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Abstract

A class of carbohydrate-modified proteins, heparan sulfate proteoglycans (HSPGs), play critical
roles both in normal development and during disease. Genetic studies using a model organism,
Drosophila, have been contributing to understanding the in vivo functions of HSPGs. Despite the
many strengths of the Drosophila model for in vivo studies, biochemical analysis of Drosophila
HS is somewhat limited, mainly due to the insufficient amount of the material obtained from the
animal. To overcome this obstacle, we generated mutant cell lines for four HS modifying enzymes
that are critical for the formation of ligand binding sites on HS, Hsepi, Hs2st, Hs6st and Sulfi,
using a recently established method. Morphological and immunological analyses of the estab-
lished lines suggest that they are spindle-shaped cells of mesodermal origin. The disaccharide
profiles of HS from these cell lines showed characteristics of lack of each enzyme as well as com-
pensatory modifications by other enzymes. Metabolic radiolabeling of HS allowed us to assess
chain length and net charge of the total population of HS in wild-type and Hsepi mutant cell lines.
We found that Drosophila HS chains are significantly shorter than those from mammalian cells.
BMP signaling assay using Hs6st cells indicates that molecular phenotypes of these cell lines are
consistent with previously known in vivo phenomena. The established cell lines will provide us
with a direct link between detailed structural information of Drosophila HS and a wealth of knowl-
edge on biological phenotypic data obtained over the last two decades using this animal model.
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Introduction Wingless (Wg) and Hedgehog family members, playing critical roles

A class of carbohydrate-modified proteins, heparan sulfate proteo-
glycans (HSPGs), regulate key biological processes, including
growth factor signaling and cell adhesion. Importantly, HSPGs serve
as co-receptors for a number of signaling ligands such as fibroblast
growth factors (FGFs), bone morphogenetic proteins (BMPs), Wnt/

in development and tumorigenesis (Bishop et al. 2007; Kirkpatrick
and Selleck 2007; Li and Kusche-Gullberg 2016).

HS biosynthesis is a complex, multi-step process (Lindahl and Li
2009; Kreuger and Kjellen 2012; Lindahl 2014; Li and Kusche-
Gullberg 2016). After synthesis of a glucuronic acid-galactose—
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galactose-xylose tetrasaccharide linkage region and addition of an
N-acetylglucosamine (GlcNAc) residue, the HS-copolymerase
EXT1/EXT2 adds alternating units of glucuronic acid (GlcA) and
GlcNAc to the growing HS chain. Concomitant with polymeriza-
tion, the polysaccharide undergoes sequential modification events.
The modification begins by N-deacetylation and N-sulfation of
GIcNAc units catalyzed by HS N-deacetylase/N-sulfotransferases
(NDSTs). This is followed by CS5-epimerization of GlcA residues,
converting them to iduronic acid (IdoA), catalyzed by HS C5-epi-
merase (Hsepi). O-sulfation then occurs at different positions of the
hexuronic acid and GIcN units, catalyzed by O-sulfotransferases,
including Hs2st, Hs6sts and Hs3sts. After these modifications in the
Golgi compartment, HS can be further modified extracellularly by a
family of extracellular HS 6-O endosulfatases, Sulfs, which remove
a specific subset of 6-O-sulfate groups within HS chains (Dhoot
et al. 20015 Ai et al. 2003, 2006). Heparanase, an endoglucuroni-
dase that specifically cleaves HS chains, is expressed at low levels in
most mammalian tissues (Zcharia et al. 2009; Li and Kusche-
Gullberg 2016). Increased heparanase expression is observed in
pathological conditions, such as in tumor progression and metasta-
sis, inflammation and fibrosis. Since only a fraction of potential tar-
gets in the HS chain are modified at each modification step, these
processes generate remarkable structural heterogeneity of the mole-
cules. Thus, the Golgi and extracellular enzymes regulate the
amount and pattern of sulfate groups, forming binding sites on HS
for a variety of ligand proteins (Esko and Selleck 2002; Nakato and
Kimata 2002). However, how HSPG biosynthesis is regulated
in vivo and how specific modifications of HS selectively affect signal-
ing events remain a major question.

Genetic studies using a model organism, Drosophila have helped
define in vivo functions of HSPGs and HS modifying enzymes
(Nakato and Li 2016). There are remarkable advantages in the
Drosophila model to study the role of HSPGs in development.
Drosophila has the complete set of HS biosynthetic and modifying
enzymes found in mammalian species, with the exception of hepara-
nase, and produces complex HS structures that are equivalent to
mammalian HS (Nakato and Li 2016). Importantly, Drosophila has
only one gene for each of the enzymes in HS biosynthesis, which
overcomes the complexity of genetic redundancy. Furthermore, a
number of genetic tools (mutations, RNAI transgenic animals and
overexpression constructs) for a complete set of genes of the HS bio-
synthetic machinery have been generated. These tools in combin-
ation with sophisticated molecular genetic techniques in this model
enable us to manipulate HSPGs in vivo in a temporally and spatially
controlled manner (Kamimura et al. 2011; Takemura and Nakato
2015). Using these tools, essential roles of HSPGs in many develop-
mental processes have been defined, including morphogen gradient
formation (Cadigan 2002; Yan and Lin 2009; Nakato and Li 2016),
stem cell control (Hayashi et al. 2009; Dejima et al. 2011; Levings
et al. 2016), regeneration (Takemura and Nakato 2017) and tumor
formation (Levings and Nakato 2017).

The Drosophila model is also used to study a feedback regula-
tory network controlling HS biosynthesis known as “HS sulfation
compensation”. This phenomenon was first recognized in a Chinese
hamster ovary cell mutant strain, which lacks Hs2st activity (Bai
and Esko 1996). This cell line produced HS with significantly higher
levels of N- and 6-O-sulfation. This phenomenon was also observed
in the Hs2st mouse null mutant model (Merry et al. 2001). HS puri-
fied from Hs2st™~ mouse embryonic fibroblasts did not have 2-O
sulfate groups (as expected), but this loss was compensated by
increased N- and 6-O sulfation. In Drosophila, Hs2st and Hs6st

mutations induce compensatory increases in sulfation at 6-O- and 2-
O-positions, respectively, restoring a wild-type net charge on HS in
both genotypes (Kamimura et al. 2006). Analysis of Hsést null
(both maternally and zygotically) mutants revealed that 40% of
these mutant embryos die with defects in FGF-dependent tracheal
formation. The remaining mutant animals survive to the adult stage.
During Drosophila development, this compensation rescues the
FGF, Wg and BMP signaling pathways in vivo, ensuring the robust
developmental systems (Kamimura et al. 2006; Dejima et al. 2013).
These observations suggest that mutant HS retains some activities to
form a signaling complex by providing proper 3D distribution of
negative charge, although clearly at a lower rate compared to wild-
type HS. However, the mechanism by which cells sense the lack of a
specific sulfation event and induce a compensatory reaction is
unknown.

