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Pathological ocular neovascularization, caused by diabetic retinopathy, age-related macular degeneration,
or retinopathy of prematurity, is a leading cause of blindness, yet much remains to be learned about its
underlying causes. Here we used oxygen-induced retinopathy (OIR) and laser-induced choroidal neovascular-
ization (CNV) to assess the contribution of the metalloprotease-disintegrin ADAM9 to ocular neovasculariza-
tion in mice. Pathological neovascularization in both the OIR and CNV models was significantly reduced in
Adam9�/� mice compared to wild-type controls. In addition, the level of ADAM9 expression was strongly
increased in endothelial cells in pathological vascular tufts in the OIR model. Moreover, tumor growth from
heterotopically injected B16F0 melanoma cells was reduced in Adam9�/� mice compared to controls. In
cell-based assays, the overexpression of ADAM9 enhanced the ectodomain shedding of EphB4, Tie-2, Flk-1,
CD40, VCAM, and VE-cadherin, so the enhanced expression of ADAM9 could potentially affect pathological
neovascularization by increasing the shedding of these and other membrane proteins from endothelial cells.
Finally, we provide the first evidence for the upregulation of ADAM9-dependent shedding by reactive oxygen
species, which in turn are known to play a critical role in OIR. Collectively, these results suggest that ADAM9
could be an attractive target for the prevention of proliferative retinopathies, CNV, and cancer.

Ocular neovascularization is one of the leading causes of
blindness in humans and is found in diverse eye diseases in-
cluding diabetic retinopathy, age-related macular degenera-
tion, and retinopathy of prematurity (3, 4, 6). In addition,
pathological neovascularization also has critical roles in other
diseases such as cancer and rheumatoid arthritis (12, 14). Al-
though proteins with crucial functions in pathological neovas-
cularization are considered to be important targets for the
treatment of tumor growth (5), proliferative retinopathies (19),
and rheumatoid arthritis (12), much remains to be learned
about the identity of these molecules and the mechanisms
underlying their function. In this study, we focused on the
contribution of a disintegrin and metalloprotease, ADAM9, to
pathological neovascularization.

ADAM9, one of the first ADAM proteins to be identified
and characterized, is a membrane-anchored metalloproteinase
containing an N-terminal prodomain followed by a metallo-
protease domain, a disintegrin domain and cysteine-rich re-
gion, an epidermal growth factor (EGF) repeat, a transmem-
brane domain, and a cytoplasmic tail with potential SH3 ligand
domains (25). ADAM9 is catalytically active in both biochem-
ical and cell-based assays and can cleave several membrane
proteins including EGF and FGFR2iiib when it is overex-
pressed together with these substrates (10, 15, 16). In addition,
ADAM9 is thought to participate in cell-cell interactions by

binding to integrins (13, 30). Mice lacking ADAM9 have no
evident major abnormalities during development or adult life
(24) but show reduced levels of tumorigenesis in a mouse
model for prostate cancer (15). In the current study, we eval-
uated whether ADAM9 contributes to pathological neovascu-
larization using a mouse model for retinopathy of prematurity,
the oxygen-induced retinopathy (OIR) model, as well as a
model of laser-induced choroidal neovascularization (CNV).
Moreover, we determined how the lack of ADAM9 affects the
growth of heterotopically injected tumor cells in mice. Finally,
we assessed whether overexpressed ADAM9 can process sub-
strate proteins with known roles in angiogenesis and tested
whether the catalytic activity of endogenous ADAM9 is regu-
lated by reactive oxygen species (ROS) in cell-based assays, as
ROS upregulate the expression of ADAM9 (20, 22) and are
known to play important roles in pathological retinal neovas-
cularization (9, 27).

MATERIALS AND METHODS

Materials. All chemicals and reagents were purchased from Sigma unless indi-
cated otherwise. Isolectin B4 was obtained from Vector Laboratories (Burlingame,
CA), rabbit anti-mouse NG2 was obtained from Chemicon International (Temecula,
CA), and rat anti-CD31 was obtained from BD Biosciences–Pharmingen (San Di-
ego, CA). The anti-ADAM9 and -ADAM15 monoclonal antibodies for immuno-
fluorescence and immunohistochemistry (11, 24) and the polyclonal anti-ADAM9
antibodies for Western blotting (25) were previously described.

Western blot analysis. Western blots of ADAM9 expression in the mouse
retina were performed as follows. Mice were sacrificed by CO2 inhalation ac-
cording to guidelines of the American Veterinary Association, and their intact
eyes were removed, washed once in phosphate-buffered saline (PBS), and dis-
sected to isolate the retinae. These were immersed in ice-cold cell lysis buffer
(PBS, 1% NP-40, protease inhibitor cocktail) (2) in a 1.5-ml tube, disrupted using
a small Teflon pestle (Lake Charles Manufacturing, Lake Charles, LA), and
centrifuged for 10 min at 16,000 � g, and the supernatants were removed and
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incubated with concanavalin A-Sepharose 4B beads (GE Healthcare, Piscataway,
NJ) to enrich for N-linked glycoproteins. Bound material was removed by boiling
in sodium dodecyl sulfate-polyacrylamide gel electrophoresis sample buffer, re-
duced with 50 mM dithiothreitol, and subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and immunoblotting as described previously
(25). Western blotting of ADAM9 in immortalized mouse embryonic fibroblasts
(mEFs) with anti-mouse ADAM9 cytotail antibodies and of pig aortic endothe-
lial (PAE) cells with anti-human ADAM9 cytotail antibodies was performed as
described previously (24).

