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Background: HSPG interacts with growth factors to influence growth and differentiation.
Results: ES cells lacking NDST1 andNDST2 show very limited differentiation potential. FGF and heparin rescued formation of
neural progenitors.
Conclusion: HS-mediated FGF signaling is rate-limiting for commitment of primitive ectoderm to the neural lineage
Significance: This study shows the importance of the ratio between HSPG and FGF for neural differentiation.

Heparan sulfate proteoglycans, present on cell surfaces and in
the extracellular matrix, interact with growth factors and mor-
phogens to influence growth and differentiation of cells. The
sulfation pattern of the heparan sulfate chains formed during
biosynthesis in theGolgi compartmentwill determine the inter-
action potential of the proteoglycan. The glucosaminyl N-
deacetylase/N-sulfotransferase (NDST) enzymes have a key role
during biosynthesis, greatly influencing total sulfation of the
heparan sulfate chains. The differentiation potential of mouse
embryonic stemcells lackingbothNDST1andNDST2was stud-
ied using in vitro differentiation protocols, expression of differ-
entiation markers, and assessment of the ability of the cells to
respond to growth factors. The results show that NDST1 and
NDST2 are dispensable for mesodermal differentiation into
osteoblasts but necessary for induction of adipocytes and
neural cells. Gene expression analysis suggested a differenti-
ation block at the primitive ectoderm stage. Also, GATA4, a
primitive endoderm marker, was expressed by these cells.
The addition of FGF4 or FGF2 together with heparin rescued
the differentiation potential to neural progenitors and fur-
ther to mature neurons and glia. Our results suggest that the
embryonic stem cells lacking both NDST1 and NDST2,
expressing a very low sulfated heparan sulfate, can take the
initial step toward differentiation into all three germ layers.
Except for their potential formesodermal differentiation into
osteoblasts, the cells are then arrested in a primitive ecto-
derm and/or endoderm stage.

Embryonic stem (ES)3 cells are pluripotent cells derived from
the inner cell mass of the blastocyst-stage embryo (1, 2). In vitro
differentiation of ES cells into many cell types has been shown
to faithfully reproduce the developmental pathways normally
followed in vivo (3). Differentiation by formation of free floating
aggregates of ES cells (i.e. embryoid bodies (EB)) (4) is often
used for derivation of mesodermal and endodermal cell types.
The protocol to develop neural stem cells from ES cells has also
relied on EB formation (5), but neural precursors are nowmore
efficiently generated by adherent monolayer culture (6).
In the vertebrate embryo, formation of the neural plate is

dependent on cell-cell interactions and is orchestrated by a
number of molecules, involving signaling pathways dependent
on, for example,Wnt, TGF�, and FGF (7). Bonemorphogenetic
proteins (BMPs) are required to activate epidermis-specific
gene expression (8). Expression of the BMP antagonists, noggin
and chordin, by the dorsalmesoderm is needed for formation of
ectoderm (9). Mice lacking chordin and/or noggin are able to
form a nervous system but display severe defects in forebrain
development (10). In the chick, BMP inhibition is not sufficient
for neural induction (11). FGF signaling is necessary but not
sufficient for the repression of BMP and subsequent neural
fate (12, 13). More recent studies show that inhibition of
FGF-induced ERK signaling impedes neural induction of ES
cells (14, 15).
Heparan sulfate (HS) proteoglycans are present on cell sur-

faces and in basement membranes, where they interact with a
large number of physiologically important macromolecules,
thereby influencing biological processes (16–18). TheHS poly-
saccharide chains of the proteoglycans, covalently attached to
different core proteins, carry negatively charged sulfate groups.
The positioning of these sulfate groups on the two monosac-
charide building blocks of the polysaccharide (N-acetylgluco-
samine and hexuronic acid) contributes to the specificity of the
interactions. Many growth factors and cytokines bind to HS
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present on cell surface proteoglycans, which act as co-receptors
for the signaling molecules (19). In addition, HS has been
shown to be important during embryonic development by cre-
ating and maintaining gradients of morphogens and cytokines
(20).
The structure of the HS chains produced is determined dur-

ing biosynthesis, which takes place in theGolgi compartment of
the cells. The N-deacetylase/N-sulfotransferases (NDSTs),
which initiate the modification reactions, have a key role in
designing the sulfation pattern because subsequent modifica-
tions, such as O-sulfation at various positions, occur in the
vicinity ofN-sulfate groups (21). Of the four vertebrate NDSTs,
NDST1 and NDST2 are widely spread in various tissues both
during the embryonic stage and in adult mice, whereas NDST3
and NDST4 show amore restricted mRNA expression (22, 23).
A complete lack of NDST1 results in perinatal lethality, fore-
brain defects, skeletal malformation, and lung hypoplasia (24–
26). Vascular development, endothelial cell function, lipid
metabolism, lacrimal gland induction, lens development, and
neural tube fusion have also been shown to be impaired in
NDST1-deficient animals (27). In contrast, NDST2-deficient
mice are healthy and fertile, but their connective tissue type
mast cells lack sulfated heparin and contain reduced levels of
histamine and mast cell-specific proteases (28, 29). Also, mice
with a targeted deletion of NDST3 develop normally with only
subtle symptoms, such as lowered cholesterol and HDL levels
(30). No knock-out strain carrying a targeted deletion of
NDST4 has yet been described.
A lack of bothNDST1 andNDST2 results in early embryonic

lethality (31). ES cells isolated from double knock-out blasto-
cysts are unable to develop blood capillary structures (32) and
synthesize HS that lacksN-sulfate groups and contains low lev-
els of 6-O-sulfate groups (31). The NDST1�/�NDST2�/� ES
cells have also been used to study the role of heparan sulfate in
regulating FGF receptor signaling, which in turn is important
for ES cell pluripotency (33)
In this paper, we investigated the ability of NDST1�/�

