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Abstract
Secreted Protein Acidic and Rich in Cysteine (SPARC) participate in the regulation of
morphogenesis and cellular differentiation through its modulation of cell-matrix interactions. We
previously reported that SPARC expression significantly impairs medulloblastoma tumor growth
in vivo. In this study, we show that Adenoviral-mediated overexpression of SPARC cDNA (Ad-
DsRed-SP) elevated the expression of the neuronal markers NeuN, Nestin, Neurofilament (NF)
and MAP-2 in medulloblastoma cells and induced neuron like differentiation. SPARC
overexpression decreased Signal Transducer and Activator of Transcription 3 (STAT3)
phosphorylation; constitutive expression of STAT3 reversed SPARC-mediated expression of
neuronal markers. We also show that Notch signaling is suppressed in the presence of SPARC, as
well as the Notch effector basic helix-loop-helix (bHLH) transcription factor hairy and enhancer
of split 1 (HES1). Notch signaling was found to be responsible for the decreased STAT3
phosphorylation in response to SPARC expression. Furthermore, expression of SPARC decreased
the production of IL-6 and supplemented IL-6-abrogated, SPARC-mediated suppression of Notch
signaling and expression of neuronal markers. Immunohistochemical analysis of tumor sections
from mice treated with Ad-DsRed-SP showed increased immunoreactivity for the neuronal
markers and a decrease in Notch1 expression and phosphorylation of STAT3. Taken together, our
results suggest that SPARC induces expression of neuronal markers in medulloblastoma cells
through its inhibitory effect on IL-6 regulated suppression of Notch pathway-mediated STAT3
signaling, thus giving further support to the potential use of SPARC as a therapeutic candidate for
medulloblastoma treatment. Findings show that SPARC-induced neuronal differentiation can
sensitize medulloblastoma cells for therapy.
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INTRODUCTION
Medulloblastoma is a malignant tumor of the cerebellum. The median age at diagnosis is 5
years, with the age range extending into young adulthood. Primary management consists of
surgical resection followed by radiation therapy and chemotherapy. Current therapies have
serious short-term and long-term adverse effects, including neurocognitive deficits,
endocrinopathies, sterility, and the risk of secondary high-grade glioma or meningioma (1).
Patients with recurrent disease after primary therapy have a particularly poor prognosis, with
a median survival of less than 6 months; the 2-year survival rate among these patients is
approximately 9% (2). Medulloblastomas are functionally heterogeneous tumors with a
subset of cells that have a stem-like phenotype that drives tumor growth. These cells contain
two karyotypically similar populations-one comprised of rapidly proliferating,
undifferentiated cells and a second (the nodules) composed of largely non-proliferative cells
that have differentiated into neurons (3). Tumors with more cells of the second type are
known to be less aggressive clinically (4). This suggests that modulating the number of
primitive cells in a medulloblastoma can affect the clinical outcome.

The Notch signaling pathway regulates cell differentiation by means of intercellular
communication between adjacent cells (5). A role for Notch in medulloblastoma stem cell
maintenance has been described. Notch suppression induced differentiation in
medulloblastoma cells and viable populations of better-differentiated cells continued to
grow when Notch activation was inhibited. However, they were unable to efficiently form
soft-agar colonies or tumor xenografts, suggesting that a cell fraction required for tumor
propagation had been depleted. Further, Notch blockade reduced the CD133-positive cell
fraction suggesting that the loss of tumor-forming capacity could be due to the depletion of
stem-like cells. Stem-like cells in medulloblastoma tumors thus seem to be selectively
vulnerable to agents inhibiting the Notch pathway (6).

Secreted Protein Acidic and Rich in Cysteine (SPARC/osteonectin/BM40) is a 32kDa
calcium-binding glycoprotein that affects a wide variety of cellular processes, including
counter adhesion, ECM remodeling (7), cell migration (8), and angiogenesis (7, 9). In adult
tissues, expression of SPARC is highest in tissues undergoing active matrix remodeling,
where it is hypothesized to function as a negative regulator of growth factor activity and has
been shown to possess anti-adhesive and anti-proliferative properties (10–12). SPARC is
also thought to play a critical role in epithelial differentiation (13), parietal endoderm
differentiation, cardiomyogenesis in embryoid bodies (14), and differentiation of myoblasts
(15). In addition, SPARC was also shown to play a role in neural and/or glia differentiation
(16). Further, previous studies have shown that Daoy and D283 medulloblastoma cells are
arrested along the neuronal differentiation pathway (17).

