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Summary

Proteolysis of the extracellular matrix influences vascular growth. We examined the expression of ADAMTS-1, -4, and -5
metalloproteinases and their proteoglycan substrates versican, decorin, and biglycan as human umbilical vein endothelial
cells (HUVECs) formed tubes within type | collagen gels in vitro. Tubulogenic and control HUVEC cultures expressed
low levels of ADAMTS-I and -5 mRNAs, but ADAMTS-4 mRNA was relatively abundant and was significantly elevated
(as was ADAMTS-4 protein) in tubulogenic cultures versus controls. Immunocytochemistry revealed ADAMTS-4 in
f-actin- and cortactin-positive podosome-like puncta in single cells and mature tubes. Tubulogenic and control cultures
expressed low levels of versican and decorin mRNAs; however, peak levels of biglycan mRNA were 400- and 16,000-fold
that of versican and decorin, respectively. Biglycan mRNA was highest at 3 hr, declined steadily through day 7 and, at 12
hr and beyond, was significantly lower in tubulogenic cultures than in controls. Western blots of extracellular matrix from
tubulogenic cultures contained bands corresponding to biglycan and its cleavage products. By immunocytochemistry,
biglycan was found in the pericellular matrix surrounding endothelial tubes and in cell-associated puncta that co-localized
with ADAMTS-4 and cortactin. Collectively, our results suggest that ADAMTS-4 and its substrate biglycan are involved
in tubulogenesis by endothelial cells. (] Histochem Cytochem 62:34—49, 2014)
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Introduction

The growth of new blood vessels from pre-existing vascu-
lature (angiogenesis) is characteristic of the normal devel-
opment of tissues and organs, the menstrual cycle,
inflammation, and wound healing, and pathologies such as
diabetes, arthritis, and cancer. Vascular growth and regres-
sion are regulated by a variety of processes. Among these
are interactions between sprouting endothelial cells and
their surrounding extracellular matrix (ECM) that are regu-
lated, in part, by matrix metalloproteinases (MMPs)
(Handsley and Edwards 2005). Closely related to the
MMPs is the recently discovered family of ADAMTS (A
Disintegrin And Metalloproteinase with ThromboSpondin

motifs) ECM metalloproteinases, which is represented by
19 genes in humans (Apte 2009; Porter et al. 2005; Rocks
et al. 2008). A few studies have implicated specific
ADAMTS members in angiogenesis, as shown by the
upregulation of ADAMTS-4 in gene expression arrays of
tubulogenic endothelial cell cultures (Kahn et al. 2000) and
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inhibition of vascular development in vivo by ADAMTS-1
and -8 (Vazquez et al. 1999).

Like their MMP relatives, ADAMTS members act on a
variety of ECM substrates. Prominent among these are pro-
teoglycans, such as aggrecan (Porter et al. 2005) — a major
structural component of cartilage (Roughley 2001). Among
the proteoglycan substrates for ADAMTS members are
molecules that are implicated in angiogenesis, such as ver-
sican (Cattaruzza et al. 2002; Fu et al. 2011; Koyama et al.
2007) — a substrate for ADAMTS-1, -4, and -5 (Sandy et al.
2001), decorin (Fiedler et al. 2008; Jarveldinen et al. 1992;
Schonherr et al. 2004) — a substrate for ADAMTS-4
(Kashiwagi et al. 2004), and biglycan (Kaji et al. 2000;
Schoénherr et al. 2004) — a substrate for ADAMTS-4 and -5
(Melching et al. 2006). Although these and other studies
have established an enzyme/substrate relationship between
ADAMTS-1, -4, and -5 and the proteoglycans versican,
decorin, and biglycan, the relationship between these two
groups of molecules in the setting of vascular morphogen-
esis has not been fully investigated. In particular, it is not
known whether this enzyme/substrate relationship is con-
fined to specific membrane microdomains during capillary
tube formation by sprouting endothelial cells. Accordingly,
the present study utilizes an established model of capillary
tube formation in vitro in 3-dimensional (3D) collagen gels
to examine the relationship between stages of vascular mor-
phogenesis and the expression patterns of ADAMTS-1, -4,
and -5 and their proteoglycan substrates versican, decorin,
and biglycan.

Materials and Methods

Routine Cell Culture

For routine cell culture, human umbilical vein endothelial
cells (HUVECSs) (Cascade Biologics, Portland, OR) were
grown in plastic culture flasks at 37C/5% CO § in complete
EGM-MV2 medium (Lonza, Basel, Switzerland) supple-
mented with 100 U/ml penicillin and 100 pg/ml streptomy-
cin. Cells were used for experiments at passage 4 or less.

Assay of HUVEC Tubulogenesis in 3D Collagen
Gels

HUVECs were cultured in 3D collagen gels according to
an established method (Davis and Camarillo 1996), with
modifications as follows. Collagen gels (2.5 mg/ml) were
prepared from 1 volume of rat tail type I collagen stock
(BD Biosciences, Bedford, MA), 1/9 volume of 10-strength
Medium 199 (Sigma-Aldrich, St. Louis, MO), 1% fetal
bovine serum (FBS) (final concentration) and EGM-MV2
added ¢.s. The EGM-MV?2 used for collagen gel prepara-
tion and cell culture had the manufacturer’s proprietary
basic fibroblast growth factor (bFGF) and vascular endo-
thelial growth factor (VEGF) omitted (Koike et al. 2003).

Collagen solutions, containing 1 x 10° HUVECs/ml, were
applied in 150 pl volumes to woven nylon rings (Taylor et al.
2006; Vernon and Sage 1999) (12.6 mm outer diameter,
7.9 mm inner diameter) (Sefar America, Inc., Monterey
Park, CA), and polymerized for 30 min in a 37C/5% CO,
incubator. The collagen gel/ring assemblies were cultured
in 24-well plates in EGM-MV2/1% FBS. To induce tube
formation, the cultures were supplemented with 30 ng/ml
of recombinant human bFGF (PeproTech, Inc., Rocky
Hill, NJ), 30 ng/ml of recombinant human VEGF
(PeproTech), and 100 ng/ml of phorbol 12-myristate
13-acetate (PMA) (Sigma-Aldrich) (Koike et al. 2003).
Non-tubulogenic (control) cultures of HUVECs were pre-
pared using the same 3D collagen gel/ring assemblies;
however, the cultures received reduced quantities of bFGF
and VEGF (2 ng/ml each) and no PMA. All cultures were
maintained at 37C ina €O, incubator for up to 7 days with
a change of medium every 48 hr. For routine assessment
of tube formation, cultures were fixed with 1% neutral-
buffered formalin (NBF) and stained with 1% crystal vio-
let (Koike et al. 2003).

