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Background: The physiological significance of C5-epimerization of glucuronic acid (GlcA) remains elusive.
Results: Drosophila Hsepimutants are viable and fertile with only minor morphological defects, but they have a short lifespan.
Conclusion: Sulfation compensation and 2-O-sulfated GlcA contribute to the mild phenotypes of Hsepimutants.
Significance: The findings suggest novel developmental roles of 2-O-sulfated GlcA.

During the biosynthesis of heparan sulfate (HS), glucuronyl
C5-epimerase (Hsepi) catalyzes C5-epimerization of glucuronic
acid (GlcA), converting it to iduronic acid (IdoA). Because HS
2-O-sulfotransferase (Hs2st) shows a strong substrate prefer-
ence for IdoA over GlcA, C5-epimerization is required for nor-
mal HS sulfation. However, the physiological significance of
C5-epimerization remains elusive. To understand the role of
Hsepi in development, we isolated Drosophila Hsepi mutants.
Homozygous mutants are viable and fertile with only minor
morphological defects, including the formation of an ectopic
crossvein in thewing, but they have a short lifespan.Wepropose
that two mechanisms contribute to the mild phenotypes of
Hsepi mutants: HS sulfation compensation and possible devel-
opmental roles of 2-O-sulfated GlcA (GlcA2S). HS disaccha-
ride analysis showed that loss of Hsepi resulted in a signifi-
cant impairment of 2-O-sulfation and induced compensatory
increases in N- and 6-O-sulfation. Simultaneous block of Hsepi
and HS 6-O-sulfotransferase (Hs6st) activity disrupted tracheo-
blast formation, awell establishedFGF-dependent process. This
result suggests that the increase in 6-O-sulfation in Hsepi
mutants is critical for the rescue of FGF signaling.Wealso found
that the ectopic crossvein phenotype can be induced by expression
of a mutant form of Hs2st with a strong substrate preference for
GlcA-containingunits, suggestingthat thisphenotype isassociated
with abnormal GlcA 2-O-sulfation. Finally, we show that Hsepi
formed a complex with Hs2st and Hs6st in S2 cells, raising the
possibility that this complex formation contributes to the close
functional relationships between these enzymes.

HSPGs2 play critical roles in a wide range of biological pro-
cesses by regulating the action of growth factors, such as FGF,

Wnt, TGF-�, and Hedgehog (1, 2). They are composed of a core
proteinanda long,negatively charged linearpolysaccharide, hepa-
ran sulfate (HS). HS biosynthesis is a complex, multistep process.
HS chains are polymerized by EXT proteins as unbranched,
repeating disaccharides composed of N-acetylglucosamine
(GlcNAc) and glucuronic acid (GlcA). During chain polymeriza-
tion, N-deacetylase/N-sulfotransferase (NDST) removes the
acetyl groups from some of the GlcNAc residues and replaces
them with sulfate groups. After N-sulfation, glucuronyl C5-epi-
merase (Hsepi) converts GlcA to iduronic acid (IdoA) followed by
O-sulfation events at specific ring positions. Because only a frac-
tionof thepotential targets aremodified at eachmodification step,
the resultant HS chain has considerable structural heterogeneity.
The biosynthesis of HS is controlled by a feedback mecha-

nism known as “HS sulfation compensation,” which was first
recognized in theHs2stmouse null mutant model (3). HS puri-
fied from Hs2st�/� mouse embryonic fibroblasts did not have
2-O-sulfate groups, but this loss was compensated by increased
N- and 6-O-sulfation. Similarly, Drosophila Hs2st and Hs6st
mutations induce compensatory increases in sulfation at 6-O
and 2-Opositions, respectively, restoring awild-type net charge
on HS in both genotypes (4). This compensation rescues FGF,
Wingless, and BMP signaling pathways in vivo, thus ensuring
the robustness of developmental systems (4, 5). However, the
mechanism by which cells sense the lack of a specific sulfation
event and induce a compensatory reaction is unknown.
The fact that a change in sulfation status at one ring position

is responded to by a compensatory sulfation at other positions
indicates that activities of multiple HS-modifying enzymes are
tightly regulated. From this point of view, it is important to
understand physical interactions between HS biosynthetic/
modifying enzymes. It has been proposed that these enzymes
form a physical complex called a “gagosome” to coordinate HS
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synthesis (1, 6, 7). Previous studies have identified a physical
association between Hsepi and Hs2st (6) and between NDST1
and EXT2 (8), supporting the gagosome model. What other
components participate in the gagosome and how this complex
regulates HS structures still remain elusive.
One of the least understood steps of HS biosynthesis is

C5-epimerization ofGlcA to IdoA catalyzed byHsepi. Sulfation
at the 2-O position of uronic acid occurs almost exclusively on
IdoA residues and very rarely on GlcA (1, 9). For this reason,
C5-epimerization of GlcA to IdoA is required for normal sulfa-
tion patterns and biological processes. It has been shown that
genetic loss of Hsepi results in a wide array of developmental
defects and lethality in several animalmodels, includingmouse,
zebrafish, and Caenorhabditis elegans (10–14). The disruption
of the Hsepi gene largely phenocopied that of Hs2st in many of
these models, consistent with the fact that 2-O-sulfation is
dependent on C5-epimerization. Hsepi�/� mice die shortly
after birth with renal agenesis, lung defects, and skeletal mal-
formations (10). HS from the Hsepi�/� mutants was devoid of
IdoA but showed increasedN- and 6-O-sulfation. Kidney agen-
esis and skeletal abnormalities were also commonly observed in
Hs2st-deficient mice, whereas the Hs2st�/� mice have normal
lungs and survive a little longer than Hsepi mutants (15). In
addition, Hs2st-deficient mice show mild reductions in the
thickness of the cerebral cortex and the spinal cord in the brain
(16). On the other hand,Hsepi-deficient mice did not show any
defect in other organ systems, such as the brain and vasculature.
Because normal development of these organs requires HS-de-
pendent signaling pathways (17), the up-regulation of N- and
6-O-sulfation may rescue some signaling pathways. In fact, HS
from the Hsepi�/� cells showed aberrant interactions with
FGF2 and glia-derived neurotropic factor but interacted nor-
mally with FGF10 (18). However, themechanism for the differ-
ential effects ofHs2st andHsepimutations onmorphogenesis is
not understood.
Despite the strong preference of Hs2st on the C2 position of