In a recent study, we established that SPARC expression induced apoptosis and regressed
pre-established tumor growth in medulloblastoma cells (18). Previous studies have shown
that Daoy and D283 medulloblastoma cells are arrested along the neuronal differentiation
pathway (17). In the present study, we first investigated the effect of endogenous expression
of SPARC using adenoviral-mediated delivery of SPARC full length cDNA on the
expression of neuronal markers in medulloblastoma cells in vitro and in vivo. Further we
demonstrate the role of Notch1/Signal Transducer and Activator of Transcription 3 (STAT3)
in SPARC-induced neuronal marker expression in human medulloblastoma cell lines. These
data define a new role for SPARC as an inducer of neuronal differentiation and could lead to
a favorable course of treatment for medulloblastoma patients and it may sensitize tumors for
therapy.
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MATERIALS AND METHODS
Cell cultures

We used the Daoy (HTB-186), D283 Med (HTB-185), UW228, D425, cell lines and
primary medulloblastoma cells (H2405 and H2411) for this study. Daoy and D283 cells
were authenticated by DNA profile using the short tandem repeat (STR), cytogenetic
analysis and isoenzymes, and obtained from ATCC, (Manassas, VA). D425, H2405 and
H2411 cells were kindly provided by Dr. Darell D. Bigner (Duke University Medical
Center); and UW228 cells were kindly provided by Dr Ali-Osman (Duke University
Medical Center) in June, 2010. These cells were authenticated on the basis of c-myc
amplification, chromosomal aberrations by the provider (19,20). At the 3rd or 4th passage of
cells were frozen and these frozen stocks were used for further experimental studies up to
the 10th passage to obtain consistent results. Daoy cells were cultured in Advanced-MEM
and D283, D425, H2405 and H2411 were cultured in Improved-MEM (Zn Option) and
UW228 cells were cultured in RPMI-1640. All of the above media were supplemented with
10% fetal bovine serum, 2mM L-glutamine, 2mM sodiumpyruvate, 100 units/mL penicillin,
and 100 μg/mLstreptomycin. Cells were maintained in a humidified atmosphere containing
5% CO2 at 37°C.

Antibodies and reagents
Antibodies against SPARC, STAT3, pSTAT3 (Tyr705), pSTAT3 (Ser727), Notch1, Notch2,
Notch3, HES1, GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA), Nestin, MAP-2,
Neurofilament (NF), NF (Novus Biologicals, Littleton, CO), NeuN (Millipore, Billerica,
MA), NeuN (Invitrogen Corporation, Carlsbad, CA), MAP-2 (Bethyl Laboratories, Inc,
Montgomery, TX), neutralizing IL-6 antibody (Biovision, Mountain View, CA), Calcium
Green-2-AM (Invitrogen, Carlsbad, CA) and N-[(3,5-Difluorophenyl)acetyl]-L-alanyl-2-
phenyl]glycin-e-1,1-dimethylethyl ester (DAPT) (Sigma, St. Louis, MO), paraffin embedded
Human medulloblastoma tumor sections (a kind gift from Dr. Dan Fults, Comprehensive
Care for Brain and Spine Disorders, UT) were used in this study. All other reagents were of
analytical reagent grade or better.

Adenovirus construction and Adenoviral infection
We constructed adenoviral vectors carrying full length human SPARC cDNA (Ad-DsRed-
SP) and an empty vector (Ad-DsRed) using Adeno-X ViraTrak Expression System-2
(Clontech Laboratories, Mountain View, CA) as described previously (21). The generation,
amplification, and titer of the adenovirus were performed according to previously described
procedures (21). Infection with recombinant viruses was accomplished by exposing cells to
adenovirus in serum-free cell culture medium for 1hr followed by addition of serum-
containing medium. Cells were then incubated for various time periods as detailed in the
following experiments.

Immunoblotting
Immunoblot analysis was performed as described previously (22). Briefly, cells were
infected with mock, 100MOI of Ad-DsRed, or various MOI of Ad-DsRed-SP and incubated
for 36hrs at 37°C. Cell lysates were prepared and equal amounts of protein was resolved on
SDS-PAGE gel and transferred on to PVDF membrane. Next, the blot was blocked and
probed overnight with primary antibody at 4°C followed by HRP-conjugated secondary
antibody for 1hr, and signals were detected using ECL reagent.
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Transfection with plasmids
Plasmid expressing constitutively active STAT3 (pSTAT3-C) was obtained from Addgene
Inc. (Cambridge, MA; plasmid 8722). Plasmids expressing IL-6 and HES1 were obtained
from Origene Technologies (Rockville, MD). All transfection experiments were performed
with FuGeneHD (Roche, Indianapolis, IN) transfection reagent according to the
manufacturer’s protocol.

