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Abstract Heparan sulfate proteoglycans play a vital role in
signaling of various growth factors in both Drosophila and
vertebrates. In Drosophila, mutations in the fout velu (ttv)
gene, a homolog of the mammalian EX7/ tumor suppressor
gene, leads to abrogation of glycosaminoglycan (GAG)
biosynthesis. This impairs distribution and signaling activ-
ities of various morphogens such as Hedgehog (Hh),
Wingless (Wg), and Decapentaplegic (Dpp). Mutations in
members of the exostosin (EXT) gene family lead to
hereditary multiple exostosis in humans leading to bone
outgrowths and tumors. In this study, we provide genetic
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and biochemical evidence that the human EXT! (hEXTI)
gene is conserved through species and can functionally
complement the #v mutation in Drosophila. The hEXTI
gene was able to rescue a ##v null mutant to adulthood and
restore GAG biosynthesis.

Keywords Drosophila - HSPGs - EXT - Conservation -
Evolution

Introduction

Hereditary multiple exostosis (HME) is an autosomal
dominant disorder that primarily affects endochondral bone
growth (Wicklund et al. 1995) resulting in short stature and
formation of benign cartilage-capped tumors (exostosis) in
affected individuals (Solomon 1963). Although clinically
limb length inequalities, skeletal deformities, and orthope-
dic complications are common characteristic features, in 2—
5% of HME patients the benign exostosis transforms to
malignant chondrosarcoma or osteosarcoma (Hennekam
1991; Wicklund et al. 1995). Hereditary and sporadic cases
of HME have been linked to mutations in the EX7/ and
EXT2 genes. The EXT genes encode for type II transmem-
brane glycoproteins that localize predominantly to the
endoplasmic reticulum (ER) and golgi. They form a hetero-
oligomeric complex in the golgi apparatus (Kobayashi et al.
2000; McCormick et al. 2000) and are involved in the
synthesis of heparan sulfate glycosaminoglycans (HSGAGs;
Lind et al. 1998; McCormick et al. 1998, 2000; Toyoda et al.
2000b; Wei et al. 2000). Heparan sulfate proteoglycans
(HSPGs) consist of a glycosylated protein core, which can
either be a transmembrane, glycosylphosphatidyl-inositol
(GPD)-linked, or secreted protein, and they are abundant on
the cell surface and extracellular matrix.
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The Drosophila genome harbors three homologs of the
mammalian EXT genes, namely, tout velu (ttv; Bellaiche et
al. 1998), sister of tout velu (sotv; Bornemann et al. 2004;
Han et al. 2004b), and brother of tout velu (botv; Han et al.
2004b). Mutations in either one of the three genes result in
impaired HSPG biosynthesis (The et al. 1999; Han et al.
2004Db). Ttv along with Sotv functions in vivo as a HSGAG
copolymerase, similar to the vertebrate EXT1 and EXT2 as
shown by biochemical and immunohistochemical studies
(The et al. 1999; Toyoda et al. 2000a, b; Han et al. 2004b).
Interestingly, HSPGs are implicated in shaping the gradient
of several morphogens, such as Hedgehog (Hh), Wingless
(Wg), and Decapentaplegic (Dpp) by affecting their
distribution. In addition, the GPI-linked HSPG Dally has
been shown to affect Hh signaling (Desbordes et al. 2003;
Han et al. 2004a). Mutations in any of the three Drosophila
EXT genes result in impaired Hh, Wg, and Dpp distribution
and signaling (The et al. 1999; Bornemann et al. 2004; Han
et al. 2004b; Takei et al. 2004).

Mice lacking Ext/ fail to gastrulate and lack HS
biosynthesis (Lin et al. 2000), while mice heterozygous for
Ext1 do not show exostoses and express about 50% HS (Lin
et al. 2000). Homozygous Ext2 mice also fail to gastrulate
owing to defective HS biosynthesis, and a number of
heterozygous animals showed exostoses as well (Stickens
et al. 2005). Similar to Ttv, EXT1 has been implicated in Hh
distribution and signaling mediated by HSPGs (Lin et al.
2000; Koziel et al. 2004). Interestingly, Indian Hedgehog
(Thh), a mammalian homolog of Hh, plays a pivotal role in
controlling the rate of chondrocyte differentiation and bone
development (Vortkamp et al. 1996; Zou et al. 1997; Koziel
et al. 2004). Lin et al. (2000) have shown that Thh is
incapable of associating with the target cell surface in murine
Ext]—/— embryos. Thus it appears that loss of Ext/ leads to
impaired Thh binding and distribution.

To investigate whether human EXT1 (hkEXTI) and Ttv are
functionally conserved, we expressed the ZEXT1 gene, which
is 56% identical to 1, in Drosophila. We showed that hEXT1
localizes to the ER in Drosophila wing discs and that it
interacts biochemically with Sotv in human cell lines to form a
complex that functions as the active HSGAG copolymerase.
The hEXTI transgene was able to rescue Drosophila ttv
mutants to adulthood and could synthesize HSGAG chains in
vivo. Our results highlight the functional conservation between
the two orthologues, Drosophila Ttv and human EXTI.

Materials and methods
EXT construct

Human EXTI-Green Fluorescent Protein (hEXTI-GFP)
was polymerase chain reaction amplified from pEXTI1
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GFP (McCormick et al. 2000; a gift from Tufaro lab,
University of British Columbia), harboring GFP down-
stream of EXT gene, using the primers 5'-GGA CTC AGA
TCC CGC AGG ACA CAT-3' and 5'-CCT CTA CAAATG
TGG TAT GGC TGA TTATGA-3' and cloned into pGEM-
T-Easy (Invitrogen) and pUASp2 (a gift from Pernille
Rorth) vectors at EcoRI site. The sotv complementary DNA
(cDNA) cloned in pAC5.1/V5-His C construct (Han et al.
2004b, a gift from Xinhua Lin’s lab). For transfecting
human embryonic kidney (HEK) 293 cells hEXTI cDNA
was cloned in p3XFLAG-myc-CMV-26 vector (Sigma) at
EcoRI-Xbal site and sotv cDNA in pcDNA4/V5HisB
(Invitrogen) at BamHI-Xhol site.

Fly strains and genetics

Several hEXTI-GFP transgenic fly strains were generated
of which the hEXTI-GFP2.2/Cyo; Dp/TM3 (hEXTI-GFP
transgene on the second chromosome) and Sp/Cyo; hEXTI-
GFP3.1 (hEXTI-GFP transgene on the third chromosome)
were used. For rescue of homozygous 1/'@?’%%! mutants,
the hEXTI-GFP2.2 transgene was recombined with the 5/
(200681 mutation in the FRT G">mv'@"%5!/Cyo mutant to
generate hEXTI-GFP2.2 FRT G"3i/'@%%%8!/Cyo; Tubulin-
Gal4/TM6B. These flies were then homozygozed to check
whether the homozygous #v'??’*5! mutant could be
rescued to adulthood. For ectopic expression of hEXT!
transgene in the engrailed (en) domain, females with en-
GAL4 on the second chromosome were crossed to males of
genotype hEXTI-GFP2.2/Cyo; Dp/TM3.

