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Growth and remodeling of lymphatic vasculature occur dur-
ing development and during various pathologic states. A major
stimulus for this process is the unique lymphatic vascular endo-
thelial growth factor-C (VEGF-C). Other endothelial growth
factors, such as fibroblast growth factor-2 (FGF-2) or VEGF-A,
may also contribute. Heparan sulfate is a linear sulfated polysac-
charide that facilitates binding and action of some vascular
growth factors such as FGF-2 and VEGF-A. However, a direct
role for heparan sulfate in lymphatic endothelial growth and
sprouting responses, including those mediated by VEGF-C,
remains to be examined. We demonstrate that VEGF-C binds to
heparan sulfate purified from primary lymphatic endothelia,
and activation of lymphatic endothelial Erk1/2 in response to
VEGE-C is reduced by interference with heparin or pretreat-
ment of cells with heparinase, which destroys heparan sulfate.
Such treatment also inhibited phosphorylation of the major
VEGEF-C receptor VEGFR-3 upon VEGF-C stimulation. Silenc-
ing lymphatic heparan sulfate chain biosynthesis inhibited
VEGF-C-mediated Erk1/2 activation and abrogated VEGFR-3
receptor-dependent binding of VEGEF-C to the lymphatic endo-
thelial surface. These findings prompted targeting of lymphatic
N-deacetylase/N-sulfotransferase-1 (Ndstl), a major sulfate-
modifying heparan sulfate biosynthetic enzyme. VEGF-C-medi-
ated Erk1/2 phosphorylation was inhibited in Ndstl-silenced
lymphatic endothelia, and scratch-assay responses to VEGF-C
and FGF-2 were reduced in Ndstl-deficient cells. In addition,
lymphatic Ndstl deficiency abrogated cell-based growth and
proliferation responses to VEGF-C. In other studies, lymphatic
endothelia cultured ex vivo from Ndstl gene-targeted mice
demonstrated reduced VEGF-C- and FGF-2-mediated sprout-
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ing in collagen matrix. Lymphatic heparan sulfate may repre-
sent a novel molecular target for therapeutic intervention.

Lymphatic vasculature mediates a variety of highly dynamic
processes such as lymphangiogenesis (lymphatic vessel sprout-
ing), transport of immune or neoplastic cells, and lymphatic
endothelial hyper- or hypoplasia associated with lymphedema
(1). In cancer, pathologic lymphangiogenesis in the tumor and
regional lymph nodes increases lymphatic vascular conduit that
contributes to nodal metastasis (2). Major effectors of patho-
logic lymphangiogenesis include the unique lymphatic vascular
endothelial growth factor VEGF-C, and in some cases a homo-
logue VEGEF-D (1, 3), where binding of growth factor to the
lymphatic endothelial receptor VEGFR-3 results in activation
of lymphatic growth, survival, and migratory signaling (4, 5).
These growth factors may also interact with VEGFR-2 and
VEGFR-2/3 heterodimers (6, 7). The full-length VEGF-C pro-
tein interacts with VEGFR-3, although post-proteolytic pro-
cessing of N- and C-terminal propeptides results in a mature
form of the molecule with some affinity for VEGFR-2 in addi-
tion to affinity for VEGFR-3. Developmental lymphangiogen-
esis also depends on VEGF-C (1). In some cases, the angiogenic
factors fibroblast growth factor-2 (FGF-2) as well as VEGF-A
also contribute to lymphatic growth and remodeling through
interactions with their cognate receptors FGFR and VEGFR-2
on lymphatic endothelium (8, 9). However, VEGF-C (and in
some cases VEGF-D) binding and signaling via VEGFR-3
appears to function as the major lymphatic growth stimulus in
most clinical states or in vivo models of pathologic lymphangio-
genesis (reviewed in Refs. 1, 10).

Itis now recognized that the interactions of some endothelial
growth factors with their receptors on vascular endothelium
are modulated by proteoglycans (11, 12). In neoplasia, heparan
sulfate proteoglycans modulate angiogenesis through their
ability to serve as co-receptors and matrix scaffolds for various
soluble effectors, including VEGE-A, FGF-2, and platelet-de-
rived growth factor (PDGF), among others (11, 13). By virtue of
unique sulfate modifications presented along heparan sulfate
chains, such growth factors may cluster with cognate receptors
in a way that facilitates ternary signaling complex formation.
Whether and how lymphatic endothelial heparan sulfate might
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mediate the direct actions of growth factors, including
VEGEF-C on the lymphatic cell surface has not been reported.
One study has identified a pro-lymphangiogenic role for hepa-
ranase in tumor specimens, wherein overexpression of hepara-
nase by tumor cells was associated with elevated VEGF-C
expression and stimulation of tumor xenograft lymphangio-
genesis in a mouse model (14). Although expression of the
enzyme by tumor cells promotes expression of VEGE-C, it is
also recognized that heparanase expression might contribute to
the matrix release of multiple pro-lymphangiogenic growth
factors that interact with heparan sulfate in extracellular
matrix. Nevertheless, the importance of heparan sulfate on the
lymphatic endothelial surface in mediating direct interactions
with VEGF-C, and downstream lymphatic endothelial cell acti-
vation, remains to be examined.

In this study, we examine the role of lymphatic endothelial
heparan sulfate in mediating VEGF-C binding, growth activa-
tion, and migration as well as sprouting behavior by lymphatic
endothelial cells. We demonstrate that heparan sulfate ex-
pressed by primary lymphatic endothelium binds to VEGF-C,
and we present evidence that competitively interfering with
lymphatic heparan sulfate using heparinoids or altering its
presence on the cell surface, through enzymatic destruction or
siRNA-mediated silencing of heparan sulfate chain biosynthe-
sis, inhibits receptor-dependent VEGF-C binding and reduces
Erkl/2-mediated growth activation. Unique sulfate modifica-
tions of the glycan appear to be critical for appropriate growth
and sprouting responses to VEGE-C. Sulfation of nascent hepa-
ran sulfate initiates by the action of the enzyme N-deacetylase/
N-sulfotransferase-1 (Ndst-1) (reviewed in Ref. 15). We dem-
onstrate that targeting Ndst1 in primary lymphatic endothelial
cells results in reduced Erk1/2-mediated growth activation and
altered lymphatic growth and proliferation responses to
VEGEF-C. These findings are complemented by the demonstra-
tion that genetic deletion of lymphatic endothelial NdstI results
in reduced lymphatic sprouting in response to the same growth
factors in collagen matrix.

