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SUMMARY

This study examines the functional relationship between glioma cell production of hyaluronan
(HA), known to play a role in glioma invasion, expression of its CD44 receptor, and glioma cell
viability. Production of HA by CD44 positive mouse G26 and human U373 glioma cell lines was
evaluated and compared to that of a CD44 positive mouse fibroblast-like L929 cell line. We found
that both G26 and U373 MG glioma cells, but not L929 fibroblast-like cells, synthesized HA. HA
synthesis by glioma cells was found during the proliferative phase as well as post-confluency, as
detected by fluorophore-assisted carbohydrate electrophoresis. Eighty to ninety percent of the HA
synthesized was secreted into the medium and 10-20% remained associated with the cells. To
examine a possible mechanistic link between the CD44-HA interaction and endogenous HA
production, glioma cells were treated with either anti-CD44 antibodies (clones KM201 or IM7) or
HA oligosaccharides (hexamer oligoHA-6 or decamer oligoHA-10). We found that oligoHA-10,
which was previously shown to compete effectively with the CD44-HA interaction, enhanced
glioma HA synthesis by approximately 1.5-fold, without affecting cell viability. IM7 treatment of
human U373 glioma cells resulted in over 50% decrease of HA production, which was associated
with changes in cell size and apoptosis. Taken together, these data show that CD44 specific
ligands, such as the IM7 antibody or oligopHA-10 could down-regulate or up-regulate glioma HA
production, respectively. Our results suggest that interference with CD44/HA may lead to the
discovery and development of new treatment modalities for glioma.
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INTRODUCTION

Malignant gliomas are locally invasive tumors that rarely metastasize, but are challenging to
treat. Glioma invasion is a complex process involving interaction of tumor cells with host
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cells and with extracellular matrix (ECM) molecules and proteolytic enzymes [1-6].
Hyaluronan (HA), an abundant component of the ECM of brain parenchyma plays an
essential role during glioma invasion through the proteolytically modified ECM in the brain
[2, 5-7]. During this process, certain chondroitin sulfate (CS) proteoglycans (PGs) and HA
are synthesized and released into the microenvironment [8-10]. Some ECM components and
CD44 are found at the invasion front of several tumors, including glioma, at the interface
with normal tissue, e.g., with brain tissue [11-16].

The ECM environment of the brain, rich in HA [17- 21], provides hydrated spaces that
facilitate glioma cell migration and angiogenesis. HA, a principal ligand of the widely
expressed CD44 cell adhesion molecule, is a large glycosaminoglycan (GAG) composed of
repeats of the disaccharide beta-D-glucuronyl-beta-D-N-acetylglucosamine. In the central
nervous system (CNS) the intracellular HA pool results from endocytic or phagocytic uptake
as well as direct secretion into the cytoplasm following synthesis [18, 22, 23]. HA can be
taken up by cells following its interaction with cell-surface CD44, after which it is
transported into lysosomes and degraded by hyaluronidases into small oligosaccharides [24,
25]. HA localization, synthesis and breakdown are subject to dynamic regulation [18, 21]. In
numerous pathologies, including tumor invasion and inflammation, an injury-associated
increase in the production of HA was reported [26— 28]. The stroma of various tumors is
rich in HA, with its levels being several fold higher compared to the normal parenchyma
[29-31]. Both the overproduction of full-length (polymeric) HA [16] and its degradation to
lower molecular weight fragments support tumor invasion and growth, as exemplified by
accelerated intracerebral formation of murine astrocytoma [24, 31,32]. The diverse functions
of HA are mediated in part by HA-binding proteins collectively called hyaladherins, which
include cell-surface receptors such as the CD44 adhesion molecule.