Females with germline clones (GLCs) lacking maternal
and zygotic /@781 activity were generated as described
previously (Chou and Perrimon 1996). For expression of
it'@0%81 and hEXTI-GFP3.1 in the hairy-domain females
with homozygous 1v'@??*5! germ-line clones having the
genotype y w flp’?/+; FRT G itv'@ %! JERTG Plovo”'],
hairy-Gal4/+ were crossed to tv/@%%%!/Cyo; UAS-1tv
-mycl4.1 or V'@ /Cyo; UAS-hEXTI-GFP3.1 males.
For sugar chain biochemistry, hEXTI-GFP2.2 FRT G'* /@
00681 /Cyo;  tubGal4/SM6 TM6B was generated and non-
Tubby larvae were used for sugar chain analysis. 0/??%%%!
mutant used in the study were maintained as a stock over
Cyo P[w+, ubq-GFP], the second chromosome balancer
marked with GFP and homozygous larvae were identified by
the lack of GFP fluorescence detectable under a GFP
dissecting microscope.

Antibody staining

Third instar larval imaginal discs were fixed for 20 min in
4% formaldehyde in phosphate-buffered saline with 0.1%
Tween20 (PBT). Staining of larval imaginal discs were
performed as described before (The et al. 1999). Stainings
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were performed with FM4-64 membrane marker dye
(Molecular Probe). Antibodies diluted in PBT include rat
anti-Bip, 1:40 (Brabaham Institute, Cambridge, UK), rabbit
anti-Lava Lamp, 1:5,000 (Sisson et al. 2000; a gift from
John Sisson, University of Texas); mouse anti-HS 3G10,
1:100 (Seikagaku Corporation); mouse anti-V5, 1:5,000
(Invitrogen), and mouse anti-FLAG, 1:5,000 (Sigma).
Fixation of embryo and HS GAG staining using 3G10
antibody were performed as described (The et al. 1999).
Secondary antibodies for histochemical staining, Western
blotting (WB), and fluorescent secondary antibodies were
from Jackson Immunoresearch. Images of stained discs
were taken with Leica TCS SP2 AOBS Confocal micro-
scope. Images of stained embryos were taken with Zeiss
Axioskop 2 Plus microscope. Camera exposure times were
kept constant within an experiment.

Immunoprecipitaion and Western blotting

HEK 293 cells (1x107) were transfected with plasmids
expressing Flag-tagged hEXT1, V5-tagged Sotv, or both as
indicated, using Effectine (Qiagen) following the manufac-

Fig. 1 hEXT1-GFP localizes to
ER and golgi in Drosophila
melanogaster. Wing imaginal
disc cells, showing the expres-
sion of hEXT1-GFP indicated
by presence of GFP (green)

(a, d, and g), stained with
membrane dye FM4-64 (red)
(b), the golgi marker Lavalamp
(red) (e), and ER marker Bip
(red) (h). hEXT1-GFP does not
colocalize with FM4-64 (c).
Colocalization of hEXT1-GFP
with Lavalamp (f) or Bip (i) is
seen as yellow. Arrows indicate
examples where hEXT1-GFP
colocalization with golgi marker
protein Lavalamp is detected (f)

turer’s procedures. The cells were then lysed in 1.5 ml of
lysis buffer [20 mM Tris—HCI (pH 7.5), 1% Triton X-100,
150 mM NaCl, 5 mM ethylenediamine tetraacetic acid
(EDTA), 150 ul Protease Inhibitor Cocktail (Sigma), and
75 ul phenylmethanesulphonylfluoride (PMSF) (Sigma;
10 mg/ml)] on ice for 20 min. The precleared lysate was
used for immunoprecipitation using 5.0 pg of either anti-
HA, anti-Flag, or anti-V5 antibody for 2 h at 4°C.
Immunoprecipitates were washed five times with wash
buffer [10 mM Tris—HCI1 (pH 7.5), 0.1% Triton X-100,
150 mM NaCl, 5 mM EDTA, 10 pl/ml of Protease Inhibitor
Cocktail (Sigma), and 5 pul/ml PMSF (10 mg/ml)] and
analyzed by WB. WB was carried out as described (The et
al. 1999). Antibodies used were mouse anti-V5, 1:5,000
(Invitrogen) and mouse anti-FLAG, 1:5,000 (Sigma).

Sugar chain biochemistry

Analyses of HS-derived disaccharides were performed as
previously reported (Toyoda et al. 2000a) using 100 third
instar larvae. As a wild type strain, Oregon R was used.
Results shown are from two independent experiments.
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Table 1 Rescue of a #7v mutant with hZEXTI-GFP transgene

Experiment  Total Total number  Percent of
number number of  of rescued rescued
flies flies flies

Control 1 42 0 0

2 25 0 0

3 49 0 0
Rescue 1 58 4 6.9

2 37 2 54

3 63 3 4.7

As control animals, ##v mutant flies that do not harbor the hEXTI-GFP
were used, while in the rescue experiment, #v mutant flies expressing
the hEXTI-GFP were used. The percentage of rescued flies indicate
the percentage of total animals rescued to adulthood.

Results
Subcellular localization of hEXT1 protein in Drosophila

In both Drosophila and mammals, EXT1 or EXT2 protein
localizes mainly in the ER (McCormick et al. 1998, 2000;
The et al. 1999; Han et al. 2004b; Kobayashi et al. 2000).
However, when both the proteins were expressed in the

same cell, the EXT proteins were found to be mostly
relocated from the ER to the golgi network (McCormick
et al. 2000) where polymerization and sulfation of HSPG
occurs (Muckenthaler et al. 1998). To determine the
subcellular localization of hEXT1-GFP in Drosophila, the
wing imaginal discs expressing hEXTI1-GFP under
the control of en-GAL4 were stained for colocalization
with plasma membrane marker dye FM4-64 (Fig. 1a—), ER
protein Bip (Fig. 1d—f), and golgi protein Lava Lamp
(Fig. lg—i). hEXT1-GFP colocalized mostly with Bip
(Fig. 1f) and partially with Lava Lamp (Fig. 1i) but not
with membrane dye FM4-64 (Fig. 1c). These results show
that hEXT1-GFP protein in Drosophila localizes mainly to
the ER and partially to the golgi, as previously shown in case
of EXT1 in human cells and Ttv in Drosophila (McCormick
et al. 1998, 2000; The et al. 1999; Han et al. 2004b),
indicating that the protein localizes as endogenous Ttv.

Rescue of homozygous #v mutants by expression of hEXT
Homozygous tv'@??*5! null mutants (from here on #v) die
at the pupal stage, and animals depleted from maternal
product are embryonic lethal. However, when the ZEXTI-

Fig. 2 HSPG biosynthesis in #tv
mutant embryos is rescued by
hEXTI-GFP expression in vivo.
Staining of wild-type (WT) (a,
b), f#tv mutant (c), /v mutant
expressing ftv-myc transgene in
the hairy-domain (d), and #v
mutant expressing hEXTI-GFP
transgene in the hairy-domain
(e, f) with 3G10 antibody. No
staining is detected in the nega-

tive controls where WT embryos

(a) or #v mutants expressing
hEXTI-GFP (e) were not treated
with heparinase III. Anterior is
to the left in all the panels
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GFP transgene was expressed in homozygous v mutants
using fub-GAL4 as the driver, rescue of #v mutants to
adulthood was achieved. In three independent experiments
(n=158), 5.7% of total animals developed to adult flies
(Table 1). Interestingly, the rescued flies did not show any
abnormal change in phenotype and are comparable to wild
type control flies.

