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Abstract

Introduction—Malignant gliomas (GBMs) are extremely aggressive and have a median survival 

of approximately 15 months. Current treatment modalities, which include surgical resection, 

radiation and chemotherapy, have done little to prolong the lives of GBM patients. Chondroitin 

sulfate proteoglycans (CSPG) are critical for cell-cell and cell-extra cellular matrix (ECM) 

interactions and are implicated in glioma growth and invasion. Chondroitinase (Chase) ABC is a 

bacterial enzyme that cleaves chondroitin sulfate disaccharide chains from CSPGs in the tumor 

ECM. Wild type Chase ABC has limited stability and/or activity in mammalian cells, therefore we 

created a mutant humanized version (Chase M) with enhanced function in mammalian cells.

Aims—We hypothesize that disruption of cell-cell and cell-ECM interactions by ChaseM and 

temozolomide will enhance chemotherapeutic availability and sensitivity of glioma cells.

Results—Utilizing primary patient derived neurospheres, we found that ChaseM decreases 

glioma neurosphere aggregation in vitro. Furthermore, an oncolytic HSV-1 virus expressing 

secreted ChaseM (OV-ChaseM) enhanced viral spread and glioma cell killing when compared to 

OV‐Control, in vitro. OV-ChaseM plus TMZ combinatorial treatment resulted in a significant 

synergistic enhancement of glioma cell killing accompanied by an increase in apoptotic cell death. 

Intracellular flow cytometric analysis revealed a significant reduction in the phosphorylation of the 

pro‐survival AKT protein following OV-ChaseM plus TMZ treatment. Lastly, in nude mice 

bearing intracranial GBM30 glioma xenografts, intratumoral OV‐ChaseM plus TMZ (10 mg/kg by 

oral gavage) combination therapy resulted in a significant (p<0.02) enhancement of survival, when 

compared to each individual treatment alone.
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Conclusion—These data reveal that OV‐ChaseM enhances glioma cell viral susceptibility and 

sensitivity to TMZ.
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Introduction

Malignant glioma, glioblastoma (GBM), is a very aggressive and common form of primary 

brain cancer in adults with a median survival of less than 15 months (1). Chondroitin sulfate 

proteoglycans (CSPGs), such as membrane-associated CSPG4/NG2, PTPRZ1 and CD44, 

and the lectican family members versican, aggrecan and brevican are frequently 

overexpressed in glioma and have been implicated in glioma cell growth, vascularization and 

invasion (2, 3). While several studies have demonstrated a functional role for the CS 

segments of CSPGs in glioma progression in vitro (4, 5), their significance in blocking the 

penetration of chemotherapeutics, such as temozolomide (TMZ), and/or role in promoting 

resistance has not been studied.

Chase ABC I (Chase) is a bacterial enzyme that depolymerizes a variety of CS 

glucosaminoglycan (GAG) chains, which are covalently attached to the CSPG core protein, 

without altering the core protein structure (6). Previous work from our laboratory indicated 

that degradation of the glioma ECM with an oncolytic virus (OV) expressing the Chase 

bacterial enzyme enhanced OV spread and anti-tumor efficacy both in vitro and in vivo (7, 

8). The recent molecular characterization of Chase has revealed several potential 

glycosylation sites in the enzyme that can limit enzymatic function and/or /secretion in 

mammalian cells (9). Here, using site-directed mutagenesis of several potential 

glycosylation sites, we generated a humanized mutant Chase (ChaseM) enzyme that results 

in optimal enzymatic expression and function in mammalian cells. We have also generated 

an OV expressing the ChaseM enzyme and determined its effects on glioma cells in 

combination with TMZ. With the recent FDA approval of the T-Vec oncolytic HSV for non 

resectable melanoma, there is new hope for such novel treatment modalities for GBM 

patients (10, 11).

