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Secreted and cell-surface proteases are major mediators
of extracellular matrix (ECM) turnover, but their mecha-
nisms and regulatory impact are poorly understood. We
developed a mass spectrometry approach using a cell-
free ECM produced in vitro to identify fibronectin (FN)
as a novel substrate of the secreted metalloprotease
ADAMTS16. ADAMTS16 cleaves FN between its (I)5 and
(I)6 modules, releasing the N-terminal 30 kDa heparin-
binding domain essential for FN self-assembly. ADAMTS16
impairs FN fibrillogenesis as well as fibrillin-1 and tenas-
cin-C assembly, thus inhibiting formation of a mature
ECM by cultured fibroblasts. Furthermore ADAMTS16 has
a marked morphogenetic impact on spheroid formation
by renal tubule-derived MDCKI cells. The N-terminal FN
domain released by ADAMTS16 up-regulates MMP3, which
cleaves the (I)5-(I)6 linker of FN similar to ADAMTS16, there-
fore creating a proteolytic feed-forward mechanism. Thus,
FN proteolysis not only regulates FN turnover, but also FN
assembly, with potential long-term consequences for
ECM assembly and morphogenesis. Molecular & Cel-
lular Proteomics 17: 1410–1425, 2018. DOI: 10.1074/mcp.
RA118.000676.

The extracellular matrix (ECM)1 is a network of proteins,
glycoproteins and complex carbohydrates that normally un-
dergoes continuous remodeling via coupled proteolytic deg-
radation and biosynthesis. Deposition of a provisional ECM
during morphogenesis, tissue regeneration or ECM assembly
by cultured cells is known to rely heavily on the assembly of
FN, an ECM glycoprotein, which is a crucial cell adhesion
molecule and pro-migratory substrate (1, 2). Plasma and cel-

lular FN are secreted as disulfide-bonded dimers that bind to
cell surface integrins. Subsequently, cell contractility and cen-
tripetal integrin translocation expose cryptic binding sites in
the FN dimers that allow their association and promote FN
fibril assembly (1, 3). A major FN domain mediating initial
self-assembly and promoting fibrillogenesis is the N-terminal
heparin-binding domain spanning the first five type I repeats
(4–7). The FN network serves as a template for the assembly
of fibrillins, collagens, tenascin-C, latent TGF�-binding pro-
teins and other molecules and therefore has a crucial role in
the formation of mature ECM (8–11). Consistent with the
observed significant impact on ECM ontogeny, cell adhesion
and migration in vitro, inactivation of the Fn1 gene in mice
leads to embryonic lethality by 8.5 days of gestation, with
embryos showing impaired cardiovascular development and
other morphogenetic defects (12).

Whereas initiation of FN fibril assembly has been exten-
sively investigated, mechanisms regulating fibril turnover
and maturation, are poorly understood (1, 13). Even though
a number of proteases are known to cleave FN (4, 13–17)
little is known about how they affect FN networks and so far,
the relationship between FN proteolysis and assembly has
not been specifically investigated. The ADAMTS (a disinteg-
rin-like and metalloproteinase domain with thrombospondin
type I motif) family includes 19 secreted proteases, most of
which act on ECM and are crucial regulators of morphogen-
esis (18, 19). ADAMTS16 is a poorly characterized family
member without a known substrate, although it was re-
ported to play a role during renal and gonadal development.
Homozygous Adamts16 knockout male rats are infertile,
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with reduced testicular size and cryptorchidism (20) and
ADAMTS16 was linked to branching morphogenesis during
renal development (21). In addition to its role during em-
bryogenesis, ADAMTS16 was implicated in blood pressure
regulation in rats and humans (22, 23) and linked to ovarian
cancer and esophageal squamous cell carcinoma (24, 25).
Thus, ADAMTS16 is well-connected to morphogenesis and
human diseases, but without knowledge of its underlying
mechanisms, i.e. its molecular characteristics, substrates,
and the molecular pathways in which it participates.

Here, we identified FN as an ADAMTS16 substrate via a
novel mass spectrometry (MS) approach, using a decellular-
ized ECM produced in vitro by fibroblasts for substrate dis-
covery. We show that ADAMTS16 cleaves FN near its N
terminus with an immediate and long-term impact on ECM
assembly. By upregulating MMP3 in the epithelial cell line
MDCKI, ADAMTS16 creates an intriguing dual protease feed-
forward loop that may serve to limit and fine-tune FN assem-
bly and control tubular morphogenesis.

EXPERIMENTAL PROCEDURES

Antibodies—All antibodies and used dilutions are listed in supple-
mental Table S1.

Expression Plasmids—Mouse Adamts16 cDNA clone (with se-
quence NM_172053) was purchased from Creative Biogene (Shirley,
NY). All constructs were generated by PCR using this clone as a
template and HiFidelity Polymerase (Qiagen, Hombrechtikon, Swit-
zerland) following the manufacturer’s protocol. All constructs were
C-terminally myc_His6 tagged and cloned into pCEP_pu (Invitrogen,
Carlsbad, CA) for expression and verified by Sanger sequencing.
ADAMTS16 mutant constructs were obtained by site directed mu-
tagenesis PCR following a previously published protocol (26). For
cloning and mutagenesis primer sequences see supplemental Ta-
ble S2.

Cell Culture—HEK293-EBNA (CRL-10852, ATCC, Manassas, VA)
cells were grown in DMEM supplemented with 10% FBS. To generate
HEK293-EBNA cells stably expressing mouse ADAMTS16, mouse
ADAMTS16-sh, mouse ADAMTS16-EA, or mouse ADAMTS16-sh-EA,
cells were seeded on 0.1% gelatin-coated dishes (0.1% gelatin
(Sigma Aldrich, St. Louis, MO) in H2O), transfected using jetPei®
(Polyplus transfection, Illkirch, France) following manufacturer’s in-
structions and selected with puromycin (2 �g/ml, Sigma Aldrich) for
14 days. Mouse BALB/c 3T3 fibroblasts (CCL-163, ATCC), human
dermal fibroblasts (HDF, ATCC) and LN229 cells (CRL-2611, ATCC)
were grown in DMEM supplemented with 10% FBS. MDCK strain I
(MDCKI) cells, kindly provided by Dr. Martin Spiess (Basel, Switzer-
land), were grown in �-MEM supplemented with 10% FBS. To ob-
tain MDCKI cells stably expressing mouse ADAMTS16, mouse
ADAMTS16-sh, mouse ADAMTS16-EA, or mouse ADAMTS16-sh-EA,
cells were transfected using FuGENE® 6 (Roche, Basel, Switzerland)
and selected with puromycin for 14 days. All cell lines used in the
experiments were tested for mycoplasma contamination by Myco-

AlertTM Mycoplasma Detection Kit (LT07–218, Lonza Basel,
Switzerland).

