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The metalloprotease ADAMTS9 participates in mela-
noblast development and is a tumor suppressor in
esophageal and nasopharyngeal cancer. ADAMTS9
null mice die before gastrulation, but, ADAMTS9�/�

mice were initially thought to be normal. However,
when congenic with the C57Bl/6 strain, 80% of
ADAMTS9�/� mice developed spontaneous corneal
neovascularization. �-Galactosidase staining enabled
by a lacZ cassette targeted to the ADAMTS9 locus
showed that capillary endothelial cells (ECs) in em-
bryonic and adult tissues and in capillaries growing
into heterotopic tumors expressed ADAMTS9. Heter-
otopic B.16-F10 melanomas elicited greater vascular
induction in ADAMTS9�/� mice than in wild-type lit-
termates, suggesting a potential inhibitory role in
tumor angiogenesis. Treatment of cultured human
microvascular ECs with ADAMTS9 small-interfering
RNA resulted in enhanced filopodial extension, de-
creased cell adhesion, increased cell migration, and
enhanced formation of tube-like structures on Matri-
gel. Conversely, overexpression of catalytically ac-
tive, but not inactive, ADAMTS9 in ECs led to fewer
tube-like structures, demonstrating that the proteo-
lytic activity of ADAMTS9 was essential. However, un-
like the related metalloprotease ADAMTS1, which
exerts anti-angiogenic effects by cleavage of throm-
bospondins and sequestration of vascular endothelial
growth factor165, ADAMTS9 neither cleaved throm-
bospondins 1 and 2, nor bound vascular endothelial
growth factor165. Taken together, these data ident-
ify ADAMTS9 as a novel, constitutive , endogenous
angiogenesis inhibitor that operates cell-autono-

mously in ECs via molecular mechanisms that are
distinct from those used by ADAMTS1. (Am J Pathol

2010, 176:1494–1504; DOI: 10.2353/ajpath.2010.090655)

Following de novo formation of the vasculature from undif-
ferentiated mesodermal precursors during embryogenesis
(vasculogenesis), endothelial cells (ECs) proliferate and mi-
grate to generate new capillaries from pre-existing blood
vessels, a process termed angiogenesis.1,2 Angiogenesis
is critical for embryonic development, subsequent organ
growth, and physiological processes such as menstruation
and wound healing.3 It is a prominent feature of age-related
macular degeneration and diabetic retinopathy, and tumor
growth is angiogenesis-dependent.1,2 Owing to this consid-
erable relevance for human pathology, the fundamental
mechanisms that regulate angiogenesis have been the
subject of intense investigation.

Proteases are considered to be key participants in an-
giogenesis because of their traditional roles in remodeling
of the vascular basement membrane during EC sprouting
and migration.4,5 However, proteases also influence EC
behavior by shedding cell-surface receptors and growth
factors, exposing cryptic adhesion sites, or releasing bio-
active fragments.3,6 Thus, a role for proteases as negative
regulators of angiogenesis is also accepted.3,7–9 The
ADAMTS protease family contains 19 secreted mammalian
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metalloproteases that localize to the cell-surface and/or ex-
tracellular matrix.10,11 Several ADAMTS metalloproteases
have specialized physiological roles that were revealed by
analysis of human genetic disorders, or naturally occurring
and engineered animal mutations,12–14 but the functions of
other members of this family, such as ADAMTS9, are poorly
understood. ADAMTS proteases share a complex modular
structure, comprising a metalloprotease domain coupled to
a large ancillary domain containing thrombospondin type-1
repeats (TSRs), which are the hallmark of this family.10 The
TSRs of ADAMTS proteases are similar to those of the
anti-angiogenic molecules thrombospondin-1 (TSP-1) and
TSP-2.15–17 Indeed, ADAMTS1 was previously shown to
inhibit angiogenesis via both proteolytic and non-proteolytic
mechanisms, ie, by cleavage of TSP-1 and TSP-2, releasing
anti-angiogenic fragments, as well as by sequestration of
the pro-angiogenic growth factor vascular endothelial
growth factor (VEGF)165 by the TSR-containing ancillary
domain.9,18 Adamts1 mRNA is widely expressed during
embryogenesis and in adult tissues, but its expression in
the vasculature appears to be restricted to smooth muscle
cells, and is not reported in capillary endothelium.19,20 Al-
though Adamts1 null mice have significant perinatal lethal-
ity,21,22 and Adamts1�/� ovaries have fewer and larger
ovarian blood vessels than normal, generalized defects in
vascular development have not been reported.23 However,
ADAMTS1 produced by keratinocytes and skin fibroblasts
regulates the migration of EC during wound healing.24

ADAMTS9 is the most highly conserved member of the
ADAMTS family, being similar to Caenorhabditis elegans
Gon-1, which is required for nematode morphogenesis.25

ADAMTS9 not only has an identical active site sequence as
ADAMTS1, but contains 15 potentially anti-angiogenic
TSRs.26 ADAMTS9 was previously identified as a tumor
suppressor gene in esophageal and nasopharyngeal can-
cer.27,28 Recent work demonstrated that ADAMTS9 worked
cooperatively with another Gon-1-related protease, AD-
AMTS20, in the colonization of skin by neural crest-derived
melanoblasts.29 Using in situ hybridization during murine
development, we previously found that ADAMTS9 was ex-
pressed in capillaries.30 However, early embryonic lethality of
ADAMTS9nullmiceappeared toprecludeanalysis of its role in
vascular development, as well as angiogenesis in the tumor
context.29 We demonstrate here that when congenic with the
C57Bl/6 strain, ADAMTS9�/� mice develop spontaneous cor-
neal neovascularization within a few weeks of weaning and
that heterotopic tumors in these mice attract more vasculature
than wild-type mice. It is shown that ADAMTS9 acts via a
cell-autonomous mechanism in microvascular endothelium
and that it represents a nonredundant anti-angiogenic activity,
since it does not share the mechanisms used by ADAMTS1,
and differs from it in other fundamental respects.