We hypothesize that disruption of cell-to-cell or cell-ECM interactions with a humanized 

Chondroitinase ABC (ChaseM) enzyme will enhance glioma cell chemotherapeutic 

availability and sensitivity. Utilizing patient derived neurospheres, we found that ChaseM 

decreases glioma neurosphere aggregation in vitro, akin to the phenotype observed with 

pharmacologic blockade of CSPG assembly. Oncolytic virus secreted ChaseM (OV-

ChaseM) enhanced viral spread and glioma cell killing when compared to OV-Control, in 
vitro. Moreover, this enzymatic activity was maintained in vivo. In combination with TMZ, 

OV-ChaseM resulted in a significant and synergistic enhancement of glioma cell killing as 

compared to OV-Control plus TMZ and induced a significant reduction in the 

phosphorylation of the pro‐survival AKT protein. In vivo, OV‐ChaseM plus TMZ resulted in 

a significant increase in survival versus mice treated with TMZ or OV-ChaseM alone. Taken 

together, these data reveal that OV‐ChaseM enhances glioma cell viral susceptibility and 
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sensitivity to TMZ and provide the rationale for novel treatment regiments to be 

implemented in the clinic.

Materials and Methods

Cells lines and reagents

Human glioma cells (U87ΔEGFR, LN229, Gli36ΔEGFR‐H2B-RFP, U251) and Vero cells 

were cultured as previously described (7). Primary glioblastoma-derived cells (GB9, GB9-

GFP, and GBM30) were generated at The Ohio State University or kindly provided by the 

Mayo Clinic (X12) and maintained in neurosphere cultures as described (7, 12). Cos-7 cells 

were purchased from the ATCC (Manassas, VA) and cultured accordingly. Cells were 

routinely monitored for morphology and growth changes. Chondroitinase ABC (Chase 

ABC), Methyl β‐D-xylopyranoside and Temozolomide (TMZ) were obtained from Sigma-

Aldrich (St. Louis, MO). Chondroitin sulfate A (CS A) was obtained from Seikagaku 

Biobusiness Corp (Japan). Mouse monoclonal anti CS-4 antibody (clone BE‐123, Millipore, 

Temecula, CA) was used to probe for Chase functionality. Trypan blue exclusion using the 

Cell Countess (Life Technologies, Inc. Carlsbad, CA) was used to determine glioma cell 

proliferation.

ChaseM generation and viruses

Cloning and construction of wild type Chase ABC has been described earlier (7). Primers 

G1, G2, G3 and G5, described in (9), were used to mutate the selected N-glycosylation sites 

of Chondroitinase ABC I cDNA using the QuickChange Lightning Multi Site-Directed 

Mutagenesis Kit (Agilent Technologies, La Jolla, CA. Mutant Chase ABC cDNA was 

utilized to generate OV-ChaseM viruses as previously described (7). OV-Control was 

generated without any Chase insertion.

Tests for secretion of active Chase ABCI in vitro and in vivo

To determine Chase ABC in vitro activity, Cos-7 cells were transfected with pcDNA3.1 

ChaseN or ChaseM plasmids using the FuGENE 6 transfection reagent (Roche Applied 

Science Inc, Indianapolis, IN). After 24 hours, U87ΔEGFR concentrated medium (source of 

CSPGs) was added to the Cos-7 transfected cells. Forty eight hours later the medium from 

Cos-7 cells was collected, concentrated analyzed via Western Blot analysis using the BE‐
123 antibody, which recognizes the CS stubs left behind after CSPG digestion by the Chase 

ABC enzyme (7). To assess Chase ABC activity in vivo, GB9-GFP positive glioma cells 

were electoporated with 5 ug of pcDNA3.1 LacZ or ChaseM using the Amaxa Mouse 

Neural Stem Cell Nucleofector Kit (Lonza, Walkersville, MD). These cells were then 

injected into the striatum of athymic nude mice as previously described (300,000 cells/

mouse and 3 mice for each condition) (7). Seven days post implantation, tumors were 

harvested, fixed in 4%PFA, and assayed for BE-123 reactivity (7).

Aggregation and assays

U87ΔEGFR, Gli36 ΔEGFR, U251cells were plated as single cells in 6-well or 24-well Ultra 

low attachment plates (Corning, NY) with DMEM medium supplemented with 2%FBS or 

neurosphere medium. Cells were then incubated in a 37°C shaking incubator for 48 hours in 
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the presence of 0.015 U/ml of Chase ABC or 5 uM methyl β- D- xylopyranoside, which was 

replenished every 24 hours. CS A (0.2 μg/μl) were added to U87ΔEGFR cells for 48 hours 

and cell aggregation was monitored using a Nikon Eclipse TE2000-U fluorescent 

microscope. Images were taken from 4-10 representative view fields, and the aggregates/

neurosphere diameters were measured using Image J software to calculate the area. GBM30 

or X12 glioma cells were transfected with ChaseN, ChaseM, or control plasmid (5 μg) using 

the Amaxa Mouse Neural Stem Cell Nucleofector Kit (Lonza, Walkersville, MD) as directed 

or infected with OV-Control, OV-ChaseN or OV-ChaseM at an MOI of 0.005 and seeded 

into 96-well plates in triplicate to assesses the effects of Chase ABC on neurosphere culture 

following 72 hrs of culture via light microscopy.

