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FIGURE 5. Increased CS levels following the overexpression of CSGalN-
AcT-1in LTC cells. Stable transfectants overexpressing CSGalNAcT-1, CSS-1,
CSS-2,CSGIcAT, and mock transfectants were established by transfecting LTC
cells with expression vectors of the enzyme genes followed by selection with
G418 for 10 days. A, [3*S]sulfate incorporation of mock-transfected cells and
CSGalNACT-1-, CSS-1-, CSS-2-, and CSGlcAT-overexpressing cells is shown
{gray bar, cell lysates; black bar, conditioned medium). Note that CSGalNAcT-
1-overexpressing cells exhibit an ~2.2-fold increase in CS biosynthesis com-
pared with the mock-transfected cells, whereas the others do not. B, culture
plates stained with Alcian blue (pH 1.0). CSGAINACT-1-overexpressing celis
exhibited a stronger staining intensity than the mock-transfected cells.

ugation followed by dot blot detection of aggrecan core protein
showed that aggrecan obtained from the CSGalNAcT-1-over-
expressing cells was present in the bottom fractions, whereas
aggrecan from the mock-transfected cells was widely distrib-
uted (Fig. 6C). Immunohistochemically, CS stained stronger in
the pericellular zone of the CSGalNAcT-1-overexpressing cells
than in the mock-transfected cells, whereas aggrecan core pro-
tein stained at similar levels (Fig. 6D). These observations indi-
cate that aggrecan in the CSGalNAcT-1-overexpressing cells
contains a larger amount of CS.

The increased amounts of CS imply that there is an
increased number of CS chains or greater elongation of indi-
vidual CS chains in GSGalNAcT-1-transfected cells. To
examine CS chain length, we performed metabolic labeling
of the CS chains synthesized in the transfected cells and
subjected them to gel chromatography. The elution profile
demonstrated CS chains with peaks at the same position
(Fig. 7A, arrows). Furthermore, direct molecular sieve anal-
ysis of H-labeled CS chains confirmed the same size of CS
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chains (Fig. 7B). These results indicate that the CS chain
length in GSGalNAcT-1 and mock-transfected cells was
similar, although there was an ~2.2-fold increase in CS
incorporation in the CSGalNAcT-1-overexpressing cells.
The functions of the CS chains, such as water absorption, depend
on their saccharide structure, including sulfation (36). When the
CS disaccharide composition was analyzed, a similar ratio of hex-
uronic acid (HexA)-GalNAc, HexA-GalNAc(4S), and the other
disaccharides was observed in both the GSGalNAcT-1- and
mock-transfected cells (9.9, 88.2, and 1.9% for mock; 4.3, 93.6, and
2.1% for CSGalNAcT-1-overexpressing cells) (Fig. 7C). Therefore,
CSGalNAcT-1 overexpression appeared to cause a 2.2-fold
increase in the number of CS chains along with a similar sulfation
level per chain.

In Vivo Gene Delivery of CSGalNAcT-1 Increases CS Bio-
synthesis in Cartilage—Our in vitro studies using cell lines
demonstrated that CSGalNAcT-1 overexpression increases
CS biosynthesis. Since chondrocytes in vivo may utilize a
similar mechanism, we tested whether in vivo gene delivery of
CSGalNACcT-1 increases CS biosynthesis in cartilage. A repli-
cation-deficient adenovirus 5 containing a cDNA encoding
CSGalNAcT-1 and the V5 epitope tag was injected into the
nucleus pulposus of the intervertebral discs of 4-month-old
mice, and its expression was confirmed by immunostaining for
the V5 tag (data not shown). Histological analysis at day 7 after
the injection showed intense Alcian blue staining in the peri-
cellular zone of the nucleus pulposus cells in the disc and chon-
drocytes in the vertebral endplate compared with mice injected
with the control adenovirus (Fig. 8). These results demon-
strated that in vivo gene delivery of CSGalNAcT-1 in fact
increased CS biosynthesis in cartilage.

DISCUSSION

In this study, we identified CSGalNAcT-1 as a key enzyme
for CS biosynthesis in cartilage. Analysis of the expression
patterns of glycosyltransferases and aggrecan core protein in
normal developing cartilage by in situ hybridization, in
chondrogenic cell lines, and in the aggrecan-null cartilage of
cmd mice demonstrated both high level expression of
CSGalNAcT-1 and good correlation of its expression with
that of aggrecan core protein. Furthermore, CSGalNAcT-1
overexpression in cultured chondrocytic cells and the inter-
vertebral disc elevated CS synthesis in the cells. These obser-
vations suggest that CSGalNAcT-1 is still unsaturated in
chondrocytes, and an increase in the level of CS via its over-
expression leads to prevention of cartilage destruction.

Of the six glycosyltransferases involved in CS biosynthesis,
CSGalNACT-1 expression was the highest in E18.5 mouse car-
tilage exhibiting ~170-fold higher expression than that of
CSGalNACcT-2 (Fig. 4B). In tissues other than cartilage, CSGal-
NacT-1 isexpressed at the highest level in the thyroid gland and
placenta, which exhibit expression only up to 1.5-5-fold that of
CSGalNACT-2 (20). In addition, various cell lines show rela-
tively low levels of CSGalNAcT-1 expression compared with
other enzymes (18).2 Thus, the high expression of CSGalN-
AcT-1 appears to be characteristic of chondrocytes and car-

3 K. Sakai, unpublished data.
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synthesis. The other enzyme
involved in chain initiation, CSGal-
NAcT-2, showed consistent low
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FIGURE 6. Characterization of aggrecan in CSGalNAcT-1-overexpressing cells. The aggrecan in CSGalN-
AcT-1-overexpressing cells contains a large amount of CS. A, mRNA levels of aggrecan core protein meas-
ured by real time RT-PCR. 8, immunoblot of aggrecan core protein in cell lysates and conditioned medium.
C, immunoblot analysis of aggrecan core protein after CsCl density gradient ultracentrifugation. Note that
aggrecan in CSGalNAcT-1-overexpressing cells is mainly present in the bottom fractions (fractions 1 and 2),
whereas thatin mock-transfected cells is widely distributed in fractions 1- 6. The density (g/ml) of each fraction
is 1.638 for D1, 1.615 for D2, 1.600 for D3, 1.573 for D4, 1.525 for D5, 1.512 for D6, 1.465 for D7, 1.460 for D8, and
1.420 for D9, respectively. D, immunostaining for aggrecan core protein and chondroitin 4-sulfate (C4S). Chon-
droitin 4-sulfate stains stronger in the pericellular zone of CSGalNACcT-1-overexpressing cells than in the mock-
transfected cells, whereas the aggrecan core protein stained at similar levels.

tilage. CSGalNACcT-1 expression correlated well with that of
aggrecan core protein that provides acceptor sites for the
glycosaminoglycan chains. CSGalNAcT-1 expression was
closely associated with chondrocyte differentiation. Since
CSGalNAcT-1 expression was diminished accordingly in the
heterozygote and homozygote cmd cartilage, the expression
of aggrecan core protein may regulate that of CSGalNAcT-1.
Aggrecan core protein as substrate may be required for
enzyme complex, and its decrease may deliver a feedback
signal toward down-regulation of CSGalNAcT-1 expression.
Alternatively, aggrecan in the cartilage matrix may maintain
the chondrocyte phenotype, including high level expression
of CSGalNAcT-1. Thus far, we have not identified cis-ele-
ments that are specific to chondrocyte differentiation in the
promoter region of the CSGalNAcT-1 gene. The transcrip-
tional regulation of this gene remains to be studied.