IdoAoverGlcA, it can add 2-O-sulfate groups toGlcA (19). The
product of such reaction, GlcA2S, is found on only 1% of total
disaccharide units in most naturally occurring HS. However,
higher levels of GlcA2Swere found in cerebral cortex (20). This
suggested that GlcA2S may be biologically important, but its
functional significance is unknown.
Here we demonstrate that Drosophila Hsepi mutants show

only modest morphological defects, whereas they have a signif-
icantly shorter longevity than wild type. Hsepi mutation
resulted in a significant reduction of 2-O-sulfation and induced
increases in N- and 6-O-sulfation. The up-regulation of 6-O-
sulfation was required for the rescue of tracheoblast formation.
On the other hand, Hsepi appears to play a limited role in HS
compensation in Hs2st mutants: biochemically, the lack of
Hsepi reduced the level of compensatory increases in N- and
6-O-sulfation, but the difference was not detectable in pheno-
typic analyses. Based on similarities and differences of pheno-
typic and biochemical analyses ofHs2st,Hsepi, andHs2st Hsepi
doublemutants as well as phenotypes induced bymutant forms
of Hs2st, we discuss the roles of 2-O-sulfated GlcA in develop-
ment. We propose two mechanisms, HS sulfation compensa-
tion and developmental roles ofGlcA2S, as contributing factors

for the mild phenotypes of Hsepi mutants. We also show that
Hsepi formed a complex with both Hs2st and Hs6st in S2 cells,
consistent with intimate functional relationship between these
enzymes.

EXPERIMENTAL PROCEDURES

Fly Strains—The detailed information for fly strains used is
described in FlyBase. All flies were maintained at 25 °C. Ore-
gon-R was used as a wild-type strain. The following alleles were
used as null or strong hypomorphic mutants for each gene:
Hs2std267, Hs6std770 (4), sulfateless03844 (sfl03844) (21), dallygem

(22), sdc48 (23), dlp1 (24), and Sulf1P1 (25). Two deficiency
strains, Df(2R)ED1618 (42C4-43A1) and Df(2R)cn88b (42A1-
E7), which eliminate the genomic region, including the Hsepi
locus, were used for P-element imprecise excision and genetic
assays to characterize excision alleles. hedgehog (hh)-GAL4 and
breathless (btl)-GAL4 were used to induce expression of UAS
transgenes and are described in FlyBase. Other transgenic
lines used were UAS-Hsepi RNAi, UAS-Hs6st RNAi, and
UAS-GFP.
To generate Hsepi mutations, a P-element, P{SUPor-P}-

CG3194[KG02877] was excised by P-element transposase from
P{ry�, �2–3} (99B). This excision was performed in the pres-
ence of one copy of deficiency chromosome (Df(2R)ED1618) to
increase the efficiency of imprecise excision events. Imprecise
excisions were screened by PCR using flanking primers to iden-
tify deletions, and the extent of each deletion was determined
by sequencing PCR products that spanned the junction. To
determine lethality of mutants, heterozygous mutants over a
balancer were crossed to each other, and adult progenies with
or without the balancer chromosome were counted. Only
female adult wings were used to score adult wing phenotypes,
such as chemosensory bristle formation, wing vein defect, and
ectopic crossvein structures. Student’s t test was used to calcu-
late significance for phenotypic analyses, and log rank test was
used for the longevity assay.
DNAConstructs and Transgenic Flies—Site-directedmutagen-

esis of Drosophila Hs2st was designed based on previous infor-
mation on residues responsible for catalytic activity and sub-
strate specificity of vertebrate Hs2st homologues (26, 27).
Hs2st[DEAD] was constructed by introducing the mutations
H139A and H141A. This construct is equivalent to H140A/
H142A of vertebrate Hs2st, which showed complete loss of cat-
alytic function (26). Hs2st[IdoA] and Hs2st[GlcA] were con-
structed by introducing the mutation Y93A (equivalent to
Y94A of chick Hs2st) and R188A (equivalent to R189A of chick
Hs2st), respectively.The chickY94Amutant showeda substantial
preference for IdoA-containing substrate over GlcA-containing
substrate,whereas the chickR189Amutant showedactivity exclu-
sively with GlcA-containing substrate. Hs2st[WT] is a wild-type
Hs2st construct. Hs2st[WT], Hs2st[DEAD], Hs2st[IdoA], and
Hs2st[GlcA] cDNAs were cloned into UAS.attB vector (a gift
from K. Basler), and transgenic strains bearing these UAS con-
structs were generated by BestGene Inc. using �C31-mediated
integration of respective plasmid DNA into Basler ZH line 68E
(28). Construction of the Golgi-tethered form of Sulf1
(Sulf1[Golgi]-HA) was described previously (25).
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Quantitative PCR—Ten 1-day-old female flies were homog-
enized in TRIzol reagent (Invitrogen) to isolate total RNA. The
RNA samples were treated with RNase-free DNase I (Qiagen)
and purified with the RNeasy Mini kit (Qiagen). cDNA was
synthesized from 1 �g of purified RNAwith the SuperScript III
First-Strand Synthesis System for RT-PCR (Invitrogen). Quan-
titative PCR was performed in duplicate on each of three inde-
pendent biological replicates in the Mx3000P qPCR System
(Stratagene) using EvaGreen qPCR MasterMix (MidSci). rp49
was used as a normalization control. The following primers
were used: rp49 forward, 5�-ACAGGCCCAAGATCGTGAAG-
3�; rp49 reverse, 5�-TGTTGTCGATACCCTTGGGC-3�; sfl
forward, 5�-CACGCATTATGTCGATACGG-3�; sfl reverse,
5�-GTGTTTGCCACCAGAGTTGA-3�; Hs2st forward, 5�-
TCGGAGTCACAGAGCAGATG-3�; Hs2st reverse, 5�-CCG-
CAGATGAGATTTGTTTG-3�; Hs6st forward, 5�-GCGCTC-
CAAAATCCGAACAA-3�;Hs6st reverse, 5�-CGTTTGGATA-
GGGCGCATAC-3�; Sulf1 forward, 5�-CCTCAGGATCCAT-
TGCTTGT-3�; Sulf1 reverse, 5�-TCGGCTCCCCAGTA-
TAGTCA-3�.
Immunohistochemistry and RNA in Situ Hybridization—Im-

