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Introduction

In all organs except the CNS, lymphatic vessels drain intersti-
tial fluid that leaks from the high-pressure blood vessel network
and provide a route by which extravasated leukocytes return to
the blood (1). Lymphatics also serve specialized functions in the
intestine, from which they transport absorbed fat, and in adaptive
immune responses, which they coordinate by bringing antigens
and antigen-presenting cells to lymph nodes, where they may con-
tact lymphocytes (2). Loss of lymphatic function due to primary
defects in lymphatic growth or secondary conditions such as filar-
ial infection or surgical removal of lymph nodes results in edema,
malabsorptive syndromes, and immune defects that may be fatal
(3). Drug therapies for lymphatic insufficiency are not available,
and their creation will require a detailed understanding of the
molecular regulation of lymphatic vessel growth in vivo.

Critical lymphangiogenic factors have been identified through
molecular cloning of ligands and receptors that are homologous
to blood vessel angiogenic factors, as well as genetic studies of
primary lymphatic defects in humans, mice, and, most recently,
zebrafish. Such studies have identified VEGFC, a ligand for the
VEGFR3 receptor that is expressed on lymphatic but not blood vas-
cular endothelial cells (ECs), as a central player in lymphangiogen-
esis (4-6). Loss of VEGFC or VEGFR3 function blocks lymphatic
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Lymphangiogenesis is supported by 2 homologous VEGFR3 ligands, VEGFC and VEGFD. VEGFC is required for lymphatic
development, while VEGFD is not. VEGFC and VEGFD are proteolytically cleaved after cell secretion in vitro, and recent studies
have implicated the protease a disintegrin and metalloproteinase with thrombospondin motifs 3 (ADAMTS3) and the secreted
factor collagen and calcium binding EGF domains 1(CCBE1) in this process. It is not well understood how ligand proteolysis

is controlled at the molecular level or how this process regulates lymphangiogenesis, because these complex molecular
interactions have been difficult to follow ex vivo and test in vivo. Here, we have developed and used biochemical and cellular
tools to demonstrate that an ADAMTS3-CCBE1 complex can form independently of VEGFR3 and is required to convert VEGFC,
but not VEGFD, into an active ligand. Consistent with these ex vivo findings, mouse genetic studies revealed that ADAMTS3
is required for lymphatic development in a manner that is identical to the requirement of VEGFC and CCBE1 for lymphatic
development. Moreover, CCBE1was required for in vivo lymphangiogenesis stimulated by VEGFC but not VEGFD. Together,
these studies reveal that lymphangiogenesis is regulated by two distinct proteolytic mechanisms of ligand activation: one in
which VEGFC activation by ADAMTS3 and CCBE1 spatially and temporally patterns developing lymphatics, and one in which
VEGFD activation by a distinct proteolytic mechanism may be stimulated during inflammatory lymphatic growth.

development in fish and mice (6, 7) and underlies human primary
lymphedema syndromes (8, 9). VEGFD is a second VEGFR3 ligand
that is structurally and functionally homologous to VEGFC (10, 11).
Loss of VEGFD does not alter lymphatic development in mice or
fish (12, 13), but overexpression of either VEGFC or VEGFD drives
lymphatic endothelial and vessel growth in mature animals (14-16).

The structures of VEGFC and VEGFD are distinct from
those of VEGFA and VEGFB in that they contain N-terminal
and C-terminal domains that are proteolytically cleaved during
and after secretion from cultured cells (17, 18). Proteolytic pro-
cessing of VEGFC and VEGFD is thought to regulate lymphatic
vessel growth, but precisely how this processing is achieved
and controlled in vivo has not been clear. Studies of mutant
zebrafish that entirely lack lymphatic vessel development and
rare individuals with a primary lymphedema disorder known
as Hennekam syndrome have identified collagen- and calci-
um-binding EGF domains 1 (CCBE1) as a secreted protein that
is required for lymphatic vascular development (19-21). Loss of
CCBE1 completely blocks lymphatic vascular development in a
manner similar to that induced by loss of VEGFC or VEGFR3
(22-24), but has no effect on blood vessel growth. Recent stud-
ies have implicated CCBE1 and a disintegrin and metallopro-
teinase with thrombospondin motifs 3 (ADAMTS3) in the reg-
ulation of VEGFC processing (25-27) and generated a model of
lymphangiogenesis in which VEGFR3-bound VEGFC is cleaved
by CCBE1 and ADAMTS3 during receptor activation (25).
These studies have linked CCBE1 and ADAMTS3 to VEGFC
function, but limitations in the biochemical analysis of VEGFC
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Figure 1. CCBE1 is required for the activity of full-length but not processed VEGFC in vivo. (A) VEGFC-FL was not lymphangiogenic in CCBE1-deficient
animals. Adenovirus expressing VEGFC-FL (Ad-VEGFC-FL) was injected into the skin of Ub-CreERT2 Ccbe?”- animals in which Ccbel had been deleted
by administration of tamoxifen (adult CCBE1-KO) or of control animals. Lymphatic vessels were analyzed 72 hours after adenovirus administration and
12 hours after BrdU administration by immunostaining with the indicated Abs. Arrows indicate BrdU* LEC nuclei. (B) Percentage of LEC nuclei that were
BrdU* (mitotic index) in the skin of adult CCBE1-KO and control animals following exposure to adenovirus expressing VEGFC-FL (Ad-VEGFC-FL). n=5in
each group; **P < 0.001, by unpaired, 2-tailed Student’s t test. (C) LEC proliferation in the skin of adult CCBE1-KO and control animals following exposure
to adenovirus expressing VEGFC-FL was calculated by counting LEC nuclei per high power field. n = 5 in each group; *P < 0.01. HPF, high-power field. (D)
Proteolytically processed VEGFC ANAC was lymphangiogenic in CCBE1-deficient mice. AAV expressing either VEGFC-FL (AAVS-VEGFC-FL) or the core
domain of VEGFC released by proteolysis of the N and C termini (AAV3-VEGFC-ANAC) was injected into the tibialis muscle of adult CCBE1-KO or control
animals. Lymphatic growth was detected using LYVE1 and PROX1immunostaining. Note that lymphatic growth stimulated by VEGFC-ANAC tightly
encircles muscle fibers (right) and lacks the typical branched vascular appearance associated with VEGFC-FL (left). Data shown are representative of 3

separate experiments. Scale bars: 50 pm.

and VEGFD proteolytic processing, a lack of clear correlation
between in vitro and in vivo studies, and a lack of in vivo evi-
dence for the role of ADAMTS3 have limited our understanding
of this complex angiogenic process.

