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Abstract

Glioblastoma can originate from terminally differentiated astrocytes and neurons, which can 

dedifferentiate to a stem cell-like state upon transformation. In this study, we confirmed that 

transformed dedifferentiated astrocytes and neurons acquired a stem/ progenitor cell state, 

although they still retained gene expression memory from their parental cell. Transcriptional 

network analysis on these cells identified upregulated genes in three main pathways: Wnt 

signaling, cell cycle and focal adhesion with the gene Spp1, also known as osteopontin (OPN) 

serving as a key common node connecting these three pathways. Inhibition of OPN blocked the 

formation of neurospheres, affected the proliferative capacity of transformed neurons and reduced 

the expression levels of neural stem cell markers. Specific inhibition of OPN in both murine and 

human glioma tumors prolonged mice survival. We conclude that OPN is an important player in 

dedifferentiation of cells during tumor formation, hence its inhibition can be a therapeutic target 

for glioblastoma.
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Introduction

Glioblastoma multiforme (GBM) is the most common and most aggressive form of primary 

brain tumors in adults. It accounts for almost 20% of all primary brain tumors diagnosed 

annually and about half of all cases of malignant brain cancer.

Despite some advances in therapy over the past two decades, treatment outcomes remain 

poor, with typical median survival times after diagnosis ranging from 1 to 2 years. GBM has 

a very high recurrence rate, and transplantation of as few as 10–100 malignant tumor cells 

can lead to tumorigenesis. Thus, it appears that GBM tumor cells have the potential to 

function as stem cells. Cancer stem cells were initially described in hematopoietic cell 

malignances1 and glioma cancer stem cells were among the first to be identified and isolated 

from solid tumors.2 The isolation of tumor cells with stem cell features from human gliomas 

implied neural stem cells (NSCs) as possible cells of origin. However, these NSCs-like 

properties of glioma cancer stem cells could be acquired during transformation and as our 

group and others have recently shown,3–6 differentiated non-stem cancer cells can undergo 

dedifferentiation to form tumor stem-like cells. In this study, we investigated the 

mechanisms of dedifferentiation/reprogramming achieved by cortical mature neurons and 

astrocytes upon transduction with lentiviral vector containing HRasV12 and shp53.4 We 

performed whole genome transcriptome analysis of the dedifferentiated neurons and 

astrocytes along with the enriched populations of mouse embryonic stem cells (mESCs), 

NSCs, neurons and astrocytes to characterize the point of regression of these 

dedifferentiated cells on the differentiation axis. Our transcriptome data revealed that the 

dedifferentiated cells have significantly lower expression of known markers of their parental 

cell types. They also exhibited increased expression of progenitor NSC markers. Enrichment 

analysis of the differentially regulated genes in the dedifferentiated cell types revealed 

upregulation of the Wnt signaling, cell cycle and the focal adhesion pathways as compared 

with the mature parental cell types. Furthermore, we identified a functional network that was 

conserved in the dedifferentiated neurons and astrocytes, thus revealing significant 

interactions between the genes responsible for the phenotype observed in the 

dedifferentiated cell types. We identified Spp1 (secreted phosphoprotein 1), which encodes 

for the protein osteopontin (OPN), as an important node in this network and validated the 

role of OPN in the dedifferentiation of transformed neurons.

Results

Experimental design

To understand the molecular mechanism involved in the dedifferentiation of mature neurons 

and astrocytes upon onco-genic insult, we followed the in vitro system that we described 

previously.4 Briefly, cortical neurons and astrocytes were derived from 11-day-old 

SynapsinI-Cre and GFAP-Cre mice, respectively. The cells were cultured in their respective 

media to maintain their identity (see materials and methods section). These cells were then 

transduced with HRas-shp53 lentivirus with a transduction efficiency of >90%.4 The 

transduced neurons and astrocytes were later switched to NSC media devoid of serum and 

supplemented with FGF-2 (NSC media). Within 1 week, these cells became proliferative 

and aggregated to form free-floating neurospheres. These cells, hereinafter referred to as 
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NSynR53 and AGR53, respectively, were later harvested and mRNA collected for 

sequencing library generation using DP-seq.7 To assess the regression of these cells to an 

undifferentiated state along the differentiation axis, enriched populations of mESC and NSC 

were also grown in vitro and mRNA obtained from these cells were subjected to library 

preparation (Figure 1a).

Sequencing libraries prepared from these samples exhibited high transcriptome coverage 

with a vast majority of the reads mapping to the NCBI Refseq database (Supplementary 

Table 1). To validate our sequencing libraries, we investigated the expression of known 

markers of different cell types. MESC markers,8 which were significantly enriched in mESC 

libraries, showed low expression in other cell types (Supplementary Figure S1). The 

enriched populations of other cell types also showed upregulation of their respective 

markers.9 In case of dedifferentiated neurons and astrocytes, majority of the mESC markers 

had low expression. Additionally, these cells exhibited diminished expression of their 

parental cell type markers whereas the expression of known NSC markers were significantly 

high in these cells (Figure 1b). This demonstrated that the dedifferentiated cells acquired an 

undifferentiated progenitor/ stem cell state.