Materials and Methods

Transgenic Animals, Tumor Implantation, and
Tissue Analysis

Transgenic mice with targeted inactivation of ADAMTS9
by insertion of an IRES-lacZ cassette in exon 12 (encod-

ing TSR 1) were obtained under license from Deltagen
(San Carlos, CA). The targeted allele was bred for 10
generations into inbred C57Bl/6 mice to achieve a
congenic strain, and minimize the influence of genetic
variation on the phenotype. For analysis of ADAMTS9
expression during wound healing, full-thickness, circular,
10-mm diameter excisional wounds were made in dorsal
skin of an 8-week-old male mouse. The wound bed with
surrounding skin was excised 5 days later, fixed in 4%
paraformaldehyde, stained for �-galactosidase (�-gal) as
described below, and embedded in paraffin. For analysis
of ADAMTS9 expression during tumor growth, isogenic
tumor cells (B.16-F10 melanoma and Lewis lung carci-
noma) were injected subcutaneously over the flank of
8-week-old male mice. Tumors were excised with sur-
rounding tissue after 1 week, stained for �-gal as described
below, and embedded in paraffin. For comparative analysis
of tumor-induced vasculature in ADAMTS9�/� and wild-
type littermates, 2 � 106 B.16-F10 melanoma cells were
injected (day 0) on each flank of 8-week-old mice (n � 8 for
ADAMTS9�/� mice, n � 10 for wild-type controls) and tu-
mor-induced angiogenesis was assayed on day 9 essen-
tially as previously described.31–33 These experiments were
done in a double-blind design in which the mice were
assigned a code and the author performing the tumor study
(D.J.L.) was not provided with the genotype. Following com-
pletion of quantitative analysis, the code was broken and
the data were analyzed using a Student’s t-test. All animal
experiments were approved by the Institutional Animal Care
and Use Committee of the Cleveland Clinic.

Histology, �-Gal Staining, and
Immunohistochemistry

For routine histological analysis, mouse eyes and other
tissues were fixed in 4% paraformaldehyde, followed by
paraffin embedding and staining of 5- to 10-�m-thick
sections with H&E. �-gal histochemistry was undertaken
at different gestational ages and in adult (�3-month-old)
tissues, excisional wound beds, and tumors as previously
described.34 Immunohistochemistry of �-gal-stained par-
affin sections was done using anti-PECAM-1 (rat mono-
clonal antibody MEC13.3, Pharmingen), anti-endomucin
(rat monoclonal V.7C7)35 provided by Dr. Dietmar Vest-
weber, rat monoclonal anti-podoplanin antibody 8.1.1
(Developmental Studies Hybridoma Bank),36 rabbit
polyclonal anti-NG2 (Millipore Corp., Billerica, MA) and
anti-smooth muscle �-actin (SMA) monoclonal anti-
body (Sigma-Aldrich) in a conventional indirect immu-
noalkaline phosphatase method. Before incubation with
the anti-endomucin primary antibody, sections were
treated by antigen retrieval. Briefly, slides were immersed
in citrate-EDTA buffer (10 mmol/L citric acid, 2 mmol/L
EDTA, 0.05% v/v Tween-20, pH 6.2) and microwaved four
times for 1.5 minutes at 50% power in a domestic micro-
wave oven. The buffer was allowed to stand for 30 sec-
onds between each microwave cycle. After four cycles of
microwaving, slides were allowed to cool for 20 to 30
minutes in citrate-EDTA buffer.
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Cell Culture, Transfection of Expression
Plasmids and Small-Interfering RNA, and
Reverse Transcription-PCR

Immortalized human brain microvascular ECs (HBMECs)37

were routinely cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) containing 10% fetal bovine serum. Clo-
netics microvascular ECs from human dermis (HDMECs)
and heart (HHMECs) were cultured according to the
supplier’s instructions (Cambrex Corporation, East Ruth-
erford, NJ). Human umbilical vein ECs (HUVECs) were
cultured in M199 medium (Invitrogen, Carlsbad, CA) con-
taining 15% fetal bovine serum, 10 units/ml heparin, and
fibroblast growth factor-2 (PeproTech, Rocky Hill, NJ, 3
ng/ml). Human alveolar basal epithelial carcinoma cell
line A549 was grown as recommended by the supplier
(ATCC, Manassas, VA).

Mammalian expression plasmids for expression of
full-length ADAMTS9 or catalytically inactive mutants
(Glu435Gln or Glu435Ala), for C-terminally truncated
ADAMTS9 extending up to TSR 8 (designated ADAMTS9
N-L2), or its mutants containing substitution of Ala for
Arg74/209/287 (Arg74/209/287Ala) or Ala for Glu435 (Glu435Ala,
catalytically inactive) have been previously described.26,38,39

The ADAMTS1 expression plasmid was kindly provided by
Dr. Luisa Iruela-Arispe. All ADAMTS9 plasmids encode a
C-terminal myc tag or FLAG tag. Since ADAMTS9 N-L2 is
more robustly expressed by transfected cells than full-
length ADAMTS9 (which loses the C-terminal tag by pro-
teolysis, rendering its detection difficult), and cleaves
versican, indicating that proteolytic activity is pre-
served,39 it was used instead of full-length ADAMTS9 in
several experiments. Because furin cleavage following
Arg287 reduces proteolytic activity,39 the Arg74/209/287Ala
mutant, which abrogates furin processing of ADAMTS9,
was used to obtain enhanced activity relative to the wild-
type construct. Mouse TSP-1 and TSP-2 expression plas-
mids were provided by Dr. Olga Stenina and Dr. Paul
Bornstein, respectively. COS-1 or HEK293F cells were
transfected with expression plasmids using FuGENE6
(Roche Applied Sciences, Indianapolis, IN). HBMECs
and HUVECs (plated on vitronectin) were transfected
using Targefect-HUVEC according to the supplier’s in-
structions (Targeting Systems, El Cajon, CA). Four pre-
designed human ADAMTS9 small interfering (si)RNAs
and a negative control siRNA were purchased from Ap-
plied Biosystems/Ambion, Austin, TX. Fifty nmol/L of
siRNA was added to the cells in combination with Lipo-
fectamine 2000 (Invitrogen) for transfection, and incu-
bated for 48 hours. Total RNA was isolated from siRNA-
transfected cells using Trizol (Invitrogen), and cDNA was
generated using SuperScript III First-Strand kit (Invitro-
gen). Primer sets were designed for reverse transcription
(RT)-PCR as follows; for human ADAMTS9, forward
primer 5�-CGGTTTGTAGAAGTCTTG-3� and reverse primer
5�-CAGGTTCGTTAAGCAAAC-3� with an expected am-
plicon of 622 bp; glyceraldehyde-3-phosphate dehydro-
genase (Gapdh), forward primer 5�-GATTTGGTCGTATT-
GGGC-3� and 5�-CGTGTTGTCATACTTCTC-3�, with an
expected amplicon of 401 bp was used as a control. One