We demonstrated the presence of aggrecan with a larger
number of attached CS chains in CSGalNAcT-1-overexpress-

4158 JOURNAL OF BIOLOGICAL CHEMISTRY

expression in cartilage and has
lower initiation activity than CSGal-
NAcT-1 (20), excluding any major
involvement in cartilage CS biosyn-
thesis. Enhanced CS biosynthesis
by CSGalNAcT-1 overexpression
suggests the presence of a large
number of linkage regions as
acceptor substrates in the native
aggrecan. Although the aggrecan
core protein has more than 100
putative Ser-Gly sequences of the
CS attachment sites (2), approxi-
mately half of them may be
attached only with the linkage tet-
rasaccharides. However, stubs of
the linkage region have not been
identified in aggrecan, although
such stubs are present in a part-
time CS proteoglycan thrombo-
modulin, an integral membrane
glycoprotein expressed on endo-
thelial cell surfaces (37). Recently,
GIcAT-1, which transfers a GIcUA
residue to the second Gal residue in the linkage region, has
been shown to increase CS biosynthesis to ~1.5-fold (38).
Thus, an immature linkage region may be present, and the
enzyme complex that includes GIcAT-I and CSGalNAcT-1
may catalyze the completion of the linkage region and CS
chain initiation.

Lines of evidence that support CSGalNAcT-1 as the critical
enzyme for CS biosynthesis in various tissues as well as cartilage
have been presented. Syndecan-4 in CSGalNAcT-1-overexpress-
ing COS7 cells contains a large amount of CS (20). CSGalNAcT-1
overexpression in Balb/3T3 cells, a cell line established from nor-
mal mouse fibroblast cells, achieves ~5-fold CS synthesis.* Taken
together, these observations strongly suggest that chain initiation
by CSGalNAcT-1 is a critical step in the regulation of CS biosyn-
thesis, and overexpression of the enzyme would substantially
increase CS synthesis in various tissues.

To date, many approaches to promote cartilage regenera-
tion have been attempted, including the treatment of mes-
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FIGURE 7. Analysis of CS chains in CSGalNAcT-1-overexpressing cells. 4, elu-
tion profiles of Superose 6 gel chromatography. The cells were metabolically
labeled with [**S]sulfate for 24 h. Glycosaminoglycans, extracted as indicated
under “Experimental Procedures,” were applied to the Superose 6 column. The
samples from CSGaiNAcT-1-overexpressing cells (closed circle) and the mock
transfectant cells (open circle) are shown. Note that two peaks are located at the
same position (arrows). 8, elution profiles of Superose 6 gel chromatography.
CS-rich fractions prepared from the conditioned medium were labeled with
3H-labeled sodium borchydride and were applied to Superose 6 column. The
samples from CSGalNACT-1-overexpressing cells (thick line) and the mock-trans-
fectant cells (narrow line) are shown. Note that two peaks are at the same posi-
tion. Vi, position of the total volume. C, disaccharide composition of CS in CSGal-
NACT-1 and mock transfectants. HexA-GalNAc (open bar), HexA-GalNAc(4S) (gray
bar), and others (black bar) are shown as a percentage of the saccharide content.
HexA-GalNAc, HexA-GalNAc(4S), and the other disaccharides were observed to
have similar ratios in both GSGalNACT-1- and mock-transfected cells.
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FIGURE 8. Increased CS biosynthesis by in vivo gene delivery of CSGal-
NACT-1. Shown are histological sections of mouse intervertebral discs at 4
months of age, which were stained with Alcian blue (pH 1.0), 7 days after
an injection of adenoviral particles. Low magnification of the interverte-
bral disc (A and B), higher magnification of nucleus pulposus (Cand D),and
the endplate (£ and F) injected with mock (A, C, and E) and CSGalNAcT-1 (8,
D, and F) adenovirus are shown. Note the intense Alcian blue staining in
the pericellular zone of the nucleus pulposus cells in the disc and chon-
drocytes in the vertebral endplate of mice with CSGalNAcT-1 gene deliv-
ery compared with mice injected with the control adenovirus.

enchymal stem cells with growth factors to promote their
differentiation into chondrocytes and the implantation of
chondrocytes incorporated into scaffolds that maintain cel-
lular phenotype and support the tissue structure {39 -42).
These interventions are based on the notion that aggrecan is
synthesized only by chondrocytes and that it is essential for
cartilage function. However, because of the difficulty in
maintaining aggrecan synthesis in chondrocytes, regenera-
tion of functional cartilage has not yet been achieved. In
contrast to the above approaches, our research focused on CS
as the critical factor that determines cartilage function and suc-
cessfully generated superaggrecan. Since the turnover of aggre-
can in cartilage is slow, with a half-life of approximately 10 years
(43~ 45), the function of superaggrecan will most probably be
maintained.

Adenoviral gene delivery of CSGalNAcT-1 enhanced in vivo
CS synthesis in nucleus pulposus cells and endplate chondro-
cytes. In contrast, we have been unsuccessful in gene delivery to
the articular cartilage (data not shown), although a recent sim-
ilar study demonstrated increased CS expression in an articular
cartilage explant (38). Since CS biosynthesis occurs in the Golgi
apparatus (22), the addition of the enzyme to the tissue is inef-
fective, and overexpression in the cell is essential for this
enzyme-based increase in CS levels. Effective gene delivery of
CSGalNACcT-1 would be necessary to evaluate the prevention
of cartilage destruction.
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FIGURE 9. A schematic diagram of aggrecan synthesized by control and
CSGalNAcT-1-overexpressing chondrocytes. A, native aggrecan; B, aggre-
can in CSGalNACT-1-overexpressing cells, which contains ~2.2-fold the num-
ber of CS chains attached to the core protein; designated “superaggrecan”
(blue, CS chain). G1, G1 globular domain; G2, G2 globular domain; G3, G3
globular domain; K5, keratan sulfate.

In conclusion, this study identified the glycosyltransferase
critical for CS biosynthesis and proposes a novel strategy for
the treatment of cartilage degenerative disorders, distinct
from cell-based approaches that focus on chondrocyte dif-
ferentiation and aggrecan core protein expression. The
effects of superaggrecan on chondrocyte homeostasis and its
susceptibility to aggrecan-degrading proteinases remain to
be performed.
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Essential Role of Heparan Sulfate 2-O-Sulfotransferase in
Chick Limb Bud Patterning and Development™
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The interactions of heparan sulfate (HS) with heparin-bind-
ing growth factors, such as fibroblast growth factors (FGFs),
depend greatly on the chain structures. O-Sulfations at various
positions on the chain are major factors determining HS struc-
ture; therefore, O-sulfation patterns may play a crucial role in
controlling the developmental and morphogenetic processes of
various tissues and organs by spatiotemporally regulating the
activities of heparin-binding growth factors. In a previous study,
we found that HS-2-O-sulfotransferase is strongly expressed
throughout the mesoderm of chick limb buds during the early
stages of development. Here we show that inhibition of HS-2-O-
sulfotransferase in the prospective limb region by small inhibi-
tory RNA resulted in the truncation of limb buds and reduced
Fgf-8 expression in the apical ectodermal ridge. The treatment
also reduced Fgf-10 expression in the mesenchyme. Moreover
2-O-sulfated HS, normally abundant in the basement mem-
branes and mesoderm under ectoderm in limb buds, was signif-
icantly reduced in the treated buds. Phosphorylation levels of
ERK and Akt were up-regulated in such truncated buds. Thus,
we have shown for the first time that 2-O-sulfation of HS is
essential for the FGF signaling required for limb bud develop-
ment and outgrowth.