HS biosynthesis is restored in #v germline clones by hEXT

In Drosophila embryos, HSPG biosynthesis is abrogated in
the absence of Ttv activity (The et al. 1999), and in
vertebrates, the EXT proteins function similarly in the
HSPG biosynthesis pathway (Lind et al. 1998; McCormick
et al. 1998; Toyoda et al. 2000a, b). We asked whether the
hEXTI transgene is able to effectively restore HSPG
biosynthesis in homozygous 7v mutant embryos. To detect
HSPGs in vivo, we stained embryos with an anti-HS
antibody (3G10) that detects unsaturated glucoronate at the
nonreducing ends of HS chains after digestion of HSPGs
with heparinase III (David et al. 1992; The et al. 1999).
Staining with 3G10 showed a uniform pattern in WT
embryos (Fig. 2b), whereas no staining was detected in
embryos that were not treated with heparinase III (Fig. 2a).
When 3G10 staining was tested in the #v mutant embryos,
a strong reduction in staining intensity was observed
(Fig. 2c¢) that was regained when wild type #v activity
was restored in the hairy-domain (Fig. 2d) as was
previously shown (The et al. 1999). Interestingly, strong
and specific staining was seen as well in embryos where the
ttv activity was restored by AEXTI-GFP transgene
expressed in the hairy-domain (Fig. 2f) indicating that the
hEXTI-GFP transgene is functional in homozygous v
embryos. Thus, the AEXTI-GFP transgene, as a true
ortholog, can substitute the activity of the #fv gene and
restore HS biosynthesis in Drosophila.

Input IP:HA IP:Flag IP:V5

Sotv.V6 . 4+ o+ - 4+ &+ - 4 4 -+ o+
hEXT1-Flag =~ ~ * =~~~ = 7
a-V5 — —— - @ o
a-Flag — | 4 E_‘

1 2 3 456 789 1011 12

Fig. 3 Co-immunoprecipitation of hEXT1-GFP and Sotv. HEK 293
cells were transfected with plasmids expressing Flag-tagged hEXT1,
V5-tagged Sotv, or both as indicated. The cell lysates were
immunoprecipitated with either anti-HA as a negative control (lane
4-6), anti-Flag (lane 7-9), or anti-V5 (lane 10—12) antibody and then
analyzed by WB with mouse anti-V5 («a-V5, upper panel) or mouse
anti-Flag (a-Flag, lower panel)

Ttv protein interacts with hEXT1

Biochemical studies have shown that the vertebrate EXT1
and EXT2 can associate to form biologically functional
hetero-oligomeric complex that exhibits glycosyltransferase
activity in which both subunits are essential for full activity
(Kobayashi et al. 2000; McCormick et al. 2000; Senay et al.
2000; Wei et al. 2000; Zak et al. 2002). Han et al. (2004b)
have shown that Ttv and Sotv behave similarly in
Drosophila. As hEXTI-GFP is able to restore HS biosyn-
thesis in homozygous v mutants, we wanted to see
whether it can interact biochemically with Sotv to recon-
stitute a functional HSGAG copolymerase. Therefore, we
cotransfected FLAG tagged hEXT1-GFP and V5-tagged
Sotv into HEK293 cells. Upon immunoprecipitation with
anti-V5 or anti-FLAG antibody, we could detect Sotv
interacting with hEXT1-GFP (Fig. 3). V5-tagged Sotv is
seen to co-immunoprecipitate with hEXT1-Flag (lane 9,
upper panel) and Flag-tagged hEXT1 with Sotv-V5 (lane
12, lower panel). This biochemical interaction shows that
hEXTI1-GFP is able to interact with Sotv in Drosophila
and together they function as an active HSGAG polymer-
ase. Similar interaction could also be reproduced in
Drosophila Schneider’s S2 cells transfected with hEXT1-
GFP and V5-Sotv (data not shown). These data suggest
that hEXT1 is capable of performing a similar function as
Ttv, suggesting that HS biosynthesis in insects and
vertebrates is conserved.

w
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B UA-GIcNAC
CUA-GIcNS

B UA-GIcNACES
WUA-GIcNSES
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BUAZS-GIENSES
=ETotal HS

[
(=}

h
(=]

HS disaccharides % WT
w w

B

w

ttv hEXT1-GFP expressed
in ftv

Fig. 4 Biosynthesis of HS-derived disaccharides is restored in #tv
mutants expressing AEXTI-GFP. HS-derived disaccharides from ftv
and #v mutants expressing hEXTI-GFP transgene, normalized to the
dry weight of the sample, are shown as a percentage of WT controls.
The six different bars represent disaccharides profiled AUA-GIcNAc,
AUA-GIcNS, AUA-GIcNA6S, AUA-GIeNS6S, AUA-2S-GIeNS,
and AUA2S-GIcNs6S. The total HS content in the rescued #v mutants
is 26.6%
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hEXT1-GFP interacts with Sotv and synthesizes HS in vivo

The #v null mutants have undetectable levels of HS-derived
disaccharides (Toyoda et al. 2000a, b). We next addressed
whether hEXT1-GFP and Sotv can function as biologically
active HS copolymerases to synthesize HS in homozygous
ttv null mutants. Therefore, we evaluated the levels of HS-
derived disaccharides in #v mutant larvae expressing
hEXTI-GFP transgene. We found that the #v mutant
animals expressing the ZEXTI-GFP transgene could syn-
thesize significant amounts of all the HS-derived disac-
charides (25.5% AUA-GIcNAc, 29.2% AUA-GIcNS,
44.3% AUA-GIcNAG6S, 28.4% AUA-GIcNS6S, 18.6%
AUA-2S-GIeNS, and 20.7% AUA2S-GIcNs6S of wild
type) in comparison to the ##v null mutants (Fig. 4), which
showed no detectable traces of any of these HS-derived
disaccharides. Thus, the hEXTI gene can effectively
substitute the function of #v in Drosophila, synthesizing
26.6% of total HS-derived disaccharides in vivo.

Discussion

Previous studies have shown that the EXT gene family is
required for HSGAG biosynthesis in Drosophila and
vertebrates. We were able to rescue the #v null mutation
in Drosophila using the human orthologue EXTI. The
lower than expected percentage of rescued animals might
be due to either a difference between the expression levels
of the hEXTI-GFP transgene and wild type #v or temporal
differences in expression. The #tv gene is ubiquitously
expressed in Drosophila embryos and larval tissues,
therefore the tubulin promoter used to express the transgene
is expected to mimic the expression pattern. However, we
do not expect that the partial rescue will change the
interpretation of the experiments as we could detect rescue
of the HSPG synthesis in #v mutant animals expressing the
hEXTI-GFP transgene.

The hEXT1-GFP protein localizes in the ER in Dro-
sophila wing imaginal disc cells as previously reported in
human cell lines. In addition, we have been able to show
interaction of hEXT1-GFP with Sotv, the EXT2 homo-
logue, as previously shown for EXT1 in human cells and
Ttv in Drosophila. The hEXT1-GFP and Sotv heterodimer
most likely forms an active enzymatic complex as GAG
synthesis of HSPGs is restored. Thus, we have demon-
strated a functional conservation of HS copolymerase
between insects and vertebrates.

HSPGs have been shown to affect distribution and
signaling of several secreted growth factors, including
FGF, Wnt, TGFf3, and Hh family members in Drosophila
and vertebrates (Perrimon and Bernfield 2000; Lin and
Perrimon 2002; Nybakken and Perrimon 2002). Studies
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carried out with Ex¢/ and Exz2 null mice show that HSPGs
are required for developing embryos to survive and that
haploinsufficiency of HS is the main cause of exostoses
(Koziel et al. 2004; Stickens et al. 2005). Interestingly, Ihh
and other growth factors affect bone development and Thh
protein is absent from the surface of Ext/ deficient mice
cells (Lin et al. 2000; Koziel et al. 2004).