pre-designed siRNA gave maximal suppression and was
used in subsequent experiments.

Adhesion, Migration, and Tube-Forming Assays

For assaying cell adhesion, HBMECs were transfected
with control or ADAMTS9 siRNA and detached 48 hours
later using a PBS-based cell dissociation buffer (Invitro-
gen); 1 � 105 cells were plated on fibronectin (Sigma-
Aldrich), vitronectin, laminin-1 (Sigma-Aldrich, St. Louis,
MO), or collagen IV (Sigma-Aldrich) coated 96-well cul-
ture plates in serum-free medium and allowed to adhere
for 1 hour. The cells were gently washed with serum-free
medium and fixed with 3.7% formaldehyde. Attached
cells were stained with 0.5% Crystal violet, washed, lysed
in 1% SDS, and color intensity was measured at 570 nm,
with background absorbance subtracted at 630 nm. Cell
spreading was investigated on uncoated or Matrigel-
coated culture slides (BD Biosciences, Franklin Lakes,
NJ). The cells (1 � 103) were incubated for 3 hours, and
actin filaments were stained with fluorescein isothiocyanate-
phalloidin (Sigma-Aldrich). Photographs were taken un-
der an Olympus inverted fluorescence microscope.

For comparison of proliferation of ADAMTS9 siRNA-
treated cells with control siRNA-transfected cells, HBMEC
(1 � 104) were plated in 24-well culture plates and incu-
bated at 37°C for 48 hours. Cell numbers were obtained
with a Coulter counter, as well as by the WST-1 assay
(Roche Applied Science). An in vitro cell monolayer
wounding assay was performed to evaluate HBMEC and
A549 cell migration. The siRNA-transfected cells were
cultured to confluence in six-well culture plates coated
with Matrigel (100 mg/ml) in 50 mmol/L NaHCO3 and a
linear scratch was made using a 200-�L pipette tip.
Photographs were recorded every 10 minutes by time-
lapse photomicroscopy in a temperature- and gas-con-
trolled environment with a time-lapse inverted micro-
scope, until closing of the scratch was observed.

A tube-formation assay was performed using Matrigel as
a substrate, and 150 �l/well of growth factor depleted Ma-
trigel (9 g/L) was added to 24-well culture plates and al-
lowed to gel for 15 minutes at 37°C. HBMECs, HDMECs, or
HHMECs transfected by siRNA or expression plasmid
were detached by brief treatment with 0.05% trypsin
solution, and cells (5 � 104) were added to the culture
plates after resuspension in medium containing 5% fetal
bovine serum and VEGF165 (PeproTech, 40 mg/L). After 6
hours incubation (siRNA treatment) or 24 hours (overex-
pression experiments) the cells were fixed with 3.7%
formaldehyde and the lengths of the tube-like structures
were measured using ImageJ software (NIH).

Analysis of Proteolytic Activity of ADAMTS9
against TSP-1 and TSP-2

ADAMTS9 or ADAMTS1 expression plasmids were co-
transfected with TSP-1 or TSP-2 into COS-1 cells or
HEK293F cells. Forty-eight hours (18 hours for COS-1
cells) following transfection, cells were incubated in
293 SFM-II medium (Invitrogen) for 24 hours (HEK293F
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cells) or serum-free Dulbecco’s modified Eagle’s medium
(DMEM) for 72 hours (COS-1 cells), and conditioned
medium and cell-lysate was collected and subjected to
reducing or non-reducing SDS-polyacrylamide gel electro-
phoresis. Western blotting was done using anti-FLAG M2
(Sigma-Aldrich) or anti-myc monoclonal antibody for detec-
tion of ADAMTS9, anti-ADAMTS1 monoclonal antibody
(Antibody 2197, R&D systems, Minneapolis, MN), anti-
TSP1 monoclonal antibody (Catalog No. SC-59887,
Santa Cruz Biotechnology, Santa Cruz, CA) and anti-
mouse TSP-2 monoclonal antibody (Catalog No. 611150,
BD Biosciences). For detection of cleavage of TSP-1 at
the Glu311-Leu312 peptide bond, previously described
guinea-pig antibodies numbered 78 and 79 that rec-
ognize the new N-terminus and C-terminus of cleaved
TSP1, respectively, and antibody 80, which recognizes
the uncleaved spanning peptide across the cleavage
site9 (kindly provided by Dr. Luisa Iruela-Arispe) were
used for Western blotting.

Binding of VEGF165 to ADAMTS9 and
ADAMTS1

ADAMTS9 N-L2 or ADAMTS1 was immunoprecipitated
from conditioned media of transfected HEK293F cells
using anti-myc or anti-ADAMTS1 respectively. Protein
G-sepharose beads were washed three times with PBS
and then with binding buffer [HEPES (50 mmol/L), NaCl
(150 mmol/L), 0.5% Nonidet P-40, 0.5% bovine serum
albumin, CaCl2 (1 mmol/L), MgCl2 (1 mmol/L)]. Then, 200
ng of VEGF165 and 200 ng of heparin (Sigma-Aldrich)
were added to the beads in a final volume of 500 �l of
binding buffer, and incubated for 2 hours at 4°C with
rotation. The bound protein was eluted with reducing
SDS-sample buffer. The eluted samples were analyzed
by Western blotting with anti-VEGF polyclonal antibody
(Cat No. AB1442, Millipore, Billerica, MA). The presence
of co-immunoprecipitated ADAMTS9 N-L2 and AD-
AMTS1 was verified by Western blotting using anti-myc
monoclonal antibody 9E10 (Invitrogen, Carlsbad, CA)
and anti-ADAMTS1 monoclonal antibody respectively.