Isolation of RNA from HUVECs Cultured in 3D
Collagen Gels

Each collagen gel/ring assembly, with HUVECs, was
washed briefly with phosphate-buffered saline (PBS), pH
7.4, then vortexed in a 2 ml centrifuge tube in 800 pl of
Solution D (Chomczynski and Sacchi 1987) until the col-
lagen gel dissolved. Subsequently, the nylon rings were
removed and 80 pl of 2 M Na acetate (pH 4.0), 800 ul of
HZO—saturated phenol, and 160 pl of chloroform:isoamyl
alcohol (49:1 vol:vol) were added to each tube, shaken for
10 sec, and cooled on ice for 15 min. The emulsions were
centrifuged (14,000 x g) at 4C for 15 min and the upper
(aqueous) phases transferred to new, RNase-free tubes. An
equal volume of isopropanol was added to each tube, mixed,
and chilled to -20C for at least 3 hr. The precipitates were
pelleted, redissolved, and precipitated twice more with
Solution D and isopropanol. The final pellets were washed
3 times in 800 pl of 75% ethanol at -20C, pelleted at 4C, and
dissolved into 30 pl of RNase-free water for storage and
further evaluation.

Analysis of HUVEC mRNA

Total RNA from HUVEC cultures, isolated as described
above, was analyzed by quantitative reverse transcriptase
polymerase chain reaction (QRT-PCR). cDNA was pre-
pared from 1 pg of total RNA, reverse transcribed in a 40
pl reaction mixture with random primers using the High-
Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA). Relative quantitation of
gene expression was performed using TagMan® Gene
Expression Assays (Applied Biosystems) with the
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following assay numbers: Hs00199608 m1 (ADAMTS-1),
Hs00192708 m1 (ADAMTS-4), Hs00199841 ml and
Hs01095523 m1 (ADAMTS-5), Hs00171642 m1 (versi-
can), Hs00156076_m1 (biglycan), and Hs00370384 ml
(decorin). To conduct the assays, 40 ng of cDNA was
amplified in 1-strength TagMan Fast Universal PCR mix
with 250 nM of TagMan probe using the Fast program for
50 cycles on an ABI 7900HT PCR System (Applied
Biosystems). Samples were assayed in duplicate. mRNA
levels were normalized to eukaryotic 18S rRNA. Estimated
copy numbers were generated from a standard curve cre-
ated from a reference cDNA template and TagMan probe
(Shih and Smith 2005). Final values of mRNA expression
were averaged from three different experiments, each con-
sisting of triplicate experimental and control HUVEC
cultures.

Western Blot Analysis of ADAMTS-4

ADAMTS-4 levels in conditioned media and cell lysates from
HUVEC cultures were measured by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and western
blotting as follows. Conditioned media were collected from
culture wells and the collagen gels containing the HUVECs
were removed from the nylon rings, transferred to 15 ml
tubes, and centrifuged at 1,500 xg at 4C for 5 min to compress
the gels. Medium expressed from each of the centrifuged gels
was combined with the corresponding sample of conditioned
medium. The pelleted collagen gel/HUVEC material (cell
lysate) was dissolved in urea buffer (8 M urea/50 mM Tris-
HC1/0.25 M NaCl/2% Triton X-100, pH 7.5) supplemented
with the protease inhibitors 6-aminohexanoic acid (100 mM),
N-ethylmalemide (5 mM), phenylmethylsulfonyl fluoride
(1 mM) (all from Sigma-Aldrich), and benzamidine HCI
(5 mM) (Eastman Kodak, Rochester, NY)). Protein concentra-
tions of the conditioned media and cell lysates were deter-
mined using a Bradford Protein Assay Kit (Thermo Fisher
Scientific, Rockford, IL). Cell lysates and conditioned media
(50 pg and 100 pg total protein, respectively) were precipi-
tated with ethanol, dried, reconstituted in 3-strength Laemmli
sample buffer, resolved by SDS-PAGE, and transferred to
nitrocellulose membranes. The membranes were blocked for
1 hr in Tris-buffered saline/0.05% Tween-20 (TBS-T) with
2% bovine serum albumin (BSA) and exposed overnight at
4C to polyclonal rabbit anti-human ADAMTS-4 antibody
(PA1-1749A, Thermo Fisher Scientific). Bound antibodies
were detected with an alkaline phosphatase-goat anti-rabbit
IgG secondary antibody (Jackson ImmunoResearch, West
Grove, PA) and chemiluminescence (Tropix®-CSPD",
Applied Biosystems).

Immunofluorescence (IF) Labeling of HUVECs

For ADAMTS-4 IF labeling of HUVECs in 3D collagen
gels, the samples were fixed 30 min in NBF, immersed

30 min in 100% ice-cold methanol, and blocked for 2 hr in
5% normal goat serum (NGS). Blocked specimens were
incubated overnight in a 1:200 dilution of a polyclonal rab-
bit anti-human ADAMTS-4 antibody (ab84792, Abcam,
Cambridge, MA), washed for 1 hr in PBS, exposed for 3 hr
to a 1:800 dilution of Alexa-Fluor®-conjugated goat anti-
rabbit IgG secondary antibody (Invitrogen, Grand Island,
NY), and washed overnight in PBS. Nuclei were counter-
stained with TO-PRO"-3 iodide (Invitrogen). Cellular fila-
mentous (f)-actin of selected samples was labeled with
Alexa-Fluor-conjugated phalloidin (Invitrogen). For
double-label IF of ADAMTS-4 and biglycan, 3D gels con-
taining HUVECs were fixed for 30 min in NBF, immersed
for 30 min in 100% ice-cold methanol, treated with 0.2 U/ml
chondroitinase ABC lyase (Seikagaku, Tokyo, Japan) for
1 hr at 37C, and blocked for 2 hr in 5% NGS. After block-
ing, the specimens were incubated overnight in 1:200 dilu-
tions of rabbit anti-human ADAMTS-4 antibody (see
above) and a mouse monoclonal antibody to human bigly-
can (ab54855, Abcam), then washed for 1 hr in PBS,
exposed for 3 hr to Alexa-Fluor-conjugated secondary
antibodies, and washed overnight in PBS. Nuclei were
counterstained with TO-PRO-3 iodide. For some experi-
ments, cultures labeled for ADAMTS-4 (ab84792) or big-
lycan (using a rabbit polyclonal antibody to human
biglycan; ab49701, Abcam) were double-labeled with a
mouse monoclonal antibody to cortactin (ab33333,
Abcam). Digital images of all IF-labeled specimens were
obtained with a Leica TCS-SPS II confocal microscope
(Leica Microsystems, Wetzlar, Germany).