Despite the many strengths of the Drosophila model for in vivo
studies, information on Drosophila HS structure is somewhat limited.
Drosophila HS has been analyzed biochemically by only one method,
HS RPIP-HPLC disaccharide analysis (Toyoda et al. 2000). This tech-
nique determines the disaccharide composition of the polysaccharide.
However, it has been difficult to determine other features of HS struc-
ture, such as molecular size, net charge, domain organization, N-sul-
fation pattern and the amount/distribution of IdoA residues, all of
which are required for understanding the molecular mechanisms of
HS—protein interactions. This is mainly due to the difficulty of meta-
bolic radio-labeling of HS in vivo using Drosophila animals.

To fill this gap, it is ideal to establish an in vitro system to study
HS biosynthesis using Drosophila cell lines. Recently, an efficient gen-
etic method for generating Drosophila continuous cell lines of a given
genotype has been developed (Simcox, Mitra et al. 2008; Simcox,
Austin et al. 2008; Simcox 2013). The method uses expression of
Ras""?, a constitutively activated form of the oncogene Ras, to induce
embryonic primary culture cells to progress to permanent cell lines. In
this study, using this technique, we established novel cell lines mutant
for four HS modifying enzymes: Hsepi, Hs2st, Hs6st and Sulf1. All
these enzymes are known to be critical to the formation of ligand
binding sites on HS as well as to be involved in the HS sulfation com-
pensation (Kamimura et al. 2001, 2006; Kleinschmit et al. 2010,
2013; Wojcinski et al. 2011; Dejima, Takemura et al. 2013; Dejima,
Kleinschmit et al. 2013). Morphological and immunological analyses
of the established lines suggest that they are derived from mesodermal
origin. Disaccharide analyses of HS from each mutant cell line reveal,
in addition to the lack of respective enzymatic activity, compensatory
increases of sulfation at different positions. We also show that these
lines are useful for metabolic radiolabeling of glycosaminoglycan
(GAG) for structural analysis. These tools will offer an excellent sys-
tem to study the mechanisms of HS biosynthesis and HS—protein
interactions. Thus, Drosophila genetics can be combined with HS
structural analysis, making the Drosophia model highly unique and
powerful to understand the structure—function relationship of HS.

Results

Establishment of novel Drosophila cell lines mutant for
HS modifying enzymes

The Drosophila genome has single copies of homologs for Hsepi,
Hs2st, Hsé6st and Sulfl genes. We have previously isolated
Drosophila strains with null mutant alleles for each gene: Hsepi?'?
(Dejima et al. 2013), Hs2st%2%7 (Kamimura et al. 2006), Hs6st*”7°

(Kamimura et al. 2006) and Sulf1"* (Kleinschmit et al. 2010). To
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establish mutant cell lines for these genes, we first generated recom-
binant chromosomes in which a null mutation for one of the four
genes is combined with an Act5C-Gal4 transgene (a ubiquitous actin
Gal4 driver) or a UAS-Ras"*? (a constitutively active Ras) transgene
(Figure 1A). Heterozygous flies carrying these chromosomes were
crossed to obtain embryos with four different genotypes. These
embryos with mixed genotypes were used to establish primary cul-
tures according to the published protocol (Simcox, Mitra et al.
2008; Simcox, Austin et al. 2008; Simcox 2013). In case of Hsepi as
an example shown in Figure 1A, homozygous mutant Hsepi
embryos are the only cells expressing Ras"!? in this culture (Acz5SC-
Gal4/UAS-RasV'?, boxed in Figure 1A). Since only Ras"'?-expres-
sing cells can survive over passages, this cell line becomes homozy-
gous null mutants for Hsepi. Thus, because of the proliferative
advantage of the Ras"'?-expressing cells, this method does not
require selection or cloning for a specific genotype. We used the
same strategy for Hs2st, Hs6st and Sulfl genes to establish mutant
cell lines for respective genes.

To determine if we had obtained homozygous mutant cells, the
genotype of each cell line was analyzed by PCR of genomic DNA
using wild-type allele-specific primers (the sequences are described in
“Materials and Methods™). The primer sequences are designed to
specifically detect wild-type alleles for the genomic region of each
gene, but not mutant alleles. We found that wild-type alleles became
virtually undetectable by PCR after a few passages (4 weeks of cul-
ture), confirming the establishment of null mutant cell lines for these
genes (Figure 1B, left lanes). All DNA samples show a band for
Gal4 sequence in control PCR (Figure 1B, right lanes), consistent

with the idea that all cell lines are heterozygous for Act-Gal4.
Hereafter, the mutant cell lines are simply called Hsepi, Hs2st,
Hs6st or Sulf1 cells, respectively. A previously established line, Ras-
RMCE, which has Act5C-Gal4/UAS-Ras"*? but no other mutation,
was used as a control and referred to as “wild-type”.

Cell type of origins of the mutant cell lines
In this Ras"*?
any specific cell types. For some reason, however, most cell lines
established in previous studies were reported to be spindle-shaped
cells of mesodermal origin (Simcox, Mitra et al. 2008; Simcox,
Austin et al. 2008), suggesting the selective advantage of this cell
type in the current protocol. This also appeared to be the case for

-dependent immortalization method, we do not select

our mutant cell lines. Cells looked morphologically heterogeneous
for the first 30 days. However, after 3—4 rounds of passages, all lines
showed spindle-shaped cells (Figure 2A), indistinguishable between
different genotypes.