CD44 is a transmembrane glycoprotein, widely expressed in many cells and found in
primary brain tumors such as glioma [33—-36]. CD44 serves as a surface receptor for
components of the ECM such as HA and CS-PGs [1]. The standard form of CD44 (CD44s)
consists of three parts, a cytoplasmic tail, a transmembrane region, and a large (90 amino
acid-long) extracellular domain. The extracellular domain, including the N-terminal region,
contains motifs that function as docking sites for ECM components and are responsible for
binding HA [37]. Binding of HA to CD44 is influenced by variations in the CD44
polypeptide sequence, as well as by glycosylation, and oligomerization of the receptor [37,
38]. Under physiological conditions, CD44 expressed in tumor cells is cleaved by a
membrane-associated metalloproteinase (MMP) at the membrane-proximal region of the
ectodomain. This shedding of CD44 plays a critical role in efficient cell detachment from
the HA substrate and promotes cell migration [39-44]. We found a membranous pattern of
focally strong positive CD44 staining in invading G26 glioma cells and weak punctate CD44
staining in the cytoplasm [12, 45-47]. G26 cells were also shown to secrete HA and CS-
PGs, and the active form of MMP-2 in vitro [8, 46]. Anti-CD44 antibody treatment of these
cells in vitro resulted in decreased invasiveness but had no effect on the activity of MMP-2
[47]. The current study evaluates the HA production and viability of glioma cells treated
with anti-CD44 or HA oligosaccharides, both known to compete with the CD44-HA
interaction [38].

MATERIALS and METHODS

Cell lines

Two tumorigenic [mouse glioma-26 (G26) and human glioma (glioblastoma) U373-MG]
and one non-tumorigenic (mouse fibroblast L929) cell lines were used in this study. L929
and U373 MG were obtained from the American Type Culture Collection (ATCC;
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Manassas, VA). The G26 cell line was developed in this laboratory [8, 45] using glioma
tissue derived from a G26 in vivo model in C57BL/6 mice.

The following anti-CD44 monoclonal antibodies (mAbs) were used for treatment in cell
cultures: rat anti-mouse CD44 clone KM201 (Antigenix America Inc. Franklin Square, NY
and from Southern Biotech, Birmingham, AL.), and rat anti-mouse/human CD44 clone IM7
[48]. Mouse MOPC-21 myeloma IgG1 was used as non-specific 1gG control (Sigma-
Aldrich, St. Lois, MO). All anti-CD44 mAbs used in this study are known to react with
epitopes located on the extracellular portion of the CD44 molecule. The KM201 mAb
recognizes an epitope in the N-terminal HA-binding region of CD44 which is distinct from
the one recognized by IM7 mAb [49, 50] HA-oligosaccharides used in this study were:
oligo-HA10 (decamer) and oligo-HAG (hexamer) (gifts from Dr. Akira Asari, Japan). Mouse
anti-human CD44-FITC mAb (clone L178; BD Biosciences, San Diego, CA) was used for
immunostaining.

Cell Cultures

Cells were seeded at 1- 2 x 106 cells/25 cm? tissue culture flasks and grown at 37°C in 5%
COy in Minimum Essential Medium (MEM) growth medium supplemented with 10% heat-
inactivated fetal bovine serum (FBS) or, in selected experiments, with serum substitute
(UltraCulture general purpose serum-free medium from BioWhittaker, Cambrex,
Walkersville, MD). The growth medium of cell cultures designated for evaluation of HA
production was changed within 48 h of culture and collected daily at 1, 2 and 3 days post-
plating (time-course of HA production), or on day 3 post-plating (cumulative production of
HA). The growth medium of cell cultures designated for treatments with anti-CD44
antibodies or HA-oligosaccharides was also changed within 48 hours of culture and
followed by initiation of the treatments for an additional 22—24 hours.

Cell Treatment

Cells seeded in the flasks (as described above) were incubated for 22—24 hours either in
fresh growth medium alone or with the addition of one of the anti-CD44 mAbs or HA-
oligosaccharides. Both mAbs and the non-specific 1gG1 control were used at approximately
7.5-10 pg protein/5-7x108 cells/25 cm? flask in 3 ml culture medium. HA-oligosaccharides
were used at a concentration of 100 pg/ml (total of 300 pg/culture). Following a 22—-24 hour
incubation of glioma cells with either antibodies or HA-oligosaccharides, endogenous HA
content in cells and the medium was quantified by fluorophore-assisted carbohydrate
electrophoresis (FACE). In addition, CD44 expression by the cells was evaluated by flow
cytometry, cell viability by trypan blue exclusion assay and apoptosis by Annexin V
staining.

