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Glioblastoma-secreted soluble CD44
activates tau pathology in the brain
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Abstract

During aggressive tumor growth and migration, glioblastoma cells secrete diverse molecules and adhesion proteins to
the extracellular matrix. Yet, the biochemical effects of the glioblastoma secretome in the brain remain largely
unknown. Here we show that soluble CD44 secreted from glioblastoma cells induces neuronal degeneration through
the activation of tau pathology in the brain. Glioblastoma-xenograft tissues showed a number of degenerating
neurons bearing highly phosphorylated tau. Through a series of secretome-analyses, we identified that soluble CD44
was the responsible protein inducing tau phosphorylation and aggregation (ECso = 19.1 ng/mL). The treatment of
sCD44 to primary hippocampal neurons-induced tau hyperphosphorylation, leading to neuronal degeneration. Also,
the injection of sCD44 into the brains of tau transgenic mice induced tau hyper-phosphorylation in hippocampal
neurons. Altogether, our data suggest a neurodegenerative role of sCD44 in promoting tau pathology and serving as a

molecular link between glioblastoma and neurodegeneration.

Introduction

Glioma is a collection of tumors arising from glial cells,
accounting for >70% of primary brain tumors"?. The most
aggressive type of glioma is clinically classified as glio-
blastoma®. Distinct from other brain tumors, glioblastoma
cells have a remarkable tendency to infiltrate the sur-
rounding brain tissue, especially in the form of a dense
synaptic network®. Glioblastoma cell infiltration is known
to cause severed exons or edema leading to synaptic and
neuronal degeneration®®. As a result, triggered neuronal
degeneration leads to neurologic deficits in vision, mem-
ory, communication, or motor functions®™’. However,
glioblastoma-mediated neurodegeneration has not been
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seriously investigated in the field of brain injury acquired
by radiation- and chemotherapy.

In rapid tumor growth and brain infiltration, glio-
blastoma cells secrete diverse signaling molecules and
adhesion proteins to the extracellular matrix, in order to
communicate with the surrounding brain tissue™'®. To
identify the molecular crosstalk between glioblastoma
cells and stromal cells, glioblastoma secretome-analysis
has been conducted. In 2011, Sirdeshmukh’s group first
reported 148 non-redundant glioblastoma-secretome
markers'!. In their analysis, most of the secreted proteins
were identified to be proteases, protease inhibitors, and
adhesion molecules. Another group led by Yetrib reported
the secretomes of four glioblastoma cell lines and iden-
tified chitinase-3-likel (Ch3L1) responsible for glio-
blastoma invasion'?, More recently, Lee’s research group
reported that interleukin-1 plays a critical role in tumor
progression by evoking an inflammatory response in the
brain'®, These previous approaches, however, focused on
investigating the role of glioblastoma-secretome in the
general context of a tumor, not in the context of a brain
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that consists of billions of neurons. In this study, we
focused on the identification of glioblastoma-secretome
that induces neuronal degeneration.

Tau pathology, given its hypothetical link between
glioblastoma and neurons, was examined in this study.
Tau is a microtubule binding protein that stabilizes
microtubules. When abnormally hyper-phosphorylated,
tau dissociates from the microtubule and become inso-
luble aggregates upon neuronal degeneration'*. Abnormal
tau phosphorylation and aggregation are pathological
characteristics of multiple neurodegenerative disorders,
including Alzheimer’s disease, progressive supranuclear
palsy, and corticobasal degeneration'”. Considering that
glioblastoma causes diverse metabolic and mechanical
stresses, which are considered as potential causes of tau
neuropathology'®™'%, it is essential to examine the asso-
ciation of tau pathology in glioblastoma. In this study, we
demonstrated that glioblastoma-secretome activates tau
pathology, and identified the responsible protein as
glioblastoma-secreted sCD44.