NDST2�/� ES cells to develop into different lineages.We show
that mesodermal differentiation into osteoblasts can occur,
whereas adipocytes, which are also of mesodermal origin, do
not form in the mutant cultures. Based on expression of differ-
entiationmarkers, we show thatNDST1�/�NDST2�/� ES cells
can take on a primitive ectodermal fate. Rescue experiments
with the addition of heparin with or without FGF2 or FGF4
supported the hypothesis that heparan sulfate-mediated FGF
signaling is an early rate-limiting step in the commitment of
primitive ectoderm to the neural cell lineage.

EXPERIMENTAL PROCEDURES

Embryonic StemCell Culture—Mouse ES cells were routinely
cultured in DMEM with Glutamax (Invitrogen) supplemented
with 20% ES cell qualified FBS (Invitrogen), 1� nonessential
amino acids (Invitrogen), 0.1 mM �-mercaptoethanol (Sigma),
and 1000 units/ml leukemia inhibitory factor (ESGRO, Milli-
pore) on feeder cells (irradiated mouse embryonic fibroblasts).
Medium was changed every day, and ES cells were passaged
every second day. NDST1�/�NDST2�/� ES cells were derived
as described previously (31). One double knock-out ES cell line

(A3) was used for the majority of the experiments, but two
additional lines (A1 and B5) were also tested and showed simi-
lar results as A3. All three mutant ES cell lines had normal
chromosome counts. GSI-1 (Genome Systems Inc., St Louis,
MO) ES cells were used as wild type (WT) control.
In Vitro Differentiation of ES Cells—Before onset of differen-

tiation experiments, the ES cell cultures were depleted of feeder
cells by incubating trypsinized cells in ES cell medium on cul-
ture dishes for 30min,whereby feeder cells attached to the dish.
ES cells were thereafter plated on gelatin-coated dishes, cul-
tured overnight, and feeder-depleted again before they were
counted and plated according to the various differentiation
protocols. For differentiation to adipocytes (34) and osteoblasts
(35), embryoid bodies were formed by incubating hanging
drops containing 1000 cells/drop for 2 days, after which pub-
lished protocols were followed. ES cells were differentiated
toward the neural lineage using the adherent monolayer proto-
col published by Ying et al. (6). Rescue of neural differentiation
of NDST1�/�NDST2�/� ES cells with conditioned medium
from WT ES cells undergoing neural differentiation was per-
formed by plating ES cells at 11,000 cells/cm2 in N2B27
medium. 48 h later, the medium of the mutated cells was
exchanged for conditioned, sterile filtered medium from the
differentiating WT ES cells mixed 3:1 with fresh N2B27. The
medium was changed in this way every day. For testing the
effect of various factors on rescue of neural differentiation of
mutated ES cells, cells were plated at 11,000 cells/cm2 inN2B27
medium; 18 h, later the medium was exchanged for N2B27
medium containing the factors indicated in each experiment;
and cultivation continued with medium change every other
day. For differentiation of mutant cells to neurons and astro-
cytes, neural precursor cells expanded inN2B27with FGF4 and
heparin were plated on coverslips coated with polyornithine
and fibronectin. The day after plating, medium was changed to
N2B27without FGF4 and heparin, and cells were differentiated
for another 5 days. Noggin, BMP4, FGF2, FGF4, and FGF8b
were from R&D Systems. PDGF-BB and EGF were from Pepro
Technologies.Heparin frompig intestinalmucosa (Inolex, Park
Forest South, IL), purified as described (36), was a kind gift from
Prof. U. Lindahl (Uppsala University).
Alkaline Phosphatase Assay and Immunofluorescence—Al-

kaline phosphatase activity was measured using the alkaline
phosphatase detection kit (Chemicon International). For
immunofluorescence, cells were fixed in 4% paraformaldehyde
for 10 min, permeabilized in 0.2% Triton X-100 15 min, and
blocked in 20% goat serum 30 min, with PBS washes between
each step. Antibodies were diluted in blocking solution.
Primary antibodies were Oct3/4 (1:100; Santa Cruz Biotech-

nology, Inc.), nestin (1:200; Chemicon), �-III-tubulin (Tuj1,
1:500; Covance), and glial fibrillary acidic protein (GFAP)
(1:200; Sigma-Aldrich). Appropriate secondary antibodies
(Cy3-conjugated 1:200, FITC-conjugated 1:100) were from
Jackson ImmunoResearch.
RNA Preparations and RT-PCR—Total RNA was prepared

from cells using the RNeasy kit (Qiagen). cDNA was synthe-
sized from 3 �g of total RNA with Superscript II reverse tran-
scriptase (Invitrogen) using random primers (Invitrogen). For
semiquantitative RT-PCR, 5-fold serial dilutions of the cDNA
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were used. Real-time RT-PCR in Fig. 1 was performed using
KAPA SYBR FAST quantitative PCR (KM4101, Kapabiosys-
tems), and in Fig. 3, it was performed using iQ SYBR Green
Supermix (Bio-Rad).
N-Sulfotransferase Assay—N-Sulfotransferase activity was

analyzed by measuring incorporation of 35S from the sulfate
donor [35S]3�-phosphoadenosine 5�-phosphosulfate into
N-deacetylated Escherichia coli capsular K5 polysaccharide as
described previously (58). Briefly, solubilized cells (40 �g of
protein) were incubated with substrate and 1 �Ci of [35S]PAPS
in 50 mM Hepes (pH 7.4), 10 mM MgCl2, 10 mM MnCl2, 5 mM

