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members of the ADAMTS proteoglycanase clade.
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(Background: ADAMTS proteoglycanases show proteolytic activity toward versican and other proteoglycans.
Results: ADAMTS15, which cleaves versican, is expressed during early cardiac development and during musculoskeletal

Conclusion: With unique and overlapping biological properties, ADAMTS15 is likely to have cooperative roles with other

Significance: Versican cleavage has profound effects on developmental morphogenesis and regulates cancer cell behavior.
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The proteoglycanase clade of the ADAMTS superfamily
shows preferred proteolytic activity toward the hyalectan/lecti-
can proteoglycans as follows: aggrecan, brevican, neurocan, and
versican. ADAMTS15, a member of this clade, was recently
identified as a putative tumor suppressor gene in colorectal and
breast cancer. However, its biosynthesis, substrate specificity,
and tissue expression are poorly described. Therefore, we
undertook a detailed study of this proteinase and its expression.
We report propeptide processing of the ADAMTS15 zymogen
by furin activity, identifying RAKR?*'? | as a major furin cleav-
age site within the prodomain. ADAMTS15 was localized on the
cell surface, activated extracellularly, and required propeptide
processing before cleaving V1 versican at position **'E | A**2,
In the mouse embryo, Adamts15 was expressed in the develop-
ing heart at E10.5 and E11.5 days post-coitum and in the mus-
culoskeletal system from E13.5 to E15.5 days post-coitum,
where it was co-localized with hyaluronan. Adamts15 was also
highly expressed in several structures within the adult mouse
colon. Our findings show overlapping sites of Adamts15 expres-
sion with other members of ADAMTS proteoglycanases during
embryonic development, suggesting possible cooperative roles
during embryogenesis, consistent with other ADAMTS pro-
teoglycanase combinatorial knock-out mouse models. Collec-
tively, these data suggest a role for ADAMTS15 in a wide range
ofbiological processes that are potentially mediated through the
processing of versican.
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The A disintegrin-like and metalloproteinase domain with
thrombospondin-1 repeats (ADAMTS)® family includes 19 evolu-
tionarily conserved extracellular matrix (ECM) enzymes in mam-
mals with diverse biological functions according to their substrate
specificity (1). In humans, mutations in ADAMTS13 cause
thrombocytopenic purpura (2) in ADAMTSIO recessive Weil-
Marchesani syndrome (3) and in ADAMTS?2 Ehlers-Danlos syn-
drome type VIIC (4). The proteoglycanase clade of ADAMTS
enzymes is an evolutionarily distinct subset of the larger ADAMTS
family of which the activity of ADAMTS], -4, -5, and -9 toward
several hyalectans has been characterized. It has been previously
shown that ADAMTS], -4, -5, and -9 direct their catalytic activity
toward the E**' | A*** bond within the glycosaminoglycan-g
domain of versican (V1 splice variant) (5-7). Another member of
this family that has the potential to cleave hyalectans is
ADAMTSI15.

The biosynthesis, activation, and substrate specificity of
ADAMTSI, -4, -5, and -9 are well characterized (5, 6, 8—-11). In
each case, propeptide processing is mediated by paired basic
amino acid cleaving enzyme activity, including furin, PACE-4,
and PC7. With the exception of ADAMTSY, their propeptide
processing initiates catalytic activity toward their preferred
substrates, whereas the ADAMTS9 zymogen is constitutively
active (12). Relatively little is known regarding the propeptide
processing or substrate specificity of ADAMTS15.

Several biological roles for ADAMTS proteoglycanases have
been defined using mouse models. AdamtsI knock-out mice
have significantly reduced fertility due to impaired folliculo-
genesis and ovulation (13) and urinary tract anomalies (14).
Homozygous Adamts9 knock-out mice are embryonic lethal,
dying around the time of gastrulation, with palatal shelf mesen-
chyme proliferation and melanoblast survival/colonization

® The abbreviations used are: ADAMTS, a disintegrin-like and metalloprotei-
nase domain with thrombospondin-1 repeat; dpc, days post-coitus; BisTris,
2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol;  dec,
decanoyl; cmk, chloromethyl ketone; PNGaseF, peptide:N-glycosidase F;
dpc, days post-coitum; CL, cell lysate; CM, conditioned medium.
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impaired when one allele of Adamts9 is removed on an
Adamts20 (belted, bt) knock-out mouse background (15, 16).
Interdigital apoptosis is compromised in Adamts5, Adamts9,
and Adamts20 combinatorial knock-out mice during embryo-
genesis, and an ADAMTS proteoglycanase generated versican
(V1) cleavage product spanning from G1-DPEAAE*' is
required for BMP-mediated apoptosis to sculpt the developing
autopod (17). Homozygous Adamts5 knock-out mice also pres-
ent with abnormal heart valves (18, 19). The absence of versican
(VO/V1) processing at the defective site during embryonic
development of respective Adamts proteoglycanase knock-out
mice is acommon precursor to each phenotype. In contrast, the
inactivation of Adamts5 confers protection against experimen-
tally induced arthritis in the mouse through an apparent lack
of aggrecan cleavage in synovial joints (20, 21), making
ADAMTS5 a major drug target for arthritis intervention.

ADAMTSI5 has recently emerged as a putative tumor sup-
pressor gene (22, 23), because it is functionally inactivated
through specific mutations in its gene sequence in colorectal
cancer and methylation-induced silencing in breast cancer,
where its level of expression is a positive predictor of breast
cancer patient survival outcome. In addition, aberrant expres-
sion of ADAMTS15, along with versican (VCAN), is implicated
in prostate cancer progression (24, 25), whereas the accumula-
tion of versican in breast, prostate, and ovarian tumors can
promote metastasis (26 —28).