Materials and methods
Glioblastoma cell culture and collection of conditioned
media

Glioblastoma cells (A172, HS683, U87, U373, and
T98G) were purchased from ATCC (Manassas, VA).
Glioblastoma cells were grown in Dulbecco’s modified
eagle medium (DMEM) containing 10% fetal bovine
serum (FBS), 100 units/mL penicillin, and 100 pg/mL
streptomycin at 37°C in a humidified atmosphere
containing 5% CO,. To collect glioblastoma-conditioned
media (C.M.), glioblastoma cells were washed twice
with PBS and cultured in serum-free DMEM for 36 h.
Glioblastoma conditioned media were collected and
centrifuged at 2000r.p.m. for 10min to remove cell
debris.

Exposure of Tau-BiFC expressing cells to glioblastoma C.M

HEK293 tau-BiFC cells were maintained in DMEM
containing 10% FBS, 100 units/ml penicillin, 100 pg/mL
streptomycin, and 100 ug/mL Geneticin (G418, Sigma) at
37°C in a humidified atmosphere containing 5% CO,"’.
For the treatment of glioblastoma-conditioned media,
HEK293 tau-BiFC cells were plated in p-clear 96-well
plates. HEK293 cells expressing GFP were used as a
control. After 12 h of cell attachment, 25% of the culture
medium was replaced with equal volume of glioblastoma-
C.M. or HEK293-C.M. At various time points after the
treatment, the entire plates were automatically imaged by
using Operetta (PerkinElmer) and analyzed using a Har-
mony 3.1 software (PerkinElmer). All experiments were
performed in triplicate. The means and standard devia-
tions (SD) of tau-BiFC intensities were plotted by using a
Prism software (GraphPad).
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Primary neuronal cell culture and treatment with
sCD44

Primary hippocampal neurons were isolated from day
18 embryonic Sprague-Dawley rat brains as described
previously®®. The neurons were seeded at a density of
1.5 x 10* cells/well on a poly-p-lysine-coated 96-well plate
and maintained in the neurobasal medium at 37°C in a
humidified atmosphere of 5% CO,. The neurobasal
medium contains 2% of B27 supplement, 0.5 mM of glu-
tamax, 100 units/mL of penicillin, and 100 pg/mL of
streptomycin. Every 3 days, 50% of the medium was
replaced with the fresh neurobasal medium.

Purified sCD44 was purchased from Sino Biological Inc
and dissolved in PBS. At 7 days in vitro, primary neurons
were treated with sCD44 (120ng/mL). After 48h of
sCD44 treatment, the primary neurons were stained with
NeuO, a neuron selective probe®’, and imaged by using
Operetta (PerkinElmer). To analyze neuronal degenera-
tion, neurite lengths were quantified by using the Har-
mony 3.1 software (PerkinElmer). Error bars indicate the
standard deviation of three independent experiments,
each performed in triplicate. The statistical analysis was
performed via paired ¢-test in Excel and the significance
was considered at a level of p < 0.05.

Immunoblot analysis

For the immunoblot assay, HEK293 tau-BiFC cells were
incubated with glioblastoma-conditioned media or Oka-
daic acid (30 nM) for 24 h. Cell lysates were prepared by
using CelLyticM lysis buffer (Sigma) containing protease/
phosphatase inhibitor cocktail (Sigma). Quantity of 10 pg
of each lysate was separated on 10% SDS-polyacrylamide
gel and transferred to PVDF membrane. Immunoblot
analysis was performed by using anti-p-tau (Ser199), anti-
p-tau (Ser396), and anti-p-tubulin antibodies. All anti-
bodies were purchased from Abcam. Band intensity was
quantified using Image ] software (NIH).

Generation of glioblastoma-xenograft model

All animal experiments were approved by the Korea
Institute of Science and Technology, and the experimental
protocols were carried out in accordance with the
approved guidelines by the Institutional Animal Care and
Use Committee of the Korea Institute of Science and
Technology.