Differential gene expression analysis

The biological cell types considered in this study were highly divergent with many 

housekeeping genes exhibiting differential expression. Therefore, we normalized the 

sequencing libraries using quantile normalization. Differential expression analysis identified 

463 genes upregulated in NSynR53 cells in comparison with the parental mature neurons 

(Supplementary Figure S2). AGR53 biological samples showed higher differential 

expression (1966 genes upregulated in comparison with the parental astrocytes) owing to 

high biological variations in the neuron samples (Supplementary Figure S3). Majority of the 

463 genes upregulated in NSynR53 were also upregulated in AGR53 (Figure 1c) 

highlighting that the genetic alterations introduced by the oncogenic lentivirus affected the 

same set of genes in the two parental cell types. Similar observations were made for the 

downregulated genes in the dedifferentiated NSynR53 and AGR53 cells.

We next performed pathway enrichment analysis on the differentially regulated genes 

identified in the dedifferentiated cell types (Supplementary Table 2 and 3). In both cell 

types, canonical Wnt signaling, cell cycle and the focal adhesion pathways were 

significantly represented (Figure 1c). Aberrant regulation of Wnt signaling has been 

implicated in progression of various cancers10 and many of its components have been 

associated with maintenance of cancer stem cells.11 Expectedly, cell cycle-related genes 

were upregulated in dedifferentiated cell types as these cells were highly proliferative in 

contrast to their parental cell types. The dedifferentiated cell types underwent drastic 

transformation losing their flattened morphology and acquired an aggregated free-floating 

neurosphere-like structure. This transformation resulted in the differential expression of 

many focal adhesion genes. Interestingly, focal adhesion genes exhibited a bifurcated 

expression pattern where a unique set of genes were enriched in the dedifferentiated cell 

types while some genes lost their expression (Supplementary Figure. S4). Both, neurons and 

astrocytes, displayed conserved regulation of many of the focal adhesion-associated genes. 
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Pathways downregulated in dedifferentiated cell types were necessary for maintenance of 

terminally differentiated cell types (neurons and astrocytes). This further highlights that the 

dedifferentiated cell types have distanced themselves from the differentiated state and 

acquired a progenitor stem cell-like state.

Gene set enrichment analysis

We performed single sample gene set enrichment analysis4,12 to assess the path adopted by 

mature neurons and astrocytes to dedifferentiate upon oncogenic insult to a progenitor stem 

celllike state. We compiled a list of known markers of the enriched populations: mESC, 

NSC, neurons and astrocytes and assessed their distribution in the sorted list of transcripts 

whose expression were normalized across these populations.

Expectedly, the known lineage markers showed significantly high enrichment scores in their 

respective populations (Figure 1d). The NSC population showed significant enrichment for 

astrocyte markers. Similarly, cortical astrocytes showed positive but not statistically 

significant enrichment of the NSC markers. This could be attributed to the plasticity 

observed in astrocytes with some astrocyte-specific markers sharing the expression with the 

NSCs.13 In the case of dedifferentiated neurons (NSynR53 cells), positive enrichment was 

observed for neuron markers. The astrocyte markers also displayed positive enrichment in 

the dedifferentiated astrocytes; however, the enrichment was not statistically significant. 

Surprisingly, dedifferentiated astrocytes (AGR53) also showed upregulation of a number of 

neuron markers. GO term enrichment analysis of the neuron markers that showed 

upregulation in both dedifferentiated neurons and astrocytes revealed biological processes 

associated with neural function (Supplementary Table 4). On the other hand, the neuron-

specific markers that exhibited low expression in dedifferentiated neurons and astrocytes 

were mostly associated with ion transport and ligand interaction (Supplementary Table 5). 

This analysis suggests that at the whole transcriptome level, the dedifferentiated cell types 

have acquired the expression of NSC markers while retaining the memory of their parental 

mature cells. The low expression of the mESC-related markers and their negative 

enrichment scores in the dedifferentiated cells indicate that these cells adopted PATH 2 

(Figure 1a) while regressing to a progenitor stem cell-like state.

We performed similar analysis on glioma tumors obtained from the stereotaxic injection of 

the lentiviral vector in the cortex of SynapsinI-Cre and GFAP-Cre mice. Positive 

enrichments for both neuronal markers and focal adhesion molecules upregulated in the 

dedifferentiated neurons were observed. This implies that even the cancer formed by 

dedifferentiation of neurons and astrocytes share neuronal traits and exhibit similar 

expression of focal adhesion molecules observed in the dedifferentiated cell types.

