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Abstract: Glioblastoma multiforme (GBM) is one of the most malignant and aggressive brain tumors with great
amount of hyaluronan (HA) secretion and CD44 overexpression (HA receptor). CD44 has been suggested as a can-
cer stem cells (CSCs) marker. However, several clinical studies have indicated that CD44"" glioma cell exhibit CSCs
traits. Additionally, our previous study indicated that more CD44 expression was associated with a better prognosis
in GBM patients. To determine whether CD44 is an appropriate marker of glioma stem cells (GSCs), we manipu-
lated CD44 expression using intrinsic (CD44 knockdown, CD44%) and extrinsic (HA supplement, HA*) methods. Our
results show that CD44% suppressed cell proliferation by retarding cell cycle progression from GO/G1 to S phase.
Furthermore, it caused GSCs traits, including lower expression of differentiation marker (glial fibrillary acidic protein,
GFAP), a higher level of sphere formation and higher expression of stem cell markers (CD133, nestin and Oct4). The
reduction of CD44 expression induced by HA* was accompanied by an increase in GSCs properties. Interestingly,
the presence of HA* in glioma cells with GSC traits conversely facilitated differentiation. Our data indicated that the
CD44 low-expressing cells exhibit more GSCs straits, suggesting that CD44 is not an appropriate marker for GSCs.
Furthermore, the preferential expression of CD44 at the invasive rim in rat glioma specimen implies that CD44 may
be more important for invasion and migration instead of GSCs marker in glioma.
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Introduction

Glioma is among the most aggressive human
cancers. Despite recent advances in multimod-
al therapies, high-grade glioma remains fatal
[1]. Recently, increasing evidence has indicated
that the existence of a small population of
stem-like cells called cancer stem cells (CSCs)
within malignant tumors, which appear to have
cancer-initiating capacity [2]. Examining CSCs
in the tumor population may provide insight
into the mechanism underlying tumorigenesis
and novel therapeutic targets for optimizing
therapeutic approaches to cancer.

CD44 is an important marker used to isolate a
number of different CSCs lineages, such as
colon, prostate, pancreatic and gastric cancer
[3-6]. In glioma, CD44-enriched glioma stem
cells (GSCs) exhibited significantly higher self-
renewal capacity. Furthermore, increased lev-
els of stem cell genes, including nanog, sox2,
oct4, and Id1, coincided with the increased
expression of the CD44 intracellular domain,
suggesting a link between CD44 and a stem-
like phenotype in glioma [7-9]. However, the
identification of the GSCs markers using lectin
microarray and LC-MS/MS revealed that CD44
was highly expressed in many glioma cell lines,
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including U87, U373 and T98G but not in glio-
blastoma (GBM)-derived stem-like cell line [10].
In addition, the GSC lines derived from primary
GBM can be divided into two clusters according
to their gene expression profile. The expression
profiles of fetal neural stem cell-like, type | GSC
lines were CD44'v CD133"¢" and PDGFRa"e",
Conversely, type Il GSC lines had adult neural
stem cell characteristic, including CD44Men
CD133"* and PDGFRa™ [11]. The CD44'"°v/
CD133"e" GSCs further showed higher tumori-
genicity than CD44"&"/CD133" GSCs [12].
Despite our previous finding that CD44 expres-
sion is correlated with GBM malignance, higher
levels of CD44 expression were surprisingly
correlated with higher survival in GBM patients
[13]. Based on these findings, whether CD44 is
an appropriate marker for GSCs remains con-
troversial. Therefore, additional studies are
needed to clarify the effect of CD44 on GSCs
property. Furthermore, the CD44 signal is stim-
ulated by the interaction with its ligand.
Hyaluronan (HA), a major ligand of CD44, is the
primary extracellular matrix component of brain
tissue and is especially up-regulated in malig-
nant glioma [14, 15]. An increase in the accu-
mulation of HA significantly impacts glioma cell
malignancy and facilitates the development of
GSCs characteristics [16, 17]. However, the
effect of HA-CD44 interaction on CSCs charac-
teristics in glioma cells remains unclear.

In this study, we used shRNA to selectively
reduce CD44 expression in rat (C6) and human
(U8T) glioma cell lines, and then cultured these
cells on HA-coated plates to mimic the glioma
microenvironment. Our data showed that
reduced CD44 and increased GSCs traits were
expressed under CD44 knockdown (CD449) or
HA-supplemented (HA*) conditions. In contrast,
HA* combined with CD44*or the application of
the clinical drug TMZ increased CD44 expres-
sion and reduced GSCs traits. These data
clearly indicate that glioma cells with lower
CD44 expression exhibit more GSCs traits.
Hence, we suggest that CD44 is not an appro-
priate marker of GSCs and that nestin and Oct4
are more suitable than CD44 as GSCs markers.
Furthermore, the preferential distribution of
CD44 at the invasive rim implies that CD44
may play an important role in glioma invasion.

Material and methods
Cell lines and culture

Rat glioma C6 (ATCC® CCL-107™) and human
glioma U87 (ATCCR HTB-14™) cells were incu-
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bated in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine
serum (FBS) and 10 U/ml penicillin, 10 pg/ml
streptomycin and 0.025 ug/ml amphotericin B
at 37°C in a 5% CO, incubator. Growth curves
were assessed using the trypan blue dye exclu-
sion method every 12 hours for a duration of
96 hours. The cell doubling time was calculated
using the following formula: Doubling Time =
[duration x log (2)]/[log (Final Concentration) -
log (Initial Concentration)].