CaCl2, 3.5 �MNaF, and 1% Triton X-100 in 0.1 ml for 30min at
37 °C. The polysaccharidewas precipitatedwith ethanol for 4 h,
separated from excess [35S]PAPS by Sephadex G25 superfine
(GE Healthcare) gel filtration, and quantified by scintillation
counting. Three parallel determinations of enzyme activity in
duplicate of WT and mutant cells were analyzed. The results
are given as mean values � S.D.
ERK Phosphorylation Assay—Two days prior FGF induction,

cells were feeder-depleted and plated on tissue culture plates
coated with 0.1% gelatin at a density of 1.2� 105 cells/cm2. The
next day, cells underwent another round of feeder depletion
and were plated in gelatin-coated 6-well tissue culture plates at
a density of 7.3� 104 cells/cm2 and cultured inN2B27medium
for 18 h. As control, cells were also cultured in ES medium. To
induce FGF signaling, FGF4 (10 ng/ml) and heparin (5 �g/ml)
was added to the cells, either alone or in combination. After an
incubation period of 15 min, the cells were lysed in 150 �l of
SDS sample buffer (50 mM Tris-HCl, pH 8.8, 18% sucrose, 2.5%
SDS, 0.01% bromphenol blue) containing 40mM dithiothreitol,
boiled, and aspirated through a 27-gauge injection needle to
shear the DNA. Equivalent amounts of the samples were sepa-
rated on 10% SDS-PAGE and transferred to a nitrocellulose
membrane (Hybond ECL, Amersham Biosciences). The mem-
brane was blocked in 5% milk, Tris-buffered saline supple-
mented with 0.1% Tween 20 (TBST) for 1 h and washed three
times in TBST before incubation with anti-phospho-ERK1/2
antibody (mouse anti-phospho-p44/42 MAPK (ERK1/2) (Thr-
202/Tyr-204), Cell Signaling Technology, catalog no. 9106),
diluted 1:1000 in 5% bovine serum albumin, TBST overnight at
4 °C. After three washes in TBST, themembranewas incubated
with ECL anti-mouse IgG horseradish peroxidase-linkedwhole
antibody (NA931V, Amersham Biosciences) diluted 1:2500 in
5% milk, TBST for 45 min at room temperature and developed
by an ECL detection system as described by the manufacturer
(RPN2132, GE Healthcare). For detection of total ERK, the
membrane was stripped with 0.1 M glycine/HCl, pH 2.5, and
reprobed with anti-total ERK1/2 antibody (rabbit anti-p44/42
MAPK (ERK1/2), Cell Signaling Technology, catalog no. 9102).
After three washes in TBST, themembrane was incubated with
ECL anti-rabbit IgG horseradish peroxidase-linked whole anti-
body (NA934V, Amersham Biosciences) diluted 1:2500 in 5%
milk, TBST for 45 min at room temperature, and developed as
above. Quantification of theWestern blot was performed using
the freeware ImageJ (National Institutes of Health, Bethesda,
MD). The blackness of each band was measured, and the ratio
of phosphorylated ERK/total ERK was calculated.

RESULTS

NDST1 and NDST2 Are Required for Adipocyte but Not for
Osteoblast Differentiation—We have previously derived three
different ES cell lines (A1, A3, and B5) from mouse blastocysts
deficient in the two heparan sulfate-modifying enzymes
NDST1 and NDST2 (31). The mutant cells produce normal
amounts of HS, but the polysaccharide is devoid of N-sulfate
groups, and except for a low level of 6-O-sulfation, the mutant
HS is devoid of other modifications (31). These ES cells were
now tested for their ability to differentiate into various mature
cell types in vitro. Using the method of EB formation and sub-
sequent differentiation in culture media promoting the devel-
opment of specific cell types, we performed in vitro differenti-
ation protocols for two types of mesodermal cells, the
generation of osteblasts (35) and adipocytes (34). Formation of
osteblasts and adipocyteswas detected by stainingwithAlizarin
Red and Oil Red O, respectively. Whereas wild type ES cells
readily differentiated into both osteoblasts and adipocytes, the
mutant cells were able to differentiate into osteoblasts but
could not form adipocytes (Fig. 1A). By seeding one EB per well
in 24-well plates, we scored the number of EB differentiating to
the expected cell type. Although the mutant cells could make
osteoblasts, the fraction of EB-containing osteoblasts was
reduced compared with WT cells (100% of WT EB and 38% of
mutant EB) (Fig. 1B). Real-time RT-PCR analysis of cultures
differentiated in the presence or absence of adipocyte- or osteo-
blast-promoting additives supported these findings. Themark-
ers of terminal adipocyte differentiation PPAR� and aP2 were
induced in WT cells, but not in mutant, subjected to the adi-
pocyte differentiation protocol (Fig. 1C). Expression of the late
stage osteoblast genes osx and bsp was increased in both WT
andmutant cells using the osteoblast protocol (Fig. 1D). ES cells
lacking properly modified HS chains can thus differentiate into
at least one kind of mesodermal cells in vitro, although less
efficiently than WT ES cells.
NDST1 and NDST2 Double Knock-out Cells Are Deficient in

