum albumin [(BSA), Euromedex, France] and 10 mM Q&@&rck KGaA, Germany) (Assay buffer), for

2h at room temperature. After washing with TBS containing 0.5% &®8ATween-20 (washing buffer), 50 pl/well of
zero calibrators (assay buffer), calibrators (serial dilutions of the repantbinouse periostin [R&D System, Inc.,

USA] in assay buffer), quality controls and unknown sera (diltaell40 in assay buffer) were incubated overnight
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with Ab2 antibody (100 pl/well; 16 ng/ml diluted in assay bufferd®. The unbound material was eliminated by
washing. Then, HRRonjugated antibody diluted to 1: 8,000 in assay buffer was ad@@qu{ivell) for 1 hr at room
temperature. After a final wash, 100 pl/well of substrate solution [3,3°,5,5” tetramethylbenzidine, (TMB), Euromedex,
France] was added for 30 min and the reaction was stopped by theraoffiti® pl/well of 0.2 M sulfuric acid (Merck

KGaA, Germany). Optical density (OD) was measured at a wavelength efd5€orrected for absorbance at 620

nm. Unknown values were calculated using a five-parameter curve fittiegdure (Asceft Software for Multiscan,
ThermoFisher Scientific, USA). All measurements were performed iiicdtg

9. Cathepsin Kdigestion and Liquid chromatography-tandem mass spectromgt(LC-MS/MS) analysis

Mouse recombinant periostin (1.1 pM) was digested with cathepsifEr¢o, France (2.2 uM) at 20°C
(substrat/enzyme ratio: 0.01, 0.1, 0.5, 1, 1.5, 2). After ihdubation, cathepsin K inhibitor E64 (250 uM) (Merck
KGaA, Germany) was added to stop the digestion. The different digestestipesamples obtained were either used
for immunoblotting detection, or LC-MS/MS analysis or ELISA meawrd. Periostin proteolytic fragments were

then separated by 1D electrophoresis on 4-20% Mini-PROTERGIX™ Precast Protein Gels, 10-well, 30ul (Bio-

Rad, USA), at 200 volts and immunoblotted with Abl or Ab2 antibodistamed with Bio-Safe TM Coomassie G-

250 (Bio-Rad, USA)The 25-kDa Coomassie-blue-stained proteolytic band was excised, digestedypsin and

peptides sequenced on LTQ Velos and Qstar XL Mass Spectrometers (ThermoFishiéic SOiBA).

10. Statistical analysis

All data were analyzed using StatView software (SAS, USA). Results aretagpas mean = SD. Pairwise
comparisons were carried out by performing a nonparametric Marm&yHJ test. P values less than 0.05 were

considered statistically significant.
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RESULTS

1. Circulating periostin levels in breast cancer patients with bone metastases (Fig. 1)

Periostin levels were measured in the serum of breast cancer patients withhdiastases (n = 53) and compared to

that observed in the serum of healthy individuals (n = 54), ussandwich ELISA kit with a polyclonal antibody

(AbH) that is directed against the first fasciclin-like domain (FAS 1) ah& periostin, which is common to all

periostin isoforms (Fig.1A). Serum periostin levels did not significatiffer between women with breast cancer and

bone metastasis and those from aged-matched healthy post-menopausal(A8&m&272 + 1043 vs 3489 + 1015

ng/ml, P=0.18) (Fig. 1B).

2. Biochemical characterization of mouse periostin in serum, bone and soft tissuésd. 2 and 3)

We used two polyclonal antibodies against mouse periostin, one being commera@ihble and directed against
amino-acid sequence 24-811 (Ab1l) and the second one (Ak2)evaloped in our laboratory and directed against the
last C-terminal 22 amino acid390-811) (Fig. 2A).All spliced variants of periostin share the same amino-acid

sequence recognized by Abl (first FAS-I domain) and Ab2 (last 22n@A&r amino acids) antibodies, thereby

allowing the detection of all periostin isoforms. Abl and Ab2 antibodie® first used to identify periostin by

immunoblotting after separation of protein extracts from mousebset® electrophoresis (Fig. 2B). When proteins