In the present study, we use biochemical, cellular, and
murine genetic approaches to dissect the relationships between
CCBE1, ADAMTSS3, and the lymphangiogenic factors VEGFC and
VEGFD. To biochemically follow VEGFC and VEGFD proteolytic
processing, we inserted an epitope tag into the mature forms of
these proteins that does not interfere with proteolysis or VEGFR3
activation. To test the role of ADAMTS3 in VEGFC and VEGFD
processing ex vivo, we used CRISPR-Cas9 genome editing to

jci.org  Volume126  Number6  June 2016

mutate the ADAMTS3 genes in HEK293 cells. Finally, to deter-
mine whether and to what extent these biochemical and ex vivo
cellular findings predict in vivo lymphangiogenic responses,
we examined lymphatic development in ADAMTS3-deficient
embryos and VEGFC and VEGFD lymphangiogenic responses in
adult CCBE1-deficient mice. Our studies support a mechanism in
which CCBEI1 functions as an activator of the ADAMTS3 protease
that cleaves the N-terminus (NT) of VEGFC. We found that N-ter-
minal cleavage of VEGFC by CCBE1 and ADAMTS3 can occur
independently of the VEGFR3 receptor, but is required for VEGFC
to stimulate VEGFR3 signaling. Consistent with this molecular
model, embryonic ADAMTS3 deficiency resulted in a complete
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loss of lymphatic development in mice, a phenotype also observed
with loss of either CCBE1 or VEGFC. In contrast, VEGFD pro-
cessing was not regulated by either CCBE1 or ADAMTSS3 in vitro,
and CCBE1-deficient animals exhibited normal lymphangiogenic
responses to VEGFD in vivo. We believe that these studies conclu-
sively demonstrate distinct mechanisms of proteolytic activation
for VEGFC and VEGFD that help explain their specific roles in
prenatal and postnatal lymphatic vascular growth.

Results

CCBEI is required for VEGFC to stimulate lymphatic EC prolifera-
tion in vivo. Published studies have demonstrated that CCBE1 can
enhance the lymphatic EC (LEC) response to VEGFC in mice (25)
and fish (26), but direct assessment of the role of CCBE1 in VEG-
FC-mediated LEC responses in vivo is not possible in the devel-
oping mouse or fish, because loss of CCBEL1 results in a complete
absence of lymphatic vessels (20, 22). To directly address the role
of CCBE1in VEGFC-mediated LEC responses in vivo, we deleted
CCBE1 in mature Ub-CreERT2 Ccbel”~ animals after growth and
maturation of the lymphatic network were complete. Deletion of
Ccbel in mature, 12-week-old Ub-CreERT2 Cchel”- animals (adult
CCBE1-KO animals) using long-term, oral tamoxifen administra-
tion did not result in an overt phenotype. Neonatal induction of
Ccbel deficiency compromised lymphatic growth in the ear and
skin (Supplemental Figure 1, A-H; supplemental material available
online with this article; doi:10.1172/JCI83967DS1), sites of post-
natal lymphangiogenesis, but adult CCBE1-KO animals exhibited
normal lymphatic vessel density, WT levels of LEC VEGFR3, and
normal lymphatic function as measured using rhodamine dextran
lymphangiography (Supplemental Figure 1, I-V). Thus, CCBE1 is
required for lymphatic development and growth, but not for the
maintenance or function of mature lymphatic vessels.

To test whether CCBE1 regulates VEGFC responses in vivo,
we injected full-length VEGFC-expressing (VEGFC-FL-express-
ing) adenoviral vectors into the skin of adult CCBE1-KO and litter-
mate control animals. The precise site of VEGFC expression was
marked by red fluorescence generated from a small amount of
coinjected adeno-Cherry (Supplemental Figure 2). LEC prolifer-
ation was measured by cell numbers and the mitotic index calcu-
lated by immunostaining for BrdU that was injected 12 hours prior
to sacrifice. In control animals, adenoviral expression of VEGF-
C-FL stimulated strong LEC proliferation that was manifested by
both the large fraction of LEC nuclei that were BrdU* (approxi-
mately 35%-40%) and by an increase in LEC cell numbers (Fig-
ure 1, A-C). In contrast, adenoviral VEGFC-FL failed to stimulate
any increase in BrdU uptake or LEC numbers in adult CCBE1-KO
animals (Figure 1, A-C; n = 5 for each group, P < 0.001 for BrdU
uptake and P < 0.01 for LEC numbers). To further test the role of
CCBE1 in VEGFC-mediated responses in vivo, we attempted to
rescue VEGFC-FL responses in adult CCBE1-KO mice by induc-
ing expression of CCBE1-V5. Injection of adeno-associated virus
expressing CCBE1-V5 into the skin of adult CCBE1-KO animals
4 weeks before the administration of VEGFC adenovirus suc-
cessfully restored VEGFC-FL-induced LEC proliferation in adult
CCBE1-KO animals (Supplemental Figure 3), confirming that loss
of VEGFC responses is due specifically to a lack of CCBE1 and
that CCBE1-V5 is biologically active in vivo. These studies demon-
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strate that CCBEL1 is required for lymphatic endothelial responses
to VEGFC in vivo, even when an intact lymphatic network is pre-
sented with very high levels of VEGFC ligand.

CCBE1 has recently been implicated in the proteolytic pro-
cessing of VEGFC (25, 26), and transgenic expression of fully
proteolyzed VEGFC (VEGFC ANAC) was found to rescue lym-
phatic growth in CCBE1 morphant zebrafish embryos (26). To
more directly assess the ability of VEGFC ANAC to drive lymphatic
growth in CCBEI1-deficient animals, we next induced expression
of VEGFC ANAC in adult CCBE1-KO mice. Injection of ade-
no-associated virus-VEGFC-FL (AAV-VEGFC-FL) that expresses
VEGFC-FL stimulated a modest lymphangiogenic response in
the tibialis muscle (detected as discrete foci of lymphatic vessels)
that was not observed in adult CCBE1-KO animals (Figure 1D). In
contrast, AAV-VEGFC ANAC injection stimulated a highly robust
growth of LYVEI*'PROX1* lymphatic endothelium surrounding
the muscle fiber sheaths in both control and CCBE1-KO animals
(Figure 1D; n = 3). These studies confirm that CCBE1 is required
for VEGFC function in vivo and further implicate CCBEL1 in the
proteolytic processing of VEGFC in vivo. Significantly, the pattern
of growth in VEGFC ANAC-expressing muscle differed markedly
from that driven by VEGFC-FL in WT animals, with LECs found
ensheathing muscle fibers in unbranched structures, an observa-
tion consistent with a mechanism in which CCBEI1 spatially regu-
lates lymphatic growth in vivo (discussed further below).

