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During vascular development, endothelial platelet-derived growth factor B (PDGF-B) is critical for pericyte
recruitment. Deletion of the conserved C-terminal heparin-binding motif impairs PDGF-BB retention and
pericyte recruitment in vivo, suggesting a potential role for heparan sulfate (HS) in PDGF-BB function during
vascular development. We studied the participation of HS chains in pericyte recruitment using two mouse
models with altered HS biosynthesis. Reduction of N-sulfation due to deficiency in N-deacetylase/
N-sulfotransferase-1 attenuated PDGF-BB binding in vitro, and led to pericyte detachment and delayed
pericyte migration in vivo. Reduced N-sulfation also impaired PDGF-BB signaling and directed cell migration,
but not proliferation. In contrast, HS from glucuronyl C5-epimerase mutants, which is extensively N- and
6-O-sulfated, but lacks 2-O-sulfated L-iduronic acid residues, retained PDGF-BB in vitro, and pericyte
recruitment in vivo was only transiently delayed. These observations were supported by in vitro
characterization of the structural features in HS important for PDGF-BB binding. We conclude that pericyte
recruitment requires HS with sufficiently extended and appropriately spaced N-sulfated domains to retain

PDGF-BB and activate PDGF receptor B (PDGFR) signaling, whereas the detailed sequence of
monosaccharide and sulfate residues does not appear to be important for this interaction.
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Tissue morphogenesis depends on cell-cell interactions,
controlling directed cell migration proliferation, differ-
entiation, and cell survival. Specificity is often regulated
at the level of selective ligand-receptor interaction.
However, the spatial distribution and local concentra-
tion of the ligand determine the range of the signal, and,
as exemplified by morphogens of the hedgehog, TGFB,
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and Wnt family members, also the nature of the signal.
Indeed, spatial restriction defines the activities of most
peptide growth factors and many secreted neural guid-
ance molecules. In vascular development, peptide
growth factors of the VEGF and platelet-derived growth
factor (PDGF) families regulate the migration and prolif-
eration of endothelial cells and supporting mural cells;
i.e., pericytes (PC) and vascular smooth muscle cells
(vSMC). The longitudinal migration and proliferation of
vSMC/PC depend on paracrine signaling of endothelial
derived PDGF-B to PDGF receptor-f (PDGFRB) ex-
pressed on vSMC/PC (Lindahl et al. 1997; Hellstrom et
al. 1999). PDGE-B is secreted as a homodimer (PDGF-
BB), which signals by mediating dimerization of its re-
ceptor. Conditional inactivation of Pdgf-b in the endo-
thelium demonstrated that endothelial cells are the
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main source of PDGF-BB required for SMC/PC recruit-
ment (Enge et al. 2002; Bjarnegard et al. 2004). Exon 6 in
the Pdgf-b gene codes for a basic amino acid motif re-
ferred to as the retention motif. This sequence shows
structural similarities with the heparan sulfate (HS)-in-
teracting domain of VEGF-A and is thought to mediate
binding to the cell surface or extracellular matrix (LaRo-
chelle et al. 1991; Ostman et al. 1991). The retention
sequence of PDGF-B may be removed by proteolysis to
generate a more diffusible protein. Mice with a homozy-
gous deletion of the retention motif, Pdgf-b**/***, have
defective investment of PCs in the microvascular sys-
tem, indicating that the retention properties of PDGF-BB
are essential for proper vSMC/PC assembly and hence
for a fully functional vasculature (Lindblom et al.
2003).

Surprisingly little is known about the extracellular
components involved in PDGF-BB distribution and sig-
naling in vivo. From studies in various organisms as well
as in vitro systems, it has become clear that HS proteo-
glycans (HSPGs) mediate retention of many growth fac-
tors and morphogens (Lin 2004; Hacker et al. 2005). HS is
generated as repeating units of N-acetylglucosamine
(GleNAc) and glucuronic acid (GlcA) linked to core pro-
teins at specific serine residues. The newly synthesized
linear polysaccharide chain undergoes extensive modifi-
cation: N-deacetylation/N-sulfation of GlcNAc residues
by N-deacetylase/N-sulfotransferases (NDSTs), C5-
epimerization of GlcA to iduronic acid (IdoA) by a HS
glucuronyl C5-epimerase (Hsepi, synonym Glce), and fi-
nally O-sulfation at C2 of IdoA and, rarely, GlcA, C6 of
GlcNAc and glucosamine N-sulfate (GlcNS), and C3 of
GleNS (or N-unsubstituted glucosamine) units (Esko and
Lindahl 2001; Esko and Selleck 2002). The overall pro-
cess is generally incomplete, such that the final HS prod-
ucts display domain-type arrangement of more or less
modified saccharide regions. Partly due to the substrate
specificities of the enzymes involved, IdoA and O-sulfate
residues occur predominantly in N-sulfated domains cre-
ated by NDST action. The distribution, extension, and
modification level of such domains appear to be tightly
regulated in a tissue/cell-specific fashion (Ledin et al.
2004), although the underlying regulatory mechanisms
remain poorly understood. The negative charge contrib-
uted by carboxyl and sulfate groups is essential for inter-
actions between HS and basic amino acid residues in
proteins such as VEGF-A (Robinson et al. 2006) and
PDGFs (Feyzi et al. 1997a). However, with a few notable
exceptions, major questions concerning specificity and
selectivity in HS-protein interactions remain unresolved
(Esko and Lindahl 2001; Gallagher 2001; Kreuger et al.
2006). Key enzymes in polymer modification during HS
biosynthesis are the NDSTs, which create the basis for
all further modification of the chains in those domains
that become N-sulfated (NS domains). There are four
known isoforms, Ndst-1-4. Ndst-1 and Ndst-2 are both
ubiquitously distributed during development as well as
in adult mice, while Ndst-3 and Ndst-4 are mostly ex-
pressed during development (Ford-Perriss et al. 2002;
Grobe et al. 2002; Yabe et al. 2005). Surprisingly, though,
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the only clear phenotype in mice deficient in NDST-2 is
observed in mast cells of connective tissue (Forsberg et
al. 1999). Mice lacking NDST-1 have a more severe phe-
notype and die between embryonic day 14.5 (E14.5) and
shortly after birth (Ringvall et al. 2000). The dramati-
cally reduced HS sulfation in these mice results in brain
malformation and skeletal defects (Grobe et al. 2002,
2005). These findings implicate the highly sulfated NS
domains in growth factor-binding events, but do not dif-
ferentiate between requirements for defined sequence
versus overall charge density. Epimerization of GlcA to
IdoA increases the flexibility of the sugar chain and is
prerequisite to some of the further O-sulfation steps. De-
letion of the Hsepi gene leads to formation of a HS analog
that is highly N-sulfated, but devoid of IdoA units, thus
with severely perturbed fine structure (Li et al. 2003).
Comparison of phenotypes due to Ndst-1 or Hsepi
knockout may therefore provide clues to qualify the de-
pendence on saccharide structure.