Chick limb bud is a useful model of limb pattern formation,
which involves various growth factors and morphogens such as
fibroblast growth factor (FGF),? hedgehog, wingless/Wnt, and
bone morphogenetic proteins (1-4). Limb bud initiation
requires reciprocal interactions between a specialized ectoder-
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marked "advertisement” in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.
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esiRNA, endonuclease-digested small inhibitory RNA; ERK, extracellular
signal-regulated kinase; pERK, phosphorylated ERK; pAkt, phosphorylated
Akt; PBS, phosphate-buffered saline; GFP, green fluorescent protein;
MAPK, mitogen-activated protein kinase; EXT, extosis.
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mal structure called the apical ectodermal ridge (AER) and the
underlying mesoderm (5, 6). At the time of limb initiation, in
stages 13-15 of the chick embryo, Fgf-8 in the intermediate
mesoderm induces Fgf-10 expression in the lateral plate meso-
derm (LPM) of the prospective limb region. FGF-10 produced
in the prospective limb mesoderm then induces Fgf-8 expres-
sion in the overlying surface ectoderm (AER). FGF-8 secreted
from AER maintains Fgf-10 expression in the underlying mes-
oderm. This FGF signaling loop establishes the maintenance of
AER and outgrowth of limb buds. FGF-8 also contributes to Shh
induction, which in turn induces Fgf-4 expression in the AER
and maintains AER function in the posterior underlying meso-
derm called the zone of polarizing activity (7, 8).

Although growth factors and morphogens are required for
limb bud development and patterning, it is unclear how their
signaling and distribution are regulated. Heparan sulfate pro-
teoglycans, which are ubiquitous on the cell surface and in the
extracellular matrix including basement membranes, are
important regulators of such growth factor signaling and distri-
bution (9-11). For example, chicken syndecan-3 is expressed
throughout the distal mesenchymal cells and plays a role in
limb bud outgrowth by controlling FGF signaling between the
AER and mesoderm (12). Heparan sulfate proteoglycans play
such roles by interacting with these growth factors (13-15);
however, it is unclear what role HS chains play in these pro-
cesses, although HS chains are known to interact with a variety
of heparin-binding growth factors (HBGFs) such as FGF.

In FGF signaling, the ternary complex composed of HS
chains, FGF family molecules, and FGF receptors (FGFRs) is
formed on the cell surface (16 -18). Specificities of interactions
between heparan sulfate proteoglycan and ligand molecules are
thought to reside in the fine structures of HS chains with spe-
cific sequences consisting of highly sulfated monosaccharides
(N-, 2-O-, and/or 6-O-sulfated) (9, 19, 20). In fact, the different
O-sulfation patterns of HS chains are involved in interactions
with FGF family molecules (21-23). These fine structures are
generated by the following modification reactions with specific
enzymes after the backbone chain of HS is synthesized by the
addition of alternating D-glucuronic acid and N-acetyl-p-gluco-
samine (GlcNAc) residues from the respective UDP sugars by
EXT family proteins (24): GlcNAc N-deacetylation and N-sul-
fation by N-deacetylase/N-sulfotransferase, C-5 epimerization
of D-glucuronic acid residues to iduronic acid by C-5 epimerase,
and O-sulfations at various places that take place first at C-2 of
IdoA and p-glucuronic acid by heparan sulfate 2-O-sulfotrans-
ferase (HS2ST), subsequently at C-6 of GlcNAc and N-sulfate-
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D-glucosamine units by heparan sulfate 6-O-sulfotransferases
(HS6STs), and lastly at C-3 of N-sulfate-D-glucosamine resi-
dues by heparan sulfate 3-O-sulfotransferases (25-27).

O-Sulfation residues and patterns have been shown to be
critical to HS function in several developmental processes. For
example, gene trap mutation of HS2ST in mice causes renal
agenesis, eye and skeleton defects, and neonatal lethality (28).
HS6ST-1 null mice die between embryonic day 15.5 and the
perinatal stage and show a reduction in the number of fetal
microvessels in the labyrinthine zone of the placenta (29). In
addition, a recent report on mutant HS2ST and HS6ST-1 mice
showed defects of specific axon guidance at the optic chiasm
(30). Morpholino-mediated knockdown of HS6ST in zebrafish
results in disruption of somitic muscle development and
defects in the branching morphogenesis of the caudal vein (31,
32). Inhibition of Drosophila HS6ST expression by RNA inter-
ference (RNAI) reduces FGF signaling activity and disrupts the
primary branching of the tracheal system (33).

Previously we showed distinctive expression patterns of HS
O-sulfotransferases in developing chick limb buds (34).
HS6ST-1 and HS6ST-2 transcripts are preferentially localized
in the anterior and posterior proximal regions of the limb bud,
respectively, whereas HS2ST transcripts are distributed rather
uniformly throughout the bud. HS sulfation patterns in chick
limb buds correspond exactly with these expression patterns
(34). Thus, specific HS sulfation patterns may regulate the
development and patterning of limb buds by binding to growth
factors and morphogens. In this study, we examined the role of
2-O-sulfation in the morphogenesis of the chicken limb. Elec-
troporation of RNA duplexes (RNAI technique) is effective at
suppressing the expression of target genes in chick embryos
(35). Disruption of the HS2ST gene by small inhibitory RNA
(siRNA) reduced 2-O-sulfation levels and led to the abnormal
development of limb buds, which showed less expression of
both Fgf-8 and Fgf-10 accompanied by the up-regulation of
phosphorylation of both ERK and Akt. Taken together, these
results suggest that reducing 2-O-sulfate residues affect limb
bud formation and outgrowth.

EXPERIMENTAL PROCEDURES

Preparation of Chicken Embryos—Fertile White Leghorn
chicken eggs were obtained from Takeuchi Farm (Nara, Japan),
incubated in humidified air at 38 °C, and staged according to
Hamburger and Hamilton (36).