were electrophoresed under non-reducing conditions (-DARY) and Ab2 antibodies recognized the same 250-kDa
protein band in the serum from C57BI6/J normal mice (Fig- ZB)s 250-kDa band disappeared under reducing
conditions (+DTT), while several bands, including a strongly stainddD&bdoublet band, were immunodetected by
Abl antibody (Fig. 2B). Ab2 antibody only recognized the uppedlaf this doublet (Fig. 2B). Importantly, these
protein bands were not immunodetected in the serum of Paste (Fig. 2B), demonstrating the specificity of Abl
and Ab2 antibodies against periostin. These bands likely represented polypefugtdyg related in structure,
suggesting a mixture of intact and proteolytic forms of perio§trfurther address this question, serum proteins were
electrophoresed and transferred to a nitrocellulose membrane, then a singlesapéitin half, each half was blotted
separately with antibodies Abl and Ab2, and the two halves were matdbetb imaging. As shown in_Fig. 2C
under reducing conditions (+DTT), Ab2 antibody only stained the uppésaular-weight band whereas both bands
were stained with Ab1 antibody. Proteins extracted from the serurbpoaedand soft tissues (lung and heart) of wild-

type and Posth mice were then subjected to 2D electrophoresis, transferred to nitrocellulobeamesnand probed
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with Ab1 or Ab2 antibody. As shown in Fig. 3, irrespective of tteegin source, Abl and Ab2 antibodies detected an
array of spots with molecular weights at about 75 kDa. However, isoeledtris fjol) of Abl-positive spots ranged

mainly between 6 and 7 (Fig. 3, panel A, Pttibox 1), whereas those of Ab2-positive spots ranged essentially

between 7 and 9 (Fig. 3, panel B, P&4tibox 2) (see spot details with area magnification, Fig. 3, panel C). Mateov

Abl antibody specifically recognized an array of spots at 37 kibane, but not in the serum and soft tissues (lung

and heart) of Postff mice, that likely represented proteolytic fragments of periostin (Fig. 3, pafma#d’, bone,

box 3). Other spots detected by Abl and Ab2 antibodies in the sewitissues of Posti mice were nonspecific,

since these spots were also detected in the serum and tissues diflost(Fig. 3; arrows).

3. Periostin is not ay -carboxylated protein (Fig. 4)

It has been previously reported that periostin is a vitamin K-depepaanboxylated protein [18]. To analyze for the
presence ofj-carboxylation, proteins extracted from the serum and bone and ksgedi were subjected to 2D
electrophoresis, transferred to nitrocellulose membrane and probed byddlwiting using a monoclonal antibody

specific for Gla residues. As shown in Figure 4, there was no oveetayeen Gla-positive spots and areas where

periostin-positive spots were detected in the serum and lung (boxes2) and in bone (boxes 1, 2 and 3) from

Postri”* mice. Additionally, similar Gla-positive spots were observed in the sanaitissues from P ostrmice while

periostin was deleted. These data demonstrated that mouse periostin wasaticxylated protein, as proposed by

Coutu et al[18]. Similar findings were recently reported for human periost&j. [Additionally, we verified in our
immunoblotting conditions that the commercial monoclonal anti-Gla antibody reedgtwo wellknown Gla
proteins, the vitamin K-dependent protein C (9 Gla residues) and the coagulatioriXa(t@ Gla residues). We
observed a specific labeling at the expected molecular weights (62 kDg5 &b, respectively) and pl areas (4.4-

4.8 and 4.2-4.5, respectively) (Supplemental Fig. S1).

4. In situ expression of periostin in hormal and metastatic mouse bones (Fig. 5)

IHC of mouse bone tissue with Ab1 and Ab2 antibodies showed a sxpngssion of periostin in the periosteum, but
not the endosteum (Fig. 5A arrowh).experimental bone metastasis caused by mouse 4T1 breast cancéibdells,
immunostaining of bone metastatic tissue sections showed a strong gtxpnealsion of periostin at the invasive front

of the tumor, whereas Ab2 immunostaining was negative (Figs. 3Bafil -Ab2). Additionally, as judged by the

TRAP and cathepsin K staining of bone tissue sections, this abseAb@ ahmunostaining localized at the tumor

9
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bone interface where active-osteoclast resorption surfaces were present (HRABEd 5B-cathepsin K). Of note,
both Abl and Ab2 antibodies still strongly stained the periosteum matdrone areas at a distance from skeletal
tumors _(Fig. 5C, arrows), further indicating that the loss of imoreerctivity with Ab2 antibody was specifically

associated with cancer-induced osteolysis.