Western Blot Analysis of Proteoglycans

Levels of proteoglycans (decorin, versican, and biglycan) in
conditioned media and cell lysates from HUVEC cultures
were measured by SDS-PAGE and western blotting in a
manner similar to that described above for analysis of
ADAMTS-4. To concentrate the proteoglycans, samples
were applied to DEAE Sepharose anion exchange mini-
columns, washed, and then eluted by three column volumes
of 8 M urea/3M NaCl buffer. The eluates were precipitated
with ethanol, dried, and digested for 3 hr at 37C in 0.05 U/
ml of chondroitin ABC lyase (Northstar BioProducts™,
Associates of Cape Cod, Inc., East Falmouth, MA) in a buf-
fer of 0.3 M Tris-HCl/18 mM sodium acetate, pH 8.0.
Digested samples were resolved by SDS-PAGE, transferred
to nitrocellulose membranes, blocked for 1 hr in TBS-T/2%
BSA, and then exposed overnight at 4C to rabbit polyclonal
antibodies against human biglycan (LF-51) (Fisher et al.
1995) and human decorin (LF-30) (Corsi et al. 2001; Fisher
et al. 1995), and a mouse monoclonal antibody against
human versican (2-B-1) (Northstar Bioproducts) (Chan et al.
2010). Bound antibodies were detected with appropriate
alkaline phosphatase-conjugated secondary antibodies and
chemiluminescence (Tropix-CSPD).
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Results

HUVECs Undergo Tubulogenesis in 3D Collagen
Gels

For study of vascular growth in vitro, we chose a model in
which HUVECs are dispersed within a 3D, native type |
collagen gel and exposed to angiogenic factors in the pres-
ence of low serum (Davis and Camarillo 1996). Under these
conditions, the cells organize within 48 hr into a network of
thin-walled tubes that closely resemble native capillaries.
These tubes also undergo secondary sprout formation,
which is characteristic of angiogenesis. In this model, PMA
has been shown to be the most important factor for induc-
tion of tube formation, via the activation of protein kinase C
(Taylor et al. 2006).

The development of capillary-like structures in tubulo-
genic HUVEC cultures proceeded as follows: within 6 hr
after dispersion in the collagen gel, cells began to extend
filopodia (Fig. 1A). By 24 hr, cells began to elongate and
interact with one another (Fig. 1B). After 3 days, the cells
had organized into networks of multicellular cords, many of
which contained large, coalescing vacuoles typical of tube
formation (Fig. 1C). After 5 days, multicellular tubes with
thin walls and wide lumens predominated (Fig. 1D) and
were maintained through day 7 of culture. In contrast, the
control HUVEC cultures (also maintained in 3D collagen
gels, but without PMA) showed no evidence of tube forma-
tion over 7 days (Fig. 1E-H).

Tubulogenic HUVECs Upregulate ADAMTS
mRNAs

We examined the relationship between the time-course of
HUVEC tubulogenesis in vitro and the expression of
ADAMTS-1, -4, and -5 mRNAs (Fig. 2A—C). In tubulo-
genic HUVEC cultures in collagen gels, ADAMTS-1
mRNA (Fig. 2A) was upregulated significantly within 3 hr
relative to control, non-tubulogenic HUVECs cultured in
collagen gels in the absence of PMA; however, this initial
increase was followed by a steady decline in ADAMTS-1
mRNA in both tubulogenic and control cultures by 612 hr.
Of note, however, ADAMTS-1 mRNA in the tubulogenic
cultures increased sharply at 24 hr, which was not observed
in the control cultures. The sharp increase in ADAMTS-1
mRNA in the tubulogenic cultures coincided with the
beginning of cell-cell interactions and vacuole formation.
ADAMTS-1 mRNA levels in the tubulogenic cultures were
further increased at 48 hr (when the cultures received fresh
medium) and remained significantly elevated, relative to
the controls, as tube formation proceeded through day 7 of
culture.

The expression pattern of ADAMTS-4 mRNA in tubulo-
genic HUVEC cultures (Fig. 2B) was distinctly different
from that of ADAMTS-1 mRNA. Levels of ADAMTS-4

Control

Tubulogenic

(A)

Figure |. Tubulogenesis of HUVECs in 3D collagen gels. A-D
represent tubulogenic cultures. (A) At 6 hr, cells extend filopodia
into the surrounding collagen. (B) At 24 hr, cells elongate and
interact (arrows). (C) At 3 days, multicellular cords (arrow “C”)
and developing tubes with large, coalescing vacuoles (arrow
“V”) are present. (D) At 5 days, cultures contain fully-developed
tubes (arrows) with patent lumens and thin walls. Corresponding
control HUVEC cultures (E-H), where the cells were maintained
in 3D collagen gels, but without PMA, showed no evidence of
tube formation over 7 days. Cultures A—H are stained with crystal
violet and imaged by transmitted light at equal magnification. In
A, scale bar = 50 ym.

mRNA increased steadily from the onset of culture, peaking
at 24 hr at the beginning of tube formation and declining
steadily thereafter through day 7. At peak expression, the
copy number of ADAMTS-4 mRNA in the tubulogenic cul-
tures was approximately 10-fold higher than that of
ADAMTS-1 mRNA. Expression of ADAMTS-4 mRNA in
control cultures also peaked at 24 hr, but with significantly
lower levels in comparison to tubulogenic cultures (Fig. 2B).

Compared to ADAMTS-1, and -4 mRNAs, the expres-
sion level of ADAMTS-5 mRNA in tubulogenic cultures
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Figure 2. Time-course of expression of ADAMTS mRNA/protein and proteoglycan mRNA during HUVEC tubulogenesis. In graphs
A—-C and F-H, mRNA expression by tubulogenic and control cultures in 3D collagen gels is indicated by gray and white bars,
respectively. Copy numbers of all nRNAs are calculated per 10° 185 rRNA. On x-axes and at the top of gel lanes, the designation
“D” refers to “day” and “h” refers to “hours.” (A) ADAMTS-I mRNA in tubulogenic cultures diminishes from 3—12 hr, but increases
sharply at 24 hr and remains elevated thereafter. The mRNA expression pattern in controls is similar, but is generally lower and
does not increase at 24 hr. (B) ADAMTS-4 mRNA in tubulogenic cultures peaks at 24 hr and decreases thereafter; controls are
significantly lower at all time points. (C) ADAMTS-5 mRNA is detectable only at days 2—7 in tubulogenic cultures and is undetectable
in controls. (D, E) Western blots of ADAMTS-4 in cell lysates (D) and conditioned media (E). (D) An immunolabeled band of M_
53-56 kDa is present in tubulogenic cell lysates at days 2 through 6, but in control cell lysates at day 2 only (the position of the
band in the representative blots is shown by the arrow at right). Loading (B-actin) controls for the cell lysates are also shown. (E)
An immunolabeled band of M_47 kDa appears in conditioned media from tubulogenic cultures at 12 hr, peaks strongly at 24-48 hr,
and diminishes at days 4 and 6. This band is present in conditioned media from control cultures at 24 hr through day 6, but it does
not peak strongly at 24—48 hr. (F-H) Expression of proteoglycan mRNAs. (F) Versican mRNA peaks at 24 hr, but drops sharply
thereafter on days 2-7. Levels are similar between tubulogenic and control cultures. (G) In tubulogenic cultures, decorin mRNA
increases markedly at 12-24 hr, but is very low before and after these time points. Decorin mRNA is uniformly low in control
cultures. (H) In tubulogenic and control cultures, biglycan mRNA levels are highest at 3 hr and, thereafter, decline steadily through
day 7. At 12 hr and beyond, mRNA levels are significantly lower in tubulogenic cultures versus controls. Biglycan mRNA is expressed
in high abundance relative to versican and decorin mRNAs. For A—C and F-H, error bars = standard deviation. *p < 0.05 tubulogenic
cultures versus controls.
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was distinctly different, being undetectable from 3-24 hr of
culture, but appearing at days 2 through 7 (Fig. 2C). At peak
expression, however, the abundance of ADAMTS-5 mRNA
was very low in comparison to ADAMTS-4 mRNA.
ADAMTS-5 mRNA was not detectable in the control
cultures.