We might therefore hypothesize that the absence of the
Ttv orthologue EXTI leads to an abrogation of HSGAG
biosynthesis, and this would translate into altered signaling
of Thh and/or other growth factors. The growth factors are
involved in chondrocyte differentiation and proliferation
and alteration of their signaling could lead to formation of
exostosis (Hopyan et al. 2002; Koziel et al. 2004). As
EXTI1 and EXT2 are copolymerases, HME arising from
loss of EXT2 may result from the same molecular
mechanism. The functional conservation of hEXTI in
Drosophila opens up possibilities of using Drosophila as
an in vivo system to distinguish silent polymorphisms from
inactivating mutations of the altered EXT genes from
human HME patients.

Acknowledgments We thank Peter S. Bak and Hau Hung for
generating the AEXTI-GFP lines. We thank Frank Tufaro, Pernille
Rorth, Xinhua Lin, and John Sisson for sending us reagents. We also
thank the UMass Medical School Drosophila community for
interesting discussions and suggestions. This work was funded by
grants from the National Institutes of Health (GM066220 to IT and
GM54832 to SBS).

References

Bellaiche Y, The I, Perrimon N (1998) Tout-velu is a Drosophila
homologue of the putative tumour suppressor EXT-1 and is
needed for Hh diffusion. Nature 394:85-88

Bornemann DJ, Duncan JE, Staatz W, Selleck S, Warrior R (2004)
Abrogation of heparan sulfate synthesis in Drosophila disrupts
the Wingless, Hedgehog and Decapentaplegic signaling path-
ways. Development 131:1927-1938

Chou TB, Perrimon N (1996) The autosomal FLP-DFS technique for
generating germline mosaics in Drosophila melanogaster. Genet-
ics 144:1673-1679

David G, Bai XM, Van der Schueren B, Cassiman JJ, Van den Berghe
H (1992) Developmental changes in heparan sulfate expression:
in situ detection with mAbs. J Cell Biol 119:961-975

Desbordes SC, Sanson B (2003) The glypican dally-like is required
for Hedgehog signaling in the embryonic epidermis of Drosoph-
ila. Development 130:6245-6255

Han C, Belenkaya TY, Wang B, Lin X (2004a) Drosophila glypicans
control the cell-to-cell movement of Hedgehog by a dynamin-
independent process. Development 131:601-611

Han C, Belenkaya TY, Khodoun M, Tauchi M, Lin X (2004b) Distinct
and collaborative roles of Drosophila EXT family proteins in
morphogen signalling and gradient formation. Development
131:1563-1575

Hennekam RC (1991) Hereditary multiple exostoses. J Med Genet
28:262-266



Dev Genes Evol (2007) 217:555-561

561

Hopyan S, Gokgoz N, Poon R, Gensure RC, Yu C, Cole WG, Bell
RS, Juppner H, Andrulis IL, Wunder JS, Alman BA (2002) A
mutant PTH/PTHrP type I receptor in enchondromatosis. Nat
Genet 30:306-310

Kobayashi S, Morimoto K, Shimizu T, Takahashi M, Kurosawa H,
Shirasawa T (2000) Association of EXT1 and EXT2, hereditary
multiple exostoses gene products, in Golgi apparatus. Biochem
Biophys Res Commun 268:860-867

Koziel L, Kunath M, Kelly OG, Vortkamp A (2004) Extl-dependent
heparan sulfate regulates the range of Ihh signaling during
endochondral ossification. Dev Cell 6:801-813

Lin X, Perrimon N (2002) Developmental roles of heparan sulfate
proteoglycans in Drosophila. Glycoconj J 19:363-368

Lin X, Wei G, Shi Z, Dryer L, Esko JD, Wells DE, Matzuk MM
(2000) Disruption of gastrulation and heparan sulfate biosynthe-
sis in EXT1-deficient mice. Dev Biol 224:299-311

Lind T, Tufaro F, McCormick C, Lindahl U, Lidholt K (1998) The
putative tumor suppressors EXT1 and EXT2 are glycosyltrans-
ferases required for the biosynthesis of heparan sulfate. J Biol
Chem 273:26265-26268

McCormick C, Leduc Y, Martindale D, Mattison K, Esford LE, Dyer AP,
Tufaro F (1998) The putative tumour suppressor EXT]1 alters the
expression of cell-surface heparan sulfate. Nat Genet 19:158-161

McCormick C, Duncan G, Goutsos KT, Tufaro F (2000) The putative
tumor suppressors EXT1 and EXT2 form a stable complex that
accumulates in the Golgi apparatus and catalyzes the synthesis of
heparan sulfate. Proc Natl Acad Sci USA 97:668-673

Muckenthaler M, Gray NK, Hentze MW (1998) IRP-1 binding to
ferritin mRNA prevents the recruitment of the small ribosomal
subunit by the cap-binding complex elF4F. Mol Cell 2:383-388

Nybakken K, Perrimon N (2002) Heparan sulfate proteoglycan
modulation of developmental signaling in Drosophila. Biochim
Biophys Acta 1573:280-291

Perrimon N, Bernfield M (2000) Specificities of heparan sulphate
proteoglycans in developmental processes. Nature 404:725-728

Senay C, Lind T, Muguruma K, Tone Y, Kitagawa H, Sugahara K,
Lidholt K, Lindahl U, Kusche-Gullberg M (2000) The EXT1/
EXT2 tumor suppressors: catalytic activities and role in heparan
sulfate biosynthesis. EMBO Rep 1:282-286

Sisson JC, Field C, Ventura R, Royou A, Sullivan W (2000) Lava
Lamp, a novel peripheral golgi protein, is required for Drosophila
melanogaster cellularization. J Cell Biol 151:905-917

Solomon L (1963) Hereditary multiple exostosis. J Bone Jt Surg Am
45:292-304

Stickens D, Zak BM, Rougier N, Esko JD, Werb Z (2005) Mice
deficient in Ext2 lack heparan sulfate and develop exostoses.
Development 132:5055-5068

Takei Y, Ozawa Y, Sato M, Watanabe A, Tabata T (2004) Three
Drosophila EXT genes shape morphogen gradients through
synthesis of heparan sulfate proteoglycans. Development 131:73-82

The I, Bellaiche Y, Perrimon N (1999) Hedgehog movement is
regulated through tout velu-dependent synthesis of a heparan
sulfate proteoglycan. Mol Cell 4:633—639

Toyoda H, Kinoshita-Toyoda A, Fox B, Selleck SB (2000a) Structural
analysis of glycosaminoglycans in animals bearing mutations in
sugarless, sulfateless, and tout-velu. Drosophila homologues of
vertebrate genes encoding glycosaminoglycan biosynthetic
enzymes. J Biol Chem 275:21856-21861

Toyoda H, Kinoshita-Toyoda A, Selleck SB (2000b) Structural
analysis of glycosaminoglycans in Drosophila and Caenorhabdi-
tis elegans and demonstration that tout-velu, a Drosophila gene
related to EXT tumor suppressors, affects heparan sulfate in vivo.
J Biol Chem 275:2269-2275

Vortkamp A, Lee K, Lanske B, Segre GV, Kronenberg HM, Tabin CJ
(1996) Regulation of rate of cartilage differentiation by Indian
hedgehog and PTH-related protein. Science 273:613—-622

Wei G, Bai X, Gabb MM, Bame KJ, Koshy TI, Spear PG, Esko JD
(2000) Location of the glucuronosyltransferase domain in the
heparan sulfate copolymerase EXT1 by analysis of Chinese
hamster ovary cell mutants. J Biol Chem 275:27733-27740