Mouse model for OIR. The response of wild-type and Adam9�/� mice to
relative hypoxia was assessed using the OIR model as described previously (4, 8,
11, 21). Since the animals were of mixed genetic background (129/SvJ and
C57BL/6J), some experiments were performed by comparing wild-type (n � 10)
and Adam9�/� (n � 9) littermates that were offspring of heterozygous
Adam9�/� parents. Moreover, to increase the number of animals included in this
analysis, Adam9�/� or wild-type offspring were collected from one pair of het-
erozygous Adam9�/� parents. The resulting wild-type or Adam9�/� mice were
mated with one another to generate litters of wild-type or Adam9�/� mice that
were closely related, as they were derived from the same heterozygous grand-
parents.

For the OIR model, mice were exposed to 75% oxygen from postnatal day 7
(P7) to P12 in a Plexiglas chamber connected to an oxygen regulator (Pro-Ox,
model 110; Reming Bioinstruments, Redfield, NY) along with their nursing
mother. At P12, the animals were returned to room air (21% oxygen). The
resulting relative hypoxia triggers a proliferative response in the retinal vascu-
lature (4). The mice were kept in normoxic conditions until P17 and then
sacrificed. Following euthanasia, both eyes were removed and fixed in 4% para-
formaldehyde (PFA). The next day, one eye was processed for sectioning, and
the second eye was processed for a whole-mount analysis of neovascularization.
Eyes destined for histological evaluation of neovascularization were embedded
in paraffin, sectioned (6-�m thickness), and stained with hematoxylin and eosin.
About 150 sections were prepared per eye, and five sections on each side of the
optic nerve, 30 to 90 �m apart, were used to assess neovascularization in a
double-blinded manner by counting endothelial cell nuclei on the vitreal side of
the internal limiting membrane, as previously described (11). The number of
endothelial nuclei per section was averaged for each eye, and the unpaired
Student t test (equal variation, two sided) was used to determine the statistical
significance of differences between Adam9�/� and wild-type mice.

The second eye from each animal was used to measure the size of the central
avascular area that develops in retinae of mice subjected to the OIR model. After
overnight fixation with 4% PFA, the eyes were washed five times with PBS and
incubated overnight in lectin blocking buffer (LBB) (PBS, 1% bovine serum
albumin, 0.1% Triton X-100, 0.1 M glycine). The retinae were then excised, flat
mounted onto microscope slides, and incubated with LBB for 2 h. Fluorescein-
labeled isolectin B4 diluted 1:200 in 0.2� LBB was added and incubated over-
night at 4°C. The retinae were washed twice in PBS, excess fluid was absorbed
with filter paper, and the retinae were then mounted in fluorescent mounting
medium (Dako). The samples were photographed using a Nikon Eclipse E600
fluorescent microscope with a 2� objective and a Qimaging Retiga EXi camera.
Images were processed with QCapture 2.68.04 software, keeping the exposure
and gain constant for all samples. The sizes of the avascular area and the total
retina were outlined using NIH ImageJ software and used to calculate the
percentage of the avascular area compared to the total retina area.

Assessment of developmental retinal angiogenesis. To compare developmen-
tal retinal angiogenesis between wild-type and Adam9�/� mice, we focused on
P6, as the vascular bed covers about two-thirds of the retina at that stage (7).
Therefore, any significant defects in developmental retinal angiogenesis and
growth of the vascular bed should be apparent in a comparison of wild-type and
Adam9�/� mice at P6. Retinae were prepared for whole-mount staining with
fluorescein-labeled isolectin B4 to visualize endothelial cells after removal of the
hyaloid vessels and then photographed, as described above. The area of the
retina covered by the developing vascular bed was outlined using NIH ImageJ
software, and its size relative to that of the retina was used to determine the
percentage of the total retinal area covered by retinal vasculature.

Mouse model of CNV. CNV was triggered by laser photocoagulation-induced
rupture of Bruch’s membrane as described previously (23). Briefly, 5- to 6-week-
old male and female wild-type and Adam9�/� mice were anesthetized with
ketamine hydrochloride (100 mg/kg body weight), and pupils were dilated with
1% tropicamide. Burns (75-�m spot size, 0.1-s duration, and 120 mW) were
performed in the 9, 12, and 3 o’clock positions of the posterior pole of the eye
with the slit-lamp delivery system of an OcuLight GL diode laser (Iridex, Moun-
tain View, CA) using a handheld coverslip as a contact lens to view the retina.
The production of a bubble at the time of laser, which indicates rupture of Bruch’s

membrane, is an important factor in obtaining CNV; therefore, only burns in which
a bubble was produced were included in the study. After 14 days, the mice were
perfused with 1 ml of PBS containing 50 mg/ml of fluorescein-labeled dextran
(average molecular weight of 2 � 106; Sigma), and choroidal flat mounts were
examined by fluorescence microscopy. Images were captured with a Nikon
DXM1200 digital still camera. Image analysis software (Image-Pro Plus; Media
Cybernetics, Silver Spring, MD) was used to measure the total area of CNV at each
rupture site, with the investigator masked with respect to treatment group.

Immunohistochemistry and immunofluorescence analysis. Frozen and paraf-
fin-embedded samples were used for immunostaining studies. Eyes and tumors
were fixed in fresh 4% PFA overnight at 4°C, washed three times with PBS, and
then stored in 70% ethanol or processed for paraffin embedding. For frozen
sections, PBS-washed samples were immersed in 20% sucrose overnight at 4°C
and then frozen in Tissue-Tek OCT compound (Sakura Finetek, Torrance, CA)
mixed with 20% sucrose in a 1:1 ratio. Sections (10 �m) were cut, mounted onto
slides, and postfixed with ice-cold acetone for 10 min. Both frozen and paraffin
sections were immersed in 0.3% and 3% H2O2, respectively, to inactivate the
endogenous peroxidase, preincubated with 10% normal goat serum–2% bovine
serum albumin–PBS for 1 h, and then incubated for 1 h with anti-ADAM9 m9-2
monoclonal antibodies (24) or anti-ADAM15 or anti-platelet endothelial cell
adhesion molecule 1 (PECAM-1/CD31) antibodies (11). Bound antibodies were
detected with biotin-conjugated anti-mouse or anti-rabbit immunoglobulin G
followed by horseradish peroxidase-avidin (Vector Labs). After development
with diaminobenzidine solution (Vector Laboratories), the sections were coun-
terstained with hematoxylin.