Despite the putative tumor-suppressor role of ADAMTSI15
in several cancers, little is known about its basic biology and
biochemistry. Therefore, we have investigated its biosynthesis,
mechanism of activation, localization, activity toward versican,
and expression pattern. We show that the propeptide process-
ing of ADAMTSI5 by furin activity is a requirement for versi-
can processing, thus demonstrating for the first time that
ADAMTSI15 is a versicanase. We further describe the expres-
sion and localization of ADAMTS15 in key sites of the devel-
oping mouse embryo that overlap with other ADAMTS pro-
teoglycanases and versican, as well as demonstrate the
expression of ADAMTS15 in the adult mouse colon. These data
provide insight into potential functional overlap with other ver-
sican-degrading ADAMTS enzymes.

EXPERIMENTAL PROCEDURES

Generation of Adamtsl5 Constructs —Mouse full-length
Adamts15 cDNA was purchased from Origene Technologies
(Rockville, MD), and the following primers were used to
amplify full-length Adamts15: forward 5'-atccgaattcaccatgctt-
ctgctg-3' and reverse 5'-gcatgeggccgcttgeagggtctcaa-3', where
boldface indicates EcoRI and Notl restriction digest sites,
respectively; italics indicate gene-specific sequence, and under-
lines indicate Kozak sequence. After the amplification and
restriction digest, the coding sequence was ligated into
pcDNA3.1MycHisA+ (Invitrogen). To generate deletion con-
structs, the T7 priming site present in pcDNA3.1MycHisA +
was utilized as a common forward primer in combination
with the following reverse primers: Adamts15-11, 5'-gcatgcggc-
cgettgggctggtecag-3'; Adamts15-111, 5'-ggatgeggecgcettcacccg-
gtactt-3'; Adamts15-1V, 5'-ggatgcggeegettggggcagggcte-3';
Adamts15-V,5'-ggatgeggecgcttcactacaaaatt-3'; Adamts15-VI,

37268 JOURNAL OF BIOLOGICAL CHEMISTRY

5'-ggatgcggeegctttctgttatetgg-3'; and Adamts15-V1I, 5'-ggat-
gcggecgetttgggeagggtte-3', where boldface indicates Notl
restriction sites, and underlines indicate gene-specific
sequences. The resultant PCR products were digested and
cloned into pcDNA3.1MycHisA+ as described above. Site-di-
rected mutagenesis was performed using the QuikChange
Lightning site-directed mutagenesis kit (Agilent Technologies,
Blackburn, Australia) with the following primers: R212A
forward, 5’'-gtctgggcgegccaagGCettegtgtctataccacg-3’, and
reverse, 5'-cgtggtatagacacgaagGCcttggcgegeccagac-3'; E362A
forward, 5'-ttcaccactgcccatgCgctgggecatgtgttc-3', and reverse
5’-gaacacatggcccagcGeatgggeagtggtgaa-3'; N141Q forward,
5'-tcattagccctetgeccCaAaccagegegecagag-3', and reverse, 5'-
ctctggegegetget TtGgggcagagggctaatga-3' (where capital letters
indicate base mutations). All newly generated construct cDNAs
were confirmed by Sanger direct DNA sequencing (Australian
Genome Research Facility, Melbourne, Australia) using vector-
specific primers and the following gene-specific sequencing
primers: 436F, 5'-gaggcgcagcgtcacage-3', and 739R, 5'-cagcag-
cgtcagtagata-3'; 970F, 5'-gctaccacctgtgacac-3', and 1226R, 5'-
gtcagectgeagegetge-3' (numbers indicate base positions corre-
sponding to GenBank™ accession number NM_001024139.1).

Cell Culture and Transfection—HEK293T and COS-7 cells
(ATCC, Manassas, VA) were grown in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal bovine serum
(FBS) (Invitrogen) in an atmosphere of 5% CO, at 37 °C in a
CO, incubator (HERAcell 150i, Thermo Scientific, Scoresby,
Australia). Cells were seeded at 4 X 10° cells per well in 6-well
plates (Corning Life Sciences, Mount Martha, Australia). Con-
structs encoding full-length Adamts15, its respective deletions
or site-directed mutants, full-length ADAMTS5 (6), ProCat
ADAMTS9 (5), or a full-length V1 versican construct (kindly
provided by Professor Dieter Zimmerman) were added to
serum-free DMEM containing Lipofectamine-2000 (Invitro-
gen). The Lipofectamine/DNA (1 or 2 ug/well) complex was
added to each well in 2 ml of growth medium. After 4-5 h of
incubation, growth medium was removed, and 1 ml of serum-
free DMEM per well was added to the cells. Forty eight hours
later, the conditioned media (CM) was collected, and cells were
harvested in ice-cold PBS with a cell scraper from which cell
lysate (CL) was extracted using 1% Triton X-100 in 150 mm
NaCl, 20 mm Tris-HCI, pH 7.5, containing EDTA-free com-
plete protease inhibitor mixture (Roche Applied Science).
Resultant CM and CL samples were stored at —80 °C until fur-
ther processing.