VEGFC VHD-FLAG demonstrates that CCBEI drives N-termi-
nal cleavage that may be independent of both C-terminal cleavage and
VEGFR3 interaction. Most studies of VEGFC and VEGFD proteo-
lytic processing have been performed using VEGFR3 ectodomain
pulldown of metabolically labeled proteins to identify the different
species of these secreted growth factors (17, 18). This approach has
successfully demonstrated posttranslational proteolysis of these
proteins, but detection based on VEGFR3 binding may bias protein
detection, because VEGFC and VEGFD proteins bind more weakly
to VEGFR2 and VEGFR3 receptors than do processed proteins (17,
18). VEGFC processing is believed to involve 2 distinct proteolytic
events that combine to release a central peptide, termed the VEGF
homology domain (VHD), that is homologous to VEGFA (17). To
follow VEGFC processing in a direct and unbiased manner, we
introduced a FLAG epitope into the C-terminal end of the VEGFC
VHD immediately adjacent to the well-characterized site of C-ter-
minal cleavage (Figure 2A). To follow proteolytic processing using
VEGFC VHD-FLAG, we first generated a VEGFC VHD-FLAG that
also contained an HA tag fused in frame to the end of the VEGFC
C-terminus (CT). Immunoblot analysis for FLAG in the condi-
tioned medium of HEK293 cells that express VEGFC VHD-FLAG
CT-HA revealed a dominant band of approximately 35 kDa under
reduced conditions (Figure 2B), consistent with a peptide con-
taining the NT and VHD domains of VEGFC. Anti-FLAG immu-
nostaining under nonreduced conditions revealed a strong 58- to
60-kDa band (Figure 2B). Anti-HA immunostaining of the same
blot revealed a 28-kDa band under reduced conditions, consis-
tent with the isolated CT, and a 58- to 60-kDa band identical to
that observed with anti-FLAG Abs under nonreduced conditions
(Figure 1B), indicating that the 58- to 60-kDa band most likely rep-
resents NT-VHD-FLAG and CT-HA peptides bound together by
disulfide bonds (see schematic in Figure 2B).
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Figure 2. VEGFC VHD-FLAG demonstrates increased VEGFC proteolysis with full-length but not truncated CCBE1. (A) Schematic of the VEGFC VHD-FLAG
protein, in which a FLAG epitope (shown in red) is inserted in frame at the C-terminal end of the VHD. The CT cleavage site is shown in green; an HA tag

is placed in frame at the end of the protein CT. Disulfide bonds are predicted to link 2 full-length VEGFC VHD-FLAG molecules as shown in the bottom
panel. (B) Detection of VEGFC VHD-FLAG with a C-terminal HA tag under reduced and nonreduced conditions using anti-FLAG and anti-HA Abs. The
protein domains within the detected bands are illustrated schematically. (C and D) CCBE1-FL drives VEGFC proteolysis in vitro. HEK293T conditioned media
containing VEGFC VHD-FLAG alone or VEGFC VHD-FLAG plus CCBE1-V5 were incubated for 24 hours at 4°C or 37°C prior to detection of FLAG by immuno-
blotting (C). Temporal analysis revealed slow proteolysis of VEGFC in the presence of CCBE1 (D). (E) N-terminal cleavage of VEGFC was independent of
C-terminal cleavage. A VEGFC VHD-FLAG protein containing a mutation that prevents C-terminal cleavage (RR226-227SS) was incubated with CCBE1-V5 or
control conditioned medium for 24 hours. (F and G) A truncated form of CCBE1 lacking its C-terminal collagen-like domain failed to drive VEGFC cleav-

age. VEGF VHD-FLACG was incubated with control conditioned medium, conditioned medium containing full-length CCBE1-V5, and conditioned medium
containing CCBE1175-V5 for 24 hours prior to anti-FLAG immunoblot analysis (F). Full-length CCBE1-V5 was detected as a 70- to 100-kDa smear that was
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expressed at lower levels than the 25-kDa CCBE1175-V5 (G). Data shown are representative of 3 separate experiments. WB, Western blot.

To test the effect of CCBE1 on VEGFC processing, we incu-
bated VEGFC VHD-FLAG with CCBE1-V5 by either mixing con-
ditioned supernatants or cotransfecting a single population of
HEK293T cells. CCBE1-V5 is not well expressed by HEK293T
cells (22, 25), and analysis of silver-stained gels revealed a con-
centration of approximately 1-5 nM CCBE1 (Figure 2G and not
shown). Incubation of VEGFC with CCBE1 resulted in the genera-
tion of a single 19- to 21-kDa protein containing the VEGFC VHD
at 37°C but not 4°C, consistent with enzymatic digestion (Figure
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2C). Timed analysis of mixed supernatants incubated at 37°C for O
to 18 hours revealed progressive cleavage of VEGFC VHD-FLAG,
with complete processing by 18 hours (Figure 2D).

Previous studies of VEGFC processing following protein
expression by HEK293 and other cell types have suggested that
C-terminal cleavage after aa R227 occurs before N-terminal cleav-
age and is highly efficient (17). To determine whether CCBE1-
driven NT cleavage requires prior CT cleavage, we examined the
effect of CCBE1 on VEGFC RR226/227SS-V5, a mutant in which
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Figure 3. CCBE1-dependent proteolysis is required for VEGFC to activate VEGFR3 signaling. (A) Phospho-VEGFR3 was measured by ELISA following LEC
exposure to 5 to 20 nM VEGFC that was incubated with conditioned medium from control HEK293T cells (HEK293T CM) or CCBE1-V5 (CCBET1) or following expo-
sure to VEGFC ANAC-Fc. (B) Schematic representation of the VEGFC cleavage site generated following exposure to CCBE1in HEK293T conditioned medium.

(C) The VEGFC FAAAH109-113LTTTF mutant was not N-terminally cleaved in the presence of CCBE1. (D) N-terminally uncleavable VEGFC (NT uncleavable) was
unable to activate VEGFR3. Phospho-VEGFR3 ELISA was performed as described in A using the indicated concentrations of WT and NT uncleavable VEGFC,
with and without CCBE1. n = 3 for each concentration. Biochemical data shown are representative of 3 separate experiments. CM, conditioned medium.

the CT is not cleaved (17) and the protein is C-terminally tagged.
VEGFC RR226/227SS-V5 was detected as a 58-kDa protein that
was consistent with a VEGFC-FL protein containing the NT,
VHD, and CT domains (Figure 2E). Following exposure to CCBE1,
anti-V5 immunostaining identified a 45-kDa protein that was con-
sistent with the VEGFC VHD and CT domains (Figure 1D). These
findings demonstrate that CCBE1 drives N-terminal VEGFC
proteolysis that is independent of its processing at the CT cleavage
site. Importantly, they also demonstrate that CCBE1 regulation of
VEGFC processing does not require interaction with LECs or the
VEGFR3 receptor (discussed further below).