5. In-house ELISA to measure iPTN in serum (Fig. 6A)

We developed a sandwich ELISA for the sole detection of iPTN forrimg A®1 and Ab2 as the capture and detection
antibodies, respectively. A typical standard curve is shown in Figur@l@intra- and inter-assay precisions of the
immunoassay for serum were below 4 and 13%, respectively. The hggndecovery was 105 % and the mean
spiking test was 99%allowing accurate measurements of periostin from 1 to 50 ng/mid@teetion limit -defined

as the concentration 2 standard deviations above that of the lowest calibeatert ng/ml. Serum periostin was stable
for up to 5 thaw/freeze cycles and at least 2 hrs at room tempeiataddition, our immunoassay did not measure
any circulating periostin levels in Postmice and it did not allow detection of human serum periostin (data not

shown), demonstrating its specificity.

6. Association between serum periostin levels and bone metastasis in animals (6iB)

We next measured circulating levels of periostin from animals beaegitagstatic osteolytic lesions caused by murine
4T1 breast cancer cells. Fourteen days after tumor cell inoculatiomlardeveloped osteolytic lesions, as judged by

radiography (Fig. 6B, inset and white arrows), at which time bleaicollected for serum measurement of periostin

levels. Compared to age-matched naive animals (i.e., mice that did not reckivelld), there was a 26% decrease

of periostin levels in the serum of metastatic animals (mean + SD: 560w 766 + 64 ng/ml, P<0.002) (Fig. 6B)

7. Recombinant mouse periostin is a substrate for cathepsin K (Fig. 7)

Cathepsin K is a major cysteine protease in osteoclasts that plays a key rtdedfassmediated bone resorption [1]
We therefore tested the ability of cathepsin K to digest mouse recombémenstip. As shown in Fig. 7A, cathepsin
K generated at least four proteolytic fragments with molecular weights rafnging’5 to 25 kDa. These proteolytic
fragments were detected by Ab1l, but not Ab2 antibody. The 25-kDa ptatdohgment of mouse periostin was a
final degradation product (Fig. 7A; arrow and Supplemental Fig. S2). Cbisnassie blue-stained proteolytic

fragment was therefore sequencedU@+MS/MS. The sequence analysis demonstrated the presence of N-terminal
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fragments between amino acid residues Val97 and Glu377, which comsitdgl of the two first FAS | domains
(amino acids: 99-367) of mouse periostin (Figure 7B). Thesgpstin is a substrate for cathepsin K with potential
cleavage sites located in the N-terminal EMI domain and the C-terminal regionperssang the third and fourth FAS

| domains (Fig. 7C)n addition, recombinant mouse periostin was treated with diffeagintof cathepsin K / periostin

(0.5, 0.1, 0.01). The resulting fragments were analyzed by 1fradboresis and immunoblotting with Abl or Ab2

antibodies. In parallel, remaining intact periostin (%) was measured with oaugelELISA assay. The fragments of

periostin generated by cathepsin K cleavage were not recognized on theolbhohwith Ab2 and were not measured

by ELISA, demonstrating the specificity of our assay for iPTN (Fig).
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Discussion

Origin of this study

We previously developed a competitive assay for the measurement airmildting periostin in mouse using Ab2
antibody [20]. According to the location of the Ab2 epitope, the lasti@itat 22 amino-acids common to all periostin
isoforms, this assay reflected stoichiometrically the expression of peridstis epitope is mouse specific and
consequently this assay is not adequate for human periostin meestgekve observed that serum periostin was
markedly increased in metastatic mice inoculated with human BO2 breast calfesuggesting that periostin could

be a biochemical marker of the early stromal response associated to breastamamoestastasis [21].