ADAMTS-4 Accumulates in Cell Lysates and
Conditioned Media of Tubulogenic HUVEC
Cultures

The robust upregulation and high abundance of ADAMTS-4
mRNA in the tubulogenic HUVEC cultures, and its peak
during the onset of tubulogenesis, led us to focus on
ADAMTS-4 in subsequent experiments. We examined the
expression of ADAMTS-4 protein in western blots of cell
lysates and conditioned media from HUVEC cultures by
using a specific antibody that recognizes the catalytic
domain of ADAMTS-4. The M of ADAMTS-4 in cell
lysates (53-56 kDa) (Fig. 2D) and conditioned media (47
kDa) (Fig. 2E) was consistently lower than the M of 70
kDa for full-length ADAMTS-4, as previously reported
(Kashiwagi et al. 2004); however, these authors and others
(Corps et al. 2008; Flannery et al. 2002; Powell et al. 2007)
also reported forms of ADAMTS-4 of Mr 53 kDa, 45 kDa,
and 37-40 kDa in western blots of conditioned media from
cultured cells of human or porcine origin, which was attrib-
uted to post-secretory processing of the full-length form. In
cell lysates of tubulogenic HUVEC cultures (Fig. 2D),
ADAMTS-4 was detectable at culture day 2 and beyond,
whereas, in conditioned media from these cultures (Fig.
2E), ADAMTS-4 appeared at low levels at 12 hr and peaked
strongly at 24-48 hr, diminishing thereafter on culture days
4 and 6. In contrast, ADAMTS-4 in cell lysates from con-
trol HUVECs cultured in collagen gels in the absence of
PMA was detectable at culture day 2 only (Fig. 2D). In con-
ditioned media from the controls (Fig. 2E), ADAMTS-4
was present from 24 hr onward, but not at the elevated lev-
els at 2448 hr observed in conditioned media from the
tubulogenic cultures.

Expression of Proteoglycan mRNAs by Cultured
HUVECs Changes over Time

Subsequent experiments focused on the ADAMTS proteo-
glycan substrates versican, decorin, and biglycan. We
examined the expression of versican, decorin, and biglycan
core protein mRNAs by tubulogenic HUVECs (Fig. 2F—H).
Versican mRNA (Fig. 2F) increased from 3-24 hr, but
dropped sharply thereafter on days 2-7. Levels were
expressed at relatively low copy numbers and were similar
between tubulogenic cultures and control HUVECs cul-
tured in collagen gels in the absence of PMA. The pattern of
decorin mRNA expression (Fig. 2G) was similar to that of

versican, but with a more pronounced upregulation at 12—
24 hr and a significant difference between tubulogenic and
control cultures at these two time points. Peak levels of
decorin mRNA (at 24 hr) were only 2.5% those of versican.
In contrast to versican and decorin mRNAs, mRNA for big-
lycan (Fig. 2H) was expressed in relatively high abundance
(peak levels were 400- and 16,000-fold those of versican
and decorin, respectively) and in a distinctly different pat-
tern (peak levels occurred at 3 hr and, thereafter, declined
steadily through day 7). Moreover, from 12 hr through day
7, levels of biglycan mRNA were modestly, but signifi-
cantly, lower in tubulogenic cultures versus controls.

ADAMTS-4 Expression by HUVECs is Localized
Spatially

Following our analyses of expression of ADAMTS-4
mRNA and protein by HUVECs, we used IF and confocal
microscopy to examine the spatial distribution of
ADAMTS-4 as the cells underwent tubulogenesis in 3D
collagen gels. Multicellular tubes expressed ADAMTS-4
strongly as oval-shaped puncta of various sizes (Fig. 3A).
These puncta were also expressed by individual cells not
incorporated into tubes (Fig. 3B). In some instances, the
ADAMTS-4—positive puncta had a ring or rosette shape
(Fig. 3B) similar to that reported for podosomes or invado-
podia (Aga et al. 2008; Murphy and Courtneidge 2011). In
larger puncta, a central region positive for f-actin could be
clearly discerned (Fig. 3B). An f-actin—rich center (core) is
a typical feature of podosome-like structures (Linder and
Kopp, 2005; Murphy and Courtneidge, 2011).

In subsequent experiments, we cultured HUVECs in 3D
collagen gels and double-labeled the cells for ADAMTS-4
and cortactin, an actin-organizing protein that, like f-actin,
is found in the cores of podosomes (Aga et al. 2008; Murphy
and Courtneidge 2011). We found a high degree of co-
localization of ADAMTS-4 and cortactin in the puncta
(Fig. 4). Interestingly, we found that highly-elongated cells
with well-developed, spade-shaped terminal lamellipodia
expressed both proteins strongly on the cell body and lamel-
lipodium, but did not express them on the narrow connect-
ing stalk (Fig. 4A—C). Within individual puncta, cortactin
was concentrated at the core of the punctum, whereas
ADAMTS-4 occupied the core region and also a larger
peripheral zone (Fig. 4D-F). A portion of ADAMTS-4
staining in puncta was located deeper in the cytoplasm than
the ADAMTS-4 and cortactin staining in the core region

(Fig. 5).