The CCBEI N-terminal domain does not support VEGFC process-
ing. The CCBE1 protein is composed of an N-terminal domain con-
taining 2 Ca**-binding EGF-like motifs and a C-terminal domain
with GPP repeats resembling those in collagen (20). Since full-
length CCBE1 (CCBEI1-FL) is difficult to express, previous studies
have investigated CCBEL1 function using a truncated protein that
contains only the N-terminal domain (e.g., CCBE1175, ref. 25; and
CCBE1191, ref. 22). To directly test the function of such truncated
CCBElproteins, we expressed VEGFC VHD-FLAG and full-length
CCBE1-V5 or CCBE1 175-V5 in HEK293T cells. Mixing of condi-
tioned media or cotransfection revealed no effect of CCBE1175 on
the processing of VEGFC under these in vitro conditions (Figure

2F), despite the presence of much higher concentrations of CCBE1
175 compared with those of CCBE1-FL (Figure 2G). Additionally,
enzymatic studies revealed that the higher-than-expected molec-
ular weight of CCBE1 and its appearance as a smear rather than a
distinct band are the result of chondroitin sulfate posttranslational
modification in the C-terminal domain (Supplemental Figure
4). These studies reveal that the N-terminal domain of CCBE1 is
not sufficient to drive proteolytic cleavage of VEGFC and suggest
that previous studies using this peptide are not likely to accurately
reflect CCBEI1 function (a conclusion supported by a recent in vivo
structure-function analysis of CCBE]; ref. 27). Possible roles for
the CCBE1 N-terminal domain in potentiating VEGFC proteolysis
in vivo, e.g., by localizing the protein, will require future studies.
Activation of VEGFR3 by VEGFC requires N- and C-terminal
proteolysis and is driven by CCBEI in vitro. Previous studies of
VEGFC processing have assessed its functional impact on VEGFC
activity by measuring binding to the VEGFR3 ectodomain and
common signaling endpoints such as activation of ERK1, ERK2,
and AKT (17, 25). These endpoints are not ideal, because unpro-
cessed VEGFC may bind, but not activate, the receptor (as sug-
gested in a recent model of CCBE1 function; ref. 25), and ERK
and AKT are promiscuous downstream signaling pathways that
do not specifically measure VEGFR3 signaling. To better assess
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Figure 4. ADAMTSS3 is required for N-terminal VEGFC proteolysis in HEK293T cell supernatant. (A) Incubation with EDTA revealed that CCBE1-dependent
VEGFC proteolysis was cation dependent. (B) The ADAMTS3 gene was disrupted in HEK293T cells using CRISPR-Cas9 to generate disabling mutations in
the sequence encoding the ADAMTS3 signal peptide. TSP, thrombospondin 1 motif; sgRNA, single-guide RNA. (C) Incubation of VEGFC VHD-FLAG and
CCBE1-V5 generated by expression in HEK293T cell clones with 3 (WT), 2 (4D5), 1(4F9), or 0 (4C2) WT ADAMTS3 alleles revealed a dose-dependent loss of
VEGFC proteolysis, with loss of ADAMTS3. (D) Expression of ADAMTS3-V5 in HEK293T cells revealed a 220- to 240-kDa doublet in cell lysate and a number
of smaller bands in conditioned supernatant, consistent with extracellular proteolysis. (E) Expression of ADAMTS3-V5 rescued proteolytic processing of
VEGFC VHD-FLAG in ADAMTS37-HEK293T cells. Data shown are representative of 3 separate experiments.

the functional significance of CCBE1 and VEGFC processing, we
therefore measured VEGFR3 receptor phosphorylation in primary
LECs using a phosphorylated VEGFR3 (phospho-VEGFR3) ELISA
(28). Exposure of primary human LECs to VEGFC-containing
conditioned medium without added CCBE1 resulted in little or no
increase in the level of phospho-VEGFR3 as the ligand concentra-
tion was increased from 5 to 20 nM (Figure 3A). In contrast, expo-
sure of LECs to VEGFC plus CCBE1 resulted in a dose-dependent
increase in phospho-VEGFR3 that fully reproduced the response
to an engineered VEGFC ANAC protein (Figure 3A).

The increase in VEGFC ligand activity conferred by CCBE1 is
likely to be due to the role of CCBEL1 in driving N-terminal prote-
olysis. To directly test this mechanism and to better characterize
it at the molecular level, we isolated the 19- to 21-kDa species of
VEGFC VHD-FLAG generated by exposure to CCBE1 and per-
formed N-terminal, Edman sequencing to identify the site of
proteolytic cleavage. The N-terminal sequence of this peptide was
AHYNTEILK, indicating that CCBE1 drives cleavage of VEGFC
following the FAA sequence ending at aa 111 (Figure 3B). Identifi-
cation of the CCBE1-associated N-terminal cleavage site allowed
us to next generate a VEGFC mutant that cannot not be cleaved at
that site to directly test whether N-terminal proteolytic cleavage is
required for VEGFC activity on LECs. Mutation of the FAA-AHY
sequence in VEGFC VHD-FLAG to LTT-TFY (VEGFC-LTTTF)
resulted in a protein that was well expressed by HEK293T cells but
thatwasnot N-terminally cleaved in the presence of CCBE1 (Figure
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3C). VEGFC-LTTTF conferred no increase in phospho-VEGFR3 in
primary LECs, with or without prior CCBE1 exposure. In contrast,
WT VEGFC showed marked increases in phospho-VEGFR3 that
were CCBE1 dependent (Figure 3D). These studies demonstrate
that CCBE1-driven proteolysis of VEGFC is required for the ligand
to activate the VEGFR3 receptor and that the effect of CCBE1 on
VEGFC activity is mediated by N-terminal cleavage.
CCBEI-driven VEGFC proteolysis in HEK293T conditioned
media requires ADAMTS3. Our analysis of the N-terminal cleavage
of VEGFC that is facilitated by CCBE1 revealed proteolysis at FAA-
AHYN, a sequence resembling that at which collagen is processed
by the ADAMTS2 and ADAMTS3 proteases (29). This finding is
consistent with a previous report implicating ADAMTS3 in CCBE1-
mediated VEGFC processing by HEK293 cells (25). To investigate
the role of ADAMTSS3, we first tested the requirement for divalent
cations, as ADAMTS metalloprotease function is cation dependent.
The addition of EDTA to conditioned media containing VEGFC
VHD-FLAG and CCBE1 blocked VEGFC processing (Figure 4A).
This result is consistent with metalloprotease activity, but the EGF-
like domains of CCBEL1 are also predicted to bind calcium, and this
result might therefore reflect inactivation of CCBE1 function. To
more definitively test the requirement for ADAMTS3, we next used
CRISPR-Cas9 to mutate the sequence in the ADAMTS3 gene that
encodes the protease’s signal peptide in HEK293T cells (Figure
4B). Analysis of HEK293T clonal cell populations generated after
transfection with a plasmid encoding guide RNAs targeting this
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Figure 5. ADAMTSS3 is required for lymphatic development in mouse embryos. (A) Loss of ADAMTS3 resulted in severe cutaneous edema at E14.5. Arrow
indicates translucent space between the skin and body, indicative of edema. (B) Loss of ADAMTS3 resulted in a complete lack of PROX1°LYVE1* LECs in
the E14.5 embryo. Note the presence of smaller lymphatic vessels in the skin and larger lymphatic vessels adjacent to the dorsal aorta and cardinal vein in
the WT littermate control embryo. (€) ADAMTS3 was not required for blood vessel development. Blood vessels from an ADAMTS3-deficient and control
embryo were identified using anti-PECAM and anti-FLK1immunostaining. cv, cardinal vein; da, dorsal aorta. Data shown are representative of 3 separate

experiments. Scale bars: 50 um.