munostaining was performed as described previously (29, 30).
Adult ovaries and testes were dissected and fixed with 3.7%
formaldehyde in PBS for 20 min at room temperature. Anti-
FasIII was used to visualize ovarian somatic cells. To visualize
actin filament in testes, Alexa Fluor 564-conjugated phalloidin
was used. TOPRO-3 (Invitrogen) was used for nuclear counter-
staining in the ovary and wing disc. Secondary antibodies were
from the Alexa Fluor series (1:500; Molecular Probes).
In situ RNA hybridization was performed as described pre-

viously (25, 31). Imaginal discs were dissected from third instar
larvae and fixed with 4% paraformaldehyde. Digoxigenin-la-
beled Hsepi RNA probes were synthesized using a DIG RNA
Labeling kit (Roche Applied Science). Anti-digoxigenin anti-
body conjugated with alkaline phosphatase was used as a sec-
ondary antibody. The signal was developed by a standard pro-
tocol using 3,3�-diaminobenzidine as a substrate.
Co-immunoprecipitation and Immunoblot Analysis—cDNAs

forHs2st,Hsepi, andHs6stwere cloned into pAWHandpAWM
vectors. Co-immunoprecipitation was performed as described
previously (25, 32) usingDrosophila S2 cells. Anti-Myc-agarose
beads (Sigma) were used for co-immunoprecipitation. The
eluted proteins were subjected to immunoblot analysis using
mouse anti-Myc (9E10) (1:2,000; Sigma) and rat anti-HA anti-
bodies (3F10) (1:2,000; Roche Applied Science).
Disaccharide Analysis—Glycosaminoglycan isolation and

disaccharide composition analysis were carried out as described
previously (4, 25, 33).Approximately200mgofadult flieswasused
to isolateglycosaminoglycans.Theglycosaminoglycansamplewas
digestedwithaheparitinasemixture (Seikagaku), and the resulting
disaccharide species were separated using reversed-phase ion pair
chromatography. The effluentwasmonitored fluorometrically for
postcolumndetectionofHSdisaccharides.Similarly,glycosamino-
glycan sample was digested with chondroitinases, and composi-
tions of unsaturated chondroitin sulfate (CS) disaccharides
�Di-0S and �Di-4S were analyzed by reversed-phase ion pair
chromatography.

RESULTS

Isolation of Drosophila Hsepi Mutants—The Drosophila
genome has a single copy of Hsepi homologue as in the mam-
malian genome. To analyze the in vivo function of Drosophila
Hsepi, we isolatedmutations deleting theHsepi locus by impre-
cise excision of a P-element inserted in the 5�-untranslated
region of the Hsepi gene. The isolated Hsepid12 and Hsepid13

alleles remove virtually the entire Hsepi coding sequence (Fig.
1A). Sequencing analysis of genomic DNA isolated from these
mutants showed that both alleles lack most of the protein cod-
ing sequence, including the region containing multiple histi-
dine and tyrosine residues crucial for C5-epimerase enzymatic
activity (34), suggesting that they are molecularly null. The
Hsepid13 allele additionally removes the 5�-portion of an
upstream gene, CG3271. The homozygous mutants for
Hsepid12 and Hsepid13 are viable and fertile with modest levels
of lethality at larval and pupal stages (Table 1). We confirmed
the amorphic nature ofHsepid12 by genetic experiments using a
deficiency line,Df(2R)cn88b, which lacks the cytological region
42A1-E7, including the entireHsepi locus. Lethality ofHsepid12

homozygotes (18.3%) was equivalent to that of their deficiency
transheterozygotes (Hsepid12/Df(2R)cn88b; 19.3%), indicating
that it is a null allele. We used Hsepid12 allele for the following
experiments.

FIGURE 1. Structure of Drosophila Hsepi gene. A, schematic diagram of
Hsepi genomic region. A P-element insertion, P{SUPor-P}CG3194[KG02877],
was used for the imprecise excision to isolate excision alleles. Filled boxes and
open boxes indicate the protein coding sequence and untranslated regions,
respectively. Hsepid12 and Hsepid13 lack most of the protein coding sequence,
including the residues critical for C5-epimerase enzymatic activity. Hsepid13

also removes the 5�-portion of an upstream gene, CG3271. B–E, ectopic vein
formation of Hsepi mutants. Adult wings are shown for wild type (B and B�),
Hsepid12 (C), Hsepid12/Hsepid13 (D), and hh-Gal4/UAS-Hsepi RNAi (E). High mag-
nification views for the pCV region are presented (B�, C, D, and E). F, survival
curve of wild-type (closed circles) and Hsepi mutant (open boxes) adult flies. A
57% decrease in mean survival was observed in Hsepi mutants (n � 110; log
rank test, p � 0.0001).
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Adult survivors show only modest morphological pheno-
types, such as extra vein materials at the posterior crossvein
(pCV) region of the wing (Fig. 1C). The penetrance of this
phenotypewas 25% inmales and 90% in females (n� 100). This
phenotype was also observed in Hsepid12/Hsepid13 transallelic
mutants (Fig. 1D; penetrance �90%, n � 100) as well as Hsepi
RNAi animals (hh-Gal4/UAS-Hsepi RNAi; Fig. 1E; penetrance
�90%, n � 100), confirming the specificity of this phenotype.
Despite relatively normal development and fertility of the adult
survivors of Hsepi mutants, the longevity of mutant adults is
remarkably shorter than wild type (Fig. 1F). The median of
adult longevity ofHsepimutants was 27 days, whereas it was 63
days in wild type. Thus, mutation ofHsepi has a relatively mod-
est effect onmorphogenesis and development but is indispens-
able for normal lifespan. Although the mechanism by which
Hsepi ensures normal lifespan remains to be elucidated, given
that HSPGs are essential regulators of female germ line stem
cells (35), it is possible that Hsepi affects longevity through its
functions in adult stem cell niches.
Expression Patterns of Hsepi mRNA—We next examined

expression patterns of Hsepi mRNA during development by
RNA in situ hybridization. We found that Hsepi is expressed
ubiquitously throughout larval tissues, including the wing disc
(Fig. 2A), eye-antennal disc (Fig. 2B), and larval CNS (Fig. 2D).
This is consistent with the idea that C5-epimerization is a crit-
ical step in HS biosynthesis and required in all cells that pro-
duce HSPGs.
In situ hybridization also revealed non-uniform expression