Fluorophore-assisted carbohydrate electrophoresis (FACE) quantification of HA

This assay is based on detection of the enzymatically cleaved repeating disaccharide
sequences of HA or chondroitin sulfate/dermatan sulfate (CS/DS) at the beta-1,4-bonds by
chondroitinase ABC. This cleavage generates delta-disaccharides such as HA-derived
(delta-DiHA) and CS/DS- derived disaccharides (delta-Di0S, delta-Di6S, delta-Di4S). Each
lysate product contains a free reducing end that can be stoichiometrically coupled to a
fluorescent tag and detected with this assay [51, 52]. The solubilization of the cell
monolayers with proteinase K at 37° C for 24 h, 60°C for 5 h, and 100° C for 10 minutes is
expected to lyse the cells and solubilize all proteins. HA quantification was performed in
media and cell monolayers.
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To evaluate HA production by the cell cultures, the growth medium was changed and either
collected daily at 1, 2 and 3 days post-plating (time course of HA production), on day 3
post-plating (cumulative production of HA) or after 22—-24 h following incubation of cells
with anti-CD44 antibody or oligo-HA (treatments). All cultures (media and cell monolayers
separately) were prepared for glycosaminoglycan (GAG) analyses as follows:

To evaluate GAG levels the culture medium was removed, combined with a 1 ml PBS wash
of the cell monolayer and lyophilized. Following resuspension with 1.5 ml of water, 400 Lg
of proteinase K (Invitrogen, Carlsbad, CA) was added and the mixture was digested for 8 h
at 60°C. Cell monolayers were digested in the flask in 1.5 ml 0.1 M sodium acetate pH 7.2
with 400 pg of proteinase K for 8 h at 60°C. Proteinase K was inactivated at 100°C for 10
min; samples were cooled on ice, and then chromatographed on G50 columns (0.5 x 5 cm)
that had been preconditioned with 1 mg of bovine serum albumin (BSA) in water. Samples
were eluted in water, the void volume fractions (1.5 ml) were collected and residual glucose
and phenol red were removed by an additional MicroCon10 (Millipore, Billerica, MA)
ultrafiltration step. GAG chains were recovered from the filters in 100 pl of 0.1 M
ammonium acetate pH 7.2 and digested with 16 mU of chondroitinase ABC and 20 mU
chondroitinase ACII (Seikagaku America, A Division of Associates of Cape Cod, Inc., East
Falmouth, MA.) for 18 h at 37°C. Buffer was evaporated by speedvac lyophilization and
samples were derivatized with aminoacridone (AMAC) and cyanoborohydride (CNBHy)
and separated by FACE using monosaccharide composition gels. After separation by FACE,
the relative fluorescence in each band was quantified as follows. The sample wells and the
stacking gel were covered with the light impermeable tape, and the gel cassette was placed
on the transilluminator light box. The gels were viewed and the images captured with a
cooled, charge-coupled device (CCD) camera for analysis. The pixel densities of the bands
of chondroitin lysate digestion products were determined by Gel-Pro Image analyses
software. A sample containing a range of concentrations (20-300 pmole) of delta-
disaccharide standards was routinely included in one lane of each FACE gel. A standard
curve of pixel densities per picomole of saccharide was generated. An average pixel density
per picomole of the delta-disacharide standard (based on the glucose standard) was
determined. The digestion products indentified as unsaturated internal delta-disaccharides
included: delta-DiHA, delta-Di0S, delta-Di6S, and delta-Di4S. The delta-disaccharide
content was determined and delta-DiHA was quantified in the experimental samples. The
HA levels were presented as HA pg /tissue culture flask or HA fg/single cell [51, 52].

Flow cytometry

Cells were detached from adherent cultures using either an enzymatic method with mild
trypsinization or non-enzymatic method using a “cell stripper” solution (Cellgro Mediatech,
Inc. Manassas, VA), washed in culture medium, counted in trypan blue, and samples of 1 x
108 cells in a 50 pl volume were reacted with CD44 antibody conjugated with fluorescein
isothiocyanate (CD44-FITC), for detection of CD44 expression by flow cytometry. The
mouse cells were labeled with rat anti-mouse KM201 CD44-FITC mAb, using nonspecific
rat IgG1 as an isotype control (Antigenix America). The human cells were labeled with
mouse anti-human CD44-FITC mAb (clone L178) using nonspecific mouse 1gG1 as an
isotype control (BD Biosciences, San Diego, CA). The FITC labeled cells were run in a
FACSCalibur flow cytometer and analyzed using CellQuest software (BD Biosciences).
Staining intensity was determined in 2-dimensional histograms of fluorescence intensity
versus cell number, relative to control. (FSC) forward scatter (cell size) and (SSC) side
scatter (granularity) were displayed under identical instrument settings to ensure
comparability of all cell parameters.
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Apoptosis Assay