ADAMTS-4 and Biglycan are Co-localized in
Tubulogenic HUVEC Cultures
Levels of biglycan mRNA in the HUVEC cultures were sev-

eral orders of magnitude higher than levels of decorin or ver-
sican mRNA. Accordingly, we selected biglycan as the
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Figure 3. Expression of ADAMTS-4 by HUVECs. (A) Portion
of a multicellular tube formed by HUVECs after 4 days of culture
in a 3D collagen gel. ADAMTS-4 is expressed as puncta (red)
of large (single arrow), intermediate (double arrows), and small
(triple arrows) sizes. Lumen (Lu) of the tube and TO-PRO-3-
labeled (blue) cell nuclei (N) are indicated. (B) A single HUVEC
cultured 48 hr in a 3D collagen gel expresses ADAMTS-4 in an
array of oval-shaped puncta (red). Cytoplasmic f-actin (labeled
with phalloidin, blue) is found at the centers (cores) of the
ADAMTS-4-positive puncta (e.g., arrows). The cell nucleus is
labeled with TO-PRO-3 (blue). A and B are confocal images. Scale
bars in A and B are 20 pm and 5 um, respectively.

subject for IF studies of the relationship between ADAMTS-4
and a potential proteoglycan substrate. Individual cells
in early-stage (24-hr) tubulogenic cultures expressed
ADAMTS-4 as punctate, perinuclear staining, with biglycan
appearing as a dense pericellular coat extending from the
cell surface into the surrounding collagen gel (Fig. 6A). In
later-stage cultures, confocal images transecting mature
tubes showed that ADAMTS-4 was expressed in the cyto-
plasm in perinuclear areas and in puncta that co-localized
with biglycan (Fig. 6B). Biglycan was also present as a thin,
pericellular layer on the abluminal sides of the tubes
(Fig. 6B). In single cells, ADAMTS-4 and biglycan were
associated in adjacent or co-localized puncta (Fig. 7).
Punctate areas of biglycan and cortactin staining were also
associated and, in some cases, were co-localized (Fig. 8A—
C, Fig. 9), although the degree of co-localization of these
two molecules was substantially less than that of ADAMTS-4
and cortactin. Where biglycan was not co-localized with
cortactin, the biglycan tended to be distributed more deeply
in the cell cytoplasm than cortactin (the latter molecule
being relatively near to the cell surface) (Fig. 8D-G, Fig. 9).

Interestingly, some puncta that contained cortactin (or co-
mingled cortactin and biglycan) were located directly above
correspondingly-shaped puncta that expressed biglycan only
(Fig. 9A, B insets).

Accumulation of Proteoglycans in 3D HUVEC
Cultures

We analyzed the accumulation and processing of decorin,
biglycan, and versican in our 3D HUVEC cultures by SDS-
PAGE—western blotting, using antibodies to decorin, bigly-
can, and the 70 kDa fragment of versican known to be
generated by ADAMTS -1, -4, and -5 (Fu et al. 2011; Sandy
et al. 2001). Neither control nor tubulogenic cultures, which
were maintained for 6 hr, 24 hr, or 2 days, exhibited immu-
noreactive protein bands corresponding to decorin or versi-
can in conditioned media or cell lysates (data not shown).
Biglycan was not detectable in conditioned media, but was
detectable in cell lysates of both control and tubulogenic
cultures as a band of M_45 kDa after chondroitinase treat-
ment, which corresponds to the reported molecular weight
for the biglycan core protein (Scott et al. 2006). Relative
levels of biglycan were lowest in 6-hr cultures, higher in
24-hr cultures, and highest in 2-day cultures (Fig. 10). Of
note, a prominent band of M_37 kDa was present in 24-hr
tubulogenic cultures, with very faint bands of ~ 30 kDa and
23 kDa also visible. In 2-day tubulogenic cultures, the 37
kDa band was not present; however, the faint 30 kDa and 23
kDa bands persisted. None of the control cultures expressed
bands below M 45 kDa (Fig. 10).

Discussion

Angiogenesis is a complex, multistep process involving
local detachment of pericytes, loosening of endothelial cell
junctions, degradation of basement membrane matrix, and
formation of nascent sprouts that invade the surrounding
interstitial ECM (Carmeliet and Jain 2011; Davis and
Senger 2005; Pettersson et al. 2000). Subsequent stages of
angiogenesis involve increases in the length of the individ-
ual sprouts, the formation of lumens, and the anastomosis of
adjacent sprouts to form vascular loops and networks — a
process that is orchestrated by a program of spatially- and
temporally-controlled expression of endothelial gene
products.

The process of vascular growth is difficult to monitor
and to manipulate in vivo. Therefore, investigators have
devised various developmental models in which endothelial
cells form multicellular cords or tube-like structures in vitro
that resemble capillary sprouts or networks in vivo
(Bahramsoltani et al. 2009; Hetheridge et al. 2011; Ucuzian
and Greisler 2007; Vernon and Sage 1995, 1999). Behaviors
related to capillary morphogenesis are elicited more rapidly
and among a greater variety of endothelial cells in culture
systems where the cells are placed into contact with 3D
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Figure 4. Expression of ADAMTS-4 and cortactin by HUVECs cultured for 4 days in 3D collagen gels. (A) A highly-elongated cell stained
for ADAMTS-4 (red) shows intense, punctate labeling over the cell body (double asterisk) and spade-shaped terminal lamellipodium
(single asterisk). The stalk-like pseudopodial extension (arrows) between the cell body and lamellipodium is unlabeled. (B) The same cell
shown in panel A also exhibits strong, punctate staining for cortactin (green), which is co-localized with ADAMTS-4. The merged image
(C) includes phalloidin and TO-PRO-3 stains for the actin cytoskeleton and nucleus, respectively (both blue). CB, cell body; N, nucleus;
PE, pseudopodial extension; TL, terminal lamellipodium. Scale bars in A—-C = 30 um. (D—F) Detail of a cell stained for ADAMTS-4 (D,
red) and cortactin (E, green). Merged image (F) shows extensive co-localization of the two molecules (e.g., arrows), with cortactin
(yellow) concentrated in the center (core) of each circular punctum and ADAMTS-4 present in the core region and in a peripheral zone
(red) that lacks cortactin. Nucleus (N) is labeled with TO-PRO-3 (blue). Scale bars in D—F = 3 ym. A—F are confocal images.

ECM (Aplin et al. 2008; Davis et al. 2007; Davis and Senger
2005; Holderfield and Hughes 2008; Koh et al. 2008; Koike
et al. 2003; Nakatsu and Hughes 2008). For the present
study, we utilized a previously developed culture system
(Davis and Camarillo 1996) in which HUVECs, cultured in
3D collagen gels under serum-free (or low serum) condi-
tions in the presence of PMA, form thin-walled multicellu-
lar tubes with wide, patent lumens that can undergo
secondary, angiogenesis-like sprouting. Compared with
other 3D ECM-based models of vascular morphogenesis in
vitro, the 3D HUVEC model generates tubular structures
that are the closest morphologically to native capillaries. As
such, this model is one of the best for evaluating the bio-
chemical processes mediating capillary morphogenesis.