Measurement of total periostin in human serum

In order to evaluate the relevance of this approach in human, we mesesunadperiostin levels in a cohort of women
with breast cancer and bone metastasis with a commercial sandwich EtI®Aviously described [16, 22]. This
assay used a polyclonal antibody (AbH) that is directed against the HA&Hihan periostin common to all periostin
isoforms meaning that it also reflects stoichiometrically the expression oihhpen@stin. As opposed to what was
observed in mouse, periostin levels did not significantly differ betweaenen with breast cancer and bone metastasis
and healthy post-menopausal women. Our data suggested that the meatsoféotal periostin was not relevant in

human.

It can be noted that Sasaki et al. showed that serum periostin levelslesmated in breast cancer patients presenting
with bone metastases compared to similar breast cancer patients witheucewid bone metastasis [23]. As they
used arin-house assay with 2 antibodies whose epitopes were not described we dornatietoforms of periosti

are recognized by this assay.

Characterization of periostin forms in serum and tissues from wild type mice

In order to develop a more relevant periostin assay, we analyzed thdipéoizss present in the circulation and in
the tissues of wild type mice. We demonstrated that periostin circulateddigulfed multimers of 250 kDa. These
multimers were composed of monomer forms, at least four, arcurkdDa@ detected differently by Abl and Ab2

antibodies. Those not recognized by Ab2 correspond to fragments ciealed C-terminal part. Those recognized
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by both antibodies were rather under 80 kDa suggesting also a potentiageléahe N-terminal part before the
cysteine cluster responsible of disulfide bridges leading to multimers. Mae2iy electrophoresis showed that the
periostin, in the tissues and in the serum, was a mixture of proteinsutedrdlong a vertical axis according to their
molecular weights as previously shown with 1D electrophoresis appboaeiso along a horizontal axis according
to the difference of pl. We also noticed that the labeling between Abl laddvas different with Ab2 recognizing
only a part of protein spots detected by Ab1l with more basic pl ¢eetw and 9). We verified the specificity of
periostin spots using null mice serum. This was particularly usefuld@rb&cause the presence of non-specific chain
of spots found both in wild type and null mice serum. Interestinglipone Abl recognized specifically a serial of
spots with a molecular weight around 37 kDa not highlighted by sMggjesting the presence of smaller periostin
fragments in bone cleaved at the C-terminus. These fragments were not tetadfad serum. Collectively, these

results showed that the periostin is a complex family of proteinsangfiecific bone signature.

Periostin is not g-carboxylated protein

These chains of spots in the horizontal axis suggested a seriat tfgpstational modifications for mouse periostin.
Coutu et al. have shown that periostin from mesenchymal stroftsatoald bey-carboxylated but Annis et al. did
not observe this phenomenon in human periostin from lunglf]8,Using the same antibody as in the Coutu et al
study, directed against Gla residues, we did not detected the periostin spots iarsgnisaues demonstrating that
the mouse periostin forms recognized by Abl and Ab2 antibodies wepecarboxylated. However, the antibody
anti-Gla highlighted in serum and bone several acidic spots that were preseantwiddhtype and null mice. These
spots may correspond to the serum Gla proteins involved in bl@gailedion (coagulation factors Il, VII, IV and X,
proteins C and S) and the well-knoyatarboxylated bone proteins osteocalcin (OC) and matrix-Gla-protein (MGP).
One explanation of the discrepency with Coutu et al. could be that thbeesaused in vitro system with mesenchymal
stromal cells stimulated by vitamin K. On the contrary, we used in yateis with mouse serum and proteins extracted
directly from tissues. The same approach was performed by Anhais using proteins extracted from fibrotic lungs
[19]. Another post translational modification demonstrated for periostirNisglycosylation in amino acid 601 [24]
We could hypothesis that the horizontal chain of spots could be the resuétridlae lenght of the sugar chain leading

to different pl. Collectively, these results show that mouse periostin wag/aatraoxylated in vivo

Strategy for the development of a new assay

13
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Using 1D and 2D electrophoresis, we found in mouse serum and tiksy@®sence of different forms of periostin.
However, this approach does not highlight qualitative and quantitatiegatiffes concerning the circulating forms of
periostin between control and mice inoculated with 4T1 breast cancer eedloping bone metastases (data not
shown). Moreover, the IHC performed on metastatic bone tissue sectomesdsthat Ab2, recognizing only iPTN,
did not stain the desmoplastic tumor stroma adjacent to bone where active osteedlattd bone resorption and
cathepsin K was taking place (Fig. 5B), whereas it did stain the perioateaidistance from the tumor (Fig.5C). The
observation that Ab2 antibody could no longer bind to its epitopes atrtime/bone interface was indicative of the
proteolytic degradation of periostin specific for the bone metastatic prd@dsn together, these data suggested that

the specific measurement of cleaved periostin or intact forms could leera@tevant in a context of bone metastases.