VEGF-Receptor Phosphorylation Assay

HUVECs were cultured to confluence and further incu-
bated for 6 hours in serum-free medium. Conditioned
medium from COS-1 cells expressing ADAMTS9,
ADAMTS9 N-L2, ADAMTS1, or vector alone, were mixed
with VEGF165 (25 ng/ml) and incubated for 10 minutes at
37°C. HUVECs were treated with the VEGF-supplemented
conditioned media for 3 minutes at 37°C. They were
washed with cold PBS containing Na3VO4 (0.2 mmol/L) and
lysed in lysis buffer [1% Triton X-100, Tris-HCl (50 mmol/L),
pH 7.5, EDTA (5 mmol/L), NaCl (150 mmol/L), sodium or-
thovanadate, protease inhibitor mixture (Roche Diagnos-
tics)] at 4°C for 15 minutes and centrifuged. The soluble
portion of the lysate was transferred to a fresh tube and
incubated overnight with rabbit anti-VEGF receptor
(R)2 monoclonal antibody (Cat No. 2479, Cell Signaling
Technology, Danvers, MA) and protein G-Sepharose

(GE Healthcare, Piscataway, NJ) at 4°C. The immuno-
precipitates were pelleted at 1000 rpm in a microcen-
trifuge and were washed four times in lysis buffer. The
supernatant was discarded, and the bound protein
was eluted with reducing SDS-sample buffer. The eluted
samples were analyzed by Western blotting with anti-phos-
photyrosinemonoclonal antibody (Cell Signaling Technology).
Comparable protein loading was assured by Western blotting
with anti-VEGFR2 monoclonal antibody. Expression and se-
cretion of ADAMTS9, ADAMTS9 N-L2, and ADAMTS1 in the
transfected cells was verified by Western blotting of the con-
ditioned media using rabbit anti-ADAMTS9 polyclonal anti-
body (antibody 359740), anti-myc monoclonal antibody
9E10 (Invitrogen), and anti-ADAMTS1 monoclonal antibody
respectively.

Results

ADAMTS9�/� Mice Develop Spontaneous
Corneal Neovascularization

ADAMTS9�/� mice were generated in a hybrid genetic
background (129Sv X C57Bl/6) in which no obvious
anomalies were noted. The role of ADAMTS9 in melano-
blast development is only apparent in mice homozygous
for the mutant Adamts20 allele Belted (bt) and heterozy-
gous for the ADAMTS9 targeted allele.29 After six to eight
backcrosses into the C57Bl/6 strain, we noticed corneal
opacity and neovascularization in some ADAMTS9�/�

mice that was not accompanied by a purulent discharge
and did not appear to cause discomfort (ie, the mice did
not scratch or rub their eyes). The incidence and severity
of this phenotype were formally determined after the tar-
geted allele was crossed 10 generations into C57Bl/6.
Although the eyes appear externally normal at weaning,
20% of mice have visible abnormalities by 5 weeks of
age, and 80% of ADAMTS9�/� mice over 25 weeks of
age are affected (Figure 1A). Involvement was unilateral
in approximately half the affected mice, with no prefer-
ential involvement of the left or right eye, and was bilateral
in the other half. In addition to opacity and neovascular-
ization (Figure 1B), adhesion of the lens to the cornea
(anterior synechiae) with an irregular pupil was noted.
The corneal stroma was disorganized when invading
capillaries were present (Figure 1C) when compared with
unaffected eyes. Histological analysis did not reveal clas-
sical features of Peters’ anomaly, a congenital anomaly of
the anterior chamber in which there is deficiency of neu-
ral-crest derived lineages, resulting in a shallow anterior
chamber, and persistence of a lens-cornea stalk.41,42

However, a subtle developmental anomaly cannot be
formally excluded, and is being currently investigated.
�-gal positive (�-gal�) cells were noted lining the corneal
capillaries (Figure 1C), and were stained with antibodies
to PECAM-1 (Figure 1D), identifying them as endothelial
cells. No inflammatory cells or smooth muscle actin
(SMA)� cells were found in ADAMTS9�/� corneas.
These anomalies are specific to ADAMTS9�/� mice,
since they were not seen in wild-type littermates or in
other transgenic C57Bl/6 mice in our mouse colony.
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ADAMTS9 Is Expressed during Angiogenesis in
the Mouse Embryo and in Adult Mouse Organs

The presence of �-gal stained ECs in the neovascular-
ized corneas led us to undertake a detailed analysis of
ADAMTS9 expression in embryonic and adult vascula-
ture. In previous in situ hybridization analysis using a
radioisotope-labeled ADAMTS9 probe, we had noted that
capillaries in uterine decidua and in the craniofacial mes-
enchyme of the mouse embryo expressed ADAMTS9,30

but the scatter of silver-grains did not permit conclusive
identification of the expressing cells as ECs. Since �-gal
expression faithfully reproduces the expression pattern of
Adams9 mRNA, we used it to comprehensively investi-
gate ADAMTS9 expression during vascular development
and in adult vasculature. At embryonic day (E) 6.5 and
E7.5, �-gal was not seen in the prospective yolk sac (data
not shown), indicating that ADAMTS9 was not expressed
during vasculogenesis. However, at E8.5, embryonic
capillary EC in the trunk mesenchyme and forebrain,
defined by endomucin expression, but not EC lining the
heart tube or the aorta were �-gal� (Figure 2, A and B).
Although the endocardium or ECs lining blood vessels
larger than capillaries, such as the developing aorta, did
not express �-gal (Figure 2, A,C, and D), ECs lining the
umbilical vein (but not the artery, Figure 2C) were con-
sistently positive. In addition to continued expression in
capillaries of the trunk and craniofacial regions during

later embryonic development, strong expression was
noted in capillaries of the limb, brain, spinal cord and
intersomitic vessels (E13.5 and E14.5) (eg, Figure 2, D�F
at E13.5).