The importance of HS for PDGF-BB retention in vas-
cular development has not been directly demonstrated,
but is indirectly inferred based on the HS-binding prop-
erties of the PDGE-BB retention motif (Lindblom et al.
2003). Here, we investigated PDGF-BB-dependent PC re-
cruitment in the developing hindbrain of mouse mutants
for Ndst-1, Hsepi, and Pdgf-bret. We combined these
studies with in vitro analysis of the structural require-
ments of HS-domains for PDGF-BB binding, using HS-
related oligomer libraries and isolated HS from Ndst-1
and Hsepi mutants. Together, the data show an aston-
ishing degree of correlation between in vitro binding of
PDGF-BB to HS and in vivo PC recruitment/attachment.
Moreover, they demonstrate that N- and O-sulfation of
HS are required for efficient PDGF-BB binding, whereas
saccharide fine structure is of lesser importance. Cell
culture assays provided corroborating direct evidence for
reduced retention of PDGF-BB on cells deficient in HS
and indicated that HS may contribute to PC recruitment
by augmenting PDGFRp signaling and directed cell mi-
gration toward PDGF-BB. This is to our knowledge the
first in vivo proof that interaction of PDGF-BB with sul-
fated HS regions is essential for PC recruitment in vas-
cular development.

Results

Defective PC recruitment in HS-deficient mice

Hindbrain whole-mounts from E11.5 Ndst-1~/~ mice and
control littermate embryos were double-labeled with the
isolectin-B4 and an antibody recognizing the chondroitin
sulfate proteoglycan NG2 to visualize endothelial cells
and PCs, respectively. Analysis of flat-mounted wild-
type hindbrains revealed a close association between
PCs and the endothelium, including the tip cells at the
outermost growing front of the vascular plexus (Fig. 1A).
In Ndst-1~/~ embryos, however, PCs frequently failed to
reach the growing vascular front (Fig. 1B). In comparison
with Ndst-17/~ mice, the vascular defects of Pdgf-be*/**t
mice were more severe, with an even broader region of
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wildtype

Ndst-1-/-

Figure 1. Delayed PC coverage of the vasculature
lacking NDST-1 or the PDGF-B retention motif.
Staining of hindbrain endothelium and associated
PCs from wild-type (A), Ndst-17/- (B), and Pdgf-b™"/
ret (C) embryos with isolectin (red) and NG2 (green).
Wild-type PCs cover the endothelium up to the
sprouting front. In contrast, large parts of sprouting
vessels remain uncovered in the Ndst-17/~ and
Pdgf-b™*"et embryos. Bar, 50 pm. (D) Quantifica-
tion of the total length from the sprouting endothe-
lial tip to the first PC. (E) Ilustration of interindi-
vidual variation.

Pdgf-b ret/ret

the newly formed plexus devoid of PCs (Fig. 1C,D).
Quantification of the distance from the growing endo-
thelial edge to the closest PCs revealed that PCs in con-
trol animals occurred 10 + 1.5 pm (n = 5) from the lead-
ing edge, whereas the distance was 70 = 15 pm (n = 4)
and 300 + 74 pm (n = 4) in Ndst-17/~ and Pdgf-b*"/*** mu-
tants, respectively (Fig. 1D). Observations based on a
large number of embryos showed that Ndst-1/~ mice
varied in the extent of PC deficiency, ranging from se-
verely affected embryos, where the peripheral compart-
ment of the vascular plexus was completely devoid of
PCs, to embryos with an almost normal recruitment of
PCs to the brain vasculature (Fig. 1E).

Defective PC coverage and attachment in Ndst-17/~
and Pdgf-b**/**t mutants

In mature capillaries, PCs are tightly wrapped around the
endothelium, with interdigitating processes, occasion-
ally stretching over considerable distance. The brain vas-
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culature is particularly rich in PCs, which almost com-
pletely cover the ablumenal surface of the endothelium.
Improved availability of PC markers has now clarified
that PCs, contrary to previous notions, are very rapidly
recruited to new vascular sprouts (Gerhardt and Bet-
sholtz 2003). Here, we found a higher PC coverage at the
midline (Fig. 2A,C,E) than in the periphery (Fig. 2B,D,F)
in hindbrains of all genotypes, most likely reflecting the
earlier development of the vascular plexus at the mid-
line. Thus, although PCs are initially recruited to the
growing sprout, the full coverage with PCs is only
achieved during subsequent vascular maturation. We
therefore analyzed confocal images at the periphery (p in
Fig. 2G) and midline (m in Fig. 2G) of the growing hind-
brain vasculature to quantify the proportion of PC-endo-
thelial apposition (PC coverage) in relation to the total
area of the endothelium. At the midline of both wild
type (n =4) and Ndst-17/~ mutants (n = 6), 60% of the
capillary area was covered with PCs (Fig. 2H, white and
light-gray bars, respectively). In Pdgf-b™**** mutants,
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Figure 2. Reduced PC coverage of endothelium in Ndst-
17/~ and Pdgf-b™**** hindbrain. Comparison of PC cov-
erage at the midline (A,C,E) and periphery (B,D,F) of
hindbrains of wild-type (A,B), Ndst-17/- (C,D), and Pdgf-
bret/ret (E F) embryos stained with isolectin (red) and NG2
(green). (G) Hlustration of the hindbrain areas represent-
ing midline (m) and periphery (p). Bars: A-E, 20 pm; G;
100 pm. (H) Relative proportion of endothelial staining
overlapping with PC staining in percent of total vessel
area (see also Materials and Methods; Abramsson et al.
2003) at the midline and periphery of wild-type (white
bars), Ndst-17/~ (light-gray bars), and Pdgf-b™"/*** (dark-
gray bars). (I,]) PC proliferation is unaffected in Ndst-17/~
hindbrains. (I) Illustration of Ndst-1~/~ hindbrain sample
labeled for PDGFRB (red), isolectin (blue-purple), BrdU
(after 2-h pulse; green), and DAPI (gray-white). The arrow
points to proliferating PC with PDGFR labeling on the
cell surface. Bar, 10 pm. (J) Quantification of BrdU-posi-
tive PC (see Materials and Methods for details; see
Supplementary Fig. 1 for illustration of confocal stacks
analyzed for quantification).
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only 34% (n =4) of the endothelium in the same area
was covered (Fig. 2H, dark-gray bar). In the periphery of
the hindbrain, PC coverage in wild-type embryos was
52% (Fig. 2H, white bar). At this site, the endothelium of
Ndst-17/- and Pdgf- b™"/*** mice was only covered with
PCs to 35% and 4%, respectively (Fig. 2H, light-gray and
dark-gray bars, respectively). Thus, the initial recruit-
ment phase seems to be more severely affected by struc-
tural deficiency of HS or lack of the PDGF-B retention
motif. PDGF-BB is most strongly produced by the lead-
ing tip cells and thus acts to direct migration of PCs
along the nascent vascular sprout (Gerhardt and Bet-
sholtz 2003). However, PDGF-BB is also required for PC
proliferation (Hellstrom et al. 1999). To determine the
cause of deficient PC recruitment in Ndst-17/~ hind-
brains, we studied PC proliferation by BrdU incorpora-
tion using confocal microscopy on hindbrains labeled
with BrdU, PDGFRB, Isolectin-B4, and DAPI. BrdU-posi-
tive nuclei juxtaposed to Isolectin-B4-labeled endotheli-
um and surrounded by PDGFR labeling were scored as
proliferating PCs. We found prominent proliferation of
PCs in Ndst-17/~ and wild-type littermates with no dif-
ferences between the genotypes (Fig. 21,]), indicating that
the reduced PC coverage in Ndst-17/~ embryos is not
caused by deficient expansion of the PC population
through proliferation.