Sandwich assay development and preclinical evaluation

We developed a new assay with the 2 antibodies used for the previousarsimemical study with Abl as capture
antibody and Ab2 as revelation antibody. According to this assay fondawiéh the epitope locations, this pair of
antibodies is able to detect only the intact forms of periostin. We showaethéise intact forms were circulating as
opposed to the bone fragments (see Figure 3, panel A,*Pobiox 3, serum vs bone). Moreover, developing a
sandwich assay eliminates all risks of non-specific recognitiorrimsas showed by the non-specific background
observed with Ab2 in 2D electrophoresis analyses. Our assay demonstratedtedechnical performances with
respect to precision, dilution of serum samples and specificity alloteng@ccurate measurement of serum mouse
iPTN levels. We used a protocol with mice inoculated with 4T1 breast canceraadlsging bone metastases. We
observed a significant decrease of iPTN serum levels in these animalrednp control mice (-26%) suggesting that

the reduction of circulating iPTN was associated with occurrence of breast oatemgytic lesions in vivo

Hypothesis for the serum decrease of iPTN in mice bearing bone metastases

This decrease of serum iPTN levels was concomitant to an intense labeling of metastatic bone with Ab1 (Fig.5,
panel B, Abl). This IHC result is consistent with an overexpressioprafgbin in metastases as previously showed
[21]. These differences between tissue expression and serum levdlbeaxplained by a degradation of periostin
by bone enzymes. In this regard, cathepsin K appears as a potential caitiidatethe most abundant degrading
enzyme in bone and it is overexpressed in metastatic models [25]. Weenbe&t recombinant periostin molecule
was a substrate for cathepsin K in vitro generating large fragmemscognized by Ab2 meaning that the C-terminal
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part was cleaved. We verified that these fragments were not detected in ouiCaglagsin K deletion in animals
leads to an upregulation of periostin in the periosteum during bonatiomand increased serum levels of periostin
in cathepsin-K deficient mice, as measured with our in-house assayM@gjover, Garnero identified two major
cleavage sites for cathepsin K located in the C-terminal part of humarstief®/]. The resulting peptide was
measured in human serum and also detected in the mouse tibia cortical bonstd®ing that human and mouse
periostin were both substrates for cathepsin K. This peptide (8 aminarebild letters) and the amino acids on both
sides were highly conserved between human (IK@I&-QPIIK- TEGPA) and mouse (IKVIGGSLQPIIK- TEGPA)
sequences suggesting that the cleavage sites were active in both species. Ingeteetinglleavage sites were located
142/150 amino acids before the C-terminal end generating large fieof@eriostin with reduced molecular weights
of 14/15 kDa compared to iPTN. This difference was in the same ofdmaagnitude than that observed in our
immunoblotting experiments under reducing conditions (Figure a@Hddition, IHC of metastatic bone tissue sections
indicated the presence of osteoclasts and cathepsin K at the tumor/bone intedaeethshstaining of Ab2
disappeared, further suggested that periostin cleavage was intense in tffsgaresbB) Taken together, these data

suggested that periostin could be cleaved by cathepsin K at the tumanteofaee.

Strenghts and limitations

The strenghts of our study include 1/ a global approach for the geveft of an assay including 2D electrophoresis
analyses for the characterization of circulating periostin forms but also fondh&cterization of antibody recognition
2/ the highlighting of a periostin bone signature corresponding to pericgment cleaved in C-terminus and 3/ the
development of a reliable periostin assay measuring specifically the intanxst &b periostin showing a significant

decrease of serum iPTN levels in animal bearing bone metastases comparealtonamtr

However, we did not highlight qualitative modifications with 2D appraacklation with the quantitative differences
observed by enzyme-linked immunosorbent assay in the apnatalcol (data not shown). This could be due to the
limits of separation of 2D mini-gel electrophoresis. We only have albuwf indirect arguments suggesting the
involvement of cathepsin K in the periostin cleavage. Firstly, the origintbépsin K is uncertain, it can come from
osteoclasts but also 4T1 cancer cells 328-Moreover, in the family of cysteine proteases, cathepsin B or L can also
cleave mouse periostin [27]. Previous studies identified periostin asteaselfisr matrix metalloproteinases (MMPS)