Intracellular Ca+2 monitoring
Daoy/D283 cell were plated in 96-well plates and infected with Mock, 100MOI of Ad-
DsRed or 100MOI of Ad-DsRed-SP for 36hrs and measured intracellular Ca+2

concentration as described previously (23). The Calcium Green-2-AM fluorescence was
expressed as (Fmax − Fmin)/Fmin where Fmax was the maximum, Fmin the minimum
fluorescence measured in each well.

Immunofluorescence and immunohistochemical analyses
We used a previously described protocol with minor changes (24). Briefly, the cells were
infected with Adenovirus as above for 36hrs. Cells were fixed, permeabilized and blocked,
and incubated with primary antibody overnight at 4°C, followed by FITC-conjugated
secondary antibody for 1hr. Finally, cells were mounted with Vectashield mounting medium
(Vector Labs, Burlingame, CA). The results were documented using fluorescence
microscope. For immunohistochemical analysis, tissue sections (4–5μm-thick) were
deparaffinized, rehydrated, washed with PBS, permeabilized, and incubated overnight with
primary antibodies. Tissue sections were then incubated with HRP-conjugated secondary
antibodies followed by DAB peroxidase substrate; Sigma, St. Louis, MO) solution,
counterstained with hematoxylin and mounted. The images were processed as described
previously (24).

Intracranial tumor model—The animal experiments were carried out as described
previously by us (24). D425 (1×105 cells/10μl PBS) cells were stereotactically implanted.
After 14 days of tumor cell implantation, the animals were randomized into 3 groups (10/
group). Each mouse received three intratumoral injections on days 15, 17 and 19 with PBS,
Ad-DsRed (5×107 PFU) or Ad-DsRed-SP (5×107 PFU) in 10μl of volume. Animals were
monitored for up to 90 days, which is when we arbitrarily terminated the experiment. Mice
brains were fixed in 10% buffered formalin and embedded in paraffin. Tissue sections (5μ
thick) were obtained from the paraffin blocks and stained with H&E using standard
histological techniques. Tissue sections were also subjected to immunostaining as described
above.

Statistical analysis
All data are expressed as mean ± SD. Statistical analysis was performed using the student’s
t-test or a one-way ANOVA. p <0.05 was considered significant.

RESULTS
SPARC induces neuronal differentiation of medulloblastoma cells

We observed very low or minimal staining for SPARC in Human Medulloblastoma tissue
samples compared to normal cerebellum (Fig. 1A). Dual immunoassaying of these tissue
samples for neuronal markers and SPARC indicated that very few cell stained positive for
neuronal makers and that SPARC expressing tumor cells stained positive for NeuN and
Nestin neuronal markers (Fig. 1B&C). Further, previous studies have shown that Daoy and
D283 medulloblastoma cells are arrested along the neuronal differentiation pathway (17).
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We therefore determined weather SPARC induced the expression of neuronal markers in
Daoy, D283, UW228, D425 medulloblastoma cell lines and H2405, H2411 primary
medulloblastoma cells in vitro and in vivo. To examine the effect of SPARC expression on
neuronal differentiation, we used an adenoviral vector expressing SPARC cDNA (Ad-
DsRed-SP) in above cell lines. Medulloblastoma cells infected with Ad-DsRed-SP showed
obvious neuriteextensions and classic neuronal features, such as shrinkage of the cell body,
and these cells were distinguished by highly refractive cell bodies with neuron-like
processes terminating in structures that resembled growth cones (Fig. 2A & Suppl. Fig. 1).
In contrast, few if any empty vector (Ad-DsRed)-infected cells differentiated into neurons
under the same conditions (Fig. 2A). These findings suggest that the medulloblastoma cells
treated with Ad-DsRed-SP might have differentiated into neuron-like cells. To further
characterize this neuronal induction phenomenon, we examined neuronal marker expression
by immunoblot analysis and immunocytochemical analysis. The cells that exhibited
contracted cell bodies and processes showed clear staining for the neuronal-specific markers
NeuN, Nestin, MAP-2, and NF. In contrast, the flat, unresponsive medulloblastoma cells
remained unstained (Fig. 2B). The percentage of cells positively reactive for NeuN, Nestin,
MAP-2, and NF was 52% ± 2.5%, 55% ± 2.3%, 56% ± 38%, and 53% ± 2.4%, respectively.
Immunoblotting was performed to confirm these results, and the protein analysis showed a
marked correlation with the results of the immunocytochemical analysis (Fig. 2C & Suppl.
Fig. 2). SPARC expression induced a statistically significant increase (p<0.05) of up to four-
fold in the protein expression levels of all the markers as compared to empty vector-treated
cells in medulloblastoma cell lines. Similar to adenoviral mediated expression of SPARC
cDNA, recombinant human SPARC protein (rhSPARC) induced neuron like cell
morphology and expression of neuronal markers in medulloblastoma cell lines. (Suppl. Fig.
3).