Wicklund CL, Pauli RM, Johnston D, Hecht JT (1995) Natural history
study of hereditary multiple exostoses. Am J Med Genet 55:43-46

Zak BM, Crawford BE, Esko JD (2002) Hereditary multiple exostoses
and heparan sulfate polymerization. Biochim Biophys Acta
1573:346-355

Zou H, Wieser R, Massague J, Niswander L (1997) Distinct roles of
type I bone morphogenetic protein receptors in the formation and
differentiation of cartilage. Genes Dev 11:2191-2203

@ Springer



	Functional conservation of the human EXT1 tumor suppressor gene and its Drosophila homolog tout velu
	Abstract
	Introduction
	Materials and methods
	EXT construct
	Fly strains and genetics
	Antibody staining
	Immunoprecipitaion and Western blotting
	Sugar chain biochemistry

	Results
	Subcellular localization of hEXT1 protein in Drosophila
	Rescue of homozygous ttv mutants by expression of hEXT1
	HS biosynthesis is restored in ttv germline clones by hEXT1
	Ttv protein interacts with hEXT1
	hEXT1-GFP interacts with Sotv and synthesizes HS in vivo

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AardvarkPSMT
    /AceBinghamSH
    /AddisonLibbySH
    /AGaramond-Italic
    /AGaramond-Regular
    /AkbarPlain
    /Albertus-Bold
    /AlbertusExtraBold-Regular
    /AlbertusMedium-Italic
    /AlbertusMedium-Regular
    /AlfonsoWhiteheadSH
    /Algerian
    /AllegroBT-Regular
    /AmarilloUSAF
    /AmazoneBT-Regular
    /AmeliaBT-Regular
    /AmerigoBT-BoldA
    /AmerTypewriterITCbyBT-Medium
    /AndaleMono
    /AndyMacarthurSH
    /Animals
    /AnneBoleynSH
    /Annifont
    /AntiqueOlive-Bold
    /AntiqueOliveCompact-Regular
    /AntiqueOlive-Italic
    /AntiqueOlive-Regular
    /AntonioMountbattenSH
    /ArabiaPSMT
    /AradLevelVI
    /ArchitecturePlain
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMTBlack-Regular
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeLight
    /ArialUnicodeLight-Bold
    /ArialUnicodeLight-BoldItalic
    /ArialUnicodeLight-Italic
    /ArrowsAPlentySH
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /Asiana
    /AssadSadatSH
    /AvalonPSMT
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /AvantGardeITCbyBT-Demi
    /AvantGardeITCbyBT-DemiOblique
    /AvantGardeITCbyBT-Medium
    /AvantGardeITCbyBT-MediumOblique
    /BankGothicBT-Light
    /BankGothicBT-Medium
    /Baskerville-Bold
    /Baskerville-Normal
    /Baskerville-Normal-Italic
    /BaskOldFace
    /Bauhaus93
    /Bavand
    /BazookaRegular
    /BeauTerrySH
    /BECROSS
    /BedrockPlain
    /BeeskneesITC
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BenguiatITCbyBT-Bold
    /BenguiatITCbyBT-BoldItalic
    /BenguiatITCbyBT-Book
    /BenguiatITCbyBT-BookItalic
    /BennieGoetheSH
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardBoldCondensedBT-Regular
    /BernhardFashionBT-Regular
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /Bethel
    /BibiGodivaSH
    /BibiNehruSH
    /BKenwood-Regular
    /BlackadderITC-Regular
    /BlondieBurtonSH
    /BodoniBlack-Regular
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /BodoniBT-Bold
    /BodoniBT-BoldItalic
    /BodoniBT-Italic
    /BodoniBT-Roman
    /Bodoni-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Regular
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolFive
    /BookshelfSymbolFour
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /BookwomanDemiItalicSH
    /BookwomanDemiSH
    /BookwomanExptLightSH
    /BookwomanLightItalicSH
    /BookwomanLightSH
    /BookwomanMonoLightSH
    /BookwomanSwashDemiSH
    /BookwomanSwashLightSH
    /BoulderRegular
    /BradleyHandITC
    /Braggadocio
    /BrailleSH
    /BRectangular
    /BremenBT-Bold
    /BritannicBold
    /Broadview
    /Broadway
    /BroadwayBT-Regular
    /BRubber
    /Brush445BT-Regular
    /BrushScriptMT
    /BSorbonna
    /BStranger
    /BTriumph
    /BuckyMerlinSH
    /BusoramaITCbyBT-Medium
    /Caesar
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-Italic
    /CalligrapherRegular
    /CameronStendahlSH
    /Candy
    /CandyCaneUnregistered
    /CankerSore
    /CarlTellerSH
    /CarrieCattSH
    /CaslonOpenfaceBT-Regular
    /CassTaylorSH
    /CDOT
    /Centaur
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturyOldStyle-BoldItalic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Cezanne
    /CGOmega-Bold
    /CGOmega-BoldItalic
    /CGOmega-Italic
    /CGOmega-Regular
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /Charting
    /ChartreuseParsonsSH
    /ChaseCallasSH
    /ChasThirdSH
    /ChaucerRegular
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /ChildBonaparteSH
    /Chiller-Regular
    /ChuckWarrenChiselSH
    /ChuckWarrenDesignSH
    /CityBlueprint
    /Clarendon-Bold
    /Clarendon-Book
    /ClarendonCondensedBold
    /ClarendonCondensed-Bold
    /ClarendonExtended-Bold
    /ClassicalGaramondBT-Bold
    /ClassicalGaramondBT-BoldItalic
    /ClassicalGaramondBT-Italic
    /ClassicalGaramondBT-Roman
    /ClaudeCaesarSH
    /CLI
    /Clocks
    /ClosetoMe
    /CluKennedySH
    /CMBX10
    /CMBX5
    /CMBX7
    /CMEX10
    /CMMI10
    /CMMI5
    /CMMI7
    /CMMIB10
    /CMR10
    /CMR5
    /CMR7
    /CMSL10
    /CMSY10
    /CMSY5
    /CMSY7
    /CMTI10
    /CMTT10
    /CoffeeCamusInitialsSH
    /ColetteColeridgeSH
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CommercialPiBT-Regular
    /CommercialScriptBT-Regular
    /Complex
    /CooperBlack
    /CooperBT-BlackHeadline
    /CooperBT-BlackItalic
    /CooperBT-Bold
    /CooperBT-BoldItalic
    /CooperBT-Medium
    /CooperBT-MediumItalic
    /CooperPlanck2LightSH
    /CooperPlanck4SH
    /CooperPlanck6BoldSH
    /CopperplateGothicBT-Bold
    /CopperplateGothicBT-Roman
    /CopperplateGothicBT-RomanCond
    /CopticLS
    /Cornerstone
    /Coronet
    /CoronetItalic
    /Cotillion
    /CountryBlueprint