patterns of Hsepi mRNA in several tissues. For example, high
levels of Hsepi mRNA were detected in the nurse cells in the
adult ovary (Fig. 2C). We recently found that Syndecan is
expressed on the surface of nurse cells (data not shown). We
have shown previously that glypicans play critical roles in
somatic cells in the ovary, affecting germ line development (35,
36). The findings of Hsepi/Syndecan expression in the nurse
cells suggest a possible cell-autonomous role of HSPGs in germ
line cells. It is also likely that a portion of HsepimRNAmay be
transported to the oocyte to be stored as maternal mRNA for
embryogenesis.
The Hsepi transcript was detected at much higher levels in

the morphogenetic furrow of the eye disc (Fig. 2B) and at the
lamina furrow of the optic lobe (Fig. 2, D and E) than in other
cells in these organs. It is worth noting that these cells express
high levels of Hs2st (Fig. 2F and data not shown) and dally,
which encodes a core protein of the glypican family of HSPGs

(37). It is therefore possible that these cells have a higher level of
activity of the HS biosynthetic machinery.
Disaccharide Structures of Hsepi Mutant HS—To study the

effect ofHsepimutation on HS sulfation patterns, disaccharide
structures of HS isolated from Hsepi mutants were analyzed.
HS was isolated from Hsepi and Hs2stmutant adults and com-
pletely digested into disaccharides by heparitinase, and the dif-
ferentially modified disaccharide species were separated by
high performance liquid chromatography. Although this assay
does not distinguish GlcA- and IdoA-containing disaccharide
units, it provides valuable information regarding HS structures
from the mutants.
As reported previously (4), HS from Hs2st-null mutants

showed a complete loss of 2S-containing disaccharide units
with a remarkable increase of 6-O-sulfated disaccharides
(Table 2 and Fig. 3A).We have shown previously that this com-
pensatory increase in 6-O-sulfation restores FGF signaling dur-
ing tracheal system formation (4). The compensation mecha-
nism also rescues Wingless and BMP signaling (5).
We found that overall disaccharide patterns ofHsepimutant

HS were similar to those of Hs2st. Hsepi mutant HS showed a
substantial reduction of 2-O-sulfate groups, reflecting the
strong preference ofHs2st for IdoA as a substrate, and a parallel
increase of N- and 6-O-sulfate groups (Table 2 and Fig. 3A).
Thus, Hsepi mutation also induces compensatory up-regu-
lation of 6-O-sulfation as observed in Hs2st. This suggests that
themildmorphological phenotypes ofHsepimutants are due to
the compensatory increase in 6-O-sulfation as shown in Hs2st.
Although overall patterns were similar, there were a couple of
notable differences between the two mutants. First, a residual
peakwas detectable for the�UA2S-GlcNS unit. BecauseHsepi-
null animals produce no IdoA-containing units, this peak
should represent GlcA2S. In fact, GlcA2S was found to be

TABLE 1
Lethality of mutants for HS-modifying enzymes
Lethality was determined using the following alleles: Hsepid12, Hs2std267, Hs6std770,
and Sulf1P1. For each genotype, more than 100 progenies were counted.

Genotype Lethality

%
Hsepi 18.3
Hsepi/Df(2R)cn88b 19.3
Hs2st 27.6
Hs2st Hsepi 37.5
Hs6st 21.0
Hsepi; Hs6st 100.0
Sulf1 8.0
Hsepi; Sulf1 62.0
Hsepi; dally 100.0

FIGURE 2. In situ hybridization of Hsepi mRNA. A–E, in situ hybridization
revealed ubiquitous but non-uniform expression of Hsepi mRNA in various
tissues, including the wing disc (A and A�), eye-antennal disc (B), adult ovary
(C), and larval CNS (D and E). High levels of Hsepi expression were detected in
the morphogenetic furrow in the eye disc (C, arrowhead) and in the lamina
furrow in the optic lobe of the CNS (D, asterisks). E shows a high magnification
view of the lamina furrow. F shows the same region of the CNS as E that was
hybridized with an Hs2st antisense probe. A� shows a control wing disc
hybridized with an Hsepi sense probe.
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increased in HS fromHsepi�/� mice (18). Second, the increase
of 6-O-sulfation was less prominent in Hsepi compared with
Hs2st. Instead, a significant increase of NS was observed in
Hsepi but not in Hs2st mutants. These features are consistent
with the results obtained in Hsepi�/� mice (10, 18).

Does C5-epimerization play a role in HS sulfation compen-
sation? To determine whether Hsepi affects the compensatory
increase in the level of 6-O-sulfation in Hs2st mutants, we
examined the disaccharide profile of HS fromHs2st Hsepi dou-
ble mutants. If C5-epimerization is important for HS compen-
sation, one can expect that Hs2st Hsepi mutant HS does not
have as high levels of 6-O-sulfation as that from Hs2st single
mutants. We found that this was the case. In the double
mutants, the level of NS6S units was significantly lower than in
Hs2st, indicating that Hs2st mutation cannot efficiently
increase 6-O-sulfation in the absence of Hsepi activity. These
results indicated that, at the biochemical level, Hsepi contrib-
utes to at least a portion of the compensatory elevation of 6-O-
sulfation inHs2stmutants.With the reduction of 6-O-sulfation

in the double mutants, reflected by the decreased level of NS6S
units, there was a concurrent increase of NS units when com-
paredwithHs2st singlemutants. As a result,Hsepimutation led
to an increase of the N-sulfation/O-sulfation ratio.