�-Gal staining was present in capillary EC of several
adult tissues, such as the myocardium (Figure 2G and
inset), adipose tissue (Figure 2I), brain and spinal cord,
skeletal muscle, intestine (including intestinal villi), exo-

Figure 1. A spontaneous neovascularization in ADAMTS9�/� corneas.
A: Age-dependent incidence of corneal neovascularization in ADAMTS9�/�

mice. B: Photographs of eyes from mature ADAMTS9�/� mice showing
corneal neovascularization. C: H&E-stained section of ADAMTS9�/� cornea
showing capillaries with �-gal� lining cells (arrows, blue) in the corneal
stroma. D: Combined �-gal histochemistry (blue) and PECAM-1 immunohis-
tochemistry (red) of an ADAMTS9�/� cornea with vascularization shows that
�-gal� cells (arrows) in corneal stroma are endothelial cells. Scale bars: 11
�m (left) and 6 �m (right).

Figure 2. ADAMTS9 is expressed in microvascular endothelial cells (ECs)
and aortic mural cells during mouse embryonic angiogenesis and in adult
mice. All images show combined �-gal histochemistry (blue) and PECAM-1
(A, B, red) or endomucin (C�F, red) immunohistochemistry from 9.5-day
embryos (A, B), 11.5-day umbilical cord (C), 13.5-day mouse embryos (D�F)
and adult tissues (G�L). Arrows indicate endomucin�, �-gal� cells. The
asterisks in A, D, H, and I indicate a large blood vessel. A: ECs of mesen-
chymal capillaries (arrows) posterior to the dorsal aorta (asterisk), but not
ECs lining the aorta are �-gal�. A �-gal� putative mural cell is indicated by
an arrowhead. B: �-gal�stained ECs in forebrain. C: ECs of the umbilical
vein (UV), but not the arteries (UA) are �-gal�. Note that �-gal is strongly
expressed in mural cells of umbilical vessels. D: �-gal� ECs are seen in
capillaries (arrows) arising from a larger blood vessel (asterisk), but not the
ECs lining the large vessel (asterisk). E: ECs lining somitic capillaries are
�-gal�. F: High power view of a capillary from E13.5 spinal cord illustrates
that �-gal � nuclei line the capillary lumen and are surrounded by endomu-
cin� cytoplasm. G: Adult myocardial capillaries all contain �-gal� ECs
(inset: myocardial capillary at higher magnification). H: Adult aorta. Arrow-
head indicates �-gal� SMC in the tunica media. Note the absence of �-gal
staining in ECs (arrow). I: Perirenal fat. Note the absence of �-gal staining in
large vessel ECs (asterisk) whereas every capillary ECs express �-gal. J:
Thymus. Note that in addition to EC (arrows), some non-EC thymic cells are
also �-gal positive. K: In the renal cortex, the glomerular tuft (G) does not
express �-gal. L: Section through the bed of a 5-day-old excisional skin
wound. EC (arrows) invading the thrombus are �-gal�. Inset shows a
�-gal� stained tip cell invading the thrombus. Scale bars: 37 �m (A�E, G, I)
and 11 �m (F, H, J, K, L).
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crine pancreas, thymus (Figure 2J), and lung. Indeed, in
adult mice, microvascular ECs represent the major site of
ADAMTS9 expression. ECs lining the aorta (Figure 2H),
other adult arteries and veins, and endocardium were
consistently negative for �-gal (�-gal-), but mural cells in
large vessels (identified as smooth muscle cells by SMA
immunohistochemistry (not shown), were �-gal� (Figure
2H). Capillary ECs of the renal glomerulus (Figure 2K),
adrenal gland, parathyroid gland, thyroid gland, and
liver, which are lined by fenestrated endothelium, ex-
pressed �-gal weakly or not at all. Excisional skin wounds
in ADAMTS9�/� mice were analyzed 5 days after wound-
ing, when invasion of the provisional fibrin matrix of the
wound bed by capillaries is ongoing. �-gal staining was
present in invading EC at the edge, as well as the bed of
the wound (Figure 2L). Notably, EC nuclei at the tip of
capillary sprouts (Figure 2L, inset), expressed ADAMTS9.
Lymphatic ECs, identified by podoplanin immunohisto-
chemistry in adult organs, did not express ADAMTS9
(data not shown).

Because pericytes are closely apposed to capillary
endothelial cells, and may be difficult to distinguish mor-
phologically, we immunostained �-gal stained embryo
and adult sections with antibody to NG2 or SMA respec-
tively as markers of the embryonic and adult vascular
smooth muscle phenotype. No NG2� or SMA� cells
were seen around the capillaries in the cornea. In embryo
and adult tissue sections, the NG2 and SMA staining
pattern was clearly distinct from that seen with EC mark-
ers (Figures 1 and 2), where red cytoplasmic staining
surrounded blue nuclei. Instead, the smooth muscle
markers clearly stained cells whose nuclei were not blue,
but were adjacent to blue nuclei (see Supplemental Fig-
ure 1 at http://ajp.amjpathol.org). This finding was consis-
tently present in all sections stained. Thus, in contrast to
mural cells in large arteries, pericytes do not express
ADAMTS9.