Flat-mounted retinae were incubated with modified LBB (0.5% Triton X-100)
for 4 h, washed three times with PBS, and incubated with anti-NG2 (pericyte
marker) or anti-ADAM9 m9-2 (24) antibody overnight at 4°C. Retinae were
washed three times with PBS, and secondary Texas Red anti-rabbit antibodies
(Jackson Immunoresearch, West Grove, PA) or anti-mouse Alexa 488 (Molec-
ular Probes, Eugene, OR) antibodies were added. After 2 h, retinae were washed
three times with PBS and then stained overnight with isolectin-fluorescein iso-
thiocyanate (FITC) or isolectin-tetramethylrhodamine isothiocyanate to mark
endothelial cells, washed with PBS, and processed as described above.

In addition, 6-�m sections of paraffin-embedded eyes were analyzed by histo-
chemistry and immunofluorescence. Eye sections were deparaffinized, rehy-
drated through a graded alcohol series, and heated in 10 mM sodium citrate for
antigen retrieval. Samples were treated as described above for biotin/avidin
staining or Alexa 488-conjugated secondary antibodies against the primary anti-
ADAM9 m9-2 monoclonal antibody.

Heterotopic injection of B16F0 mouse melanoma cells. Age- and sex-matched
litters of wild-type and Adam9�/� mice, derived from Adam9�/� grandparents as
described above, were injected subcutaneously with 1 � 106 B16F0 mouse mel-
anoma cells. All animals in a given experiment were sacrificed at the same time,
between 2 and 3 weeks after injection depending on the tumor burden in animals
with the fastest tumor growth, and the tumors were removed and weighed. For
quantitation and comparison of individual trials, the average weight of tumors
from wild-type controls in a given experiment was used as a reference to calculate
the weight of each tumor as a percentage of the wild-type average. The unpaired
Student t test was used for statistical evaluation. Immunofluorescence was per-
formed to evaluate the vascularity of the tumor specimens in frozen sections
incubated with anti-PECAM/CD31 as described above. Bound antibodies were
detected with Cy3-conjugated AffiniPure donkey anti-rat immunoglobulin G
(Jackson Immunoresearch, West Grove, PA).

Construction of expression plasmids and cell-based protein ectodomain shed-
ding assays. To generate expression plasmids for alkaline phosphatase (AP)-
tagged receptors with known roles in angiogenesis, cDNAs for murine VE-
cadherin, Tie-2, CD40, EphB4, EphrinB2, CD34, VCAM-1, ICAM-1, and
E-selectin were obtained from the ATCC. The cDNA for Flk1 was a kind gift of
Urban Deutsch (University of Berne, Bern, Switzerland). All AP-tagged
fusion proteins were designed to include at least the first extracellular domain
as well as the transmembrane domain and cytoplasmic tail of the candidate
substrate. The following primers were used to generate PCR products cor-
responding to the carboxyl end of each open reading frame, using the full-
length cDNA as a template: 5�-GATGCTCTTTGGAAACTGAATGGCAC
CA-3� and 5�-AGTCGCTGTCTTGTCAATTCCAAAAGCGT-3 (amino
acids 605 to 859) for FLK-1, 5�-ATGACGTATGATGAAGCCAGTGCA-3�
and 5�-GTTCCTGATTGTTTTGAACCTAGA-3� (amino acids 31 to 612) for
E-selectin, 5�-ATGAGTCTTGACAACAACGGTA-3� and 5�-TCACAATTC
GGTATCAGCCACCACG-3� (amino acids 31 to 385) for CD34, 5�-ACTG
CATGCAGAGAAAAACAGTA-3� and 5�-TCACTGTCTCTCCTGCACTG
A-3� (amino acids 24 to 278) for CD40, 5�-AATGCCCAGACATC TGTGT
CCCCC-3� and 5�-TCAGGGAGGCGTGGCTTGTG-3� (amino acids 26 to
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532) for ICAM-1, 5�-GAGATCTCCCCTGAATACA-3� and 5�-CTACACTT
TGGATTTCTGTGC-3� (amino acids 28 to 739) for VCAM-1, and 5�-TCC
CTGCAAACAACAAGTGATCA-3� and 5�-AAAGTTGCCCTCTCCGATC
ACG-3� (amino acids 580 to 833) for Tie-2.

Each amplified cDNA was cloned in frame with human AP into pAP-tag�5
(Genehunter, Nashville, TN), and all constructs were sequenced to rule out
undesired mutations.

Stimulation of ADAM9-dependent shedding by ROS. Expression constructs
for ADAM9 and the catalytically inactive ADAM9E�A mutant were described
previously (16). AP shedding assays were performed as described previously (17,
18, 24) using mEF cells and PAE cells (kindly provided by Shahin Rafii). ROS
assays were performed using a modified version of the procedure reported
previously by Sung et al. (22). Specifically, 20 h posttransfection, cells maintained
at 50 to 60% density were washed twice with OptiMem for 1 h and then cultured
in OptiMem with various concentrations of H2O2 for 5 h. The supernatants and
lysates were assayed in triplicate for AP activity (17, 18, 29). All data are
representative of at least three independent experiments.