Western Blotting—Cell extracts and conditioned media were pre-
pared in Laemmli loading buffer with or without 2-mercaptoethanol
and separated by SDS-PAGE. Proteins were transferred to PVDF
membranes (Immobilon FL for fluorescence detection, EMD Millipore,
Billerica, MA) and probed with primary antibody (supplemental Table
S1) and detected by an enhanced fluorescence technique using an
Odyssey CLx scanner (LI-COR Biosciences, Lincoln, NE).

Protein Purification—1 L of conditioned medium was filtered
through a 0.22 �m filter (Corning, Corning, NY). After filtration the
solution was applied to a pre-equilibrated 1 ml IMAC column (Ni-NTA
agarose, Qiagen, Hombrechtikon, Switzerland) at 4 °C. Bound protein
was eluted with 250 mM imidazole in 50 mM Tris-buffer (pH 7.5). For
removal of imidazole, the protein solution was dialyzed against TBS
(50 mM Tris-HCl, 150 mM NaCl, pH 7.5) supplemented with 5 �M

ZnCl2. Protein concentration was determined with a NanoDrop ND-
1000 spectrometer (ThermoFisher Scientific, Reinach, Switzerland).
Protein absorption coefficients were calculated using the PDB Prot-
Param tool. The protein solution was stored in 50% (v/v) glycerol at
�20 °C.

Immunofluorescence—HEK293-EBNA cells were seeded on 8-well
glass chamber slides (Falcon Culture Slides, Thermo Fisher Scientific)
and cultured in DMEM containing 10% FBS until they reached 80%
confluence. Cells were transiently transfected with ADAMTS16-sh
and ADAMTS16-CT, ADAMTS16 or empty vector only using Lipo-
fectamine 3000 (Invitrogen/Life Technologies, CA). After 48 h under
serum-free conditions the cells were fixed with 4% formaldehyde
(PFA) for 20 min. The samples were incubated with anti-myc and
anti-laminin for 1h at room temperature, followed by incubation with
Alexa conjugated secondary antibody. Samples were mounted in
ProLong Gold with DAPI (Life Technologies) and imaged with a Leica
TCS5 SPII confocal microscope. Images comparing conditions were
acquired under identical camera settings and analyzed using ImageJ
software (U. S. National Institutes of Health, Bethesda, Maryland).
LN229 cells were seeded on 8 well glass chamber slides and cultured
in DMEM containing 10% FBS until they reached 90% confluence.
Cells were transiently transfected using Lipofectamine 3000. Cells
were maintained in DMEM with 10% FBS for another 48 h before
fixation and staining.

Preparation of Cell-free ECM from HEK-EBNA Cells—HEK-EBNA
cells were transiently transfected and cultured for 48 h in DMEM/10%
FBS. Cells were removed using extraction buffer (0.5% Na-deoxy-
cholate, 10 mM Tris-HCl, pH 7.5) supplemented with protease inhib-
itor (cOmplete™, Mini Protease Inhibitor Mixture, Sigma-Aldrich) for
30 min at 4 °C. ECM was washed with 2 mM Tris- HCl (pH 7.5). Total
protein was analyzed by SDS-PAGE under reducing conditions.

Preparation of ECM Produced by Cultured BALB/c 3T3 Fibro-
blasts—BALB/c 3T3 fibroblasts were cultured in DMEM supple-
mented with 10% FBS for preparation of cell-free ECM as previously
described (27). Briefly, 1 � 106 fibroblasts were seeded on a 6 cm
culture dish (Corning) precoated with 0.1% gelatin and allowed to
attach for 24 h. After 24 h the medium was replaced with fresh culture
medium containing 10% FBS and 50 �g/ml ascorbic acid (Merck
Millipore, Darmstadt, Germany). The medium was replaced every 24 h
for 5 days. The cells were extracted from the matrix using PBS
containing 0.5% Triton X-100 and NH4OH. PBS was added to dilute
the cellular debris and the plate was stored overnight at 4 °C. Debris
were removed, and ECM was washed with cold PBS. 5 � 105 HEK
cells stably expressing mouse ADAMTS16, mouse ADAMTS16-sh,
mouse ADAMTS16-sh-EA or transfected with empty vector as a
control, were seeded on this matrix and cultured for 24 h in serum-
free medium. ADAMTS16-sh-EA served as the control for both wt-

1 The abbreviations used are: ECM, Extracellular Matrix; FBN1,
Fibrillin1; FN, Fibronectin; GELS, Gelsolin; LTBP1, Latent-transform-
ing growth factor beta-binding protein 1; PG-S1, Biglycan; PLEC,
Plectin; PLAC, Protease and lacunin domain; POSTN, Periostin;
SERPH, Serpin H1; TNC, Tenascin-C; TSR, Thrombospondin type 1
repeats.
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ADAMTS16 and ADAMTS16-sh. The conditioned medium was ana-
lyzed by LC-MS/MS.

Sample Preparation and Analysis of the Digested ECM by Mass
Spectrometry—The proteins in the medium were precipitated using
trichloroacetic acid (TCA), washed with HPLC grade ice-cold acetone
and dissolved in 0.5 M Tris pH 8.6 containing 6 M guanidine hydro-
chloride and aliquoted into four fractions for treatment with the en-
dopeptidase Lys-C (Wako, Neuss, Germany) or trypsin (sequencing
grade modified, Promega, Dübendorf, Switzerland), Asp-N (Roche)
and combinations thereof after reduction with TCEP and alkylation
with iodoacetamide (both Fluka, Buchs, Switzerland) and further ad-
dition of digestion buffer (50 mM Tris/HCl pH 8.6, 5 mM CaCl2).
Peptides were separated on an EASY n-LC 1000 liquid chromatog-
raphy system equipped with a C18 Acclaim PepMap 100 trap-column
(75 �m � 2 cm, 3 �m, 100 Å) and a C18 New Objective analytical
column (75 �m � 25 cm, Reprosil, 3 �m) coupled to a Thermo
Orbitrap Fusion mass spectrometer (Thermo Scientific) equipped with
a New Objective Digital Pico View source. Data were collected over a
30 min linear gradient from 2% buffer B (0.1% formic acid in aceto-
nitrile) to 25% buffer B, followed by a 5 min linear gradient from 25%
to 40% buffer B. Buffer A contained 0.1% formic acid in water.
Sample digests were acidified with trifluoroacetic acid (Pierce) to a
final concentration of 0.1% TFA.