In addition to the delayed spreading and establishment
of a continuous cover, we observed that in Ndst-17/~ em-
bryos, pericytic processes frequently stretched away
from the endothelium (Fig. 3B). This was in contrast to
the very tight endothelial-PC association seen in the
wild-type embryos (Fig. 3A). This conspicuous appear-
ance was reminiscent of earlier observations in the
retina or in tumors in Pdgf-b***/*** mice (Abramsson et al.
2003; Lindblom et al. 2003). Here, we found numerous
PC protrusions lacking endothelial contact also in the
hindbrain of the Pdgf-b™*/*** mice (Fig. 3C). Thus, PCs in
the CNS of Pdgf-b**/"* and Ndst-1~/~ mice seemed strik-
ingly similar in being more loosely attached to the cap-
illaries. Together, the similarities shared between the
Pdgf-b***¢* and Ndst-17/~ phenotypes suggest that HS
modifications catalyzed by NDST-1 may be crucial for
PDGE-BB retention.

Sulfated HS is concentrated on the vascular
endothelium of the hindbrain

In situ hybridization studies and RT-PCR (Yabe et al.
2005) as well as immunohistochemical detection (Grobe
et al. 2005) have previously shown that Ndst-1 is ex-
pressed in the developing brain. To investigate the local-
ization of HS in the hindbrain, the HepSS-1 antibody was
used. The epitope recognized by this antibody is known
to contain extended sequences of N-sulfated disaccha-
ride units (van den Born et al. 2005). Confocal images of
wild-type hindbrains labeled with the HepSS-1 antibody
revealed most abundant HS deposition on the ablumi-
nal endothelial surface (Fig. 4A-C). The same was true
for vessels in the Pdgf-b***°* mutants (Fig. 4G-I). In
contrast, Ndst-1-deficient embryos almost completely
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Figure 3. Defective PC association to endothelium in Ndst-
17/~ and Pdgf-b™"** embryos. (A) High-resolution images of
wild-type hindbrain stained with isolectin (red) and NG2 (green)
revealed a tight and circumferential cover of PCs. In hindbrains
of Ndst-17/- (B) and Pdgf-b*/* (C) mutants, pericytic processes
were frequently found to stretch out into the surrounding tissue
or to make contact with neighboring vessels (arrows in B,C).
Bar, 40 pm.

lacked endothelial HepSS-1 labeling (Fig. 4D-F). These
results suggested that NDST-1 is required for endothelial
HS-sulfation and not compensated for by any other
NDST isoenzyme. If the endothelial HS-sulfation in turn
were critical for PDGF-BB binding, it would explain the
defective PC recruitment and coverage in Ndst-17/~
mice. We therefore decided to investigate the nature of
PDGF-BB binding to HS in more detail.

PDGF-BB homodimers bind to HS SAS domains

What is the minimal size of a HS domain capable of
binding PDGEF-BB under physiologic ionic conditions?
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Figure 4. HS localizes to vascular structures in developing hindbrain. HS distribution in hindbrain was visualized using the HepSS-1
antibody (green), while isolectin (red) was used as an endothelial marker. In wild-type (A-C) and Pdgf-b™**** (G-I} embryos, HS
overlapped with the vasculature. (D-F) The HS staining was absent or highly reduced in hindbrains of Ndst-1~/~ mutants. Bar, 40 pm.

To answer this question, size-defined heparin oligosac-
charides, essentially fully N- and O-sulfated, were ap-
plied to affinity chromatography on immobilized PDGF-
BB dimer, and eluted using a stepwise salt gradient. The
apparent affinity of PDGF-BB for heparin oligosacchari-
des increased with the length of the fragments (Fig. 5A).
Heparin 4-mers bound very weakly, whereas 6-mers and
8-mers were retained on the column to a higher degree
and with increasing affinity. Oligosaccharides of 12-mer
and larger size showed maximal binding. These results
suggest that the smaller oligomers interact primarily
with PDGF-B monomers, whereas the actual binding re-
gion for a PDGF-BB dimer resides within a 12-mer se-
quence. These binding characteristics are similar to
those previously demonstrated for PDGF-AA (Lustig et
al. 1996; Feyzi et al. 1997a). Contiguous NS domains of
12-mer size are rare in HS. On the other hand, previous
studies have shown that binding sites for oligomeric

(Lortat-Jacob et al. 1995; Stringer and Gallagher 1997;
Spillmann et al. 1998) as well as monomeric protein li-
gands (Kreuger et al. 2002) may be composed of shorter
NS domains separated by one or more N-acetylated di-
saccharide units (“SAS domains”). Fragments containing
such domains were generated by limited cleavage of HS
(from pig intestinal mucosa) at N-sulfated glucosamine
residues (reaction with HNO, at pH 1.5), and radiola-
beled by subsequent reduction with NaB*H, (see Mate-
rials and Methods). The products were separated by gel
chromatography, and size-defined species were individu-
ally tested for binding to PDGF-BB. SAS fragments of
=10-mer size showed appreciable binding (Fig. 5B). To
further characterize the PDGF-BB-binding SAS frag-
ments, a pool of ~8-mers to 18-mers was applied to the
PDGF-BB column, and separated into flow-through
(eluted with 50 mM Tris-HCI at pH 7.4), a weakly bind-
ing (eluted with 0.25 M NaCl), and a strongly binding
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Figure 5. Binding of heparin and HS oligosaccharides to PDGF-
BB. (A) The size of heparin oligosaccharides able to bind to
PDGEF-BB. Size-defined *H-end-labeled fragments were allowed
to bind to the PDGF-BB affinity column and were then eluted as
described in Materials and Methods. The amounts of radioac-
tivity in fractions eluted with 0.15 M (white bars), 0.2 M (gray
bars), and 0.4 M (black bars) NaCl were determined and plotted
as the percent of total radioactivity applied. Not shown is ma-
terial unretarded upon application in 50 mM Tris-HCI (pH 7.4).
(B) The same type of affinity separation was performed with SAS
oligosaccharides isolated by partial cleavage of HS chains. (C)
Affinity-purified SAS fragments (~8-18-mer) eluted with 0.4 M
NaCl from PDGF-BB were separated on a sizing column before
(filled symbols) and after (open symbols) cleavage at chemically
N-deacetylated glucosamine units as described in Materials and
Methods. Size-defined, standard heparin oligosaccharides run
on the same column are indicated with arrows. (D) The same
SAS fragments were also reapplied to PDGF-affinity chromatog-
raphy before (indicated with -) and after (marked with +) selec-
tive cleavage at N-deacetylated glucosamine wunits. The
amounts of radioactivity in each effluent fraction were deter-
mined and plotted as the percent of total radioactivity as de-
scribed in A.