MTT assay

The dye 3-(4,5-dimethylthiazol)-2,5-diphenyl-
tetrazilium bromide (MTT) (Sigma) was used for
MTT assays as previously described [18]. A
total of 3x10* cells were plated in 24-well
plates and incubated overnight to allow cell
attachment. Cell activity was then analyzed
every 24 hours. The cells were treated with 20
pug MTT solution (500 pg/ml) for 4 hours and
then solubilized with dimethysulfoxide (DMSO).
Absorbance was read at 570 nm and used to
determine cell activity using a multiscan reader
(Dynatech, VA, USA).

RNAI transfectants for interference against
CD44

The C6-shl and 2 cell lines were prepared by
transfecting C6 rat glioma cells with the vector
pBLOCK-iT™-6-DEST, which contained a cDNA
that constitutively expressed the rat CD44
shRNA, using Lipofectamine 2000. The second
cell line, U87-sh, was prepared by transfecting
U87 human glioma cells with the vector pLKO.1,
which contained a cDNA that expressed the
human CD44 shRNA, using a lentivirus. The
cells were maintained in complete medium.

HA-coated culture dish

HA solution was prepared by dissolving HA pow-
der (Mw: 1.47x10° Da; Pentapharm, Basel,
Switzerland) in double-distilled water. After the
HA solution had been applied to the surface of
the culture dishes at 16 pg/cm?, the coated
substratum was dried on a hot plate at 45°C for
30 min.

Reverse transcription PCR

Total RNA was extracted from cells using Trizol
reagent (Life Technologies, Carlsbad, CA). One
step RT-PCR was performed wusing a
SuperScript™ One-Step RT-PCR with Platinum®
Taq kit (Invitrogen) with 1 pg RNA, 12.5 ul 2X
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Table 1. List and sequences of primers used in the RT-PCR

The color analyses were perfor-
med using a FACSCalibur sys-

analysis
Annotation Primer sequence Cycle T(°C) tertn (Btecté)n-t[)lcklnzon Jlmm%n:_
Rat cd44 5" TCCCACTATGACACATATTGC-3' 32 55 cytometry Systems, San Jose, CA).
5-ACACCTTCTCCTACTGTTGAC-3’ The cell cycle was studied using
Rat gfap 5-CAAGCCAGACCTCACAGCG-3’ 32 55 total DNA staining. Cells were har
5'.GGTGTCCAGGCTGGTTTCTC.3' vested and fixed with 70% ice-cold
Ratcd133  5-AAGCAGCAAGTTGCCGGAGGAA3' 35 61 ethanol at 4°C for 1 hour. After
5"-GTCATCTTCTCTGTGATGGCGTACA-3' they ‘were centrifuged, the cells
Ratnestin  5-GCTACATACAGGACTCTGCTG-3’ 3B 58 were resuspended and stained
5"-AAACTCTAGACTCACTGGATTCT-3’ with 1 ml propidium iodide (PI)
Rat oct4 5-GAGGGATGGCATACTGTGGAC-3’ 32 60 solution containing 0.2 mg RNase
5"-GGTGTACCCCAAGGTGATCC-3' A, 20 Wl 5% Triton X-100 and 20 g
Rat has1 5"GCTCTATGGGGCGTTCCTC-3' 35 57 Pl (Sigma-Aldrich, USA) for 30 min.
5" CACACATAAGTGGCAGGGTCC-3’ The cells were then analyzed using
Rat has2 5-TCGGAACCACACTGTTTGGAGTG-3' 35 62 flow cytometry. Further analyses
5'CCAGATGTAAGTGACTGATTTGTCCC-3' were performed using FLOWJo
Rat B-actin 5’-CCTCTGGTCGTACCAC-3’ 25 472 software.
5"-CAGTAACAGTCCGCCT-3' ,
Human cd44  5-CCAACTCCATCTGTGCAG-3' 32 50.3 Western biot analysis
5"-AACCTCCTGAAGTGCTGC-3' The cell lected from 10
Human gfap  5-CGCGGCACGAACGAGTCC-3’ 32 57 € cells were cofiected from -
5 GTGTCCAGGCTGGTTTCTCG-3' cm culture dishes and washed with
Human cd133 5"-CACTTACGGCACTCTTCACCT-3' 35 60 normal saline 3 times. A volume of
5" TGCACGATGCCACTTTCTCAC.3' 2 ml of lysis buffer (8 M urea, 4%
Human nestin 5'-GGGACAGAGTTCTCCGAGCT-3' 35 67 CHAPS and protease inhibitor) was
5. GAAGCCAGGACAGCAGGATC-3’ added to suspend the cells. The
Human oct4  5-GTGGAGGAAGCTGACAACAA-3' 35 60 total cell lysate was centrifuged at
5'-GCCGGTTACAGAACCACACT-3' 13,000 rpm at 4°C for 15 min to
Human nanog 5-CCTATGCCTGTGATTTGTGG-3’ 35 57 separate the soluble proteins from
5 _GTTGTTTGCCTTTGGGACT-3’ the cell lysate. An analytical 4-12%
Human B-actin 5 -TGGAATCCTGTGGCATCCATGAAAC-3' 25  57.7 Bis-Tris gel (Invitrogen, USA) was

5’-TAAAACGCAGCTCAGTAACAGTCCG-3'’

used, and 30 ug of proteins were

reaction buffer, 1 yl 10 mM primer and 1 pl
superscript Il platinum Tag polymerase in a
final volume of 25 ul. PCR was performed at 94
°C (denaturation) for 30 s, at annealing tem-
perature for 30 s, and at 74°C (elongation) for 1
min. All RT-PCR products were visualized using
ethidium bromide staining under UV illumina-
tion after electrophoresis in a 1.2-1.5% aga-
rose gel. The primers are listed in Table 1.