Analysis and Peptide Identification by LC-MS/MS—Peptides were
identified by searching SwissProt restricted to mammalian proteins
(version 2015–01, # of entries searched for: 16920 mouse proteins)
using Mascot Distiller (version 2.5.1, Matrix Science) and Mascot
(version 2.5.1, Matrix Science) allowing the following post-transla-
tional modifications; fixed modifications: Carbamidomethyl (C), vari-
able modifications: acetylation at protein N termini, deamidation at
asparagine and glutamine, oxidation at methionine and phosphoryl-
ation at serine/threonine and no enzyme specificity. The number of
max. missed cleavages was set to 1, with a peptide mass tolerance �
10 ppm and a fragment mass tolerance � 0.6 Da. Data were compiled
and evaluated with Scaffold (version Scaffold_4.4.1.1, Proteome Soft-
ware), considering proteins identified with at least five peptides and
having thresholds for protein and peptides of 90%, with peptide FDR
2.1% (Prophet) and protein FDR 0% (Prophet). The FDR was calcu-
lated using Scaffold software using the following parameters: Protein
Grouping Strategy: Experiment-wide grouping with binary peptide-
protein weights. Peptide Thresholds: 90.0% minimum and Protein
Thresholds: 90.0% minimum and 5 peptides minimum. Scaffold soft-
ware was used for a qualitative analysis of ADAMTS16 cleavage
products. For a quantitative analysis of single peptides, the area
under the curves of the MS1 spectra of single peptides was analyzed
using a label free approach. For this, the corresponding data
files were loaded into Progenesis QI for proteomics (version
2.0.5556.29015, Waters) and analyzed using the default settings of
the program (medium sensitivity and peptide charge: 1–20). All the
raw data files of the single runs, the scaffold file (.sf3) and the
corresponding Mascot result files (file name: F077701–5.dat) as well
as the Mascot peak list (mgf files) and the corresponding search files
(xml files) for the Progenesis quantification are available via Pro-
teomeXchange with identifier PXD007284.

Sample Preparation and LC-MS/MS Analysis of Human Fibronectin
Cleavage Products—12-well tissue culture dishes were coated with
purified human plasma fibronectin (FC010–10MG, Merck Millipore) in
a final concentration of 30 �g/ml in PBS. HEK293-EBNA cells stably
expressing various ADAMTS16 constructs were seeded on top of the
FN under serum-free conditions and incubated for 24 h. The super-
natant was analyzed by Western blotting or by LC-MS/MS for poten-
tial cleavage products. Prior to LC-MS/MS analysis the conditioned
medium was TCA-precipitated and digested with LysC following the
protocol described in the previous section. The generated peptides

were acidified with 1 �l of 20% TFA and analyzed by capillary liquid
chromatography tandem mass spectrometry with an EASY-nLC 1000
using a two-column set up (Thermo Scientific). The peptides were
loaded with 0.1% formic acid, 2% acetonitrile in H2O onto a peptide
trap (Acclaim PepMap 100, 75 �m � 2 cm, C18, 3 �m, 100 Å) at a
constant pressure of 800 bar. Peptides were separated at a flow rate
of 150 �l/min with a linear gradient of 2–6% buffer B in buffer A in 3
min followed by an linear increase from 6 to 22% in 40 min, 22–28%
in 9 min, 28–36% in 8 min, 36–80% in 1 min and the column was
finally washed for 14 min at 80% B (Buffer A: 0.1% formic acid, buffer
B: 0.1% formic acid in acetonitrile) on a 50 �m x 15 cm ES801 C18,
2 �m, 100 Å column mounted on a DPV ion source (New Objective)
connected to an Orbitrap Fusion mass spectrometer (Thermo Scien-
tific). The data were acquired using 120,000 resolution for the peptide
measurements in the Orbitrap and a top T (3s) method with HCD
fragmentation for each precursor and fragment measurement in the
LTQ according the recommendation of the manufacturer (Thermo
Scientific).

Peptides were identified using Mascot (version 2.5.1, Matrix Sci-
ence) and Mascot Distiller (version 2.5.1, Matrix Science) allowing the
following post-translational modifications; fixed modification: Carb-
amidomethyl (C), variable modifications: acetylation at protein N ter-
mini, deamidation at asparagine and glutamine, oxidation at methio-
nine and phosphorylation at serine/threonine. The number of max.
missed cleavages was set to 1, with a peptide mass tolerance � 5
ppm and a fragment mass tolerance � 0.6 Da and quantified using
Progenesis QI for proteomics (version 2.0.5556.29015, Waters). All
raw data files of the single runs, a Scaffold file (.sf3) as well as the
Mascot peak list (mgf files) and the corresponding search files (xml
files) for the Progenesis QI quantification are available via Proteome-
Xchange with identifier PXD007284.

In Vitro Fibrillogenesis—HDF and HEK293 cells were co-cultured in
a 3:5 (fibroblasts: HEK cells) ratio in DMEM containing 10% FBS for
24 h, 48 h, or 4 days respectively. For 8-day co-cultures the cells were
seeded in a 4:1 (fibroblasts: HEK cells) ratio. Cells were fixed in 4%
PFA, stained and imaged using a Leica TCS5 SPII confocal micro-
scope. Images were analyzed using ImageJ software.

3D-culture Staining and Imaging—MDCKI cells were embedded in
3D collagen gels. Acid-solubilized collagen (Corning Collagen I) was
mixed with 10X PBS in a 1:1 ratio, followed by pH adjustment to 7.5
with 0.1 M NaOH. The collagen concentration was adjusted to a final
concentration of 2.5 mg/ml using �-MEM/10%FBS. 150 �l of colla-
gen containing 1.5 � 104 cells was poured into each well of an 8-well
glass chamber slide and allowed to solidify at 37 °C. After gelation
�-MEM containing 10% FBS was added and replaced every 24 h.

After 4 days or 8 days of culture, the 3D gels were fixed using 4%
PFA for 30 min and permeabilized 3X 15 min at room temperature
using 0.3% Triton X-100 in PBS. Primary antibodies were diluted in
PBST and applied overnight at 4 °C. Gels were washed with PBST
and incubated with secondary antibodies in PBST for 2 h at room
temperature. Images were taken with a Leica TCS5 SPII confocal
microscope and analyzed with ImageJ software.

RNA Analysis by qRT-PCR—Total RNA was isolated using the
RNeasy Plus Micro Kit (Quiagen). RNA was reversed transcribed and
relative mRNA levels were detected as described (28). Relative mRNA
levels for the genes, normalized to TBP, were measured using
Platinum® SYBR® Green qPCR SuperMix-UDG with ROX (Invitro-
gen). Real-time PCR was performed in a StepOnePlus Real-Time
PCR System (Applied Biosystems, Rotkreuz, Switzerland) using a
standard cycling profile. All samples were run in triplicates. Data were
analyzed by the ��Ct method (29). RT-PCR primers are listed in
supplemental Table S3.

Labeling of FN—0.5 mg of plasma FN (F0895, Sigma-Aldrich)
was labeled using the Alexa Fluor 488 protein labeling kit (A10235,
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Thermo Fisher Scientific) following the manufacturer’s instruc-
tions. 30 �g/ml of the labeled FN were plated on 8-well glass
chamber slides. HEK-EBNA cells stably expressing wtADAMTS16,
ADAMTS16-EA or empty vector were seeded under serum-free
conditions and allowed to attach for 48 h prior to fixation and
phalloidin staining.

FN Cleavage—Purified ADAMTS16-sh was incubated with plasma
FN (Sigma-Aldrich) or 500 ng of the 70 kDa N-terminal FN fragment or
the 4F1–2F2 produced in insect cells (30) for 4 h at 37 °C in TBS (pH
7.5) supplemented with 10 mM CaCl2. Cleavage products were ana-
lyzed by immunoblotting under reducing conditions.