(eluted with 0.45 M NaCl) fraction (data not shown). The
latter fraction ranged from 12-mers to 18-mers, as dem-
onstrated by gel chromatography (Fig. 5C), whereas
weakly binding species were =12-mers (data not shown).
The SAS character of the PDGF-BB-binding oligosaccha-
rides was verified by N-deacetylation followed by deami-
native cleavage of N-unsubstituted glucosamine units.
The degradation induced by this treatment was indica-
tive of internal N-acetylated disaccharide units in the
intact oligosaccharides (Fig. 5C). The terminally radiola-
beled fragments thus obtained showed appreciable loss
of affinity for PDGF-BB (Fig. 5D), suggesting a bridging
function for the GlcNAc residues. A proportion of the
fragmented oligosaccharides still retained affinity for the
immobilized growth factor, pointing to occurrence also
of longer, contiguous N-sulfated sequences within the
SAS preparation (Fig. 5D).
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PDGEF-BB affinity increases with overall O-sulfation
of HS

Biosynthesis of HS is concluded by 2-O-, 6-O-, and, more
rarely, 3-O-sulfation of previously N-sulfated intermedi-
ary polysaccharide (Esko and Lindahl 2001}, leading to
increased overall negative charge as well as sequence
heterogeneity. To assess the role of O-sulfation in
PDGF-BB binding, oligosaccharide libraries were gener-
ated by chemo-enzymatic modification of heparin (see
Materials and Methods). Pools of N-sulfated 12-mers,
each with a given number (from one to five) of 2-O-sul-
fate groups, were individually subjected to enzymatic
6-O-sulfation. Anion-exchange HPLC patterns of the
various pools before and after 6-O-sulfation revealed the
number of 2-O-sulfate groups at start and the number
(zero to four) of added 6-O-sulfates, respectively (Fig. 6A—
E). Affinity chromatography on PDGF-BB showed a con-
sistent increase in affinity with increasing degree of 2-O-
sulfation, even in the absence of 6-O-sulfation, and fur-
ther increased binding after 6-O-sulfation (Fig. 6F-]).
These results show that binding of HS-related sacchari-
des to PDGF-BB depends on overall degree of sulfation,
without any apparent requirement for specific sequence.

Ndst-17/~ and Hsepi~/~ mice—correlation of HS
structure, PDGF-BB binding, and vascular phenotype

The in vitro binding experiments with radiolabeled hep-
arin oligosaccharides and SAS fragments isolated from
authentic HS pointed to the importance of sufficiently
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Figure 6. Assessment of O-sulfation required for optimal bind-
ing. An oligosaccharide library was made from *H-radiolabeled,
6-O-desulfated heparin dodecasaccharides that were separated
according to their number of 2-O-sulfate groups (one to five
2-O-sulfate groups as indicated with bold numbers above black
lines in A-E) and then separately subjected to enzymatic 6-O-
sulfation as described in Materials and Methods. The modified
structures (containing additional 6-O-sulfate groups as indi-
cated, +1 to +4) were reapplied to the anion-exchange column
(filled symbols in A-E) as described. The nonmodified struc-
tures (black lines) and the pools of biosynthetically modified
dodecasaccharides (filled symbols) were subjected to affinity
chromatography using a stepwise salt gradient as shown in F-J.



extended, or appropriately spaced, NS domains in HS
interacting with PDGF-BB. The deficient PC recruit-
ment in Ndst-17/~ embryos could thus be caused by in-
adequate interaction of PDGF-BB with the poorly N-sul-
fated HS in the vasculature. Previous structural analysis
showed that N-sulfation of Ndst-17/~ HS was drastically
reduced compared with wild-type HS; notably, IdoA,
2-O-sulfate, and 6-O-sulfate residues were all present,
albeit in reduced quantity (Ringvall et al. 2000; Ledin et
al. 2004). To directly assess the effects of this structural
change on PDGF-BB binding, HS isolated from Ndst-1~/~
embryos was radiolabeled by N-deacetylation and re-N-
[*H]acetylation and was then applied to affinity chroma-
tography on a PDGF-BB column. Whereas the corre-
sponding wild-type HS was largely bound to the growth
factor under physiological ionic conditions (Fig. 7A),
only a minor fraction of the Ndst-1-null HS was retained
(Fig. 7C).

HS synthesized by Hsepi/~ mice differs drastically in
structure from both the corresponding wild-type and
Ndst-17/~ species, in that N-sulfation is more extended
than in wild-type (and Ndst-17/~) HS, whereas IdoA and
IdoA-2-O-sulfate residues are lacking. Instead, glucos-
amine 6-O-sulfation is increased, such that the overall
level of sulfation is about the same as in wild-type HS (Li
et al. 2003). Affinity chromatography of Hsepi~/~ embry-
onic N-[*H]Jacetyl-labeled HS showed a fraction of PDGF-
BB-binding material, albeit somewhat reduced compared
with the wild-type sample (Fig. 7B). To analyze PDGF-BB
retention in a cellular context, we transfected mouse
embryonic fibroblasts (MEF) from Ndst-1*/*, Ndst-17/~,
Hsepi*/*, and Hsepi~/~ embryos with human full-length
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Figure 7. PDGF-BB binding of HS isolated from genetically
modified mouse embryos. N-[*H]acetyl-labeled HS from wild-
type (A), Hsepi~/~ (B), and Ndst-17/~ (C) embryos was affinity-
separated on immobilized PDGF-BB, using a stepwise salt gra-
dient as indicated. (D) Three proximity ligation assay measuring
PDGF-BB in medium of transfected MEFs isolated from Ndst-
1** Ndst-17-, Hsepi*/*, and Hsepi/~ cells.
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PDGF-BB and quantified PDGF-BB in cell lysates and
medium by triple proximity ligation technique
(Schallmeiner et al. 2007). We failed to detect significant
amounts of PDGF-BB in the medium of Ndst-1*/* and
Hsepi*/* cells. However, Ndst-1~/~ cells, and to a much
lesser extent Hsepi~/~ cells, accumulated PDGF-BB in
the medium (Fig. 7D). Thus, both isolated endogenous
HS from Ndst-17/~ embryos and Ndst-1~/~ cells are defi-
cient in PDGF-BB retention. However, C5-epimerization
and subsequent modifications of HS appear to be of
lesser importance for PDGF-BB retention.

We analyzed PC recruitment and coverage in Hsepi~/~
embryos to test the in vivo relevance of these findings.
At E12.5, we found no sign of PC detachment or reduced
coverage (data not shown). However, close scrutiny of
the first plexus developing at day 10.5 revealed some
delay in PC recruitment in the hindbrains of Hsepi~/~
embryos (Fig. 8A-H,M). Already at day 11.5, the coverage
had normalized, and no sustained deficiency could be
detected (Fig. 8I-L). Thus, the lack of C5-epimerase-de-
pendent HS modification slightly reduced PDGF-BB
binding in vitro and delayed PC recruitment in vivo.
However, unlike N-sulfation, C5-epimerization appears
not to be critical for PDGF-BB binding and PC recruit-
ment in vascular development.