In addition to cell shape, growth behavior was also similar
between the lines, which frequently form cell clumps on the top of
adhered cells, piling up to form foci (Figure 2B). These cell clumps
can be detached from the plate by pipetting without trypsin treat-
ment. After re-seeding onto a new plate, the cells grow on the plate
surface as spindle-shaped cells. These behaviors are characteristic of
transformed cells, confirming the establishment of immortal cell
lines.

To analyze the cellular origin of the established mutant cell lines,
the cells were stained with a panel of antibodies. Staining with anti-
dMef2 antibody, an established mesodermal marker, showed a high

A

Parental cross
Hsepi Act-Gal4 X Hsepi UAS-Ras"?
Balancer (CyO) Balancer (CyQ)

Embryos/primary cultures

Hsepi Act-Gal4 Hsepi UAS-Ras""?

Balancer (CyQO) Balancer (CyQ)

Hsepi Act-Gal4 Balancer (CyQO)
Hsepi UAS-Ras""? Balancer (CyQ)

Survived cells
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Hsepi UAS-Ras""?

B gene-specific Gal4
primers primers
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Fig. 1. Establishment of HS mutant cell lines. (A) Genetic crosses to obtain Hsepi mutant cell lines. A cross between Hsepi Act-Gal4 and Hsepi UAS-Ras

VIZ will

yield a mixture of embryos with four genotypes. Among these, only Hsepi homozygous mutant embryos bear both Act-Gal4 and UAS-Ras"'? transgenes
(boxed), thus expressing Ras""2. After embryos with mixed genotypes are homogenized and primary cultures are plated, only Hsepi mutant cells survive during
early passages. The same strategy was used for HsZst, Hs6st and Sulf1 genes. (B) PCR analyses for genotyping. Genomic DNA samples were prepared from
wild-type (wt) or indicated mutant cell lines (mutant), and used as templates. PCR primers were designed to specifically detect wild-type alleles for each of
Hsepi, Hs2st, Hs6st and Sulf1 loci (left lanes). Control PCR was performed using primers that detect the Gal4 insertion in the genomic DNA (right lanes). In DNA
samples isolated from mutant cell cultures, wild-type alleles were undetectable. This result shows that most cells in the established lines are homozygous for
mutant alleles. This figure is available in black and white in print and in color at Glycobiology online.
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Fig. 2. Morphological and immunological characterizations of the HS mutant cell lines. (A and B) Morphology of wild-type cells and established cell lines mutant
for indicated genes. All cell lines show spindle-shaped morphology (A) and frequently form cell clumps characteristic of transformed cells (B). (C and C’)
Confocal images showing the cell lines stained with anti-dMef2. High levels of nuclear dMef2 (green) were detected in all cell lines, suggesting they are of meso-
dermal origin. Nucleus and cell cortex are stained with DAPI (blue) and Phalloidin (red), respectively. Images in C’ show only green channel (dMef2) of the corre-
sponding images in C. This figure is available in black and white in print and in color at Glycobiology online.

level of dMef2 expression in the nucleus of wild-type cells
(Figure 2C and C’), confirming the previous observations (Simcox,
Mitra et al. 2008; Simcox, Austin et al. 2008). We found that all
established mutant cell lines also express nuclear dMef2 (Figure 2C
and C’). No obvious signals were detected with anti-E-cadherin (an
epithelial marker) and 22C10 (anti-Futsch, a neuronal marker) (data
not shown). Together, these results indicated that the generated HS
mutant cell lines are spindle-shaped cells of mesodermal origin, simi-
lar to most cell lines established by this protocol.

Disaccharide structures of HS from the mutant cell
lines
To determine the effects of the mutations on HS sulfation patterns,
disaccharide analysis of HS isolated from each mutant cell line was
performed. Briefly, HS samples isolated from wild-type, Hsepi,
Hs2st, Hs6st and Sulfl cells were completely digested into disac-
charides by heparitinases. The resultant disaccharide species were
separated and quantified by high performance liquid chromatog-
raphy. HS isolated from the wild-type cell line (Ras-RMCE) showed
a disaccharide composition closely related to that of Drosophila
wild-type animals reported previously (Fig. S1; Toyoda et al. 2000).
Disaccharide composition of HS from Hsepi mutant cells showed
a substantial reduction of 2-O-sulfate groups (Table I and Figure 3).
This is caused by strong preference of Hs2st for IdoA as a substrate
(Li et al. 2003; Dejima et al. 2013). The reduction of 2-O-sulfate-
containing disaccharide units was accompanied by a compensatory
increase in N- and 6-O-sulfate groups (AUA-GICNS and AUA-
GIcNS6S units). As a result, the proportion of non-sulfated disac-
charide species (AUA-GIcNAc; 30.8%) decreased compared to wild-
type (38.7%). Thus, this disaccharide pattern suggests that HS from
Hsepi mutant cells has a higher charge density than that of wild-

Table I. Disaccharide analyses of HS from Hsepi, Hs2st, Hs6st and
Sulf1 mutant cell lines

HS (unsaturated disaccharide, %)

NAc NS NAc6S NS6S 28NS 28NS6S
Wild-type 38.7 25.2 4.1 17.9 10.3 3.8
Hsepi 30.8 31.3 2.5 30.4 4.4 0.6
Hs2st 32.4 24.1 4.1 36.0 3.2 0.3
Hsé6st 38.9 33.0 1.1 0.6 26.4 N.D.
Sulf1 51.6 20.6 5.3 14.2 N.D. 8.3

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, AUA-GIcNAc; NS, AUA-
GIENS; NAc6S, AUA-GICNAC6S; NS6S, AUA-GICNS6S; 2SNS, AUA2S-
GIcNS; and 2SNS6S, AUA2S-GIcNS6S. N.D., not detectable. All results are
shown as the average values from at least duplicate experiments. Graphical

depiction of this result is shown in Figure 3B.

type, which is evidenced by analysis on ion-exchange chromatog-
raphy (below). Total amount of HS and CS obtained from wild-type
and Hsepi mutant cells is shown in Table II. We detected no major
difference in the ratio of HS/CS and the disaccharide compositions
of CS between these cell lines.