Experimental Design and Statistical Rational—All grouped data are
means � S.E. The statistical analysis was performed using GraphPad
InStat version 3.05. Differences between two groups were evaluated
using a two-tailed Student t test for parametric data. Values of p �
0.05 were considered statistically significant. Empty vector and an
inactive mutant of ADAMTS16 were used as control for all experi-
ments. All qRT-PCR experiments were done in triplicates. Relative
amount of FN was quantified using ImageJ software. Each condition
was done in triplicate and a total of 12 images per condition were
analyzed. For spheroid size quantification a total number of 50 spher-
oids per condition from three independent experiments together were
evaluated. For lumen quantification a total of 16 spheroids per con-
dition from 3 independent experiments were quantified.

Human FN digestion was done in biological triplicates and all
triplicates were analyzed by LC-MS/MS to get statistically relevant
quantifications of the cleavage peptides. The presence of the identi-
fied mouse FN peptide from decellularized ECM was verified in two
individual runs using different working proteases and was further
verified by a complete repetition of the experiment using the same
experimental setup for ADAMTS16-sh, ADAMTS16-sh-EA and vector
control.

RESULTS

ADAMTS16 is Secreted and Binds to ECM via its C-terminal
Modules—Constructs expressing wt myc-tagged ADAMTS16
and their corresponding active site mutants (E432A) (Fig. 1A)
were transiently or stably expressed in HEK293-EBNA cells.
Neither active full-length ADAMTS16 (wtADAMTS16) nor in-
active ADAMTS16 (ADAMTS16-EA) were detectable in the
conditioned medium of either stably or transiently transfected
HEK-EBNA cells (Fig. 1B). In contrast, liquid chromatography-
tandem mass spectrometry (LC-MS/MS) analysis of the me-
dium of these cells detected an abundance of peptides span-
ning the catalytic domain to the spacer, but none derived from
the C-terminal thrombospondin (TSR) repeats and the prote-
ase and lacunin (PLAC) domain (Fig. 1A, supplemental Fig.
S1, supplemental Table S4). These findings suggested that
wtADAMTS16 was C-terminally processed with release of a
form containing the catalytic domain through the spacer mod-
ule into the medium, whereas the remaining C-terminal mod-
ules were retained within the ECM and or the cell surface.

To gain further insights into C-terminal processing of
ADAMTS16, we designed a construct lacking the C-terminal
TSRs and PLAC domain (ADAMTS16-sh) thereby mimicking
wtADAMTS16 after C-terminal processing and release into the
medium (Fig. 1A). In contrast to ADAMTS16, ADAMTS16-sh
as well as its proteolytically inactive counterpart (ADAMTS16-
sh-EA), were readily detectable in the conditioned medium

using anti-myc (Fig. 1B). A reported isoform of ADAMTS16,
lacking the C-terminal PLAC domain (ADAMTS16-TS6) (31)
(Fig. 1A) was also detected in the conditioned medium of
transfected HEK-EBNA cells (Fig. 1B), suggesting that the
C-terminal modules, such as PLAC may regulate binding of
ADAMTS16 to the cell surface and/or the ECM. Smaller than
expected ADAMTS16-sh and ADAMTS16-TS6 molecular
fragments in the medium are indicative of autocatalysis, in
addition to proteolysis by ambient proteases within the
TSR2- PLAC region (ancillary domain) (Fig. 1B, 1C). These
findings support the assumption of C-terminal processing of
ADAMTS16 between the spacer and TSR2, with retention of
C-terminal modules in the cell layer and release of the remain-
ing ADAMTS16 into the medium.

In addition, like other ADAMTS proteases, ADAMTS16 likely
undergoes furin-processing at a consensus site, RHKR279,
releasing the N-terminal propeptide. Consistent with this, the
ADAMTS16 constructs observed in the medium by antibodies
to the C-terminal myc tag were �30 kDa smaller than in the
cell lysates (Fig. 1B, 1C). To determine if full-length
ADAMTS16 binds to and retains in the ECM we performed a
DOC insolubility assay using transiently transfected HEK-
EBNA cells. All ADAMTS16 constructs could be detected
within the cell-free ECM (Fig. 1D). In contrast to ADAMTS16-
EA, ADAMTS16-TS6, ADAMTS16-TS6-EA, and ADAMTS16-
sh, wtADAMTS16 was detected at markedly lower levels in
the cell-free ECM of transfected HEK293-EBNA cells (Fig.
1D). This further confirms the finding that autoproteolysis
likely had complex effects on full-length ADAMTS16 with
increased lability compared with the other constructs. Immu-
nostaining of ADAMTS16 transfected cells with laminin (a
marker for ECM) showed that the C-terminal domain of
ADAMTS16 (ADAMTS16-CT) was strongly localized to the
ECM. ADAMTS16-sh was localized to the ECM as well, but at
considerably reduced levels compared with ADAMTS16-CT
(Fig. 1E). Together, these findings provide evidence that cell
and ECM binding of ADAMTS16 is primarily mediated by its
C-terminal ancillary domain, and that ADAMTS16 is released
into the medium because of complex proteolytic processing,
including autocatalysis (Fig. 1B–1E supplemental Fig. S1).

Mass Spectrometry Identifies FN as an ADAMTS16 Sub-
strate—Because ADAMTS16 binds to the ECM and is exten-
sively processed, purification of full-length catalytically active
enzyme was not feasible. Therefore, to identify ADAMTS16
substrates, we designed a strategy in which a decellularized
ECM, deposited by mouse BALB/c 3T3 fibroblasts in
vitro, was digested by HEK293-EBNA cells expressing
wtADAMTS16, ADAMTS16-sh or its catalytically inactive mu-
tant ADAMTS16-sh-EA. The medium from these cultures was
analyzed by LC-MS/MS to identify ADAMTS16 substrates
(Fig. 2A, Table I, II) by searching for peptides with cleavage
sites that did not arise from the proteases used to generate
peptides for LC-MS/MS. This analysis identified a mouse
FN peptide 270CERHALQSASAGSGS285 (GenBank ID NP_
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FIG. 1. ADAMTS16 binds ECM and is C-terminally processed. A, Domain organization of ADAMTS16 constructs. B, Western blot analysis of
conditioned medium from HEK293-EBNA cells transfected with the indicated constructs or empty vector (v) using anti-myc antibody and enhanced
chemiluminescence. The black arrowheads and asterisk indicate autocatalytic and non-autocatalytic C-terminal fragments of ADAMTS16 respec-
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Fibronectin Cleavage by ADAMTS16

1414 Molecular & Cellular Proteomics 17.7



A

B

-0.5

0

0.5

1

1.5

2

2.5

3

3.5

4

Lo
g1

0 
ra

tio
s 

of
 p

ep
tid

e 
ab

un
da

nc
e 

vector/
ADAMTS16-sh-EA

ADAMTS16-sh/
ADAMTS16-sh-EA

ADAMTS16/
ADAMTS16-sh-EA

(I5)-RGEWKCERHALQSASAGSGS-FTDVRTAIYQPQTHPQPAPY-(I6)