RESULTS

Reduced oxygen-induced retinopathy in Adam9�/� mice. To
address a potential role of ADAM9 in pathological retinal

neovascularization, we subjected Adam9�/� mice and wild-
type controls to a mouse model of OIR (see Materials and
Methods for details). As shown in Fig. 1A, the number of
vascular cell nuclei that contributed to pathological neovascu-
larization in Adam9�/� mice was significantly reduced com-
pared to that of highly related litters of wild-type controls (n �
24 [average of 39.7 and standard error of the mean {SEM} of
3.6] for wild-type mice versus n � 18 [average of 19.9 and SEM
of 2.8] for knockout mice; P � 0.0001). When Adam9�/� and
wild-type littermates obtained from heterozygous Adam9�/�

parents (see Materials and Methods for details) were subjected
to the OIR model, the results corroborated a significant re-
duction of pathological neovascularization in Adam9�/� mice
compared to that of wild-type controls (n � 10 [average of 22.4
and SEM of 1.8] for wild-type mice versus n � 9 [average of 9.6
and SEM of 1.4] for knockout mice; P � 0.0001). Moreover,
whole-mount preparations of retinae stained with FITC-lectin
to label endothelial cells showed a larger central avascular area

FIG. 1. Reduced oxygen-induced retinopathy in Adam9�/� mice compared to controls. (A) Adam9�/� mice and wild-type controls were
subjected to the OIR model (see Materials and Methods for details). Sections of their retinae were then used to determine the number of
neovascular nuclei on the vitreous side of the internal limiting membrane (see Materials and Methods for details). Each point represents the
average number of nuclei per section of one animal. The results demonstrate reduced proliferative retinopathy in the absence of ADAM9 (n �
24 for wild-type [Wt] mice, and n � 18 for Adam9�/� [9�/�] mice; P � 0.0001). (B) Whole-mount analysis of a retina of an Adam9�/� mouse
and a wild-type control subjected to the OIR model (for each genotype, one representative FITC-isolectin-stained example of over 15 analyzed
retinae is shown). The central avascular area is increased in the Adam9�/� retina compared to that of the wild-type control. (C) Quantitation of
the avascular area in relationship to the total size of the retina corroborates the increased avascular area in Adam9�/� mice (P � 0.0001). An
example of how the size of the avascular area was determined using NIH Image software is shown at the right (see Materials and Methods for
details). (D) Analysis of retinal developmental angiogenesis at P6. Retinae of 6-day-old wild-type and Adam9�/� mice were stained with
FITC-isolectin to visualize the vascular bed, and the ratio of the surface area covered by the vascular tree was calculated as a percentage of the
surface area of the whole retina. No significant difference in the development of the vascular bed between Adam9�/� mice and wild-type controls
was observed. (E) Western blots of extracts of one retina per lane taken from wild-type mice between 1 and 5 days after ending their exposure
to high oxygen (corresponds to P13 to P17, as indicated on the blot). The blots were probed with anti-ADAM9 cytoplasmic-domain antibodies and
show slightly increased levels of mature ADAM9 on days 15 and 16 compared to the other days.
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and strongly reduced tuft formation in Adam9�/� retinae com-
pared to wild-type controls (Fig. 1B). On average, the ratio of
the retinal avascular area was significantly larger in Adam9�/�

mice (27%; n � 20 [SEM � 2.4]) than in wild-type controls
(10%; n � 22 [SEM � 1.1]; P � 0.0001) (Fig. 1C). When we
compared the sizes of the retinal vascular bed at P6 in
Adam9�/� mice and wild-type controls to determine whether
ADAM9 has a role in developmental retinal angiogenesis, we
found no significant difference at this stage (Fig. 1D). Taken
together, these finding indicate that ADAM9 is involved in
pathological neovascularization during OIR in mice but not in
developmental retinal angiogenesis at P6.

To determine whether the expression of ADAM9 in the
retina changes during an OIR experiment, we performed a
Western blot on extracts of retinae from mice at P13 to P17,
corresponding to 1 to 5 days after removal from the 75%
oxygen chamber (Fig. 1E). ADAM9 protein levels were com-
parable in all samples, with a slight increase detected at P15
and P16. Since a Western blot of extracts of whole retinae
might not uncover local changes in ADAM9 expression in a
small population of cells, we also stained whole-mount prepa-
rations of retinae of wild-type mice subjected to the OIR
model with a monoclonal antibody against ADAM9 (detected
with an Alexa 488-labeled secondary antibody in Fig. 2A and
B) and with CD31 (Cy3 labeled) to mark endothelial cells (Fig.
2A). Immunofluorescence microscopy showed high levels of
expression of ADAM9 in neovascular tufts (Fig. 2A and B), in
which ADAM9 expression colocalized with CD31-labeled en-
dothelial cells (Fig. 2A) but not with NG2-labeled pericytes
(Fig. 2B). There was no difference in the distribution of NG2
staining in retinal tufts of wild-type and Adam9�/� mice after
OIR (data not shown). In retinae from Adam9�/� mice sub-
jected to OIR, the anti-ADAM9 antibody did not label neo-
vascular tufts, even though these could be clearly visualized
with anti-CD31, demonstrating that the staining in wild-type
retinae was specific for ADAM9 (Fig. 2A and B, bottom). A
comparison of the expression of ADAM9 with that of the
pericyte marker NG2 showed little, if any, overlap in neovas-
cular tufts in wild-type retinae (Fig. 2B), suggesting that
ADAM9 is not expressed in pericytes. The high level of ex-
pression of ADAM9 in neovascular tufts was also corroborated
in a horseradish peroxidase-stained section of a retina from a
wild-type mouse after OIR and by immunofluorescence anal-
ysis (Fig. 2C). Sections of a tuft from an Adam9�/� mouse
served as a control for the specificity of the anti-ADAM9
antibody (Fig. 2C, bottom). Finally, antibodies against
ADAM15, which is also highly expressed in neovascular tufts
(11), served as a positive control for these samples in that they
stained the tufts of both wild-type and Adam9�/� retinae (Fig.
1C).