Similar to Hsepi mutant cells, HS from Hs2st mutant cells
showed a significant loss of 2-O-sulfate-containing disaccharide
units (Table T and Figure 3B). However, the compensation for
reduced 2-O sulfation seems to be quite different in Hs2st mutant
cells. Here, disulfated disaccharides containing N-sulfate and 6-O-
sulfate groups (AUA-GIcNS6S) are substantially increased while the
relative amount of disaccharides containing N-sulfate groups only
(AUA-GIcNS) does not change. This is distinctly different from HS
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Fig. 3. HS disaccharide profiling of wild-type and mutant cell lines. (A)
Representative HPLC chromatograms of HS samples from wild-type (left),
Hsepi (middle) and Sulf1 (right) cell lines. Each peak represents AUA-GIcNAc
(1); AUA-GIcNS (2); AUA-GIcNACSES (3); AUA-GICNSBS (4); AUA2S-GIcNS (5);
and AUA2S-GIcNS6S (6). (B) Graphical depiction of disaccharide compos-
ition of HS from each respective genotype. Bar graphs show percentages of
the following disaccharides: AUA-GIcNAc (gray); AUA-GIcNS (blue); AUA-
GIcNACcBS (light blue); AUA-GICNS6S (green); AUA2S-GIcNS (yellow); and
AUA2S-GIcNS6S (red). Results are shown as the average values from at
least duplicate experiments (n = 2 or 3). This figure is available in black and
white in print and in color at Glycobiology online.

Table Il. Total amount of HS and CS, and the disaccharide
compositions of CS from wild-type and Hsepi mutant cells.

Genotype  HS total amount  CS total amount  CS unsaturated
(pug/mg dry cell) (png/mg dry cell) disaccharide
0S 4S 6S
Wild-type  0.214 0.206 46.0 47.0 7.0
Hsepi 0.162 0.185 37.0 53.8 92

of Hsepi mutant cells, which bears significantly increased levels of
both AUA-GIcNS and AUA-GIcNS6S units. This observation sug-
gests an increased preference of Hs6st for N-sulfated disaccharides
in the absence of Hs2st. Although we do not know the molecular
basis for this difference, these observations are consistent with previ-
ous reports in Hsepi”™ mice (Li et al. 2003) and mutant flies
(Kamimura et al. 2006; Dejima et al. 2013).

Disaccharide analysis of HS from Hs6st mutant cells revealed a
significant reduction of 6-O-sulfate groups, as expected, leading to a
loss of the tri-sulfated disaccharide unit (AUA2S-GIcNS6S) (Table 1
and Figure 3B). A massive elevation of the disaccharides, AUA-
GIcNS and AUA2S-GIcNS, was observed, as reported in Hs6st
mutant flies (Kamimura et al. 2006).

The disaccharide profile of Sulf1 mutant cells revealed abnor-
mally high levels of the tri-sulfated disaccharide unit AUA2S-

GIcNS6S (Table T and Figure 3). In addition, the AUA2S-GIcNS dis-
accharide was undetectable. On the other hand, there was no signifi-
cant change in the amount of the 6-O-sulfated disaccharides, AUA-
GIcNAc6S and AUA-GIcNS6S. These observations are consistent
with the substrate specificity of Sulfl, which preferentially removes
6-O-sulfate groups from the tri-sulfated disaccharide units of HS (Ai
et al. 2003, 2006; Kleinschmit et al. 2013).

Overall, the disaccharide profiles of HS from all cell lines closely
reflect published in vivo data obtained from respective null mutant
animals in all genotypes (Fig. S2; Kamimura et al. 2006;
Kleinschmit et al. 2010; Dejima et al. 2013). We detected very small
amounts of 2-O-sulfate-containing and 6-O-sulfate-containing units
from Hs2st and Hs6st mutant cell lines, respectively. Their presence
is probably due to residual enzyme activities derived from heterozy-
gous cells remaining in the cultures. To test this idea, we compared
disaccharide structures of HS samples from different passage points
after the Hs2st mutant primary culture was seeded (Fig. S3). At an
earlier passage (Passage #2), the mutant HS contained minor por-
tions of 2SNS (4.2%) and 2SNS6S (0.7%) units. After cells had
gone through additional passages (Passage #5), the 2SNS unit was
reduced to 2.1% and the 2SNS6S unit became undetectable. This
latter disaccharide composition is closely similar to that obtained
from Hs2st null mutant animals. This observation supports the idea
that these minor components were derived from heterozygous cells
and that these residual activities will disappear after further pas-
sages. It also shows that the levels of these residual activities
decrease during early passages (Passages #2-5), confirming that this
methodology can establish homozygous mutant cell lines without
selection or cloning.

Structural analysis of HS from wild-type Ras-RMCE cell
line

One advantage of mutant cell lines over mutant animals is to obtain
metabolically radiolabeled HS specimens which can be used for HS
molecular structural analyses. One obstacle to obtain °S-labeled
GAGs from insect cells, however, is a high sulfate content in tissue
culture media for insect cell lines. In general, these media, including
Schneider’s insect medium and Shields and Sang M3 insect medium,
contain extremely high levels of sulfate (e.g., 15.0 mM MgSO, in
M3 medium) (Schneider 1964), which makes it difficult to metabol-
ically label the cells with 3*S-sulfate. We therefore tested if we could
radio-label Drosophila tissue culture cells using a mammalian cell
culture medium (RPMI 1640 Medium, GlutaMAX™ Supplement,
HEPES, ThermoFisher Scientific), which contains a lower level of
sulfate (0.41 mM). We could successfully label GAG chains of S2
cells by incubating the cells with 3°S-Na,SO, for 16h (data not
shown). However, although the cells cultured in this medium looked
healthy for a few days, they stopped dividing after a longer period
of culture (>10 days), demonstrating that this medium was not opti-
mal for the cells.