Western Blotting—Standard Western blotting procedures
were used to analyze recombinant ADAMTS15 protein follow-
ing the above transfections with or without the synthetic furin
inhibitor decanoyl-Arg-Val-Lys-Arg-chloromethyl ketone
(dec-RVKR-cmk) (Enzo LifeSciences, Exeter, UK), heparin
sodium salt (Sigma), or PNGaseF (New England Biolabs, Ips-
wich, ME) treatment. Protein samples were typically run on 6,
7.5, or 10% BisTris acrylamide gels (Bio-Rad) and separated by
SDS-PAGE under reducing conditions alongside the Precision
Plus protein standard (Bio-Rad). After transfer to PVDF mem-
brane (LICOR Biosciences), nonspecific sites were blocked with
5% skim milk in TBS-T (150 mm NaCl, 20 mm Tris-HCL, pH 7.5,
0.1% Tween 20) or Odyssey blocking buffer (LICOR Biosci-
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ences). Anti-Myc clone 9E3 (Sigma) or anti-ADAMTS15 pro-
peptide (catalog no. Ab45047, Abcam) antibodies were typi-
cally used at 1:5000 to detect recombinant proteins in CL and
CM. The anti-VOV1 (catalog no. PA1-1748A, Thermo Scien-
tific) antibody (1:500) was used to detect cleaved versican
(DPEAAE epitope), and anti-glycosaminoglycan-f (catalog no.
AB1033, Merck) antibody (1:5000) was used to detect full-
length V1 versican. Anti-GAPDH (Merck) was used to assess
levels of loading as described previously in both CL and CM (29,
30). Primary antibodies were incubated overnight at 4 °C fol-
lowed by TBS-T washes. Secondary antibodies (anti-rabbit
IR800 (Sapphire Bioscience) or anti-mouse IR680 (Sigma))
were incubated for 1 h at room temperature, followed by TBS-T
washes. The Odyssey (LICOR) imaging system was used to
detect 800 nm (green) and 700 nm (red) IR antibodies. Typical
settings included the following: resolution 169 wm, medium
quality, 3.0-mm focus offset, and an intensity level of 5 for each
700- and 800-nm scans. Most Western blots were detected
using chemiluminescence; in these cases, the same procedure
was followed except the secondary antibodies (goat anti-rabbit
or goat anti-mouse) were conjugated with horseradish peroxi-
dase (Dako, Australia), and the signal was detected on film
(Eastman Kodak) using ECL or ECL-prime (GE Healthcare).

Cell-surface Biotinylation—Cell-surface biotinylation was per-
formed as described previously for the detection of ADAMTS9
ProCat on the cell surface (5). Briefly, COS-7 cells transfected
with full-length ADAMTS15 (ADAMTS15-1), ADAMTSI15 Pro-
Cat (ADAMTS15-VII), or ADAMTS9 ProCat (positive control)
(5) were harvested and treated with or without trypsin before bioti-
nylation. Biotinylated proteins were captured with streptavidin-
agarose (Sigma) and eluted by boiling in Laemmli sample buffer.
The anti-Myc antibody was used on subsequent Western blots to
detect Myc-tagged full-length ADAMTS15 (ADAMTS15-1),
ADAMTS15 ProCat (ADAMTS15-VII), or ADAMTS9 ProCat.
Untransfected cells were included in the procedure as a negative
control.

Versicanase Assays —Versicanase assays were performed
essentially as described previously (6, 12, 17, 29). Briefly, 50 ul
of CM was combined with 50 ul of CM containing versican (V1
splice variant) and incubated at 37 °C for 16 h. After boiling and
incubation on ice, 5 milliunits of chondroitinase ABC (Seika-
gaku, Tokyo, Japan) per reaction was added to the samples and
incubated for 2 h at 37 °C to ensure glycosaminoglycan chains
were cleaved for effective resolution of the core protein by SDS-
PAGE as described above.

Generation of Mouse Embryos—The Deakin University Ani-
mal Welfare Committee approved all experiments performed
on animals in accordance with the National Health and Medical
Research Council guidelines for care and use of animals in
research. Timed overnight matings between 6- and 8-week-old
C57/Bl6] mice (Animal Resource Centre, Perth, Australia) were
confirmed by the observation of a vaginal plug before 0900 h the
following morning, at which time the embryonic age was des-
ignated as E0.5 days post-coitum (dpc). Mice were humanely
killed in a CO, chamber as per the Deakin University Animal
Welfare Committee approved standard operating procedures,
and the embryos harvested for further processing.
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In Situ Hybridization—In situ hybridization was performed
essentially as described previously (17, 31). Briefly, harvested
embryos were fixed overnight in 4% paraformaldehyde in PBS
at4 °C, dehydrated through a series of methanol (MeOH)/PBS/
Tween (1%) washes to 100% MeOH, and stored at —80 °C until
in situ hybridization was performed. Constructs (pGemTeasy,
Promega) containing cDNA that was amplified from distinct
regions of mouse Adamts15 cDNA with the following primers
sets: probe 1, mTS15_4301F, 5'-tggctttcctgatcccatag-3’, and
mTS15_4708R, 5'-gctctaggggctaagetggt-3'; and probe 2,
mTS15_4583F, 5’-cagcggaggactagatggag-3', and mTS15_
5007R, 5'-atgcccttcacccactgtag-3' (numbers indicate base
positions corresponding to GenBank™ accession number
NM_001024139.1) were linearized by restriction digest. For
generation of digoxigenin-labeled sense and antisense cRNA
probes, a digoxigenin-labeling kit from Roche Applied Science
with either SP6 or T7 RNA polymerases was utilized. Hybrid-
ization was performed overnight at 68 °C followed by a series of
stringent washes in SDS and sodium citrate/sodium chloride
(SSC, pH 7). Detection was facilitated by an overnight incuba-
tion with an anti-digoxigenin alkaline phosphate antibody fol-
lowed by 24 h of washing in TBS-T (1%). 5-Bromo-4-chloro-3-
indolyl phosphate/nitro blue tetrazolium (Roche Applied
Science) was used as a substrate for detection. Bright field
whole-mount images were acquired on an Olympus SZX12
stereomicroscope.