Activity-dependent changes in neuronal processes such as synaptic plasticity and neuronal
survival are mediated in large part through elevations in intracellular calcium levels. In
many cases, this involves stimulation of calcium influx, particularly via voltage-operated L-
type channels or receptor-operated N-methyl-D-aspartate channels (25). To test the neuronal
nature of the differentiated cells from Daoy/D283 treated with Ad-DsRed-SP, we examined
the changes in intracellular free Ca2+ concentration ([Ca2+]i) in response to depolarization of
membrane potential with superfusion of high KCl (100mM) using Calcium Green-AM.
Figure 3A shows that intense fluorescence in Ad-DsRed-SP-infected cells compared to
mock and Ad-DsRed infected Daoy/D283 cells. We next performed a dual-wavelength
excitation fluorimetry using in Calcium Green-AM -loaded cells. High KCl bathing solution
for 60 sec increased [Ca2+]i in differentiated neuronal cells (Fig 3B). In contrast, cells
treated with mock and Ad-DsRed had no changes in [Ca2+]i by membrane depolarization
with high KCl.

SPARC expression decreases Signal transducer and activator of transcription-3 (STAT3)
signaling

STAT3 signaling has been shown to regulate cell fate determination, renewal, and
differentiation in various cells (26). We evaluated whether suppression of STAT3 cell
signaling machinery could modulate the neuronal fate of SPARC-expressing
medulloblastoma cells. To elucidate the effects of SPARC overexpression on STAT3
signaling, cells were infected with Ad-DsRed-SP for 36hrs and homogenized in lysis buffer.
Then, lysates were immunoblotted with antibodies against pSTAT3. Densitometric analysis
revealed that the STAT3 phosphorylation was reduced significantly (70.5% in Daoy cells
and 67% in D283 cells) as compared to the mock or empty vector-infected cells (Fig. 4A).
Further, SPARC expression in primary medulloblastoma cells (H2405, H2411), D425 and
UW228 cells also suppressed STAT3 phosphorylation (Suppl. Fig. 2). We therefore
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speculated that suppression of STAT3 influenced the differentiation fate of neural stem
cells. To confirm this notion, we transfected cells with plasmid expressing constitutively
active STAT3 (pSTAT3-C) along with Ad-DsRed-SP-infection and total cell lysates. After
inoculation, cells were homogenized in lysis buffer and immunoblotted with antibodies
against MAP-2, NF, NeuN and Nestin. As illustrated in Figure 4B, transfection with plasmid
expressing constitutively active STAT3 induced STAT3 phosphorylation in Ad-DsRed-SP-
treated cells comparable to that of the mock and empty vector-transfected cells.
Densitometry analysis indicated that pSTAT3-C transfection reversed SPARC-induced
MAP-2, NF, NeuN and Nestin neuronal markers by up to 50% (p<0.05) in Ad-DsRed-SP-
infected cells. Further, STAT3 siRNA-transfection decreased STAT3 levels in Daoy/D283
cells and induced neuronal markers (Suppl. Fig. 4). These results clearly indicate the role of
STAT3 inhibition in the differentiation of medulloblastoma cells. Taken together, these data
suggested that STAT3 regulates the expression of neuronal markers.

SPARC induces expression of neuronal markers by blocking Notch signaling
Blockade of Notch signaling, a condition known to induce neuronal differentiation,
represses inhibitory basic helix-loop-helix transcription factor-1, HES1 expression (27). It
was shown that STAT3 is activated in the presence of active Notch, as well as the Notch
effectors HES1 and HES5 (28). We therefore examined the effects of Ad-DsRed-SP-
infection on the expression of Notch family members (Notch1 and 2) and HES1 in
medulloblastoma cells. Immunoblot analysis revealed that Notch1 and Notch2 were
suppressed in a dose-dependent manner reaching about 75% inhibition in Daoy and 70%
inhibition in D283 cells at 100 MOI Ad-DsRed-SP-infection when compared to mock or
Ad-DsRed-infected cells (Fig. 5A). Similarly, HES1 was inhibited by 68% in Daoy and 65%
in D283 (p<0.05) cells infected with Ad-DsRed-SP as compared to mock or Ad-DsRed
controls (Fig. 5A). Similarly, SPARC overexpression in the primary medulloblastoma cells
(H2405 and H2411), D425 and UW228 cell lines lead to decreased Notch1 and HES1
expression (Suppl. Fig. 2). Since we observed that STAT3 inhibition contributes to the
expression of neuronal markers in SPARC-overexpressed cells, we therefore used HES1
cDNA to determine whether HES1 expression is necessary for STAT3-mediated induction
of neuronal markers in SPARC-overexpressed cells. Transfection of medulloblastoma cells
with a vector specific for HES1 cDNA in SPARC-overexpressed cells resulted in an
increase in the abundance of HES1 protein comparable to mock or Ad-DsRed-treated cells
(Fig. 5B). Concomitantly, densitometry analysis revealed that STAT3 phosphorylation was
increased significantly by 70% and 68% (p<0.05 vs. Ad-DsRed-SP) in Daoy/D283 cells
(Fig. 5B). Furthermore, neuron like morphological changes and the induction of neuronal
markers as determined by immunocytochemical analysis and immunoblotting, respectively,
were suppressed by HES1 overexpression in SPARC-overexpressed cells. (Fig. 5B & Suppl.
Fig. 1). Together, these results suggest that HES1 is an essential mediator of the action of
STAT3 in SPARC-induced neuronal differentiation in medulloblastoma cells.