We asked whether Hs2st, Hsepi, or Hs2st Hsepi mutations
affect disaccharide composition of CS. Digestion of glycosami-
noglycans with chondroitinases yields two disaccharide spe-
cies, �Di-0S and �Di-4S (33). The ratio of these CS disaccha-
ride units was not significantly altered in these mutant flies
(Table 3). This result confirmed the HS-specific effects of these
mutations.
Because N- and 6-O-sulfate groups were increased in Hsepi

mutants, we asked whether or not this change was accom-
plished by up-regulated expression of sfl, which encodes the
only Drosophila NDST, and/or Hs6st. RT-quantitative PCR
analysis revealed that expression levels of sfl, Hs2st, Hs6st, and
Sulf1 genes were not significantly altered inHsepimutants (Fig.
3B). This result suggests that the compensatory sulfation changes
inHsepimutants occurmainly through amechanism that is inde-
pendent of transcriptional control of HS-modifying enzymes.
Germ Line Development in Hs2st and in HsepiMutants—Be-

cause Hsepi mutation significantly reduced 2-O-sulfation, we
compared phenotypes between Hs2st and Hsepi mutants. The
most obvious difference between thesemutants is their fertility.
We have previously reported thatHs2stmutant flies develop all
the way to adult stage, but both males and females of Hs2st
mutant adults are completely sterile (4, 36). However, Hsepi
mutant flies are viable and fertile. To understand the cellular
basis for the fertility and sterility of these mutants, we analyzed
themorphology of mutant ovaries. In particular, we focused on
stalk formation, which is known to require HSPG activity. The
stalk cells are a special type of follicle cells that separate devel-
oping egg chambers. The stalk cell differentiation is regulated
by Jak/Stat signaling, and we recently demonstrated that this
control is dependent on two glypican genes, dally and dally-like
(dlp) (36). Dally and Dlp serve as co-receptors for Unpaired, a

TABLE 2
Disaccharide analyses of HS from Hsepi, Hs2st, and Hs2st Hsepi double mutant animals
The disaccharide composition of HS is shown for each respective genotype. The values are given as mol % of total disaccharides and represent mean � S.D. from three
independent experiments. NAc, �UA-GlcNAc; NS, �UA-GlcNS; NAc6S, �UA-GlcNAc6S; NS6S, �UA-GlcNS6S; 2SNS, �UA2S-GlcNS; and 2SNS6S, �UA2S-GlcNS6S;
ND, not detectable. A graphical depiction of these results is shown in Fig. 3.

HS (unsaturated disaccharide)
NAc NS NAc6S NS6S 2SNS 2SNS6S

%
Wild type 37.5 � 1.2 25.4 � 0.7 2.0 � 0.2 17.6 � 0.7 14.2 � 0.4 3.3 � 0.4
Hsepi 30.4 � 0.9 35.4 � 0.4 1.2 � 0.1 32.4 � 0.8 0.5 � 0.1 ND
Hs2st 36.2 � 1.2 25.1 � 0.3 2.0 � 0.1 36.7 � 1.0 ND ND
Hs2st Hsepi 29.2 � 0.9 41.4 � 0.5 0.8 � 0.1 28.5 � 0.6 ND ND

FIGURE 3. HS disaccharide profiling of Hsepi mutants. A, graphical depic-
tion of disaccharide composition of HS from each respective genotype. Bar
graphs show percentages of the following disaccharides: �UA-GlcNAc (gray),
�UA-GlcNS (blue), �UA-GlcNAc6S (light blue), �UA-GlcNS6S (green), �UA2S-
GlcNS (yellow), and �UA2S-GlcNS6S (red). The values were obtained from
three independent experiments, and each bar represents the mean � S.D. B,
quantitative PCR analysis of the mRNA levels of the indicated genes in Hsepi
mutants relative to wild-type animals. Data are presented as the mean fold
change with S.D. (n � 6). Expression levels of sfl, Hs2st, Hs6st, and Sulf1 genes are
not significantly altered in Hsepi mutants (p � 0.1). Error bars represent S.D.

TABLE 3
Disaccharide analyses of chondroitin sulfate from Hsepi, Hs2st, and
Hs2st Hsepi double mutant animals
The composition of unsaturated CS disaccharides �Di-0S and �Di-4S is shown for
each respective genotype.

CS (unsaturated disaccharide)
�Di-0S �Di-4S

%
Wild type 87.7 12.3
Hsepi 87.5 12.5
Hs2st 88.0 12.0
Hs2st Hsepi 90.2 9.8
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ligand of the Drosophila Jak/Stat pathway, and stalk cells are
lost in mutant clones for sfl or dally/dlp. On the other hand,
Hs2st mutant ovarioles showed an increased number of stalk
cells (Fig. 4, B and E, and Ref. 36). Although the molecular
mechanism of this defect is not fully understood, it is possible
that Upd ligand distribution is altered inHs2stmutants. In con-
trast,Hsepimutants did not show this defect: the stalk cell num-
ber of Hsepi was almost the same as that of wild type (Fig. 4, C
and E). We examined the stalk cell number ofHs2st Hsepi dou-
ble mutants to investigate their genetic relationship. We found
that the stalk cell phenotype inHs2st Hsepi doublemutants was
closely similar toHs2st singlemutant flieswith noobvious addi-
tional effect of Hsepimutation to the Hs2stmutant phenotype
(Fig. 4, D and E).

We also analyzed the male gonads of these mutants. Hs2st
mutant testes are smaller than those of wild type (Fig. 4G).
Phalloidin staining revealed the loss of the investment cones,
which are a characteristic structure for elongated spermatids
(38), suggesting that maturation of male germ cells failed in
Hs2stmutant testes (Fig. 2, H–J). In contrast, overall morphol-
ogy of Hsepimutant testes was normal (Fig. 4H).

These analyses as well as normal fertility of Hsepi adult flies
indicated that, unlikeHs2st,Hsepi appears to be dispensable for
germ line development. The phenotypic difference between
Hs2st andHsepimutant flies suggests that 2-O-sulfation but not
C5-epimerization of HS chains plays critical roles in this
process. Given that there should be no IdoA in the Hsepi
mutant flies due to the loss of C5-epimerization activity, the
existence of 2-O-sulfated GlcA may be sufficient for germ
line development.
Genetic Interactions between Hsepi and HSPG Core Protein