Immunofluorescence—Immunofluorescence was performed
essentially as described previously (17, 32) on paraformalde-
hyde-fixed paraffin-embedded sections (5 um) with the same
anti-ADAMTS15 propeptide antibody described above for
Western blotting (1:1000). Alexa fluor FITC-conjugated or
Alexa fluor 597-conjugated goat anti-rabbit immunoglobulin
(Molecular Probes) was used as the secondary antibody. For
co-localization with hyaluronan, biotinylated hyaluronan-
binding protein (a kind gift from Associate Professor Amanda
Fosang) was used in conjunction with streptavidin-FITC
(Sigma) for detection. The immunogenic peptide (catalog no.
Ab45243, Abcam) corresponding to the anti-ADAMTSI15
epitope was used as a blocking control. In all cases, normal goat
serum (Dako) was used to block nonspecific antigen-binding
sites prior to incubation with the primary antibody. Nuclei were
counterstained and slides mounted with Vectashield-DAPI
mounting medium (Vector Laboratories, Burlingame, CA).
Antigen retrieval was not necessary. Images were obtained on
an automated confocal microscope (Fluoview FV10i, Olympus)
using FITC (excitation 495 nm/emission 519 nm) or Alexa Red
(excitation 590 nm/emission 618 nm) alongside the DAPI
channel (excitation 359 nm/emission 451 nm) to visualize the
nuclei. The manufacturer’s default imaging software package
(Fluoview V2.1B) was used for image analyses. Adobe Photo-
shop version CS6 software was used to construct the corre-
sponding immunofluorescence images.

RESULTS

Expression of AdamtslS Deletion Constructs in HEK293T
and COS-7 Cells—To examine the biosynthesis, activation, and
substrate recognition of ADAMTS15, we generated constructs
encoding C-terminally Myc/His-tagged mouse ADAMTS15
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FIGURE 1. ADAMTS15 expression constructs and their expression. A, sche-
matic diagram of full-length (/) and truncated (//-VIl) forms of ADAMTS15.
Functional domains and sequences are shown, with relevant amino acids
numbered. The furin cleavage site present in the prodomain is represented
with an arrow, and the C-terminal Myc/His tag indicated. B, expression of
full-length ADAMTS15 (ADAMTS15-1) and its domain deletion constructs
(ADAMTS15-11-VIl) in COS-7 CL (top panel) and the corresponding CM (3rd
panel, asterisks indicate mature forms of ADAMTS15) using the anti-Myc anti-
body. GAPDH was used as a loading control in both CL (2nd panel) and CM
(bottom panel). Only the mature form of ADAMTS15-VIwas detected in the CL.
Note the increasingly poor detection of ADAMTS15-I through IV in the CM.
Similar results were obtained in transfected HEK293T cells. Z, zymogen; M,
mature; U, untransfected; /B, immunoblot.

(Fig. 1A) and expressed them as recombinant proteins in both
HEK293F and COS-7 cells. The resultant CL and CM were
analyzed by Western blot. All constructs were efficiently
detected in cell lysates of HEK293T cells and COS-7 cells. Using
the anti-Myc antibody, full-length ADAMTS15 and each dele-
tion mutant appeared at the predicted molecular weight of the
zymogen in the CL (Fig. 1B, top panel). GAPDH was used a
loading control in CL (Fig. 1B, 2nd panel). In the corresponding
CM, deletion mutants ADAMTS15-V, -VI, and VII robustly
appeared at both the predicted molecular weights of the zymo-
gen and corresponding mature proteins, indicating the propep-
tide had been proteolytically processed extracellularly (Fig. 1B,
3rd panel; asterisks indicate mature proteins). GAPDH was
used as loading control for CM (Fig. 1B, bottom panel). Mature
forms of full-length ADAMTSI15 and the remaining deletion
mutants were less apparent despite additional attempts to con-
centrate the medium (data not shown), although subsequent
Western blots using ECL prime and long exposure times facil-
itated their detection (see below).

Next, we added serum-free media = heparin sodium salt
post-transfection for 48 h, prior to harvesting the cells. Fig.
2A shows robust expression of zymogens for full-length
ADAMTS15 (ADAMTS15-1), ADAMTS15-1L, and -11I deletion
mutants in the CL (top panel). In the CM, detection of both
zymogen and mature ADAMTS15-1, ADAMTS15-1], and
ADAMTS15-11I protein was enhanced by the addition of hep-
arin (Fig. 24, middle panel). ADAMTS5 was used as a positive
control (data not shown) as it has been previously reported to
be heparin-sensitive (6). These data suggested a strong associ-
ation of ADAMTS15 with the ECM via putative heparin-bind-
ing sites. The GAPDH loading controls are shown for the CM
(Fig. 24, bottom panel). In additional experiments, heparin sen-
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FIGURE 2. ADAMTS15 detection is enhanced by the addition of heparin. A,
expression of full-length ADAMTS15 (ADAMTS15-1), deletion constructs
ADAMTS15-Iland ADAMTS15-lIlin CL (top panel), and the corresponding con-
ditioned media (CM) (middle panel) = heparin sodium salt treatment using
the anti-Myc antibody. GAPDH was used as a loading control in CM (bottom
panel). Note the enhanced detection of each form of ADAMTS15 in CM with
the addition of heparin. B, expression of ADAMTS15-lll (positive control) and
ADAMTS15 ProCat (ADAMTS15-VII) in CM = heparin sodium salt treatment
using the anti-Myc antibody (top panel). GAPDH was used as a loading control
in CM (bottom panel). A small but consistent enhancement in detection of
ProCat was seen in CM upon heparin treatment. C, expression of ADAMTS15-
Il (positive control) and ADAMTS15 ProCat (ADAMTS15-VII) in CL (top panel)
corresponding to the CM shown in B, detected with the anti-Myc antibody.
GAPDH was used as a loading control in CL (bottom panel). Z, zymogen; M,
mature; U, untransfected; IB, immunoblot.

sitivity was not as apparent for the ADAMTS15-IV deletion
mutant (data not shown). We therefore concluded that the
spacer domain of ADAMTSI15 could mediate heparin binding
but could not rule out the possibility that domains C-terminal
to the spacer domain also possess heparin-binding properties.