sequence and Cas9 revealed that HEK293T cells are triploid for
the ADAMTS3 gene (consistent with previous cytogenetic studies,
ref. 30). HEK293T clones with mutations predicted to disable 1, 2,
or 3 ADAMTSS3 alleles were identified (Figure 4C and Supplemen-
tal Table 1). Analysis of VEGFC VHD-FLAG processing following
expression of VEGFC and CCBE1in ADAMTS3-mutant HEK293T
cell clones revealed complete processing in cells with 3 copies,
partial processing in cells with 1 or 2 copies, and a total loss of pro-
cessing in cells with no WT ADAMTS3 alleles (Figure 4C). Thus,
progressive loss of ADAMTS3 alleles results in a dose-dependent
reduction in CCBE1-driven VEGFC proteolysis.

CRISPR-Cas9 genome editing is highly efficient but may also
result in off-target mutations (31). Thus, it is possible that clones
exhibiting a greaterloss of ADAMTS3 alleles may also harbor larger
numbers of off-target mutations and that the loss of VEGFC pro-
cessing may not be directly attributable to mutations in ADAMTS3.
To further test the causal role for ADAMTS3 in CCBE1-directed

VEGFC processing in vitro, we next expressed ADAMTS3-V5 in
a HEK293T cell clone that lacked all WT ADAMTS3 genes and
did not support VEGFC processing (clone 4C2). Expression of
ADAMTS3-V5 revealed two 220- and 240-kDa molecular-weight
bands in cell lysate and a number of smaller bands in conditioned
supernatant, consistent with ADAMTS3 proteolysis in the extra-
cellular environment (Figure 4D). Expression of ADAMTS3-V5
rescued VEGFC processing in the ADAMTS3-deficient HEK-
293T-mutant cell line and drove highly efficient VEGFC process-
ing in the absence of added CCBE1 (Figure 4E). These genetic
studies demonstrate that CCBE1-driven VEGFC proteolytic pro-
cessing is mediated exclusively by ADAMTS3 in HEK293 cells.
ADAMTS3 is required for lymphatic development in mice. The
studies described above revealed that ADAMTS3 plays a central
and even necessary role in the proteolytic activation of VEGFC in
HEK293T cell-conditioned medium ex vivo. However, ADAMTS3
is highly homologous to ADAMTS14 and ADAMTS?2, proteases
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in HEK293T conditioned medium was cation independent. (B) VEGFD VHD-FLAG proteolysis was not increased by incubation with conditioned medium
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compared with that in mock-injected animals. Data shown are representative of 3 separate experiments. Scale bars: 50 um.

that can also cleave collagen and that are also expressed in the
developing mouse embryo (32, 33). Thus, the ex vivo require-
ment for ADAMTS3 may merely reflect a lack of expression of
related proteases by HEK293T cells and not accurately predict its
in vivo lymphangiogenic role. To define the role of ADAMTS3 in
vivo, we next studied lymphatic development in ADAMTS3-de-
ficient mouse embryos. A null Adamis3 allele (Adamts3) was
generated by deletion of exon 3 in the Adamts3 gene, an event
that removes the propeptidase domain and inserts multiple
STOP codons immediately downstream of exon 2, resulting in
an Adamts3 mRNA predicted to encode a truncated protein lack-
ing the catalytic domain. Adamts37- animals were intercrossed
to generate Adamts37- embryos and littermate controls. In E14.5
mouse embryos, the loss of ADAMTS3 resulted in severe cuta-
neous edema (Figure 5A), a phenotype consistent with a defect
in embryonic lymphatic vascular function. Histologic examina-
tion revealed normal LYVEI*PROXI1* lymphatic vessel growth in
the skin and deeper tissues of Adamts3*~ and Adamts3*/* control
littermates, but LYVEI*PROX1* lymphatic vessels were entirely
absent in embryos lacking ADAMTS3 (Figure 5B), consistent with
a recent report of independently derived Adamis37/- animals (34).

jci.org  Volume126  Number6  June 2016

PECAM and FLK1 staining for ECs revealed normal blood vessel
patterning and growth in Adamis37- embryos (Figure 5C), a find-
ing consistent with the observation that Adamts37- embryos were
not growth retarded (Figure 5A). These findings closely pheno-
copy those previously reported for both Vegfc”~ (6) and Ccbel”~ (22,
24, 27) embryos and reveal that ADAMTS3 plays a necessary and
nonredundant role in lymphatic vascular development in mice.
VEGFD processing is independent of both CCBEl and
ADAMTS3. VEGFC and VEGFD are homologous proteins that
activate VEGFR3, and VEGFD contains N- and C-terminal
domains that are proteolytically processed in a manner similar
to that observed for VEGFC (18). As for VEGFC, a number of
different proteases have been implicated in the proteolytic pro-
cessing of VEGFD (18, 35, 36). Zebrafish genetic studies have
recently suggested that VEGFD function may be regulated by
CCBEI1 (13), but biochemical studies have not revealed an effect
of CCBE1 or ADAMTS3 on VEGFD processing (25). To directly
compare the processing of these 2 lymphangiogenic growth fac-
tors, we generated VEGFD VHD-FLAG in a manner similar to
that used to generate VEGFC VHD-FLAG (Figure 6A). VEGFD
VHD-FLAG secreted from HEK293T cells appeared as 3 dis-
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Figure 7. VEGFC, ADAMTS3, and CCBE1 form a molecular complex prior to VEGFC cleavage. (A) VEGFC did not directly bind CCBE1. VEGFC VHD-FLAG
and CCBE1-V5 conditioned media were mixed prior to immunoprecipitation with anti-V5 Abs and to immunoblot analysis with anti-FLAG Abs. Precipi-
tated CCBE1-V5 is shown in the bottom panel. (B) ADAMTS3 coprecipitated with full-length, but not N-terminal, CCBE1. The indicated conditioned media
were mixed, and CCBE1-V5 was immunoprecipitated. Coprecipitated ADAMTS3-HA is shown at the top, and precipitated CCBE1-V5 proteins are shown at
the bottom. (C) VEGFC coprecipitated with ADAMTS3 in a CCBE1-dependent manner. Conditioned media containing ADAMTS3-HA and VEGFC-V5 were
mixed alone and with media containing untagged CCBE1 prior to anti-V5 immunoprecipitation. (D) ADAMTS3-CCBE1 release of VEGFC required ADAMTS3
enzymatic activity. VEGFC coprecipitation with ADAMTS3 was performed in the presence of untagged CCBET, as described in C, at 4°C and 37°C and in the
presence of EDTA to inhibit metalloprotease activity. Note that VEGFC was retained at 4°C and in the presence of EDTA, conditions that block ADAMTS3

enzymatic activity. Data shown are representative of 3 separate experiments.