RNAi—Double-stranded RNA corresponding to the HS2ST
open reading frame sequence was prepared and then digested
with RNase 1I1. Chicken HS2ST open reading frame was sub-
cloned into pBluescriptll KS(—) (Stratagene, La Jolla, CA)
before transcribing sense and antisense single-stranded RNA
from T3 and T7 RNA polymerase promoters. RNA was incu-
bated with DNase I to degrade the template DNA. Sense and
antisense RNA were annealed into duplexes by combining
equal amounts of each type of RNA, then denatured at 95 °C for
5 min, and incubated at 37 °C overnight. Annealed duplexes
were incubated with RNase I (Ambion, Austin, TX) at 37 °C for
30 min and then treated with phenol-chloroform. The purified
duplexes were resuspended in distilled water. To generate
endonuclease-digested small inhibitory RNA (esiRNA), dou-
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ble-stranded RNA was incubated with RNase III (New England
Biolabs, Beverly, MA) at 37 °C for 30 min. The reaction prod-
ucts were purified with siRNA Purification Units (Ambion),
then precipitated with ethanol, and resuspended in distilled
water. As controls for the siRNA treatment, siRNA mixtures for
luciferase, the gene of which is derived from pGL3-Basic (Pro-
mega, Madison, W1), were prepared by the same procedure.

In Ovo Electroporation—For electroporation experiments,
eggs were opened after 2 days of incubation at 38 °C, corre-
sponding to stage 13-14, and a solution of India ink diluted in
Tyrode’s solution was applied below the blastoderm to enhance
contrast. The vitellin membrane overlying the presumptive
forelimb region was also carefully removed using a fine tung-
sten needle. RNA solutions containing 0—-700 ng/ul esiRNA,
0.1% fast green, and 2 ug/ul pEGFP-N1 (Clontech) were
injected into the LPM of the presumptive right forelimb region
of embryos, and several drops of Tyrode’s solution were added
after injection. Electrodes were placed above (cathode) and
below (anode) the forelimb region containing the injected
RNA, and electroporation (three 15-V, 25-ms pulses) was per-
formed with ElectroSquarePorator T820 (BTX; Inovio Biomed-
ical Corp., San Diego, CA). Experimental embryos were
observed and/or harvested 16 —48 h after electroporation. For
cryosections, embryos were fixed in 4% paraformaldehyde, PBS
at4 °C overnight and then incubated in 30% sucrose, PBS at 4 °C
for 2-12 h. Embryos were embedded in OCT compound
(Sakura, Tokyo, Japan), and 10-mm-thick cryosections were
made.

In Situ Hybridization—Whole-mount and section in situ
hybridization was performed as described previously with
slight modifications (34, 37-39). For whole-mount in situ
hybridization, embryos were fixed in 4% paraformaldehyde,
PBS overnight and then digested with 1 ug/ml proteinase K in
PBS containing 0.1% Tween 20 at 20 °C for 15 min. Hybridiza-
tion was performed at 65 °C in 5X SSC, 50% (v/v) formamide,
1% (w/v) SDS, 50 ug/ml heparin, and 50 pug/ml yeast tRNA
using digoxigenin-labeled RNA as a probe.

In Situ FGF-2 Binding Assay and Immunohistochemistry—

.For in situ detection of 2-O-sulfated HS, we used an exogenous

FGF-2 binding assay (40). Cryosections were air-dried and then
washed with PBS. To remove endogenous HS-bound mole-
cules, sections were incubated with 2 m NaCl, PBS at room
temperature for 10 min and then washed three times with PBS.
When necessary, sections were treated with a mixture of hep-
aritinases (Seikagaku Corp., Tokyo, Japan) at 37 °C for 2 h. Sec-
tions were incubated with 5-30 nM recombinant human FGF-2
(Roche Applied Science) at 4 °C overnight followed by blocking
for 1 h at room temperature with PBS containing 10% bovine
serum albumin (Sigma). After five washes with PBS, FGF-2
binding was analyzed using an anti-FGF-2 monoclonal anti-
body (05-118; Upstate Biotechnology, Lake Placid, NY) and
Alexa-conjugated secondary antibody (Molecular Probes,
Eugene, OR). HS was detected with 3G10 antibody (Seikagaku
Corp.) and secondary antibody.

Western Blot Analysis—For Western blot analysis, tissue
lysates of stage 22-23 limb buds were subjected to 10% SDS-
polyacrylamide gel electrophoresis and transferred to a polyvi-
nylidene difluoride membrane. The blots were incubated with
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FIGURE 1. Expression pattern of chicken HS2ST mRNA. A, whole-mount in
situ hybridization of stage 23 embryo. A high level of HS2ST transcripts was
detected in wing (W) and leg (L) buds and in the branchial arches (b). Band C,
in situ hybridization of transverse sections of stage 22 wing buds. H52ST is
expressed weakly in the AER and ectoderm (C). D-F, in situ hybridization of
transverse sections of siRNA-injected embryos. HS2ST siRNA was injected into
the prospective region of the right wing bud of stage 13 embryos (D). Treated
embryos were fixed at stage 23-24 (45 h after treatment). The right bud (F)
showed lower levels of HS2ST mRNA compared with the untreated left bud
(E). Scale bars in B, D, and F, 200 um; scale bar in C, 50 um.

10% skim milk in Tris-buffered saline/Tween 20 (TBST; Tris-
buffered saline containing 0.1% Tween 20) and probed with
anti-phosphorylated ERK (pERK) antibody (catalog number
9106; Cell Signaling Technology, Beverly, MA), anti-ERK anti-
body {catalog number 9102; Cell Signaling Technology), anti-
phosphorylated Akt (pAkt) antibody (catalog number 9275;
Cell Signaling Technology), or anti-actin antibody (catalog
number A2066; Sigma) diluted with 1% skim milk in TBST. The
signal was visualized using horseradish peroxidase-conjugated
secondary antibody and enhanced chemiluminescence (West-
ern Lighting Plus; PerkinElmer Life Sciences) according to the
manufacturer’s instructions.

Ligand and Carbohydrate Engagement Assays—In situ bind-
ing of the FGF-FGFR complex to heparan sulfate in the assay
enables us to detect HS structure alterations (41, 42). The fro-
zen sections were incubated in 2 M NaCl, PBS for 10 min fol-
lowed by treatment with 10% BSA, PBS to block nonspecific
binding. Slides were then incubated with 10-30 nm FGF-8 or
FGF-10 (Peprotech Inc., Rocky Hill, NJ) together with 10-20
nM FGFR2b-Fc or FGFR2¢c-Fc (R&D Systems, Minneapolis,
MN), respectively, which were fused with the human IgG Fc
domain, at 4 °C overnight. After five washes with PBS, the
bound FGFR-Fc was detected using a Cy3-conjugated anti-hu-
man Fc IgG secondary antibody (Chemicon International Inc.,
Temecula, CA).