To determine whether ADAMTS15 ProCat (ADAMTS15-
VII) was also heparin-sensitive, we repeated the experiment
with the ADAMTS15 ProCat construct using ADAMTS15-111
as a positive control. Heparin enhanced the detection of both
the zymogen and mature forms of ADAMTS15 ProCat
(ADAMTS15-VII) in the CM (Fig. 2B, top panel), indicating
that the catalytic domain of ADAMTSI15 could also possess
ECM-binding properties. ADAMTS15 ProCat zymogen levels
in the corresponding CL were similar between treatments (Fig.
2C, top panel). GAPDH was used as a loading control for CM
(Fig. 2B, bottom panel) and CL (Fig. 2C, bottom panel).

Adamts15 Is Cell-surface Localized—To understand whether
ADAMTS15 is localized to the cell surface, we performed cell-
surface biotinylation on transfected cells as described previ-
ously for the related proteoglycanase ADAMTS9 (5). Both
full-length (ADAMTS15-I) and ProCat (ADAMTS15-VII)
zymogens were present on the cell surface, along with the
ADAMTS9 ProCat zymogen, which was used as a positive con-
trol (Fig. 3A, asterisks) (5). Robust levels of each zymogen were
detected in the corresponding CL (Fig. 3B, top panel), with
GAPDH used as proxy readout of cellular input (Fig. 3B, bottom
panel).

ADAMTSI15 Propeptide Is Cleaved by Furin at Position
RAKR?"?—Because the ADAMTS15 ProCat (ADAMTS15-VII)
construct was robustly expressed and processed, we used this
construct to determine the mechanism of ADAMTS15 propep-
tide processing in a similar manner to that previously described
for ADAMTS5 and ADAMTS9 (5, 6). Cell lines expressing
Adamts15-VII were treated with the furin-specific inhibitor
dec-RVKR-cmk. The addition of 50 um dec-RVKR-cmk to
transfected cells had no effect on zymogen levels in CL samples
(Fig. 44, top panel) but significantly enhanced detection of the
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FIGURE 3. ADAMTS15 is localized to the cell surface. A, full-length
ADAMTS15 (ADAMTS15-l), ADAMTS15 ProCat (ADAMTS15-VIl), and
ADAMTS9 ProCat (positive control) were detected on the cell surface (aster-
isks) with minimal to no detection on trypsin-treated cells. B, levels of zymo-
gens detected in CL after cell-surface biotinylation (top panel) and corre-
sponding levels of GAPDH (bottom panel). Z, zymogen; 9-PC, ADAMTS9
ProCat; U, untransfected; /B, immunoblot..

Myc-tagged zymogen in the CM (Fig. 44, 3rd panel, white box)
and reduced the levels of the mature form accordingly, indicat-
ing that furin activity was necessary for ADAMTS15 propep-
tide cleavage. GAPDH was used as a loading control for CL (Fig.
4A, 2nd panel) and CM (Fig. 4A, bottom panel). We next
mutated the P1 arginine residue of the predicted furin cleavage
site RAKR?'? |, to an alanine (R212A) in the ADAMTS15-VII
construct and expressed it in HEK293T or COS-7 cells. Similar
to the treatment with dec-RVKR-cmk, the R212A mutation led
to a reduction of propeptide cleavage in the CM (Fig. 4B, 3rd
panel) with no effect on levels of zymogens in the CL (Fig. 4B,
top panel). GAPDH was used as a loading control in CL (Fig. 4B,
2nd panel) and CM (Fig. 4B, bottom panel). Similar results were
seen in CM using the anti-ADAMTS15 propeptide antibody
(Fig. 4C, top panel) confirming that RAKR?*'? |, is a major furin
cleavage site for ADAMTSI15 propeptide processing. GAPDH
was used as a loading control in CM (Fig. 4C, bottom panel). To
confirm full-length ADAMTS15 was similarly processed, we
introduced the same R212A mutation into the ADAMTS15-1
construct and observed that propeptide processing was also
reduced compared with either wild type or catalytically inactive
(E362A) ADAMTS15 in CM (Fig. 4D, top panel, asterisk). How-
ever, the effect was less striking, possibly due to the poorer
levels of detection of full-length ADAMTS15 as compared with
its ProCat counterpart. Similar levels of zymogens were seen in
the corresponding CL (Fig. 4D, 3rd panel). GAPDH was used as
a loading control in CM (Fig. 4D, 2nd panel) and CL (Fig. 4D,
bottom panel).

Pro-domain of ADAMTSI1S Is N-Glycosylated—Next, we
determined the extent of N-glycosylation of ADAMTS15
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FIGURE 4. ADAMTS15 propeptide processing. A, expression of ADAMTS15
ProCat (ADAMTS15-VII) treated = furin inhibitor dec-RVKR-cmk in COS-7 CL
(top panel) and CM (3rd panel) using the anti-Myc antibody. GAPDH was used
as a loading control in both CL (2nd panel) and CM (bottom panel). Note the
enhanced detection of the zymogen in the CM upon treatment with the furin
inhibitor (3rd panel, white box) and corresponding decrease in expression of
the mature form. DMSQ, vehicle control. B, expression of ADAMTS15 ProCat
(ADAMTS15-VIl) and its corresponding R212A mutant in COS-7 CL (top panel)
and CM (3rd panel) using the anti-Myc antibody. GAPDH was used as a loading
control in both CL (2nd panel) and CM (bottom panel). Note the enhanced
detection of the R212A mutant zymogen in the CM (3rd panel) and corre-
sponding decrease in expression of the mature form. C, expression of
ADAMTS15 ProCat (ADAMTS15-VIl) and its corresponding R212A mutant in
COS-7 CM (top panel) detected with the anti-ADAMTS15 propeptide anti-
body. GAPDH was used as a loading control in the CM (bottom panel). Note
the enhanced detection of the R212A mutant zymogen in the CM and corre-
sponding decrease in detection of the prodomain. Pro, prodomain. D, expres-
sion of full-length ADAMTS15 (ADAMTS15-1) wild type, E362A, and R212A in
the CM of transfected COS-7 cells (top panel). Similar levels of zymogens were
observed in the corresponding CL (3rd panel). GAPDH was used as a loading
control in both CM (2nd panel) and CL (bottom panel). Z, zymogen; M, mature;
U, untransfected; WT, wild type; IB, immunoblot.