FN peptide: CERHALQSASAGSGS
Average FN peptides 

C

vector ADAMTS16-EA ADAMTS16-sh-EA

D
A

PI
 F

N
 m

yc
FN

m
yc

G

E

F
250
150
100
75

50

37

25

kDa

FN70K
ADAMTS16-sh

EDTA

+ + + + -
- - + + +

+ +- - -

α-FN-NT

D

FIG. 2. Identification and validation of FN as an ADAMTS16 substrate. A, Schematic of the proteomic strategy used to identify
ADAMTS16 substrates. B, MS2 spectrum of the doubly charged FN peptide CERHALQSASAGSGS identified in the LysC-AspN digest of
wtADAMTS16. C, Histogram of log10 ratios of relative abundance of the FN peptide CERHALQSASAGSGS identified by LC-MS/MS in the
LysC/AspN digest showing its presence exclusively in matrix incubated with active ADAMTS16 and ADAMTS16-sh expressing cells, but not
in the control samples. Log10 ratios compare wtADAMTS16 with ADAMTS16-sh-EA, ADAMTS16-sh with ADAMTS16-sh-EA and vector with
ADAMTS16-sh-EA. Average of log10 ratios of all identified FN peptides, showed similar values between the samples, indicating equal amounts
of FN in each sample. D, Domain structure of FN with expanded view of the amino acid sequence of the linker between domains (I)5 and (I)6
showing the peptide identified by LC-MS/MS (yellow highlight) and the potential ADAMTS16 cleavage site. E, The domain structure of FN and
the N-terminal 70 kDa FN fragment (FN70K). Antibody binding sites of the monoclonal anti FN-NT (MAB1936) and the polyclonal anti-FN (Ruth

Fibronectin Cleavage by ADAMTS16

Molecular & Cellular Proteomics 17.7 1415



034363) exclusively in digests of ECM by the two active
ADAMTS16 constructs but not the catalytically inactive
mutant and/or the vector control (Fig. 2B, 2C, supplemental
Fig. S2A). The presence of the FN peptide 270CER-
HALQSASAGSGS285 was found in both active samples (wt-
ADAMTS16 and ADAMTS16-sh) using LysC alone as working
protease or LysC in combination with AspN (Table I, supple-
mental Table S5–S7). The findings could be reproduced in a
second independent experiment (data available in Pro-
teomeXchange with identifier PXD007284). This finding sug-
gests that ADAMTS16 cleaves FN within its N-terminal linker
sequence between domain (I)5 and (I)6 (Fig. 2C). We identified
additional peptides showing cleavage sites that did not arise
from the sample preparation process (Table I). Because these
peptides were also identified in the control samples, but at
lower abundance, we conclude that they were not uniquely
targeted by ADAMTS16 and were not pursued further
(Table I, II, supplemental Table S5, S7, supplemental Fig.
S2C, S2D). The similar results obtained for wtADAMTS16 and
ADAMTS16-sh indicate that although C-terminal processing
influences enzyme localization, it does not significantly influ-
ence FN recognition and proteolysis. Although a unique pep-
tide identified FN as a potential substrate of ADAMTS16, the
FN sequence coverage did not vary between the different
samples, indicating the same overall amount of FN in the
conditioned medium (Fig. 2C, supplemental Fig. S2C, supple-
mental Table S7). On the other hand, differential sequence
coverage was noted for biglycan, plectin, and serpinH1, but
no unique peptides arising from ADAMTS16 cleavage were
identified (Table II, supplemental Table S7). These molecules
could also be potential ADAMTS16 substrates where unique
cleaved peptides were not detected by LC-MS/MS.

For further validation of FN as substrate of ADAMTS16, cell
culture dishes were coated with human plasma FN and
cells stably expressing different ADAMTS16 constructs were
seeded under serum-free conditions. ADAMTS16-mediated
FN proteolysis was allowed for 24 h. The conditioned medium
was analyzed for FN cleavage products by Western blotting
using an antibody specific to the N-terminal domain of human
FN. Samples incubated with ADAMTS16-sh showed a strong
increase of the 30 kDa FN N-terminal heparin binding domain
after 24 h of incubation in the conditioned medium compared
with inactive mutant and vector control (supplemental Fig.
S3A). To further validate FN as a substrate the conditioned
medium was analyzed by mass spectrometry for specific FN
cleavage peptides after 24 h of incubation with ADAMTS16-

sh. The specific cleavage peptides 270CERHTSVQTTSSGS-
GPFTDVRAA292 from the (I)5-(I)6 linker sequence of FN was
identified in very high abundance in the active ADAMTS16-sh
sample but not in the inactive ADAMTS16-sh-EA and vector
control samples, although overall FN peptide abundance was
comparable supplemental Fig. S3B–S3D; supplemental Table
S8, S9). This finding further suggests that ADAMTS16 cleaves
FN within the N-terminal (I)5-(I)6 linker. We identified additional
human FN cleavage peptides toward the C-terminal side of
this cleavage indicating that ADAMTS16 might cleave FN
elsewhere in addition to the characterized N-terminal cleav-
age site (supplemental Table S8).

Because of the extensive post-secretion processing, puri-
fication of full-length ADAMTS16 was not feasible using the
C-terminal tags, but ADAMTS16-sh was purified and its pro-
teolytic activity was demonstrated by cleavage of the generic
protease substrate �2-macroglobulin (supplemental Fig. S4A)
as previously demonstrated (32). To obtain biochemical vali-
dation that fibronectin is a substrate of ADAMTS16 and to
determine the requirements for proteolysis, we incubated pu-
rified ADAMTS16-sh with different FN constructs. A recombi-
nant 70 kDa FN fragment extending from module (I)1 to mod-
ule (I)9 was cleaved to generate a 30 kDa N-terminal fragment
(Fig. 2E, 2F). Full-length plasma FN, whose globular structure
potentially masks susceptible peptide bonds, was not cleaved
by purified ADAMTS16-sh in vitro (supplemental Fig. S4B).
ADAMTS16-sh failed to cleave the linker of a shorter recom-
binant FN fragment spanning the (I)4 to (II)2 modules suggest-
ing that binding of ADAMTS16 to FN may occur via do-
mains distant from the cleavage site (Fig. S4C, S4D). We also
tested the ability of wtADAMTS16 to cleave FN using a cell-
based approach. Seeding of HEK-EBNA cells expressing
wtADAMTS16, but not ADAMTS16-EA on Alexa488 labeled
FN showed a loss of FN fluorescence underlying the cells
(supplemental Fig. S4E), suggesting that in contrast to plasma
FN in solution, bound plasma FN could be cleaved by
ADAMTS16-expressing cells. In transiently transfected LN-
229 glioblastoma cells, ADAMTS16 co-localized with FN fi-
brils in vitro (Fig. 2G) and the FN network was reduced in cells
expressing wtADAMTS16 (supplemental Fig. S4F). Together,
these findings indicate that FN is directly cleaved by
ADAMTS16, but that cleavage requires a distant binding re-
gion on FN and exposure of the scissile bond by traction
provided by cell contraction.