Adherent U373 cell monolayers, grown in chamber slides (5 x 102 cells/well) and cells in
suspension (prepared as for flow cytometry from cell monolayers) were used in this assay,
employing an annexin V conjugates apoptosis detection kit (Molecular Probes, Eugene,
OR). Cell monolayers were treated with IM7, KM201 or non-specific 1gG for 24 h.
Following treatment, cell cultures were rinsed 3 times with annexin-binding buffer and
labeled with Alexa Fluor 488-conjugated annexin V. Following labeling, cells were rinsed 3
times and fixed in 4% paraformaldehyde in 0.1 M sodium phosphate buffer. The buffer was
removed, Vectashield mounting medium with DAPI was added, and the slides were
coverslipped. The cells were stored at 4°C until examination and photography using a Nikon
Diaphot microscope (Nikon, Melville, NY) equipped with a color CCD camera. Images
were acquired and processed using software from Oncor Image (Gaithersburg, MD). The
number of apoptotic cells in each experimental sample was obtained by the microscopic
evaluation of multiple fields of 100 cells in five experiments. This resulted in obtaining data
for a total of 15 fields (100 cells/field) for each sample in experiments using the adherent
cell monolayers, and 7 fields (100 cells/field) for each sample with cells in suspension.

Statistical Analysis

Statistical analysis was performed using the Microsoft Excel Analysis Tool Pack,
(Redmond, WA). Descriptive statistics (mean and SD) were obtained for the concentrations
of HA and the apoptotic cells numbers. The levels of HA were expressed as either HA g/
flask or HA fg/cell, or as an average relative absorbance of the band representing delta-
DiHA in FACE. The ANOVA single factor test was used for the statistical comparison of
the data evaluating the effect of HA oligosaccharides on HA synthesis. The Student’s paired
t-test was used for the statistical comparison of the data evaluating the effect of IM7
treatment on HA synthesis. Cell apoptosis was evaluated in a similar manner, using either
the Student’s t-test or ANOVA. Differences were considered statistically significant at
p<0.05.

RESULTS

HA Production

To assess the cumulative production of HA, the growth medium and cells were collected
from either mouse G26 or human U373 glioma or L929 fibroblast cell cultures at 3 days
post-plating, and GAG levels were evaluated (Fig. 1). Using the FACE assay, we found that
HA-derived disaccharides (delta-DiHA) were present in digests from both medium (Fig. 1A)
and cells (Fig. 1B) of the mouse glioma G26 (lanes 1, 2), and human glioma U373 cells
(lanes 3, 4). However, they were not detectable in either fraction of the mouse fibroblast
L929 cells (lanes 5, 6) (Fig. 1. A, B). Therefore, it was concluded that HA was accumulating
during 3 days culture in the medium of both glioma cells but not L929 fibroblast cells. HA
concentrations in the samples of medium from the cell cultures, showed a reciprocal
relationship with the levels of glucose found in these samples. This suggested higher glucose
“consumption” by HA-producing glioma cells than by non-HA producing L929 cells. HA
was also detected at low levels in the cell pellets prepared from G26 and U373 glioma cells
but not L929 cells.