RESULTS

Expression Patterns of HS2ST—HS2ST is highly expressed in
the developing limb buds of chick embryos (34). Whole-mount
in situ hybridization showed that HS2ST transcripts were local-
ized uniformly throughout both wing and leg buds at stage 23
(Fig. 1A). In a transverse section of the wing bud region, HS2ST
expression was strong in the mesenchyme and weak (but signif-
icant) in the overlying ectoderm including the AER (Fig. 1, B
and C). This characteristic expression pattern suggests that
HS2ST is deeply involved in limb bud development.
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FIGURE 2. Abnormal limb bud formation by HS2ST RNAI. A-£, HS25T
esiRNA- or PBS-injected stage 22-23 limb bud. HS2ST siRNA mixtures (150
ng/ul) or PBS was injected, via electroporation, into the lateral plate meso-
derm of the prospective right wing bud region of stage 13-14 embryos. A'-£’,
GFP signals, derived from coelectroporated pEGFP-N1, indicated the siRNA-
injected region. A, PBS-injected control samples had almost normal limb
buds. B-E, HS2ST esiRNA-injected samples showed truncated limb buds.
8, mildly truncated limb; C, moderately truncated limb; D, severely truncated
limb; and E, indented limb. F-/, Alcian blue staining of skeletal patterns in
HS2ST esiRNA-injected limbs revealed their abnormalities. G, severely
affected right forelimb showing an abnormal skeletal pattern compared with
untreated left forelimb (F). I, mildly affected right forelimb showing a defec-
tive digit (arrowhead) and size reduction compared with uninjected left fore-
limb (H).

Abnormal Limb Bud Development and Outgrowth by HS2ST
RNAi—To investigate the role of 2-O-sulfated HS in growth
factor signaling in limb bud development, siRNA mixtures were
transfected into the LPM of the prospective right forelimb
region in stage 13-14 embryos via electroporation. HS2ST
esiRNA-injected limbs caused abnormal development 2 days
after the operation (Fig. 2, B-E), whereas PBS-injected limbs
showed less abnormality (Fig. 24). The abnormal limb buds
were truncated and reduced in size (Fig. 2, B-D) or occasionally
indented (Fig. 2E). When higher concentrations of esiRNA
were injected, severe abnormal phenotypes were observed in
the limb buds with higher frequency (Table 1). Green fluores-
cent protein (GFP) signals derived from coelectroporated
pEGFP-N1 were observed around truncated regions of injected
limb buds (Fig. 2, B~E). The skeletal pattern of mild affected
limb at 9 days showed a defective digit and shorter structure
compared with the uninjected control left limb (Fig. 2, H and [).
Severely truncated buds showed little outgrowth and a mark-
edly affected cartilage pattern at 9 days (Fig. 2, D, F, and G).

Luciferase esiRNA-injected buds showed a low frequency of
abnormalities similar to that in the buffer-injected control
(Table 1). For example, 150 ng/ul HS2ST esiRNA-injected buds
had a higher frequency of abnormalities (26.5%) than 300 ng/ul
luciferase esiRNA-injected buds (13.0%). Although it is known
that RNAi techniques sometimes cause off-target effects, it is
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TABLE1

Frequency and severity of truncation of siRNA-injected limbs at stage 22-23

Injection Severity of truncation®
ng/ml No. Total Mild Moderate Severe Indentation

HS2ST esiRNA

700 55 27 (49.1%) 12 (14.8%) 5(18.5%) 4 (44.4%) 6 (22.2%)

450 37 12 (32.4%) 2(33.3%) 4(16.7%) 2(16.7%) 4(33.3%)

250 62 16 (25.8%) 7 (56.3%) 9 (43.7%) 0 (0%) 0(0%)

150 78 20 (25.64%) 7 (50.0%) 10 (35.0%) 1(5.0%) 2 (10.0%)
Luciferase esiRNA

700 18 4(22.2%) 3(25.0%) 1(75.0%) 0 (0%) 0 (0%)

300 23 3(13.0%) 2(33.3%) 1(66.7%) 0(0%) 0 (0%)
Buffer (PBS)

0 84 11(13.1%) 8(27.3%) 3(72.7%) 0 (0%) 0(0%)

“Typical examples are shown in Fig. 2, B-F.

unlikely that the truncation is due to such effects. Furthermore
the frequency of severe phenotypes in these controls was signif-
icantly less than that in HS2ST esiRNA-injected buds (Table 1).
These results suggest that the injection of HS2ST esiRNA spe-
cifically caused truncation of the limb buds. In addition, HS2ST
transcripts were reduced in HS2ST RNAi limb buds compared
with untreated buds (Fig. 1, D-F). No reduction of HS2ST
mRNA was observed in control limb buds (data not shown).
These results indicate that siRNA mixtures effectively reduce
HS2ST transcripts.

Alteration of HS Structures by HS2ST RNAi—We then exam-
ined whether the abnormal morphology of limb buds resulted
from the loss of 2-O-sulfate residues in HS. Because no suitable
antibodies for the detection of 2-O-sulfate residues in HS are
available, we took advantage of the following binding properties
of exogenous FGF-2 to HS to determine the distribution of
2-O-sulfated HS in tissues (40). We have shown that 2-O-sul-
fated HS is sufficient to bind FGF-2 (21). We pretreated the
limb bud sections with 2 M NaCl to remove endogenous
HBGFs, including FGF-2, bound to HS and then stained the
sections with exogenous FGF-2 in combination with anti-
FGF-2 antibody (Fig. 3 and supplemental Fig. 1). In the normal
limb bud at stage 23, exogenous FGF-2 was strongly bound to
the basement membranes and mesenchyme underneath the
ectoderm (Fig. 3B and supplemental Fig. 1). These staining pat-
terns coincided with HS distribution in the limb detected by
3G10 antibody (Fig. 34 and supplemental Fig. 1). When sec-
tions were treated with heparitinases before applying FGF-2,
the FGF-2 binding region was markedly reduced, suggesting
that exogenous FGF-2 binds specifically to HS (supplemental
Fig. 1). These results indicate that 2-O-sulfated HS is abundant
in the basement membranes and mesenchyme under the ecto-
derm in the developing limb bud. We then tested FGF-2 bind-
ing activity in siRNA-injected limb buds at stage 23 (Fig. 3). In
RNAi-treated limb buds, exogenous FGF-2 bound only weakly
to the truncated region compared with the unaffected region,
whereas HS distributions themselves were not affected (Fig. 3,
E-H). We could not see such a decrease of exogenous FGF-2
binding in luciferase RNAi-treated limb buds (data not shown).
These results show that HS2ST RNAi also reduced 2-O-sulfa-
tion and FGF-2 binding. Interestingly 2-O-sulfation was signif-
icantly reduced in the basement membranes (Fig. 3, E and F,
arrowheads). The decrease of 2-O-sulfation in the basement
membranes could affect the movement of HBGFs between the
mesoderm and ectoderm.
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Effects on FGF Signaling Loop—To investigate whether
HS2ST RNAI disrupted FGF signaling during limb bud devel-
opment, we examined Fgf-8 expression using whole-mount in
situ hybridization of stage 22-23 limb buds (Fig. 4). A marked
reduction of Fgf-8 transcripts was observed in truncated buds
by siRNA injection, whereas Fgf-8 is expressed in the AER of
untreated buds (Fig. 4, A and B). Shh, which is induced by FGF-8
signaling, was also reduced in limbs that showed decreased
Fgf-8 expression (Fig. 4B, arrowhead). In some cases (4 of 13
samples), the reduction of Fgf-8 expression was also observed
even in HS2ST esiRNA-injected but almost normally devel-
oped limb buds (Fig. 4C); however, no such reduction was
observed in luciferase esiRNA-injected limb buds (11 samples).