Flow cytometric analysis

All flow cytometric analyses were conducted using a Becton Dickinson fluorescence-

activated cell sorter (FACS) LSRII (Becton-Dickinson, San Jose, CA) and analyzed using 

the FlowJo Software (Ashland, OR) as previously described (13). Oncolytic viral GFP was 

assessed using X12 glioma cells that were treated at various multiplicity of infection (MOI) 

and collected five days post infection. Cells were then fixed in 1% formalin and the 

percentage of GFP positive cells was determined. Twenty-four hours post OV infection 

glioma cells were treated with TMZ and collected five days later. The percentage of dead 

cells was then quantified using a Live/Dead Fixable Dead cell stain kit (Invitrogen, Carlsbad, 

CA) per the manufacturer’s instructions. Cellular apoptosis was determined using Annexin 

V-V450 and 7AAD (BD Biosciences Pharmingen, San Diego, CA) in accordance with the 

manufacturer. Intracellular pAKTSer473-BV421 staining (BD Biosciences Pharmingen, San 

Diego, CA) was performed as indicated by the manufacturer. The mean fluorescence 

intensity (MFI) was calculated by taking the area under the curve for pAKT stained samples 

after subtraction of the area under the curve for the respective isotype stained control for 

each treatment group.

Animal studies

All murine studies were housed and handled in accordance with the Subcommittee on 

Research Animal Care guidelines at the Ohio State University and were approved by the 

Institutional Review Board. For all intracranial tumor studies, 6-8 week old athymic nu/nu 

mice (Target Validation Shared Resource, The Ohio State University) were anesthetized and 

fixed into a stereotactic apparatus. A burr hole was then drilled at 2 mm lateral to bregma to 

a depth of 3 mm, as previously described (7). For GBM30 experiments, n=5 athymic nude 

mice were implanted with 100,000 tumor cells and then treated with 3×105 pfu of OV-

ChaseM seven days post implantation. Mice were treated with 10 mg/kg of TMZ on days 

8-12 via oral gavage post tumor implant. Animals were observed daily and were euthanized 

when they displayed symptoms of tumor burden, such as weight loss and/or hunched 

posture. Animal experiments were performed in duplicate.

Statistical analysis

The GraphPad Prism 6 (GraphPad Software, Inc, La Jolla, CA), R3.3.1 (R Foundation for 

Statistical Computing, Vienna, Austria) and SAS 9.3 (SAS Institute, Cary, NC) were used 

for statistical analysis. For continuous measurement following normal distribution, such as 
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cellular proliferation and aggregation, a two-sample t test was used to compare two 

independent conditions. A one-way ANOVA model was used to compare three or more 

conditions. A two-way ANOVA model was used for interaction contrast or synergistic effect 

tests. For survival data, survival functions were estimated by the Kaplan-Meier method and 

were compared among the groups by the log-rank test. The p value was adjusted for multiple 

comparisons by Holm’s procedure. A p value of 0.05 or less was considered statistically 

significant.

Results

Chondroitinase ABCI decreases neurosphere formation in glioma cell lines and patient‐
derived neurospheres

To evaluate the impact of removal of CSPG in glioma ECM we measured the ability of 

glioma neurospheres (NS) to form neurospheres. Treatment of glioma cultures with purified 

Chase ABC revealed a striking decrease in glioma cell aggregation, (Fig. 1A). 

Quantification of the size of area covered by the neurospheres from representative 

microscopic images indicated that the removal of CS GAGs significantly reduced the ability 

of glioma cells to form clusters (±95%CI, p<0.0001 for each cell line tested) (Fig. 1B). 