A 3-day time course of HA production was also evaluated in cell cultures seeded at 2x108
cells/25 cm? flask in 3 ml of medium. HA secreted into the medium or associated with the
cells was assayed in G26 mouse glioma and compared to HA content in L929 mouse
fibroblast cultures (Fig. 2). The growth medium was collected daily (days: 0-1, 1-2, and 2—
3 post-plating) and the corresponding cell cultures were trypsinized and cell counts were
obtained using trypan blue exclusion. FACE quantitation of HA levels in the medium (Fig.
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2A) and in the cell-associated matrix (Fig. 2B) revealed that 5-10% of HA produced by G26
glioma cells remained associated with the cells during various times of culture (Fig. 2B).
HA was not detected in the cell-associated matrix in cultures of L929 cells at any of the time
points (Fig. 2B). Despite the absence of HA in the L929 culture medium, other GAGs, such
as chondroitin/dermatan sulfate (Di0S, Di6S and Di4S) were detected in both L929
fibroblast and G26 glioma cells cultures (Fig. 2. A, B). G26 glioma cells produced HA both
during proliferation (days 0-2) and after reaching confluence (day 3) (Fig. 2. C, D). The
secretion of HA into the medium at 22—-24h intervals was the highest during the proliferative
phase (0-48 h) of culture ,~280 fg/cell and subsequently declined by approximately 30% to
~190 fg/cell when cells had reached confluence. Furthermore, the cell associated HA
concentration was also higher in proliferating cells (~22 fg/cell) compared to confluent cells
(=12 fg/cell) (Fig. 2. C, D). HA detected in the cell preparation was most likely not
intracellular but rather cell-bound. Although the FACE assay measures both extracellular
and intracellular HA, the levels of internalized HA are expected to be minute due to
extensive HA degradation occurring within the cell.

HA production after cell treatment with oligo-HA-6, HA-10 or anti-CD44 antibody

To evaluate of the relationship between CD44 engagement and HA synthesis by the glioma
cells we employed 22-24 h treatment of cells with HA oligosaccharides (oligoHA-10 and
HA-6) or with anti-CD44 mAbs. Using 2-3 day cell cultures, subsequently treated for
additional 22—-24 h with either HA-10 or HA-6, showed that they differed in their effect on
HA production. When G26 glioma cells were incubated in the presence of oligo-HA-10, HA
synthesis increased ~1.5 fold over the cell controls, which was statistically significant (Fig.
3). Treatment of cells with HA-6 had no effect on HA production (data not shown). Also,
there was no significant effect of HA oligosaccharides on glioma cell viability or apoptosis
(FlowTacs Apoptosis Detection kit, R&D Systems, data not shown).

In another approach, the CD44 was targeted on glioma cells with two anti-CD44 mAbs,
KM201 mAb or IM7 both of which to recognize distinct epitopes located on the
extracellular domain of CD44 [53]. Furthermore, KM201 reacts only with mouse but not
human CD44, whereas IM7 recognize both human and mouse CD44, and has been reported
to have higher affinity for the human than for mouse CD44 [53]. Using 2-3 day cell
cultures, subsequently treated for additional 22—-24 h with either KM201 or IM7 showed no
effect on HA production in G26 glioma cells (Fig. 3). On the other hand, when the human
U373 glioma cells were cultured in the presence of IM7 (either in the medium supplemented
with 10% serum or containing serum substitute), the HA content detected in the medium
was significantly lower than in the medium of cell control (Fig. 4). The following decreases
were observed in these cultures: from 3.007-3.145 pg/flask to 0.848-0.850 ug/flask (when
cells were cultured in the medium supplemented with 10% serum), and from 2.158-1.933
ug/flask to 1.242-0.9239 ug /flask (when cells were cultured in the medium containing
serum substitute). However, the cell-associated HA levels were not visibly affected by IM7
treatment (data not shown).

CD44 expression

All cell lines (U373, G26 and L929) evaluated by flow cytometry showed that these cells
expressed CD44 (data not shown). The cell suspension for flow cytometry was prepared
either by trypsinization or non-enzymatic cell removal using “cell-stripper” solution. Both
methods of cell preparation show similar levels of CD44. Treatment of mouse glioma G26
with oligoHA-6 or oligoHA-10, or with IM7 had no significant effects on CD44
fluorescence intensity. However, when compared with non-specific 1gG (cell control; Fig.
5A), incubation of human glioma U373 with IM7 (Fig. 5B), but not with KM201 (Fig. 5C),
resulted in decreased CD44 fluorescence intensity and a morphological change exhibited by
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the shift toward reduced cell size (Fig.5 B, scatter plot). The morphological alteration of
IM7-treated cells detected by flow cytometry suggested the possibility of apoptosis, but
morphological change was not discernible by routine light microscopic examination of the
adherent U373 cells during IM7 treatment.

To address if apoptosis was induced by anti-CD44 mAb treatment in U373 human glioma
cells, we employed annexin V staining. Exposure of adherent U373 glioma cell cultures to
KM201 showed no detectable apoptosis relative to cell control (Fig. 6 A, B). However,
treatment with IM7 resulted in ~9% of cells becoming Annexin V positive as evaluated by
confocal microscopy (Fig. 6 C, D).