Neural Differentiation—To further test the differentiation
potential of the NDST1/NDST2 double knock-out cells, we
applied the method of adherent monolayer culture to produce
neural cells (6). This protocol enables the conversion of ES cells
to neural precursor cellswithin 5–7days of culture in the neural
promoting medium N2B27 and the consecutive maturation of
the precursors to neurons and glial cells.Whereas the wild type
cells readily formed neural precursor cells after 5–7 days in
culture, the double knock-out cells showed no morphological
signs of differentiating to neural precursor cells (Fig. 2A). Dur-
ing the first 2–5 days of neural monolayer differentiation,
extensive cell death takes place due to the increased differenti-
ation/selection pressure on the cells. After 4 days of differenti-
ation, the cell death in the wild type cultures was followed by
increased proliferation of the appearing neural precursor cells.
However, in the mutant culture, the initial cell death was not
followed by formation of neural precursor; instead, themajority
of the cells appeared morphologically similar to undifferenti-
ated ES cells. These cells proliferated very slowly, and after 9
days, there were approximately 5 times more cells in the wild
type cultures comparedwith themutant cultures (Fig. 2B). Sim-
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ilar resultswere observed for all threemutant ES cell lines. After
6 days of differentiation, a majority of the cells in the wild type
cultures expressed nestin, an intermediate filament present in
neural precursor cells (Fig. 2C). Among themutant cells,�85%
of the few remaining cells lacked nestin expression. The nestin-
expressing cells were found in small clusters where the cells
initially had beenmost dense, usually in the center of the plates.
The initial cell density is of great importance for the differenti-
ation ability of ES cells. However, seeding the mutant cells at 3

times higher initial density (not shown) did not affect their dif-
ferentiation potential, and thus the impairment in neural cell
formation seemed inherent to the mutant cells and not due to
the cell density.
One hallmark of undifferentiated ES cells is their intrinsic

alkaline phosphatase activity, which we could detect in the
undifferentiated WT and mutant ES cells (Fig. 2D). Whereas
the WT cells lost the alkaline phosphatase activity after 6 days
of differentiation inN2B27medium, themajority of themutant
cells remaining at the same time point were still positive for
alkaline phosphatase activity (Fig. 2D). In addition, theNDST1/
NDST2 knock-out cells still expressed Oct3/4 (Fig. 2D), a tran-
scription factor present in the nucleus of undifferentiated ES
cells, after 6 days in N2B27. The mutant cells continued to
express markers specific for undifferentiated ES cells despite
being cultured in a medium usually promoting neural cell for-
mation, suggesting a blockage in their capacity to differentiate.
Gene Expression in NDST1/NDST2-deficient ES Cells Cul-

tured in Neural Promoting Medium Indicates Early Block in
Differentiation—To investigate the developmental status of the
NDST1/NDST2 knock-out ES cells, we analyzed the expression
of a core set of genes in their undifferentiated state when cells
were feeder-depleted and cultured in ES cell medium and after
6 days of culture in neural differentiation medium compared
withWT ES cells. The gene expression was measured by semi-
quantitative RT-PCR, using hypoxanthine-guanine phosphori-
bosyltransferase as an internal control. For the genes examined,
we found that the undifferentiated WT and undifferentiated
mutant ES cells showed a similar expression pattern (Fig. 3,
A–C). Transcripts normally expressed in undifferentiated ES
cells, such as Oct3/4 and nanog, were present, whereas nestin
was absent (Fig. 3A). The primitive endoderm marker GATA4
and themesodermally expressed Brachyurywere present at low
levels (Fig. 3A). This reflects that some cells in the culture have
lost their pluripotency, something commonly experienced dur-
ing cultivation of ES cells. Both GATA4 and Brachyury were
up-regulated in the WT cells after 6 days of differentiation,
when 70–80% of the ES cells had turned into neural cells, and
the remaining cells had differentiated into other cell types.
GATA4 expression was about 5 times increased in the mutant
cells in N2B27 medium compared with undifferentiated cells,
whereas Brachyury expression was unaltered. The increased
expression of GATA4 indicates that somemutant cells can take
on an endodermal fate. After 6 days of neural differentiation,
the expression of Oct3/4 and nanog had decreased in the WT
population, and nestin was now strongly expressed. In contrast,
the mutant cells continued to express the undifferentiated
markers and showed no apparent sign of activating the nestin
gene. BMP4 was slightly more expressed in the WT cells com-
pared with the mutant cells, but no change was seen during
differentiation in either cell type (Fig. 3B). Interestingly, the
BMP inhibitors noggin, chordin, and follistatin were strongly
induced in WT cells during neural differentiation, but no
apparent induction was observed in the mutant cells. Because
FGF signaling was previously indicated to play a key role in
neural induction, we assayed for expression of FGF4, FGF5, and
FGF receptors (Fig. 3C). The undifferentiated ES cells of both
genotypes showed similar expression of FGF receptors;