Genes during Wing Margin Formation—To further analyze the
role ofHsepi in development, we examined the genetic interac-
tions between Hsepi and HSPG core protein genes. Previous
studies have established that HSPGs regulate multiple pattern-
ing events during wing/notum development, including the for-
mation of sensory bristles at the wing margin (29), wing veins
(37), and tracheoblast in thewing disc (4). In this study, we used
these phenotypes as readouts for our genetic interaction assays.
It has been shown previously that the number of chemosen-

sory bristles is reduced in dally mutant flies (29, 39, 40). This
reflects the reduced Wingless signaling at the wing margin of
themutants. Bristle number was not affected inHsepi homozy-
gous mutants (Fig. 5B). In dally heterozygous mutants, the
average number of these bristles was slightly lower than wild
type, but the difference was not statistically significant (Fig.
5D). In contrast, heterozygosity of dally in the Hsepi homozy-
gous mutant background (Hsepi/Hsepi; dally/�) resulted in a
decreased number of chemosensory bristles (Fig. 5, C and D).
On the other hand, we did not detect such synergistic effect by
deleting one copy of other HS core protein genes, dlp and syn-
decan (sdc), in this particular developmental context (Fig. 5D).
These results suggest that Hsepi modifies HS chains on Dally
during wing margin formation.
Remarkably, we found that Hsepi and dally double mutants

were completely lethal (Table 1). This strong genetic interac-
tion suggests that Dally is an important substrate for Hsepi. In
addition, this synthetic lethal effect also indicates that Hsepi
acts on the other HSPG core proteins too in another develop-
mental process. If Hsepi only modified HS chains on Dally, then

FIGURE 4. Germ line development in Hs2st and Hsepi mutants. A–D, the
ovaries are shown for wild-type (A), Hs2st (B), Hsepi (C), and Hs2st Hsepi (D) by
staining with anti-FasIII antibody (green) and TOPRO-3 (magenta). The second
stalk is marked with white bars. E, quantification of cell number in the second
(gray) and third (white) stalks of the indicated genotypes is shown. ***, p �
0.001; ****, p � 0.0001; n � 25 for each genotype. Error bars represent S.D.
F–H, testes from wild-type (F), Hs2st (G), and Hsepi (H) flies are shown. The
penetrance of the Hs2st testis phenotype is 100% (n � 20). Staining with
phalloidin (magenta) highlights the investment cones (arrowheads).

FIGURE 5. Genetic interactions between Hsepi and HSPG core protein/HS-
modifying enzyme genes. A–C, dorsal view of anterior wing margin of
female wild-type (A), Hsepi (B), and Hsepi; dally/� (C) adult wings. The arrows
indicate positions of chemosensory bristles. D, bar graphs showing the num-
ber of chemosensory bristles (CSB) in female wings of the indicated geno-
types. ***, p � 0.001. Error bars represent S.D. E–G, female adult wings are
shown for wild-type (E), Hsepi; sfl/� (F), and Hsepi; Hs6st/� (G). Arrowheads
point to truncated wing vein V.
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dallywould be genetically epistatic toHsepi (phenotypes ofHsepi;
dally would be the same as dally single mutants). Thus, the phe-
notypic differences between dally (semilethal) and Hsepi; dally
(lethal) reflect the function of other HSPGmolecules.
Genetic Interactions between Hsepi and HS-modifying

Enzymes duringWing Vein Formation—We next examined the
genetic interaction between Hsepi and other HS-modifying
enzymes. No abnormality was observed in longitudinal wing
vein structures of Hsepi homozygous mutant flies (data not
shown). Similarly, heterozygous mutants of sfl (sfl/�) have
wild-type wings. In contrast, heterozygosity of sfl in the Hsepi
homozygous mutant background (Hsepi/Hsepi; sfl/�) resulted
in a truncation of longitudinal vein L5 (Fig. 5F; the penetrance
was 85.3% in female, n � 34). Similarly, Hsepi/Hsepi; Hs6st/�
also showed a reduction of the wing vein L5, whereas the pen-
etrance was lower than that in Hsepi/Hsepi; sfl/� (Fig. 5G; the
penetrance was 51.9% in female, n � 52). These synergistic
enhancements of Hsepi phenotypes by these mutations reflect
intimate functional relationships of these HS modification
enzymes during wing vein formation.
An Increase in 6-O-Sulfation Is Critical for the Rescue of Tra-

cheoblast Formation in HsepiMutants—We have shown previ-
ously that the compensatory increase of 6-O-sulfation in Hs2st
mutants is critical for the rescue of the mutants and thatHs2st;
Hs6st double mutants fail to restore FGF, Wingless, and BMP
signaling (4, 5). Our disaccharide analysis data revealed a sub-
stantial increase 6-O-sulfation inHsepimutants as observed in
Hs2st mutants (Fig. 3). Therefore, we hypothesized that this
increased 6-O-sulfation plays a role in the restoration of devel-
opmental pathways and the survival of Hsepi mutants. In fact,
Hsepi; Hs6st doublemutants are completely lethal (Table 1). To
further test this idea, we analyzed the effect of Hs6st RNAi on
FGF signaling during tracheoblast formation, a well known
FGF-dependent process, in an Hsepi mutant background. No
defectwas observed in tracheoblasts inHsepimutantwing discs
(data not shown) as reported in Hs2st mutants (4). Similarly,
tracheoblasts of Hs2st Hsepi double mutants were indistin-
guishable from wild type (Fig. 6A). In addition, we did not
detect any defect when anHs6st RNAi construct was expressed
in tracheoblasts by a breathless-Gal4 driver at 25 °C (btl�Hs6st

RNAi) (Fig. 6B; n� 24).We have shown that the knockdown of
Hs6st in this condition partially but significantly reduces Hs6st
mRNA levels (5). In contrast, as we have reported previously
(4), Hs6st knockdown in the same condition under Hs2st
mutant background (Hs2st; btl�Hs6st RNAi) severely inter-
fered with tracheoblast formation (Fig. 6C; penetrance, 50.0%;
n� 24).We observed the same effect inHsepi or inHs2st Hsepi
backgrounds: tracheoblast formation was strongly blocked in
Hsepi; btl�Hs6st RNAi (Fig. 6D; penetrance, 50.0%; n� 24) and
inHs2st Hsepi; btl�Hs6st RNAi (data not shown). These results
suggest that tracheoblast formation inHsepimutants is rescued
by increased 6-O-sulfation as observed in Hs2stmutants.
Ectopic Vein Phenotype Is Associated with Elevated 2-O-Sul-

fated GlcA—As stated above, Hsepi mutants showed ectopic
vein materials at the pCV region (Figs. 1, C–E, and 7A). Inter-
estingly, this phenotype was not observed inHs2st-null mutant
wings (Fig. 7B). In addition,Hs2stHsepi doublemutants did not
exhibit this phenotype, indicating that the ectopic pCV pheno-
type of Hsepi mutants was suppressed by Hs2st mutation (Fig.
7C). Given that HS from Hsepimutants but not Hs2st or Hs2st
Hsepi double mutants includes GlcA2S, these results raised the
possibility that the ectopic pCV phenotype may be associated
with abnormal GlcA 2-O-sulfation.
To test this hypothesis, we generated mutant forms of Dro-

sophila Hs2st based on previous structure-based mutational
studies of vertebrate Hs2sts that identified residues responsible
for the catalytic activity and substrate specificity of these
enzymes (Refs. 26 and 27 and Fig. 7D). For example, histidine
residues at 140 and 142 are important for catalysis, and the dou-
ble mutant H140A/H142A resulted in complete loss of activity