We found similar number of apoptotic cells in IM7-treated human glioma cells, which were
either kept adherent throughout the apoptosis assay (~9%) (Fig 6) or used as a suspension
culture after they were trypsinized (T) or non-enzymatically (NE) removed from the tissue
culture (~11%) (Fig 7). Therefore, we excluded the possibility that the procedure of
detaching the cells from the tissue culture dish using enzymatic or non-enzymatic method
could trigger the morphological change seen upon flow cytometry, and apoptosis seen by
annexin V staining.

DISCUSSION

Here we report that two tumorigenic CD44 positive glioma cell lines (human U373 and
mouse G26) constitutively produce HA. HA was detected in the cell-associated matrix and
found accumulating extracellularly, with the highest levels reached during cell proliferation.
The HA-CDA44 interaction has been implicated in matrix assembly, cell-matrix adhesion,
tumor metastasis, cell migration and motility [5, 6, 54-57]. Increased synthesis and
abnormal accumulation of HA are also known to be associated with cell migration [58-60],
mitosis [61], and tumor invasion [62, 63]. For example, both U373 and G26 glioma, known
to be invasive in vitro and in vivo and tumorigenic in vivo [46, 47, 64], were found here to
produce and accumulate HA extracellularly.

While evaluating HA synthesis by human U373 and mouse G26 invasive glioma cell lines, a
control cell line, mouse L929 fibroblast was also examined. L292 cells, unlike glioma, are
known to be non-invasive, non-tumorigenic, and thus resemble the normal tissue
“parenchyma”. While we found L929 cells to express CD44, these cells showed no
detectable synthesis of HA. Similar observation with regard to HA production by normal
and tumor cells, was made by several investigators. For example, Alaish et al [65] showed
that while there was no difference in the magnitude of CD44 expression between the normal
and keloid tumor derived fibroblasts, HA synthesis by keloid fibroblasts was significantly
higher than in normal dermal fibroblasts in vitro and in vivo. A similar observation was
made for prostate cancer tissue with regard to higher production of HA when compared to
normal or benign hypertrophic prostate tissue [31]. HA synthesis by isolated plasma
membranes from normal cultured human fibroblast cells was found reduced in comparison
with membranes from non-metastatic melanoma cell line, and much lower than in a
metastatic melanoma cell line [21]. Deposition of HA in the ECM by both mouse and
human glioma cell lines investigated in this study, and the lack of HA deposition in the
mouse fibroblast cell line, could result from a balance between the synthesis, release and
intracellular uptake and degradation of HA.

It was previously reported that treatment of various cells with CD44-specific mAbs resulted
in blocking of their HA binding [66]. We found that IM7 treatment of human glioma cells
led to reduction in both HA production and CD44 expression. IM7 also induced glioma cell
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shrinkage and annexin V binding, both consistent with apoptosis. Shi et al [48] reported that
IM7-treatment induced profound differences in the organization of filamentous actin in
monocytes and fibroblasts. IM7-induced apoptosis was reported in experimental
autoimmune uveoretinitis (EAU), where IM7 treatment suppressed EAU disease severity in
vivo by inducing apoptosis of retina-infiltrating leukocytes 50]. In addition, an induction of
apoptosis following IM7 treatment of human chondrosarcoma cell line was reported recently
[67]. The IM7 mAb was shown to induce more extensive shedding of CD44 than other anti-
CD44 antibodies, e.g., KM201 [48]. Annabi et al, [4] reported that CD44 shedding from the
cell surface during glioma infiltration into the normal brain was a HA-mediated process,
related to the up-regulation of MT1-MMP expression. Collectively, it appears that
disturbance of the CD44-HA interaction from either the receptor or the ligand side may have
serious biological consequences [68].