Reduction of CNV following rupture of Bruch’s membrane
in Adam9�/� mice. CNV originates from choroidal rather than
retinal vessels and occurs in completely different disease pro-
cesses from those in which retinal neovascularization occurs.
Unlike retinal neovascularization, ischemia does not appear to
be a major stimulus. Adult Adam9�/� mice or wild-type con-
trols were subjected to laser photocoagulation (see Materials
and Methods for details), mice with rupture of Bruch’s mem-
brane were perfused with fluorescein-labeled dextran after 2
weeks, and choroidal flat mounts were examined by fluores-

cence microscopy. The mean area of CNV at Bruch’s mem-
brane rupture sites was significantly smaller in Adam9�/�

mice (n � 17) (a representative image is shown in Fig. 3A)
than the mean area of CNV at Bruch’s membrane rupture
sites in wild-type controls (n � 20) (a representative image is
shown in Fig. 3B, and a summary of results is shown in Fig. 3C)
(P � 0.0027).

FIG. 2. Immunofluorescence and immunohistochemical analysis of
the expression of ADAM9 in neovascular tufts. Representative exam-
ples of a neovascular tuft from wild-type (wt) (top) or Adam9�/�

(9�/�) mice (bottom) stained with anti-ADAM9 (Alexa 488 labeled)
(A and B), anti-CD31 (endothelial cell marker, Cy3 labeled in panel
A), or anti-NG2 (pericyte marker, Texas Red labeled in panel B)
antibody. Merged images are at the right in panels A and B. The
expression of ADAM9 in neovascular tufts overlaps that of CD31 but
not that of NG2. No staining with ADAM9 antibodies was seen in
neovascular tufts that did appear in Adam9�/� retinae, confirming that
the ADAM9 antibody is specific. (C) Histochemical analysis of sec-
tions of tufts stained with anti-ADAM9 or -ADAM15 shows expres-
sion of both ADAM9 and ADAM15 in neovascular tufts of wild-type
mice but only of ADAM15 in similar sections of Adam9�/� mice.
(Right) Immunofluorescent analysis of ADAM9 expression in neovas-
cular tufts in retinal sections of a wild-type or Adam9�/� mouse. These
results confirm that ADAM9 is highly expressed in neovascular tufts.
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Reduced growth of heterotopically injected B16F0 mela-
noma cells in Adam9�/� mice. A commonly used approach to
evaluate pathological neovascularization is to monitor the
growth of heterotopically injected tumor cells in wild-type and
knockout mice. To minimize potential effects of the mouse
genetic background on this model, we compared tumor
growths in litters of wild-type or Adam9�/� mice that had been
bred from the offspring of a single pair of heterozygous parents
(see Materials and Methods for details). In three separate
experiments, the average weight of tumors that developed after
subcutaneous injection of 1 � 106 B16F0 cells in Adam9�/�

mice was significantly reduced compared to that of wild-type
controls injected with the same culture of cells at the same time
(reduction in tumor weight in Adam9�/� versus wild-type con-
trols of 54.5%; n � 29 [SEM � 0.07] for the wild type versus
n � 29 [SEM � 0.06] Adam9�/� mice; P � 0.0001) (Fig. 4A).
However, frozen sections of tumors from Adam9�/� mice or
wild-type controls showed similar sizes and distributions of
capillaries as detected by CD31 staining (representative exam-
ples are shown in Fig. 4B).

Processing of receptors with roles in angiogenesis by
ADAM9 in cell-based assays. The high level of expression of
ADAM9 in endothelial cells in retinal vascular tufts of mice
subjected to the OIR model as well as the decreased patho-
logical retinal neovascularization and reduced growth of
B16F0 tumors in Adam9�/� mice raised the possibility that
ADAM9 might have important functions in endothelial cells.
Since ADAM9 is known to function as a membrane-anchored
metalloprotease (10, 15), and because proteolysis can regulate
the function of many membrane proteins (1), we hypothesized
that ADAM9 could affect pathological neovascularization by

FIG. 3. CNV at Bruch’s membrane rupture sites is reduced in Adam9�/� mice. After treatment by laser (see Materials and Methods for details),
adult Adam9�/� mice or wild-type (WT) controls had a rupture of Bruch’s membrane in three locations in each eye. After 2 weeks, the mice were
perfused with fluorescein-labeled dextran, and choroidal flat mounts were examined by fluorescence microscopy. (A and B) The area of CNV
appeared smaller at rupture sites in Adam9�/� mice (A) than in wild-type control mice (B). (C) Image analysis confirmed that the area of CNV
was significantly smaller in Adam9�/� mice than in wild-type mice (n � 17 for wild-type mice, and n � 20 for Adam9�/� mice; P � 0.0027).

FIG. 4. Growth of heterotopically injected B16F0 melanoma cells in
Adam9�/� mice and wild-type controls. (A). Relative weights of tumors
developing from 106 B16F0 melanoma cells injected into the flanks of
Adam9�/� (9�/�) mice compared to the average of tumor weights in
wild-type (WT) control mice that were injected at the same time with the
same culture of cells. The data are combined from three separate exper-
iments (n � 10 for wild-type mice and n � 10 for Adam9�/� mice in
experiments 1 and 2, and n � 9 for wild-type mice and n � 9 for
Adam9�/� mice in experiment 3). Since the tumor sizes in wild-type mice
at the end of each experiment varied somewhat, the average tumor size in
wild-type mice in each experiment was set to 1, and the tumor size of
individual wild-type mice and Adam9�/� mice was calculated as a ratio to
the average tumor size in wild-type mice. The reduction in tumor size in
Adam9�/� mice compared to that in wild-type controls was 54.5% (P �
0.0001). (B) Representative sections of tumors from wild-type (wt) or
Adam9�/� mice stained with anti-CD31 to mark endothelial cells. No
difference in the overall distribution of larger vessels or capillaries was
seen in tumors from wild-type or Adam9�/� mice.
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processing membrane proteins with roles in angiogenesis and
neovascularization. To address this possibility, we overex-
pressed ADAM9 together with several membrane-anchored
receptors with known roles in angiogenesis (CD40, EphrinB2,
EphB4, E-selectin, Flk-1, ICAM-1, VCAM-1, Tie-2, VE-cad-
herin, Flk-1, CD34, and CD36) in Cos-7 cells. Cotransfection
of the catalytically inactive ADAM9E�A mutant with candi-
date substrates served as a control to monitor baseline shed-
ding by endogenous sheddases in Cos-7 cells. Each candidate
substrate contained an AP tag in its ectodomain, which facili-
tated the detection of its shedding into the culture supernatant
(17, 29). The overexpression of ADAM9 increased the levels of
shedding of Tie-2, Flk-1, VE-cadherin, EphB4, CD40, and
VCAM-1 compared to those of the ADAM9E�A control but
had no effect on the levels of shedding of EphrinB2, ICAM-1,
and E-selectin (Fig. 5) as well as CD34 and CD36 (data not
shown). These “gain-of-function” experiments demonstrate
that overexpressed ADAM9 enhances the processing of sev-
eral endothelial cell membrane proteins.