ADAMTS9 Is Expressed in Microvascular EC
Invading Tumors, and Heterotopic Tumors
Implanted in ADAMTS9�/� Mice Induce More
Vasculature

To determine whether ECs of the microvasculature in-
duced by implanted tumors expressed ADAMTS9, Lewis
lung carcinoma cells and B.16-F10 melanoma cells,
which are isogenic with ADAMTS9�/� mice, were in-
jected subcutaneously. �-gal staining of the growing tu-
mors showed that host endothelial cells invading both
tumor types strongly expressed ADAMTS9 (Figure 3A
shows B.16-F10 derived tumors). These ADAMTS9 ex-
pressing cells did not stain with SMA antibody or anti-
podoplanin (data not shown). To determine whether
ADAMTS9�/� mice mounted a similar angiogenic re-
sponse to B.16-F10 derived tumors as wild-type mice, we
compared the tumor-induced vasculature in ADAMTS9�/�

mice and in wild-type littermates using a double-blind
experimental design. As indicated by the representative
images (Figure 3, B and C) and analysis of mean vessel
counts in each genotype, there was a statistically signif-
icant increase in the vessel count in tumors of
ADAMTS9�/� mice (Figure 3D).

ADAMTS9 mRNA Is Expressed in Cultured
Microvascular ECs and HUVECs, and siRNA
Knockdown Leads to Enhanced Microvascular
EC Spreading, Migration, and Formation of
Tube-Like Structures

Taken together, the preceding studies suggested that
ADAMTS9 was a constitutive product of microvascular
ECs and umbilical vein ECs that suppressed angiogen-
esis. Accordingly, we asked whether corresponding cell

Figure 3. ADAMTS9 is expressed in tumor capil-
laries and influences the induction of tumoral ves-
sels. A: Section through the periphery of a B.16-
F10 melanoma implanted in ADAMTS9�/� mice
shows that ADAMTS9 (�-gal staining, blue) is ex-
pressed by capillary endothelial cells (arrows)
(red, endomucin) invading the melanoma (pig-
mented cells). Scale bar � 50 �m. B, C: Represen-
tative images of a B.16-F10 melanoma in
ADAMTS9�/� mice (B) and wild-type (C) mice
showing the enhanced vasculature around the tu-
mor in ADAMTS9�/� mice. D: Quantitative analy-
sis of in vivo angiogenic activity induced by B.16-
F10 melanomas in ADAMTS9�/� and wild-type
mice. Mice were sacrificed 9 days after intradermal
injection of tumor cells. Radially oriented blood
vessels entering the periphery of the tumors were
counted by an observed blinded to the genotype
of the mice. The mean vessel count � the SEM is
shown. The P value is shown.
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isolates expressed ADAMTS9 mRNA in vitro. ADAMTS9
mRNA was detected in HBMECs, HHMECs, HDMECs,
and HUVECs using RT-PCR, and was suppressed sub-
stantially by one of four predesigned ADAMTS9 siRNAs
that we tested (Figure 4A)(see Supplemental Figure 2 at
http://ajp.amjpathol.org). siRNA knockdown in these ECs
of different origins resulted in a consistent and statisti-
cally significant increase in formation of tube-like struc-
tures when compared with the control siRNA-transfected
ECs (Figure 4, B and C) (see Supplemental Figure 2 at
http://ajp.amjpathol.org). Since capillary ECs demonstrate
specific morphological changes, as well as altered mi-
gration and cell-adhesion during angiogenesis, we ana-
lyzed how these parameters were altered by ADAMTS9
knockdown in HBMEC. Three hours after plating on Ma-
trigel, the ADAMTS9 siRNA-treated HBMEC formed long
filopodial extensions, typical of early capillary sprouting,
which were not yet evident in the control siRNA treated
cells (Figure 5A). Adhesion of HBMECs to vitronectin,
laminin, and collagen was reduced following siRNA
transfection (Figure 5B). In vitro scratch ‘wounding’ of a
HBMEC monolayer demonstrated enhanced migration of
ADAMTS9 siRNA-treated cells relative to control siRNA-
treated cells (Figure 5C). Interestingly, we also ob-
served enhanced migration of the nonendothelial tumor
cell line A549 (see Supplemental Figure 3 at http://ajp.
amjpathol.org), suggesting that ADAMTS9 may act on a

more general cellular mechanism than an endothelium-
specific one. ADAMTS9 siRNA-treated ECs had similar
proliferation rates as control siRNA-transfected cells (see
Supplemental Figure 4 at http://ajp.amjpathol.org).

Overexpression of Catalytically Active
ADAMTS9 Suppresses Formation of Tube-Like
Structures by Cultured ECs

To determine whether overexpression of ADAMTS9 had
opposite effects to siRNA suppression, as well as to
determine whether ADAMTS9 proteolytic activity was re-
quired for the observed effects, we overexpressed
ADAMTS9 and ADAMTS9 Glu435Gln in HBMEC (Figure
6A) and HUVECs (see Supplemental Figure 5 at http://
ajp.amjpathol.org). Although HBMECs transfected with
the vector control formed tube-like structures with com-
parable efficiency as untransfected cells, transfection
with wild-type ADAMTS9, or ADAMTS1 significantly inhib-
ited tube formation (Figure 6, A and B). ADAMTS9
Glu435Gln-transfected HBMECs demonstrated essen-
tially no inhibition of formation of tube-like structures,
suggesting that the noncatalytic domains such as the
TSRs contribute little to the observed effect, but indicat-
ing that the catalytic activity of ADAMTS9 was necessary.
Although some suppression of tube formation was seen
in HUVECs, the effect was not as pronounced as in
HBMECs, and was not statistically significant (see Sup-
plemental Figure 5 at http://ajp.amjpathol.org).