It is known that HA oligosaccharides such as HA-6 or HA-10 can displace full-length HA
by competing for CD44 binding [21]. Displacement of HA can be accomplished by HA
decasaccarides, but HA oligosaccharides shorter than 10-mer cannot effectively displace HA
from the cell surface [38]. Ghatak et al [68] showed that mixed fractions of HA oligomers
composed of 3-10 disaccharide units caused perturbation of HA-CD44 binding, leading to
inhibition of anchorage—independent growth in tumor cell culture, tumor growth in vivo and
apoptosis in vitro [68, 69]. A study by Deed et al [32] reported that native (large-size) HA
had anti-angiogenic activity (inhibited endothelial cell proliferation and migration), but
when degraded to smaller size oligosaccharide fractions (3—10 disaccharide units), this
effect was lost. It has also been reported previously that a hyaluronidase, expressed by
human tumors but not by normal tissues [32, 36], may be responsible for degradation of
native HA leading to production of small-size HA oligosaccharides and induction of
angiogenesis. Our data showing increased levels of HA produced after glioma cell treatment
with HA-10, was similar to that reported by Luke and Prehm [21] who found that HA
oligosaccharides (6—10-mers) stimulated HA production in human fibroblast cultures.
According to Luke and Prehm [21], exogenously added HA oligosaccharides, while
displacing nascent HA from the receptors, can stimulate HA synthesis. In our study,
oligoHA-10 interaction with CD44 in glioma cells could have resulted in further up-
regulation of HA production by these cells. HA of high molecular mass was found in normal
and benign tissue while small HA fragments were found only in tumor tissue, e.g., prostate
cancer [30, 31]. In addition, it was reported that low molecular-weight HA fragments and
tumor-derived HA oligosaccharides strongly stimulated tumor growth, enhanced CD44
cleavage and tumor cell motility [15, 30, 70].

Further understanding of the importance of HA production and HA-CD44 interactions in
glioma cell behavior and invasiveness can provide support to the development of clinical
approaches targeting the HA-CD44 interaction. Information obtained from studies
examining CD44-HA interactions was utilized in some therapeutic models [71]. For
example, soluble recombinant CD44-HA-binding domain (CD44-HABD) was shown to act
directly on endothelial cells by inhibiting their proliferation in vitro and blocking
angiogenesis in vivo ,therefore, resulting in an inhibition of growth of various tumors [71].
Furthermore, HA-paclitaxel, targeted to CD44 positive ovarian carcinoma xenografts,
showed antitumor efficacy, thus representing one of the first attempts to use a HA-based
prodrug with anti-tumor potential [72]. Also, use of cisplatin-incorporated HA nanoparticles
for antitumor drug delivery were reported recently [73].

In conclusion, our findings show that CD44 positive glioma cells produce high amounts of
HA and this process parallels with the rapid growth and proliferation of these cells.
Pericellular accumulation of HA creates a HA-rich microenvironment, which may support
glioma cell growth. This HA-rich microenvironment may, in turn, signal through CD44, via
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short HA fragments e.g., oligoHA-10, to further up-regulate HA production in glioma cells.
Based on the results of our study, HA production may be down-regulated by targeting a
specific epitope (such as IM7 epitope) in the extracellular domain of CD44 [53], with
concomitant induction of apoptosis in glioma cells. Taken together, further evaluation of
CD44-HA interaction and alteration of glioma microenvironment through modulation of HA
production by these cells is warranted. These results may lead to new approaches with a
potential for developing specific anti-tumor therapies targeting invasive gliomas.
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Statements about the novelty and impact of the paper

Our study shows that extracellular levels of HA representing 80-90% of total HA
synthesized by CD44 positive glioma cells (during the proliferative phase and post-
confluence), can be modulated to affect glioma cell viability. The data obtained from
treatment of glioma cells with either oligosaccharide HA-10, which enhanced HA
synthesis (~ 1.5 fold), without an effect on cell viability, or with anti-CD44 antibody
clone IM7, which decreased HA synthesis (>50%) of human glioma and caused
apoptosis, suggest that manipulation of HA production could assist in the development of
new anti-glioma therapies.
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Figure 1.