MMP-3, MMP-12 and MMP14 [31], the last two being expressed by mouse osteoclasts [32]. Proteeiytaridtion
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of periostin in bone metastasis could therefore also result from cleavagel®yl2 or MMP-14. However, none of
these MMPs were involved in bone matrix degradation [32], as opposedhepsin K in breast cancer and bone

metastasis [336].

Additional studies are needed with other mouse models of osteolytic boneagistéstevaluate if the reduction of
iPTN is correlated to the early detection of bone metastasesly, proteolysis of periostin by circulating proteases
in vivo and/or during sample handlirgx vivo might also occur. We and others [37, 38] previously replostmilar
observations with the truncation of human osteocalcin, emphasizingetef careful sampling conditions to generate

reliable data.

Conclusion

Our findings underscore the importance of knowing the catabolisbod proteins for the development of new
immunoassays. Several different immunoassays for periostin reesnt are commercially available. Serum
periostin levels rely on the epitope recognized by the immunoassdlyessgdepitopes are not known most of the time,
so it is difficult to interpret data. Nevertheless, our study is the firsthmwiisg that the reduction of circulating levels
of iPTN was associated with occurrence of breast cancer osteolytic lesiangrials. We hypothethize that this
circulating decrease is due to cathepsin K cleavage. In the light of themgnental findings, we suggest that the

specific serum measurement of iPTN should assist in detecting bone ralapsast cancer patients.
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FIGURES LEGENDS

FIGURE 1: ELISA measurement of serum periostin levels in breast cancer patients with boneetastasis. (A):

Schematic representation of AbH epitop@®) Serum periostin levels in women with breast cancer and bone

metastasis (n = 53), compared with healthy age-matched postmenopaireal (n = 54). Data are shown using

a box-and-whisker plot where boxes show th& B8" (median) and #5percentiles, and the ends of the whiskers

indicate the 19 and 9¢ percentiles.

FIGURE 2: Identification of circulating periostin in Postn** and Postrf- mice.
(A): Schematic representation of Abl and Ab2 antibody epitopes. All spliced varigetsostin share the amino-
acid sequence recognized by Ab2 antibody, thereby allowing the detetctiirperiostin isoforms. SP= signal

peptide; EMI= Emilin-like domain; FAS I= Fasciclin-like domain and CTR= C-termiaaiain.

(B): Representative Western Blots of sera from Pésamd Postft mice. The 1D electrophoresis was performed
under non-reducing (-DTT) or reducing (+DTT) conditions on 78D%&-polyacrylamide gels. The proteins were
transferred to nitrocellulose membranes and immunoblotted with amisfierAbl or Ab2 antibodies. Arrows
show periostin-positive bands.

(C): Representative Western Blots of serum from Pésimouse. The 1D electrophoresis and the immunoblotting

were performed as described in (B). Then a single lane was split indb&éd line), each half was blotted

separately with antibodies Ab1l or Ab2, and the two halves were matdbetbgmaging.

FIGURE 3: Expression of intact and truncated forms of periostin in the serum antissues (bone, lung, heart)
of Postrt’* and Postrf- mice.

Representative 2D electrophoresis patterns of PGsamd Postr mouse serum and tissues immunoblotted with

Abl and Ab2 antibodies

(A): Abl antibody. For Posti* mice, box 1: Abl-positive spots with pl ranged between 6 andx72bAb1l-

positive spots with pl ranged between 7 and 9 and box 3: Abitiy@spots with truncated periostin forms.

Negative control with Posth mice: arrows show nonspecific Abl-positive spots.

(B): Ab2 antibody. For Posti* mice, box 2: Ab2-positive spots with pl ranged between 7 abhdx@s 1 and 3:

absence of periostin spots with Ab2. Negative control with Plogtice: arrows show nonspecific Ab2-positive

spots.