because it contains four predicted N-glycosylation sites (Uni-
ProtKB/Swiss-Prot accession number P59384) (Fig. 1A4). Treat-
ment of full-length ADAMTS15 expressed in COS-7 cells with
PNGaseF produced a reproducible increase in its electropho-
retic mobility (Fig. 54) indicating the presence of N-linked gly-
cosylation. When we treated the ADAMTS15 ProCat protein,
also expressed in COS-7 cells, with PNGaseF, the zymogen
doublet seen in other experiments (for example Fig. 4, A and B,
top panels) disappeared, and we observed enhanced detection
of the lower molecular weight species (Fig. 5B). Site-directed
mutagenesis of the putative N-glycosylation site in the ProCat
construct (N141Q) generated a band of equivalent electropho-
retic mobilities to the lower band (Fig. 5C). Further treatment
of N141Q ProCat with PNGaseF had no effect on its electro-
phoretic mobility (Fig. 5D). Thus, the predicted N-glycosyla-
tion site on the prodomain of ADAMTS15 (Fig. 14) is modified
by N-linked glycans in this expression system. Notably, the
N-glycan-deficient ADAMTS15 ProCat zymogen was effec-
tively secreted from the cell into the CM (Fig. 5E, top panel),
unlike the ADAMTS9 ProCat, which required N-glycosylation
for effective secretion (12). GAPDH was used as a loading con-
trol in CM (Fig. 5E, bottom panel).

ADAMTSI1S5 Cleaves VI Versican at E** | A** to Generate
the GI-DPEAAE Neoepitope—Because ADAMTSI15 is phylo-
genetically related to the proteoglycanase clade of ADAMTS
enzymes, it was important to determine whether it too had
proteolytic activity toward versican (V1) (Fig. 6A), as described
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FIGURE 5. ADAMTS15 is modified by N-linked glycans. A and B, expression
of full-length ADAMTS15 (ADAMTS15-1) and ProCat ADAMTS15 (ADAMTS15-
VII), respectively, in transfected COS-7 CL subsequently treated with PNGaseF
and detected using the anti-Myc antibody. Note the ProCat doublet in B
reduced to singlet species upon treatment with PNGaseF. C, expression of
ADAMTS15 ProCat (ADAMTS15-VII) N141Q in COS-7 cells results in a similar
shift in electrophoretic mobility as shown in B. D, treatment of recombinant
wild type or N141Q ADAMTS15 ProCat (ADAMTS15-VII) with PNGaseF. Note
that no further electrophoretic mobility shift was observed in the N141Q
recombinant ADAMTS15 ProCat (ADAMTS15-VII) protein when treated with
PNGaseF. E, expression of wild type or N141Q ADAMTS15 ProCat (ADAMTS15-
VII) in COS-7 CM (top panel). GAPDH was used as a loading control in CM
(bottom panel). WT, wild type; Z, zymogen; M, mature; U, untransfected; IB,
immunoblot.

previously for several other ADAMTS proteoglycanases. Using
recombinant V1 versican-enriched CM (Fig. 6B) in a well estab-
lished assay (6, 12, 17, 29), full-length (ADAMTS15-I) (Fig. 6C)
showed robust versicanase activity after a 16-h incubation. The
addition of dec-RVKR-cmk during its biosynthesis, prior to
adding the V1 versican substrate, reduced full-length V1 versi-
canase activity to background levels (Fig. 6C), demonstrating
that prodomain removal is necessary for catalytic activation
and substrate cleavage by ADAMTSI15. In separate versicanase
assays, we also observed versican cleavage by ADAMTS15 Pro-
Cat (data not shown).

AdamtslS Expression Overlaps with Other ADAMTS Pro-
teoglycanases and Versican in Key Developmental Time Points
during Murine Embryogenesis and Is Highly Expressed in the
Mouse Colon—Using in situ hybridization, alongside immuno-
fluorescence with the ADAMTS15 anti-propeptide antibody
used in Fig. 4C, we further defined key sites of expression of
Adamts15 during mouse embryogenesis and in the adult colon.
Early in development (E10.5 dpc), Adamtsl5 mRNA was
strongly and specifically expressed in the developing heart
tubes (Fig. 7A, top panels). By E13.5 dpc, it became widely
expressed in sites overlapping with those reported for other
members of the ADAMTS proteoglycanases, including the
perichondrium in the developing autopod, the brain, ear, whis-
ker follicles, the vertebral column, and the epidermis (Fig. 74,
middle and bottom panels). The same structures are shown in
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FIGURE 6. ADAMTS15 cleaves versican at E441A generating the
G1-DPEAAE neoepitope. A, schematic representation of V1 versican cleav-
age by ADAMTS15 generating the DPEAAE neoepitope. B, expression of V1
versican in CM of HEK293T cells (open bracket and arrow). C' ABC = chon-
droitinase ABC. C, detection of the DPEAAE neoepitope generated by full-
length ADAMTS15 (ADAMTS15-l) after biosynthesis = dec-RVKR-cmk and
subsequent incubation with recombinant V1 versican-enriched conditioned
medium represented in B. DMSO, vehicle control. U, untransfected; GAG, gly-
cosaminoglycan; /B, immunoblot.

serial sections as staining positive for Adamts15 in a C57/Bl6
E14.5 dpc embryo on www.genepaint.org (Set ID: EB1749).