For our studies, we placed both the experimental and
control groups in the same 3D collagen gel environment,
with the only variable being the application of a tubulogenic
stimulus to the experimental group. In this way, we could
examine the expression of ADAMTS proteases and their
proteoglycan substrates strictly in the context of tubulogen-
esis. Similarities in gene expression over time between the
control and tubulogenic cultures likely represented a gen-
eral response of HUVECs to the malleable 3D collagen gel
environment as the cells changed shape and interacted with
the collagen fibrils. Where significant differences in mRNA
expression occurred between tubulogenic versus control
cultures (e.g., the consistent up-regulation of ADAMTS-4
mRNA in the tubulogenic cultures), such differences were
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Figure 5. Expression of ADAMTS-4 and cortactin at different
depths within a cell. HUVECs were cultured for 4 days in 3D
collagen and then stained for ADAMTS-4 (red) and cortactin
(green). A single HUVEC is shown, imaged by confocal microscopy.
(A) An image representing a single z-plane shows ADAMTS-4 and
cortactin co-localized (yellow) in the core regions of two adjacent
puncta (arrows). ADAMTS-4 is also seen peripheral to the core
regions, particularly in the left-hand punctum. (B) A z-plane
deeper in the cytoplasm reveals an absence of cortactin staining
in the two puncta, but the retention of ADAMTS-4 staining in
peripheral and core areas (arrows). The cell nucleus is stained
with TO-PRO-3 (blue). Scale bars in A and B are 5 pm.

likely to be directly associated in some way with the forma-
tion of multicellular tubes.

Using the HUVEC model of tubulogenesis, we observed
differential expression over time of mMRNAs for ADAMTS-1,
-4, and -5 and their potential proteoglycan substrates versi-
can, decorin, and biglycan. Of these molecules, ADAMTS-4
and biglycan were predominant: their mRNAs were
expressed at levels from one to several orders of magnitude
higher than the mRNAs corresponding to the other
ADAMTS members and proteoglycans. Expression of
ADAMTS-4 mRNA was significantly higher in tubulo-
genic cultures than it was in control cultures and peaked at
24 hr, the time when tube formation was beginning. In cor-
relation with this mRNA expression, the quantities of
ADAMTS-4 protein secreted into the culture medium by
tubulogenic cultures peaked at 24—48 hr and were signifi-
cantly greater than the quantities secreted by control cul-
tures. The molecular weight of the secreted protein (47
kDa) indicated processing from the full-length (70 kDa)
form. Future studies should address the significance of this
processing in the regulation of ADAMTS-4 activity and
influence on angiogenesis.

In contrast to the expression of ADAMTS-4, the
expression of biglycan mRNA in both tubulogenic and
control cultures was high at the beginning of culture and
steadily diminished over time, with expression beyond 12
hr modestly lower in tubulogenic cultures compared to
control cultures. From 6—48 hr, similar levels of biglycan
accumulated in the cell lysates of tubulogenic and control

Figure 6. Expression of ADAMTS-4 and biglycan by tubulogenic
HUVECs. (A) Two cells labeled after 24 hr of culture in a 3D
collagen gel. ADAMTS-4 (red, narrow arrows) resides in punctate
areas near the nuclei (blue). Areas of unstained cell cytoplasm
(Cy) are indicated. Biglycan (green, broad arrows) is distributed
in a dense, pericellular coat. (B) Portion of a multicellular tube
formed after 4 days of culture. ADAMTS-4 (red, arrowheads) is
localized adjacent to cell nuclei (N) (purple, TO-PRO-3). Biglycan
(green, broad arrows) appears as a thin, pericellular layer on
the abluminal side of the tube. ADAMTS-4 and biglycan are co-
localized (yellow, narrow arrows) in large, oval-shaped puncta.
Lumen of the tube (Lu) is indicated. A and B are confocal images.
Scale bars in A and B are 10 pm and 20 pm, respectively.

cultures; however, lower molecular weight forms of big-
lycan (indicative of proteolytic processing) were observed
only in tubulogenic cultures. Interestingly, although the
biglycan mRNA levels of control and tubulogenic cul-
tures dropped over 6-fold and 20-fold (respectively)
between 3 hr and 2 days of culture, levels of biglycan
protein increased substantially, suggesting that biglycan
expression may be regulated post-transcriptionally. There
is precedent for both positive and negative post-transcrip-
tional regulation of biglycan in non-endothelial cell cul-
ture systems (Templeton and Fan 1996; Ungefroren and
Krull 1996).
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Figure 7. Close association between ADAMTS-4 and biglycan in
a single cell. Pseudopod of a single HUVEC cultured for 4 days in
a 3D collagen gel under tubulogenic conditions exhibits adjacent,
punctate areas of ADAMTS-4 (red) and biglycan (green). Some
puncta appear yellow (e.g., arrows), indicating a co-localization
of ADAMTS-4 and biglycan. The tip region of the pseudopod is
indicated by an asterisk. Confocal image. Scale bar is 5 pm.

A common feature of 3D ECM systems of vascular
development in vitro is that the endothelial cells need to
create a physical space within the 3D ECM via cell surface-
associated proteolysis during morphogenesis (Davis et al.
2007; Iruela-Arispe and Davis 2009). Many studies have
indicated that endothelial cells are highly proteolytic during
neovascularization (Arroyo and Iruela-Arispe 2010; Davis
et al. 2002; Ghajar et al. 2008; Pepper 2001; Roy et al.
2006; van Hinsbergh et al. 2006; van Hinsbergh and
Koolwijk 2008). Correspondingly, tubulogenesis by endo-
thelial cells is blocked by inhibition of proteases with chem-
ical inhibitors such as GM6001 (Davis et al. 2002; Davis
and Saunders 2006; Koike et al. 2002) and also by tissue
inhibitors of metalloproteinases (TIMPs), such as TIMP-2
and TIMP-3 (Koike et al. 2003; Saunders et al. 2006).
Although soluble MMPs (e.g., MMP-1 and -9) are induced
in endothelial cells during tubulogenesis, their role in vas-
cular invasion and morphogenesis remains unclear (Davis
and Senger 2005). In contrast, membrane-associated MMPs
(e.g., MT1-MMP) appear to be required for endothelial
cells to migrate, sprout, and form tubes (Chun et al. 2004;
Davis and Senger 2005; Koike et al. 2002; Lafleur et al.
2002; Saunders et al. 2006). In native vasculature, break-
down of the basement membrane is critical prior to invasion
of the surrounding interstitial ECM of fibrin or collagen.
For example, VEGF-A-induced angiogenesis in the mouse
is initiated by degradation of venular basement membrane
components such as collagen IV and laminin co-incident
with an increase in the expression of the cathepsin family of
proteases and a decrease in cysteine protease inhibitors
(Chang et al. 2009).