Ndst-17/- cells show signaling defects and reduced
migration toward PDGF-BB

The proliferation assay in vivo indicated that N-sulfated
HS is dispensable for PC proliferation, but may affect
directional PC migration during PC recruitment. Since
MEFs express the PDGFRB and can be recruited to na-
scent vessels by PDGF-BB (Abramsson et al. 2003), we
used MEFs to test whether NDST-1 and HSEPI activity
affect cell migration toward PDGF-BB. Immunofluores-
ence labeling (Fig. 9A-D) and Western blot analysis (data
not shown) confirmed the expression of PDGFRp in un-
stimulated MEFs of all genotypes. We used a modified
Boyden chamber assay to assess migration of MEFs to-
ward 20 ng/mL mouse PDGF-BB in medium added to the
bottom chamber. Surprisingly, Ndst-17/~ cells migrated
through the 3-um pores also in the unstimulated condi-
tion. However, the PDGF-BB-dependent relative increase
in directed migration was strongly reduced in Ndst1~/
cells (ratio of stimulated migration/unstimulated = 2.4)
compared with wild-type (~7) and Hsepi~/~ cells (5.9) (Fig.
9E), suggesting that N-sulfated HS is important for
PDGEF-BB-induced chemotaxis. We therefore asked
whether PDGFRB activation and downstream signaling
was altered in Ndst-17/~ cells. We stimulated serum-
starved MEF cells for 10 min with 100 ng/mL PDGF-BB
and investigated PDGFRB phosphorylation as well as
phosphorylation of SHP2, Akt, Erkl, and Erk2 MAPK.
All cells showed phosphorylation of PDGFRB upon
PDGEF-BB stimulation. However, Ndst-17/~ cells dis-
played some PDGFR phosphorylation and phospho-Akt
also under unstimulated conditions, with very little fur-
ther increase in Akt phosphorylation upon PDGF-BB
stimulation. Furthermore, Erkl and Erk2 MAPK phos-
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Figure 8. Transiently delayed PC recruitment in Hsepi-deficient mice. (A-D) At E10.25, PCs (arrows) stained for NG2 (green) were
already abundant on hindbrain vessels (isolectin staining, red) in wild-type embryos (A,C) both near the midline (m) and near the
avascular periphery (p). (B,D) In Hsepi-null embryos, PCs (arrows) were only sparse on vessels closest to the midline and absent in the
periphery. (E-H) At E10.5, PC recruitment was still slightly delayed in Hsepi-null embryos compared with wild-type littermates
(quantified in M). (I-L) By E11.5, PC recruitment was equally advanced in wild-type and Hsepi-null hindbrains (cf. I and ], and K and
L). (M) Quantification of the distance from the growing vascular front in the periphery to the first pericytic process at this stage
indicated significantly delayed longitudinal recruitment in Hsepi-null embryos (wild type, 16.8 + 9.3 nm; Hsepi /-, 48.7 + 33.4 um;
n =63 and 74, respectively; four hindbrains each; p < 0.001).

phorylation was significantly reduced compared with are required in PDGF-BB signaling and directed migra-
both wild-type and Hsepi/~ cells (Fig. 9F). Together, tion toward PDGEF-BB, the fine structure of such do-
these data suggest that whereas N-sulfated HS domains mains is of lesser importance.
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Figure 9. Ndst-17/~ MEF cells are deficient in PDGEF-BB signaling and chemotaxis. (A-D) Representative images of wild-type and HS
mutant MEF cells expressing PDGR (green; counterlabeling for actin, red, and nuclei, DAPI, blue). (E) Quantification of a modified
Boyden chamber chemotaxis assay using 20 ng/mL PDGF-BB as chemoattractant (24 h) in the bottom chamber. Control medium
without PDGF-BB was used to assess baseline migration (unstimulated, dark gray). Note that although all cells migrated toward
PDGE-BB (light-gray bars), the ratio of unstimulated/stimulated migration was reduced from ~7 in wild-type to 2.4 in Ndst-1~/~ cells.
(F) Wild-type and Hsepi~/~ MEF cells stimulated for 10 min with 100 ng/mL PDGF-BB show similar phosphorylation of PDGFRR,
SHP-2, Akt, Erkl, and Erk2. However, Ndst-1/~ cells show reduced phosphorylation of PDGFRp, SHP-1, Erkl, and Erk2, and very little
if any additional phosphorylation of Akt. Ribosomal protein S6 served as loading control. (G,H) Schematic model of mutated HS
structures (G) and of HS-PDGE-BB interaction (H). (G) Structures of wild-type, Hsepi~/~, and Ndst-1~/~ HS with schematic indication
of NS domains (black bars) and O-sulfation (circles). Notably, the Hsepi~/~ HS is devoid of IdoA units and 2-O-sulfate groups, whereas
the Ndst-17/~ HS contains fewer N-sulfate groups and thus IdoA units and 2-O-sulfate groups. (H) Illustration of a PDGF homodimer
in interaction with an HS chain. A HS =12-mer SAS domain joins the two PDGF monomers through interactions between its
N-sulfated regions (black, separated by N-acetylated structure, gray) and the retention motifs (striped) on the protein.
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Discussion

The present study addresses the role of HS for the func-
tion of PDGF-BB in PC recruitment during vascular de-
velopment. We show that both the recruitment of PCs
along the growing blood vessels and the attachment of
PCs to the ablumenal endothelial surface is defective in
Ndst-17/~ mice as a consequence of reduced HS N-sulfa-
tion in the developing vasculature. Detailed binding
studies using size-defined oligosaccharide libraries, SAS
fragments, and native HS isolated from mice deficient in
Ndst-1 and Hsepi demonstrated that the overall degree of
sulfation is a limiting factor for PDGF-BB retention by
HS. Our HS-PDGF-BB binding studies further predicted
that epimerization of GlcA to IdoA including subsequent
2-O-sulfation is unlikely to be essential for PDGF-BB
retention in PC recruitment if compensated for by N-
and 6-O-sulfate. Indeed, we find that PC recruitment is
only marginally delayed and attachment of PC to the
ablumenal endothelial surface is unaffected in Hsepi™/~
mice. Analysis of chemotaxis and signaling in Ndst-17/~
and Hsepi~’/~ MEF cells stimulated with PDGF-BB pro-
vided evidence for a particular involvement of N-sulfated
HS in PDGFR signaling and directed cell migration.
These data are the first to delineate the structure-func-
tion relationship of HS epitope modifications in PDGF-
BB retention and signaling during vascular development.

PDGF-BB is produced by the vascular endothelium and
activates its cognate receptor tyrosine kinase, PDGFR,
on the PCs and vSMC:s (for review, see Betsholtz 2004).
Both Pdgf-b- and Pdgfrb-null mutants die at late gesta-
tion due to vascular defects associated with severe loss of
PCs and vSMCs. Signaling through PDGFRB stimulates
cell migration, proliferation, and survival in cell culture.
Elegant in vivo and biochemical data suggest that the
level of PDGFRB expression and the sum of pathways
triggered by tyrosine phosphorylation of receptor upon
activation determine the extent of expansion of the PC
and vSMC population during mouse embryogenesis (Tal-
Iquist et al. 2003). Similarly, the levels of the ligand
PDGF-BB regulate the expansion of the PC population
(Hellstrom et al. 1999; Enge et al. 2002; Hammes et al.
2002), together indicating that PDGF-BB signaling
through PDGFR gauges the expansion of the PC popu-
lation. How PC migration and proliferation are coordi-
nated to ensure effective PC recruitment in vascular de-
velopment remains unclear.