tinct 52-, 33-, and 21-kDa bands, consistent with proteins con-
taining NT-VHD-CT, VHD-CT, and VHD domains, respectively
(Figure 6A). In contrast to VEGFC, exposure of VEGFD VHD-
FLAG to either CCBE1-V5 or ADAMTS3-V5 did not increase
the fraction of low-molecular-weight, fully processed protein
(Figure 6B). Conversely, expression of VEGFD VHD-FLAG in
ADAMTS3-deficient HEK293T cells did not reduce the fraction
of low-molecular-weight, fully processed protein (Figure 6B,
right). N-terminal sequencing of the 21-kDa, fully processed
VEGFD VHD-FLAG protein expressed by HEK293T cells
revealed cleavage after R88 rather than A91 (Figure 6C). These
in vitro results are consistent with those of previous studies (18,
25) and demonstrate that despite their structural and sequence
homology, VEGFC and VEGFD are processed by distinct enzy-
matic processes in HEK293T cell-conditioned medium.

To test whether VEGFC and VEGFD are activated through
distinct mechanisms in vivo, we next expressed full-length
VEGFD (VEGFD-FL) in WT and adult CCBE1-KO mouse muscle
using AAV. In contrast to VEGFC, AAV-VEGFD drove lymphatic
vessel growth in both WT and adult CCBE1-KO animals (Figure
6D). These findings demonstrate that, despite their strong aa and

structural homology, VEGFC and VEGFD are processed by dis-
tinct proteases and are regulated independently.

VEGFC, ADAMTS3, and CCBEI interact in a single molecu-
lar complex. The studies described above suggested that VEGFC
is cleaved by ADAMTS3 in a manner that is tightly regulated by
CCBEL. To better understand the molecular interactions that
govern this regulatory mechanism, we next took advantage of
epitope-tagged proteins to examine the physical association of
these proteins. Consistent with previously reported studies (25),
VEGFC VHD-FLAG and CCBE1-V5 could not be coprecipitated
from conditioned supernatant containing both proteins (Figure
7A), indicating that VEGFC and CCBE1 do not directly interact.
In contrast, immunoprecipitation of CCBE1 from conditioned
supernatant containing ADAMTS3-HA and CCBEI-V5 resulted in
efficient coprecipitation of ADAMTS3 (Figure 7B), indicating that
ADAMTS3 and CCBE1 biochemically interact in a robust manner.
ADAMTS3-HA could not be coprecipitated with CCBE1 175-V5
(Figure 7B), consistent with functional studies demonstrating an
inability of this truncated CCBE1 protein to drive VEGFC N-ter-
minal cleavage (Figure 2F). Consistent with this result, CCBE1
D170E-V5, a CCBEL1 protein with a mutation in the N-terminal
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animals with preexisting lymphatic networks (right).

domain that causes loss of lymphatic growth in zebrafish embryos
in vivo (20), retained strong interaction with ADAMTS3 (Figure
7B). Unexpectedly, a small amount of ADAMTS3-HA could be
coprecipitated with VEGFC-V5, suggesting that VEGFC may pull
down some ADAMTS3 in a manner that is dependent on endoge-
nous HEK293T CCBEI1 (Figure 7B). To further explore this find-
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ing and test the possibility of a VEGFC-ADAMTS3-CCBE1 com-
plex, we next induced expression of VEGFC-V5 and ADAMTS3
with untagged CCBE1 and repeated the VEGFC pulldown. In the
presence of added CCBE1, VEGFC-V5 was able to efficiently pull
down ADAMTS3-HA (Figure 7C), consistent with the formation
of a trimolecular complex. To further explore the nature of this
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VEGFC-ADAMTS3-CCBE1 complex, we repeated this experiment
at 4°C, a temperature at which ADAMTS3 activity is expected to
be reduced; at 37°C, a temperature at which ADAMTS3 activity is
expected to be high; and in the presence of EDTA, a known inhib-
itor of ADAMTS proteolytic activity. ADAMTS3 was efficiently
coprecipitated with VEGFC at 4°C and in the presence of EDTA,
but not at 37°C (Figure 7D). These findings support a molecular
model in which ADAMTS3 binds VEGFC in a CCBE1-dependent
manner to form a proteolytic complex that is required for ligand
activation (Figure 8, discussed further below).

Discussion

During embryonic development, lymphatic vessels arise after
organs have formed and rapidly create a vascular network
through a highly stereotyped, spatially controlled angiogenic
program (37). VEGFC is a critical regulator of this process (6,
7), but the VEGFC homolog VEGFD appears to play no required
role in lymphatic development and has been linked instead to
postnatal lymphangiogenesis (12). VEGFC and VEGFD contain
N- and C-terminal extensions that are not found in VEGFA. Cell
culture studies performed almost 20 years ago first revealed that
these extensions are proteolytically removed (17, 18), but the
biological significance of these observations has only recently
begun to emerge from studies connecting defects in lymphatic
vascular development associated with loss of the secreted pro-
tein CCBEL1 to a role for CCBE1 in VEGFC proteolysis (25-27).
However, a clear molecular understanding of these events has
not yet emerged because of the difficulties inherent in follow-
ing VEGFC proteolysis and assessing its role in lymphatic EC
responses ex vivo and in vivo and the evidence supporting a
role for ADAMTS3 in lymphatic development. We addressed
these issues using molecular tags to follow VEGFC and VEGFD
processing without disturbing their molecular activity; genome
editing to test the role of ADAMTS3 ex vivo; and mouse genetic
studies to test the roles of ADAMTS3 and CCBEI1 in vivo. We
found that VEGFC activity is regulated by assembly of a VEGF-
C-ADAMTS3-CCBE1 complex and that loss of ADAMTS3 blocks
lymphatic development in mice in a manner identical to that
induced by loss of CCBE1 or VEGFC. In contrast, proteolysis of
the closely related VEGFD, a growth factor that is dispensable
during lymphatic development, is independent of ADAMTS3
and CCBE1 ex vivo, and its lymphangiogenic activity is indepen-
dent of CCBE1 in vivo. These findings suggest that regulation of
VEGFC activity by ADAMTS3 and CCBEL1 is a molecular mech-
anism for programmed lymphatic growth during development,
while the role of VEGFD may be connected to the lymphangio-
genesis that takes place after lymphatic development is com-
plete and that is regulated by a distinct proteolytic activation
mechanism (Figure 8).