ADAMTS16 Inhibits FN Assembly and Elaboration of a Ma-
ture FN-dependent ECM—The 30 kDa N-terminal heparin

Chiquet) are indicated above full-length FN. F, Western blot analysis of FN70K incubated with purified active ADAMTS16-sh in the presence
or absence of EDTA. Anti-FN antibody (MAB1936) specific to the N-terminal heparin-binding domain of FN was used to identify release of the
30 kDa N-terminal heparin-binding domain (black arrow). G, Co-localization of ADAMTS16 with FN fibrils. Transiently transfected LN229 cells
were cultured for 48 h and stained for ADAMTS16-EA and ADAMTS16-sh-EA with anti-myc (red) and FN (green). The images show
co-localization of ADAMTS16-EA and ADAMTS16-sh-EA with FN fibers, indicating that the C terminus of ADAMTS16 is not essential for FN
binding. White arrows show co-localization of ADAMTS16 with FN. Scale bar is 50 �m. Lower panels show 2� amplification of the boxed areas
in the top row.
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binding domain released by wtADAMTS16 was previously
shown to regulate FN self-association during fibrillogenesis (5,
6). To investigate whether ADAMTS16 had a direct effect on
FN fibril networks, we investigated the temporal effect of
ADAMTS16 on the FN network. Human dermal fibroblasts
(HDF) co-cultured with HEK cells stably transfected with ei-
ther vector or inactive ADAMTS16-EA established a robust FN
network within 24 h in culture medium containing 10% FBS. In
contrast, a profound reduction of FN fibrils was observed in
the presence of wtADAMTS16 after 24 h despite compara-
ble cell density (Fig. 3A). Indeed, in the presence of
wtADAMTS16, FN was visible as punctate structures local-
ized near the surface of fibroblasts, rather than in a well-
defined fibrillar network. Upon continuing co-culture to 2, 4,
and 8 days, a similar impact on the network was observed,
indicative of a continuing impact on FN assembly, although
digestion of preformed fibrils cannot be ruled out (Fig. 3A, 3B,
Fig. 4). This temporal sequence in reduction of FN fibrillogen-
esis suggested that ADAMTS16 affected FN fibril maturation
at the point of, or shortly after initial fibril assembly and
therefore reduced further assembly and fibril maturation. FN1

mRNA levels were comparable in the various co-cultures
(supplemental Fig. S5A), suggesting that reduction of fibrils in
the presence of active ADAMTS16 did not have a transcrip-
tional basis. The C-terminally truncated construct, ADAMTS16-
sh had a similar effect on fibril maturation as full-length
ADAMTS16, showing that the catalytic specificity for FN and
inhibition of fibrillogenesis did not rely on the C terminus of the
protease (supplemental Fig. S5B, S5C). Moreover, a similar
impact was observed on FN networks formed by mouse
BALB/c-3T3 fibroblasts, which were used for substrate iden-
tification, when co-cultured with wtADAMTS16 expressing
HEK-EBNA cells (supplemental Fig. S5D). Impairment of FN
assembly in LN-229 cells, HDF and 3T3 cells suggested that
the effect of ADAMTS16 was independent of cell type.

Because fibrillin-1 (FBN1) and tenascin-C (TN-C) assembly
requires a preformed FN network, we used them as reporters
for the formation of a stable, mature ECM after formation of
the primordial FN matrix. The 8-day co-culture was investi-
gated for proper FBN1 and TN-C assembly, in addition to FN
fibrillogenesis. Whereas the ADAMTS16 active-site mutant
had no effect on the formation of FBN1 and TN-C fibrils,
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active ADAMTS16 strongly impaired the formation of FBN1
and TN-C networks (Fig. 4A, 4B). Whereas collagen IV formed
a network with long thin fibers in the presence of ADAMTS16-
EA, thicker and shorter collagen IV fibers accumulated in HDF
cultures exposed to wtADAMTS16 (Fig. 4C). Therefore, we
conclude that ADAMTS16 overexpression can influence the
integrity of other ECM assemblies by interference with FN
assembly.

ADAMTS16 Impairs Spheroid Morphogenesis by MDCKI
Cells in 3D Collagen Gels Via FN Proteolysis—Because of
prior work indicating a role for ADAMTS16 in renal develop-
ment (21, 22), renal tubule-derived MDCKI cells, which have
very low levels of ADAMTS16 mRNA were used as a model to
investigate the effect of ADAMTS16 on tubulogenesis. MDCKI
cells stably transfected with ADAMTS16 constructs did not
show any obvious morphological differences in monolayer
culture (data not shown). When grown in 3-dimensional col-
lagen gels, MDCKI cells form spheroids in which the cells are
arranged with strict apical-basal polarity. In this spheroid-
formation assay, wtADAMTS16 transfected cells showed less
intense FN staining in the basement membrane whereas the
ADAMTS16-EA expressing spheroids had stronger FN stain-
ing compared with vector control after 4 days and 8 days in
3D culture (Fig. 5A, 5B). This finding suggested increased
FN digestion in the presence of ADAMTS16 and that
ADAMTS16-EA may stabilize FN fibers in 3D cultures (Fig. 5A,
5B), or that binding to ADAMTS16-EA protects them from
cleavage. Additionally we observed reduced laminin staining
in spheroids expressing wtADAMTS16 after 8 days in culture
compared with vector or ADAMTS16-EA expressing spher-
oids (supplemental Fig. S6A). Consistent with the reduction of
FN, wtADAMTS16-expressing spheroids were significantly
smaller after 4 days and 8 days compared with vector control
and ADAMTS16-EA expressing cells (Fig. 5A, 5B). In addition

to the obvious size difference, wtADAMTS16-expressing
spheroids formed multiple lumina compared with spheroids
made by MDCKI cells transfected with empty vector. More-
over, spheroids expressing ADAMTS16-EA failed to form a
lumen (Fig. 5C). E-cadherin staining of spheroids expressing
wtADAMTS16 showed weaker E-cadherin staining than
spheroids expressing empty vector (Fig. 5D) although CDH1
mRNA was unaltered (supplemental Fig. S6B). In spheroids
expressing ADAMTS16-EA, E-cadherin was localized to the
membrane of cells attached to the basolateral FN matrix,
whereas cells in the center of the spheroids showed no E-
cadherin expression (Fig. 5D). To further investigate the po-
larity of these cells, we stained the spheroids for the Golgi
marker gm130 after 8 days in culture. Whereas spheroids
formed by vector-transfected cells showed a clear apical
gm130 distribution, spheroids formed by cells expressing
ADAMTS16-EA lacked polarity as evidenced by random distri-
bution of gm130 (Fig. 5E). Spheroids formed by cells expressing
wtADAMTS16 showed polarized gm130 staining in sections
containing a single layer of cells, which was disrupted where
multiple lumina were formed (Fig. 5E). Western blot analysis of
the MDCKI monolayers showed similar E-cadherin levels when
cultured in 2D and acquisition of N-cadherin expression in cells
expressing ADAMTS16-EA (Fig. 5F). Together, these findings
suggest that wtADAMTS16 overexpression reduces spheroid
growth and promotes formation of multiluminal spheroids,
whereas over-expression of ADAMTS16-EA promotes epitheli-
al-mesenchymal transition in spheroids, evidenced by loss of
cell polarity and acquisition of N-cadherin.