Interestingly the smaller neurospheres were not accompanied by a reduction in the number 

of NS formed, or the viability of treated cells suggesting that Chase ABC treatment had an 

impact on cell-cell aggregation without affecting self-renewal or the proliferation of glioma 

cells (Fig. 1C). Chase ABC treatment digests the CS proteoglycans on secreted/membrane 

bound CSPG, releasing CS disaccharides in the ECM. To evaluate if the reduced NS 

aggregation observed after Chase ABC treatment was due to reduced CSPG or released CS 

disaccharides we evaluated the effect of treating glioma NS cultures with β-D-

xylopyranoside (XP), to reduce CSPG glycosylation/secretion from cells or treatment with 

exogenous CS chains to mimic the released end product after treatment of CSPG with chase 

ABC (14-16). Briefly three different glioma cell lines (Gli36ΔEGFR, U251 and 

U87ΔEGFR) grown in a three dimensional cell culture were incubated with β-D-

xylopyranoside to reduce CSPG glycosylation (17, 18). Forty-eight hours post treatment, a 

moderate decrease in glioma sphere aggregation was observed in cells treated with β-D-

xylopyranoside (Fig. 1D), suggesting a role for extracellular CSPG in glioma cell 

aggregation. To evaluate the contribution of CS disaccharides released after Chase treatment 

in inhibiting NS aggregates, we treated glioma cell derived neurospheres with CS or Chase, 

which resulted in a significant reduction of cell-cell adhesion, as determined by aggregation 

assays (Fig. 1E and Supplementary Fig.1). Collectively these results suggested that both 

the absence of CSPG as well as the presence of CS disaccharides released after Chase 

treatment inhibited NS aggregate formation. Thus CSPGs are critical for glioma cell‐to‐cell 

interactions and Chase treatment can significantly attenuate these glioma-glioma interactions 

and aggregation.

Generation of a Chase mutant (ChaseM) with enhanced functional secretion

Interestingly, transfection of a normal wild type Chase (Chase N) expressing plasmid into 

glioma NS cells did not show an obvious effect on glioma NS aggregation (Fig. 2A). The 

wild type bacterial Chase ABC enzyme has limited secretion/activity when expressed in 
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mammalian cells and mutation of potential glycosylation sites within the catalytic domain of 

the bacterial sequence has been demonstrated to increase enzymatic activity (9). Therefore, 

we engineered a mutant, humanized form of the Chase enzyme (ChaseM) that was mutated 

for five potential N‐glycosylation sites (N282Q, N338Q, N345Q, S517Q, and N675Q) 

shown to interfere with its function due to glycosylations upon expression in mammalian 

cells (9), (Table 1). NS cells transfected with ChaseM revealed reduced NS aggregation as 

compared to control or WT Chase transfected cells (Fig. 2A). Furthermore, the in vitro 
enzymatic activity of the Chase enzyme was also confirmed via staining for immunoreactive 

CS stubs using the BE123 antibody. Here, Cos-7 cells were first transfected with pcDNA3.1 

ChaseN or ChaseM plasmids. Concentrated U87ΔEGFR (source of CSPGs) cell culture 

medium was then added to the transfected Cos-7 cells and for 48 hours, collected, 

concentrated and then subjected Western Blot analysis using the BE-123 antibody, which 

recognizes the stub left behind after CS digestion from CSPGs by Chase ABC (7). Presence 

of a smeared western blot lane revealed the presence of cleaved CS-stubs on the family of 

CSPG proteins and indicated the functionality of the secreted Chase enzyme (Fig. 2B). The 

in vivo activity of ChaseM was also confirmed using a glioma xenograft model. Briefly, 

GFP positive GB9-GFP tumor cells transfected with a control or ChaseM expressing 

plasmid were implanted into the striatum of athymic mice as previously described [9]. Seven 

days post tumor implant, mice were euthanized and brains were analyzed for CS stubs 

indicative of Chase ABC activity. Immunohistochemistry using the BE123 antibody 

identified areas of CSPG digestion in the tumor ECM in GBM30 cells transfected with 

ChaseM (Fig. 2C). Importantly, ChaseM secretion into the tumor ECM did not enhance 

glioma cell invasion in vivo (data not shown). These results indicate that the ChaseM 

enzyme was secreted in its active form by transfected mammalian cells both in vitro and in 
vivo without enhancing glioma cell invasion.