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CSSubscript
    /CSSubscriptBold
    /CSSubscriptItalic
    /CSSuperscript
    /CSSuperscriptBold
    /Cuckoo
    /CurlzMT
    /CybilListzSH
    /CzarBold
    /CzarBoldItalic
    /CzarItalic
    /CzarNormal
    /DauphinPlain
    /DawnCastleBold
    /DawnCastlePlain
    /Dekker
    /DellaRobbiaBT-Bold
    /DellaRobbiaBT-Roman
    /Denmark
    /Desdemona
    /Diploma
    /DizzyDomingoSH
    /DizzyFeiningerSH
    /DocTermanBoldSH
    /DodgenburnA
    /DodoCasalsSH
    /DodoDiogenesSH
    /DomCasualBT-Regular
    /Durian-Republik
    /Dutch801BT-Bold
    /Dutch801BT-BoldItalic
    /Dutch801BT-ExtraBold
    /Dutch801BT-Italic
    /Dutch801BT-Roman
    /EBT's-cmbx10
    /EBT's-cmex10
    /EBT's-cmmi10
    /EBT's-cmmi5
    /EBT's-cmmi7
    /EBT's-cmr10
    /EBT's-cmr5
    /EBT's-cmr7
    /EBT's-cmsy10
    /EBT's-cmsy5
    /EBT's-cmsy7
    /EdithDaySH
    /Elephant-Italic
    /Elephant-Regular
    /EmGravesSH
    /EngelEinsteinSH
    /English111VivaceBT-Regular
    /English157BT-Regular
    /EngraversGothicBT-Regular
    /EngraversOldEnglishBT-Bold
    /EngraversOldEnglishBT-Regular
    /EngraversRomanBT-Bold
    /EngraversRomanBT-Regular
    /EnviroD
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErasITC-Ultra
    /ErnestBlochSH
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EuroRoman
    /EuroRomanOblique
    /ExxPresleySH
    /FencesPlain
    /Fences-Regular
    /FifthAvenue
    /FigurineCrrCB
    /FigurineCrrCBBold
    /FigurineCrrCBBoldItalic
    /FigurineCrrCBItalic
    /FigurineTmsCB
    /FigurineTmsCBBold
    /FigurineTmsCBBoldItalic
    /FigurineTmsCBItalic
    /FillmoreRegular
    /Fitzgerald
    /Flareserif821BT-Roman
    /FleurFordSH
    /Fontdinerdotcom
    /FontdinerdotcomSparkly
    /FootlightMTLight
    /ForefrontBookObliqueSH
    /ForefrontBookSH
    /ForefrontDemiObliqueSH
    /ForefrontDemiSH
    /Fortress
    /FractionsAPlentySH
    /FrakturPlain
    /Franciscan
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /FranklinUnic
    /FredFlahertySH
    /Freehand575BT-RegularB
    /Freehand591BT-RegularA
    /FreestyleScript-Regular
    /Frutiger-Roman
    /FTPMultinational
    /FTPMultinational-Bold
    /FujiyamaPSMT
    /FuturaBlackBT-Regular
    /FuturaBT-Bold
    /FuturaBT-BoldCondensed
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-ExtraBlack
    /FuturaBT-ExtraBlackCondensed
    /FuturaBT-ExtraBlackCondItalic
    /FuturaBT-ExtraBlackItalic
    /FuturaBT-Light
    /FuturaBT-LightItalic
    /FuturaBT-Medium
    /FuturaBT-MediumCondensed
    /FuturaBT-MediumItalic
    /GabbyGauguinSH
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Antiqua
    /Garamond-Bold
    /Garamond-Halbfett
    /Garamond-Italic
    /Garamond-Kursiv
    /Garamond-KursivHalbfett
    /Garcia
    /GarryMondrian3LightItalicSH
    /GarryMondrian3LightSH
    /GarryMondrian4BookItalicSH
    /GarryMondrian4BookSH
    /GarryMondrian5SBldItalicSH
    /GarryMondrian5SBldSH
    /GarryMondrian6BoldItalicSH
    /GarryMondrian6BoldSH
    /GarryMondrian7ExtraBoldSH
    /GarryMondrian8UltraSH
    /GarryMondrianCond3LightSH
    /GarryMondrianCond4BookSH
    /GarryMondrianCond5SBldSH
    /GarryMondrianCond6BoldSH
    /GarryMondrianCond7ExtraBoldSH
    /GarryMondrianCond8UltraSH
    /GarryMondrianExpt3LightSH
    /GarryMondrianExpt4BookSH
    /GarryMondrianExpt5SBldSH
    /GarryMondrianExpt6BoldSH
    /GarryMondrianSwashSH
    /Gaslight
    /GatineauPSMT
    /Gautami
    /GDT
    /Geometric231BT-BoldC
    /Geometric231BT-LightC
    /Geometric231BT-RomanC
    /GeometricSlab703BT-Bold
    /GeometricSlab703BT-BoldCond
    /GeometricSlab703BT-BoldItalic
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /GeometricSlab703BT-Medium
    /GeometricSlab703BT-MediumCond
    /GeometricSlab703BT-MediumItalic
    /GeometricSlab703BT-XtraBold
    /GeorgeMelvilleSH
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansBC
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSansCondensed-Bold
    /GillSansCondensed-Regular
    /GillSansExtraBold-Regular
    /GillSans-Italic
    /GillSansLight-Italic
    /GillSansLight-Regular
    /GillSans-Regular
    /GoldMinePlain
    /Gonzo
    /GothicE
    /GothicG
    /GothicI
    /GoudyHandtooledBT-Regular
    /GoudyOldStyle-Bold
    /GoudyOldStyle-BoldItalic
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleExtrabold-Regular
    /GoudyOldStyle-Italic
    /GoudyOldStyle-Regular
    /GoudySansITCbyBT-Bold
    /GoudySansITCbyBT-BoldItalic
    /GoudySansITCbyBT-Medium
    /GoudySansITCbyBT-MediumItalic
    /GraceAdonisSH
    /Graeca
    /Graeca-Bold
    /Graeca-BoldItalic
    /Graeca-Italic
    /Graphos-Bold
    /Graphos-BoldItalic
    /Graphos-Italic
    /Graphos-Regular
    /GreekC
    /GreekS
    /GreekSans
    /GreekSans-Bold
    /GreekSans-BoldOblique
    /GreekSans-Oblique
    /Griffin
    /GrungeUpdate
    /Haettenschweiler
    /HankKhrushchevSH
    /HarlowSolid
    /HarpoonPlain
    /Harrington
    /HeatherRegular
    /Hebraica
    /HeleneHissBlackSH
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HenryPatrickSH
    /Herald
    /HighTowerText-Italic
    /HighTowerText-Reg
    /HogBold-HMK
    /HogBook-HMK
    /HomePlanning
    /HomePlanning2
    /HomewardBoundPSMT
    /Humanist521BT-Bold
    /Humanist521BT-BoldCondensed
    /Humanist521BT-BoldItalic
    /Humanist521BT-Italic
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-Roman
    /Humanist521BT-RomanCondensed
    /IBMPCDOS
    /IceAgeD
    /Impact
    /Incised901BT-Bold
    /Incised901BT-Light
    /Incised901BT-Roman
    /Industrial736BT-Italic
    /Informal011BT-Roman
    /InformalRoman-Regular
    /Intrepid
    /IntrepidBold
    /IntrepidOblique
    /Invitation
    /IPAExtras
    /IPAExtras-Bold
    /IPAHighLow
    /IPAHighLow-Bold
    /IPAKiel
    /IPAKiel-Bold
    /IPAKielSeven