ADAMTS9 Does Not Cleave TSP-1 and TSP-2,
Sequester VEGF, or Affect VEGF-Receptor
Phosphorylation

ADAMTS9-transfected COS-1 cells did not produce frag-
ments of cotransfected TSP-1 when the conditioned me-
dium of cells cotransfected with ADAMTS9 and TSP-1
was analyzed using either reducing or nonreducing con-
ditions (Figure 7A). In parallel experiments, ADAMTS1
transfected cells generated a 110-kDa band (reducing
conditions) with a concomitant decrease in the level of
intact TSP-1 (Figure 7A). Antibodies that specifically re-
act with neo-epitopes in TSP-1 generated by ADAMTS1
cleavage9 showed no reactive bands in the medium of
ADAMTS9 or ADAMTS9 N-L2 transfected cells, in con-
trast to consistent appearance of cleaved N- and
C-terminal TSP1 epitopes present in the medium of
ADAMTS1-transfected cells (Figure 7B). Furin-resistant
ADAMTS9 N-L2 R74/209/287A, which was previously
shown to be more enzymatically active than furin-pro-
cessed ADAMTS9 zymogen,39 also failed to produce
proteolytic fragments of TSP-1 (Figure 7B). A similar cell-
based analysis of TSP-2 processing was undertaken and
showed that ADAMTS1 consistently generated a 35-kDa
TSP-2 fragment in conditioned medium, with concomitant
reduction of the levels of intact TSP-2 (Figure 7C). How-
ever, fragments of TSP-2 were not observed in ADAMTS9-
transfected cells, nor was quantitative reduction of full-

Figure 4. Knockdown of ADAMTS9 in human microvascular EC leads to
enhanced tube formation on Matrigel. A: RT-PCR showing expression of
ADAMTS9 mRNA in HBMECs and successful knockdown with siRNA. B:
Quantitative analysis of the length of tube-like structures measured under the
indicated conditions and shown as a percentage of the control. *P 	 0.001.
C: Representative phase-contrast photomicrographs of tube-like structures
formed under the indicated conditions. Corresponding data for microvascu-
lar ECs from human heart and dermis and human umbilical vein EC are
presented in Supplemental Figure 2 at http://ajp.amjpathol.org.
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length TSP-2 evident (Figure 7C). Thus, under the
conditions of these assays, ADAMTS9 does not share
TSP-1 or TSP-2 cleavage activity with ADAMTS1.

Immunoprecipitation of the medium of HEK293F cells
transfected with either ADAMTS1 or ADAMTS9 confirmed
that ADAMTS1 bound VEGF165 but ADAMTS9 N-L2 did
not bind VEGF165 despite efficient pull-down using anti-
myc antibody (Figure 8A). We could also confirm that
ADAMTS1 sequestration of VEGF165 reduced VEGFR2
phosphorylation (Figure 8B). However, neither ADAMTS9

nor ADAMTS9 N-L2 affected VEGFR2 phosphorylation
(Figure 8B).

Discussion

Taken together, the widespread, constitutive expression
of ADAMTS9 observed in EC of several microvascular
beds and cultured EC, the enhancement of tube forma-
tion and migration by cultured EC on ADAMTS9 knock-
down, the reduction of tube formation on overexpression
of ADAMTS9, and the occurrence of neovascularization
in ADAMTS9�/� corneas, and enhanced tumor vessel
counts, is strongly suggestive of a physiological anti-angio-
genic role for ADAMTS9. Corneal neovascularization, which
appears to occur spontaneously in ADAMTS9�/� mice in
the C57Bl/6 strain, is unusual since avascularity of the
cornea is normally ensured by intrinsic anti-angiogenic
factors.43 The inability of these intrinsic mechanisms to
stave off invading ADAMTS9 haploinsufficient EC sug-
gested that ADAMTS9 directly modified the endothelial
pro-angiogenic activity. Indeed, the potential anti-angio-
genic role of ADAMTS9 suggested by corneal neovascu-
larization and enhanced tumor-induced vasculature is
likely to be quite a profound one, since the observed
effects are seen despite the presence of an intact
ADAMTS9 allele, ie, the present in vivo studies underes-
timate the significance of ADAMTS9 in the context of
angiogenesis.

Detailed analysis of ADAMTS9 expression by �-gal
staining supported expression in capillary ECs during
embryonic and regenerative angiogenesis (wound heal-
ing), and widespread, constitutive expression in several,
although not all adult capillary beds. The identification of

Figure 5. Enhanced spreading, decreased adhe-
sion, and increased migration of HBMECs on
ADAMTS9 knockdown. A: Effect of ADAMTS9
siRNA on cell spreading was evaluated in HBMECs
permitted to attach to an uncoated or Matrigel-
coated substrate. The arrows indicate filopodia,
which were not seen in control siRNA-treated cells
at this time point. B: Comparison of the effect of
ADAMTS9 siRNA and control siRNA on cell attach-
ment to fibronectin (FN), vitronectin (VN), laminin
(LN), and collagen IV (Col). *P	 0.001. C: Enhanced
migration of microvascular endothelial cells on
ADAMTS9 knockdown. A representative example of
three independent experiments is illustrated on the
left. The panel at right shows quantitative analysis of
three independent migration assays.

Figure 6. The proteolytic activity of ADAMTS9 is required for its anti-angio-
genic effect. A: Two representative fields each show the effect of overex-
pressing the vector alone, ADAMTS1, ADAMTS9, or ADAMTS9 (E435Q) in
HBMECs. B: Quantitative analysis illustrates a statistically significant reduc-
tion in tube-like structures following expression of ADAMTS1 and ADAMTS9,
but not ADAMTS9 E435Q. *P 	 0.05.

ADAMTS9 Regulates Angiogenesis 1501
AJP March 2010, Vol. 176, No. 3



�-gal� cells as ECs is based on the observation that
�-gal� nuclei were surrounded by endomucin or
PECAM-1-positive cytoplasm, and lined the lumen of
capillaries. The lack of cytoplasmic SMA or NG2 staining
of capillary-associated �-gal� nuclei suggested that
ADAMTS9 was not expressed by pericytes although our
data show that it is expressed by SMC of large vessels,
but not their ECs. The significance of this reciprocal
expression pattern in microvessels and large vessels is
not clear. However, given the anti-angiogenic properties
of ADAMTS9, we speculate it may have a role in promot-
ing capillary maturation and stabilization, whereas such a
function is probably rendered unnecessary in large
arteries.