FIGURE 6. 6-O-Sulfation is required for the rescue of tracheoblast forma-
tion in Hsepi mutants. Tracheoblast formation is shown in Hs2st Hsepi; btl-
Gal4 UAS-GFP/� (A), btl-Gal4 UAS-GFP/UAS-Hs6st RNAi (B), Hs2st; btl-Gal4 UAS-
GFP/UAS-Hs6st RNAi (C), Hsepi; btl-Gal4 UAS-GFP/UAS-Hs6st RNAi (D). Tracheal
cells are visualized by UAS-GFP expression driven by btl-Gal4 (green). Blue
shows counterstaining by TOPRO-3.

FIGURE 7. Ectopic vein phenotype is associated with elevated 2-O-sul-
fated GlcA. A–C, the pCV region of adult wings is shown for Hs2st (A), Hsepi (B),
and Hs2st Hsepi (C) mutants. D, alignment of Hs2st amino acid sequences from
different organisms (human, chick, Drosophila, and C. elegans). Sequences
around vertebrate Hs2st His-140/His-142 (Hs2st[DEAD]), Tyr-94 (Hs2st[IdoA]),
and Arg-189 (Hs2st[GlcA]) are shown. Positions of these residues are dotted,
and residues conserved among all four species are highlighted. To generate
each Drosophila mutant construct, the dotted residues were substituted to
Ala. E–H, the pCV region of adult wings is shown for hh-Gal4/UAS-Hs2st[WT]
(E), hh-Gal4/UAS-Hs2st[DEAD] (F), hh-Gal4/UAS-Hs2st[IdoA] (G), and hh-Gal4/
UAS-Hs2st[GlcA] (H).
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(26). Several amino acid residues that had an impact on sub-
strate specificitywere also identified: Y94A andR189Amutants
showed a substantial preference for IdoA-containing and
GlcA-containing substrates, respectively. All these residues are
completely conserved in Drosophila Hs2st (Fig. 7D). In fact,
these residues are perfectly conserved in all Hs2st homologues
from various species thus far available in GenBankTM, support-
ing the evolutionary conservation of the function of these
specific residues. We generated three mutant constructs,
Hs2st[DEAD], Hs2st[IdoA], and Hs2st[GlcA], that bear muta-
tions equivalent to vertebrate H140A/H142A, Y94A, and
R189A, respectively. Transgenic strains bearing UAS con-
structs for each mutant cDNA as well as wild-type Hs2st were
generated by site-specific integration at the genomic location
68E (28). Overexpression of wild-type Hs2st in the posterior
compartment of the developing wing by the hh-Gal4 driver did
not show any obvious defect in the adult wing (Fig. 7E), consis-
tent with a previous report (41). Similarly, no pCV phenotype
was observed in the wings overexpressing Hs2st[DEAD] or
Hs2st[IdoA] (Fig. 7, F and G; n � 20 for each genotype). In
contrast, overexpression of Hs2st[GlcA] by hh-Gal4 produced
ectopic vein materials at the pCV region, mimicking the phe-
notype observed in Hsepi mutant flies (Fig. 7H; penetrance,
94.7%; n � 19). Because these UAS transgenes have been inte-
grated into the same genomic location, the phenotypic differ-
ence reflects the activity of each construct rather than differen-
tial expression levels due to positional effects. Taken together,
these results support the idea that the ectopic pCVphenotype is
associated with increased levels of GlcA2S.
Physical Interaction of HS Modification Enzymes—It has

been shown that Hs2st and Hsepi form a complex in mamma-
lian cultured cells (6). We first tested whether this physical
interaction is conserved inDrosophila enzymes by co-immu-
noprecipitation experiments. Drosophila S2 cells were co-
transfected with Myc-tagged Hsepi and HA-tagged Hs2st
expression constructs. Upon immunoprecipitation of Hsepi-
Myc from a protein extract of the transfected cells, Hs2st-HA
was detected in the immunoprecipitates by immunoblotting
(Fig. 8A). This result indicated that, as in the case ofmammalian
homologues, Drosophila Hsepi and Hs2st physically interact
with one another in S2 cells.
The sulfation compensation system requires a close func-

tional relationship betweenHs2st andHs6st: 6-O-sulfation was
increased in response to the loss of Hs2st or Hsepi. Therefore,
we tested the possibility that Hs6st also physically interacts
with Hsepi or Hs2st. Similar co-immunoprecipitation experi-
ments revealed that Hs6st-HA was co-immunoprecipitated
with both Hs2st-Myc and Hsepi-Myc (Fig. 8, B and C). This
finding suggests that these three HS modification enzymes can
form a molecular complex in S2 cells. Neither wild type (data
not shown) nor the Golgi-tethered form of Sulf1, an extracellu-
lar HS 6-O-endosulfatase, showed an interaction with Hsepi
(Fig. 8D), supporting that the observed binding among Hsepi-
Hs2st-Hs6st is specific.