EXPERIMENTAL PROCEDURES

Reagents—The following antibodies were used: for flow
cytometry antibodies, Syrian hamster anti-mouse podoplanin
(RDI Research Diagnostics) and rabbit anti-mouse LYVE-1
(Millipore); for immunofluorescence antibody, rabbit anti-hu-
man Prox-1 (Abcam); for proximity ligation assay antibodies,
mouse anti-human VEGF-C (Angio-Proteomie) and rabbit
anti-human VEGFR-3 (Reliatech); for Western blotting anti-
bodies, rabbit anti-human antibodies against total as well as
phosphorylated (Thr?**/Tyr***) forms of Erk1/2 (Cell Signal-
ing) and anti-human VEGFR-3 (Cell Signaling); for immuno-
precipitation, anti-VEGFR-3 (anti-Flt4 clone, Santa Cruz Bio-
technology) and anti-phosphotyrosine (PY-20; Santa Cruz
Biotechnology) antibodies were used for immunoblotting. For
growth factors, recombinant human FGF-2 (Invitrogen),
human epidermal growth factor (EGF; R&D Systems), human
VEGF-C (mature sequence, amino acids Thr'**~Arg®*’, His,,
C-terminal tag (R&D Systems) or amino acids Thr'**-~Arg>*”,
Hisg-tagged at N/C termini (Biovision) were used. For all pri-
mary human lymphatic endothelial cell-based assays requiring
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VEGEF-C stimulation, the R&D Systems product was used.
Recombinant mouse VEGF-C (amino acids Thr®®-Arg**?,
His-tagged at N/C termini (Biovision)) was also used in bind-
ing assays. Biologic activity of the latter has been published
previously (16). For heparin species, unfractionated commer-
cial heparin (from porcine intestinal mucosa) was obtained
from Scientific Protein Laboratories (SPL); and N-desulfated,
2-O-desulfated, and 6-O-desulfated heparins were obtained
from Neoparin. Heparinase (heparin lyases I-III) was from
IBEX. For siRNA, specific duplex sequences for siRNA target-
ing Ndstl, XylT2, or VEGFR-3 as well as scrambled duplex
RNA (used as a control) were purchased from IDT
Technologies.

Cells and Cell Lines—Primary human lung lymphatic endo-
thelial cells (Lonza) were passaged less than 3 weeks from
receipt, prior to cryo-storage. Cells were grown in EBM-2
medium (Lonza) in a 5% CO,-humidified incubator at 37 °C
(standard culture) and were characterized by cell-surface CD31
and podoplanin expression. They were confirmed highly pure
(>99%) at the third passage by immunofluorescence using
Prox1 antibodies. For some studies, primary lymphatic endo-
thelia were isolated from experimental oil granuloma/lymp-
hangioma lesions generated in mice using published methods
(17).

Fluorescence-activated Cell Sorting of Lymphatic Endothelial
Cells—For fluorescence labeling, cells were harvested from cul-
ture (Accutase; Innovative Cell Technologies) and labeled with
antibodies against podoplanin (1:200) or LYVE-1 (1:50) and
appropriate fluorescent secondary antibodies prior to FACS
(FACSCalibur; BD Biosciences).

Binding of Growth Factors to Lymphatic Heparan Sulfate—
Primary LEC? were labeled for 48 h with 37 uCi/ml H,**SO,
(655 Ci/mmol; PerkinElmer Life Sciences) in reduced sulfate
Ham’s F-12 medium (containing 10% dialyzed, filter-sterilized
FBS). Purification of [**S]heparan sulfate from cultured cells
was carried out as described previously (18). Binding of growth
factor to purified [**S]heparan sulfate was tested using a nitro-
cellulose filter binding assay (19). For any given assay (in tripli-
cate), 0.5 pg of growth factor was added to 10,000 cpm of puri-
fied [**S]heparan sulfate in 0.2 ml of PBS. After 10 min of
incubation, the mixture was passed over a nitrocellulose mem-
brane filter using a dot blot (Bio-Rad) and washed twice with 0.2
ml of PBS. Membrane dots were cut into scintillation tubes
containing 1 ml of HS elution buffer (1 M NaCl, 25 mm sodium
acetate, pH 6.0) and counted by liquid scintillation. Protein
binding (membrane-bound cpm/ug protein) was normalized
to that of FGF-2. Binding was also carried out in the presence of
heparin (0.1 mg/ml). Other controls included binding to either
the non-heparin-binding growth factor EGF (0.5 ug per incu-
bation) or to BSA (1.0 ug per incubation).

Heparin Affinity Chromatography—Following preparation
of spin columns (Bio-Rad) with bed volumes of 100 wl of hepa-
rin-Sepharose (GE Healthcare), columns were equilibrated in
0.15 M NaCl wash buffer. Growth factor (2 ug) was then added
to each column in 100 ul of wash buffer. Successive step elu-

3 The abbreviations used are: LEC, lymphatic endothelial cell; siDS, scram-
bled-duplex RNA; PLA, proximity ligation assay.
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tions (200 ul each) of increasing [NaCl] were then applied.
Samples (10 ul) from each elution were then prepared in SDS
sample buffer (5X; Thermo-Finnigan) with 5% -mercaptoeth-
anol, boiled, and applied to a 12% SDS-PAGE Tris-HCI gel for
electrophoresis. Gels were silver-stained and photographed.

Mice and Induction of Lymphatic Proliferation Lesions—
Ndst-1 mutants bearing genotype Ndst"/TekCre" were gener-
ated by crossing Ndst-1 conditional mutants (Ndst- ") with
mice expressing Cre under control of the Tek promoter as pub-
lished previously (20). Mutants were extensively backcrossed
onto C57Bl/6. For some studies, LEC from oil granuloma/lym-
phangioma lesions were isolated as published previously (17).
Mice were housed in AAALAC-approved vivaria following
institutional IACUC standards, maintained on a 12-h light-
dark cycle, weaned at 3—4 weeks age, and fed water/standard
chow ad libitum.

PCR Analysis of Ndst1 Inactivation in Lymphatic Endothelia
Isolated from Mutant Mice—Quantitative PCR on genomic
DNA was performed using primers flanking the downstream
loxP recombination site of the Ndst1 floxed construct, as pub-
lished previously (11), using lymphatic endothelia harvested
from oil granuloma/lymphangioma lesions (# = 3 mice per
group). To determine deletion efficiency in lymphatic endothe-
lia isolated from Ndst/TekCre™ mutants, cycle threshold (Ct)
values from duplicate assays were used to determine the quan-
tity of loxP DNA amplified from Cre* mutant versus Cre~
floxed-control genomic DNA samples. Ct values from triplicate
assays were used to calculate fold expression relative to
GAPDH expression in the same sample. This analysis showed
that LEC isolated from Ndst/TekCre* mutant mice under-
went ~75% deletion of the loxP-flanked allele of Ndst1.

Post-transcriptional Silencing of Heparan Sulfate Biosyn-
thetic Enzymes—Near confluent primary human LEC were
transfected with 20 nm siRNA targeting either xylosyltrans-
ferase-2 (siXylT2) or the heparan sulfate N-sulfating enzyme
Ndst1 (siNdst1). Transfection of duplex-scrambled RNA (siDS)
was used as a control. Transfections were carried out using
Trifectin (IDT Technologies) following the manufacturer’s rec-
ommendations. For some studies, VEGFR-3 siRNA was used as
an additional control. PBS-rinsed cells were exposed to trans-
fection complex in Opti-MEM (Invitrogen) for 6 h. Cells were
then allowed to recover overnight in normal fully supple-
mented growth medium prior to assays.