Flow cytometry

The cells were harvested and blocked in 3%
BSA and then incubated with the following anti-
bodies: rat CD44 (MA1-81319, Thermo, USA,
1:50) and human CD44 (MAB2137, Millipore,
USA, 1:1000), nestin (AB5922, Chemicon, USA,
1:200), CD133 (LF-PA50121, AbFRONTIER,
Korea, 1:100), Oct4 (PA1-16943, Thermo, USA,
1:100) and GFAP (G4546, Sigma, USA, 1:300).
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analyzed unless otherwise stated.

For the immunoblotting experi-
ments, the protein in the Bis-Tris gel was trans-
ferred to a polyvinylidene difluoride membrane
using an electroblot apparatus. The mem-
branes were then incubated for 2 h at 25°C
with a the following specific primary antibody:
rat nestin (MAB353, Millipore, USA, 1:1000),
rat CD44 (MA1-81319, Thermo, USA, 1:10000),
HAS1 (sc-23145, Santa Cruz Biotechnology,
Santa Cruz, CA, USA, 1:1000), HAS2 (sc-34068,
Santa Cruz Biotechnology, Santa Cruz, CA, USA,
1:1000), or beta-actin (RB-9421-P1, Thermo,
USA, 1:5000). An antibody coupled to horse-
radish peroxidase was used as the secondary
antibody. An enhanced chemiluminescence kit
(Millipore, USA) was used to detect the
proteins.

Immunofluorescence

Cells were cultured on glass coverslips at 37°C
overnight, washed twice with phosphate-buff-
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ered saline (PBS), and fixed with 2% parafor-
maldehyde on ice for 20 min. After the cells
were blocked in 3% BSA for 1 hour, they were
incubated overnight with the primary antibod-
ies at 4°C. The following antibodies were used:
mouse monoclonal anti-rat CD44 (Thermo,
USA), rat monoclonal anti-CD44 (Millipore,
USA), HAS1 (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), HAS2 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), GFAP (Sigma, USA), Oct4
(Thermo, USA) and TGF-B (Abcam, Cambridge,
UK). FITC-conjugated or R-phycoerythrin-con-
jugated secondary antibodies were used. After
the coverslips were washed with PBS, the cell
nuclei were counterstained with Hoechst dye
33342. Then, the slides were viewed and pho-
tographed using a fluorescence microscope.

Immunocytochemistry

Tissue sections were deparaffinized, treated
with 3% H,0, for 10 min at room temperature,
and then microwaved in 0.01 M citrate buffer
(pH 6.0) to retrieve antigenicity. The sections
were blocked in 1% BSA, cultivated at 37°C for
30 min, and then incubated overnight at 4°C
with a goat anti-human CD44 monoclonal anti-
body (1:100 dilution in PBS containing 1% BSA).
The samples were washed four times with PBS,
and goat anti-mouse IgG (PerkinElmer) was
used as the second antibody. Immunocom-
plexes were visualized using a LSAB 2 HRP kit
(Dako, Carpinteria, CA, USA) and 3,3’-diamino-
benzidine tetrachloride as the substrate. Se-
ctions were lightly counterstained with hema-
toxylin, dehydrated through a graded alcohol
series, cleared with xylene, and mounted with
coverslips.

Giemsa staining

The cells were washed with PBS and fixed with
2 ml fixation solution (methanol (Merck,
Germany): acetic acid (Merck, Germany) = 3:1)
for 30 min. The cells were immersed in freshly
prepared Giemsa's buffer (6% Na,HPO,
(American Biorganics, INC) and 5% KH,PO,
(American Biorganics, INC), pH 7) for 10 min.
They were then stained in Giemsa’'s azure
eosine methylene blue solution (Merck,
Germany) for 45 min. The cells were rinsed with
Giemsa’s buffer several times and then rapidly
dipped in 5% acetic acid (Merck, Germany). The
cells were dehydrated in 100% alcohol (Merck,
Germany) and xylene (Kanto Chemical, CO).
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After the cells were air dried, cell morphology
was observed using light microscopy.

Alcian blue stain

To analyze the distribution of hyaluronan in the
rat brain, rat brain slides (10 ym) were incubat-
ed for 30 min at room temperature in 1% Alcian
blue 8GX (Sigma) in 3% acetic acid, pH 2.5, and
then rinsed four times.

Colony-formation assay

Cells were cultured in 12-well culture plates at
5,000 cells/well in 0.1% agar in DMEM culture
medium over a 0.2% agar layer. The plates were
then incubated for 14 days until the colonies
were large enough to be visualized. Colonies
were counted under a stereomicroscope. All
experiments were performed in triplicate.

Orthotopic glioma model

All animal procedures were approved by the
Institutional Animal Care and Use Committee
(@approval number: NCKU IACUC99075). Wistar
rats (8 weeks old) were stereotaxically implant-
ed with cells (1x10° cells/5 pl PBS) in the stria-
tum at the following coordinates: 0.1 mm later-
al and 0.3 mm anterior to bregma at a depth of
0.55 mm from the skull surface. Prior to sur-
gery, the rats were anesthetized with sodium
pentobarbital (45 mg/kg, intraperitoneally).
Twenty-one days after the tumor cells were
injected, all animals were sacrificed. The brains
were removed following perfusion, placed in a
series of sucrose gradient solutions, embed-
ded in optimum cutting temperature compound
(OCT, Tissue-Tek, Miles, Elkhart, IN), and stored
at -80°C. Later, the brains were coronally sec-
tioned, using a cryostat, into 10 ym-thick slices
that were mounted on slides and then used for
Giemsa staining and immunohistochemistry.