First, insight recently arose from the phenotype of
mice lacking the retention motif of PDGF-BB (Lindblom
et al. 2003). Here, the incorporation of PCs into the ves-
sel wall is severely defective, and the longitudinal re-
cruitment of PCs along retinal vascular sprouts is de-
layed. In a model of tumor transplantation to Pdgf-b />
mice, ectopic tumor cell expression of PDGF-BB rescues
the numbers of PCs; however, their attachment to the
endothelium remains impaired (Abramsson et al. 2003).
These data would agree with a mechanistic model in
which directed migration and proper attachment of PCs
is regulated by local PDGF-BB retention, whereas prolif-
eration is retention-independent. Our present study on
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Ndst-17/~ mice shows that PDGF-BB retention, PC at-
tachment, and longitudinal PC recruitment depend on
N-sulfated HS, whereas PC proliferation does not. We
suggest that vascular N-sulfated HS (Fig. 4) may act in
conjunction with localized PDGF-BB production from
the leading endothelial tip cell (Gerhardt et al. 2003) to
generate localized short-range gradients through PDGF-
BB retention on the endothelial surface or perivascular
ECM to direct PC migration and attachment. We provide
two pieces of direct evidence for quantitative loss of
PDGF-BB retention on Ndst-1-deficient tissue: First, iso-
lated HS from Ndst-1/~ embryos was poorly retained in
physiological ionic conditions on a PDGF-BB affinity
chromatography column (Fig. 7A-C), and secondly, cells
isolated from Ndst-1/~ embryos and transfected with a
PDGEF-BB expression vector accumulated PDGF-BB in
the medium in contrast to similarly transfected Ndst-
1*/* cells (Fig. 7D).

Genetic studies indicate that NDST-1 is the major N-
sulfating enzyme in HS biosynthesis (Grobe et al. 2002.).
NDST-2 is also ubiquitously expressed during develop-
ment, yet mice lacking NDST-2 produce normal HS and
have no vascular defects (Forsberg et al. 1999). However,
HS in Ndst-1 mutants contains residual N-sulfates (as
well as associated IdoA and O-sulfate groups) that may
be ascribed to redundant effects of NDST-2. These re-
maining modifications explain the minor residual PDGF-
BB affinity of Ndst-1/~ HS (Fig. 7C), and the attenuated
Ndst-17/~ as compared with the Pdgf-b*"/*** vascular
phenotype (Fig. 1). The severely compromised PDGF-BB
binding of Ndst-1~/~ HS is explained by the structural
requirements for such binding, elucidated in the present
study. Adequate binding of PDGF-BB requires =12-mer
SAS domains with appropriately spaced N-sulfated sub-
domains (Fig. 9H); i.e., structures that are common in
wild-type HS but rare in Ndst-1~/~ HS (Fig. 9G).

Our biochemical data indicate that in addition to N-
sulfation, O-sulfate groups are needed to promote HS-
PDGEF-BB interaction. However, no preference for any
particular sequence within the N-sulfated domains was
detected, using variously O-sulfated oligosaccharide li-
braries as affinity probes (Fig. 6). We conclude that ad-
equate PDGF-BB binding depends on long, although rare,
NS domains or appropriately spaced and O-sulfated NS
domains (SAS domains), without any specific sequence
requirement. This proposal is supported by the PDGF-
BB-binding properties of HS isolated from Hsepi~/~ mice
(Fig. 7B), and by the associated vascular phenotype (Fig.
8). The binding properties, approaching those of wild-
type HS, as well as the comparatively mild vascular phe-
notype indicate that the HS produced in Hsepi™/~ mice,
in spite of its lack of IdoA and severely perturbed O-
sulfation pattern, is capable of functional interaction
with the growth factor. The Hsepi /- HS is extensively
N- and 6-O-sulfated, contrary to the Ndst-17/~ analog,
and thus apparently may interact with PDGF-BB either
through contiguous N-sulfated regions or SAS domains
(Fig. 9G,H). The lack of conformationally flexible IdoA
units in Hsepi”/~ HS, which are generally believed to
promote protein apposition, and the absence of clustered



2-O- and 6-O-sulfate groups only marginally affect
PDGEF-BB binding.

Our present data identify local retention of PDGF-BB
as a critical element in PC recruitment and indicate that
this retention is required for directed migration and at-
tachment of PCs, with little importance for PC prolif-
eration. This differential requirement of HS for PC mi-
gration and proliferation could reflect alterations of
downstream signaling. Previous work has provided little
evidence for modification of PDGF-BB signaling through
HS. Exogenously added heparin did not appear to alter
the affinity of PDGFRB-PDGEF-BB binding or signaling
through PDGFRB in HS-deficient CHO cells (Rolny et al.
2002). We studied PDGFR phosphorylation using an an-
tibody that recognizes one of two tyrosine residues im-
portant for PI3K binding (Y750 in mouse). Although we
can confirm that PDGF-BB is capable of inducing recep-
tor phosphorylation in Ndst-17/~ cells, we find a signifi-
cant reduction, suggesting that N-sulfated HS produced
by the responding cells modifies PDGFR signaling. Im-
portantly, Hsepi/~ cells showed no difference in
PDGFRB signaling compared with wild-type cells. The
PI3K-AKT pathway has previously been suggested to be
most important for PC recruitment and is a major path-
way in cell migration (Tallquist et al. 2003). Accordingly,
cells carrying PDGFR with phenylalanine substitutions
of the tyrosine residues (Y-F mutations) at positions 739
and 750 required for PI3K binding are compromised in
downstream PDGF-BB signaling, showing reduced AKT
and Erk MAPK phosphorylation (Tallquist et al. 2003).
Additional Y-F mutations important for SHP2 and RAS-
Gap binding lead to additional signaling defects and a
further reduction in PC recruitment in vivo. We find a
very similar pattern of signaling defects in Ndst-17/-
cells—e.g., reduced phosphorylation of Erkl, Erk2, and
SHP2 (Fig. 9F)—providing the first evidence for HS modi-
fications affecting PDGF-BB signaling. We further find
reduced chemotaxis toward PDGF-BB in Ndst-17/~ cells,
together suggesting that the defective longitudinal re-
cruitment of PCs in vivo may indeed be caused by defi-
cient PDGEF-BB signaling pathways involved in cell mi-
gration. Interestingly, phosphorylation of PDGFR@ and
AKT as well as cell motility were increased in unstimu-
lated Ndst-17/- cells (Fig. 9E,F), indicating that reduced
N-sulfation of HS could affect PDGFR activity and cell
motility independent of ligand binding. The reason for
this effect is unclear and warrants further investigation.
Increased motility may by itself lead to reduced cell at-
tachment and could partially explain the observed PC
detachment in Ndst-17/~ embryos. Integrin receptors in-
volved in cell attachment have been shown to directly
activate PDGFRB independent of ligand binding (Ya-
mada and Even-Ram 2002). Integrins have also been sug-
gested to interact with HS in focal adhesion assembly
(for review, see Couchman and Woods 1999), and cell
adhesion of vSMC and tumor cells (Beauvais and Raprae-
ger 2004), lending support to the idea that HS can func-
tion to enhance attachment while reducing migration of
vSMC (Koyama et al. 1998). Thus, it is possible that the
PC deficiencies in Ndst-1~/~ embryos reflect a combina-
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tion of defects involving PDGF-BB retention and
PDGFR signaling as well as integrin-mediated cell at-
tachment and migration control. It is unclear, however,
whether the increased cell motility and basal receptor
activation in the absence of ligand would necessarily ag-
gravate the PDGF-BB-dependent defects or rather par-
tially ameliorate these, correlating with the somewhat
milder PC phenotype in Ndst-1~/~ compared with Pdgf-
bt/*t embryos. However, the observed detachment of
PCs in Pdgf-b™**** mice demonstrates that the loss of
PDGF-BB retention in itself is sufficient to cause the PC
phenotype observed in Ndst-1/~ embryos, arguing that
potential PDGF-BB-independent effects of HS alterations
in vitro are unlikely to play a major role in PC recruit-
ment defects in vivo.