To generate the glioblastoma-xenograft mouse model,
U87 cells were suspended in PBS and 5 x 10° of U87 cells
were injected into the striatum of each BALB/c nude
mouse (n=7). As a control, PBS was injected (n=5).
After 4 weeks of tumorigenesis, the mice were perfused
and the brains were fixed with 4% paraformaldehyde.
Frozen brain tissues were prepared at 30-um thicknesses
with a cryostat (Leica).
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Stereotaxic injection of sCD44 into MAPT tg mice

Four-month-old tau transgenic =~ (MAPT*P301L)
mice expressing human tau containing P301L mutation
were used for sCD44 injection®’. Based on the atlas of
Frankin and Paxions®, 9 ug of purified sCD44: (dissolved
in 8 pL of PBS) was injected into the hippocampus of each
mouse brain at AP: —2.06 mm and ML: —2.0 mm by
pressure injection at 0.2 pL/min (n = 6). Quantity of 8 uL
of PBS was injected as a control (n=5). Two weeks fol-
lowing the injection, the mice were perfused and the
brains were fixed with 4% paraformaldehyde. Frozen brain
tissues were prepared at 30-pm thickness with a cryostat
(Leica).

Immunofluorescence analysis

For immunofluorescence analysis, brain slices from
glioblastoma-xenograft mice and sCD44-injected MAPT
tg mice were stained with anti-AT8 (pS202/T205, 1:200,
Abcam), anti-AT100 (pT212/5214, 1:200, Abcam), anti-p-
Tau (Ser199, 1:200, Abcam), and anti-NeuN (1:500, Mil-
lipore) antibodies. Nuclei were counterstained with
Hoechst. To analyze the distribution of CD44, the brain
slices were stained with Cy5-conjugated anti-sCD44
antibody (1:500, Abcam) and anti-iCD44 (1:500, Cell
Signaling Technology). Fluorescent images were taken by
using Operetta (PerkinElmer). To calculate the percen-
tage of phospho-tau positive neurons, the number of total
neurons and phospho-tau positive neurons were counted
in the cortical, striatum, and hippocampal regions (mm?).
Error bars indicate the standard deviation of three dif-
ferent hippocampal regions. The statistical analysis was
performed via paired t-test and the significance was
considered at a level of p < 0.05.

Human tissue samples and immunohistochemistry

This study was approved by the institutional review
board (IRB) of the Seoul National University College of
Medicine and Hospital. The IRB, due to the retrospective
nature of this study, waived the informed consent
requirement from the participants. Human brain tissues
were surgically extracted from glioblastoma patients (n =
6) at the Seoul National University Hospital. FFPE (10%
neutral buffered formalin, routinely processed, and par-
affin embedded) tissue Section (3 um thick) were cut for
immunohistochemistry. The immunohistochemical stain
was carried out by using a Ventana autostainer. After
deparaffinization with EZ prep, quenching of endogenous
peroxidase activity and antigen unmasking were per-
formed by incubation with cell conditioning 1 at about
100°C for 32 min. The sections were stained with anti-
AT8 (1:200, Abcam) antibody. The reaction products
were then developed by immersing the sections in 3.3'-
diaminobenzidine tetrahydrochloride solution containing
0.03% H,O,.
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Fast protein liquid chromatography (FPLC)

Quantity of 40mL of HS683-, U87-, and T98G-
conditioned media were collected and the 30 ~ 50 kDa
fractions of the conditioned media were sequentially
fractioned by using Centricon filters, of which molecular
weight cutoffs are 30 and 50 kDa. Then, 1 mL of each
30-50 kDa fraction was loaded onto a Superdex-75 10/
300 GL High performance column (GE Healthcare) and
separated by FPLC using a AKTAFPLC system (GE
Healthcare). The separated proteins were eluted with PBS
buffer (0.5 ml/min).

siRNA transfection and analysis

SPARC, CD44 and LDHA siRNAs were purchased from
OriGene Technologies, Inc. For siRNA transfection, U87
cells (5x 10* cells/well) were plated on 6-well plates in
Opti-MEM (Invitrogen) and transfected with each of the
siRNAs by using Lipofectamine 2000 (Invitrogen). Uni-
versal scrambled siRNA duplex was purchased from
OriGene Technologies (r(5'-CGUUAAUCGC-
GUAUAAUACGCGU-3’)AT). Scrambled siRNA was
used as a control. Eighteen hours after transfection, the
medium was replaced with fresh growth medium (DMEM
containing 10% FBS with antibiotics). Seventy-two hours
after transfection, each medium was collected for tau-
BiFC analysis and siRNA transfected U87 cells were col-
lected for immunoblot analysis with anti-CD44 antibody
(Abcam).