FIGURE 1. NDST1 and NDST2 are required for adipocyte but not for osteo-
blast differentiation. A, WT and NDST1�/�NDST2�/� ES cells were subjected
to in vitro differentiation to the osteoblast and adipocyte lineages. Top panels,
osteoblast-differentiated ES cells stained with Alizarin Red at day 26. Bottom
panels, adipocyte-differentiated ES cells stained with Oil Red O at day 27. B,
quantification of the fraction of embryoid bodies, plated one per well, con-
taining osteoblasts and adipocytes, using the respective differentiation pro-
tocols. C and D, real-time RT-PCR of WT and mutant ES cells differentiated
without (�) or with (�) cell type-specific promoting additives. For each indi-
vidual gene, the value for cells differentiated without additives was set to 1. C,
expression of PPAR� and Bsp after 27 days of differentiation with or without
adipocyte-promoting additives. D, expression of Osx and Bsp after 26 days of
differentiation with or without osteoblast-promoting additives.
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FGFR1c, -2b, and -2c were weakly expressed, whereas FGFR1b
and -4 showed an even lower expression.After induction ofWT
neural precursors FGFR1c, -2c, -3, and -4 were clearly up-reg-
ulated, whereas the mutant cells showed no change in receptor
expression. The mutant cells also expressed similar levels of
FGF4 as WT pluripotent ES cells. FGF4 expression was down-
regulated in differentiatedWTcells but not inmutant cells. The
only gene examined that was noticeably up-regulated in
NDST1/NDST2mutant ES cells after 6 days in neural differen-
tiation medium was FGF5, indicating that the mutant cells had
taken a small step toward differentiation to early ectoderm.We
also analyzed expression of the four NDST genes by real-time
PCR (Fig. 3D), using actin as a control. NDST1 and NDST2
were weakly induced during differentiation of WT ES cells. A
more dramatic change was seen for NDST3 and NDST4 levels
in WT cells; expression was very low in undifferentiated cells,
but both genes were strongly induced after differentiation of
the cells to neural precursors. The initial level of NDST4 is
barely detectable, and this must be taken into account when
viewing the -fold change in induction. In the mutant cells, the
levels of NDST3 remained unchanged, whereas NDST4 was
slightly induced after 6 days in differentiationmedium. NDST1
and NDST2 levels were not analyzed in the mutant cells that

lack these genes. To investigate if the small increase in NDST4
transcript in the mutant cells resulted in expression of NDST
enzyme activity, N-sulfotransferase activity was measured in
cultures after 6 days in neural differentiation medium. In this
assay, the incorporation of [35S]sulfate from the sulfate donor
[35S]PAPS into a polysaccharide substrate is quantified.
Although no 35S radioactivity was found in the substrate incu-
bated with themutant cell extracts (47� 13 cpm), 18.6� 0.6�
103 cpm was incorporated into the substrate in the WT cell
extracts. Taken together, the gene expression analyses show
that NDST1�/�NDST2�/� ES cells continue to express mark-
ers characteristic of undifferentiated ES cells and early primi-
tive ectoderm after being exposed to a neural differentiation
protocol.
NDST1 and NDST2 Double Knock-out Cells Can Respond to

BMP and Noggin Signaling—Inhibition of BMP signaling is
considered to be necessary for neural differentiation. The fail-
ure of the NDST1/NDST2mutant ES cells to form neural cells
might be due to an inability to respond to BMP inhibitors, such
as noggin. We therefore investigated if the BMP and noggin
responses were intact in the mutant cells. It has been shown
that WT ES cells cultured in N2B27 form non-neural cells in
response to the addition of BMP4 (6). In our hands, both WT

FIGURE 2. NDST1�/�NDST2�/� ES cells are blocked in differentiation to the neural lineage. A, WT ES cells differentiate to neural cells, whereas mutant ES
cells appear morphologically undifferentiated after 6 days in N2B27 medium. B, growth curve comparing WT and mutant cell numbers during 13 days of
differentiation in N2B27 medium. Three different mutant ES cell lines were tested, A1, A3, and B5. C, immunofluorescent staining of WT and mutant cells for the
neural precursor marker nestin (red) and nucleus DAPI (blue) after 6 days of differentiation. D, undifferentiated ES cells (top panels) and cells differentiated for
6 days (bottom panels) were stained for alkaline phosphatase (purple, WT cells (left panels) and mutant ES cells (middle panels)). Right panels, immunofluorescent
staining of mutant ES cells for Oct3/4 (red).
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and mutant ES cells similarly formed non-neural cells after the
addition of 8 ng/ml BMP4 to the medium, demonstrating that
the BMP signaling pathwayswere fully functional in themutant
cells (Fig. 4). The addition of only noggin (0.1 �g/ml) had no
visible morphological effect, neither on the WT nor on the
mutant cells (Fig. 4); the cell morphology was indistinguishable
from controls where no noggin was added. When BMP4 and
noggin were added simultaneously, the effect of BMP4 could be
reversed by noggin for bothWT andmutant cells, showing that
the BMP-signaling circuits were intact in the mutant cells and
that they could give a proper biological response to BMP inhib-
itors (Fig. 4). These results show that the NDST1/NDST2
mutant cells were able to respond to both BMP and BMP inhib-
itors and that the cause of the differentiation block was not lack
of noggin production. In this model system, inhibition of BMP
signaling only was not enough to promote neural differentia-
tion of the mutant cells.
Neural Differentiation of NDST1/NDST2 Mutant ES Cells Is