Cell Viability Assays—Primary human LEC were seeded onto
96-well plates and serum-starved overnight. Cells were then
treated with EBM-2 medium containing 2% FBS with or
without 300 ng/ml VEGE-C (R&D Systems) for 24 h. At base
line and at 24 h, cell viability for each well (proportional to
the viable cell mass) was measured using the CellTiter-Blue
assay (Promega) according to the manufacturer’s instruc-
tions. Relative responses were determined by measuring the
absorbance at A, corrected to the value for a reagent-only
blank well. Measurements for each condition were carried
out in quadruplicate.

Proximity Ligation Assays—Primary human LEC, following
transfection with control (duplex-scrambled RNA) versus
XylT2 siRNA, were cytospun onto slides, air-dried, and cooled
to4 °C. Recombinant human VEGF-C was added to the slides (1
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pg/ml) in PBS and incubated for 1 h at room temperature.
Slides were rinsed with PBS, fixed for 10 min in ice-cold meth-
anol, and washed in ultrapure water. Some slides were not
exposed to exogenous VEGE-C (to detect endogenous ligand).
Slides were blocked 1 hin 1% BSA/TTBS (0.1% Tween 20/ Tris-
buffered saline) at room temperature. Anti-human VEGF-C
and VEGFR-3 antibodies (1:100) were added to the slides in 1%
BSA/TTBS and incubated in a humidified slide chamber over-
night at 4 °C. For proximity ligation assay (PLA; Olink), anti-
mouse (—) and anti-rabbit (+) probes were then applied,
and labeling was completed following the manufacturer’s
instructions. Vectashield (Vector Laboratories) fluorescence-
mounted slides (DAPI nuclear stain) were imaged and photo-
graphed (Nikon Eclipse-80i microscope; 40X objective) at
room temperature. Mean field signal intensities (n = 5/sample;
pixel intensities indexed to cell number) were determined using
Image] software (National Institutes of Health).

Compositional Analysis of Lymphatic Heparan Sulfate—Pu-
rification of heparan sulfate from cultured LEC was carried out
as described previously (18) and subjected to enzymatic depo-
lymerization with 2 milliunits each of heparin lyases I-III
(IBEX) overnight at 37 °C in 50 ul of digest buffer (40 mm
ammonium acetate and 3.3 mm calcium acetate, pH 7). Hepa-
ran sulfate disaccharide analysis was carried out by quantitative
liquid chromatography/mass spectrometry (21). Briefly, sam-
ples were dried down, and [**C]aniline (15 ul, 165 wmol) and
15 ul of 1 M NaCNBH, (Sigma) freshly prepared in dimethyl
sulfoxide/acetic acid (7:3, v/v) were added to each sample. Ani-
line labeling of disaccharide reducing ends was carried out at
37 °C for 16 h, and products were dried down. Derivatized
disaccharide residues were separated on a C18 reversed phase
column (0.21 X 15 cm; Thermo-Scientific) with ion pairing
agent (dibutylamine, Sigma) (22). Eluted ions of interest were
monitored in negative ion mode on an LTQ Orbitrap mass
spectrometer (Thermo-Finnigan). Capillary temperature and
spray voltage were kept at 150 °C and 4.0 kV, respectively.
Accumulative extracted ion current was computed, and data
were analyzed using Qual Browser software (Thermo-Finni-
gan). Quantitative compositional analysis of heparan sulfate
disaccharides was carried out by comparing with known
amounts of corresponding standards differentially labeled with
['®C,Janiline, which were added to each sample prior to
LC/MS.

Lymphatic Sprouting in Collagen—LEC were mixed into type
I collagen (3 mg/ml; Pur-Col) on ice, plated (96-well format) at
a concentration of 20,000 cells/50 ul of liquid collagen/well,
and allowed to solidify (5% CO, 37 °C humidified incubator).
DMEM containing 5% FBS with either FGF-2 (30 ng/ml) or
recombinant mouse VEGF-C (100 ng/ml) was used to cover
wells containing collagen-embedded LEC. Sprouting was quan-
tified at 72 h by measuring net endothelial process lengths/well
(in triplicate) using a phase-contrast inverted microscope
(Olympus; 5X objective) and eyepiece graticule. Responses
were normalized to basal (no growth factor) response.

SDS-PAGE and Western Blotting—Human LEC were seeded
at equal density and grown to near confluence. After incubation
in serum-free DMEM = heparinase (heparin lyases I-III; 2.5
IU/ml) for 4.5 h and washing, cells were exposed to recombi-
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nant human VEGF-C (100 ng/ml), FGF-2 (10 ng/ml), or EGF
(100 ng/ml) for 15 min. In separate experiments examining the
effects of heparinoids, stimulation was carried out in the pres-
ence/absence of either unmodified commercial heparin or
N-desulfated, 2-O-desulfated, or 6-O-desulfated heparins at
the indicated concentrations. Media were removed, and sam-
ples were collected in lysis buffer (containing 50 mm Tris, pH
7.4,0.15 M NaCl, 10 mm MgCl,, 10 mMm CaCl,, 1 mm EDTA, 1
pl/ml protease inhibitors (Sigma), 1 mm PMSF, 0.1% SDS, 1%
Triton X-100, 1% sodium deoxycholate, and 1 mm sodium
orthovanadate), followed by freezing at —80 °C. Thawed sam-
ples were separated by electrophoresis in 4—-15% gradient gels
and electrotransferred to nitrocellulose membranes probed
with antibodies to phospho-Erk1/2 (p44/42). Bound antibody
was detected using peroxidase-conjugated anti-rabbit antibody
(Bio-Rad) and SuperSignal chemiluminescent substrate
(Pierce) for HRP detection. Separate Western blots were car-
ried out using polyclonal antibodies against total Erk1/2. In
some studies, the phospho-Erkl/2 response to VEGF-C was
examined in serum-starved siXylT2- or siNdstl-transfected
cells versus control-transfected (scrambled-duplex RNA) cells.
Bands were quantified on a densitometer (Bio-Rad GS800).