    /IPAKielSeven-Bold
    /IPAsans
    /ISOCP
    /ISOCP2
    /ISOCP3
    /ISOCT
    /ISOCT2
    /ISOCT3
    /Italic
    /ItalicC
    /ItalicT
    /JesterRegular
    /Jokerman-Regular
    /JotMedium-HMK
    /JuiceITC-Regular
    /JupiterPSMT
    /KabelITCbyBT-Book
    /KabelITCbyBT-Ultra
    /KarlaJohnson5CursiveSH
    /KarlaJohnson5RegularSH
    /KarlaJohnson6BoldCursiveSH
    /KarlaJohnson6BoldSH
    /KarlaJohnson7ExtraBoldCursiveSH
    /KarlaJohnson7ExtraBoldSH
    /KarlKhayyamSH
    /Karnack
    /Kartika
    /Kashmir
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KeplerStd-Black
    /KeplerStd-BlackIt
    /KeplerStd-Bold
    /KeplerStd-BoldIt
    /KeplerStd-Italic
    /KeplerStd-Light
    /KeplerStd-LightIt
    /KeplerStd-Medium
    /KeplerStd-MediumIt
    /KeplerStd-Regular
    /KeplerStd-Semibold
    /KeplerStd-SemiboldIt
    /KeystrokeNormal
    /Kidnap
    /KidsPlain
    /Kindergarten
    /KinoMT
    /KissMeKissMeKissMe
    /KoalaPSMT
    /KorinnaITCbyBT-Bold
    /KorinnaITCbyBT-KursivBold
    /KorinnaITCbyBT-KursivRegular
    /KorinnaITCbyBT-Regular
    /KristenITC-Regular
    /Kristin
    /KunstlerScript
    /KyotoSong
    /LainieDaySH
    /LandscapePlanning
    /Lapidary333BT-Bold
    /Lapidary333BT-BoldItalic
    /Lapidary333BT-Italic
    /Lapidary333BT-Roman
    /Latha
    /LatinoPal3LightItalicSH
    /LatinoPal3LightSH
    /LatinoPal4ItalicSH
    /LatinoPal4RomanSH
    /LatinoPal5DemiItalicSH
    /LatinoPal5DemiSH
    /LatinoPal6BoldItalicSH
    /LatinoPal6BoldSH
    /LatinoPal7ExtraBoldSH
    /LatinoPal8BlackSH
    /LatinoPalCond4RomanSH
    /LatinoPalCond5DemiSH
    /LatinoPalCond6BoldSH
    /LatinoPalExptRomanSH
    /LatinoPalSwashSH
    /LatinWidD
    /LatinWide
    /LeeToscanini3LightSH
    /LeeToscanini5RegularSH
    /LeeToscanini7BoldSH
    /LeeToscanini9BlackSH
    /LeeToscaniniInlineSH
    /LetterGothic12PitchBT-Bold
    /LetterGothic12PitchBT-BoldItal
    /LetterGothic12PitchBT-Italic
    /LetterGothic12PitchBT-Roman
    /LetterGothic-Bold
    /LetterGothic-BoldItalic
    /LetterGothic-Italic
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Regular
    /LibrarianRegular
    /LinusPSMT
    /Lithograph-Bold
    /LithographLight
    /LongIsland
    /LubalinGraphMdITCTT
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /LydianCursiveBT-Regular
    /Magneto-Bold
    /Mangal-Regular
    /Map-Symbols
    /MarcusHobbesSH
    /Mariah
    /Marigold
    /MaritaMedium-HMK
    /MaritaScript-HMK
    /Market
    /MartinMaxxieSH
    /MathTypeMed
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /MaudeMeadSH
    /MemorandumPSMT
    /Metro
    /Metrostyle-Bold
    /MetrostyleExtended-Bold
    /MetrostyleExtended-Regular
    /Metrostyle-Regular
    /MicrogrammaD-BoldExte
    /MicrosoftSansSerif
    /MikePicassoSH
    /MiniPicsLilEdibles
    /MiniPicsLilFolks
    /MiniPicsLilStuff
    /MischstabPopanz
    /MisterEarlBT-Regular
    /Mistral
    /ModerneDemi
    /ModerneDemiOblique
    /ModerneOblique
    /ModerneRegular
    /Modern-Regular
    /MonaLisaRecutITC-Normal
    /Monospace821BT-Bold
    /Monospace821BT-BoldItalic
    /Monospace821BT-Italic
    /Monospace821BT-Roman
    /Monotxt
    /MonotypeCorsiva
    /MonotypeSorts
    /MorrisonMedium
    /MorseCode
    /MotorPSMT
    /MSAM10
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MSReference1
    /MSReference2
    /MTEX
    /MTEXB
    /MTEXH
    /MT-Extra
    /MTGU
    /MTGUB
    /MTLS
    /MTLSB
    /MTMI
    /MTMIB
    /MTMIH
    /MTMS
    /MTMSB
    /MTMUB
    /MTMUH
    /MTSY
    /MTSYB
    /MTSYH
    /MT-Symbol
    /MTSYN
    /Music
    /MVBoli
    /MysticalPSMT
    /NagHammadiLS
    /NealCurieRuledSH
    /NealCurieSH
    /NebraskaPSMT
    /Neuropol-Medium
    /NevisonCasD
    /NewMilleniumSchlbkBoldItalicSH
    /NewMilleniumSchlbkBoldSH
    /NewMilleniumSchlbkExptSH
    /NewMilleniumSchlbkItalicSH
    /NewMilleniumSchlbkRomanSH
    /News702BT-Bold
    /News702BT-Italic
    /News702BT-Roman
    /Newton
    /NewZuricaBold
    /NewZuricaItalic
    /NewZuricaRegular
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NigelSadeSH
    /Nirvana
    /NuptialBT-Regular
    /OCRAbyBT-Regular
    /OfficePlanning
    /OldCentury
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OpenSymbol
    /OttawaPSMT
    /OttoMasonSH
    /OzHandicraftBT-Roman
    /OzzieBlack-Italic
    /OzzieBlack-Regular
    /PalatiaBold
    /PalatiaItalic
    /PalatiaRegular
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /PalmSpringsPSMT
    /Pamela
    /PanRoman
    /ParadisePSMT
    /ParagonPSMT
    /ParamountBold
    /ParamountItalic
    /ParamountRegular
    /Parchment-Regular
    /ParisianBT-Regular
    /ParkAvenueBT-Regular
    /Patrick
    /Patriot
    /PaulPutnamSH
    /PcEncodingLowerSH
    /PcEncodingSH
    /Pegasus
    /PenguinLightPSMT
    /PennSilvaSH
    /Percival
    /PerfectRegular
    /Pfn2BlackItalic
    /Phantom
    /PhilSimmonsSH
    /Pickwick
    /PipelinePlain
    /Playbill
    /PoorRichard-Regular
    /Poster
    /PosterBodoniBT-Italic
    /PosterBodoniBT-Roman
    /Pristina-Regular
    /Proxy1
    /Proxy2
    /Proxy3
    /Proxy4
    /Proxy5
    /Proxy6
    /Proxy7
    /Proxy8
    /Proxy9
    /Prx1
    /Prx2
    /Prx3
    /Prx4
    /Prx5
    /Prx6
    /Prx7
    /Prx8
    /Prx9
    /Pythagoras
    /Raavi
    /Ranegund
    /Ravie
    /Ribbon131BT-Bold
    /RMTMI
    /RMTMIB
    /RMTMIH
    /RMTMUB
    /RMTMUH
    /RobWebsterExtraBoldSH
    /Rockwell
    /Rockwell-Bold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /RomanC
    /RomanD
    /RomanS
    /RomanT
    /Romantic
    /RomanticBold
    /RomanticItalic
    /Sahara
    /SalTintorettoSH
    /SamBarberInitialsSH
    /SamPlimsollSH
    /SansSerif
    /SansSerifBold
    /SansSerifBoldOblique
    /SansSerifOblique
    /Sceptre
    /ScribbleRegular
    /ScriptC
    /ScriptHebrew