We asked whether ADAMTS9 was a cell-autonomous
regulator of capillary endothelium using ECs of different
tissue origins. Having confirmed that ADAMTS9 mRNA
was present in a variety of human microvascular ECs and

HUVECs by RT-PCR, we suppressed its expression using
ADAMTS9 siRNA. ADAMTS9 knockdown led to enhanced
migration and formation of tube-like structures by micro-
vascular ECs. However, the effect of ADAMTS9 overex-
pression on HUVECs was not as dramatic as in micro-
vascular ECs, suggesting that its anti-angiogenic role
was possibly less significant in the umbilical vein.
Thus, one physiological function of ADAMTS9 in the
vasculature may be to exert a suppressive effect on
pro-angiogenic mechanisms, which is compatible with
the anomalous ingrowth of capillaries into the cornea of
ADAMTS9�/� mice and enhanced vascular induction
in implanted tumors.

To determine the possible mechanisms by which
ADAMTS9 may influence angiogenesis, as well as to
address its possible redundancy with ADAMTS1, we in-
vestigated several mechanisms by which ADAMTS1 is
known to act. ADAMTS9 is considerably larger than

Figure 7. ADAMTS9 does not cleave throm-
bospondin-1 and -2. A: Analysis of TSP-1 cleavage
using Western blotting with an anti-TSP-1 antibody
under reducing and nonreducing conditions. The
TSP-1 fragment released by ADAMTS1-transfected
cells is indicated by the arrowheads. The panels
at the bottom show Western blotting with anti-
FLAG M2 or anti-ADAMTS1 monoclonal antibody
to verify expression of the transfected ADAMTS
plasmids. B: Analysis of TSP-1 cleavage using the
neoepitope antibodies 78 and 79 and the cleavage-
site�spanning antibody 80. The arrowheads in-
dicate the ADAMTS1 cleavage fragments. C: Anal-
ysis of TSP-2 cleavage: The arrowhead indicates
the ADAMTS1 cleaved fragment. The panels at the
bottom show Western blotting with anti-FLAG M2
or anti-ADAMTS1 monoclonal antibody to verify
expression of the transfected ADAMTS plasmids.

Figure 8. Unlike ADAMTS1, ADAMTS9 does not
sequester VEGF165, or affect VEGFR2 signaling. A:
Analysis of VEGF165 sequestration by ADAMTS9
and ADAMTS1 was done as described inMaterials
and Methods. Note that VEGF165 is sequestered by
ADAMTS1, but not by ADAMTS9. The panels at
the bottom demonstrate that both proteases were
present in the respective media. B: ADAMTS9 does
not influence VEGFR2 phosphorylation. Note re-
duction of VEGFR2 phosphorylation in the pres-
ence of ADAMTS1, implying sequestration of
VEGF165 by ADAMTS1. The lower panels demon-
strate expression of the ADAMTS9 and ADAMTS1
plasmids.
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ADAMTS1, having 12 TSRs more than the latter, but it
shares an identical catalytic zinc-binding sequence with
ADAMTS1 (ie, HELGHVNMPHD),16,26 which suggested
that both proteases might cleave the same substrates.
Indeed, ADAMTS9 cleaves two ADAMTS1 proteoglycan
substrates, aggrecan and versican,26 but it did not
cleave TSP-1 and TSP2. Furthermore, unlike ADAMTS1,
ADAMTS9 does not sequester exogenously added
VEGF165. The proteolytic activity of ADAMTS9 is essential
for its role, since the overexpression of active, but not
inactive ADAMTS9 had effects opposite to those of
knockdown, ie, it suppressed the formation of tube-like
structures by EC. The unequivocal effects of siRNA
knockdown in cultured EC strongly suggest that
ADAMTS9 acts cell-autonomously in the endothelium. In
contrast, in situ analyses suggest that although EC do
not themselves express ADAMTS1,19,20 exogenous
ADAMTS1 influences their behavior.16,24 Other differ-
ences between ADAMTS9 and ADAMTS1 include a pro-
pensity for ADAMTS1 binding to extracellular matrix,44

whereas ADAMTS9 preferentially binds to the cell sur-
face.44 In terms of regulatory mechanisms, it is known
that furin removes the ADAMTS1 propeptide within the
secretory pathway to activate it, whereas furin processing
of ADAMTS9 occurs at the cell surface and diminishes
ADAMTS9 activity.38,39 Localization of ADAMTS9 at the
cell surface26 and its inactivation by furin processing at
the cell surface38 suggests that ADAMTS9 substrates are
secreted or membrane proteins or proteoglycans that are
cleaved within the secretory pathway or at the cell sur-
face. Such a proteolytic mechanism is consistent with the
putative EC-autonomous role proposed here, although
the substrate(s) that mediate its anti-angiogenic function
are presently unknown. On the basis of these differences,
we suggest that rather than providing redundancy in
angiogenesis, ADAMTS9 and ADAMTS1 operate via dif-
ferent mechanisms and may therefore each have unique
roles in the vasculature.

A functional complementation approach showed that
ADAMTS9 expression was down-regulated or lacking al-
together in esophageal and nasopharyngeal carci-
noma as a result of promoter hypermethylation.27,28

Furthermore, transfection of ADAMTS9 into nasopharyn-
geal carcinoma cell lines dramatically restored the colo-
ny-forming ability of the nasopharyngeal carcinoma lines,
suggesting that ADAMTS9 was a tumor-suppressor
gene in this cancer.28 The tumor suppressor effect of
ADAMTS9 in these two tumors did not invoke a role for
ADAMTS9 in suppression of angiogenesis. However, the
data presented here strongly suggest that an anti-angio-
genic role may confer an additional function to the ob-
served tumor suppressor role. Furthermore, ADAMTS9
may be of broad relevance to all angiogenesis-depen-
dent cancers through its novel and constitutive expres-
sion in capillary ECs and physiological anti-angiogenic
role. It remains to be determined whether ADAMTS9
could have additional effects on neighboring cells such
as pericytes, and tumor cells or target organs undergoing
vascularization. In future studies it will be important to
resolve these outstanding questions and to identify the
ADAMTS9 substrate(s) in endothelial cells.
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