Results
Tangle-bearing neurons are observed in the glioblastoma
brain

To investigate glioblastoma-activated tau pathology,
glioblastoma-xenograft mice were generated by injecting
U87 cells into the brain of BALB/c nude mice (n=7).
PBS-injected mice were used as the control (1 =5). After
1 month of gliomagenesis, U87-xenograft mice were killed
and the brain tissue sections were examined. Bright-field
images indicate tumors formed in the striatum (Fig. 1a).
Cresyl violet stain showed massive degeneration of cor-
tical neurons adjacent to the tumor, marked with a red
line in Fig. 1a (Fig. 1b). The number of cortical neurons
was reduced to 53%, compared to that observed in the
PBS-injected group (Fig. 1c). Immuno-fluorescence ana-
lysis with AT8 and AT100 was followed to investigate the
association of tau pathology with glioblastoma. AT8 and
AT100 antibodies are known for their selectivity for
paired helical filaments (PHFs), the late stage of tau
aggregation (Fig. 1d, e). Neuronal cells were counter-
stained with NeuN antibody. AT8 and AT100-positive
neurons were observed in the tumor region and in the
cortical region adjacent to the tumor. The corresponding
brain regions of PBS-injected mice did not show notice-
able responses to AT8 or AT100. The number of ATS8-
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Fig. 1 Elevated tau pathology in U87-xenograft model and primary glioblastoma tissues. a Bright field images of PBS-injected (up) and U87-
xenograft (down) brain tissues. U87 cells were stereotaxically injected into the striatum of BALB/c nude mice brain (n = 7). PBS-injected mice were
used as a negative control (n =5). After 4 weeks of tumorigenesis, brains were extracted and tissue sections were prepared. b Cresyl violet stained
tissues of PBS-control and U87-xenograft. Degenerating neurons were observed in the cortical regions, designated as C1 and C2 in the U87-xenograft
brain. Scale bar, 250 um. ¢ Number of neurons in the cortex. Bars indicate both the mean and standard deviation of the mean, ***P < 0.001. d, e Tau
immunofluorescent images with anti-AT8 (d) and anti-AT100 (e) antibodies. Neuronal nuclei were counterstained with NeuN. Scale bar, 200 um. f, g
Numbers of AT8- and AT100-positive neurons in 1 mm?. h-m AT8 immuohistochemical stained images of human glioblastoma tissues (n = 6).
Paraffin-embedded tissue sections were stained with anti-AT8 antibody (brown). Nuclei were counterstained with Hematoxylin (blue). Scale bar,
400 um

positive neurons was increased by 25-fold in cortex and
16-fold in tumor region, compared to that of PBS-injected
brains (Fig. 1f). The number of AT100-positive neurons
was also increased by 23-fold in cortex and 17-fold in
tumor region (Fig. 1g). Additional time-course experi-
ment indicated that tau pathology was primarily detected
in tumor region after 2 weeks, and secondarily detected in
cortex after 4 weeks of tumorigenesis. (Figure S1). The
glioblastoma-xenograft tissues clearly showed the elevated
tau pathology.

To validate the elevated tau pathology in primary glio-
blastoma tissues, we examined tau pathology in human
glioblastoma tissues surgically removed from the patients
with glioblastoma (#=6) who have not been diagnosed
neurodegenerative disorders. AT8 immuno-stains showed
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highly variable astrocytic** and neuronal tau pathology in
the glioblastoma tissues (Fig. 1h—m). Astrocytic tau fibrils
were observed in all the glioblastoma tissues extracted
from diverse brain regions (Fig. 1h—j). Neuronal tau
inclusions were observed in three cases, of which tumors
were extracted from frontal or temporal lobes
(Fig. 1k—m). Although the degree of tau pathology was
diverse depending on the tumor region, our result clearly
shows the elevated tau pathology in human glioblastoma
tissues.