Patient samples

This study was approved and performed accord-
ing to the guidelines of the Institutional Review
Board of Chang Gung Memorial Hospital
(approval #104-2656B). Written informed con-
sent was obtained from all patients. The histo-
pathological examinations were performed
according to WHO criteria by a neuropatholo-
gist.
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Figure 1. CD44 protein expression in C6 and U87 cells. Flow cytometry and immunofluorescence analysis of CD44 protein expression in C6 and U87 cells. A-F. CD44
expression was analyzed using flow cytometry. The blue dot indicates WT, the yellow dot indicates the mock, and the red dot indicates sh. A. The expression of the
cell surface CD44 in C6 cells. B. The expression of the intracellular domain of CD44 in C6 cells. C. Statistical analysis of CD44 protein expression in C6 cells. D. The
expression of the cell surface CD44 in U87 cells. E. The expression of the intracellular domain of CD44 in U87 cells. F. Quantification of CD44 protein expression in
U87 cells. G. Immunofluorescence detection of the CD44 protein (red in upper panel) in C6 and U87 glioma cells. Blue indicates Hoechst staining of cell nuclei
(middle panel) (*p value < 0.05).
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Figure 2. Cell growth, morphology and sphere formation ability in CD44%! cells. A. The growth curves of the C6 cell lines were analyzed every 24 hours over a period
of 360 hours by performing cell counting using the trypan blue dye exclusion method. The total number of cells was counted at each time point. (-A-) WT, (-o-) mock,
(-1-) sh1, and (-\-) sh2. n = 3 (NS: non-significant difference). B. Cell density and morphology in C6 cell lines. Scale bar = 200 um. The fourth and sixth panels are
high maghnification views of the sections shown in white frames in C6-sh1 and C6-sh2 cells, respectively. C. Sphere formation was observed in C6 cell lines on day 4
using Giemsa staining. D. Statistical analysis of the spherical area in C6 cell lines. E. Sphere formation was observed in U87 cell lines on day 6 using Giemsa stain-
ing. Scale bar = 500 um. F. Statistical analysis of the spherical area in the U87 cell lines. G. The sphere-forming ability of the C6 cell lines was investigated using
3D colony-formation assays. C6 cells were seeded in 0.1% agar in DMEM culture medium over a layer of 0.2% agar, and the colonies were observed after 14 days
of incubation. H. Statistical analysis of colony numbers in C6 cell lines (*p value < 0.05).
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Table 2. Cell cycle analysis of C6 cell lines. The cells were collected
at the same density (approximately 3x10° cells/10 cm culture
dish) and then analyzed according to Pl fluorescence intensity us-
ing flow cytometry. The table shows the percentage of cells in the
sub-G1, -GO/G1, -G2/M or -S phases of the cell cycle across the

U87-sh cells according to flow
cytometry (Figure 1D-F).

CD44 knockdown prolonged
the cell cycle

experimental C6 cell lines

Cell Population

% of Gated Cells (mean + SD)

To investigate the effects of

CD44 on cell growth, we

C6-WT C6-mock C6-shl p value
counted cells every 24 hours
sub G1 1.74 +0.8 2.27+228 234+1.32 0.207315 for a period of 360 hours and
GO/G1 36.54 +1.59 39.88+4.64 72.03+1.16 0.00591" then calculated growth curves
S 39.05+2.39 36.52+28 15.75+0.72 0.0029371 using the trypan blue dye
G2/M 2265+ 1.36 21.32+4.4 9.87+0.7 0.00404617 exclusion method. The results

The significance of the difference between C6-WT and C6-sh1 cells.

Statistical analysis

No assumptions were made regarding the data
distribution, and all quantitative data are
expressed as the mean + standard deviation.
Each experiment was repeated three times in
duplicate. Statistical analyses of comparisons
between two groups were evaluated using the
one-tailed Mann-Whitney U-test. A probability
value of P < 0.05 was considered statistically
significant.

Result
Inhibition of CD44 expression by shRNA

To study the effect of CD44 on GSCs traits, we
used an shRNA to selectively reduce CD44
expression in rat (C6) and human (U87) glioma
cell lines. Because the most dominant form of
CD44 expressed in brain tumors is the stan-
dard form (CD44s), we designed shRNA frag-
ments capable of targeting sequences specific
to the standard CD44 transcript. RT-PCR analy-
sis revealed that CD44 gene expression was
reduced by 70%, 50% and 60% in C6-shi,
C6-sh2 (Supplementary Figure 1A and 1B) and