Immunoprecipitation and Immunoblotting—Primary hu-
man lung LEC were grown to 80 —90% confluence, washed with
PBS, and serum-starved for 4.5 h using DMEM * 2.5 milli-
units/ml heparinase (heparin lyases I-III). After washing, cells
were treated for 10 min with 100 ng/ml recombinant human
VEGE-C. In separate studies examining the effect of heparin,
stimulation was carried out in the presence of unmodified hep-
arin (at 10 pg/ml, a dose that was sufficient to inhibit Erk1/2
phosphorylation). Cells were then lysed with 1X Cell Lysis
Buffer (Cell Signaling) supplemented with protease inhibitor
mixture (Sigma), phosphatase inhibitors (Santa Cruz Biotech-
nology), and PMSEF. Cleared lysates were added to Protein-G
(Invitrogen) magnetic beads labeled with antibody against
human VEGFR-3. The mixture was incubated overnight on a
rotor wheel at 4 °C. Protein-bead complexes were washed three
times, and Laemmli sample buffer was added. Samples were
boiled for 5 min with bead removal from lysates, followed by
cooling on ice for 5 min. Proteins were separated on a 7.5%
Tris-HCI gel (Bio-Rad), transferred to a nitrocellulose mem-
brane, and incubated overnight with mouse anti-human PY-20
(1:1000) to detect phosphorylated VEGFR-3. Biotin anti-mouse
(1:1000) and streptavidin-HRP 1:10,000 (Jackson ImmunoRe-
search) were used to detect PY-20-labeled protein. Total
VEGER-3 in original lysates was determined by Western
blotting.

Scratch Assays—Primary LEC targeted with either siXylT2 or
siNdstl (or siDS as a control) were grown to confluence in
24-well plates. Following starvation in serum-free EBM-2
medium (Lonza) for 5 h, cell monolayers were scratched across
the full well diameter (p200 pipette tip). Unsupplemented
EBM-2 medium containing 2% FBS * VEGF-C (300 ng/ml;
R&D Systems) was then added followed by incubation for 48 h
in standard culture. For some assays, 0.5 ug/ml mitomycin-C
(Sigma) was added to the media during the 48-h period. Scratch
images were taken at 0, 24, and 48 h (Nikon Eclipse 80i micro-
scope; 4X objective), with quantification carried out using
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Image] software. Percent filling of scratch zones for each well
was determined at 24 and 48 h (calculated by dividing scratch
area occupied by cells by the total scratch area at time 0). The
assay was also carried out for stimulation by FGF-2 (300 ng/ml).
Assays were carried out in triplicate.

Cell Cycle Analysis—Culture-harvested siRNA-targeted LEC
were serum-starved overnight, followed by treatment with
EBM-2 medium containing 2% FBS * VEGF-C (300 ng/ml;
R&D Systems) for 24 h. Cells were then fixed in 70% ethanol at
—20 °C for 2 h, washed with PBS, and stained with propidium
iodide solution (0.1% Triton X-100, 0.2 mg/ml RNase A, and 20
pg/ml propidium iodide in PBS). Cells were analyzed by flow
cytometry to measure cell DNA content, with G;, S, and G,
cytometry data fit to the Watson Pragmatic mathematical
model (23) using FlowJo (Tree Star, Inc.) software.

Statistics—Mean values (normalized densitometry signal
intensities, % gap-filling in scratch assays, or normalized
sprouting responses) were compared using Student’s ¢ test. p <
0.05 was considered significant.

RESULTS

VEGF-C Binds to Heparan Sulfate Isolated from Lymphatic
Endothelium—Primary LEC were isolated from experimental
oil granuloma/lymphangioma lesions in mice following the
method of Mancardi et al. (17). Cells expressed the major hepa-
ran sulfate chain-polymerizing enzymes as well as two of the
four Ndst-sulfating enzymes expressed in mammals (supple-
mental Fig. S1 and Table 1) (24). To purify lymphatic endothe-
lial heparan sulfate, cultured LEC were radiolabeled with
Na,[**S]O,, and the [**S]glycosaminoglycan fraction was iso-
lated. Depolymerization of the chains with heparin lyases and
chondroitinase ABC showed that the cells made ~67% heparan
sulfate and ~33% chondroitin sulfate. Recombinant mouse
VEGF-C bound to purified [**S]heparan sulfate (Fig. 1A) as
measured by a nitrocellulose filter binding assay (19). The
extent of binding was comparable with that of FGF-2 (as a con-
trol), with binding abrogated by addition of nonradiolabeled
heparin. Binding to epidermal growth factor (EGF), a non-hep-
arin binding growth factor, or to BSA was negligible. Compara-
ble results were obtained using recombinant human VEGF-C
and [**S]heparan sulfate isolated from human primary LEC
(Fig. 1A, right panel). Binding for each factor, quantified as
membrane-bound cpm/ug of protein, was normalized to that
of FGF-2. (As a reference, for 10,000 cpm of human lymphatic
[**Slheparan sulfate incubated with 0.5 ug of FGF-2, mem-
brane-bound radioactivity was 5420 * 780 cpm, the average of
four experiments.) Binding of the same preparation of recom-
binant VEGF-C to commercial heparin was carried out by hep-
arin-Sepharose affinity chromatography. The protein bound to
the resin, and eluted between 0.4 and 0.8 M NaCl (Fig. 1B, top
panel). This was similar to the NaCl concentration required for
elution of a recombinant preparation of the same protein from
a distinct manufacturer (Fig. 1B, bottom panel) and somewhat
below the concentration required for elution of VEGF165 (0.8 —
1.0 M), a known heparin-binding VEGF-A splice variant (Fig.
1C). The majority of FGF-2 (run as a control) was captured in
the 2 M NaCl elution fraction (data not shown), consistent with
previous findings (25).
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FIGURE 1. VEGF-C binds to lymphatic endothelial heparan sulfate. A, oil
granuloma/lymphangioma lesions were induced in wild type mice, and cul-
tured lymphatic endothelial cells from lesions were radiolabeled with 3°S0,.
[**S]Heparan sulfate from the cells was purified and incubated with recombi-
nant mouse VEGF-C (mature, fully processed 125-amino acid sequence,
described under “Experimental Procedures”), followed by passage over nitro-
cellulose membrane filters. Membrane-bound complexes of [**Slheparan
sulfate and protein collected on the filters were quantified and plotted rela-
tive to that of FGF-2 (open bars, left). Binding was also tested in the presence of
heparin as a competitor. Controls included binding to EGF and BSA. The same
experiment was carried out using recombinant human VEGF-C (mature, fully
processed 125-amino acid sequence, described under “Experimental Proce-
dures”) and [**S]heparan sulfate from primary human lung lymphatic endo-
thelial cells (filled bars, right; p = 0.01 for FGF-2 versus VEGF-C; average of four
experiments). B, to assess binding of the same recombinant human VEGF-C
protein (designated recomb human #1) to commercial heparin, affinity chro-
matography using heparin-Sepharose columns was carried out. Fractions
collected over the indicated NaCl step concentration range were run on
SDS-PAGE with silver staining to reveal the protein elution profile. The
level to which native protein migrates on the gel is shown at left (Pre
column sample in st lane with kDa range as indicated); column flow-
through (FT) is shown in 2nd lane; and elution profile (subsequent lanes) is
shown to the right. For comparison, heparin affinity chromatography was
carried out for another commercial recombinant human VEGF-C prepara-
tion (mature, fully processed 125-amino acid sequence, recomb human #2,
shown below). C, binding of recombinant human VEGF-A (VEGF165) was
also examined.
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Interestingly, in separate binding studies, [**S]heparan sul-
fate purified from primary human (dermal) vascular endothe-
lial cells was also able to bind VEGF-C; however, the degree of
binding was significantly lower than that supported by
[**Slheparan sulfate purified from primary human lymphatic
endothelia (36% versus 53%, normalized to the binding of
FGEF-2 (p = 0.02, mean of four experiments; data not shown)).
As a reference, binding of FGF-2 to human LEC [**S]heparan
sulfate (4520 * 650 cpm/ug protein) was comparable with the
binding of FGF-2 to human (dermal) vascular endothelial cells
[**S]heparan sulfate (4560 * 1030 cpm/pg protein). Lymphatic
endothelium may thus biosynthesize heparan sulfate that binds
to VEGEF-C to a greater degree than that from nonlymphatic
(i.e. vascular) endothelium.