Although considerable information supports a role for
MMP- and cathepsin-mediated proteolysis in angiogenesis,

less is known about the contribution of ADAMTS proteases
to this process. The ADAMTS family members are related
to the MMPs in family M12 of the degradome (Rawlings
etal. 2010). ADAMTS-1 and -8 have anti-angiogenic activ-
ity in mouse corneal pocket and chick chorioallantoic
membrane angiogenesis assays (Vazquez et al. 1999).
ADAMTS-1 is thought to inhibit angiogenesis by two dis-
tinct mechanisms: 1) by binding to VEGF165 and preventing
it from binding to its receptor (Luque et al. 2003) and 2) by
releasing anti-angiogenic peptides from TSP-1 and -2 (Lee
et al. 2006). Because ADAMTS-4 is closely related to
ADAMTS-1 in the ADAMTS phylogenetic tree, it makes
sense that ADAMTS-4 might have similar anti-angiogenic
activity. Indeed, ADAMTS-4 can bind to VEGF and inter-
fere with VEGF receptor phosphorylation, thereby affect-
ing endothelial cell migration (Hsu et al. 2012). However,
there is evidence that ADAMTS members may contribute
to vascular growth, as indicated by the upregulation of
ADAMTS-1 in VEGF-induced angiogenesis in mouse skin
(Fu et al. 2011) and the upregulation of the ADAMTS-4
gene (found by a gene screening analysis) during HUVEC
tubulogenesis in vitro (Kahn et al. 2000). Although these
studies suggested an involvement of ADAMTS members in
angiogenesis, it was not clear whether specific ADAMTS
members might be differentially expressed or have preferred
substrates. We found that ADAMTS-4 mRNA was expressed
in tubulogenic HUVECs at a level at least 10-fold higher
than mRNAs for ADAMTS-1 and -5, which suggests a pre-
dominant role for ADAMTS-4 over other ADAMTS mem-
bers. Moreover, the elevated expression of ADAMTS-4
mRNA and protein relative to non-tubulogenic controls
implicates this protease in some aspect of tube formation.

In the tubulogenic cultures, expression of ADAMTS-4
mRNA and protein in conditioned media was low at the
onset of culture, peaked when tubes began to form, and
declined steadily thereafter, a finding that suggests a role
for ADAMTS-4 in an early phase of the tubulogenic pro-
cess. Of interest was our observation that the other
ADAMTS members had patterns of temporal expression
that differed from that of ADAMTS-4. ADAMTS-1 mRNA
was expressed in a biphasic fashion — initially high when
the cells were introduced into collagen gels, diminishing
prior to the onset of tube formation, increasing when tubes
began to form, and remaining high thereafter. Interestingly,
ADAMTS-5 mRNA was not expressed at all until tubulo-
genesis was underway at day 2 of culture. Such results
underscore the acknowledged importance of temporal con-
trol of gene expression during angiogenesis and suggest
that each ADAMTS member may carry out a unique func-
tion during the course of the tubulogenic program.

A number of studies have implicated proteoglycans in
angiogenesis (reviewed in Jarveldinen and Wight, 2002)
with two prominent proteoglycans being decorin and big-
lycan (reviewed in Kinsella et al., 2004). Although
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Figure 8. Expression of biglycan and cortactin on a HUVEC cultured for 4 days in a 3D collagen gel: confocal z-stack analysis. (A) A
cell stained for biglycan (red) shows intense, punctate labeling over the cell body (double asterisk) and broad terminal lamellipodium
(single asterisk). The narrow pseudopodial extension (arrow) between the cell body and lamellipodium is minimally labeled. (B) The
same cell shown in panel A also exhibits punctate staining for cortactin (green), which is particularly intense on the lamellipodium. The
merged image (C) includes TO-PRO-3 stain for the nucleus (blue). CB, cell body; N, nucleus; PE, pseudopodial extension; TL, terminal
lamellipodium. Biglycan and cortactin are co-localized on the lamellipodium (yellow puncta, some are indicated by arrows). Scale bars
in A—C = 30 pm. (D-G) Z-stack rendering of the merged image shown in panel C. A single z-plane through the cell interior (D) shows
robust staining for biglycan in the cell body (red), but little staining in the central portion of the lamellipodium. A single z-plane near the
cell surface (E) shows strong staining for cortactin in both cell body and lamellipodium (green), but little staining for biglycan. A cross-
sectional projection of the z-stack sampled at planes D-1/E-1 is shown in the inset. Note that the biglycan staining (red) is interior to
the cortactin staining (green). (F) A z-plane near the cell surface. (G) A cross-sectional projection of the z-stack sampled at plane FI
shows cortactin staining of the cell body (green) enriched in the top plane (TP) near the cell surface and biglycan staining enriched in
the underlying interior plane (IP).

endothelial cells synthesize both biglycan and decorin 1997; Nelimarkka et al. 1997), we found that HUVEC cul-
(Calabrese et al. 2011; Jérveldinen and Wight 2002; tures produced far more (up to 16,000-fold) biglycan
Jarveldinen et al. 1991; Kaji et al. 2004; Kinsella et al. mRNA than decorin mRNA. Biglycan has been found on
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Figure 9. Spatial relationship between biglycan and cortactin in individual puncta. A—D are confocal images of a pseudopodial extension
of a single HUVEC cultured for 4 days in a 3D collagen gel. (A) A single z-plane image taken near the cell surface shows dense, punctate
staining for biglycan (red) and cortactin (green) with some co-localization of the two molecules (yellow). The nucleus (blue, TO-PRO-3)
is that of an adjacent cell. Inset (lower right) shows an enlargement of puncta of co-localized biglycan and cortactin (yellow, single
arrowhead) and cortactin only (green, double arrowheads). (B) A z-plane deeper in the cytoplasm, relative to panel A, reveals biglycan
staining with little evidence of cortactin (biglycan-positive puncta not associated with the cell process, of which four are indicated by
small arrows, belong to the adjacent cell). Inset shows biglycan-positive puncta of the cell process (red, single and double arrowheads)
that are located directly beneath (and have a similar shape to) the puncta shown in the inset of panel A. Panels C and D show the cross-
sectional projection of the z-stack sampled at the plane indicated by the dotted line in panels A and B. The dotted lines in panels C and
D represent the z-planes depicted in panels A and B, respectively. A prominent cortactin/biglycan punctum (arrow with asterisk) is
identified in panels A—D. Note that the cortactin within this punctum (A-D, yellow) narrows with increasing depth in the cell, but the
area of biglycan does not (B-D, red). Scale bars in Aand B =5 pm.

the surface of a number of cell types, including endothelial
cells (Bianco et al. 1990), and has been localized to the tips
and edges of lamellopodia of endothelial cells undergoing
migration on glass substrata (Kinsella et al. 1997).
Although our IF results suggested a cytoplasmic distribu-
tion of biglycan in HUVECs, we also observed biglycan
staining that surrounded and extended some distance from
the surfaces of individual cells and multicellular tubes.
These results suggest that the presence, around cells, of a
supportive 3D lattice of ECM (e.g., the collagen gels used
here) can provide space for accumulation of an appreciable
quantity of pericellular ECM, which may be relevant to
tubulogenesis in vitro and to vascular growth and morpho-
genesis in vivo in wound matrix and interstitial ECM.