Oncolytic virus (OV) with a functional ChaseM enzyme enhances viral spread and glioma 
cell killing

We have previously described the ability of Chase to enhance OV spread in glioma 

neurospheres (7). To determine if the humanization of ChaseM could enhance the anti-

glioma efficacy of a herpes simplex I (HSV-1) OV we generated a novel ChaseM expressing 

OV (OV‐ChaseM) (Supplemental Fig. 2) (7). Primary GBM neurosphere derived cells were 

infected with the indicated virus and allowed to form aggregates over 72 hours. Analysis of 

aggregate size of infected GBM30 (Fig. 3A) and X12 (Fig. 3B) glioma cells revealed a 

significant inhibition of glioma cell aggregation after OV-Chase M infection relative to 

control and wild-type normal Chase (Chase N) expressing OV (p<0.001) (Fig. 3A-B). Since 

only the humanized mutant Chase OV showed a significant reduction in the ability of GBM 

neurospheres to form aggregates, we then tested the ability of this mutant to enhance the 

oncolytic killing of glioma cells alone and/or with chemotherapy.

To evaluate if the ChaseM virus resulted in increased spread and infection of glioma NS, the 

indicated neurosphere cultures were treated with either OV-Control or OV-ChaseM and then 

evaluated for infection. Flow cytometry for GFP positive infected cells revealed better virus 

infection resulting in an increased number of infected cells in neurospheres treated with OV‐
ChaseM as compared to OV-Control five days post infection (Fig. 3C). Next, to examine the 
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oncolytic ability of OV-ChaseM, X12 patient derived neurospheres were infected at an MOI 

of 0.005 for five days and cells were then harvested and assayed for cell killing after live/

dead cell staining (Invitrogen) via flow cytometric analysis. Representative live/dead 

histograms reveal an obvious induction of glioma cell death following OV treatment (Fig. 
3D). At every MOI tested (0.0025, 0.005 and 0.01), OV‐ChaseM resulted in a significant 

enhancement of glioma cell killing when compared to OV-Control or untreated cells 

(p<0.05) (Fig. 3E). Taken together, these data reveal that OV-ChaseM contains a functional 

ChaseM enzyme and enhances viral replication and glioma cell killing in vitro.

OV-ChaseM enhances temozolomide (TMZ) induced apoptotic cell killing of glioma 
neurospheres

Since a diminished capacity to form aggregates implied a decreased physical barrier for the 

spread of chemotherapeutic drugs (7, 18, 19), we postulated that ChaseABC would be an 

effective therapeutic modality when combined with chemotherapy. The ability of OV-

ChaseM in combination with Temozolomide (TMZ) to induce apoptosis was assessed using 

Annexin V/7-AAD (BD) and live/dead staining (Invitrogen) via flow cytometric analysis. 

Here, glioma cells were treated with OV one day prior to TMZ and collected for analysis 

five days thereafter. There was a significant increase in AnnexinV/7AAD dual positive 

apoptotic glioma cells following OV-ChaseM plus TMZ treatment, indicative of apoptotic 

cell death, when compared to all other treatment groups (p<0.0001) (Fig. 4A). Additionally, 

specific examination of glioma cell death using a live/dead cell stain also revealed a 

significant induction of cell death following OV‐ChaseM plus TMZ treatment (p<0.0001) 

(Fig. 4B). Using a two-way ANOVA model to test for synergistic interactions, we 

determined that there was a significant and synergistic interaction between OV‐ChaseM and 

TMZ that resulted in the induction of glioma cell death (p<0.002). Taken together, these data 

indicate the induction of apoptosis observed following TMZ treatment is significantly 

enhanced by OV infection, with maximal sensitivity observed using an OV expressing the 

ChaseM enzyme.

OV-ChaseM plus TMZ inhibits pro-survival AKT responses in glioma neurospheres

The marked increase in glioma neurosphere apoptosis and cell death led us to further 

interrogate the cellular signaling alterations that occur following OV-ChaseM plus TMZ 

treatment. AKT, a serine/threonine kinase that is central to the RTK/PTEN/PI3K pathway, 

plays a critical role in cancer cell growth and survival (20). Moreover, AKT activation, via 

phosphorylation at Serine473, is associated with TMZ chemoresistance in glioblastoma cells 