An alternative mechanistic model could involve estab-
lishment of a ternary complex in which, similar to FGFR
signaling, both the receptor and the ligand directly inter-
act with HS (Powell et al. 2002). Such an interaction
could function to enhance receptor signaling in the pres-
ence of ligand, but also help keep the receptor silent
when ligand is not bound. However, to our knowledge
evidence for direct interaction of HS with PDGEFR is not
available, and the precise structure and stoichiometry of
the PDGF-BB-PDGFR@ complex in the presence or ab-
sence of adequately N-sulfated HS chains has not been
solved. Staining for N-sulfated domains in HS in vivo
using the HepSS-1 antibody showed that these epitopes
are tightly associated with the endothelial surface (Fig.
4), providing an ideal interface for the formation of po-
tential ternary complexes only when PCs are tightly as-
sociated with the endothelial cells. Whether the relevant
HS is produced by the endothelium or the PCs remains
to be shown. For the related growth factor VEGF-A, a
recent study demonstrated that HS can function in trans
to potentiate VEGF receptor-mediated angiogenesis in
chimeric embroid bodies (Jakobsson et al. 2006). In anal-
ogy, it is tempting to speculate that PDGF-BB and N-
sulfated HS are produced by the same cell (the endothe-
lium) so that maximal activation of PDGFR on PCs (in
trans) occurs only when PCs are intimately associated
with the endothelial surface.

Materials and methods

Animals

Animals were housed in individually ventilated cages under
barrier conditions in the transgenic core facility of the Karolin-
ska Institute, Stockholm; the Biomedical Center, Uppsala Uni-
versity; and at the Royal Veterinary College, London. Pdgf-bret
mutants, Ndst-1 mutants, and Hsepi mutant mice were on a
C57Bl/6] background (backcrossed for at least 10 generations)
and were genotyped by PCR as previously described (Abramsson
et al. 2003; Li et al. 2003; Holmborn et al. 2004).

Immunohistochemistry

Embryos were isolated at E10.25-E12.5 and fixed in 4% para-
formaldehyde, phosphate-buffered saline at 4°C for 4-16 h.
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Hindbrains were dissected clean from other tissues and whole-
mount-stained as previously described (Ruhrberg et al. 2002;
Gerhardt et al. 2003). Blood vessels were detected using bioti-
nylated Griffonia simplicifolia isolectin-B4 (20 pg/mL; Sigma),
and PCs were labeled using rabbit anti-NG2 antibody (1:200;
Chemicon). HS was detected using HepSS-1 antibody (1:200;
Seikagaku) (Kure and Yoshie 1986; van den Born et al. 2005).
Secondary antibodies conjugated with the appropriate fluoro-
chrome—Alexa Fluor 488, 568, or 633 (Molecular Probes; Invit-
rogen)—were used. Hindbrains were mounted on glass slides
with Mowiol supplemented with anti-bleaching agent (1,4-di-
azabicyclo-2.2.2-octane; Sigma). Mounted hindbrains and sec-
tions were analyzed by conventional light and fluorescence mi-
croscopy using a Nikon E800 microscope and Zeiss Axiovert
200 equipped with digital cameras (Nikon and Zeiss) and by
confocal laser scanning microscopy using a Zeiss LSM Meta 510
(Swegene Gothenburg, Sweden; CMB Karolinska Institute; and
London Research Institute-Cancer Research UK). Digital im-
ages were processed using Volocity (Improvision) and Adobe
Photoshop 7.0.

Measurements of PC coverage and detachment were made as
described previously (Abramsson et al. 2003) using Volocity (Im-
provision) (at least six microscopic fields were counted for each
hindbrain sample). All results are expressed as mean = SD. Dif-
ferences between experimental groups were analyzed by Stu-
dent’s t-test using two-tailed distribution and the two-sample
unequal variance. P < 0.05 was considered statistically signifi-
cant. Assessment of PC recruitment was performed by measur-
ing the distance from the tips of vascular sprouts that extend
toward the avascular periphery to the leading edge of the first
PC process (at least 15 sprouts were measured for each hind-
brain).

PC proliferation in vivo

BrdU (5-bromo 2’'-deoxyuridine; Invitrogen) was injected at 50
mg/kg body weight intraperitoneally into pregnant females 2 h
before collecting embryos. Embryos (E11.5) were fixed and hind-
brains were dissected as detailed above. Samples were passed
through a methanol/PBT (PBS, 0.1% Tween 20) series before 30
min of proteinase K treatment (10 ng/mL in PBT) followed by 10
min in glycine (2 mg/mL in PBT), two washes in PBT, and
post-fixation for 20 min in 4% PFA/0.1% glutaraldehyde in
PBT. After washing in PBT, samples were equilibrated in DNase
I buffer (50 mM Tris-HCI, 10 mM MgCl, at pH 7.5) and incu-
bated for 2 h in DNase I (0.1 U/uL) at 37°C. DNase was heat-
inactivated for 10 min at 70°C in 50 mM Tris-HCI (pH 7.5),
followed by washes in ice-cold Tris-HCI. After two washes in
PBT, unspecific binding of antibodies was blocked by 1% BSA/
0.5% Tween 20 in PBS for 30 min. Samples were labeled using
Isolectin-B4 as described (Gerhardt et al. 2003). PCs were la-
beled using rat anti-mouse PDGFR (1:200 in 0.5% BSA/0.25%
Tween 20/PBS; clone APB5, eBioscience). Biotin-Isolectin-B4
and PDGFRB antibody were detected with streptavidin Alexa
Fluor 633 (1:200; Molecular Probes; Invitrogen) and donkey
anti-rat rhodamine (TRITC) conjugate (1:100; Jackson Immu-
noresearch Laboratories), respectively. BrdU was detected with
mouse anti-BrdU Alexa Fluor 488 (1:50; Molecular Probes; In-
vitrogen). Nuclear counterlabeling was performed using
Hoechst 33258 (Sigma-Aldrich). Samples were flat-mounted and
cover-slipped using Moviol.

Proliferating PCs were assessed by nuclear BrdU staining on
four-channel confocal image stacks at 1-um z-intervals acquired
using a 63x lens. Twenty image stacks of 10- to 15-um total
z-dimension were analyzed for each genotype (Ndst-17/~ and
Ndst-1*/*; five image stacks/hindbrain, four hindbrains E11.5
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pergenotype). Examples of image stacks are shown in Supple-
mentary Figure 1.