Heparin and Specific Sulfate-modified Heparinoids Interfere
with Erk1/2 Activation in Response to VEGF-C—Stimulation of
serum-starved primary human lung LEC with VEGF-C resulted
in phosphorylation of Erk1/2, whereas stimulation in the pres-
ence of commercial heparin (as a potential soluble competitor)
resulted in dose-dependent inhibition (Fig. 2A4). Interestingly,
degree of inhibition was sensitive to modifying the sulfation
state of the competing heparin species. Removal of N-sulfate
groups from glucosamine residues or 2-O-sulfate groups on
iduronic acid residues reduced potency of inhibition, whereas
6-O-desulfation did not, and quantification of responses
showed that heparin and 6-O-desulfated heparin had similar
inhibitory potency (Fig. 2, B and C). These findings support the
hypothesis that VEGE-C may interact with heparan sulfate on
lymphatic endothelial cells and that the interaction depends on
N- and 2-O-sulfate groups on heparan sulfate chains, rather
than 6-O-sulfate groups.

Heparinase-mediated Ablation of Lymphatic Endothelial
Heparan Sulfate Results in Altered Growth Signaling and
Reduced Receptor Phosphorylation in Response to VEGF-C—
Stimulation of serum-starved primary human lung LEC with
VEGEF-C resulted in phosphorylation of Erk1/2, although pre-
treatment of cells with heparinase, which destroys cell-surface
heparan sulfate, abrogated VEGF-C signaling (Fig. 34; com-
pare — versus + Heparinase) and diminished the response to
FGF-2 (Fig. 3B, left panels). However, heparinase did not reduce
Erk1/2 phosphorylation mediated by EGF, a non-heparin-bind-
ing growth factor (Fig. 3B, right panels). Phosphorylation of Akt
in response to VEGF-C and FGF-2 was also reduced following
treatment of LEC with heparinase (data not shown). To inves-
tigate any effect of ablating cell-surface heparan sulfate on
VEGF-C-mediated receptor activation, VEGFR-3 phosphory-
lation in response to VEGF-C stimulation was examined in the
absence/presence of primary LEC pretreatment with hepari-
nase. Stimulation of heparinase-treated cells resulted in
reduced VEGFR-3 phosphorylation (Fig. 3C). Receptor phos-
phorylation was also reduced by VEGEF-C stimulation in the
presence of commercial heparin (supplemental Fig. S2).

Disruption of Lymphatic Endothelial Heparan Sulfate Chain
Biosynthesis Results in Altered Erkl/2 Phosphorylation and
Reduced VEGFR-3-dependent Binding of VEGF-C—Heparan
sulfate biosynthesis was targeted at the site of glycan initiation
(attachment to core proteins via xylose) through siRNA-
mediated silencing. Human primary LEC were transfected with
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FIGURE 2. VEGF-C-mediated Erk1/2 activation in lymphatic endothelium
is inhibited by the presence of heparin, with unique responses in the
presence of sulfate-modified heparinoids. A, phosphorylation of Erk1/2
(p44/42) in serum-starved human primary lung lymphatic endothelial cells in
response to treatment with recombinant human VEGF-C was measured in the
absence/presence of increasing commercial heparin concentration. Lym-
phatic endothelial cell purity was confirmed by immunostaining to detect
nuclear expression of Prox-1 (right photomicrographs; with 1gG isotype-
matched control antibody stain to right; bar, 50 um). Maximum phosphory-
lation was noted in the absence of heparin (+VEGF-C, heparin = 0). Phospho/
total signal intensities were quantified by densitometry and normalized
relative to that of maximum stimulation (Signal Relative to Max, below panel).
Preliminary testing showed that marked inhibition was achieved at heparin
doses >1 ug/ml. B, effects of N-desulfated (N-deS), 2-O-desulfated (2-O-deS),
or 6-O-desulfated (6-O-deS) heparin species were examined at the same
doses as that used for unmodified commercial heparin in A. C, quantitative
assessment for responses in the presence of heparin versus sulfate-modified
heparinoids dosed at 10 wg/ml is shown (graph). Values represent the densi-
tometry ratio of phospho/total Erk for VEGF-C-mediated stimulation in the
presence of either heparin (+ Hep) or each of the respective heparinoids
normalized to the signal for stimulation in the absence of heparin (— Hep).
Graph shows mean of four experiments. *, p < 0.001 for + heparin versus —
heparin; **, p < 0.001 for 6-O-deS versus — heparin; differences in means for
N-deS versus — heparin or 2-O-deS versus — heparin were not significant).

siRNA targeting xylosyltransferase-2 (siXylT2), the major XylT
isoenzyme expressed by human LEC (quantitative RT-PCR;
data not shown). Control LEC were transfected with scrambled
duplex RNA (siDS). Initial studies examining growth signaling
revealed that VEGF-C-mediated Erk1/2 phosphorylation was
blunted in siXylT2-targeted LEC as compared with controls
(Fig. 4A). We then examined the upstream effect of such target-
ing on VEGFR-3 activation in response to VEGEF-C stimulation.
Using a novel PLA, the specific association of VEGF-C with
VEGEFR-3 receptor on siXylT2-targeted LEC was examined
through dual labeling with ligand and receptor antibodies fol-
lowed by application of secondary bi-functional PLA probes
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FIGURE 3. Heparinase-mediated ablation of lymphatic endothelial cell-
surface heparan sulfate inhibits growth signaling and receptor activa-
tion in response to VEGF-C. A, phosphorylation of Erk1/2 (p44/42) in serum-
starved primary human lung lymphatic endothelial cells was measured
before/after growth factor stimulation. Responses to stimulation with recom-
binant human VEGF-C were measured for cells pretreated with or without
heparinase (used to destroy cell-surface heparan sulfate). Total Erk for each
panelis shown below respective phospho-Erk panels. Ratios of phospho/total
Erk band intensities for each condition were quantified by densitometry and
normalized to the respective base-line phospho/total Erk ratio (shown in
parentheses below each panel). B, responses to stimulation by FGF-2 (left pan-
els) as well as the non-heparin-binding factor EGF (right panels) pretreated
with or without heparinase were also examined. C, VEGFR-3 receptor phos-
phorylation in response to VEGF-C was examined in the absence/presence of
heparan sulfate elimination by heparinase. Receptor was immunoprecipi-
tated from lysates of either serum-starved LEC (baseline) or the same cells
preincubated in the absence/presence of heparinase and stimulated with
VEGF-C. Immunoblotting with anti-phosphotyrosine was carried out and
revealed a phosphorylated product in response to stimulation with VEGF-C
(WB: P-Tyr; middle lane), consistent with phosphorylated VEGFR-3. The
response of heparinase-treated cells is shown in the right lane. Total receptor
in the original lysates (TL) is shown below (WB: VEGFR-3). Graph (right) shows
mean signal intensities normalized to base-line signal for n = 3 experiments
(=S.E.). *, p = 0.001 for difference relative to normalized base-line signal; **,
p = 0.009 for difference between mean heparanase and mean VEGF-C values.