We therefore used a custom-ordered, M3 insect medium without
MgSO, (Life Technologies), to which we added a minimal amount
of MgSO, (final conc. 0.15mM) (Kasevayuth and Yanagishita
2004). The growth and health of multiple Drosophila cell lines in
this medium were indistinguishable from those using intact M3
medium (data not shown). Using these conditions, wild-type cell
lines were incubated in the presence of **S-sulfate for 6 h, and meta-
bolically labeled macromolecules were isolated from conditioned
media and cell lysates as described in “Materials and Methods™
(Escobar Galvis et al. 2007; Jia et al. 2009; Dagalv et al. 2015).
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After purification by ion exchange chromatography, *3S-labeled
macromolecules from cell lysate and medium of wild-type cells were
analyzed by gel chromatography on a Superose 6 column (Figure 4).
More than 90% of the 3°S-labeled macromolecules isolated from
cell fraction were susceptible to treatment with nitrous acid, demon-
strating their HS nature. The untreated >*S-labeled cell lysate macro-
molecules were eluted in two peaks, where the first contained
proteoglycans (susceptible to alkali treatment) while the second
peak probably represented released HS-chains. The elution position
of the single peak of 3°S-labeled HS-chains obtained after alkali
treatment corresponds to an apparent molecular weight of 10 kDa,
calculated based on comparison with elution positions of standards
of known molecular weight (Deligny et al. 2016). These HS-chains
are considerably smaller than their mammalian counterparts. This is
consistent with a previous observation that HS isolated from other
Drosophila cell lines, Kc and S2 cells, was approximately 14 kDa
(Kasevayuth and Yanagishita 2004). 3°S-labeled HS-chains of simi-
lar size were also detected in the culture medium after alkali treat-
ment (Figure 4A). However, in the medium only 35% of the 5S-
macromolecules were HS (susceptible to treatment with nitrous
acid). The remaining 65% were chondroitin sulfate (CS) proteogly-
cans and GAGs of higher apparent molecular weight.

Structural analysis of HS from Hsepi mutant cell line

One of the cell lines, the Hsepi mutant cells, were further character-
ized to determine if the established mutant cell lines could be used as
tools to study molecular phenotypes of biosynthesis enzyme deficien-

cies. In this experiment, we cultured wild-type and Hsepi mutant
cells in the presence of 33S-sulfate for 24 h, and 3°S-labeled GAGs

Medium
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Fig. 4. Gel chromatography on Superose 6 of 3®S-labeled proteoglycans/gly-
cosaminoglycans from wild-type cells purified by DEAE ion exchange chro-
matography. Samples obtained from medium (A) or cell lysate (B) were
analyzed directly (open circle), after alkali treatment (open square), or after
treatment with both alkali and nitrous acid at pH 1.5 (filled triangle).
Fractions of 0.5 mL were collected and analyzed by scintillation counting.
This figure is available in black and white in print and in color at
Glycobiology online.

were isolated from medium and cell fractions after alkali treatment
(releasing the GAG chains) and chondroitinase treatment (degrading
CS). Analysis by anion exchange chromatography revealed that HS
isolated from both medium and cell fractions of Hsepi mutant cells
was more retarded on a Mono Q column (Figure SA and B), indicat-
ing a higher net negative charge density in Hsepi mutant HS com-
pared to the wild-type polysaccharide. This resembles the phenotype
of HS isolated from Hsepi mutant mouse tissues (Jia et al. 2009). As
shown in Table I and Figure 3, HS from Hsepi mutant cells shows
significantly elevated N- and 6-O-sulfation. Thus, the increased
charge density predicted by disaccharide analysis was confirmed by
the Mono Q analysis of the 3*S-labeled HS.

It was recently shown that overexpression of mammalian Hsepi
results in the production of longer HS chains, suggesting a possible
role of this enzyme in chain length control (Fang et al. 2016).
Therefore, we analyzed the HS samples from Hsepi cells on a
Superose 12 column (Figure 6A and B). There was a small shift of
the elution volume of the Hsepi mutant samples, which may indicate
a slightly longer chain length of the mutant HS. We detected sub-
stantial shedding of CS in both cell lines, but it is more pronounced
in the Hsepi cells.
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Fig. 5. Anion exchange chromatography of HS from wild-type and Hsepi
cells. Metabolically 3S-labeled GAGs isolated from wild-type (WT, open cir-
cles) and Hsepi mutant (EPI, filled triangle) cells as described under
“Materials and Methods” and were digested with Chondroitinase ABC prior
to analysis. The samples (15,000 cpom each) from medium (A) and cell frac-
tions (B) were applied to a Mono Q column eluted with a liner gradient of
0.25-1.5 M NaCl in NaAc buffer, pH 4.5. Eluted fractions (0.5 mL) were mixed
with scintillation cocktail and assayed for radioactivity. “CS” indicates
degraded chondroitin sulfate disaccharides. The dashed line indicates the
salt gradient. This figure is available in black and white in print and in color
at Glycobiology online.
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Fig. 6. Gel chromatography of HS chains from wild-type and Hsepi cells.
GAG samples from metabolically 3°S-labeled wild-type (WT, open circles)
and Hsepi mutant (EPI, filled triangle) cells were prepared from medium (A)
and cell (B) fractions. The samples (15,000 cpom each) were applied onto a
Superose 12 column eluted in 50 MM HEPES buffer, pH 7.4, 1M NaCl at a
flow rate of 0.5 mL/min. Eluted fractions (0.5 mL) were mixed with scintilla-
tion cocktail and counted for radioactivity. “CS” indicates degraded chondro-
itin sulfate disaccharides. This figure is available in black and white in print
and in color at Glycobiology online.

BMP signaling assay using Hs6st mutant cell line

To examine if these cell lines are useful for biological assays, we per-
formed a cell-based Decapentaplegic (Dpp) signaling assay
(Akiyama et al. 2008; Dejima et al. 2011). Dpp is one Drosophila
ortholog of BMPs and it is well established that Dpp signaling
requires an HSPG co-receptor, Dally (Jackson et al. 1997; Fujise
et al. 2003; Belenkaya et al. 2004; Akiyama et al. 2008; Hayashi
et al. 2009; Dejima et al. 2011). Dpp signaling activity was moni-
tored by phosphorylation of Mad protein, a direct readout of BMP
signaling, using an antibody against phospho-Mad (pMad). Dpp-
containing conditioned medium was prepared using Drosophila S2
cells as described in Materials and Methods.