PDGE-BB signaling assay

Ndst-17/-, Hsepi'~, or wild-type MEFs were seeded in 12-well
culture plates. At 100% confluency, they were washed three
times in serum-free medium and starved for 2 h in serum-free
medium. PDGF-BB (P4056; Sigma) was added at a 100 ng/mL
concentration. After 10 min of incubation at 37°C, the cells
were lysed in 180 pL of boiling nonreducing SDS-sample buffer
and sonicated. Cell extracts were separated on NuPAGE 4%-
12% Bis-Tris gel (Invitrogen) and transferred to a Hybond-P
PVDF membrane (GE Healthcare Biosciences). The membrane
was incubated with the antibodies provided in the PathScan
PDGEFR Tyrosine Kinase Activity Assay Kit (7180; Cell Signal-
ing Technology). The membranes were developed using Lumi-
GLO provided with the kit. The assay was performed in tripli-
cate.

PDGEF-BB chemotaxis assay

The migration assay was performed in 3-pm pore size HTS Fluo-
roblok chamber inserts (BD Falcon, product number 351151).
Ndst-17/-, Hsepi~'~, or wild-type MEFs were washed three times
with serum-free medium and then preincubated with 5 uM cal-
cein (C3100MP; Invitrogen). Subsequently, 40,000 cells
were plated into the chamber. These were transferred into
24-well plates containing serum-free medium with or with-
out 20 ng/mL PDGF-BB. After overnight incubation, the cells in
the bottom part of the chamber were counted on an Axiovert
200M fluorescence microscope (Zeiss). At least five microscopic
fields (0.564 mm?) per chamber were analyzed. Data are repre-
sented as average cell number/field + standard deviation. The
assay was performed in triplicate (independent assays, cell
batch).

PDGEF-BB proximity ligation assay

Ndst-17/-, Hsepi~/~, or wild-type MEFs were grown on T-75
plates and transfected with full-length human Pdgf-b ¢cDNA
(OriGene, product number TC111665) using Lipofectamine
2000 (Invitrogen). The next day, media were exchanged and,
after 48 h of incubation, collected and frozen. Cells were washed
three times with PBS and lysed in 10 mM Tris (pH 7.4), 150 mM
NaCl, 0.5% NP-40, ] mM EDTA, and 1 mM EGTA buffer with
total protease inhibitor cocktail (Roche) for 30 min at 4°C. The
extract was centrifuged for 30 min at 13,000 rpm, at 4°C, and
the supernatants were frozen. The total protein concentration
was determined using the BCA Protein Assay Kit (Pierce).
PDGF-BB was measured in lysates and medium from four plates
for each genotype. Measurements were done in triplicate using
triple proximity ligation assay as described (Schallmeiner et al.
2007).

PDGF-affinity matrix

PDGF-BB was produced in an Escherichia coli expression sys-
tem as described (Lustig et al. 1996). PDGF-BB (250 ng) was
coupled to activated CH-Sepharose CL4B gel matrix (0.5 g dry
weight) in a total volume of 2 mL according to the manufactur-
er’s instructions (GE Healthcare Biosciences). To protect the
ligand-binding site on the protein from coupling to the beads,



heparin (2 mg), pretreated with HNO, at pH 3.9 to eliminate all
N-unsubstituted glucosamine residues, was added.

Saccharide reagents

HS chains were isolated from mouse embryos as described (Le-
din et al. 2004), and were N-[*H]acetylated after N-deacetylation
by hydrazinolysis for 2 h as described (Hook et al. 1982). The
products had specific activities of 5x 10* 4.8 x10% and
3.3 x 10* counts per minute (cpm) *H per microgram for wild-
type, Hsepi~/-, and Ndst-17/~ HS, respectively. Size-defined, *H-
end-labeled oligosaccharides from native bovine lung heparin
were created by partial deamination at pH 1.5 and reduction
with NaB®H,, as described earlier (Spillmann et al. 1998). Simi-
larly, pig intestine HS was cleaved by partial deamination at pH
1.5 to yield fragments containing mixed acetyl and sulfate N-
substituents (SAS fragments) as described (Kreuger et al. 2002).
The size of the SAS fragments was determined on a Superdex 30
column (GE Healthcare Biosciences) in 0.5 M NH,HCQO;, using
a flow rate of 0.5 mL/min. The presence of GlcNAc residues in
SAS oligosaccharides was ascertained by N-deacetylation (hy-
drazinolysis for 5 h) followed by selective deaminative cleavage
(pH 3.9) at generated N-unsubstituted glucosamine units
(Shively and Conrad 1976). The resultant reduction in size of
the labeled oligomer was demonstrated by gel chromatography
as described above.

Radiolabeled oligosaccharide libraries were generated by che-
moenzymatic modification of heparin, essentially as described
(Jemth et al. 2002). Bovine lung heparin was 6-O-desulfated and
partially 2-O-desulfated by treatment with dimethyl sulfoxide/
methanol [9:1 (v/v)], and was then re-N-sulfated as described
earlier (Feyzi et al. 1997b). Oligosaccharides generated from 2.5
mg of the product by partial cleavage with HNO, (pH 1.5) were
reduced with 5 mCi of NaB®H,, yielding a mixture of even-
numbered oligomers with reducing-terminal *H-labeled 2,5-an-
hydromannitol (aManR) residues. Size-defined oligosaccharides
were recovered by gel chromatography of the mixture and fur-
ther separated with regard to charge by anion-exchange HPLC as
described (Ten Dam et al. 2006). Oligosaccharides containing
from one to five 2-O-sulfate groups were pooled, desalted, and
separately subjected to enzymatic O-sulfation (primarily 6-O-
sulfation) in reaction mixtures (final volume, 100 pL) contain-
ing 25% (v/v) of mouse mastocytoma microsomal protein (20
mg/mL), | mM 3’-phosphoadenosine-5-phosphosulfate (PAPS),
10 mM MnCl,, 3.5 uM NaF, 0.3% (v/v) Triton X-100, and 50
mM HEPES (pH 7.4). Incubations were performed for 30 min at
37°C. Reaction products were desalted, reanalyzed by anion-
exchange HPLC as before, and used in PDGF-BB-binding assays.

PDGF-affinity chromatography

PDGF-substituted beads (0.8 mL) were washed with 5 mL of 2 M
NaCl in 50 mM Tris/HCI (pH 7.4) to remove protecting heparin,
and were then transferred into a 10-mL column (Bio-Rad) and
equilibrated with 50 mM Tris-HCI (pH 7.4). Sample oligo- and
polysaccharides (*H-end-labeled HS and heparin oligosaccha-
rides or N-[*HJacetyl-labeled HS chains) were applied on the
column in 0.5 mL of 50 mM Tris-HCI (pH 7.4) and allowed to
incubate for 30 min at 4°C. The column was then eluted using
a stepwise NaCl gradient in 50 mM Tris-HCI (pH 7.4), as indi-
cated in the figure legends, and effluent fractions were analyzed
by scintillation counting. Preparative affinity chromatography
was performed in a similar fashion. Eluates were pooled as in-
dicated into unbound (eluted at 0.2 M NaCl) and bound (=0.25
M NaCl) fractions, and desalted on PD-10 columns for further
characterization.
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