Immunostaining showed ADAMTSI15 localization to the
myocardium of the developing right atrium, the bulbous cordis
(part of the future right ventricle) and in the airway epithelia of
the main bronchiole in the lung bud at E11.5 dpc (Fig. 7B, top
panel), the vertebral column and dorsal root ganglia at E14.5
dpc (Fig. 7B, 2nd panel), and several sites in the developing hind
limb, including the epidermis, joint capsule, patella, and patel-
la-associated tendons and cartilage condensations of develop-
ing synovial joints and developing skeletal muscle at E15.5 (Fig.
7B, 3rd, 4th, and bottom panels). ADAMTS15 and hyaluronan
co-localized in several structures within E15.5 developing hind
limbs, notably surrounding chondrocytes (Fig. 7C, top panel),
within developing skeletal muscle and loose mesenchyme (Fig.
7C, 2nd and 3rd panels respectively), and in the epidermis (Fig.
7C, 4th panel). In the adult mouse colon, ADAMTS15 was
highly expressed in the muscularis externa (inner circular
smooth muscle and outer longitudinal smooth muscle), mus-
cularis mucosa, submucosal glands, crypt, and villi epithelial
cells, goblet cells, and lamina propria (Fig. 7D). Pre-absorption
with the immunogenic peptide greatly reduced the signal to
background levels (Fig. 7D, bottom right-hand panel) indicating
the ADAMTS15 antibody was specific to its corresponding
ADAMTS15 peptide epitope.

DISCUSSION

The ADAMTS proteoglycanases have emerged as key medi-
ators of several physiological and disease processes (1, 33). Most
notable are their roles during embryonic development where
they mediate profound morphogenetic processes such as pala-
tal shelf closure and pentameric digit formation (15, 17). In
addition, ADAMTS members are also required for normal
heart development (18, 19), and neural crest cell-derived pig-
mentation (16). In most cases, versican proteolysis by the
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FIGURE 7. Expression of mouse Adamts15 during embryogenesis and in
the adult colon. A, whole-mount in situ hybridization of Adamts15 in E10.5
(top panels) and E13.5 dpc mouse embryos (middle and bottom panels). Aster-
isk, ear; B, brain; Ep, epidermis; H, heart; PC, perichondrium; VB, vertebrae; Wf,
whisker follicles. Similar results were seen with two probes targeted to
Adamts15 mRNA. B, immunohistochemistry using the anti-ADAMTS15 pro-
peptide antibody in sections from E11.5, E14.5, and E15.5 dpc mouse
embryos. For E11.5: BC, bulbous cordis; RA, right atrium; mc, myocardium; LB,
lung bud; mb, main bronchiole; ae, airway epithelia. For E14.5: DRG, dorsal
root ganglia; VB, vertebrae; si, segmental interzone. For E15.5: Ep, epidermis;
D, dermis; SC, subcutis; jc, joint capsule; p, cartilage primordium of patella; Ipt,
ligamentum patellae; gft, quadriceps femoris tendon; white inset: ct, cartilage
condensations; ch, chondrocytes; SJ, synovial joint; Skm, skeletal muscle.
Scale bars, 50 um except where indicated. C, immunohistochemistry using
the anti-ADAMTS15 propeptide antibody (red) and biotinylated hyaluronan-
binding protein (green) in sections from E15.5 dpc mouse embryos. Co-local-
ization (arrows) = yellow. ct, cartilage condensations; ch, chondrocytes; Skm,
skeletal muscle; PC, perichondrium; M, mesenchyme; D, dermis; Ep, epider-
mis; NP, no primary antibody control. Scale bars, 50 pm. D, immunohisto-
chemistry using the anti-ADAMTS15 propeptide antibody in sections from an
adult mouse intestine. ME, muscularis externa; V, villi; SM, submucosa; GC,
goblet cell; G, crypts; CL, crypt lumen; CE, crypt epithelia; E, epitheium of villi;
LP, lamina propria; MM, muscularis mucosa; ICSM, inner circular smooth mus-
cle; OLSM, outer longitudinal smooth muscle; NP, no primary antibody; BP,
blocking peptide (pre-absorption control). Scale bars, 50 um. B, C, and D, blue
indicates DAPI-stained nuclei.

ADAMTS proteoglycanases precedes normal development,
suggesting this to be a key mediator of those processes.
ADAMTSI1S has recently taken the spotlight as a putative
tumor suppressor gene in breast and colon cancer (22, 23). In
addition, along with versican, it is also dysregulated in prostate
cancer (24, 25). To our knowledge, however, a knock-out
mouse model for Adamts15 is currently unavailable, and its
biology is poorly described. As a highly conserved member of
the proteoglycanase family, ADAMTS15 represents a putative
versicanase. In this study, we have characterized the biosynthe-
sisof ADAMTS15, determined its mechanism of activation and

DECEMBER 27,2013 +VOLUME 288-NUMBER 52

Biosynthesis and Expression of ADAMTS15

extracellular localization, and confirmed its activity toward V1
versican. We have also delineated its expression in key struc-
tures of the developing mouse embryo and the adult mouse
colon.

The ADAMTS15 zymogen is processed extracellularly, sim-
ilar to ADAMTS5 and ADAMTS9 (5, 6), and in contrast to
ADAMTS1 and ADAMTS4, which are both activated intracel-
lularly (8, 10, 34). The mechanism protecting intracellular pro-
peptide processing of a select subset of the ADAMTS pro-
teoglycanases is currently unknown. However, knowing their
site(s) of activation is important when designing therapeutic
inhibitors. For example, ADAMTS5, a major drug target in
arthritis, is activated extracellularly, making itself and its acti-
vators, furin, PC7, and PACE4 (6, 35), attractive targets for
drugs that do not cross the cell membrane. The involvement of
ADAMTS15 activity in arthritis is not yet explored, although its
mRNA is present and regulated in a similar manner to that of
ADAMTSS5 in osteoarthritis (36), and aggrecan has been previ-
ously reported as its substrate (33).