that yield a fluorescent signal in the assay only when ligand and
receptor (the antibody targets) interact (26). Detection of abun-
dant ligand/receptor proximity products was noted upon
addition of exogenous VEGF-C to control LEC, whereas
siXylT2-targeted LEC demonstrated a marked reduction in
ligand-receptor complex formation (Fig. 4, B and C), indicating
the importance of LEC cell-surface heparan sulfate in mediat-
ing association of receptor-ligand complexes. As a control, the
assay was also sensitive to silencing VEGFR-3 (Fig. 4C, right
panel), resulting in a marked reduction in complexes in
siVEGFR-3-targeted cells relative to siDS controls (77% reduc-
tion; p = 0.004).

We turned to a functional assay to assess the effects of
XylT2 targeting on VEGF-C-mediated cell growth across a
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FIGURE 4. Silencing of lymphatic endothelial heparan sulfate chain biosynthesis inhibits VEGF-C-dependent Erk1/2 activation and reduces receptor-
dependent binding of VEGF-C. A, cultured primary human lymphatic endothelia were transfected with siRNA targeting XyIT2 (siXy/T2) or with scrambled
duplex RNA (siDS) as a control. Under each condition, phosphorylation of Erk1/2 in serum-starved cells before/after recombinant human VEGF-C exposure was
examined by Western blotting. Total Erk for each condition is shown below respective phospho-Erk lanes. Ratios of phospho/total Erk band intensities for each
condition were quantified and normalized to the respective base-line ratio (values in parentheses). Graph (below) shows mean signal intensities for n = 4
experiments (£S.E.). B, in separate experiments, exposure of mock-transfected (siDS) control cells to exogenous recombinant human VEGF-C followed by
washing resulted in the engagement of numerous cell-surface VEGF-C-VEGFR-3 complexes (red dots, top right photomicrograph; siDS +VEGF-C), as measured
through PLA. There was minimal endogenous signal at base line, prior to exogenous VEGF-C application (top left; siDS). Exposure of siXylT2-targeted cells to
exogenous VEGF-C resulted in minimal complex formation over base line (bottom photomicrographs; bar, 50 um). C, quantified results, showing the fold
increase in fluorescent signal for each condition indexed to base-line signal for siDS control. Also shown on the graph (right) is the mean signal achieved by cells
treated with siRNA targeting VEGFR-3 and exposed to exogenous VEGF-C (labeled siVR3+ VEGF-C). *, p values for difference between siDS + VEGF-C and the
following: siDS base line (p < 0.001); siXylT2 + VEGF-C (p = 0.001); siVR3 + VEGF-C (p = 0.004). **, p = 0.04 for difference in base-line signals (siDS versus
siXylT2).

gap in a culture plate. Targeted LEC were tested in a scratch
assay (Fig. 5A4), where cellular closure of a “scratch”-induced
gap created across confluent control (siDS) LEC was effi-
ciently achieved over 24— 48 h by addition of VEGF-C, and
absence of VEGF-C slowed gap filling by control LEC. How-
ever, siXylT2-targeted LEC were unresponsive to VEGF-C
and showed a marked reduction in gap-filling capacity (Fig.
5A, lower panels). Cell growth studies using a viability assay
(Fig. 5B) revealed that VEGF-C-dependent growth of the
cells was sensitive to siXylT2 targeting. Growth inhibition
persisted when siNdst1-targeted cells were used, indicating
that the cells are also sensitive to inhibiting the sulfation of
nascent heparan sulfate chains.
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Biosynthesis of Appropriately Sulfated Heparan Sulfate Is
Required for VEGFE-C as Well as FGF-2-dependent Growth and
Sprouting Responses by Lymphatic Endothelial Cells—Follow-
ing the functional effect of silencing heparan sulfate chain bio-
synthesis on LEC growth responses to VEGF-C (Fig. 5), we tar-
geted chain sulfation. Primary human lung LEC were treated
with siRNA targeting N-deacetylase/N-sulfotransferase-1
(Ndstl), a key sulfate-modifying enzyme involved in heparan
sulfate biosynthesis. Initial growth signaling studies revealed
that VEGF-C-mediated Erk1/2 phosphorylation was blunted in
siNdst1-targeted LEC as compared with controls (Fig. 6A).
Deficiency in the enzyme also resulted in abrogating cell growth
responses (Fig. 5B) as well as cell cycle proliferation responses
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FIGURE 5. Targeting lymphatic endothelial heparan sulfate chain biosyn-
thesis abrogates VEGF-C-dependent gap filling and growth responses in
cultured cell systems. Monolayers of serum-starved human lymphatic endo-
thelia transfected with siRNA targeting XylT2 (siXy/T2) or with scrambled duplex
RNA (siDS; control) were scratched to create a gap in the center at time 0. The
ability of cells tofill the gap in response to VEGF-C was examined. A, graphs show
quantitative data for percentage of gap filling over time in the presence/absence
of VEGF-C by control cells (left panel) and by siXyIT2-targeted cells (right panel).
Photomicrographs below show gap (with dotted gap boundaries) within conflu-
ent cell layers at time 0, and degree of gapfilling at 48 h in the presence of VEGF-C
(bar, 0.5 mm). *, p = 0.009 and **, p = 0.003 for difference in mean responses by
VEGF-C-stimulated versus un-stimulated control (siDS) cells at 24 h and 48 h,
respectively. (Graph, mean of n = 3 trials.). B, cell viability assays demonstrate
growth responses of control (siDS), siXylT2-, and siNdst1-targeted lymphatic
endothelia in response to 24 h of exposure to VEGF-C. *, p < 0.001 for the differ-
ence in mean growth responses by control (siDS) cells stimulated * VEGF-C for
24 h. Other differences were not significant.
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(supplemental Fig. S3) to VEGF-C. In addition, filling of a
scratch/gap in a monolayer of control (siDS) LEC was effi-
ciently achieved by addition of VEGF-C, whereas siNdst1-tar-
geted LEC showed a marked reduction in the gap-filling
response (Fig. 6B, top panel). The assay was sensitive to mito-
mycin-C, which blocks cell proliferation (see graphs labeled
+Mito-C in Fig. 6B), indicating that gap filling in the original
assay was dependent on VEGF-C-mediated proliferation
(rather than migration), and was inhibited by Ndst1 deficiency.
In other scratch assays, siNdst1-targeted primary human LEC
also demonstrated a blunted response to FGF-2 (Fig. 6B, bottom
panel).