Effects of SPARC siRNA (SP-siRNA) on Notch expression
To confirm that SPARC can induce neurogenesis in medulloblastoma cells via Notch1-
mediated HES1 signaling, we examined the effects of SP-siRNA on the expression of Notch
family members and neuronal markers in medulloblastoma cells. Figure 5C indicates that
infection with an adenoviral vector encoding SP-siRNA decreased SPARC levels as
compared to mock or control siRNA-treated cells. Along with SPARC reduction, there was
induction of Notch1, HES1 expression and STAT3 phosphorylation, and suppression of the
expression of NeuN and MAP-2 neuronal markers in SP-siRNA-treated cells (Fig. 5C).
Blocking Notch1 using a known gamma scecretase inhibitor DAPT (29) in SP-siRNA
treated cells suppressed HES1 and STAT3 phosphorylation and induced the expression of
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neuronal markers (Fig. 5C). Taken together, these results suggest that SPARC-induced
neuronal differentiation by blocking Notch-mediated STAT3 phosphorylation.

IL-6 regulates Notch-mediated modulation of neuronal markers in SPARC-overexpressed
medulloblastoma cells

Previous studies demonstrate SPARC expression attenuated IL-6 secretion (30) and that
IL-6 up regulates Notch signaling (31). Therefore, we examined the role of IL-6 in SPARC-
induced Notch signaling and expression of neuronal markers. Immunoblot analysis for IL-6
expression indicates that SPARC overexpression decreased IL-6 in a dose-dependent
manner in Daoy, D283, D425 and UW228 cell lines and primary medulloblastoma cells
(H2405, H2411), (Fig. 6A & Suppl. Fig. 2). To better understand the role of IL-6-mediated
effects on neuronal markers in SPARC-expressed cells, we overexpressed IL-6 in SPARC-
overexpressed medulloblastoma cells. Figure 6B indicated that Notch1 expression increased
by 65% and 60% in IL-6 and SPARC-overexpressed cells as compared to only SPARC-
overexpressed medulloblastoma cells. Consequently the expression of neuronal markers,
MAP-2, NF, and NeuN was also decreased by about 65%, 63% and 60% respectively in
cells overexpressed with IL-6 and SPARC compared to only SPARC-overexpressed cells
(Fig. 6B; p<0.05), suggesting that SPARC-mediated suppression of IL-6 leads to
suppression of Notch1 expression, which leads to induction of neuronal markers.

To confirm the role of IL-6 in Notch signaling-mediated expression of neuronal markers in
SPARC-expressed cells, we performed parallel experiments using SP-siRNA. Figure 6C
indicates that SP-siRNA suppressed SPARC levels when compared to mock or control
siRNA-treated cells. Suppression of SPARC using SP-siRNA-induced IL-6 and Notch1
expression by 2–3 fold compared to control siRNA treated cells. Consequently the
expression of neuronal markers MAP-2, NeuN and NF were decreased by 60–70% in SP-
siRNA treated cells. To further confirm that IL-6 mediates Notch1 suppression which in turn
regulates the expression of Neuronal markers in SPARC-modulated cells, we blocked IL-6
activity by using neutralizing antibodies and determined the levels of Notch1 and neuronal
markers. IL-6 neutralizing antibody suppressed Notch1 and induced the expression of
neuronal markers in SP-siRNA treated cells (Fig. 6C) suggesting that SPARC-mediated
effects on Notch1 regulation are mediated by IL-6.

In summary, these results suggest that the inhibitory effect of SPARC on IL-6 leads to
Notch-mediated expression of neuronal markers in SPARC-overexpressed cells.