Rescued by Heparin and FGF—Because inhibition of BMP sig-
naling was not enough to rescue the neural differentiation of
NDST1/NDST2 knock-out ES cells, we concluded that other
signalingmolecules were needed.WTES cells undergoing neu-
ral differentiation could produce such molecules, and to test
this hypothesis, we added conditioned medium from differen-
tiating WT cells to the mutant cells. Culturing the mutant ES
cells in conditioned medium resulted in rescue of the capacity
of the ES cells to differentiate to neural cells (Fig. 5A). The
majority of HS proteoglycans (HSPG) produced by cells are
found on the cell surface or in the extracellular matrix, but cells

also secrete HS proteoglycans to the cell culture medium. To
elucidate if the rescue was caused by secreted HS proteogly-
cans, growth factors, or a combination of both, we added vari-
ous candidate growth factors and/or heparin to mutant cells
cultured in N2B27. Heparin is an easily accessible highly sul-
fated HS chain that shares with HS the ability to interact with a
number of growth factors (16). The addition of EGF (20 ng/ml)
or PDGF (10 ng/ml) had no effect on the differentiation of the
mutant cells; nor did FGF2 (not shown), FGF4 (Fig. 5A), or
FGF8 (all FGFswere tested at both 10 and 100ng/ml).However,
the addition of heparin (0.1 or 5 �g/ml) together with either
FGF2 or FGF4 (10 ng/ml) completely rescued the neural differ-
entiation of the NDST1/NDST2mutant ES cells (Fig. 5A).
Initially, the cells differentiated to nestin-expressing neural

precursors that, after removal of FGF and heparin from the
medium, furthermatured into neurons and astrocytes (Fig. 5B).
Quantification of the number of Oct3/4- and nestin-expressing
cells showed that after rescue, more than 80% of the mutant
cells expressed nestin (Fig. 5C), a number similar towhat is seen
for WT cells using the monolayer protocol (6). Surprisingly,
heparin alone at a concentration of 5 �g/ml caused lethality
(supplemental Fig. 1A), whereas, at low doses, it allowed forma-
tion of neural progenitors in the absence of exogenous FGF4
(supplemental Fig. 1B). Inhibition of FGF signaling in the pres-
ence of heparin has previously been shown to inhibit neural
differentiation of EXT1�/� cells, totally devoid of heparan sul-
fate (42). It thus appears likely that the FGF4 produced by the
mutant NDST1/NDST2 knock-out cells (Fig. 3), together with
added heparin at low concentrations, stimulates the cells to
differentiate.However, also the lethal effect of heparin at higher
concentrations was modulated by FGF4. The addition of
increasing amounts of the growth factor together with 5 �g/ml
heparin demonstrated that 1 ng/ml of FGF4 rescued cell sur-
vival (supplemental Fig. 1C).
ERK Signaling Is Activated by FGF and Heparin in Mutant

Cells—FGF4 is a strong activator of ERK signaling, shown to be
essential for the ability of naive ES cells to exit the self-renewal
program (14, 37). Because the NDST1�/�NDST2�/� ES cells
did not respond to neural differentiation cues when cultured in
N2B27medium, their ability to activate the ERK signaling path-
way was investigated.WT andmutant ES cells were cultured in
serum-containing ES cell medium or N2B27 overnight. Cells in
N2B27 were then stimulated for 15min with FGF4 and/or hep-
arin. Protein lysates were prepared and assayed by Western
blotting for the presence of phosphorylated ERK1/2, using total
ERK protein as a loading control (Fig. 6). The addition of only
FGF4 in N2B27 medium had a barely detectable stimulating
effect on the phosphorylation of ERK in both cell types. How-
ever, the simultaneous addition of FGF4 and heparin increased
phosphorylation of ERK1/2 inWT and in particular inNDST1/
2-deficient cells. Intriguingly, in bothWT and mutant ES cells,
the short time addition of heparin alone also strongly activated
ERK1/2 phosphorylation to a similar level as that seen with
FGF4 and heparin together.

DISCUSSION

Targeted deletion of either of the HS polymerases EXT1 or
EXT2 results in early embryonic lethality (38, 39), as does lack

FIGURE 3. Gene expression analysis of WT and NDST1�/�NDST2�/� ES
cells, before and after 6 days of neural differentiation. WT and mutant ES
cells were cultured in ES cell medium (Undiff) or for 6 days in N2B27 medium
to promote neural differentiation (Diff). Hypoxanthine-guanine phosphori-
bosyltransferase (HPRT) was used as an internal control (A, top). A–C, semi-
quantitative RT-PCR analysis. A, expression of the undifferentiated markers
Oct3/4 and nanog, neural precursor protein nestin, mesoderm marker
Brachyury, and primitive endoderm marker GATA4. B, expression of BMP4
and the BMP inhibitors noggin, chordin, and follistatin. C, expression of FGF4,
FGF5, and the FGF receptors 1b, 1c, 2b, 2c, 3, and 4. D, real-time RT-PCR anal-
ysis of NDST1, -2, -3, and -4 transcripts. For each individual gene, the value for
undifferentiated WT ES cells was set to 1. NDST1 and -2 were not assayed for
in the mutant cells. Error bars, S.D.
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of both NDST1 and NDST2 (31). EXT1�/� ES cells have previ-
ously been derived and studied (40, 41). These cells do not
express any HS and fail to transit to differentiation upon leuke-

mia inhibitory factor withdrawal (41) and are not able to differ-
entiate in vitro into neural cells (40). NDST1�/�NDST2�/� ES
cells synthesize HS lacking N-sulfate groups but with a low
degree of 6-O-sulfation (31). Lack of both NDST1 and NDST2
has been shown to result in an inability of the cells to respond to
VEGF, preventing angiogenic sprouting (32). In a recent study
by Lanner et al. (33), it was suggested that NDST1�/�

NDST2�/� ES cells display a general failure to differentiate
upon embryoid body formation. However, themethods used by
us for in vitro differentiation are designed to yield specific cell
fates, including stepwise formation of intermediate progenitors,
enabling primitive cells of ectodermal and endodermal type to
appear. Using this approach, we can show that NDST1�/�

NDST2�/� mouse ES cells can take on a mesodermal fate and
differentiate into osteoblasts, albeit with a lower efficiency (Fig.
1). In addition, the expression of FGF5 in NDST1�/�

FIGURE 4. The BMP and noggin pathways are functional in NDST1�/�NDST2�/� ES cells. WT and NDST1�/�NDST2�/� ES cells cultured in N2B27 medium
in the presence of 8 ng/ml BMP4 for 5 days form non-neural cells. The addition of 0.1 �g/ml noggin for 6 days has no visible morphological effect. Noggin
counteracts the effect of BMP4 for WT and mutant cells when both factors are present during 6 days of culture in N2B27.

FIGURE 5. FGF4 and heparin rescue neural differentiation of NDST1�/�

NDST2�/� ES cells. A, the addition of conditioned medium from WT ES cells
subjected to neural differentiation to the NDST1�/�NDST2�/� cells rescued neu-
ral differentiation of the mutant cells (top, day 13). The addition of 10 ng/ml FGF4
only for 7 days had no effect on mutant cells in N2B27 (middle), whereas 10 ng/ml
FGF4 in combination with 0.1 �g/ml heparin rescued neural differentiation (bot-
tom, day 9). B, immunofluorescence staining of mutant cells. Shown is neural
differentiation in the presence of FGF4 and heparin (top) and staining for nestin
(red) and DAPI (blue). Mutant neural cells were plated on a polyornithine/fi-
bronectin-coated surface 5 days after withdrawal of FGF4 and heparin and
stained for the neuronal marker Tuj1 (red), the astrocyte marker GFAP (green), and
DAPI (blue). C, quantification of Oct3/4 and nestin-expressing NDST1�/�

NDST2�/� cells subjected to 6 days of neural differentiation in N2B27 medium
with and without the addition of FGF4 and heparin. Error bars, S.D.

FIGURE 6. Heparin and FGF4 stimulate ERK phosphorylation in WT and
NDST1�/�NDST2�/� ES cells. A, WT and NDST1�/�NDST2�/� ES cells were
cultured in ES cell medium or N2B27 overnight. Cells in N2B27 were subse-
quently treated with FGF and/or heparin for 15 min. Cell lysates were pre-
pared, and levels of phosphorylated ERK and total ERK were analyzed by
Western blotting. B, quantification of the ERK phosphorylation assay shown in
A. The ratio of phosphorylated ERK versus total ERK was calculated. The value
for WT cells in ES medium was set to 1.
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NDST2�/� ES cells cultured under neural inducing conditions
(Fig. 3) indicates that the cells can enter a primitive ectoderm-
like state (37). FGF5 expression was recently demonstrated also
for the EXT1�/� ES cells (42). Thus, HS appears not to be nec-
essary for the formation of primitive ectoderm.
BMP signaling is essential for bone formation (43). Our find-

ing that functional BMPpathways exist in the double knock-out
cells (Fig. 4) may thus explain why osteoblasts can form. Adi-
pocyte differentiation from ES cells also involves BMP-4 (44),
but contrary to calcified bone, fat would not form in the
NDST1�/�NDST2�/� ES cell cultures (Fig. 1). It is currently
unknown where the differentiation block toward adipocytes
lies, but terminal markers of adipogenesis are lacking. HS is
implied in transport of fatty acids over the plasma membrane
(45), and a possible explanation for the failure to stain for Oil
Red O could be a defect in lipid accumulation.
The vast majority (more than 90%) of the mutant ES cells

were unable to differentiate into neural progenitors; nor did
they show neural specific nestin expression (Fig. 2). In combi-
nation with the reduced proliferation in FGF-containing
medium and inability to down-regulate markers of pluripo-
tency, our findings highlight the need for functional HS in neu-
ral commitment. In the embryo, FGF5 marks the transition
from inner cell mass to epiblast (46), and when its expression
declines, neural cells can form. Because NDST1�/�NDST2�/�

ES cells show expression of FGF5 during neural inducing con-
ditions, we suggest that they become blocked at the stage of
primitive ectoderm and cannot proceed to neural differentia-
tion. Similarly, expression of GATA4, a key marker of early
endoderm (47) in mutant ES cells undergoing differentiation,
shows an ability of the cells to form primitive endoderm. How-
ever, the inability ofNDST1�/�NDST2�/� embryoid bodies to
differentiate into endothelial cells shows that this capacity is
limited (32). As previously demonstrated for WT ES cells (40),
NDST3 and in particular NDST4 became up-regulated during
neural differentiation (Fig. 3). In mutant cells, a less pro-
nounced increase in NDST4 expression was noted (Fig. 3).
However, noN-sulfotransferase activitywas detected inmutant
cells, suggesting that HS structure in these cells was unaltered
after 6 days in neural differentiation medium.
Inhibition of BMP signaling is needed for neural differentia-

tion (48), and we therefore investigated if the failure of mutant
ES cells to form neural progenitors was due to an inability to
properly respond to BMP inhibitors. However, the addition of
BMP4 to NDST1�/�NDST2�/� ES cells induced a non-neural
fate that in turn could be blocked by concomitant noggin addi-
tion, excluding a defective BMP pathway (Fig. 4). There are
many examples in the literature of cell surface HS proteogly-
cans as critical determinants of the biological activity of BMPs
and their endogenous antagonists in vivo and in vitro (49). For
example, chordin binding in mouse embryonic tissues was
shown to be dependent upon its interaction with cell surface
HSPG (50). Our finding that functional HS is not needed to
modulate the signaling efficiency of BMP was therefore some-
what unexpected but was in line with a recent study where
HSPG were found to play no role in BMP signaling in the early
Drosophila embryo (51).

Undifferentiated ES cells are known to produce FGF4 (52),
also evident in our cells where both WT and mutant cells
expressed the growth factor (Fig. 3). According to the literature,
exposure to FGF signaling via the ERK1/MAPK pathway is
required before the cells can respond to the anti-neural action
of BMP (37, 53). Hence, it is possible that the low level of FGF4
signaling taking place in mutant cells is sufficient to make the
cells sensitive to BMP but not for differentiation into neural
progenitors.
Neural differentiation of the mutant ES cells could be res-

cued by the addition of conditioned medium from WT cells
(Fig. 5), thus showing that soluble factors were enough to
restore the capacity to form neural progenitors. WT ES cells
readily formed neural progenitors (Fig. 5), despite a quite mod-
est ERK phosphorylation in response to added FGF4 (Fig. 6).
When instead FGF was added together with heparin, massive
ERK phosphorylation was seen, in particular in the mutant ES
cells (Fig. 6). Somewhat surprisingly, the addition of heparin
alone had a similar effect on ERK phosphorylation in bothWT
andmutant cells (Fig. 6). It has been reported that heparin, in its
role as co-factor for FGF receptors, can activate FGFR-4 in the
absence of ligand (54). This effect was enhanced in cells lacking
heparan sulfate, which goes well together with our finding that
ERK activation was stronger in KO cells than in WT ES cells.
We found that heparin could either cause rescue or cell death

depending on the dose. The high degree of sulfation of heparin
comparedwith that of endogenous heparan sulfatemay explain
the lethal effect of heparin at high concentration. The deleteri-
ous effect may be related to the recently recognized ability of
heparin to induce apoptosis in cancer cells (55, 56). The mech-
anism has not been elucidated, but it may be related to the
capacity of the highly negatively charged polysaccharide to
interfere with transcription factor activity. Another possibility
is that heparin in the extracellular space captures survival fac-
tors produced by non-neural cells in the cultures (57). Adding
FGF4 may balance the potentially negative effects of heparin
and thus enable differentiation.
Heparin at lower concentrations, on the other hand, was not

lethal but induced neural differentiation in NDST1�/�

NDST2�/� ES cells. These cells produce FGF4 (Fig. 3), but the
concentration of growth factormay be too low to induce differ-
entiation. The rescuing effect of low doses of heparin may thus
be to enhance FGF signaling to levels sufficient for differentia-
tion. Taken together, our data thus suggest that the molar ratio
of HS to FGF4 is essential for neural differentiation.
The addition of heparin to ES cells lacking theHSpolymerase

EXT1 results in a partial rescue of neural differentiation also in
the absence of FGF (40), and a restoration of FGF2 inducedERK
phosphorylation (41), but it was not studied if this was the case
also for phosphorylation in response to FGF4. In experiments
performed by Lanner et al. (33), FGF2 induced ERK phospho-
rylation inNDST1�/�NDST2�/� ES cells without the addition
of heparin, whereas FGF4 did not have this effect. It is possible
that factors in addition to FGF4, stimulated by the added hep-
arin, were responsible for the rescue of the neural differentia-
tion of the NDST1�/�NDST2�/� ES cells (Fig. 5). However,
Pickford et al. (42) could recently show that heparin cannot
support neural differentiation of EXT1�/� ES cells when FGF
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signaling is inhibited, demonstrating the importance of FGF in
this process.
In summary, we show that NDST1�/�NDST2�/� ES cells,

which synthesizeHSwith a very low sulfate content, can take on
a mesodermal fate and differentiate into primitive ectodermal
cells. The cells express FGF4, and autocrine FGF4 signaling in
these cells appears to be sufficient to render the cells sensitive to
BMP signaling. However, to undergo neural differentiation, the
ratio between heparin (or HSPG) and FGF appears to be the
crucial factor determining if the cells will die (too much hepa-
rin/HSPG), survive but not differentiate (too little of either hep-
arin/HSPG or FGF), or differentiate into neural cells (optimal
ratio between heparin/HSPG and FGF).
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