Common to all ADAMTS proteoglycanases described to
date is their propeptide processing by furin activity and their
ability to cleave the versican VI splice variant at the E*** || A**?
site generating the neoepitope DPEAAE. This study shows that
ADAMTSI15 is no exception. An intriguing finding in this
study, however, was the ability of the catalytic domain of
ADAMTS15 alone to also cleave versican. This suggests that
sites on the ADAMTSI5 catalytic domain can mediate sub-
strate binding as also indicated in this study by its heparin sen-
sitivity. This is in stark contrast to other ADAMTS proteogly-
canases described to date, for example ADAMTS5 ProCat
activity against aggrecan (37). Although we did not observe
apparent autocatalysis in our study using an E362A mutant
(data not shown), other ADAMTS proteoglycanases have been
reported to undergo this process (38), and the difficulty in
detecting the mature form of full-length ADAMTSI5 in this
study suggests it to be relatively unstable. The one implication
of C-terminal processing is the removal of substrate-binding
sites found in the ancillary domain (37-39), essentially inacti-
vating the protease.

Substrate-binding sites in ADAMTS ancillary domains (exo-
sites) have become regions of interest because competitive
inhibitors could theoretically be designed against those sites.
Therefore, determining their role in ECM binding is important.
In our study, we could not efficiently detect full-length active
ADAMTS15 in the conditioned medium without the addition
of heparin. Thus, it is possible that full-length ADAMTSI15 is
tightly bound to the cell surface and ECM, as further confirmed
in this study by in vitro cell-surface biotinylation and co-local-
ization with hyaluronan within tissues, including skeletal mus-
cle in the developing mouse hind limb, via specific ECM-bind-
ing sites yet to be identified. Of the ADAMTS proteoglycanases,
ADAMTSI, -4, and -9 are known to be localized to the cell
surface (5, 9, 40), in contrast to ADAMTS5, which is present in
the pericellular matrix but not found on the cell surface (6, 41).

Because nothing was known about the expression of
Adamts15 during embryonic development, we characterized
its expression across key developmental time points that have
been well described for other Adamts proteoglycanases and
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their substrate versican. Adamts15 was expressed in sites over-
lapping with versican, particularly during early heart develop-
ment. Versican knock-out mice (hdf) die of a heart defect at
E10.5dpc (42), whereas AdamtsS5 knock-out mice and Adamts9
heterozygote mice hearts present with myxomatous heart
valves and chondrogenic nodules, respectively (18, 43). Given
the strong and specific expression of Adamts15 in the E10.5 dpc
mouse embryonic heart, it is attractive to hypothesize a role for
ADAMTS15 during heart development through versican pro-
cessing. Later in development, at E13.5 dpc, Adamtsl5 was
expressed in the perichondrium of the developing autopod,
where Adamtsl, -5, -9, and -20 and versican (Cspg2) are all
expressed and cooperate to stimulate interdigital apoptosis to
form pentameric digits (17, 31, 44). Therefore, Adamts15 might
also participate in this process. Interestingly, Adamtsl5 was
also widely expressed in the hind limb of E15.5 embryos, includ-
ing condensing cartilage of the long bones, a site overlapping
with Adamts9 expression (31). At this stage of development,
versican provides a transitional matrix that is cleared upon
aggrecan deposition to form immature cartilage (45). A role for
the ADAMTS proteoglycanases during this process has not yet
been clearly defined, but both ADAMTS9 and ADAMTS15 are
likely candidates.

In this study, we showed ADAMTS15 expression in skeletal
muscle of the developing mouse hind limb. This is in accord-
ance with our recent study showing that ADAMTS15 could
rescue an Adamts5-deficient myoblast fusion defect in an in
vitro model of skeletal muscle fiber formation, mouse C2C12
cells (46). This study highlighted the expansion of a versican
and hyaluronan-rich pericellular matrix surrounding myo-
blasts upon Adamts5 silencing, leading to the hypothesis that
ADAMTS15 cooperates with ADAMTSS5 to clear the pericellu-
lar matrix surrounding myoblasts during iz vivo myogenesis,
thus facilitating myoblast fusion and mature skeletal muscle
fiber formation.

Given the association between ADAMTSI5 and colorectal
cancer described above, we supposed that Adamts15 could be
expressed in the adult mouse colon. Immunostaining with an
ADAMTS15 antibody directed toward its prodomain robustly
detected ADAMTSI15 in several areas of the large intestine,
including the muscular externa, submucosa and submucosal
glands, crypts, and villi. The function of ADAMTS15 in the
colon is not known; however, its broad and high expression
level is concordant with its proposed role in colorectal cancer as
a tumor suppressor gene. Although the mechanism(s) underly-
ing ADAMTS15’s tumor suppression capabilities are unknown,
the anti-angiogenic nature of several other ADAMTS pro-
teoglycanases has been characterized, including ADAMTS15’s
evolutionary partner ADAMTS8 (47-50). In addition,
ADAMTS? has recently been identified as a putative tumor
suppressor gene through its anti-angiogenic properties in
esophageal and nasopharyngeal carcinoma (51).

This study highlights the similarities and differences in the
activation, substrate specificity, and expression of ADAMTS15
compared with other ADAMTS proteoglycanase family mem-
bers. We have characterized ADAMTS15 as a novel versicanase
that is present in biological tissues during embryogenesis rele-
vant to versican biology. Our data provide a solid justification
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for further investigation of the function of ADAMTS15 during
embryonic heart and musculoskeletal development, and it gives
further insights into its mechanism of action that might be rel-
evant in pathologies such as arthritis and cancer.
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