(21). Therefore, we next examined whether or not OV‐ChaseM sensitized glioma 

neurospheres to TMZ by affecting this crucial cell signaling hub. X12 primary patient-

derived glioma neurospheres were infected with OV‐Control or OV‐ChaseM for 24 hrs prior 

to TMZ treatment for 5 days. Glioma cells were then harvested and assayed for intracellular 

pAKTSer473 via flow cytometric analysis. HSV-1 encoded miR H6 has been shown to 

increase intracellular AKT phosphorylation (22). Consistent with this, we observed 

increased AKT phosphorylation in response to oncolytic virus infection with OV-Control or 

OV-ChaseM. Interestingly, TMZ treatment alone had no effect on pAKT levels when 

compared to untreated cells (Fig. 4C). Surprisingly, there was a significant and synergistic 

interaction between OV-ChaseM and TMZ treatment in the reduction of the number of 
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pAKT positive cells (Fig. 4C: 21.9% relative to 61.9% and 61.1% for OV-ChaseM + TMZ, 

OV-ChaseM and TMZ alone, respectively) and the total levels of phosphorylated 

AKTSer473, as measured by mean fluorescence intensity (MFI), when compared to all other 

treatment groups (p<0.0001) (Fig. 4D). Individual MFI values are listed in the inset boxes of 

Fig. 4C and the mean from three independent experiments normalized to untreated cells is 

quantified if Fig. 4D. Moreover, there was a significant synergistic interaction of OV-

ChaseM and TMZ in the reduction of pAKT levels (p<0.008). This pAKT inhibition 

mediated by combinatorial therapy indicated that OV-ChaseM infection sensitized glioma 

neurospheres to TMZ, making them more susceptible to its chemotherapeutic, anticancer 

effects.

OV-ChaseM plus TMZ combinatorial therapy enhances survival in vivo

Next, we tested the therapeutic efficacy of combining OV-ChaseM with TMZ in mice 

bearing intracranial tumors. Athymic nude mice bearing intracranial GBM30 tumors were 

treated with 3×105 pfu of OV‐ChaseM via intratumoral injection as previously described (7). 

Following OV infection, mice were treated with 10 mg/kg of TMZ for five days via oral 

gavage. Here, mice treated with TMZ exhibited a significant survival advantage when 

compared to saline treated mice (Fig. 5) (p=0.05). Interestingly, OV-ChaseM plus 10 mg/kg 

TMZ combination therapy resulted in a significant enhancement of murine survival, when 

compared to all other individual treatment groups (p<0.02). These data indicate the 

therapeutic efficacy of TMZ can be significantly improved following OV-ChaseM infection 

in an in vivo model of glioblastoma.

Discussion

The tumor microenvironment plays a critical role in the molecular pathways involved in 

glioma initiation, progression and metastasis. Extracellular matrix associated proteins, such 

as CSPGs are among these key players and are essential to the pro-tumorigenic cellular 

cascades involved in these processes. Elucidation of the mechanisms by which CSPGs drive 

tumorigenesis and metastasis may provide novel therapeutic approaches in cancer therapy 

(23). We have previously demonstrated that an OV-secreted Chase enzyme enhanced OV 

spread in glioma cells with enhanced in vivo efficacy (7). Based on these findings, we 

generated a second generation OV expressing a humanized Chase enzyme (ChaseM) that 

exhibited enhanced secretion and functionality in mammalian cells when compared to 

Chase. For the first time, using neurosphere models, we now demonstrate that CSPGs are 

directly involved in glioma cell-to-cell interactions. In this study, we found that the 

disruption of these ECM components resulted in diminished neurosphere aggregation 

without affecting cellular proliferation or viability. We also generated an OV expressing the 

humanized ChaseM enzyme, which resulted in enhanced virus replication and glioma cell 

killing, and a synergistic enhancement of the effects of TMZ. In vivo, OV‐ChaseM plus 

TMZ combination therapy resulted in a significant survival advantage for glioma tumor-

bearing mice when compared to each individual treatment.

Several CSPGs have previously been implicated in GBM tumorigenesis and metastasis. It is 

thought that they may be critical to glioma cell-to-cell or cell-to-ECM interactions or 
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adhesion in the tumor microenvironment. Importantly, CD44, versican, aggrecan, NG2 and 

PTPRZ1 have all been reported to be widely expressed in human GBMs (3). Studies 

conducted by Ulbricht et al. and Bourgonje et al., also provide strong evidence for the ability 

of PTPRZ1 to drive glioma cell growth, migration and invasion in vitro and in vivo (24, 25). 