Glioblastoma-secretome activates tau hyper-
phosphorylation and aggregation

We exposed tau-aggregation sensor cells, named tau-
bimolecular fluorescence complementation (tau-BiFC) to
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Fig. 2 Glioblastoma activates tau hyper-phosphorylation and aggregation. a lllustration of glioblastoma-secretome effect on tau-BiFC sensor
cells. As a fluorescence turn-on sensor, Venus fluorescence turns on only when tau assembles together. b The effect of glioblastoma conditioned
media (C.M.) on tau aggregation. Tau-BiFC cells were treated with glioblastoma (A172, HS683, U87, U373, or T98G) conditioned media or HEK293-
conditioned medium for 48 h. Stable cells expressing GFP were tested as a negative control, indicating that glioblastoma conditioned media did not
100 pm. € Quantification of tau-BiFC fluorescence intensity. Error bars represent the
standard deviations of three independent experiments. d, e Tau immuno-fluorescence images with p-Tau (Ser199) antibody and the quantification.
The significance of the experiments was determined with Student’s t-test. ***p < 0.001. f Immuno-blot analysis of tau phosphorylation with p-Tau
(Ser396) or anti-p-Tau (Ser199). For the immuno-blot analysis, tau-BiFC cells were treated with glioblastoma-C.M for 24 h. HEK293-conditioned
medium was used as a negative control and okadaic acid (O.A) was used as a positive control. g, h Quantification of p-Tau (Ser396) and p-Tau
(Ser199). Error bars represent the standard deviations of three independent experiments. The significance of the experiments was determined with

conditioned media collected from five different glio-
blastoma cells (A172, HS683, U87, U373, and T98G)
(Fig. 2a)'**>?°, Tau-BiFC cells are HEK293-derived stable
cell line, which constitutively expresses tau-BiFC vectors.
In tau-BiFC system, tau is fused to each of the non-
fluorescent N- and C-terminal compartments of a Venus
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protein. As a fluorescence turn-on sensor, Venus fluor-
escence turns on, only when tau assembles together.
When tau-BiFC cells were treated with glioblastoma
conditioned media, tau-BiFC responses were significantly
increased by all glioblastoma conditioned media except
T98G (Fig. 2b). HEK293-conditioned medium was used as
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a negative control. Intriguingly, the level of tau-BiFC
responses varied depending on the glioblastoma cell-
types. HS683- and U87-conditioned media increased tau-
BiFC fluorescence dramatically by showing 13.3- and
14.6-fold increases (Fig. 2c). A172- and U373-conditioned
media-induced moderate tau-BiFC responses by showing
6.5- and 7.8-fold increases. To exclude any possibility of
non-specific CMV promoter activation induced by
glioblastoma-conditioned media, HEK293 cells expressing
green fluorescence protein (GFP) were tested as a control
(Fig. 2b). The results indicate that glioblastoma-
conditioned media did not affect GFP expression.
Immunofluorescence stain with p-Tau (Ser199) anti-
body showed that cellular distribution of tau-BiFC fluor-
escence matches tau phosphorylation patterns (Fig. 2d).
Tau phosphorylation levels were increased 3.9- and 3.8-
fold by HS683- and U87-conditioned media, 2.5- and 2.3-
fold by A172- and U373-conditioned media (Fig. 2e),
while total tau expression levels were similar (Figure S2).
Again, T98G-conditioned media did not induce notice-
able changes in tau phosphorylation. Immunoblot analysis
confirmed the increased level of tau phosphorylation in
tau-BiFC cells that were treated with A172-, HS683-,
U87-, and U373-conditioned media (Fig. 2f). The pattern
of tau phosphorylation at Ser199 closely matches tau-
BiFC responses (Fig. 2g, h). Okadaic acid (O.A.) was used
as a positive control in inducing tau hyperpho-
sphorylation. The in vitro results demonstrate that
glioblastoma-secretome could activate abnormal tau
hyperphosphorylation and aggregation.