We also examined Fgf expression in early developmental
stages. Chick wing buds develop and grow at stages 18 and 19 at
which point Fgf-8 expression is detectable in the ectoderm (43).
In the present study, Fgf-8 expression was significantly reduced
in the ectoderm of RNAi-treated limb buds compared with the
untreated opposite limb bud (Fig. 5, A and B). In a few cases,
Fgf-8 expression was almost undetectable at this stage (Fig. 5B,
arrow). As Fgf-8 expression is induced by FGF-10 derived from
the mesoderm and Fgf-10 expression is maintained by FGF-8
derived from the AER (5, 6), we examined Fgf-10 expression in
RNAi-treated limb buds at similar stages. Similar to Fgf-8,
Fgf-10 expression in the mesoderm was also reduced in siRNA-
injected buds (Fig. 5, C and D). Taken together, these results
suggest that a reduction of 2-O-sulfated HS down-regulates
both Fgf-8 and Fgf-10 expression in the developing limb bud.

Up-regulation of ERK and Akt Pathway—The intracellular
response to FGFs is mediated by several signal transduction
pathways including the MAPK/ERK and phosphatidylinositol
3-OH-kinase/Akt pathways. Recently both pathways have been
shown to be essential for limb bud development and patterning
(44 - 46). We examined the activation of ERK and Akt, which
are activated in the MAPK and phosphatidylinositol 3-OH-ki-
nase pathways, respectively. We dissected stage 23 esiRNA-
injected right limb buds and untreated opposite left limb buds
and probed for pERK, ERK, and pAkt by Western blot analysis.
The truncated limb buds among those treated with HS2ST
esiRNA showed approximately 2 times higher pERK levels than
those of the untreated buds, although total ERK levels were not
altered between the RNAi-treated and untreated buds (Fig. 6, A
and B, Group 1). Similarly pAkt was also increased about 2-fold
in the HS2ST RNAi limb buds (Fig. 6, A and B). No up-regula-
tion of the phosphorylation of ERK and Akt was observed in
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FIGURE 3. Alteration of 2-O-sulfated HS by HS2ST RNAi. A and C, HS was
detected by 3G10 antibody. B and D, the 2-O-sulfated HS was detected as
described under “Experimental Procedures.” Longitudinal sections of limb
buds (removal of endogenous HBGFs by treatment with 2 m NaCl) were
exposed to exogenous FGF-2 and then probed with anti-FGF-2 antibody. The
top of each figure shows the anterior region, and the bottom shows the pos-
terior. A and B, normal limb buds at stage 23. C and D, HS2ST siRNA-injected
limb bud (450 ng/ul) at stage 23 (45 h after treatment). The anterior half of the
bud was truncated by RNAi treatment (arrow in C, inset). E-H, magnified
images of C and D. FGF-2 binding activity was reduced in the siRNA-injected
region (F} compared with unaffected regions (H), whereas HS distributions
were not different between injected (£) and untreated regions (G). The base-
ment membranes also showed a marked reduction in FGF-2 binding (com-
pare arrowheads in E and F). Scale bars in A-D, 200 um; scale bars in E-H, 20
um. Wt, wild type.

luciferase esiRNA-injected buds (Fig. 6, A and B, Group 3).
Interestingly in HS2ST esiRNA-injected but almost normally
developed buds, increases of pERK and pAkt were also
observed but not to the extent as those in Group 1 (about 1.5-
fold) (Fig. 6, A and B, Group 2). When limb buds were sectioned
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[ GFP ][ RNAi Il Control |

FIGURE 4. Abnormal limb buds showed lower Fgf-8 and Shh expression.
A-C, the expression patterns of Fgf-8 and Shh in stage 23 embryos were
detected by whole-mount in situ hybridization. A’-C’, GFP signals, which
were derived from coelectroporated pEGFP-N1, indicated the siRNA-injected
regions. A"-C", right wing buds injected with 150 ng/pul esiRNA. A”-C", the
corresponding untreated left buds. A, moderately truncated and size-re-
duced limb bud. 8, moderately truncated limb bud. C, almost normally devel-
oped limb bud. Fgf-8 expression is partially reduced in the anterior region of
AER (arch). Arrowheads in B and C indicate Shh expression.

[ GFP || BNAi || Control |
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FIGURE 5. HS2ST RNAi disrupted the FGF signaling loop. A-D, Fgf-8 and
Fgf-10expression patterns at stage 18 (A-C) or 19 (D) were detected by whole-
mount in situ hybridization (13-15 h after treatment). A’~-D’, GFP signals,
which were derived from coelectroporated pEGFP-N1, indicated the siRNA-
injected region. A"-D", right wing buds injected with 450 ng/ul esiRNA.
A"-D", the corresponding untreated left buds. Fgf-8 expression in the ecto-
derm was significantly reduced by HS2ST RNA treatment (A and B) and dis-
appeared in the most affected regions (arrow in B). Similar to Fgf-8 expression,
Fgf-10expression in the mesoderm was also reduced in affected limbs (arrow-
heads in Cand D).

and stained with anti-pERK antibody, a higher level of pERK
was observed around the HS2ST esiRNA-injected region (Fig.
6C). These results suggest that phosphorylation of ERK and Akt
was up-regulated by HS2ST RNAI, and truncation may be
caused by up-regulation of these signaling molecules.
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FIGURE 6. Changes in ERK and Akt phosphorylation by HS2ST RNAI. Phos-
phorylation of ERK and Akt was determined by Western blot analysis. Group 1,
HS2ST esiRNA-injected and truncated limb buds (450 ng/ul). Group 2, HS2ST
esiRNA-injected and almost normally developed limb buds (450 ng/pl).
Group 3, luciferase esiRNA-injected and almost normally developed limb
buds (300 ng/ul). A, Western blot analysis. Proteins were extracted from
injected right buds () and the corresponding untreated left buds (U) of
embryos at stage 23. B, the ratio of esiRNA-injected right buds to uninjected
left buds. Each ratio of pERK, ERK, or pAkt is normalized to the respective actin
expression. Error bars represent S.D.*, p < 0.05; **, p < 0.01 (Student’s t test).
C, localization of pERK. HS2ST siRNA-injected right bud and uninjected left
bud at stage 23 were longitudinally sectioned and immunostained with anti-
pERK antibody. A higher level of pERK was observed in AER (arrowheads) and
ectoderm as reported previously (45). A relatively high level of pERK was
observed in the HS2ST siRNA-injected region indicated by GFP signal (area
between dotted lines), whereas a lower level of pERK was observed in the
mesenchyme of uninjected control buds. Scale bar, 200 um.