We found that addition of relatively low levels of Dpp (equiva-
lent to 2 x 107° M of a recombinant Dpp peptide, R&D Systems)
can stimulate phosphorylation of Mad in wild-type cells
(Figure 7A). In Hs6st mutant cells, this Dpp-mediated Mad phos-
phorylation was only partially impaired and the mutant cells
retained significant activity to respond to Dpp (Figure 7A). This is
consistent with a previous in vivo observation that the pMad levels
were not significantly affected in the developing wing cells of Hs6st
mutants (Dejima et al. 2013).

This in vivo study also showed that the levels and patterns of
pMad were severely disrupted in Hs2st; Hs6st double mutant cells,
which suggested that HS sulfation compensation rescues Dpp signal-
ing (Dejima et al. 2013). To analyze the contribution of the sulfation
compensation to the moderate perturbation of Dpp signaling in
Hs6st cells, we examined the effect of double-stranded (ds) RNAi
knockdown of Hs2st in Hs6st mutant cells. We found that transfec-
tion of Hs2st dsSRNA resulted in a substantial reduction in the level
of pMad (Figure 7B). These results indicate that compensatory
increase of 2-O sulfation rescues the ability of Hs6st mutant cells to
respond to Dpp, consistent with the previous in vivo data (Dejima
et al. 2013). Altogether, signaling profiles of these cell lines closely
recapitulate previously known in vivo phenomena.

Discussion

The molecular mechanisms underlying regulation of HS biosynthesis
and function remain largely unknown. Although all enzymes that
polymerize and modify HS have been identified, it is still unknown
how the size, charge and domain structures of HS are determined.
Neither are the HS structures responsible for specific HS-dependent
signaling and patterning events fully characterized. Addressing these
questions requires better understanding of molecular basis for HS-
ligand interactions (Xu and Esko 2014; Kjellen and Lindahl 2018).
Over the last 2 decades, the Drosophila model has offered an excel-
lent system to study how a specific change in a HSPG core-protein
or HS modifying enzyme affects cellular and developmental phe-
nomena (Nakato and Li 2016). On the other hand, structural infor-
mation of Drosophila HS is still limited. Therefore, although we
have accumulated a wealth of knowledge regarding morphological
phenotypes of Drosophila mutants of HSPG/HS modifying enzyme
genes, we have only been able to speculate about HS molecular phe-
notypes based on information from mammalian HS.

In this study, we established cell lines mutant for Hsepi, Hs2st,
Hsé6st and Sulf1, by immortalizing primary culture cells. In the EC
rabbit endothelial cell line, a high level of overexpression of the EJ-
ras gene resulted in reduced expression of a few HS modifying
enzymes, leading to a significant decrease in O-sulfation (Lopes
et al. 2006). This was not the case in the Drosophila mutant cell
lines. HS disaccharide compositions of the mutant cells closely
reflect published disaccharide patterns of HS from Drosopbhila ani-
mals with respective genotypes (Figures S1 and S2), showing no
detectable effect of Ras-mediated transformation on the HS
structures.

There are significant advantages to establish an in vitro system
using Drosophila cells to analyze HS structures in detail. Most
importantly, HS structural information obtained from these estab-
lished Drosophila cell lines will be directly relevant to the in vivo
analyses of Drosophila mutants. The established tools will allow us
to link information regarding the roles of HS at molecular, cellular
and animal levels. Indeed, a detailed picture of higher order struc-
tures of HS from these mutant cells would be extremely informative
to define the range of HS structures that can (and cannot) mediate
signaling in vivo.

Comparing structures of HS from mammals and Drosophila will
provide clues to establish the fundamental properties of HS (both in
structure and function). For example, the fact that HS chains iso-
lated from Drosophila cells are significantly shorter than those of
mammalian cells readily indicates that HS chains do not have to be
as long as mammalian HS for its normal function in mediating cell
signaling and regulating morphogenesis. A previous work conducted
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Fig. 7. Dpp signaling assay using Hs6st mutant cell line. (A) Wild-type and Hs6st mutant cells were treated with Dpp-containing conditioned medium for 1 h at
25°C (+). Control cells (—) were treated with conditioned medium of S2 cells without a Dpp transgene. Dpp signaling was measured by immunoblot analysis of
the cell lysate using anti-pMad antibody (pMad). a-Tubulin staining was used as an internal control (Tub). Quantification of the levels of pMad normalized with
the a-Tubulin level is shown on the right. The intensity value in wild-type (+Dpp) sample was set to 1.0. The boxes represent the interquartile range and the line
represents the median. The whiskers extend to the highest and lowest values. The results were obtained from five independent experiments. (B) The effect of
Hs2st RNAI treatment on Dpp signaling in Hsé6st cells. The pMad levels were measured two days after transfection of Hs2st dsRNA. Control cells (-) were trea-
ted in the same way without dsRNA. Quantification of Dpp signaling was obtained from three independent experiments. The intensity value in control sample
(-dsRNA) was set to 1.0. P values are as follows: *P < 0.05; ***P < 0.001; N.S., not significant. This figure is available in black and white in print and in color at
Glycobiology online.