SPARC-mediated expression of neuronal markers in vivo
We have previously shown that SPARC expression inhibits medulloblastoma tumor growth
in vivo in an intracranial model (18). The present findings raise the question of whether the
effects of SPARC on tumor growth inhibition are related to the effect of SPARC on
neuronal differentiation in vivo. Immunohistochemical analysis was performed on
established tumors from mice implanted with D425 medulloblastoma cells and treated with
mock, Ad-DsRed, or Ad-DsRed-SP with antibodies specific to detect neuronal markers of
human origin. The results show a clear increase in the expression of neuronal markers
MAP-2, NeuN, Nestin and NF in tumor sections from Ad-DsRed-SP-treated mice as
compared to sections from mock and Ad-DsRed-treated animals, thereby suggesting that
SPARC expression induced the expression of neuronal markers in vivo (Fig. 7). To
determine whether SPARC regulates Notch and STAT3 phosphorylation in vivo,
phosphorylation of STAT3 and Notch1 expression was measured by immunohistochemical
analysis. Consistent with the in vitro results, a decrease in cleaved Notch1 and
phosphorylation of STAT3 was found in Ad-DsRed-SP-treated tumors (Fig. 7).
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DISCUSSION
Medulloblastoma show a tremendous clinical heterogeneity and the degree of neuronal
tumor cell differentiation influences patient outcome (4). Several studies demonstrate that
SPARC induces differentiation; however, no studies have shown the functional mechanism
by which SPARC induces neuronal differentiation in tumor cells. In the present study, we
demonstrate that SPARC expression, using an adenoviral vector expressing SPARC cDNA
(Ad-DsRed-SP), induced neuronal differentiation in medulloblastoma tumor cells. Further,
we demonstrate the molecular mechanisms that govern SPARC-induced neuronal markers
and discuss the potential clinical impact of SPARC on medulloblastoma tumor genesis.

SPARC expression induced the expression of neuronal markers in medulloblastoma in vitro
as demonstrated by immunoblotting and immunocytochemical analysis. Moreover, Ca2+
response by high K+ proved functionally mature neuron activity in neuronal cells,
differentiated from Ad-DSRed-SP-infected medulloblastoma cells. We also demonstrated
that the neuronal differentiation ability of Ad-DsRed-SP depends on STAT3 regulation. The
function of STAT3 in differentiation has been investigated extensively. Extracellular
stimulus and the cellular context activate the phosphorylation of STAT3. Increasing
evidence indicates that STAT3 can maintain the propagation and pluripotency of embryonic
stem cells (32). Suppression of STAT3 directly induced neurogenesis in neural stem cells
(33). STAT3 activation has also been reported to be sufficient to maintain the
undifferentiated state of mouse embryonic stem cells (28, 34).

Our results further emphasize the potential clinical importance of Notch signaling in
medulloblastoma. A recent series of experiments demonstrated an oncogenic role for Notch
signaling in medulloblastoma and the maintenance of medulloblastoma stem cells. The
Notch pathway also plays an important role in inhibition of differentiation in many systems,
including the hematopoietic system (35). Notch blockade suppressed expression of the
pathway target HES1 and caused cell cycle exit, apoptosis, and differentiation in
medulloblastoma cell lines (6). In addition, expression of the Notch pathway target gene
HES1 in medulloblastomas was associated with significantly shorter patient survival (36). It
was shown that STAT3 is activated in the presence of active Notch, as well as the Notch
effectors HES1 and HES5 (28). Furthermore, suppression of endogenous HES1 expression
reduces growth factor induction of STAT3 phosphorylation (28). We therefore tested the
effect of SPARC on Notch/HES1 mediated regulation of STAT3 phosphorylation. HES1
overexpression induced STAT3 phosphorylation and suppressed expression of neuronal
markers suggestion that HES1/STAT3 axis plays a role in SPARC-induced neuronal
markers. As consistent with our immunoblot analysis, morphological and
immunocytochemical analysis also suggest that HES1 overexpression suppressed neuron
like morphological changes and neuronal marker expression. Our study clearly demonstrates
that HES1 overexpression induced STAT3 phosphorylation SPARC-overexpressed cells.

We next investigated how SPARC modulates IL-6 signaling in medulloblastoma cells.
SPARC had a negative regulatory role on levels of IL-6sR, an IL-6 agonist implicated in
IL-6 trans-signaling (37). IL-6 is a multifunctional cytokine that has also been implicated in
tumorigenesis (38). Cytokines of the IL-6 family were suggested to block neuronal markers
expression of cerebral cortical precursor (39). Our study demonstrates that SPARC
expression decreased IL-6 expression. In addition, we also demonstrate that overexpressing
IL-6 blocked SPARC-mediated inhibition of Notch1 expression and neuronal markers
expression. Conversely, we also demonstrate that SP-siRNA induced IL-6 and Notch
expression. Furthermore, we show that blocking IL-6 signaling in SPARC-suppressed cells
induced Notch1 expression and neuronal differentiation. These findings suggest that SPARC
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negatively regulates IL-6 signaling leading to suppression of Notch1 signaling, resulting in
neuronal differentiation of medulloblastoma cells.