U87-sh (Supplementary Figure 1C and 1D)
cells, respectively. The results of protein analy-

ses performed using flow cytometry (Figure
1A-C) and immunofluorescence assays (Figure
1G, left side) revealed a significant decrease in
the expression of cell surface and intracellular
CD44 protein in the C6-shl and C6-sh2 cells.
Although the fluorescence intensity of CD44
labeling was lower in U87-sh than in US7-WT
and U87-mock cells (Figure 1G, right side), only
the cell surface CD44 protein was reduced in
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revealed that cell growth was

slower in C6-shl and C6-sh2

cells than in C6-mock and
C6-WT (control) cells for the first 7 days.
However, despite the fact that the C6-mock
and C6-WT cells had higher proliferation rates,
these cells exhibited decreased growth on day
8. Conversely, the C6-shl and C6-sh2 cells
continued growing until day 14 and 12, respec-
tively, ultimately achieving a cell density similar
to that in the C6-WT and C6-mock cells (Figure
2A). It worth noting that the pattern of cell
growth was similar between C6-sh1 and C6-sh2
cells but that the doubling time was longer in
C6-sh1 cells than in C6-sh2 cells by 6 hours
(44.02 and 38.08 hours, respectively). The
same result was observed in MTT assays
(Supplementary Figure 2). To further confirm
the effects of CD44 on cell growth, we analyzed
the cell cycle in C6 cell lines. CD44 is a cell-
surface glycoprotein involved in cell-cell and
cell-extracellular matrix interactions. To pre-
vent an effect of cell density, all experiments
were performed at the same cell density
(approximately 3x10° cells/10 cm culture dish)
in this study. As shown in Table 2, in C6-shl
cells, the decrease in the percentage of cells in
S and G2/M phase and the increase in the per-
centage of cells in GO/G1 phase without a sub-
G1 increase indicating that C6-shl cells were
arrested in GO/G1 phase. These results dem-
onstrated that lower CD44 expression levels
prolong the cell cycle but increase long-term
proliferative capacity.

CD44* induced changes in cell morphol-
o8y and enhanced the ability of cells to form
spheres

To investigate cell morphology, cells were seed-
ed on culture dishes at a density of 1x10°

Am J Transl Res 2017;9(11):4785-4806
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Figure 3. Expression level of the glial cell differentiation marker (GFAP) and stem
cell markers (CD133, nestin, oct4 and nanog) in C6 and U87 cell lines. The
expression levels of stem cell markers were analyzed at the same cell density
(approximately 3x10° cells/10 cm culture dish) at both the transcriptional and
translational levels in C6 and U87 cells. A. The expression of the GFAP mRNA in
C6 cell lines. B. Quantification of GFAP mRNA expression in C6 cell lines. C. The
expression level of GFAP mRNA in U87 cell lines. D. Quantification of GFAP mRNA
expression in U87 cell lines. E. Statistical analysis of GFAP protein expression in
C6 cell lines detected using flow cytometry. F. Statistical analysis of GFAP protein
expression in U87 cell lines detected using flow cytometry. G. The expression lev-
els of the CD133, nestin and Oct4 mRNAs were detected in C6 cell lines using RT-
PCR. H. The protein expression levels of CD133, nestin and Oct4 were detected

in C6 cell lines. CD133 and
Oct4 expression levels were
detected using flow cytom-
etry, and nestin expression
was detected using Western
blot analysis. I. The gene ex-
pression levels of CD133,
nestin, Oct4 and nanog were
detected in U87 cells using
RT-PCR. J. The expression
levels of the CD133, nestin
and Oct4 proteins were de-
tected in U87 cell lines using
flow cytometry (*p value <
0.05).

cells/10 cm dish. The
morphologies of C6-WT,
C6-mock, C6-sh1 and C6-
sh2 cells were obser-
ved every 24 hours for a
period of 96 hours. We
found that the C6-WT and
C6-mock cells had a nor-
mal fibroblast morpholo-
gy, while C6-shl and
C6-sh2 cells had irregular
morphologies and began
to aggregate after 24
hours. After 72 hours,
these cells had formed a
tight colony (patch), and
the cells were spherical in
shape by 96 hours (Figure
2B). We used Giemsa
staining to analyze sphere
formation in the C6 and
U87 cell lines on day 4
and day 6, respectively.
The C6-shi1, C6-sh2 and
U87-sh cells showed gre-
ater patch formation than
the WT and mock cells
(Figure 2C and 2E), and
the number of spheres in
these cells was also high-
er than that observed in
WT and mock cells (Figure
2D and 2F). In addition to
the traditional 2D mono-
layer culture, sphere-form-
ing ability was also investi-
gated using 3D colony-
formation assay. The C6
cells were seeded in
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Figure 4. The distribution of the CD44, Oct4, GFAP, TGF-B, HAS1 and HAS2 proteins in rat glioma. Photomicrograph
of a C6 rat glioma section stained using immunofluorescence for CD44, Oct4, GFAP, TGF-B, HAS1 and HAS2 (green)
at its margin (left) and core (right). The white dotted line in the left panel indicates the edge that separates the

tumor core from the invasive rim. Blue indicates Hoechst-stained cell nuclei.

12-well culture plates at 5,000 cells/well in
0.1% agar in DMEM culture medium over a
0.2% agar layer, and the colonies were counted
after 14 days of incubation. As shown in Figure
2G and 2H, the C6-sh1 cells had 5.2-fold higher
colony-formation ability than the C6-WT and
C6-mock cells. Sphere-forming ability rapidly
emerged as a potential indicator that is applied
to isolate embryonic stem cells (ESCs) and
adult stem cells (ASCs), and for studying the
biology of each of these cell types. Our data
show that glioma cells expressing low levels of
CD44 were better able to form spheres, sug-
gesting that cells with low CD44 expression
may possess stem cell-like properties.