Cumulative secretion (A, Medium) and cellular accumulation (B, Cells) of HA by human
glioma U373, mouse glioma G26, and mouse fibroblast L929 cells are represented by FACE
images of chondroitin lyase digestion products from cultures harvested at the end of 3-day
cultures. Shown are FACE images of HA-derived disaccharides (delta-DiHA), and CS/DS-
derived disaccharides (delta-DiOS, delta-Di6S, delta-Di4S), and non-reducing hexosamine
(6S gaINAC) as a standard (Std). Each lane represents the products from either one or two
combined 25 cm? flasks seeded with 1- 2 x 10° cells per flask. The glucose content in
medium from L929 cell culture is comparable to the control medium.
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Time course of HA synthesis measured in the medium (A, C) and cellular HA accumulation
(B, D) by mouse glioma G26 and mouse fibroblast L929 cells. Shown are the FACE images
(A,B) of chondroitin lyase digestion products (delta-DiHA, -Di0S, -Di4S, -Di6S) in media
(A) and cells (B). Each lane represents the products from two 25 cm? flasks. The
guantitative data (C, D) are expressed as fg of HA/cell/22h, and are presented for medium
(C) and cell-associated matrix (D) on days 1-3 (d1-d3). Shown are means + SD, and the
number of cultures is indicated on the graphs. The corresponding cell numbers of G26
glioma cell cultures were as follows: Day 1 = 3.6 x105, Day 2 = 7.5 x106, Day 3 = 9.5 x10°
cells/flask.
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Figure 3.

HA accumulation in mouse G26 glioma cultures, either left untreated (Cell Control) or
treated with anti-CD44 mAbs (IM7 or KM201), or HA 10 oligosaccharide (HA10).
Presented is the FACE image (A) of chondroitin lyase digestion products and FACE
standard (Std). The corresponding graph (B) represents average relative UV absorbance.
Shown are the means + SD (h=4-6; *p< 0.005).
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HA accumulation in the medium (A) of human U373 glioma cells, cultured in presence of
10% FBS (+FBS) or serum substitute (-FBS) and either left untreated [cell control (CC)] or
treated for 22—24 h with IM7 (IM7). Presented are the FACE image (A) of chondroitin lyase
digestion products and the corresponding quantitative data (B). HA concentrations are
expressed as pg/flask from 3 x 108 cells/flask/22 h). Shown are the means + SD
(n=4,*p<0.05).
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Flow cytometric evaluation of cell-surface CD44 expression in human U373 glioma non-
treated or treated with anti-CD44 Abs. The two super-imposed peaks seen in each histogram
represent cells reactive with anti-CD44-FITC [L178 anti-human CD44 mAD) (filled
histogram) or with nonspecific mouse IgG1 (line histogram). Representative data are
presented on the left-side, showing histograms of non-treated cell cultures (A), cells treated
with IM7 (B), or with KM201 (C). The Y axis of each histogram represents cell number and
X-axis represents fluorescence intensity. Also, shown on the right side are the corresponding
scatter dot plots of forward-scattered (FSC) and side scattered (SSC) light signals of the
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gated cell population, indicating a shift in the size of IM7-treated glioma cells (B) as
compared to untreated (A) or KM201-treated (C) cells.
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Figure®6.

Evaluation of apoptosis in adherent cultures of U373 human glioma by annexin V staining
and confocal microscopy. Confocal images of U373 human glioma cells which were either
non-treated (A) or treated with KM201 (B) or with IM7 (C) are shown. Exposure of U373
glioma cells to KM201 showed no detectable induction of Annexin V binding (B).
Treatment with IM7 resulted in approximately 9% of the cells staining positive with annexin
V (arrows in C) detected by confocal microscopy. Only nuclear (DAPI) staining is visible in
the Figs. 6 A & B. Means + SD of Annexin V-positive cell numbers in untreated Cell
Control (CC), 1gG-treated, KM201-, and IM7- treated cultures are presented in graph (D) as
percent of apoptotic cells, (n=15, *p<0.0001).
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Figure?7.

Evaluation of apoptosis in IM7-treated U373 human glioma cultures after cell detachment
using enzymatic or non-enzymatic removal. Shown are confocal images of U373 human
glioma cells that were either non-treated (A) or treated with IM7 (B), then detached with
either trypsin or with “cellstripper”solution (non-enzymatic method) and stained with DAPI
and Annexin V. Similar as in the adherent cultures (shown in Fig. 6), treatment of glioma
cells with IM7 (before detachment) resulted in approximately 11% of Annexin V positive
cells (arrows in B). There was no difference between cells detached with trypsinization (T)
or non-enzymatic (NE) method. The graphs represent means + SD of Annexin V-positive
cell numbers presented in graph (C) as percent of apoptotic cells, (n=7, *p<0.001).
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