ADAMTS16 Overexpression Up-regulates MMP3 Expres-
sion by MDCKI Cells—Although Western blot analysis of the
cell lysate of the MDCKI cells cultured in 2D did not show a
significant differences in FN levels between cells expressing
different ADAMTS16 constructs (Fig. 5F), the N-terminal 30
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kDa FN fragment was evident in the concentrated medium of
the wtADAMTS16- expressing cells (Fig. 6A). To ask whether
this FN fragment induced MMP3 expression in MDCKI cells,
as previously noted in chondrocytes (33), we added it to
MDCKI monolayers and quantified MMP3 mRNA expres-
sion. We found a significant up-regulation of MMP3 mRNA
after 24 h in treated MDCKI cells (Fig. 6B) and MMP3 mRNA
levels were also significantly increased in cells expressing
wtADAMTS16 for 6 days in 3D cultures (Fig. 6C). Because
MMP3 cleaves FN within the (1)5-(I)6 linker i.e. generating
the 30 kDa fragment similar to ADAMTS16 (34), it is likely
that the observed MMP3 mRNA up-regulation leads to a
feed-forward loop that may enhance FN proteolysis in
MDCK I spheroids.

DISCUSSION

Identifying new substrates for proteases is a challenging yet
crucial undertaking that is necessary for a better understand-
ing of their function in diverse cellular and disease processes
such as development, tissue repair, cancer, and inflammation.
Because proteolysis is an irreversible post-translational mod-
ification, substrate identification can define pathways that are
substantially modified by a protease with lasting conse-
quences. Until now ADAMTS16 has been an orphan protease,
i.e. one without known substrates. Although it has been linked
to several human diseases, such as cancer and hypertension,
its substrates and its mechanism of action were so far un-
known. Our data shows that ADAMTS16 is a secreted metal-
loprotease that acts in a cell-proximate location. After secre-
tion, ADAMTS16 is extensively cleaved within its C-terminal
domains such that mature full-length ADAMTS16 is undetect-
able with antibodies to the C-terminal epitope tags. This re-
sults in release of a truncated form of ADAMTS16, which we
modeled using the ADAMTS16-sh construct. ADAMTS16-sh
had similar activity as ADAMTS16 in the assays utilized, sug-
gesting that the TSR2-PLAC domain is primarily necessary for
localizing ADAMTS16 to ECM through yet undetermined in-
teractions, although ADAMTS16-sh clearly also retained
some ECM-binding ability.

Here, the use of a cell-free ECM produced in vitro by
BALB/c fibroblasts allowed substrate discovery using LC-
MS/MS without prior purification of ADAMTS16. This ap-
proach is suitable for investigating other ECM-degrading pro-
teases whose purification, like ADAMTS16, is challenging.
The ECM used in this approach provided a physiological ECM
containing a broad spectrum of potential substrates because
fibroblasts typically produce several secreted molecules
which are assembled into a well-organized ECM. The mass
spectrometry strategy not only identified FN as a potential
substrate of ADAMTS16, but also identified a cleavage site in
the linker region between repeat (I)5 and (I)6 of FN. Release of
the 30 kDa N-terminal heparin binding domain, likely affects
FN assembly in two ways: FN dimers lacking this region may
not assemble properly, and the 30 kDa fragment may interfere
with the assembly of intact FN dimers by occupying cell-
surface receptors or sites relevant for FN self-assembly (Fig.
6E). The temporal analysis of FN assembly in the presence
of wild-type or catalytically inactive ADAMTS16, specifically
at an early 24 h time point, suggests that ADAMTS16 pri-
marily interferes with initiation and maturation of FN fibrils.
However, release of the 30 kDa FN fragment, as observed
by LC-MS/MS after digestion of a pre-formed ECM, indi-
cates that ADAMTS16 is also capable of degrading FN
fibrils. The conformation of FN dimers appears to be
crucial for regulating proteolytic susceptibility, because
ADAMTS16-sh did not cleave soluble plasma FN, which
assumes a globular conformation (35) in which the (I)5-(I)6
linker region may be concealed. The cryptic site is likely
exposed in the presence of cells, which apply tensile forces
to FN and FN fibrils upon attachment (36). Other proteases,
such as ADAMTS2 and ADAMTS3 (17), have been shown to
cleave FN within its (I)5-(I)6 linker sequence, indicating its
high susceptibility to proteolysis. The findings suggest that
there is considerable redundancy in fibronectin processing
by proteases. Thus, release of the 30 kDa fragment of FN by
proteases is likely to be a widespread mechanism of regu-
lation of FN assembly that has not been extensively studied.