    /ScriptS
    /Semaphore
    /SerifaBT-Black
    /SerifaBT-Bold
    /SerifaBT-Italic
    /SerifaBT-Roman
    /SerifaBT-Thin
    /Sfn2Bold
    /Sfn3Italic
    /ShelleyAllegroBT-Regular
    /ShelleyVolanteBT-Regular
    /ShellyMarisSH
    /SherwoodRegular
    /ShlomoAleichemSH
    /ShotgunBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SignatureRegular
    /Signboard
    /SignetRoundhandATT-Italic
    /SignetRoundhand-Italic
    /SignLanguage
    /Signs
    /Simplex
    /SissyRomeoSH
    /SlimStravinskySH
    /SnapITC-Regular
    /SnellBT-Bold
    /Socket
    /Sonate
    /SouvenirITCbyBT-Demi
    /SouvenirITCbyBT-DemiItalic
    /SouvenirITCbyBT-Light
    /SouvenirITCbyBT-LightItalic
    /SpruceByingtonSH
    /SPSFont1Medium
    /SPSFont2Medium
    /SPSFont3Medium
    /SpsFont4Medium
    /SPSFont4Medium
    /SPSFont5Normal
    /SPSScript
    /SRegular
    /Staccato222BT-Regular
    /StageCoachRegular
    /StandoutRegular
    /StarTrekNextBT-ExtraBold
    /StarTrekNextPiBT-Regular
    /SteamerRegular
    /Stencil
    /StencilBT-Regular
    /Stewardson
    /Stonehenge
    /StopD
    /Storybook
    /Strict
    /Strider-Regular
    /StuyvesantBT-Regular
    /StylusBT
    /StylusRegular
    /SubwayRegular
    /SueVermeer4LightItalicSH
    /SueVermeer4LightSH
    /SueVermeer5MedItalicSH
    /SueVermeer5MediumSH
    /SueVermeer6DemiItalicSH
    /SueVermeer6DemiSH
    /SueVermeer7BoldItalicSH
    /SueVermeer7BoldSH
    /SunYatsenSH
    /SuperFrench
    /SuzanneQuillSH
    /Swiss721-BlackObliqueSWA
    /Swiss721-BlackSWA
    /Swiss721BT-Black
    /Swiss721BT-BlackCondensed
    /Swiss721BT-BlackCondensedItalic
    /Swiss721BT-BlackExtended
    /Swiss721BT-BlackItalic
    /Swiss721BT-BlackOutline
    /Swiss721BT-Bold
    /Swiss721BT-BoldCondensed
    /Swiss721BT-BoldCondensedItalic
    /Swiss721BT-BoldCondensedOutline
    /Swiss721BT-BoldExtended
    /Swiss721BT-BoldItalic
    /Swiss721BT-BoldOutline
    /Swiss721BT-Italic
    /Swiss721BT-ItalicCondensed
    /Swiss721BT-Light
    /Swiss721BT-LightCondensed
    /Swiss721BT-LightCondensedItalic
    /Swiss721BT-LightExtended
    /Swiss721BT-LightItalic
    /Swiss721BT-Roman
    /Swiss721BT-RomanCondensed
    /Swiss721BT-RomanExtended
    /Swiss721BT-Thin
    /Swiss721-LightObliqueSWA
    /Swiss721-LightSWA
    /Swiss911BT-ExtraCompressed
    /Swiss921BT-RegularA
    /Syastro
    /Sylfaen
    /Symap
    /Symath
    /SymbolGreek
    /SymbolGreek-Bold
    /SymbolGreek-BoldItalic
    /SymbolGreek-Italic
    /SymbolGreekP
    /SymbolGreekP-Bold
    /SymbolGreekP-BoldItalic
    /SymbolGreekP-Italic
    /SymbolGreekPMono
    /SymbolMT
    /SymbolProportionalBT-Regular
    /SymbolsAPlentySH
    /Symeteo
    /Symusic
    /Tahoma
    /Tahoma-Bold
    /TahomaItalic
    /TamFlanahanSH
    /Technic
    /TechnicalItalic
    /TechnicalPlain
    /TechnicBold
    /TechnicLite
    /Tekton-Bold
    /Teletype
    /TempsExptBoldSH
    /TempsExptItalicSH
    /TempsExptRomanSH
    /TempsSwashSH
    /TempusSansITC
    /TessHoustonSH
    /TexCatlinObliqueSH
    /TexCatlinSH
    /Thrust
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldOblique
    /Times-ExtraBold
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Oblique
    /Times-Roman
    /Times-Semibold
    /Times-SemiboldItalic
    /TimesUnic-Bold
    /TimesUnic-BoldItalic
    /TimesUnic-Italic
    /TimesUnic-Regular
    /TonyWhiteSH
    /TransCyrillic
    /TransCyrillic-Bold
    /TransCyrillic-BoldItalic
    /TransCyrillic-Italic
    /Transistor
    /Transitional521BT-BoldA
    /Transitional521BT-CursiveA
    /Transitional521BT-RomanA
    /TranslitLS
    /TranslitLS-Bold
    /TranslitLS-BoldItalic
    /TranslitLS-Italic
    /TransRoman
    /TransRoman-Bold
    /TransRoman-BoldItalic
    /TransRoman-Italic
    /TransSlavic
    /TransSlavic-Bold
    /TransSlavic-BoldItalic
    /TransSlavic-Italic
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /TribuneBold
    /TribuneItalic
    /TribuneRegular
    /Tristan
    /TrotsLight-HMK
    /TrotsMedium-HMK
    /TubularRegular
    /Tunga-Regular
    /Txt
    /TypoUprightBT-Regular
    /UmbraBT-Regular
    /UmbrellaPSMT
    /UncialLS
    /Unicorn
    /UnicornPSMT
    /Univers
    /UniversalMath1BT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Italic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-CondensedOblique
    /UniversExtended-Bold
    /UniversExtended-BoldItalic
    /UniversExtended-Medium
    /UniversExtended-MediumItalic
    /Univers-Italic
    /UniversityRomanBT-Regular
    /UniversLightCondensed-Italic
    /UniversLightCondensed-Regular
    /Univers-Medium
    /Univers-MediumItalic
    /URWWoodTypD
    /USABlackPSMT
    /USALightPSMT
    /Vagabond
    /Venetian301BT-Demi
    /Venetian301BT-DemiItalic
    /Venetian301BT-Italic
    /Venetian301BT-Roman
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /VinetaBT-Regular
    /Vivaldii
    /VladimirScript
    /VoguePSMT
    /Vrinda
    /WaldoIconsNormalA
    /WaltHarringtonSH
    /Webdings
    /Weiland
    /WesHollidaySH
    /Wingdings-Regular
    /WP-HebrewDavid
    /XavierPlatoSH
    /YuriKaySH
    /ZapfChanceryITCbyBT-Bold
    /ZapfChanceryITCbyBT-Medium
    /ZapfDingbatsITCbyBT-Regular
    /ZapfElliptical711BT-Bold
    /ZapfElliptical711BT-BoldItalic
    /ZapfElliptical711BT-Italic
    /ZapfElliptical711BT-Roman
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZappedChancellorMedItalicSH
    /ZurichBT-BlackExtended
    /ZurichBT-Bold
    /ZurichBT-BoldCondensed
    /ZurichBT-BoldCondensedItalic
    /ZurichBT-BoldItalic
    /ZurichBT-ExtraCondensed
    /ZurichBT-Italic
    /ZurichBT-ItalicCondensed
    /ZurichBT-Light
    /ZurichBT-LightCondensed
    /ZurichBT-Roman
    /ZurichBT-RomanCondensed
    /ZurichBT-RomanExtended
    /ZurichBT-UltraBlackExtended
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