Regulation of ADAM9-dependent shedding by ROS. The
ability of overexpressed ADAM9 to cleave substrate proteins
in “gain-of-function” experiments raised questions about the
role for endogenously expressed ADAM9 in the shedding of
these substrates and whether this might be evident in “loss-of-
function” experiments in which wild-type cells are compared to
Adam9�/� cells. To address this question, we treated mEF
cells with ROS, which upregulate endogenous ADAM9 in a

prostate cancer cell line (22). When mEF cells from wild-type
mice were treated with increasing concentrations of H2O2 for
6 h, we found a dose-dependent increase in levels of ADAM9
expression (Fig. 6A, bottom). To assess whether this also in-
creased levels of ADAM9-dependent proteolysis, we expressed
EphB4, which is efficiently cleaved by overexpressed ADAM9
in Cos-7 cells (see above), in embryonic fibroblasts. Treatment
with 50, 100, or 200 �M H2O2 for 6 h significantly increased
levels of shedding of EphB4 in wild-type mEFs (Fig. 6A, top)
but not in Adam9�/� cells (Fig. 6B). The increase in levels of
ADAM9 expression and EphB4 shedding from wild-type
mEFs treated for 6 h with 200 �M H2O2 was blocked by
actinomycin D, an inhibitor of transcription, which had no
effect on the constitutive release of EphB4 (Fig. 6C). The level
of shedding of EphB4 from Adam9�/� cells could also be
increased by transfection with ADAM9; however, this was not
further enhanced by ROS (Fig. 6D), presumably because the
ADAM9 expression vector lacks the endogenous promoter
region with putative ROS response elements. Finally, H2O2

treatment of wild-type mEFs did not affect shedding of tumor
necrosis factor alpha (TNF-	), a substrate for ADAM17 (Fig.
6E), even though phorbol myristate acetate stimulation of
TNF-	 shedding, which depends on ADAM17 and not
ADAM9 (28), was normal in wild-type cells (Fig. 6F). Taken
together, these “loss-of-function” results demonstrate that the
upregulation of endogenous ADAM9 via treatment with H2O2

results in increased ADAM9-dependent shedding of EphB4.

FIG. 5. “Gain-of-function” studies identify substrates for overexpressed ADAM9 with known roles in angiogenesis in cell-based assays. To
identify potential substrates of ADAM9 that might be relevant for its function in pathological neovascularization, AP-tagged membrane proteins
with known roles in angiogenesis were overexpressed in Cos-7 cells together with empty vector (�), wild-type mouse ADAM9 (9), or the
catalytically inactive ADAM9E�A mutant (9EA). The graphs depict the relative AP activity in the supernatant of transfected cells, with the AP
activity in cells transfected with a candidate substrate and empty vector set to 1. Each graph is representative of data from at least three separate
experiments with two wells per experiment. These results show that overexpressed ADAM9 increases levels of shedding of Tie-2, Flk1 (VEGFR2),
VE-cadherin, EphB4, CD40, and VCAM-1 but not of EphrinB2, ICAM, or E-selectin.
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Since ADAM9 is highly expressed in endothelial cells in
pathological neovascular tufts, we examined whether increas-
ing concentrations of H2O2 also affected ADAM9 expression
and shedding of EphB4 in an immortalized PAE cell line.
Western blot analysis confirmed that H2O2 also enhanced the
levels of ADAM9 in PAE cells compared to untreated cells
(Fig. 7A). Moreover, increasing concentrations of H2O2 also
enhanced the shedding of transfected EphB4 from PAE cells
(Fig. 7B). In parallel experiments with PAE cells, we found no
effect of increasing concentrations of H2O2 on the shedding of
the ADAM10 substrate betacellulin (BTC) (Fig. 7C) or the
ADAM17 substrate TNF-	 (Fig. 7D), neither of which is
shed by overexpressed ADAM9 (10, 28). Thus, shedding by
ADAM10 or ADAM17 is not measurably activated under
the conditions that result in increased levels of expression of
ADAM9 and shedding of EphB4 in PAE cells.

DISCUSSION

The mouse model of OIR allows an evaluation of the role of
specific molecules in proliferative retinopathies such as reti-
nopathy of prematurity (4, 8, 21). In the OIR model, relative
hypoxia following the exposure of mice to high concentrations
of oxygen (75%) and return to room air (21% oxygen) stimu-

lates the production of hypoxia-inducible factor 1 and then
VEGF in order to attract new vessels (4, 21). This results in the
proliferation of vascular cells in the retina and the formation of
pathological vascular tufts, potentially leading to temporary or
permanent blindness. The current study provides the first ev-
idence for an important role of ADAM9 in ischemia-induced
retinal neovascularization. CNV occurs in diseases with ab-
normalities in the retinal pigmented epithelium and Bruch’s
membrane, such as age-related macular degeneration. CNV
is modeled by rupturing Bruch’s membrane with laser pho-
tocoagulation in mice, and ADAM9 was also a contributor
in this model. In addition to its function in these two types
of ocular neovascularization, ADAM9 is also required for
the growth of heterotopically injected melanoma cells in
mice.