Immunohistochemistry showed that cells expressing SPARC express high levels of neural
markers in the tumor sections of mice treated with Ad-DsRed-SP. This change in
histological appearance was also associated with a change in the size of xenograft tumors
that formed in the immunodeficient mice (18), suggesting that SPARC-enhanced the
expression of neuronal markers in medulloblastoma cells. Our observation can be placed
within the larger context of recent progress in cancer treatment involving differentiation. In
many cell lines and primary cultures derived from hematologic malignancies, the malignant
phenotype can be abrogated by inducing differentiation (40). Cyclopamine, a plant-derived
teratogen that targets the SHH pathway, inhibits SHH-dependent gene expression in
medulloblastoma in vitro and is able to cause cell cycle arrest consistent with the initiation
of neuronal differentiation and loss of neuronal stem cell-like character (41).

In summary, we have previously shown that SPARC expression causes tumor growth
inhibition (41). Further we show that SPARC-induced neuronal differentiation which could
render these tumors to be more susceptible to chemo and radiotherapy. Previous studies
demonstrate that SPARC enhances apoptosis in therapy-refractory MIP101 colon cancer
cells exposed to chemotherapy by activating the extrinsic pathway of apoptosis while further
enhancing the effect of chemotherapy through the intrinsic pathway (42). The effect of
radiotherapy in combination with SPARC is the focus of the ongoing research in our
laboratory. There are some medically relevant implications from our in vitro and in vivo
data. First, SPARC expression can play a role in the clinical outcome of medulloblastoma
patients by increasing the number of non-proliferative cells that have differentiated into
neurons. Second, pharmacological interventions aimed at the mechanisms of
medulloblastoma differentiation outlined in this study might be therapeutically relevant.
Third, our results raise the question whether SPARC also plays a role in the differentiation
of other tumor types like colorectal cancer or ovarian cancer in which SPARC has been
identified as a potential therapeutic target. Fourth, neuronal differentiation of these cells can
sensitize tumors for therapy.
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Figure 1.
(A) SPARC expression in human medulloblastoma tissue. Human medulloblastoma
tissue sections (samples 1–12) were subjected to immunohistochemical analysis using
SPARC specific antibody. SPARC expression is high in normal brain tissue (20X). In
contrast, the SPARC expression is very weak in most of the medulloblastoma samples
(20X). Also shown is a negative control using non specific IgG. (B&C) Association of
SPARC expression with neuronal differentiation in human medulloblastoma tumor
sections. Paraffin-embedded tissue sections from human medulloblastoma tumors were
analyzed by duel immunoflorescence for SPARC (green) and neuronal makers NeuN or
Nestin (red) expression using specific antibodies (10X). Enlarged portions of the sections
indicated with yellow square boxes (60X). Very few cells express neuronal markers which
also stain positive for SPARC expression (yellow).
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Figure 2. Overexpression of SPARC in medulloblastoma cells induces expression of neuronal
markers
DAOY and D283 cells were infected with mock, 100MOI Ad-DsRed, or the indicated MOI
of Ad-DsRed-SP for 36hrs. (A) Morphology of medulloblastoma tumor cells treated with
100MOI of Ad-DsRed-SP using phase contrast microscopy. (B) Immunocytochemical
analysis for neuronal markers in medulloblastoma cells treated with 100MOI of Ad-DsRed-
SP. (C) Cell lysates were assessed for SPARC and neuronal markers by immunoblot
analysis using anti-SPARC, anti-NeuN, anti-Nestin, anti-NF, and anti-MAP-2 antibodies.
GAPDH served as a control. Results are representative of three independent experiments.
Protein band intensities were quantified by using ImageJ software (NIH). Columns, mean of
three experiments; bars, SD; *, significant difference from Ad-DsRed (p<0.01).
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Figure 3. KCl-induced Ca+2 imaging in live differentiated medulloblastoma cells
(A) Medulloblastoma cells were plated in 8-well chamber slides and infected with mock,
Ad-DsRed, or Ad-DsRed-SP for 36hrs. The Calcium Green-AM and KCl was added and
photographed using fluorescence microscope. (B) Medulloblastoma cells were plated in 96-
well plates and infected with mock, Ad-DsRed, or Ad-DsRed-SP for 36hrs, and assessed the
changes in intracellular free Ca2+ concentration. Representative time–response data for KCl
excitation using differentiated neuron like cells. Cells were treated with Calcium Green-AM
in the presence and absence of KCl and a kinetic fluorometric reading was measured using
Flex Station and the representative graph is shown. Results are representative of three