Our observation that fragments of biglycan appeared
during HUVEC tube formation in vitro is of interest.
Although it is not clear that ADAMTS-4 was responsible
for the generation of the biglycan fragments, there is prece-
dence that ADAMTS-4 can degrade biglycan in other sys-
tems (Gendron et al. 2007; Melching et al. 2006). Proteolytic
fragments of ECM molecules with biological activities
affecting angiogenesis have been known for a number of

years (Arroyo and Iruela-Arispe 2010; Bellon et al. 2004).
In this context, earlier studies have shown that smaller frag-
ments of biglycan were generated as endothelial cells were
stimulated to migrate following exposure of the cells to the
pro-angiogenic cytokine, bFGF (Kinsella et al. 1997).
Interestingly, a cleavage site in the Sth leucine-rich repeat
(LRR) of biglycan is conserved in all species studied to date
and is not present in decorin. Even though a function for the
biglycan fragment generated by cleavage at this site has not
been identified, it is known that LRRs mediate protein-
protein interactions (Kobe and Deisenhofer 1994).
Consequently, cleavage within the LRR region of the bigly-
can core protein might impair functions of biglycan that are
mediated via interactions with other proteins.

Our finding that ADAMTS-4 and biglycan are co-localized
to discrete cell-associated puncta supports the notion of an
enzyme/substrate relationship between these two mole-
cules. Some of these structures have the appearance of
podosomes or invadopodia, which have been observed in
several other cell types, including macrophages, dendritic
cells, vascular smooth muscle cells, and endothelial cells
(Aga et al. 2008; Gu et al. 2007; Huang et al. 2003; Linder
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Figure 10. Western blot analysis of biglycan in cell lysates of
HUVECs cultured in 3D collagen gels. HUVECs grown under
routine culture conditions (i.e., on cell culture plastic in complete
EGM-MV2 medium) did not express biglycan in cell lysate (lane
marked “Oh”). In contrast, tubulogenic cultures maintained
in 3D collagen gels (and control, non-tubulogenic cultures
grown in 3D collagen gels without PMA) expressed increasing
quantities of biglycan (in the form of M_45 kDa core protein
after chondroitinase ABC digestion) in cell lysates collected after
6 hr, 24 hr, and 2 days of culture (labeled on the figure as 6h,
24h, and D2, respectively). A prominent band of M_37 kDa was
present in 24-hr tubulogenic cultures (arrowhead) with very faint
bands of ~ 30 kDa and 23 kDa also visible. In 2-day tubulogenic
cultures, the 37 kDa band was not present; however, the faint 30
kDa and 23 kDa bands persisted (narrow arrows). Neither the
chondroitinase ABC preparation used for deglycosylation of the
biglycan (lane marked “Ch-ase”) nor gelled collagen that lacked
cells (lane marked “Coll”’) contained detectable levels of biglycan.

2007; McNiven et al. 2000; Ochoa et al. 2000; Wang et al.
2009). In two-dimensional (2D) cell cultures, podosomes
are manifested as single puncta or rosette-shaped clusters
found on the “ventral” cell surface (i.e., the surface facing
the substrate) comprised of a core of cytoplasmic f-actin
associated with a variety of signaling and cytoskeletal pro-
teins, which include cortactin (Linder 2007; Linder and
Kopp 2005; Murphy and Courtneidge 2011). In this con-
text, we observe that puncta of ADAMTS-4 associated
with HUVECs cultured in 3D collagen frequently have
f-actin/cortactin cores. Podosomes are involved in cell
migration and ECM degradation (Murphy and Courtneidge
2011) and contain a variety of proteases, including MMP-
2, MMP-9, MT1-MMP, the ADAM family of sheddases,
cathepsins, serine proteases, and urokinase plasminogen
activator receptor (uUPAR) (Linder 2007; Stylli et al. 2008).
Of note, ADAMTS-4 has been shown to co-localize with
cortactin in podosomes on cells of the trabecular mesh-
work of the human eye (Keller et al. 2009). Previous stud-
ies (Tatin et al. 2006) have shown that short-term PMA
treatment of HUVECs cultured on 2D plastic or glass sub-
strata induced the appearance of podosomes that exhibited
proteolytic activity involving MT1-MMP-mediated activa-
tion of MMP-2. Our observations suggest that podosomes
are also generated by HUVECs cultured in 3D collagen
gels, not only by single cells, but also by cells comprising
multicellular tubes. Interestingly, we find not only that
both ADAMTS-4 and its substrate biglycan co-localize

with podosomal cortactin cores, but also that both
ADAMTS-4 and biglycan appear to cluster in the cyto-
plasm underlying the cortactin, suggesting that the podo-
some might act as an organizing center for ADAMTS-4
and biglycan. In this context, it is noteworthy that
ADAMTS-4 and versican are found in podosomes of ocu-
lar trabecular meshwork cells (Aga et al. 2008; Keller et al.
2009). The presence of podosomes on HUVECs undergo-
ing tubulogenesis coupled with the expression, in podo-
somes, of ADAMTS-4 and its proteoglycan substrate
biglycan point to an expanded role for these dynamic cell
surface structures in vascular morphogenesis.

In conclusion we observed in a model of HUVEC tubu-
logenesis in 3D collagen gels, the differential expression of
mRNAs for ADAMTS-1, -4, and -5 and the proteoglycans
versican, decorin, and biglycan, with ADAMTS-4 and big-
lycan predominant. Expression of ADAMTS-4 mRNA and
secreted protein peaked at the onset of tubulogenesis and
was significantly greater than in control cultures. Biglycan
was expressed at similar levels by tubulogenic and control
cultures, but appeared in lower molecular weight forms
only in tubulogenic cultures, indicative of proteolytic pro-
cessing. An enzyme/substrate relationship between
ADAMTS-4 and biglycan was suggested by their co-asso-
ciation in puncta on single HUVECs and HUVEC tubes
that formed in 3D collagen gels. Both ADAMTS-4 and
biglycan were associated with cortactin-positive podosome-
like structures.
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