Stem cell marker expression was increased by
CD44x

In many cell types, cell proliferation is mediated
by the coupling of growth arrest and cellular dif-
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ferentiation. Our results show that the shRNA-
mediated depletion of CD44s decreased glio-
ma cell growth and led to cell cycle arrest at the
GO/G1 phase, implying a differentiated pheno-
type [19]. However, our results also revealed
that glioma cells expressing low levels of CD44
have greater sphere-forming capacity. To fur-
ther clarify the effects of CD44 on cell differen-
tiation, the expression of the astrocyte and glial
differentiation marker GFAP was analyzed [20].
Our data showed that GFAP gene expression
was 37% lower in C6-shl cells than in C6-WT
cells (Figure 3A and 3B). Similarly, GFAP gene
expression was 50% lower in U87-sh cells than
inU87-WT cells (Figure 3Cand 3D). Furthermore,
the expression of the GFAP protein was 79%
lower in C6-sh1l cells than in C6-WT cells (Figure
3E) and 43% lower in U87-sh cells than in U87-
WT cells (Figure 3F). These results indicate that
a reduction in CD44 expression produced
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dedifferentiated glioma cells. It was previously
reported that stem cells are relatively quies-
cent compared to their differentiated offspring
[24]. Our results show that the proliferation and
differentiation rates of CD44* cells are similar
to those of stem cells. To investigate whether
the stem cell-like properties of glioma cells are
affected by CD44, we analyzed the expression
of stem cell markers, including CD133, nestin,
Nanog and Oct4, in C6 and U87 cells. The
results of RT-PCR and flow cytometry indicated
that in C6-sh1 cells, CD133 mRNA expression
was 1.7-fold higher (Figure 3G) and CD133 pro-
tein expression was 3.6-fold higher than in
C6-WT cells (Figure 3H). The expression pat-
tern of nestin was similar to that of CD133.
Specifically, the expression levels of both the
nestin mRNA and protein were 2.1-fold higher
in C6-shi cells (Figure 3G and 3H). Furthermore,
Oct4, which is involved in self-renewal in undif-
ferentiated ESCs, was also expressed at higher
levels in CD44% cells. The gene and protein
expression of Oct4 were 2-fold and 2.2-fold
higher in C6-shl cells expression was 2-fold
higher in C6-shl cells (Figure 3G and 3H).
Similarly, the expression levels of stem cell
markers were higher in U87-sh cells. The gene
expression levels of CD133, nestin, Oct4, and
Nanog were 1.7-, 2.3-, 1.6-, and 2-fold higher in
U87-sh cells (Figure 3l). And the protein expres-
sion levels of the CD133, nestin and Oct4 were
increased in U87-sh cells by 3.8-, 2.4-, and 1.8-
fold, respectively (Figure 3J). Furthermore, the
distribution of these markers was also investi-
gated in a rat model of glioma. As shown in
Figure 4, both CD44 and GFAP were highly
expressed at the margin; however, Oct4 was
highly expressed in the core region of gliomas.
These results indicate that a lower level of
CD44 resulted in dedifferentiation characteris-
tics and caused glioma cells to present proper-
ties similar to those observed in stem cells in
both rat and human glioma cells.

Opposing distribution patterns of HA and
CD44 in human and rat glioma

CD44 stimulates intracellular signal transduc-
tion to regulate cellular processes by interact-
ing with its ligand. It has been consistently
observed that the concentration of HA, the
major ligand of CD44, is higher in glioma
regions than in normal brain tissue. Therefore,
we investigated the distribution of HA and
CD44 in human and rat gliomas. As shown in
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Figure 5A, CD44 expression was higher in
human GBM than in lower-malignancy gliomas
(Figure 5Aa-f). However, a higher level of CD44
expression region was associated with a lower
HA concentration in human specimens (Figure
5Ag-l). This antagonistic phenomenon between
HA and CD44 was also observed in a rat glioma
model. As shown in Figure 5B, both CD44 and
HA were highly distributed at glioma regions in
rat brains, but the HA concentration was higher
in the core region (Figure 5Bb), while CD44
expression was higher at margin of the glioma
region (Figure 5Bc). These data indicate that a
higher concentration of HA is associated with a
lower level of CD44 in both rat and human glio-
mas. To further investigate the relationship
between CD44 and HA in glioma, culture dishes
were coated with high molecular weight HA
(HMW-HA) (1.47x10° Da) to mimic the glioma
microenvironment because an abundance of
HMW-HA has been observed in brain tumors
[22, 23]. C6 cells were seeded on culture dish-
es with or without a coating of HA (16 ug/cm?)
at a cell density 1x108/10 cm dish, and the
expression of CD44 was analyzed at both the
transcriptional and translational levels. The in
vivo results showed that both the mRNA and
protein expression level of CD44 were de-
creased by HA* in C6-WT and C6-mock cells.
Interestingly, CD44 expression was increased
in C6-sh1 and C6-sh2 cells grown by HA* (Figure
5C-E).

Effects of HA on cell growth and morphology in
C6 glioma cell lines

To investigate the effect of HA on cell growth,
we performed cell counting every 24 hours for
a duration of 96 hours using the trypan blue
dye exclusion method. Cell morphology was
also observed during this period (Figure 6). The
data showed that HA" decreased cell growth in
both C6-WT, C6-mock and C6-sh1 cells (Figure
6A). In addition, as shown in Figure 6B, an anal-
ysis of the cell cycle revealed that the percent-
age of cells in GO/G1 phase was higher and the
percentage of cells in S phase was lower in
C6-WT and C6-mock cells treated with HA". In
contrast, HA* decreased the percentage of GO/
G1 phase cells and increased the percentage
of S phase cells in C6-sh1 cells.