independent experiments. Symbols, mean of three experiments; bars, SD.
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Figure 4. SPARC expression decreased STAT signaling
(A) Medulloblastoma cells were infected with mock, 100 MOI Ad-DsRed, or the indicated
MOI of Ad-DsRed-SP for 36hrs, and cell lysates were assessed for STAT3 and
phosphorylation of STAT3 using specific antibodies. GAPDH served as a control. Protein
band intensities were quantified by using ImageJ software (NIH). Columns, mean of three
experiments; bars, SD; *, significant difference from Ad-DsRed (p<0.01). (B) Cells were
transfected with plasmid constitutively expressing active-STAT3 (pSTAT3-C) for 16hrs and
infected with mock, 100MOI Ad-DsRed or Ad-DsRed-SP for an additional 24hrs. Cell
lysates were assessed for SPARC, activation of STAT3 and neuronal markers by using their
specific antibodies. Results are representative of three independent experiments. Columns,
mean of three experiments; bars, SD; *, significant difference from Ad-DsRed (p<0.01); **,
significant difference from Ad-DsRed-SP (p<0.05).
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Figure 5. SPARC inhibits Notch signaling and induces expression of neuronal markers
(A) Medulloblastoma cells were infected with mock, 100MOI Ad-DsRed, or the indicated
MOI of Ad-DsRed-SP for 36hrs, and cell lysates were assessed for Notch family molecules
(Notch1, Notch2 and Notch3) and HES1 using molecule specific antibodies. GAPDH served
as a control. Protein band intensities were quantified by using ImageJ software (NIH).
Columns, mean of three experiments; bars, SD; *, significant difference from Ad-DsRed
(p<0.01). (B) Cells were transfected with plasmid expressing HES1 for 16hrs and infected
with mock, 100MOI Ad-DsRed or Ad-DsRed-SP for an additional 24hrs. Cell lysates were
assessed for neuronal markers by immunoblotting using their specific antibodies. Results are
representative of three independent experiments. GAPDH served as a control. Columns,
mean of three experiments; bars, SD; *, significant difference from Ad-DsRed (p<0.01); **,
significant difference from Ad-DsRed-SP (p<0.05). (C) Cells were infected with mock,
100MOI of control siRNA or SPARC siRNA (SP-siRNA) for 24hrs. Cells were then treated
with 10μM DAPT and cells were allowed to grow for an additional 12hrs. Cell lysates were
assessed for Notch signaling molecules and neuronal markers by immunoblotting using their
specific antibodies. Results are representative of three independent experiments. GAPDH
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served as a control. Columns, mean of three experiments; bars, SD; *, significant difference
from control-siRNA (p<0.01); **, significant difference from SP-siRNA (p<0.01).
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Figure 6. SPARC overexpression in medulloblastoma cells inhibits IL-6 signaling and induces
expression of neuronal markers
(A) Medulloblastoma cells were infected with mock, 100MOI Ad-DsRed or the indicated
MOI of Ad-DsRed-SP for 36hrs. Cell lysates were assessed for SPARC, IL-6, pSTAT3, and
Notch1 by immunoblot analysis using specific antibodies. GAPDH served as a control.
Protein band intensities were quantified by using ImageJ software (NIH). Columns, mean of
three experiments; bars, SD; *, significant difference from Ad-DsRed (p<0.01). (B) Cells
were transfected with a plasmid expressing IL-6 for 16hrs and infected with mock, 100MOI
Ad-DsRed or the indicated MOI of Ad-DsRed-SP for an additional 24hrs. Cell lysates were
assessed for neuronal markers by using their specific antibodies. Results are representative
of three independent experiments. Protein band intensities were quantified by using ImageJ
software (NIH). Columns, mean of three experiments; bars, SD; *, significant difference
from Ad-DsRed (p<0.01); **, significant difference from Ad-DsRed-SP (p<0.05), (C) Cells
were infected with mock, 100MOI control siRNA or SP-siRNA for 24hrs and treated with
IL-6 blocking antibody for further 12hrs. Cell lysates were assessed for IL-6, Notch1 and
neuronal markers by using their specific antibodies. Results are representative of three
independent experiments. Protein band intensities were quantified by using ImageJ software
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(NIH). Columns, mean of three experiments; bars, SD; , significant difference from
control-siRNA (p<0.01); @, significant difference from SP-siRNA (p<0.01)].
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Figure 7. SPARC overexpression induces expression of neuronal markers in vivo
Orthotopic medulloblastoma tumor sections from mice that received mock, Ad-DsRed and
Ad-DsRed-SP treatments were analyzed. Tissue sections were stained for H&E.
Immunohistochemical analysis was performed with antibodies specific to SPARC, Notch1,
pSTAT3, NF, NeuN, Nestin and MAP-2.
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