To examine another characteristic growth factor response by
Ndst1-targeted lymphatic endothelia, we focused on sprouting
responses by proliferating LEC isolated from experimental oil
granuloma/lymphangioma lesions in mice (17). LEC directly
isolated from these lesions expressed LYVE-1 and podoplanin
(Fig. 6C). To achieve a genetic alteration in lymphatic endothe-
lial Ndst1, lesions were generated in Ndst”/TekCre* mutant
mice, which bear a pan-endothelial conditional mutation in
Ndst1. The Tek promoter drives pan-endothelial expression of
Cre recombinase, as described previously (20, 27). Analysis of
the isolated LEC by quantitative genomic PCR showed that
mutant LEC underwent ~75% deletion of the loxP-flanked
allele of Ndst1, consistent with the known expression of Tek
during lymphatic proliferation in vivo (28, 29). Sprouting of
mutant LEC in response to VEGF-C or FGF-2 in type I collagen
was significantly diminished (Fig. 6D), indicating that the sul-
fate composition of lymphatic heparan sulfate affects matrix-
associated sprouting by the LEC. To examine whether the
observed phenotype correlated with reduced sulfation of lym-
phatic heparan sulfate produced by the LEC, analysis of hepa-
ran sulfate disaccharides derived from the LEC was carried out
using quantitative tandem liquid chromatography/mass spec-
trometry. N-Sulfation of mutant disaccharides was reduced by
~35%, with an increase in unsulfated disaccharides (52%) and
modest reductions in 6-O- and 2-O-sulfation (Fig. 6D, lower
graph; see also supplemental Fig. S4). More dramatic reduction
in sulfation did not occur due to incomplete NdstI inactivation
and the fact that lymphatic endothelia also express a second
isoenzyme (Ndst2). Similar results have been observed when
Ndst1 was genetically targeted in blood endothelial cells (11,
20). These findings suggest that appropriately sulfated lym-
phatic heparan sulfate is required for the growth and sprouting
of VEGF-C-stimulated lymphatic endothelial cells.

DISCUSSION

In this study, we found that lymphatic endothelial heparan
sulfate is critically required for the following: 1) activation of
Erk1/2 growth signaling as well as VEGFR-3 receptor-depen-
dent binding of VEGF-C, and 2) lymphatic endothelial cell
growth and sprouting in response to VEGF-C. In addition, tar-
geting lymphatic endothelial Ndst1, which plays a key role in
generating clustered sulfate-modified domains on nascent
heparan sulfate chains, is sufficient to disrupt lymphatic growth
(including proliferation) as well as sprouting in response to
VEGE-C. Although altering lymphatic endothelial heparan
sulfate also results in impaired lymphatic growth responses
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to FGF-2, a known heparin-binding pro-lymphangiogenic
growth factor, our findings demonstrate a distinct require-
ment for the presence and appropriate sulfation of the glycan
chain on the cell surface to elicit characteristic VEGF-C-
mediated responses.

Experiments focusing on the interaction of VEGF-C with
cultured lymphatic endothelia revealed an important role for
lymphatic heparan sulfate in mediating ligand binding to
the cell surface. It is possible that heparan sulfate presented
on lymphatic cell-surface proteoglycans may directly bind
VEGE-C (Fig. 1) and cluster it in a manner that facilitates
receptor interaction. Moreover, using a proximity ligation
assay, it appears that biosynthesis of the glycan is critically
required for the specific association of VEGF-C with its cog-
nate receptor VEGFR-3 (Fig. 4, B and C). Activation of the
latter is known to be required for lymphatic endothelial
Erk1/2 and Akt-mediated signaling responses to VEGF-C (4,
5). Destroying lymphatic cell-surface heparan sulfate (via
heparinase) or competing with heparin during stimulation
with VEGF-C inhibited not only the activation of major
mitogen growth signaling intermediates (i.e. Erk1/2) but also
upstream ligand-dependent phosphorylation of VEGFR-3
(Fig. 3).

How might HS modulate the initiation of receptor-depen-
dent signaling by VEGF-C? One possibility is that the interac-
tion of VEGF-C with VEGFR-3 may be similar to the interac-
tion of certain VEGF isoforms with VEGFR-2 or FGF-2 with
FGF receptor during ternary complex formation, wherein
heparan sulfate binds both ligand and receptor (11, 30, 31).
More generally, lymphatic heparan sulfate may serve to main-
tain the presence of VEGF-C in proximity with VEGFR-3. It
should be mentioned that despite a nearly complete abrogation
of VEGF-C-VEFGR3 interaction as a result of siXylT2 targeting
(Fig. 4, B and C), a very minimal receptor response by the HS-
altered cells may still translate into a modest downstream Erk
signal in response to the VEGF-C ligand (Fig. 44, right side of
blot). It is also possible that other non-VEGFR3 activation sig-
nals may contribute to Erk phosphorylation in this setting.
Moreover, in the siXylT2-targeted state, there may also be par-
tial contribution to HS biosynthesis from any XylT1 expression
(see supplemental Fig. S1, for example). Nevertheless, the over-
all effect of siXylT2 targeting on Erk signaling correlates with
the marked inhibition noted in VEGF-C-VEGFR3 association,
and the effect is significant (Fig. 4). Intriguingly, it also appears

that the functional interaction of VEGF-C with the lymphatic
cell surface (and downstream Erk activation) is selective with
respect to the sulfation pattern of the heparan sulfate chains
(Fig. 2). Although further work is needed to define specific
heparan sulfate-binding sites in VEGF-C and VEGEFR-3, the
findings herein suggest an important co-receptor role for hepa-
ran sulfate in facilitating the actions of major lymphatic growth
factors on lymphatic endothelium.