Akeymolecularfindinginthisstudyisthat VEGFC,ADAMTSS3,
and CCBE1 form a trimolecular complex that is required to prote-
olytically activate VEGFC and that this activation mechanism can
take place in the extracellular environment in a manner that does
not require the LEC or the VEGFR3 receptor. Previous studies
have revealed a role for CCBE1 in VEGFC proteolysis (25-27) and
suggested that ADAMTS3 cleaves VEGFC (25), but a clear picture
of how these secreted proteins interact and how their interaction
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regulates lymphatic vascular growth has not emerged. To follow
VEGFC proteolytic processing, many studies have used VEGFR3
ectodomain pulldown (17, 25), an approach that necessarily inserts
the VEGFR3 receptor, biases toward detection of VEGFR3-binding
VEGFC proteins, and emphasizes the role of cell-surface-associ-
ated VEGFC activation. In contrast, our studies demonstrate that
VEGFC can be efficiently activated independently of the VEGFR3
receptor. These findings are consistent with a model in which the
spatial intersection of VEGFC, ADAMTS3, and CCBEL1 proteins
in the extracellular environment creates a trail of active VEGFC
ligand that is followed by LECs to pattern lymphatic development
in the developing embryo (Figure 8B). Such a precise spatio-tem-
poral blueprint may be required for the lymphatic vasculature to
expand as rapidly as it does in mid-gestation, e.g., from a limited
number of progenitor cells to a functional network in only a few
days in the mouse. Future studies that map the extracellular loca-
tion of VEGFC, CCBE1, and ADAMTS3 during lymphatic develop-
ment and use genetic strategies to test their cellular requirements
in vivo will be required to test this model.

The finding that VEGFD proteolysis takes place independently
of ADAMTS3 and CCBE1, both ex vivo and in vivo, demonstrates
a remarkable difference in the regulation of these 2 lymphangio-
genic factors that provides new insight into their distinct in vivo
roles. Gain-of-function studies revealed that VEGFC and VEGFD
have equally powerful lymphangiogenic effects in vivo (15, 38), but
genetic loss-of-function studies have only demonstrated a critical
role for VEGFC during lymphatic development (6, 12). If the pri-
mary role of ADAMTS3-CCBE1 processing is to lay down aroadmap
of activated VEGFR3 ligand that LECs follow to create the primary
lymphatic network, then this can only be accomplished by VEGFC.
In contrast, lymphatic growth after wound healing or inflamma-
tory states is a local process that may be served by the serine pro-
teases released during hemostasis and fibrinolysis, a role consis-
tent with activation of VEGFD by cleavage at a distinct N-terminal
sequence (Figure 5 and refs. 18, 35). Thus, it is reasonable to spec-
ulate that VEGFC and VEGFD have evolved to function in distinct
lymphangiogenic responses, with VEGFC serving as a factor that
regulates spatially programmed lymphatic growth in the developing
embryo and VEGFD serving as a factor that drives reactive, local
lymphatic growth after lymphatic vessels have formed (Figure 8B).
Key support for this division of lymphangiogenic labor is our finding
that ADAMTSS3 is required for lymphatic development in a manner
similar to that previously reported for both CCBE1 and VEGFC, but
not VEGFD. In contrast, previous studies have identified plasmin, a
fibrinolytic serine protease that is activated at sites of tissue injury
and inflammation (39), as being capable of cleaving VEGFD (35).
Future studies that more precisely define the protease(s) responsi-
ble for VEGFD activation and their relationship to VEGFD function
during established models of inflammatory lymphangiogenesis in
vivo will help test this partitioned model of VEGFC and VEGFD
lymphangiogenic function.

It is surprising that, despite its redundant function with
ADAMTS?2 for procollagen processing (29) and close homology
to ADAMTS14 (32), ADAMTS3 plays a nonredundant role in
lymphatic development in mice. The strong physical association
observed between ADAMTS3 and CCBEL1 in our biochemical
studies suggests that the functions of these 2 proteins are tightly
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linked, and we found that the binding of VEGFC by this complex
required the presence of ADAMTS3. Mutations in CCBEI account
for only 25% of cases of the human primary lymphedema syn-
drome known as Hennekam syndrome (19, 40), with another
20% attributable to mutations in the gene encoding the atypical
cadherin FAT4 (41). The highly specific disruption of lymphatic
development with loss of ADAMTS3 in developing mice suggests
that loss-of-function mutations in ADAMTS3 may also contribute
to Hennekam syndrome and that FAT4 may bind one or more
of the components of the VEGFC-ADAMTS3-CCBE1 complex
required to generate active VEGFC. Future studies addressing
the biochemical and genetic relationships between these proteins
will better define how this complex regulates lymphangiogenesis
in vivo as well as its contribution to human lymphatic diseases.

There remains the molecular question of precisely how prote-
olysis activates the VEGFC ligand to drive lymphatic development
and growth. Our findings and previous studies (17, 25) clearly
demonstrate a requirement for proteolytic removal of N and C
termini that are covalently linked to each other for activation of
the VEGFR3 receptor by VEGFC. Several molecular mechanisms
may explain this requirement. The most straightforward mecha-
nism is that the presence of the N and C termini sterically prevents
the VEGFC core ligand (i.e., the VHD) from engaging the VEGFR3
receptor to induce receptor signaling. Alternatively, the NT or CT
may actively oppose VEGFC activity, e.g., by binding a distinct
site in VEGFR3 or VEGFC itself. In the course of our studies, we
generated a VEGFC ligand that had an uncleavable 192-aa CT: one
in which the CT was replaced with a 22-aa FLAG-V5 tag and one
in which there was no CT following the VHD. All of these ligands
were efficiently cleaved at the NT, but we observed a progressive
loss of VEGFR3 activation as the C-terminal extension grew in
length from O to 22 to 192 aa (Supplemental Figure 5). The pro-
gressive loss of function conferred by longer C-terminal tags sup-
ports the more straightforward model of steric hindrance during
the docking of VEGFC to VEGFR3 (42).