The strong decrease in levels of ocular neovascularization in
Adam9�/� mice compared to wild-type controls demonstrates
that ADAM9 has a role in the development of pathological
vessels in the retina and choroid. On the other hand, we found
no significant difference in developmental retinal angiogenesis
between Adam9�/� mice and age-matched wild-type controls
at P6. This is consistent with the high level of expression of
ADAM9 in pathological neovascular tufts that develop in mice
subjected to the OIR model but that are not present during

FIG. 6. ROS increase the levels of expression and activity of ADAM9 in mEFs. (A) Wild-type mEFs (50 to 60% culture density) were treated
with 50 to 200 �M of H2O2 for 6 h, and ADAM9 was detected by Western blotting (bottom). Treatment with H2O2 increased the level of expression
of ADAM9 in wild-type mEFs. (A and B) Wild-type (A) and Adam9�/� (B) mEFs were transfected with EphB4 as a readout for the catalytic
activity of endogenous ADAM9 and treated with increasing concentrations of H2O2. Increased levels of shedding of EphB4 were seen in an H2O2
concentration-dependent manner in wild-type cells (A, top) but not in Adam9�/� cells (B), providing the first evidence for processing of a substrate
by endogenously upregulated ADAM9 in wild-type cells. (C) Wild-type (WT) mEFs transfected with EphB4 were either not treated or treated with
200 �M H2O2, with 1 �g/ml actinomycin D (Act-D), or with both 200 �M H2O2 and 1 �g/ml actinomycin D. Actinomycin D prevented the increase
in levels of EphB4 shedding from cells treated with H2O2 (top) and the increase in ADAM9 protein levels (bottom), suggesting that H2O2 enhances
the transcription of ADAM9. (D) Levels of shedding of EphB4 from Adam9�/� cells can be increased by cotransfection with wild-type ADAM9,
but there is no further enhancement by treatment with H2O2 (50 to 200 �M). This suggests that ADAM9 is not directly activated by ROS, since
the ADAM9 expression plasmid lacks putative ROS transcriptional regulatory elements. (E) Shedding of TNF-	 was used to test whether its
sheddase, ADAM17, responds to H2O2 treatment. Phorbol myristate acetate stimulated the shedding of TNF-	 in wild-type mEFs, and this is
known to depend on ADAM17 (28), whereas increasing concentrations of ROS did not stimulate the shedding of TNF-	 in these cells. These
results suggest that ADAM9 is the main sheddase responding to ROS treatment for 6 h in mEF cells.
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normal development of the retinal vasculature. Within the
neovascular tufts, ADAM9 appears to be expressed in endo-
thelial cells, as it colocalized with the endothelial cell marker
CD31 but not with the pericyte marker NG2. Interestingly,
cells positive for the pericyte marker NG2 and cells expressing
ADAM9 or CD31 are closely intermingled in neovascular
tufts, suggesting that the interactions between endothelial cells
and pericytes are altered in these structures compared to nor-
mal vessels and capillaries, where pericytes are usually found
ensheathing and surrounding endothelial cells.

Immediately after exposure to high oxygen in the OIR
model, whole mounts of retinae from both Adam9�/� mice
and wild-type controls displayed central avascular areas of
approximately similar size (data not shown), so the vascular
regression caused by high oxygen levels was not detectably
affected in the absence of ADAM9. In wild-type mice sub-
jected to the OIR model, revascularization of the retinal bed
occurred over 5 days after return to normoxia, whereas this
process was strongly delayed in Adam9�/� mice, even 8 days
after return to room air (data not shown). Thus, ADAM9
appears to have an important role in the generation of new
capillaries that grow into the central avascular area following
vascular regression. Moreover, the reduction in CNV in
Adam9�/� mice suggests that ADAM9, similarly to the related
protein ADAM15 (26), also contributes to the development of
new vessels triggered by stimuli other than ischemia. Finally,
the significantly reduced growth of B16F0 melanoma cells in
Adam9�/� mice compared to that of wild-type controls is con-
sistent with a role for ADAM9 in the formation of the tumor
vasculature, although ADAM9 could also be involved in other
host-derived contributions to tumor growth, such as the release
of growth factors from fibroblasts or macrophages. The obser-
vation that tumor sections from Adam9�/� and wild-type mice
showed no differences in the sizes and distribution patterns of

blood vessels suggests that tumor growth in Adam9�/� mice
could have been delayed by the ability of the vasculature to
keep up with tumor growth, which would nevertheless require
an even distribution of vessels and capillaries in the absence of
ADAM9.

Since ADAM9 is a membrane-anchored metalloprotease,
which has been implicated in the processing of membrane
proteins such as EGF or FGFR2iiib (10, 15), we hypothesized
that dysregulated ADAM9 could perhaps process membrane
proteins on the surface of endothelial cells, thereby ultimately
promoting pathological neovascularization. We found that
overexpressing ADAM9 increased the shedding of CD40,
EphB4, Flk-1, Tie-2, VE-cadherin, and VCAM compared to
the inactive ADAM9E�A control, raising the possibility that
dysregulated ADAM9 also increases the processing of these
molecules in endothelial cells in vivo. Since overexpressed
ADAM9 can shed the majority of the candidate substrates
tested here, it is likely that it can also release additional mem-
brane proteins from endothelial cells besides the ones assessed
here. Therefore, dysregulated ADAM9 could have a significant
impact on the turnover and processing of endothelial cell sur-
face molecules. Since very little is currently known about how
ectodomain shedding affects the function of individual endo-
thelial cell surface proteins, it is possible that the role of
ADAM9 in pathological neovascularization depends on the
processing of one functionally dominant cell surface protein or
on the sum of the consequences of processing several different
types of cell surface proteins on endothelial cells. Further
studies aimed at understanding how shedding affects the func-
tion of individual endothelial cell membrane proteins will be
necessary to address this question. In addition, other noncata-
lytic protein modules of ADAM9, such as its disintegrin do-
main, cysteine-rich region, or cytoplasmic domain, could be
important for the function of ADAM9 in neovascularization.