Secretome-analysis identifies sCD44 as a
responsible protein

Next, to identify glioblastoma-secretome responsible for
inducing tau pathology, we conducted a series of
secretome-analyses.  First,  glioblastoma-conditioned
media were digested with trypsin to determine whether
the responsible secretome is a protein(s) (Fig. 3a). When
tau-BiFC cells were treated with trypsin-digested glio-
blastoma conditioned media, trypsin-digested HS683- and
U87-conditioned media were no longer effective, indi-
cating that a protein(s) is the responsible factor (Fig. 3b,
c). Total tau expression levels were similar in both cases.
To verify the approximate size of the responsible protein
(s), HS683- and U87-conditioned media were sequentially
fractionated by Centricon with various molecular weight
cutoffs (10, 30, 50, and 100 kDa) (Figure S3). T98G con-
ditioned medium was used as a negative control. Only
30-50kDa fractions-induced a tau-BiFC response indi-
cating that the size of the responsible protein is between
30 and 50kDa. Then, the enriched 30-50kDa fraction
was further separated by using FPLC) with Superdex75 gel
filtration column (Fig. 3d). Then, tau-BiFC cells were
treated with every odd-numbered fraction (Fig. 3e). The
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tau-BiFC response indicated that fraction 11 of both
HS683- and U87-conditioned media is the most effective
fraction enriched with the responsible protein(s)
(Figure S4).

For protein identification, fraction 11 of HS683-, U87-,
or T98G-conditioned medium was subjected to mass
spectrometry analysis (Raw data are available via Proteo-
meXchange with identifier PXD007969; Supplementary
Note 1)%’. As a result, a total of 495 proteins was identi-
fied; 260 from HS683, 237 from U87, and 208 from T98G-
conditioned media (Fig. 3f). Among those, 54 proteins
overlapped both in HS683 and U87 fractions but not in
the T98G fraction used as a negative control (Table. S1).
The 54 proteins were further checked for their peptide-
spectrum matches (PSMs) (Fig. 3g). Based on PSMs
values, secreted protein acidic and rich in cysteine
(SPARC), CD44, and L-lactate dehydrogenase A (LDHA)
were identified as the most “abundant” proteins in frac-
tion 11. To validate the function of the proteins, a siRNA
knockdown experiment was conducted. U87 cells were
transfected with siRNAs against SPARC, CD44, or LDHA.
Eighteen hours after transfection, transfection media were
replaced with normal growth medium. After 48 h, each
conditioned media was collected. Among the tested, only
CD44-siRNA-conditioned medium showed decreased
tau-BiFC response by presenting 32% reduced BiFC
fluorescence (Fig. 3h and Figure S5). Neither SPARC- nor
LDHA-siRNA conditioned media decreased the tau-BiFC
response compared to the scrambled siRNA conditioned
medium. The siRNA experiment suggests that CD44
might be one of the responsible proteins inducing tau
aggregation. CD44 (~85 kDa) has been designated as a cell
surface marker for the malignant tumor participating in
tumor cell adhesion and progression®®*’. During tumor
cell migration, the extracellular domain of CD44 (sCD44;
32 kDa) is known to be released from the glioblastoma cell
surface®*3!, Although the role of sCD44 is still unclear,
the secretion of sCD44 has been reported in 58% of
glioblastoma patients>".