Alteration of HS Structures for FGF-FGFR Binding by
HS2ST RNAi—FGF signaling was up-regulated by HS2ST
RNAI. Thus, the complex formation of HS, FGF, and FGFR
would be inevitably affected due to the alteration of the HS
structure. To test this possibility, we subjected limb buds
with or without the HS2ST RNAI treatment to ligand and
carbohydrate engagement assays using FGF-8, FGF-10, and
their specific receptors FGFR2c and FGFR2b. Limb bud sec-
tions were incubated with a mixture of FGF-8 and FGFR2c or
FGF-10 and FGFR2b. We observed significantly strong bind-
ing of FGF-8 and FGFR2c to limb mesenchyme and weak
binding to basement membranes and ectoderm including
the AER (Fig. 7A). No binding was detected without FGFs or
with the treatment with a mixture of heparitinases (Fig. 7A).
In the HS2ST RNAi-affected region, the binding of FGF-8
and FGFR2c was significantly weak (Fig. 7B). On the other
hand, we observed strong binding of FGF-10 and FGFR2b in
the limb mesenchyme and basement membranes and weak
binding in the ectoderm including the AER (Fig. 7A). In the
RNAij-affected region, interestingly the binding of FGF-10
and FGFR2b was increased (Fig. 7B). The binding was par-
ticularly increased in the mesenchyme under the ectoderm
(Fig. 7B). These results suggest that the reduction of 2-O-
sulfate by RNAi changes HS structures in the limb bud in
that FGF-10-FGFR2b had a tendency to bind more and FGF-
8:FGFR2c had a tendency to bind less to HS in the mesen-
chyme. Considering effects on the Fgf-8 and Fgf-10 expres-
sions observed in the RNAi-treated limb bud, these changes
might affect the chick limb bud development.
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FGFR2c FGF-8+FGFR2c | FGF-8+FCFR2¢

FGFR2b

FGF-10+FGFR2b | FGF-10+FGFR2b

| _F |__FGF-10+FGFR2b |

FIGURE 7. Alteration of FGF and FGFR binding by HS2ST RNA.i. Interaction
of FGF-8:FGFR2c and FGF-10-FGFR2b with HS was examined using the ligand
and carbohydrate engagement assay. A, bindings of FGF-8-FGFR2c and FGF-
10-FGFR2b on normal limb bud sections. Transverse sections of stage 23 limb
buds were exposed to exogenous FGF-8 or FGF-10 and FGFR2c-Fc or
FGFR2b-Fc and then probed with anti-Fc antibody. The binding of FGF-
8FGFR2c or FGF-10-FGFR2b was observed, whereas the binding of only
FGFR2b or FGFR2c was not observed. When sections were pretreated with
heparitinase (HSase), the bindings of FGF-FGFR were significantly reduced.
Strong signals in the AER (arrowheads) were not detected either for the bind-
ing of FGF-8:FGFR2c or for that of FGF-10-FGFR2c. Scale bar, 50 um. B, bind-
ings of FGF-8-FGFR2¢c and FGF-10-FGFR2b in the longitudinal sections of limb
bud after HS2ST RNAi treatment. GFP signals show RNAi-affected region.
HS2ST siRNAs were injected into the area to the right of the dotted lines. The
binding of FGF-10-FGFR2b is significantly increased in the RNAi-affected
region, whereas the binding of FGF-8-FGFR2c is reduced in the RNAi-affected
region. The nonspecific binding of FGF-8-FGFR2c was observed in the AER
possibly due to the folding section. Scale bar, 50 um.

DISCUSSION

Limb bud development is regulated by various growth fac-
tors, especially FGF-8 and FGF-10. HS is known to be involved
in their signaling by its binding activity with specific structures
(23). We therefore expected that the interaction between HS
and growth factors requires a specific O-sulfation pattern. The
expression patterns of HS O-sulfotransferases (HS2ST and
HS6ST) are spatiotemporally regulated during embryogenesis
and in adult tissues (34, 47, 48) and appear to coordinate with
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changes in the activity of growth factors. To test this hypothe-
sis, we examined the function of HS2ST in chick limb bud
development. Inhibition of HS2ST (using siRNA mixtures) led
to abnormal limb development and a disruption of AER forma-
tion and maintenance. This study provides the first evidence
that HS2ST is essential for limb bud development.

Abnormal Limb Development by HS2ST RNAi—The knock-
down of HS2ST in chick limb buds led to limb truncation, and
the AER of these truncated limb buds did not function properly
due to reduced Fgf-8 expression (Figs. 4 and 5). Fgf-8 expression
in the prospective wing bud ectoderm begins in stage 16, and
wing buds start to develop and grow in stage 17 (43). The acti-
vation of genes expressed in the AER, including Fgf-8, requires
the signaling of FGF-10 derived from underlying mesenchymal
cells. In the prospective forelimb region, Fgf-10 is expressed in
the LPM at stage 14-15 (5). In this study, we injected HS2ST
siRNA mixtures into the LPM of the prospective forelimb
region at stage 13-14. Although it is unknown how long it takes
for RNAi-affected cells to completely replace normal HS with
low 2-O-sulfated HS, the induction of Fgf-10 expression in the
LPM remains for several hours after RNAi treatment because it
takes time to silence target genes and replace normal HS with
de novo synthesized abnormal HS. Considering these factors,
limb bud truncation by HS2ST knockdown occurs after AER
induction by FGF-10. In fact, Fgf-8 expression in the AER did
not completely disappear after RNAi treatment (Figs. 4 and 5).
Therefore, truncation by HS2ST RNAI is likely caused by the
disruption of AER maintenance, which involves the FGF-8 and
FGF-10 signaling loop and other factors such as Shh.

Role of 2-O-Sulfation in FGF Signaling Loop during Limb
Development—Previous in vitro studies revealed that both 2-O-
sulfation and 6-O-sulfation are necessary for FGF-8 to bind to
HS, whereas only 6-O-sulfation is required for FGF-10 to bind
to HS (23). Thus, a loss of 2-O-sulfation should not affect the
binding of FGF-10 but should affect the binding of FGF-8. Bind-
ings of FGF-FGFRs to HS may be different from bindings of
FGFs to HS. In fact, interaction of FGF-8b and FGFR3c with HS
was not affected in Hs2st-deficient mice, although interactions
between FGF-8b and FGFR2c were not detected in the deficient
mice (41). In the developing limb bud, FGFR2b and FGFR2c,
which are specific to FGF-10 and -8, respectively, are expressed
in the ectoderm and mesoderm, respectively (5, 6). Therefore,
the suppression of 2-O-sulfation may interrupt FGF-8 signaling
via FGFR2c in the mesoderm. Consistent with this estimation, a
significant decrease in the FGF-8-FGFR2c binding was
observed at the HS2ST RNAi-affected region (Fig. 7). The rea-
son why the binding was still observed at the RNAi-affected
region may be attributed to the remaining 2-O-sulfate residues
because of incomplete loss of 2-O-sulfate residues by RNAI. In
contrast, interaction of FGF-10-FGFR2b was significantly
enhanced in the HS2ST RNAi-treated limb mesenchyme (Fig.
7B). Because FGFR2b is not expressed in the mesenchyme (5,
6), this result may explain the disruption of FGF-10 signaling as
follows. FGF-10 is expressed in the limb mesenchyme and acts
as a ligand in the AER, which expresses FGFR2b. Therefore,
FGF-10 must diffuse to the AER from mesenchyme for signal-
ing. HS in the HS2ST RNAi-treated mesenchyme would have a
high affinity for FGF-10, and so FGF-10 in the treated mesen-
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chyme might be difficult to diffuse to the AER and tend to
remain in the mesenchyme. Furthermore in HS2ST mutant
mice or HS2ST mutant Drosophila, a compensating increase in
6-O-sulfation has been observed (49, 50). If this is also the case
with HS2ST knockdown limb buds, such highly 6-O-sulfated
HS would bind more strongly to FGF-10 than would normal
HS, resulting in the disruption of FGF-10 diffusion through the
extracellular matrix.