(C): Postr”* mouse serum: magnification of boxes 1 and 2.
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FIGURE 4: Expression ofy-carboxylated proteins in the serum and tissues (bone, lung) of Po$tnand Postn
" mice.

Representative 2D electrophoresis patterns of serum and tissues frorY*ParstihP ostri” mice immunoblotted

with an anti-Gla monoclonal antibody. Boxes 1, 2 and 3 correspopdrimstin-positive regions. Gla-positive
spots were more acidic and did not overlap with periostin-positive reghodgionally, similar arrays of Gla-

positive spots in the serum and tissues (bone, lung) from®Posta Postt mice were observed.

FIGURE 5: HIC of normal and metastatic bones.

(A): Representative immunostaining of normal bone with anti-periogtinald Ab2 antibodies. A strong staining
was observed in the periosteum (arrows).

(B): Representative immunostaining of 4T1 breast cancer metastatic bone tiswuns seth anti-periostin Abl
and Ab2 antibodies, Cathepsin K antibody and TRAP staining. A stitaingng was observed at the tumor-bone
interface with Abl. There was no staining at the tumor-bone interfaceAhAs judged by TRAP staining,
osteoclasts were present at the tumor-bone interface. Osteoclasts are stained meaisthiming for cathepsin K
co-localized with TRAP staining.

(C): Representative immunostaining with Abl or Ab2 antibody (upperl@andr panels, respectively) of the
periosteum (arrows) in normal bone areas at a distance from skeletas t(findBoth antibodies stained the

periosteum.

FIGURE 6: Measurement of serum periostin levels in a mouse model of breast cancenbametastasis.

(A): Standard curve of the mouse periostin sandwich immunoassay-akie gorresponds to serial dilutions of

a known concentration of recombinant mouse periostin, used hergarmard. The y-axis shows the optical

density (OD). The detection limit -defined as the concentration 2 staddarations above that of the lowest

cdibrator- was <1 ng/ml. Serum periostin was stable for up to 5 thawé#regcles and at least 2 hrs at room

temperature.

(B): Serum periostin levels in animals bearing osteolytic lesions (n = 9), Z&éek inoculation of murine 4T1
breast cancer cells, compared with naive animals that did not receive IT(hce 9). Inset: Representative

radiographic image of mouse metastatic legs, showing the extent of bonetaes(arrows.
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FIGURE 7: Periostin is a substrate for cathepsin K.
(A): Representative immunoblots of mouse recombinant periostin not treatedreated with cathepsin K (+)

(cathepsin K/ periostin ratio 0.5). The 1D electrophoresis was perforrded relucing condition on 4-20% SDS-

polyacrylamide gels. The proteins were transferred to nitrocellulose membrahesrannoblotted with anti-
periostin Abl or Ab2 antibodies. Alternatively, the electrophoresed proteirsstaned with Coomassie blue
directly in the gel. Both Ab1 and Ab2 antibodies recognized the intact fopariafstin, whereas truncated forms
of periostin were detected by Ab1 antibody only. The proteolytic degraddtpmriostin by cathepsin K generated
a 25-kDa Coomassie-blue stained band (arrow) that was extractedteogel and subjected tdC-MS/MS
analysis.

(B): Amino acid sequence of the 25-kDa Coomassie-blue stained band, staminge$idue Val97 to residue
Glu377 (in boldface type and underlined).

(C): Schematic representation of periostin domain structure, highligting thdirsyd-AS | domains which
correspond to the amino acid sequence of the 25-kDa proteolytic fragmerdtgerby cathepsin K. As opposed

to Ab2 antibody, Ab1 antibody binds to this proteolytic fragment.

(D): A representative immunoblots of mouse recombinant periostin treatetwitimdifferent ratio of cathepsin

K / periostin (0.5, 0.1, 0.01). The 1D electrophoresis was performddr reducing condition on 4-20% SDS

polyacrylamide gels. The proteins were transferred to a nitrocellulose membm@nenmonoblotted with

antiperiostin Abl and Ab2 antibodies. In the table was reported the % of iR&buned with the specific ELISA

according to the cathepsin K/ periostin ratio.
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