sCD44 activates tau pathology in vitro and in vivo

Next, we evaluated the expression level of CD44 in U87,
HS683, and T98G cells. Immunofluorescence stain with
an intracellular CD44 antibody (iCD44) showed highly
expressed CD44 on the plasma membrane of HS683 and
U87 cells (Fig. 4a). In comparison, CD44 was not detected
in T98G cells. Immunoblot analysis also displayed CD44
expression levels of each glioblastoma cell lines (Fig. 4b).
Then, we quantified soluble CD44 (sCD44) levels in the
glioblastoma-conditioned media (Fig. 4c). As expected,
high concentrations of sCD44 were detected in HS683-
and U87-conditioned media (83.5 ng/mL and 61.1 ng/mL,
respectively). A low concentration of sCD44 was detected
in T98G-conditioned medium (7.2 ng/mL). To ensure the
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Fig. 4 sCD44 induces tau phosphorylation and aggregation. a CD44-immunofluorescence images of HS683, U87, and T98G cells. Cells were fixed
and stained with anti-intracellular CD44 (iCD44) antibody. Scale bar, 50 um. b CD44 immuno-blot analysis. HS683, U87, and T98G cell lysates were
prepared and analyzed with anti-iCD44 or anti-tubulin antibodies. ¢ sCD44 levels in HS683-, U87-, and T98G-C.M. were quantified by using a human
sCD44 ELISA assay. Experiments were performed in duplicate. d Tau-BiFC responses upon the treatment of sCD44 or Chi3L1 at various concentration.
Scale bar, 100 um. e Quantification of tau-BiFC-fluorescence intensity. A Prism’s non-linear regression analysis was used to measure the ECs, value.
The ECsq of sCD44 is 19.1 ng/mL. f Tau-immunofluorescence images of primary hippocampal neurons upon the treatment of sCD44. Rat embryonic
hippocampal neurons were treated with sCD44 protein (120 ng/mL) at 7 days in vitro and incubated for 48 h. Scale bar, 100 ym. p-Tau (Ser199)
intensity was measured by using a Harmony 3.1 software. *p < 0.05. g Live hippocampal neurons stained with NeuO?'. After 48 h of sCD44

(120 ng/mL) treatment, hippocampal neurons were stained with NeuO and imaged. The maximal length of neurites was quantified by the Harmony
3.1 software. Scale bar, 100 um. Error bars represent the standard deviation of three independent experiments. **p < 0.01. h sCD44 was stereotaxically
injected to the hippocampus of 4-month-old tau transgenic (MAPT*P301L) mice (n = 6). i Experimental scheme of sCD44 injection to the
hippocampus of 4-month-old tau transgenic (MAPT*P301L) mice (n = 6). Scale bar, 50 pm. j A number of AT8-positive neurons was calculated in the
hippocampal region (cells/mm?) of the sCD44- (n = 6) or PBS-injected (n = 5) mice brain tissues. The significance of the experiments was determined
by Student's t-test. *p < 0.05
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Fig. 5 Tau pathology correlates with sCD44 distribution. a Distribution of intracellular CD44 (iCD44) and soluble CD44 (sCD44) in the U87-
xenograft brain tissue. Scale bar, 2 mm. b Fluorescence intensity profiles of iCD44 and sCD44 along the dashed line of the tissue section in a. Based
on the intensity profiles, five regions (labeled from i to v) were selected. ¢ CD44 and tau immunofluorescence images of the five selected regions.
U87-xenograft brain tissue was immunofluorescence stained with anti-iCD44, anti-sCD44, and anti-AT8 antibodies. Scale bar, 100 um
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direct effect of sCD44 in inducing tau pathology, tau-BiFC
cells were treated with purified human sCD44 (Fig. 4d).
Chi3L1, a glioblastoma-secretome marker®?, was treated
as a control. As expected, the tau-BiFC response was
significantly increased by the treatment of sCD44 (ECso =
19.1 ng/mL) but not by the treatment of Chi3L1 (Fig. 4e).
In both cases, total tau expression levels were unchanged
(Figure S6). Upon the treatment of sCD44, tau hyper-
phosphorylation pattern was also correlated with the
increased tau-BiFC signals. The result showed that sCD44
could activate tau phosphorylation and tau aggregation.
To investigate the effect of sCD44 on neuronal integrity,
sCD44 was treated to primary neurons. Primary hippo-
campal neurons were isolated from day-18 rat embryos.
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After 7 days in vitro culture, sCD44 (120 ng/mL) was
treated to the hippocampal neurons. Anti-p-Tau(Ser199)
antibody stain showed that tau phosphorylation was sig-
nificantly induced in the soma of hippocampal neurons
treated with sCD44, by showing a 2.3-fold increase
(Fig. 4f). Next, to evaluate neuronal integrity, primary
neurons were stained with NeuO, a neuron selective
fluorescence probe, and analyzedzl. After 48 h of sCD44
treatment, primary hippocampal neurons were sig-
nificantly degenerated by showing 68% shortened neurites
(Fig. 4g). These results clearly indicate that sCD44 acti-
vates tau pathology, leading to neuronal degeneration.
Next, to validate the effect of sCD44 in vivo, purified
sCD44 was directly injected into the hippocampus of 4-
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month-old tau transgenic (MAPT*P301L) mouse brains
(n=6, Fig. 4h)**>. Two weeks after sCD44 injection, the
brains were extracted and the brain tissue sections were
prepared for immune-fluorescence stain. Anti-AT8 anti-
body staining showed abnormal tau hyper-
phosphorylation in the hippocampus especially near the
sCD44 injection site (Fig. 4i). Quantitative analysis found
a statistically significant increase (by 36%) in the number
of AT8-positive neurons in the hippocampal region
(mm?) of sCD44-injected mice brains (n=6), as com-
pared to PBS-injected mouse brains (n =5) (Fig. 4j). The
results clearly demonstrate that sCD44 contributes to
activating tau pathology and neuronal degeneration.