DISCUSSION

Previous studies have shown thatHsepi function is critical for
normal animal development (10–14). C5-Epimerization plays a

crucial role for signal transduction by providing a substrate for
2-O-sulfation (42). Furthermore, it has been suggested that
FGF2 signaling is dependent on the synthesis of IdoA rather
than on 2-O-sulfation per se (18). We found that overall Dro-
sophila Hsepi-null mutants are significantly healthier than
Hs2st mutants. For example, Hs2st but not Hsepi mutants
showedmorphological defects in both female andmale gonads,
leading to sterility. This was an unexpected finding since
C5-epimerization is an upstream event of 2-O-sulfation, which
is known to be heavily dependent on the epimerization reac-

FIGURE 8. Physical interaction of Hs2st, Hs6st, and Hsepi in S2 cells. Co-
immunoprecipitation results are shown for Hsepi-Myc and Hs2st-HA (A),
Hsepi-Myc and Hs6st-HA (B), Hs2st-Myc and Hs6st-HA (C), and Hsepi-Myc and
the Golgi-tethered form of Sulf1 (Sulf1[Golgi]-HA) (D). Myc-tagged proteins
were recovered from cell lysate by anti-Myc-agarose beads and eluted with
urea. Precipitates were analyzed by immunoblotting using anti-HA and anti-
Myc antibodies. IP, immunoprecipitation; IB, immunoblotting.
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tion. In addition, Hsepi�/� mice showed defects equivalent to
ormore severe than those ofHs2st�/� mice, leading to lethality
at earlier stages (10, 18). One mechanism that appears to con-
tribute to themild phenotypes ofHsepimutants is HS sulfation
compensation. We showed that 6-O-sulfation is dramatically
elevated in these mutants. Thus, compensatory up-regulation
of 6-O-sulfate groups may be responsible for rescue of HS-de-
pendent pathways in Hsepi mutant flies as observed in Hs2st
mutant animals (4, 5). Consistent with this idea, Hsepi; Hs6st
mutants are completely lethal (Table 1). Tracheal cell-specific
knockdown of Hs6st in an Hsepimutant background inhibited
tracheoblast formation (Fig. 6); thus, the increased 6-O-sulfa-
tion indeed rescued this FGF-dependent process. Another pos-
sible mechanism for the mild phenotypes observed in Hsepi
mutants is that GlcA2S-containing units play a role and con-
tribute to tissue patterning. This issue is discussed later.
Despite the clear importance of increased 6-O-sulfation in

rescuing Hs2st and Hsepi mutant phenotypes, it is not under-
stood how this compensation occurs. In Hs2st mutants, 6-O-
sulfation is up-regulated in compensation, rescuing morpho-
genesis andHS-dependentmolecular pathways, including FGF,
Wnt, and BMP signaling (4, 5). Our HS disaccharide analyses
revealed that the increase of 6-O-sulfation in Hs2stmutants in
the absence of Hsepi was not as remarkable as that in its pres-
ence. Thus, at the biochemical level, Hsepi is required for effi-
cient HS sulfation compensation in Hs2st mutants. However,
its role appeared to be relatively minor at the physiological
level. If Hsepi activity is critical for Hs2st mutants to increase
6-O-sulfation, then one can expectHs2st Hsepi doublemutants
to showmore severe phenotypes comparedwithHs2stmutants
due to incomplete HS sulfation compensation. However, we
detected no obvious difference between Hs2st and Hs2st Hsepi
mutant phenotypes. Therefore, the reduction of the compensa-
tory increase of 6-O-sulfation in Hs2st Hsepi detected in the
disaccharide analysis may not cause any additional failure in
rescuing signaling pathways.We observed strong genetic inter-
actions between Hsepi and Hs6st. Hsepi; Hs6st double mutants
were completely lethal, and Hs6st RNAi in an Hsepi mutant
background inhibited tracheoblast formation, suggesting that
Hsepi is required for HS sulfation compensation in Hs6st
mutants. This is not surprising given that 2-O-sulfation was
dramatically reduced in Hsepi mutants. Thus, the effect of
Hsepi on the compensation mechanism in Hs6st may be indi-
rect: Hsepi is important for 2-O-sulfation, which is critical for
the rescue of Hs6stmutants.
Although the mechanism for HS sulfation compensation is

unknown, it is achieved through close functional interactions
betweenHS-modifying enzymes. From this respect, our finding
thatHs6st physically interactedwithHs2st andHsepi is intrigu-
ing. The gagosome was defined as a physical complex of HS
biosynthetic/modifying enzymes committed to the assembly of
HS (1). It was also proposed that the composition of the gago-
somewould affect HS fine structure. Physical interactions were
shown forHs2st andHsepi (6) and forNDST andEXT2 (8). The
existence of a complex of Hs2st and Hsepi with Hs6st raises an
interestingpossibility that the formationof a gagosomecomplex is
important for proper sulfation compensation. Given that loss of
one type of sulfation results in an increase of sulfation at different

positions during sulfation compensation, gagosome complexes
with different component compositionsmay have different kinet-
ics. For example, a complex lacking Hs6st may have an enhanced
Hs2st activity. Further study is needed to elucidate the in vivo
mechanism of this remarkable feedback system.
Hsepi mutants showed ectopic vein formation at the pCV

region. Because remarkably this phenotype was suppressed by
Hs2stmutation, we hypothesized that this phenotype is associ-
ated with GlcA2S. Consistent with this model, we found that
overexpression of an Hs2st mutant protein that preferentially
adds a 2-O-sulfate group on GlcA phenocopies Hsepi mutant
wings. Thus, abnormal crossvein formation is the first example
of a specific developmental event that is associated with ele-
vated GlcA2S levels. Furthermore, our results suggest that
GlcA2S-containing units play a role in a specific developmental
pathway, supporting the idea that it may rescue developmental
processes in Hsepi mutants that are more severely affected in
Hs2stmutants, such as germ line development. It is not known
how GlcA2S can compensate for the lack of IdoA2S. Similarly,
it is unknown how HS from Hs2st or Hs6st mutants can still
mediateHS-dependent signaling pathways to some extent.One
explanation for both phenomena would be that such HS chains
are flexible enough to twist and bend to place sulfate groups at
appropriate three-dimensional positions and form hydrogen
bonds to specific residues of ligand proteins. It has been estab-
lished that pCV formation is controlled by BMP signaling. In
the pupal wing, a BMP ligand, Decapentaplegic, is expressed
only in the longitudinal veins and directionally transported to the
pCVprimordial region (43–46).This directional transport is facil-
itated by the extracellular BMP-binding proteins Short gastrula-
tion (Sog) and Crossveinless (Cv) (46). The formation of ectopic
veinmaterials at the pCVsuggests the failure of propermovement
of BMP ligands toward the pCV position. It has been suggested
that HSPGs are involved in pCV formation (39, 47). The pheno-
types ofHsepimutants andhh�Hs2st[GlcA] animals suggests that
precise regulation of HS structures, particularly the levels of
GlcA2S, is responsible for thedirectional transportofBMPs.How-
ever, the molecular mechanism for this control remains to be
elucidated.
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