a structural analysis of HS prepared from wild-type Drosophila A previous in vivo study showed that FGF-dependent tracheo-
embryos (Kusche-Gullberg et al. 2012). In this study, HS was pre- genesis occurs normally in a fraction of Hs2st or Hs6st null mutants
pared from a large amount of specimen (15-30g of wild-type (Kamimura et al. 2006). Disaccharide analysis of HS isolated from
embryos) and its domain organization was analyzed by selective the mutant flies showed that the loss of 2-O-sulfate groups was com-
deamination cleavage. The authors proposed that Drosophila HS pensated by an increase of 6-O-sulfation, and vise versa. These
from wild-type embryos shows unique structures with an extended results suggest that mutant HS in both genotypes, which has a nor-
NS-domain and the absence of internal N-acetylated sequences, mal charge density but lacks the correct sulfation pattern, retains the
similar to “low-sulfated heparin”. Future structural studies of HS ability to mediate FGF signaling, although the signaling efficiency is
from the established mutant cell lines will provide important infor- diminished. Given that HS chains show conformational flexibility
mation on the biological significance of the HS domain structures by bending and twisting, Hs2st or Hs6st mutant HS chains may still
and fundamental rules of structure-function relationship of HS. position sulfate groups at appropriate three-dimensional locations
Mammalian genomes bear single genes for Hsepi and Hs2st but required for protein binding at a certain efficiency (Kjellen and
multiple genes for other classes of HS modifying enzymes. For Lindahl 2018). The non-zero but reduced functionality of the
example, three Hs6st genes (Hs6st-1, -2 and -3) show different mutant HS suggests that such HS has (1) fewer protein binding sites,
expression patterns during development as well as different sub- (2) binding sites with lower affinities, or both. However, these issues
strate preferences (Habuchi and Kimata 2010). Phenotypic compari- still remain to be elucidated. Data set for detailed structural features,
son of Hs6st-17~, Hs6st-2~"~ and double knockout mice indicated ligand binding, and in vivo activities of diverse HS from the mutant
that the two genes have partially redundant functions in addition to cells (with abnormal sulfation sequences but residual activities) will
their gene-specific roles. For Sulfs, two homologs (Sulf1 and Sulf2) provide mechanistic insights into these questions.
are found in vertebrates. Although mouse Sulfs show differential Recently, a library of mouse lung endothelial cell lines has been
expression patterns, they redundantly regulate neural innervation generated by systematic deletion of HS biosynthetic and modifying
and enteric glial formation in the esophagus (Ai et al. 2007) and genes (Qiu et al. 2018). As the authors stated, studies using such a
muscle regeneration (Langsdorf et al. 2007). Thus, these vertebrate library will lead to a better understanding of the structure—function
paralogs of HS modifying enzymes have both paralog-specific func- relationships of HS. Our Drosophila mutant cell library will not
tions and partially redundant roles. In contrast, there is no or min- only add more variations of HS structures, but also provide signifi-
imal genetic redundancy in HS biosynthetic/modifying genes in cant information on the “structure-in vivo function” relationship of
Drosophila. Therefore, the biochemical phenotypes of these mutant HS, by directly linking structural features to abundant knowledge
cell lines represent the effects of a complete lack of each respective on morphological phenotypes obtained in this model. In addition,
class of enzyme. This is reflected by sharp and clear HS sulfation the comparative studies using the mouse and Drosophila libraries

compensation in mutants. will highlight the commonalities and species-specific differences of
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HS structure and functions. Furthermore, in vitro and in vivo ana-
lyses in Drosophila can be performed in parallel, which provides a
powerful platform to study the mechanisms of HS functions in spe-
cific biological phenomena.

Materials and Methods

Fly strains

The detailed information for fly strains used is described in Flybase.
All flies were maintained at 25°C. The following strains were used
as null mutants for each gene to establish cell lines: Hsepi?!?
(Dejima et al. 2013), Hs2st%%” (Kamimura et al. 2006), Hs6st?"7°

(Kamimura et al. 2006) and Sulf1*? (Kleinschmit et al. 2010).

Primary cultures and cell lines

The following genetic crosses were made to generate the respective
mutant cell lines: actSC-Gal4 Hsepi?’?/CyO X UAS-Ras"'?
Hsepi®2/CyO for Hsepi mutant cells; act5C-Gal4 Hs2st%*%7/CyO X
UAS-RasV'? Hs2st%2°7/CyO for Hs2st mutant cells; actSC-Gal4
Hs6st”7/TM6B Tbh X UAS-Ras"'? Hs6st"””°/TM6B Tb for Hs6st
mutant cells; act5C-Gal4 Sulfi™/TM6B Tb X UAS-Ras"'? Sulf1*!/
TM6B Tb for Sulfl mutant cells. Embryos were collected overnight
from each cross and primary cultures were generated from the
embryos by following an established protocol (Simcox, Mitra et al.
2008; Simcox, Austin et al. 2008; Simcox 2013) with some modifi-
cations. Briefly, eggs were dechorionated with 50% bleach and the
surface of the dechorionated embryos was sterilized by rinsing with
70% ethanol. Approximately 100 pL of the packed volume of the
embryos was used for a primary culture, and were homogenized
with three gentle strokes using a 5 mL glass homogenizer. The hom-
ogenate was centrifuged at 1000 X g for 2 min at room temperature.
The pellet was washed with fresh medium two more times. The
washed embryos were suspended in 3 mL of M3 medium and cul-
tured in a T-flask at 25°C. After 2 weeks, the first subculture was
made. Confluent primary cell cultures were split in half and grown
to confluent again. The doubling time was approximately 24 h both
in wild-type and mutant cell lines. There was no difference in the
growth rate between genotypes.

To determine the genotypes of primary culture cells, we detected
wild-type chromosomes by PCR using primer sets that do not detect
each of mutant alleles: Hsepi®'?, Hs2st%2%”, Hs6st77°, Sulf1™. For
example, PCR using Primers 1 and 2 produces a band of 574 bp
from wild-type chromosomes, but not from Hsepi?'?. Similarly,
Primer sets 3/4, 5/6 and 7/8 were used to detect wild-type chromo-
some bands of indicated lengths for Hsepi, Hs2st, Hs6st and Sulf1
loci, respectively.

Primer 1: (wild-type allele shows a 574 bp band with Primer 2
for Hsepi locus): 5’- CATTTGCTCATCTGTATCGCAGT-3’

Primer 2: 5'- CGCATATACACGCCCAGAGT-3’

Primer 3: (wild-type allele shows a 520 bp band with Primer 4
for Hs2st locus): 5’-GAATTTTGGCATTGCTTGGT-3’

Primer 4: 5'-TATCAGGATCAGCCAGTGGG-3’

Primer 5: (wild-type allele shows a 408 bp band with Primer 6
for Hs6st locus): 5'-CTGAAAGCCGAGAGACAAGG-3’

Primer 6: 5'-AGTATCCAAATCCGATGATGC-3’

Primer 7: (wild-type allele shows a 460 bp band with Primer 8
for Sulf1 locus): 5'-AGGATTCGGCTCCCCAGTAT-3’

Primer 8: 5'-AAGTGTTGTCCAGCTCTCCG-3’

The following primers were used for control PCR reaction to
detect Gal4 sequence (a 500 bp band).