The discovery of such diverse and complex regulatory mech-
anisms for VEGFR3 activation reveals an unexpected complexity
in the control of lymphatic vascular growth with implications for
therapeutic lymphangiogenesis or lymphangiogenic blockade.
How important are the stoichiometry and spatial relationships of
VEGFC, ADAMTS3, and CCBEI for productive lymphangiogen-
esis? The lymphatic structures generated in response to VEGFC
ANAC expression in the muscle of mature mice appeared highly
abnormal, as these structures tightly encircled the muscle fibers
that expressed that growth factor and did not form typical branch-
ing structures (Figure 1D). In contrast, VEGFC-FL stimulated the
growth of branched lymphatic structures, presumably as a result
of the influence of endogenous regulators such as CCBE1 and
ADAMTS3. We do not yet understand the expression of these
VEGFC regulators, however, and an entirely distinct set of reg-
ulators may exist for VEGFD. Conversely, it now appears that
inhibition of lymphangiogenesis mediated by VEGFC may be
achieved by blockade of CCBE1 or ADAMTS3. In some contexts,
especially in cancer growth, the complexity of blood vessel growth
has proven to be a critical barrier to antiangiogenic therapies (43);
it appears that lymphatic vessel growth is no less complex and that
therapeutic applications will face equally large challenges.
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Methods

Mouse lines

ProxI-GFP and Ccbel conditional and null alleles were previously
reported (24, 44). Adult VEGFC-KO and VEGFD-KO mice have been
previously described (45, 46). The Ub-CreERT2 allele was obtained
from The Jackson Laboratory (catalog 7001). The Adamis3-targeted
mice were obtained from Adamts3«®OMPDWsi (clone ID: EPD0660 2
C10) sperm from the UC Davis KOMP Repository (https://www.komp.
org). Adamis3-null mice were generated by crossing Adamgs3miaKoMrwisi
(clone ID: EPD0660 2 C10) and Ella-Cre animals. Neonatal and
adult deletions were induced by administration of tamoxifen as pre-
viously described (24). Adult animals were maintained on tamoxifen
chow for more than 6 weeks before the in vivo studies to ensure a high-
deficiency state.

Viral expression of VEGFC in vivo
Cutaneous adenoviral expression. Adeno-VEGFC (47) or control aden-
ovirus expressing either VEGFB or GFP (2 x 10® to 2 x 10° PFU) was
injected s.c. into the dorsal skin of adult mice. Adeno-mCherry (1 x
108 PFU) was coinjected to identify the site of expression prior to skin
harvesting. BrdU was injected i.p. 24 hours before harvesting to label
proliferating cells. Adeno-VEGFC was provided by the Alitalo labora-
tory (University of Helsinki, Helsinki, Finland) and was also a gift of
Calvin Kuo (Stanford University, Palo Alto, California, USA).
Muscular AAV expression. AAV9 constructs containing murine full-
length VEGFC, VEGFC ANAC, or full-length VEGFD were used (38).
Viral particles (9-12 x 10'°) mixed with AAV9-mCherry were injected
into the left tibialis anterior and/or gastrocnemius muscles. Muscles
were harvested 4 weeks after injection for histologic analysis of lym-
phatic growth.

Histologic analysis

Paraffin-embedded tissue sections were used for all histologic stud-
ies. Immunofluorescence was performed with polyclonal anti-mouse
Abs against PROX1 (Abcam; catalog 76696), LYVE1 (R&D Systems;
catalog AF2125), and BrdU. Images were acquired with a Nikon
Eclipse 80i microscope using a x20/0.50 or x40/0.75 numeric aper-
ture (NA) dry objective.

Generation of epitope-tagged VEGFC, CCBE1, and ADAMTS3 proteins
Full-length human c¢cDNAs for VEGFC, VEGFD, CCBEl, and
ADAMTS3 were obtained from GE Dharmacon. Epitope-tagged
cDNAs were generated through PCR amplification using primers
containing in-frame V5, FLAG, or HA tags. Point mutations in CCBE1
and VEGFC were generated using the QuikChange II Site-Directed
Mutagenesis Kit (Agilent Technologies). All final constructs were con-
firmed by nucleotide sequencing. The list of primers used in cloning
are indicated in the Supplemental Methods.

Protein expression and characterization

Epitope-tagged cDNA constructs were cloned into pcDNA 3.1+ and
transfected into WT HEK293T cells (Invitrogen) or mutant HEK 293T
lines where indicated (Figure 4 and Figure 6B). Cells were plated at
a density of 3 x 10° cells per 10 cm? and transfected using Lipofect-
amine 2000 (Invitrogen). Unless otherwise indicated, conditioned
media were collected 72 hours after transfection. Conditioned super-
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natants were mixed at a 1:1 ratio unless otherwise indicated and incu-
bated for 18 hours at 37°C prior to analysis. Untransfected HEK293T
conditioned media were collected and used as control supernatants.
Western blotting was performed using anti-V5 HRP (Invitrogen; cat-
alog 46-0708); anti-FLAG (Sigma-Aldrich; catalog A8592-1MG); and
anti-HA (BioLegend; catalog MMS-101P-500) Abs and developed
using ECL reagent (Thermo Fisher Scientific).

Phospho-VEGFR3 ELISA assay

Neonatal LECs were obtained from Lonza and used between passages
6 and 8. LECs were plated onto 6-well plates at a density of 3 x 10°
cells per 10 cm? and serum starved with 900 pl starving media (EBM2
media [Lonza] plus 0.1% BSA [Sigma-Aldrich]) for 6 hours at 37°C.
Serum-starved LECs were treated with 100 pl of the indicated condi-
tioned media (Figure 3) for 15 minutes at 37°C. The media were then
aspirated and the cells washed 3 times with cold PBS before being lysed
with 150 ul phospho-VEGFR3 lysis buffer (1% NP-40 Alternative, 20
mM Tris [pH 8.0], 137 mM NacCl, 10% glycerol, 2 mM EDTA, 1 mM
activated sodium orthovanadate, and 10% protease inhibitors). Sam-
ples were collected and the steps followed according to the instruc-
tions in the Human Phospho-VEGFR3 ELISA Kit (R&D Systems).

Immunoprecipitation

Conditioned supernatants were harvested and mixed for 18 hours
at 4°C before addition of anti-V5-tag magnetic beads (MBL). Beads
were washed 3 times using Opti-MEM (Thermo Fisher Scientific)
and bound proteins and then eluted in sample buffer and analyzed by
Western blotting.

CRISPR-Cas9 generation of ADAMTS3-deficient HEK293T cells

Guide RNAs targeting the signal peptide of ADAMTS3 were cloned
into the pSpCas9(BB)-2A-Puro (PX459) V2.0 plasmid (Addgene).
The resulting plasmids were then transfected into HEK293T cells
on 6-well plates using FuGENEG reagent and standard protocols.
The transfected cells were then selected by addition of puromy-
cin to the media between 12 and 36 hours after transfection, and
the selected cells were then clonally diluted onto 96-well plates.
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After 2 weeks of growth, wells with single colonies were identified
and subsequently expanded. For each of these HEK293T clones,
the targeted region of the ADAMTS3 gene was then amplified by
PCR, and individual PCR products were isolated by TA cloning
(T Easy vector; Promega; catalog A1360). A sample of the ampli-
fied ADAMTS3 alleles present in each cell line was obtained by
sequencing at least 10 different TA-cloned PCR products from each
line. Using this approach, HEK293T clones with 0, 1, 2, and 3 copies
of the mutant ADAMTS3 gene were identified.

Statistics. All error bars indicate the SEM. An unpaired, 2-tailed
Student’s ¢ test was applied to determine statistical significance. A P
value of less than 0.01 was considered significant.

Study approval. All animal protocols were approved by the IACUC
of the University of Pennsylvania.
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