Our analysis of cell morphology showed that

the C6-WT and C6-mock cells had a spindle-
like shape, but the morphology of the C6-WT
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and C6-mock cells that
were grown with HA* was
irregular, and the cells
began to aggregate after
24 hours and to form
tight colonies (patches)
after 96 hours. As our
previous data showed,
C6-shl and C6-sh2 cells
expressed a spherical
morphology; however, tr-
eatment with HA* elimi-
nated the sphere-forming
capability of C6-shl and
C6-sh2 cells and caused
their cellular morphology
to become flat and irregu-
lar (Figure 6C). The quan-
tity of sphere area also
showed the similar result
(Figure 6D).

Effects of HA on stem
cell markers in C6 glioma
cell lines

As previously described,
CD44 expression, which
was affected by HA*, can
itself affect GSCs proper-
ties in C6 cells. To further
clarify the effect of HA on
GSCs characteristics, we
investigated the expres-
sion of GSCs markers in
C6 cell lines treated with
HA*. As shown in Figure 7,
an analysis of expression
at both the transcription-
al and translational levels
showed that GFAP expres-
sion was decreased by
HA* in C6-WT and C6-
mock cells but increased
by HA* in C6-shl and
C6-sh2 cells (Figure 7A,
7B). In contrast, the
expression levels of both
the mRNAs and the pro-
teins of the stem cell
markers CD133, Oct4
and nestin were higher in
C6-WT and C6-mock cells
but lower in C6-shl and
C6-sh2 cells treated with
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HA* (Figure 7C-H). These data revealed that the
HA* caused CD44 high-expressing cells (C6-WT
and C6-mock) to exhibit stem cell-like charac-
teristics but caused CD44 low-expressing cells
(C6-shl1 and C6-sh2) to exhibit more differenti-
ated characteristics.

Based on these results, we suggest that HA*
caused the diverse cell differential direction in
glioma cells that express different levels of
CD44. These results indicate that the effect of
HA on GSCs characteristics and cell differentia-
tion is probably mediated by CD44.

Effects of HA on HA metabolism-associated
gene expression in C6 glioma cell lines

The direction of cell differentiation could be
affected by HA with different molecular weight
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[18]. In mammalian cells, HA is synthesized in
different molecular weight forms depending on
tissue-specific HA synthases (HAS). HAS2 syn-
thesizes HMW-HA, while the comparatively low
molecular weight HA (LMW-HA) is synthesized
by HAS1 and HAS3 [24]. Because our data
showed that the exogenous HMW-HA causes
distinct direction of differentiation in glioma
cells, depending on the level of CD44 expres-
sion, we sought to investigate the expression of
endogenous HAS expression in this study. As
shown in Figure 7, HAS1 expression was
decreased by CD44* or HA* in C6-WT and
C6-mock cells, and the decrease in HAS1
expression observed in CD44% cells was recov-
ered by HA* (Figure 71 and 7K). The pattern of
HAS2 expression was opposite that of HAS1
(Figure 7J and 7K). The expression of HAS3 was
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C6 and U87 cells with 25 pg/
ml TMZ and then analyzed
the expression of CD44 and
GSCs markers, including
CD133, Oct4, nanog and nes-
tin, after 96 hours to investi-
gate the effect of TMZ on
GSCs traits. As shown in
Figure 8, the expression of
CD44 was significantly higher
after treatment with TMZ.
Conversely, all of the GSCs
markers were diminished by
TMZ treatment in both C6
and U87 cells (Figure 8). This
result demonstrates that
TMZ significantly increased
CD44 expression and that
this effect was accompanied
by a reduction in GSCs
characteristics.

LMW HA accumulation Discussion
promotes glioma cell
differentiation.

The reason for expanding
research into CSCs identifica-

Figure 9. A model of cell differentiation in glioma cells expressing different
levels of CD44 in an HA-rich environment. The model summarizes the results
of this study, which shows that in an HA-rich environment, the different direc-
tions of differentiation occurs in cell lines expressing different levels of CD44.
The effects of the HA-CD44 interaction on the levels of HAS1 and HAS2 are
also shown. Orange and purple are used to indicate the effect of HA on cell
dedifferentiation in mature glioma cells (CD44"e") and stem cell-like glioma

tion and targeting is that can-
cers arise from CSCs, and
cancer might therefore be
defeated if CSCs can be spe-
cifically eliminated. CD44 has

cells (CD44"),

not detected in C6 gliomas. The in vitro results
showed that HAS1 distribution was similar to
CD44 that was high at the margin, while HAS2
was highly expressed in the core region in a rat
glioma model (Figure 4). The TGF-B has been
shown to decrease HAS2 but increase HAS1
expression and the TGF-B receptor is co-
expressed with CD44 [25, 26]. Hence, to fur-
ther clarify the relationship between CD44 and
HAS, the expression of TGF-f3 was investigated
in this study. As shown in Figure 4, the distribu-
tion of TGF-B is consistent with CD44 and HAS1
that is high at the margin in rat glioma tissues.

Treatment with TMZ elevated the expression
of CD44 and GSCs markers in C6 and U87
glioma cell lines

TMZ is the current standard clinical treatment
in glioma patients [27]. In this study, we treated
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been recognized as a CSCs

marker in a variety of cancer

types [28]. However, in this
study, we provide evidence showing that reduc-
ing CD44 using different methods (CD44,
HA") induced the expression of GSCs markers
and characteristics, including CD133, nestin,
and Oct4 expression, sphere formation capaci-
ty and long-term proliferation. In contrast,
applying HA* in combination with CD44*¢ or
treatment with TMZ increased CD44 expres-
sion and reduced GSCs characteristics.
Therefore, we deduced that CD44 is not an
appropriate marker for GSCs.