For example CS chain interactions in CD44 are known to be significant in the CD44 

mediated cell-cell interactions (26), and their disruption has been shown to inhibit the 

growth of melanoma in mice (27-29). Similarly NG2 blocking antibodies led to a reduction 

in tumor growth and proliferation in vivo, as well as enhanced sensitivity to various 

chemotherapeutic agents (30-33). These studies highlight the importance and potential 

therapeutic targeting of CSPGs in cancer therapy. In our studies, a drastic reduction in 

glioma cell aggregation was observed following humanized ChaseM transfection and OV-

ChaseM infection.

While the neurosphere formation to anti-cancer drugs is a strong prognostic indicator for the 

effectiveness of chemotherapy (19), in vitro treatment with Chase ABC did not affect glioma 

cell viability or proliferation implying that while CS chains on CSPG were important for 

aggregation, their removal did not affect glioma cell viability. Since cell-to-cell interactions 

have been implicated in resistance to chemotherapy and apoptosis (34), disruption of these 

interactions using OV‐ChaseM enhanced glioma cell killing by TMZ. In corroboration with 

previous observations (35), we observed a significant and synergistic enhancement of glioma 

cell apoptotic cell killing, along with the marked reduction in AKT phosphorylation, a nodal 

point for pro-survival signal transduction of extracellular and intracellular oncogenic signals 

(36, 37). Our data as well as work from Kanai et al. (38) indicates that OV infection of 

glioma cells results in increased phosphorylation of AKT at Ser473. Cells treated with both 

TMZ and OV-ChaseM showed a significant and synergistic reduction in pAKT and 

increased glioma cell death.

Collectively our data demonstrate that OV-ChaseM infection allows for reduced glioma cell 

aggregation, thus enhancing TMZ penetration and inducing glioma neurosphere death via 

apoptosis. Furthermore, our in vivo findings illustrate a clear therapeutic advantage of 

combining OV-Chase with TMZ. Future studies will focus on elucidating a precise 

mechanism by which OV-ChaseM plus TMZ combination therapy, as well as other clinically 

relevant chemotherapeutic agents, enhance anti-tumor efficacy. The data provided from these 

studies could augment the therapeutic repertoire for glioblastoma patients and provide a 

novel OV to enhance anti-cancer drug distribution in solid tumors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CSPG cleavage attenuates glioma cell aggregation. A
The indicated glioma cells were treated with or without 0.015 U/mL of the purified 

Chondroitinase ABCI (Chase) enzyme in low adherence plates. The ability of treated versus 

untreated cells to form neurospheres was assessed 48 hrs post treatment. Data shown are 

representative images of aggregrates formed from untreated (upper panels) and Chase 

treated (lower panels) cultures. B. Data shown are mean aggregate sizes (±95%CI) from 

cultures treated with or without Chase (***p<0.0001 for each cell line tested when 

compared to untreated cultures) quantified from at least 6 view fields per well and n=3 wells 

per condition. C. Data shown are the mean (± 95%CI) of cellular viability of glioma cell 

aggregates treated with or without Chase, as measured by Trypan Blue exclusion with n=3 

wells per treatment condition (p=0.38; and p=0.096; and p=0.82 for Gli36, U251 and 

U87ΔEGFR, respectively). D. The indicated glioma cells were treated with 5μM β‐D‐
xylopyranoside (XP, an inhibitor of CS glycosylation) for 48 hrs (replenished every 24 hrs). 

Glioma cell aggregation was then observed. Light microscopic images of glioma cell 

aggregates in untreated (upper panels) and treated cultures (bottom panels). E. U87ΔEGFR 

glioma cells were cultured in 24-well low adherence plates (50000 cells per well, n=3 wells 

per treatment condition) for 24 hrs following treatment with 0.015 U/mL of the purified 

Chase enzyme or 0.2 ug/mL of purified CS. Representative images of glioma cell aggregates 

under light microscopy following treatment. All experiments were performed in triplicate 

with at least three independent replicates.
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Figure 2. Creation of mutant Chondroitinase ABCI (ChaseM) with enhanced functional activity. 
A
Representative images of the indicated glioma cells transfected with plasmid encoding for 

beta galactosidase (control), wild type normal Chase (Chase N) or humanized mutant Chase 

(Chase M). B. Cos-7 mammalian cells were transfected with plasmids encoding for ChaseN 

(unmodified Chase DNA) or ChaseM (Mutant Chase) then cultured with concentrated 

medium from U87ΔEGFR glioma cells (the source of CSPGs) for 48 hrs. Cos-7 cell culture 

medium was then concentrated and subjected to CS stub Western Blot analysis using the 

BE123 antibody clone. Immunoreactivity is indicative of Chase enzymatic cleavage activity. 