FIG. 7. Treatment of PAE cells with ROS enhances expression of ADAM9 and shedding of EphB4. (A) The level of expression of ADAM9
in immortalized PAE cells was increased by treatment with 250 or 500 �M H2O2. Expression of ADAM9 was detected by Western blotting with
antibodies against the cytoplasmic domain of human ADAM9. (B to D) Increasing concentrations of H2O2 (10 to 500 �M) enhanced the shedding
of transfected EphB4 from PAE cells (B) but had no effect on the shedding of the ADAM10 substrate BTC (C) or the ADAM17 substrate TNF-	
(D). Since EphB4 can be cleaved by overexpressed ADAM9, whereas BTC and TNF-	 are not (10, 28), these results suggest that H2O2 stimulates
ADAM9-dependent shedding of EphB4 in PAE cells.
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The contribution of the catalytic activity of ADAM9 compared
to that of its other protein domains can be assessed, for exam-
ple, by generating a knock-in point mutation in the catalytic
site of ADAM9 in mice that will inactivate its catalytic activity
without affecting its other protein domains.

With respect to the upregulation of ADAM9 in neovascular
tufts, it is interesting that studies of prostate cancer cells have
shown a strong enhancement of ADAM9 expression after
treatment with ROS such as H2O2. Since ROS are also thought
to contribute to proliferative retinopathy (9, 27), we tested
whether H2O2 could increase the expression of endogenous
ADAM9 in wild-type mEF cells and, more importantly,
whether this would also affect ADAM9-dependent ectodomain
shedding. We chose EphB4 (one of the candidate substrates
found to be released upon ADAM9 overexpression in Cos-7
cells) as a representative model substrate to assess the activa-
tion of ADAM9-dependent ectodomain shedding by ROS. Al-
though ADAM9 was not required for the shedding of EphB4
from unstimulated mEF cells (a separate study will be focused
on identifying the constitutive sheddase for EphB4) (our un-
published data), we observed a time- and H2O2 dose-depen-
dent increase in levels of shedding of EphB4 from wild-type
cells but not from Adam9�/� cells. This correlated with in-
creased ADAM9 protein levels in wild-type mEF cells treated
with H2O2. These results suggest that the upregulation of en-
dogenous ADAM9 changes the relative contribution of this
ADAM protein to the shedding of EphB4 such that ADAM9
becomes a major sheddase for EphB4 in cells treated with
H2O2 but not in untreated cells.

When Adam9�/� cells expressing EphB4 were rescued by
transfection with ADAM9, there was a substantial increase in
the level of EphB4 shedding, but this was not further enhanced
by H2O2 treatment. Evidently, the effect of ROS on the activity
of ADAM9 is not posttranslational, such as by promoting the
removal of its inhibitory prodomain. Instead, since the plasmid
used to overexpress ADAM9 in Adam9�/� mEFs lacks the
transcriptional regulatory elements of endogenous ADAM9,
and since ROS-stimulated shedding by endogenous ADAM9
in wild-type cells could be blocked by inhibiting transcription
with actinomycin D, the regulation of endogenous ADAM9 by
ROS most likely occurs at the transcriptional level. Additional
evidence that ROS specifically enhances ADAM9-dependent
shedding and not shedding by ADAM17 came from experi-
ments with the ADAM17 substrate TNF-	, whose release from
mEF cells was not activated by ROS. Moreover, the expression
of ADAM9 and shedding of EphB4 could also be stimulated in
a pig aortic endothelial cell line by increasing concentrations of
ROS, whereas shedding of TNF-	 or of the ADAM10 sub-
strate BTC was not. Taken together, these results provide the
first evidence, to our knowledge, that ROS not only upregulate
the expression of ADAM9 but also increase levels of ADAM9-
dependent ectodomain shedding in cell-based assays.

Based on these results, it is tempting to speculate that ROS
are also responsible, at least in part, for the high level of
expression of ADAM9 in retinal neovascular tufts in mice
subjected to the OIR model. Sudden changes in tissue oxygen-
ation increase the imbalance between free radicals and anti-
oxidants, and larger amounts of ROS are normally produced
under hypoxic conditions, especially in tissues with a high met-
abolic rate such as the retina. This could affect many signaling

pathways, including the activation of ADAM9 expression, par-
ticularly at the junction of the vascular and avascular retina,
where the difference in tissue oxygen levels is likely greatest,
and in premature infants who might have a reduced ability to
scavenge reactive oxidative species (9, 27). Since little is cur-
rently know about the transcriptional regulation of ADAM9, it
will now be interesting to learn more about how ROS, hyper-
oxia, or relative hypoxia regulates the expression of this gene.

In summary, the response of Adam9�/� mice in models of
retinal neovascularization and CNV and a heterotopic tumor
model suggests that ADAM9 has a critical role in pathological
neovascularization. Since ADAM9 can process several mem-
brane proteins that are expressed on endothelial cells, it is
tempting to speculate that an increase in the level of processing
of these and other endothelial cell membrane proteins is the
primary stimulus for pathological retinal neovascularization in
these models, although noncatalytic functions of ADAM9
could also be involved in this process. Importantly, this study is
the first to demonstrate that ADAM9-dependent ectodomain
shedding can be enhanced by the treatment of cells with
ROS as a consequence of the increased level of expression
of ADAM9. Taken together, these results suggest that
ADAM9 might be a good target for the treatment of patho-
logical neovascularization, which has a critical role in the
pathogenesis of a variety of diseases including proliferative
retinopathies, age-related macular degeneration, rheuma-
toid arthritis, and cancer.
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