Over the past decade, various surface markers
have been used to isolate potential CSCs in dif-
ferent tumors. One marker of considerable
interest in GSCs is CD44 [7]. The decrease in
brain tumor growth observed in CD447 mice
suggests that only CD44"e" cells exhibit GSCs
properties [9]. However, GBM has been known
to have a histologically complex and heteroge-
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neous cellular composition [29, 30]. These
data, combined with the presence of a variety
of CSCs markers, persuaded us that GSCs
might also be heterogeneous and not repre-
sented by one particular phenotype. This
assumption is supported by previous studies,
which have explored the complexity of GSCs
marker expression that CD133 cells can pos-
sess GSCs properties as well as CD133" cells
derived from GBM [31-33]. Recently, several
studies have indicated that GSCs lines derived
from primary GBM can be divided into distinct
types according to their gene expression pro-
files and that both CD44'“/CD133"&" and
CD44"en/CD133"°" GSCs have sphere-forming
ability and high tumorigenicity [11, 12].
Furthermore, CD44 is highly expressed in sev-
eral glioma cell lines, including U87, U373, and
T98G cells, but was undetectable in a GBM-
derived stem-like cell line [10]. In combination
with our data that CD44 low-expressing glioma
cells exhibit GSCs traits, these data indicating
that GSCs are heterogeneous.

In addition to the genetic traits inherent in can-
cer cells, the tumor microenvironment is
thought to significantly impact tumor onset and
progression [34]. In the central nervous sys-
tem, HA has been shown to have an effect on
the differentiation of glial cells [35, 36]. Here,
we show that in wild type glioma cells, HMW-HA
maintained the cells in a quiescent GSCs state
and down-regulated CD44. Furthermore, cells
treated with TMZ efficiently increased the
expression of CD44 and reduced the levels of
other GSCs markers. These results further con-
firm that CD44 and GSCs traits are negatively
correlated, indicating that CD44 is not a suit-
able marker for GSCs

Although HA*-induced GSCs properties were
observed in wild type glioma cells, it is interest-
ing that combining HA* with CD44*¢ conversely
triggered cell differentiation by increasing
CD44 expression (Figure 9). HA induces differ-
ent biological signals depending on its molecu-
lar weight. An accumulation of HMW-HA main-
tains progenitor cells in a quiescent state,
whereas LMW-HA promotes cell differentiation
[35, 36]. Here, we show that CD44 low-express-
ing glioma cells, which express high levels of
HAS2 and low levels of HAS1, exhibit GSCs-like
properties. The overexpression of HAS2 has
been reported to promote CSCs characteris-
tics, including anchorage-independent growth
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and tumorigenicity [37]. Thus, we suggest that
the quiescent GSCs traits observed in CD44
low-expressing glioma cells might be main-
tained by the accumulation of HMW-HA. In con-
trast, CD44 high-expressing glioma cells
express low levels of HAS2 and high levels of
HAS1, which may result in the accumulation of
LMW-HA and facilitate cell differentiation
(Figure 9). TGF-B has been reported to down-
regulate HAS2 and up-regulate HAS1 expres-
sion [25, 26]. Here, we show that the distribu-
tion of TGF-B was contrary to HAS2 but
consistent with HAS1 and CD44. Together,
these results indicate that the diverse direc-
tions of differentiation observed in glioma cells
expressing different levels of CD44 may be
manipulated through the CD44/TGF-B/HAS
pathway.

In addition to being a CSCs marker, CD44 has
also been implicated in many important biologi-
cal processes in cancer. Similar to our results,
the absence of CD44 decreases the initial pro-
liferation rate; nevertheless, CD44" cells
exhibit higher proliferative ability in endothelial
and GBM cells [38, 39], suggesting that CD44
maintains mitotic activity for an extended peri-
od of time. CD44 expression is also associated
with a metastatic phenotype [40-42]. The
CD44* GSCs had enriched invasion and migra-
tion pathways [43], and consistent with our
result that CD44 was preferentially expressed
at the invasive rim, implying that CD44 is impor-
tant for invasion and migration [44].

In conclusion, in this study, we provided evi-
dence showing that CD44 is not an appropriate
marker for GSCs. Instead, the major roles of
CD44 in glioma may be proliferation, migration
and invasion. The GSCs traits observed in
CD44 low-expressing cells were probably
induced by elevated levels of Oct4 and nestin,
which are more appropriate GSCs markers and
generally consistent across all CSCs. This result
likely explains the longer median survival time
observed in GBM patients with higher CD44
expression in our previous clinical study [13].
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Supplementary Figure 1. Expression of CD44 gene in C6 and U87 glioma cell lines. The cells were collected at the
cell density about 3x10° cells/10 cm? culture dish. The CD44 gene expression was analyzed by RT-PCR. A. The ex-
pression of CD44 mRNA in C6 cell lines. B. Quantification of CD44 mRNA expression in C6 cell lines. C. The expres-
sion of CD44 mRNA in U87 cell lines. D. Quantification of CD44 mRNA expression in U87 cell lines (*p value < 0.05).
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Supplementary Figure 2. The growth curve of C6 cell lines. The mitochondria activity of WT, mock and sh1 cells
was analyzed every 24 hour over a period of 384 hour by MTT assay. (-A-) WT, (-0-) mock, (-1-) sh1. n = 3. (NS: non-
significant difference).