Tau pathology correlates with sCD44 distribution
in the glioblastoma brain

Next, we scrutinized CD44 distribution in the brain of
U87-xenograft mice. Immuno-fluorescence stain with
anti-intracellular CD44 (iCD44) antibody showed high-
density tumor mass in the U87-injected region. In con-
trast, sCD44 immuno-stain showed highly enriched
sCD44 fragments in the edge of the tumor (Fig. 5a, b).
This result supports that CD44 cleavage and secretion
occur massively on the leading edge of the tumor. Inter-
estingly, sCD44 was also detected in the opposite hemi-
sphere of the brain, which is far from the tumor region. If
sCD44 could propagate or circulate in the brain, tau
pathology could be activated in any region of the brain. To
investigate the association between sCD44 and tau
phosphorylation, five horizontal regions of the brain were
selected (Fig. 5¢). When stained with an AT8 antibody,
AT8-positive neurons were observed in not only the
glioblastoma regions but also in the opposite hemisphere
of the brain, where sCD44 is highly enriched. AT8-
positive tau pathology was strongly correlated with the
distribution of sCD44.

Discussion

As a well-known marker for the malignant tumors,
CD44 plays critical roles in tumor cell adhesion
and migration; the extracellular domain of CD44 binds to
hyaluronic acid, a component of the extracellular matrix,
anchoring the cancer cell to the extracellular matrix*.
For tumor cell migration, the extracellular domain of
CD44 is cleaved by membrane-associated proteases.
The elevated level of sCD44 has been detected in 58% of
gliomas, 67% of breast carcinomas, 45% of non-small
cell lung carcinomas, and 90% of colon carcinomas,
indicating the malignancy of the tumor®. So far, it is
unclear whether sCD44 has a specific role in the brain.
Here, our results demonstrate that sCD44 activates
abnormal tau hyper-phosphorylation and aggregation,
which suggests a role of this polypeptide in brain
neurodegeneration.
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Clinical studies showed that 50% of the long-term sur-
vivors of glioblastoma exhibit cognitive declines and 30%
of the long-term survivors become demented®. So far, it
is generally considered that the aggressive tumor treat-
ment including surgical resection combined with chemo-
and radiation therapy are the major causes of neurode-
generation in glioblastoma patients. In addition, glio-
blastoma generates diverse metabolic and mechanical
stresses in the brain®*. Especially, excitotoxic concentra-
tions of glutamate is secreted from glioblastoma cells,
leading to neuronal cell death®®. Also, physical constraints
of glioblastoma generate shear stresses®*’, which have a
potential to trigger tau pathology in the brain. Here, our
findings suggest that glioblastoma-secretome could initi-
ate tau pathology in the brain and demonstrate that
sCD44 plays a critical role as a pathological link between
glioblastoma and neurodegeneration.
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