Up-regulation of ERK and Akt Phosphorylation in HS2ST
RNAi-treated Limb Buds— As the affected limb buds by HS2ST
RNAI reduced Fgf-8 and -10 expressions and also possibly
showed the interruption of FGF-8 and FGF-10 signaling as dis-
cussed above, it is likely that the signal transduction of FGFs
may also be decreased. The reduction of O-sulfation is expected
to decrease the phosphorylation of ERK under FGF signal
transduction. For example, RNAi of Drosophila HS6ST reduces
ERK phosphorylation in the tracheal system (33). However, we
observed the up-regulation of ERK and Akt phosphorylation by
HS2ST RNAI in developing limb buds (Fig. 6). This up-regula-
tion of ERK and Akt phosphorylation could be caused by abnor-
mal FGF signaling and other signaling through any tyrosine
kinase receptors, although the respective mechanisms are esti-
mated to be different. A more probable possibility is that the
reduction of 2-O-sulfate affected the distribution or transloca-
tion of those HBGFs. The reduction of HS often causes the
broad diffusion of HBGFs (9 -11). Such abnormal distributions
of HBGFs would widely activate their signals compared with
localized HBGFs. In addition, fibroblast cells from HS2ST-de-
ficient mice have a normal response for FGF-2 signaling
although they have 2-O-sulfate-deficient HS that does not have
binding activity with FGF-2 (49). Thus, the reduction of 2-O-
sulfate in chick limb buds may affect the localization of HBGFs
but not their signaling, although their signal levels and locations
are probably imprecise, resulting in the up-regulation of pERK
and pAkt.

Alternatively 2-O-sulfate of HS may negatively regulate the
FGF signaling in chick limb bud development. In some reports,
heavily 2-O-sulafted regions of HS are negative regulators of
FGF signaling (51-54). If the 2-O-sulfation level in the limb bud
is high enough to inhibit FGF signaling, HS2ST RNAi wouild
reduce the inhibitory HS domain, resulting in the acceleration
of FGF signaling. Because the interaction of FGF-8-FGFR2c was
shown to decrease in the mesenchyme after RNA|, other FGF or
FGFR signaling such as FGF-4 or FGFR1 may be up-regulated.

In chick limb bud development, both the MAPK/ERK and
phosphatidylinositol 3-OH-kinase/Akt pathways have been
shown to be essential for limb bud development and patterning
(44-46). The ERK phosphorylation level in the limb bud is
regulated by MAPK phosphatase 3, which antagonizes ERK
phosphorylation and is induced through the phosphatidylino-
sitol 3-OH-kinase/Akt pathway (45, 46). Recent reports have
demonstrated that the MAPK/ERK pathway itself also induces
MAPK phosphatase 3 expression and negatively regulates its
phosphorylation level (pERK) in chick limb buds (46, 55).
Indeed the levels of pERK and pAkt seemed to differ depending
upon the different phenotypes or injections (Fig. 6C).

Application of FGF-8 or other FGF in the developing limb
bud causes truncation, although such FGFs induce ectopic limb
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buds in the flank of chick embryos (56, 57). In addition, it has
been shown that ERK activation induces apoptosis in the limb
mesenchyme (45). However, there has been no report on roles
of Akt signaling in apoptosis during limb bud development, and
this signaling is rather considered to have an antiapoptotic
function (58). As it is possible that pERK and pAkt were up-reg-
ulated in different cells, abnormal apoptosis might happen to
the cells with up-regulated pERK. Thus, knockdown of HS2ST
by RNAI in the chick limb buds would cause abnormal apopto-
sis by up-regulation of ERK phosphorylation due to abnormal
HS structures, resulting in truncation in severely affected limbs.

The Function of HS in Limb Development—We have shown
that HS2ST is essential for wing bud development in chicken
embryos. Interestingly the role of HS in limb bud development
is different among tetrapods. In zebrafish, EXT2 and EXTL3
mutants resemble Fgf-10 mutants, which have dysfunctional
pectoral fins, suggesting that EXT2 and EXTL3 are required for
FGF-10 signaling during fin bud development (59). Although
the EXT family of genes are glycosyltransferases, which are
responsible for HS chain synthesis, a similar fin bud defect also
resulted from HS6ST knockdown in zebrafish (31). These
reports indicate that fine structures of HS are essential for pec-
toral fin bud development in zebrafish. On the other hand,
EXT1- or EXT2-deficient mice failed in gastrulation (60, 61).
However, the hypomorphic mutation of EXT1 in mice resulted
in reduced skeletal size, fusions of the elbow and knee joints,
and occasionally syndactyly of digits (62). Similarly HS2ST or
C-5 epimerase knock-out mice have a high frequency of poly-
dactyly (28, 63). Considering these different effects depending
upon the animal species, the fine structures of HS are more
important being definitively involved in chick limb and fish fin
development than in mammalian limb development. In fact,
HS6ST expressions in developing limb reveal different patterns
in these animals. For example, HS6ST-1 and -2 are expressed in
AER of developing mouse limb bud, whereas significant expres-
sions of HS6STs in AER are not observed in chick limb and
zebrafish fin (34, 48, 64). Thus, the different fine structures of
HS may play different roles in the regulation of various growth
factors and morphogen signaling, the extent of which appears
to vary depending on different vertebrates.

In accordance with different expression patterns of HS mod-
ification enzymes, the expression of some Wnt family proteins
in developing limb buds appears to be different between chicks
and mice (65, 66). At the initiation stage of chick limb buds,
Wnt2b is expressed in intermediate mesoderm and LPM in the
prospective forelimb region, and Wnt8c is expressed in LPM at
the prospective hind limb (67). Both signals induce and main-
tain the expression of Fgf-10and are capable of inducing ectopic
limbs in the embryonic flank. However, similar expression pat-
terns of Wnt2b and Wnt8c at the limb initiation stage were not
detected in mouse embryos (68). FGF-10 induces Wnt3a
expression in the AER of chick limb buds, leading to the induc-
tion of Fgf-8 expression (69). In contrast, Wnt3, but not Wnt3a,
is expressed ubiquitously in the mouse limb ectoderm (70). A
conditional Wnt3 mutant mouse exhibits a lack of Fgf-8 expres-
sion in the limb buds (71). Several recent studies show that
heparan sulfate proteoglycans regulate Wnt/Wg signaling dur-
ing vertebrate and invertebrate development (10, 72). Although
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it has not been shown whether specific HS structures are
required for the interaction of Wnt family proteins, knockdown
of zebrafish HS6ST caused the up-regulation of Wnt and
hedgehog signaling (31). Similar up-regulation of Wnt signal-
ing was demonstrated by the action of HS-specific 6-O-en-
dosulfatases (73, 74). The up-regulation of this signaling is con-
sidered a result of the release of growth factors from HS by the
reduction of 6-O-sulfation. It is likely that HS2ST RNAi affects
specific Wnt signaling by a similar action. However, further
studies are required to show such possibilities.
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