FIG. 5. ADAMTS16 impairs spheroid morphogenesis by MDCKI cells in 3D collagen gels. A, Confocal microscopy of spheroids formed
by ADAMTS16-expressing MDCKI cells in 3D collagen gels after 4 days. Spheroids were stained for �-catenin (red), FN (green) and nuclei
(DAPI, blue). Quantitative analysis of spheroid diameter in 3D collagen gels shows size reduction upon wtADAMTS16 overexpression
compared with vector and ADAMTS16-EA control after 4 days. n 
 50 spheroids from 3 independent experiments. (****) p � 0.0001, Student
t test B, Confocal microscopy of spheroids formed by ADAMTS16-expressing MDCKI cells in 3D collagen gels after 8 days. Spheroids were
stained for FN (red) and nuclei (DAPI, blue). Reduction of FN staining in spheroids expressing wtADAMTS16 was observed whereas spheroids
expressing ADAMTS16-EA had increased FN staining. Quantitative analysis of spheroid diameter shows size reduction upon ADAMTS16
overexpression compared with vector and ADAMTS16-EA control after 8 days. n 
 50 spheroids from 3 independent experiments. (**) p �
0.01, Student t test. C, Spheroids were stained for phalloidin (red) and DAPI (blue) after 8 days in culture. Quantification of lumen formation
in spheroids after 8 days in culture. n 
 16 per experiment and construct, experiments were repeated 3 times. (*) p � 0.05, (**) p � 0.01, (***)
p � 0.001 D, Confocal microscopy of MDCKI spheroids in 3D collagen gels after 8 days showing perturbation of E-cadherin staining in
spheroids expressing wtADAMTS16. Spheroids were stained for E-cadherin (green) and nuclei (DAPI, blue). E, Confocal microscopy of
spheroids formed by ADAMTS16-expressing MDCKI cells in 3D collagen gels after 8 days. Spheres were stained for gm130 (red) and nuclei
(DAPI, blue). White arrows show polarized gm130 staining. Lower images are 2� amplifications upper panel. F, Western blot analysis of MDCKI
cells in monolayer culture. N-cadherin expression was strongly increased in cells expressing ADAMTS16-EA. No changes in E-cadherin or FN
levels were observed. Scale bars are 50 �m in A, B and E and 25 �m in C, D. **, p � 0.01 by student t-test.
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The cell-proximate location of ADAMTS16 is relevant be-
cause FN assembly is initiated at the cell surface by integrin-
binding to secreted dimers (37), and thus FN proteolysis by
ADAMTS16 may occur pericellularly. WtADAMTS16 overex-
pression in MDCKI cells led to a significant reduction in the
size of MDCK-derived spheroids associated with reduced FN
staining and detection of the 30 kDa FN fragment. Addition-
ally, we observed formation of multiluminal spheroids. These
findings are consistent with a previously described reduction
of spheroid size and multiple lumen formation in MDCKI cells
upon FN knockdown (38, 39), suggesting that the observed
impact is a result of reduction of FN in the spheroid ECM.
Loss of FN in 3D cultures was also previously linked to loss of
cell polarity (40). The 70 kDa N-terminal FN fragment, which
blocks FN fibril assembly has been shown to impair angio-
genesis in 3D cultures of vascular endothelium in collagen
gels (40) and to promote loss of cell polarity during gastrula-
tion (41). Interestingly, spheroids expressing the catalytically
inactive ADAMTS16-EA had increased FN accumulation in
their basement membrane. Most likely ADAMTS16-EA binds
to FN without proteolysis of the protein and acts in a dominant
negative manner to prevent other proteases from binding. The
resulting accumulation of FN may change matrix stiffness
leading to an up-regulation of FN1 expression, which further
contributes to the extensive accumulation of FN. Overall these
spheroids were larger and failed to form a lumen, in contrast
to the vector or wtADAMTS16-expressing spheroids. The
cells of ADAMTS16-EA expressing spheroids showed char-
acteristics of epithelial-mesenchymal transition (EMT) upon
FN accumulation as shown by the up-regulation of N-Cad-
herin (Fig. 5F). Previous studies showed that TGF� overex-
pression in MDCK cells blocked lumen formation via induction
of EMT (42, 43) and that the levels of laminin, fibronectin and
collagen IV in the ECM of MDCK spheroids could influence
their ability to form a proper lumen (42). FN turnover by
ADAMTS16 can therefore potentially influence cell polarity,
EMT and morphogenesis in 3D culture systems. The reduc-
tion of laminin staining in wtADAMTS16-expressing MDCKI
spheroids, taken together with overlapping staining of

ADAMTS16 and laminin in HEK293-EBNA cultures, suggests
that laminins could also be potential ADAMTS16 substrates;
however, BALB/c 3T3 cells produce very low levels of laminin
and we did not identify unique laminin peptides in our LC-
MS/MS screen.

The 30 kDa N-terminal heparin-binding domain of FN re-
leased by ADAMTS16 is not only functionally relevant to FN
fibrillogenesis but was previously shown to activate MMP3
expression via integrin signaling in chondrocytes (33). MMP3
and its activation have been extensively studied during
branching morphogenesis and cancer (44),(45,46), but little is
known about regulation of MMP3 expression by other pro-
teases. Our data showed that the 30 kDa fragment of FN
released by ADAMTS16 increased MMP3 expression in
MDCKI cells. FN cleavage by MMP3 within the linker region
between domain (I)5 and (I)6, like ADAMTS16, was previously
shown to release the 30 kDa N-terminal heparin binding do-
main (33, 34). We therefore propose that induction of MMP3
upon ADAMTS16 overexpression creates a feed-forward loop
augmenting FN proteolysis (Fig. 6F). Thus, ADAMTS16 and
MMP3 might work synergistically in regulation of FN fibril
maturation and ECM assembly (Fig. 6F). Although the data
suggest that ADAMTS16 cleaves fibronectin directly, i.e. by
showing it binds to fibronectin and that purified ADAMTS16
cleaves fibronectin, it is possible that ADAMTS16 may act not
only as a terminal protease, but also via activation of an earlier
step in a proteolytic pathway, such as by up-regulation of
MMP3 or activation of other proteases.

In summary, we have demonstrated that FN turnover by
ADAMTS16 has a profound effect on the formation of FN
networks and therefore has the potential to modify cell
behavior and influence ECM composition and integrity over
extended time-scales. Additionally, we have shown that
ADAMTS16 drives a feed-forward proteolytic loop, because
the N-terminal FN fragment generated increases MMP3 ex-
pression in MDCKI cells. Although proteases are typically
considered in the context of ECM turnover, the present
work supports a major role for ADAMTS16 in regulating
ECM assembly. These findings have broad ramifications for

FIG. 6. Release of the 30 kDa N-terminal heparin binding domain by ADAMTS16 up-regulates MMP3 mRNA in MDCKI cells to
generate a proteolysis feed-forward loop. A, Western blot analysis of conditioned medium of MDCKI monolayers expressing wtADAMTS16,
ADAMTS16-EA and empty vector control after 48 h under serum-free conditions, shows a 30 kDa FN fragment released by wtADAMTS16
activity (black arrow). B, MMP3 mRNA expression is significantly increased in MDCKI cells treated with recombinant 30 kDa N-terminal heparin
binding domain (1F1–5F1). (*) p � 0.05 by Student t test. Experiments were done in duplicates. C, Quantitative RT-PCR analysis of MMP3
expression in MDCKI cells stably expressing ADAMTS16, ADAMTS16-EA and vector control after 6 days of culture in collagen gels. The
expression of MMP3 is up-regulated in cells expressing active ADAMTS16. (*) p � 0.05, (**) p � 0.01 by Student t test.; n 
 3 independent
experiments per construct. D, Quantitative RT-PCR analysis of FN1 expression in MDCKI cells stably expressing ADAMTS16, ADAMTS16-EA
and vector control after 6 days of culture in collagen gels. FN1 mRNA is up-regulated in cells expressing ADAMTS16-EA. (**) p � 0.01 by
Student t test; n 
 3 independent experiments per construct. E, F, Schematics depicting the proposed pathway and impact of ADAMTS16 in
HDF and MDCKI cells respectively. ADAMTS16 is furin-processed and secreted into the extracellular space, where it binds to the ECM and
is further C-terminally processed. ADAMTS16 cleaves FN at its N terminus releasing a 30 kDa N-terminal heparin-binding domain that inhibits
FN fibrillogenesis and ECM maturation in fibroblast cultures (E). In MDCKI spheroids (F), the 30 kDa N-terminal heparin-binding domain of FN
released by ADAMTS16 induces MMP3 expression, generating a feed-forward proteolytic loop. In contrast to active ADAMTS16, the inactive
mutant ADAMTS16-EA binds to FN preventing its degradation. This enhances FN accumulation in the ECM, likely interfering with ECM stiffness and
leading to increased FN1 and CDH2 expression.
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understanding cell behavior and extend the concept of the
protease web (47, 48) to illustrate the complexity and inter-
dependence of proteases in discrete cascades and circuits.
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