Primer 9: 5'-AAGAAAAACCGAAGTGCGCC-3’
Primer 10: 5'-CGTTTTCAGGAAGGGCAAGC-3’

Immunostaining of mutant cell lines

Immunostaining of the established cell lines was performed as previ-
ously described (Simcox 2013) with some modifications. Clean cov-
erslips (12mm Round, Warner Instruments) were prepared by
washing in HCl overnight. Cells were seeded on the coverslips
placed in a 35 mm culture dish and incubated at 25°C overnight.
After the cells were washed once with PBS, the cells were fixed for
25min in 4% paraformaldehyde. After washes with PBT (0.05%
Triton X-100 in PBS), the fixed cells were blocked in 5% normal
goat serum in PBT for 1h at room temperature. Primary antibodies
were applied in a 20 pL solution onto a coverslip and incubated for
2h at 25°C in a moist chamber. The cells were washed with PBT,
followed by incubation with secondary antibodies and Phalloidin-
Alexa Fluor 633 (ThermoFisher Scientific). After extensive washes
with PBT, the cells were mounted using VECTASHIELD (Vector
Laboratory).

The following primary antibodies were used: rabbit anti-dMef2
(1:1000, a gift Paterson), rat
(Developmental Studies Hybridoma Bank), mouse 22C10/Futsch
(Developmental Studies Hybridoma Bank). Secondary antibodies
were from the AlexaFluor series (1:500; ThermoFisher Scientific).

from B. anti-E-cadherin

Disaccharide analysis

HS isolation and disaccharide composition analysis were carried out
as previously described (Kamimura et al. 2006; Kleinschmit et al.
2010; Dejima et al. 2013). Approximately 5 mg of cells was used to
isolate HS. The HS sample was digested with a heparitinase mixture
(Seikagaku), and the resulting disaccharide species were separated
using reversed-phase ion-pair chromatography. The effluent was
monitored fluorometrically for post-column detection of HS disac-
charides (Toyoda et al. 2000).

Metabolic **S-labeling of HS

For metabolic labeling, cells were cultured in M3 medium without
sulfate supplemented with 10% FBS and 0.15 mM MgSO, to 95%
confluency. After adding 50 pCi/ml Na,>°SO4 (specific activity,
1500 Ci/mmol; PerkinElmer Life Sciences), the cells were maintained
in the same medium for the indicated periods of time.

Characterization of **S-labeled HSPGs and HS from
wild-type cells

After 6h of incubation with 3*S-sulfate, the medium was collected
and the cells were washed with PBS followed by solubilization in
50mM Tris=HCI, pH 7.4, 0.15M NaCl, 1% Triton X-100 and
Roche complete protease inhibitor cocktail at 4°C for 1 h under gen-
tle shaking. **S-Macromolecules in medium and cell lysate fractions
were then purified by DEAE-ion exchange chromatography fol-
lowed by gel chromatography on Superose 6 before or after treat-
ment with alkali and HNO, at pH 1.5 as previously described
(Dagalv et al. 2015).

Comparison of 3®S-labeled HS from Hsepi and wild-
type cells

After 24 h of incubation with >*S-sulfate, the medium was collected
and the cells were washed with PBS followed by lysis in extraction



488

E Nakato et al.

buffer (50 mM Tris-HCI, pH 7.4, 1% Triton X-100) at 4°C for 1 h
under gentle shaking. The medium fractions were then mixed with
equal volumes of 2 X extraction buffer (100 mM Tris-HCI, pH 7.4,
2% Triton X-100). Both cell lysate and medium fractions were then
treated with NaOH at a final concentration of 0.5M on ice over-
night to release the GAG chains. After neutralization and centrifuga-
tion, the supernatants were applied to 2 ml DEAE-Sephacel columns
(GE Healthcare), equilibrated with the extraction buffer. Following
extensive washing with 50 mM NaAc, pH 4.5, 0.25 M NaCl, bound
material was eluted with 50 mM NaAc, pH 4.5, 1.5M NaCl.
Eluates were desalted on a PD-10 column (GE Healthcare) and lyo-
philized. Products were dissolved in 0.05M Tris-HCI, pH 8.0,
30 pM NaAc, 0.1 mg BSA/ml and treated with chondroitinase ABC
(25 mU; Seikagaku) at 37°C overnight.

Dpp signaling assay

Cell-based Dpp signaling assay was performed as described previ-
ously (Akiyama et al. 2008; Dejima et al. 2011). Dpp-containing
conditioned medium was prepared from Drosophila S2 cells expres-
sing Dpp (transfected with pAW-HA-dpp). A recombinant Dpp pep-
tide (R&D systems) was used to estimate Dpp amount in the
conditioned media. Control conditioned medium was prepared from
Drosophila S2 cells without pAW-HA-dpp transfection.

After wild-type and Hsé6st cells were incubated with the Dpp-
containing conditioned medium at 25°C for 1 h, cells were lysed in
SDS sample buffer. Dpp signaling was assayed by immunoblot ana-
lysis using rabbit anti-pMad antibody (EP823Y, 1:2,000,
Epitomics). a-Tubulin was stained with mouse anti-a-Tubulin anti-
body (DM1A, Sigma) and used as an internal control. The second-
ary antibodies used were anti-rabbit or mouse IgG conjugated with
horseradish peroxidase (Sigma) and detected by ECL-Plus (GE
Healthcare Life Sciences). Densitometric analysis for anti-pMad and
anti-a-Tubulin staining was performed using Image] software.

For Hs2st RNAi treatment of Hsé6st cells, the template for
double-stranded RNA (dsRNA) synthesis was prepared by PCR
with Hs2sz-specific primers containing the T7 promoter sequence at
the 5’ end (Primers 11 and 12 described below; underlined
sequences are derived from Hs2st cDNA). The region corresponding
to 261-560 bp of Hs2st cDNA was targeted. Double-stranded RNA
was synthesized using a Megascript Kit (Ambion). A 500ng of
dsRNA was introduced into the cells using Effectene transfection
reagents (Qiagen) in M3 medium. Control cells were treated in the
same way without dsSRNA. Dpp signaling was assayed 2 days after
the dsRNA treatment.

Primer 11: 5-TAATACGACTCACTATAGGGTTCAAGCCGC
TTTCCAAG-3’

Primer 12: 5'-TAATACGACTCACTATAGGGCCATGTGGCC
GTGATAAAG-3’

Supplementary data
Supplementary data is available at GLYCOBIOLOGY online.
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