C. Immunofluorescent images of tumor bearing brain sections from mice implanted with 

Green fluorescent protein (GFP) positive GB9 tumor cells (indicated in green) transiently 

transfected with a pcDNA3.1 LacZ control or pcDNA3.1 ChaseM plasmids and stained with 

the BE123 CS stub recognition antibody (CSPG cleavage staining indicated in red). Scale 

bar = 100μm. All in vitro and in vivo experiments were performed using an n>3 triplicate in 

at least three independent replicates.
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Figure 3. OV-ChaseM enhances viral spread and glioma cell killing. A-B
Representative 10X magnification light microscopy images for the GBM30 (A) and X12 (B) 

glioma cell aggregates infected with OV-Control (OV-Ctr), OV‐ChaseN (OV-N) or OV‐
ChaseM (OV-M) (MOI of 0.005), 72 hrs post infection. Quantification of individual 

aggregate sizes (Agg. Size) in random view fields per cell line is indicated to the right. C. 
Histograms of GFP positive X12 neurospheres (MOI 0.005) five days post infection as 

determined by flow cytometric analysis using a BD LSR II. D. Representative histograms of 

dead cells obtained from flow cytometric analysis (using live and dead cell staining; 

Invitrogen) to determine the killing capacity of OV‐ChaseM versus OV‐Control. E. 
Quantification of the percentage of dead cells at various MOIs is indicated. *indicates OV‐
ChaseM difference when compared to all other treatment groups with p<0.05. All 

experiments were performed in triplicate with at least three independent replicates.
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Figure 4. TMZ induced glioma cell apoptotic cell killing is enhanced with OV‐ChaseM in vitro
X12 primary patient-derived glioma neurospheres were infected at an MOI of 0.005 for 24 

hrs prior to treatment with 10uM of TMZ for 5 days. Following treatment, glioma 

neuropheres were dissociated and stained as indicated A. Representative Annexin V/7AAD 

scatter plot analysis of cells. The number in each quadrant reflects the percentage of events 

in that quadrant. B. Representative histograms of live/dead cell populations for cells treated 

as indicated. C. Representative histograms of intracellular pAKT (anti-pAKTSer473-

BV421) for each treatment group. Percent of cells staining positive for pAKT is indicated 

above the bars in each histogram. Numbers in inset boxes represent the mean fluorescence 

intensity (MFI) calculated as the area under the curve after pAKT staining (corrected for the 

isotype stained baseline) for each treatment group. D. Quantification of the MFI for 

intracellular pAKTSer473 obtained from each treatment group, corrected for the MFI of 

untreated cells (n=3/group). *indicates OV-Control difference when compared to untreated 

(p<0.05). ** indicates OV‐ChaseM differences when compared to all other treatment groups 

(p<0.0001). All experiments were performed in triplicate with at least three independent 

replicates.
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Figure 5. OV-ChaseM plus TMZ combination therapy enhances murine survival
GBM30 glioma neurospheres were implanted into the striatum of athymic mice (n=10/

group). Seven days post tumor implant, mice were treated with 3×105 pfu of OV-ChaseM 

via intratumoral injection and 10 mg/kg of TMZ via daily oral gavage on Days 8 through 12. 

Survival was assessed via Kaplan-Meir survival curves. *indicates OV‐ChaseM+10 mg/kg 

TMZ differences when compared to all other treatment groups with p<0.02, n=10/group.
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Table 1

List of Mutated amino acids created in mutant Chase ABC relative wild type Chase ABC. Mutation sites in the 

Chase enzyme engineered a mutant DNA to generate a humanized form of the Chase enzyme (ChaseM). The 

ChaseM sequence was preceded by a human IgG κ-chain leader sequence to enhance secretion and was five 

potential N-glycosylation sites were mutated (N282Q, N338Q, N345Q, S517Q, and N675Q).

Wild Type Chase Mutant Chase

No Leader sequence IgGκ secretion signal

282N 282Q

338N 338Q

345N 345Q

517N 517Q

675N 675Q
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