We isolated mutant versus wild type LEC from experimental
oil granuloma lymphatic proliferative lesions induced in
Ndst P/ TekCre™ mutant mice. Primary LEC isolated ex vivo
from lesions in mutant mice demonstrated reduced sprouting
responses to VEGF-C as well as FGF-2 (Fig. 6D, upper panel).
Driving Cre-mediated NdSst1 inactivation under control of the
Tek promoter generates a pan-endothelial reduction in Ndst1
expression. This was sufficient to alter NdstI expression in lym-
phatic endothelia isolated from Ndst/TekCre™ mutants, con-
sistent with studies reporting the expression of Tek in develop-
ing lymphatic endothelium (28, 29). In addition, heparan
sulfate purified from mutant cells showed reductions in glycan
sulfate composition consistent with deficiency in the Ndst1-
sulfating enzyme (Fig. 6D, bottom panel). Lymphatic prolifera-
tion in vivo might be affected not only by VEGF-C and/or
FGF-2 but also by partial contributions from other heparan
sulfate-dependent growth factors, such as PDGF or heparin-
binding splice variants of VEGF-A. The latter has been shown
to function in concert with VEGE-C to induce early lymphatic
sprouting in embryoid body models (32). It was beyond the
scope of our studies to measure the relative degrees to which
alterations in heparan sulfate biosynthesis affect the various
factors that may be involved. Indeed, this may vary among lym-
phatic endothelia isolated from different tissues. Rather, the
experiments herein, employing heparinoid competition, hepa-
rinase-mediated ablation, and siRNA as well as genetic loss-of-
function strategies to alter lymphatic endothelial heparan sul-
fate, provide evidence for the cell autonomous importance of
the glycan during lymphatic endothelial responses to VEGE-C,
a dominant pro-lymphangiogenic factor. Lymphatic heparan
sulfate may function in a similar manner during responses to
FGF-2, a known lymphatic growth factor (8) with well recog-
nized heparan sulfate binding properties. Although this has not
yet been examined for responses of lymphatic endothelium to
FGF-2, the unique and critical role of the glycan, including its
specific sulfation, in lymphatic endothelial VEGF-C binding

FIGURE 6. Targeting lymphatic endothelial Ndst1 results in reduced growth and sprouting responses to VEGF-C and FGF-2. A, serum-starved human
lymphatic endothelia were transfected with siRNA targeting Ndst1 (siNdst1) or with scrambled duplex RNA (siDS; control). Phosphorylation of Erk1/2 before/
after VEGF-C exposure was examined by Western blotting. Total Erk for each condition is shown. Ratios of phospho/total Erk band intensities for each condition
were quantified and normalized to the respective base-line ratio (values in parentheses). Graph (right) shows mean signal intensities for n = 4 experiments
(£S.E.). B, ability of the siRNA-targeted lymphatic endothelia to filla gap made between cells in a scratch assay was examined over 48 h in the presence/absence
of growth factor. Photomicrographs show gap (with dotted gap boundaries) within confluent cell layers at time 0, and at 48 h in the presence of VEGF-C (bar,
0.5 mm). Control siDS cells partially filled the gap over 48 h (upper photomicrographs), whereas response by siNdst1-targeted cells is shown below. Mean values
for responses in the presence/absence of VEGF-C were graphed (top). *, p = 0.01 for VEGF-C versus un-stimulated cells at 48 h. Graphs for assays carried out in
the presence of the cell proliferation inhibitor mitomycin-C are also shown (labeled +Mito-C). The scratch assay was also carried out for cell stimulation in the
presence/absence of FGF-2 (graphs shown below photomicrographs). *, p = 0.008 for FGF-2 versus unstimulated cells at 24 h; **, p < 0.001 for FGF-2 versus
unstimulated cells at 48 h. (Graphs, mean of n = 3 trials.) C, lymphatic endothelia were isolated from oil granuloma/lymphangioma lesions generated in
Ndst1”TekCre(+) mutant mice and Cre(—) littermates, with podoplanin and LYVE-1 expression shown by FACS. D, sprouting responses in collagen upon
stimulation with recombinant VEGF-C or FGF-2 were examined. Significant responses to growth factor were noted for Cre(—) wild type cells (¥, p = 0.003, and
** p = 0.008 for respective VEGF-C and FGF-2 responses versus base-line responses in the absence of growth factor, None). Mutant responses (right) were not
significantly different from base line. Sulfation of heparan sulfate disaccharides purified from mutant versus wild type cells was determined by liquid chroma-
tography/mass spectrometry and quantified as a percentage of total disaccharides (bottom graph). The detected disaccharide species are listed (x axis)
according to published nomenclature (21), with DOAO (left-most bars) indicating the percentages of unsulfated disaccharides.
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and signaling point to what may be a novel co-receptor function
for heparan sulfate in VEGFR-3 activation by VEGF-C.

It should also be noted that the effects of heparan sulfate
targeting on VEGF-C-mediated lymphatic endothelial growth
across a scratch-gap in culture (as in Fig. 6B, top graphs) were
abolished by carrying out the assays in the presence of mitomy-
cin-C (Fig. 6B, +Mito-C graphs), which inhibits cell prolifera-
tion. It thus appears that the major effect of targeting heparan
sulfate biosynthesis is on VEGF-C-dependent cell growth and
proliferation. Accordingly, this was confirmed in assays directly
examining cell growth (Fig. 5B) as well as cell cycle responses.
Along those lines, we noted that siNdst1 targeting was suffi-
cient to inhibit the cell cycle response of cultured primary
LEC to VEGF-C stimulation (supplemental Fig. S3). This is
consistent with the upstream effects on mitogen-mediated
Erk1/2 activation. In addition, lymphatic endothelial sprout-
ing responses were also sensitive to Ndstl deficiency. This
implies that mechanisms required for lymphangiogenesis
may be uniquely sensitive to changes in lymphatic endothe-
lial heparan sulfate.

A variety of different proteoglycan core proteins might serve
to scaffold heparan sulfate chains on the lymphatic endothelial
surface or even the pericellular matrix on secreted proteogly-
cans. For example, in primary mouse LEC isolated from oil
granuloma/lymphangioma lesions (employed in Fig. 6, C and
D), preliminary quantitative expression studies suggest that
syndecan-4 appears to be the major proteoglycan core protein
expressed on the LEC surface (data not shown). With this in
mind, it is interesting to consider our finding of reduced growth
factor-dependent sprouting by heparan sulfate-targeted LEC
(Fig. 6), because syndecan-4 itself has been shown to play a
critical role in mediating focal adhesions in studies employing
syndecan-4 truncation constructs in cultured cells (33). Further
studies are needed to identify the relative importance of this
proteoglycan as a possible co-receptor for lymphangiogenesis
signaling. Studies in proteoglycan gene-targeted mice are also
underway to address these questions.

The findings herein may have importance with respect to
therapeutic targeting. For example, interfering with heparan
sulfate biosynthesis may reduce or prevent lymphatic progres-
sion during pathologic states of lymphangiogenesis, such as
cancer, where the process may contribute to lymph node
metastasis (1, 2). More generally, the findings may validate a
rationale for up- or down-regulating heparan sulfate in the lym-
phatic microenvironment as a unique strategy to modulate
VEGEF-C-receptor engagement and activation in a variety of
lymphatic pathologic states.
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