Identification of the functional network involved in dedifferentiation

We next sought to identify functional connectivity between genes that were upregulated in 

the dedifferentiated cell types. We compiled a database of known as well as predicted 

functional gene and protein interactions from four different sources including TRANFAC,14 

STRINGS (Search Tool for the Retrieval of Interacting Genes/Proteins 8.3; http://string-

db.org/), KEGG and BioGRID ver. 3.2.15 The resulting network consisted of more than 
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8000 nodes/genes that were connected by >40 000 edges/ interactions. We projected the 

upregulated genes in dedifferentiated neurons (in comparison with neurons) on this network 

using Cytoscape16 and identified a functional connectivity between 38 nodes that were 

connected by more than 53 edges (Figure 2). The network further demonstrated sub-

networks representing the genes associated with the three signaling pathways: Wnt 

signaling, cell cycle and the focal adhesion pathway. These pathways were also identified as 

significantly enriched in dedifferentiated astrocytes.

As neurons and astrocytes were infected with the same lentiviral vector and the 

dedifferentiated cell types were phenotypically similar, we postulated that the genes 

involved in the functional network of the dedifferentiated neurons should have conserved 

expression in the dedifferentiated astrocytes. Indeed, the vast majority of these genes were 

upregulated in AGR53 in comparison with mature astrocytes (Supplementary Figure S5).

OPN is expressed in transformed neurons, astrocytes and glioma tumor samples

To gain further insight into the biological relevance of the network described in the previous 

section, we decided to focus on one specific gene, Spp1, which encodes for the protein OPN. 

This gene is at a node that connects all three pathways, so we postulated that perturbing its 

expression might compromise the capacity of the transformed neurons or astrocytes to 

dedifferentiate to a stem/progenitor state.

We first confirmed by qPCR analysis that Spp1/OPN is over-expressed in NSynR53 and 

AGR53 cells compared with their parental mature cell types (Figure 3a). Furthermore, 

previous microarray analysis of our mouse glioma tumor samples,4 as well as data from the 

TCGA on human glioma tumors revealed upregulation of Spp1 (13-fold increase in mouse 

GBMs over normal brain tissue, and upregulated in 6% of human GBM cases (http://

www.cbioportal.org/public-portal/)).

We next stained sections of mouse glioma tumors induced by injection of HRas-shp53 in the 

cortex of SynapsinI-Cre mice for expression of OPN, CD44 (one of the receptors of OPN) 

and other cell-type markers by immunofluorescence (Figure 3b). We found that OPN is 

secreted mostly in the border regions of the tumor and expressed less in the central part of 

the tumor. In the border region, higher correlation between OPN and CD44 expression were 

observed in comparison with the central part of the tumor (Figure 3b, panel i). In the border 

region, the OPN-expressing cells are mostly tumor cells as indicated by dual GFP and OPN 

expression in these cells. The OPN+GFP+ cells were also positive for Nestin and the vast 

majority was negative for GFAP (astrocytes) and Iba-1 (microglia) markers (Figure 3b, 

panels ii, iii and iv). OPN was previously reported to be associated with invasion and 

migration of tumor cells.17 We believe that based on the pattern of OPN staining in the 

mouse glioma tumors, the invasive and more aggressive tumor cells located at the edge of 

the tumors are in fact expressing high levels of OPN. Flow cytometry analysis confirmed 

that all tumor cell lines were double positive for expression of OPN and CD44, thus 

validating the expression of OPN and CD44 in the dedifferentiated NSynR53 and AGR53 

cells as well as two other glioma stem cell lines derived directly from the lentivirus-induced 

tumors (Figure 3c).
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Blocking OPN compromises dedifferentiation of transformed neurons

To assess the possible role of OPN in tumor cell dedifferentiation, we blocked the 

expression of OPN in two lines of transformed neurons (NSynR53-1 and NSynR53-2). Out 

of four individual short hairpin RNAs designed for targeting OPN (shOPN), shOPN-1 and 

shOPN-3 constructs were most efficient in suppressing the OPN mRNA and protein 

expression (Supplementary Figure S6 and Figure 4a and b). A scrambled shRNA (shIRR) 

was used as a control throughout the study. To test the ability of NSynR53-shOPN cells to 

dedifferentiate in vitro, we switched the cell culture media from neuron-specific media to 

stem cell media supplemented with FGF-2 (NSC media). Both OPN-targeting shRNA 

constructs decreased the ability of NSynR53 to form the characteristic neurospheres (Figure 

4c). On the other hand, control NSynR53-shIRR formed characteristic neurospheres when 

switched to NSC media. Similar results were obtained when NSynR53 cells were cultured in 

the presence of a neutralizing OPN antibody (Figure 4d). The levels of secreted OPN in the 

supernatant of cells either transduced with shOPN or blocked by addition of neutralizing 

OPN antibody to the media was confirmed by ELISA (Supplementary Figure S7). Confocal 

analysis of the neurospheres obtained in the control NSynR53 cells stained both for Nestin 

and Sox2, two markers of neural progenitor/stem cells (Figure 4e, panel i). The NSynR53 

cells incubated in the presence of neutralizing OPN-Ab were unable to form neurospheres 

and retained their cell morphology and remained attached to the plate. These cells not only 

stained positive for the neuronal marker MAP-2 but also expressed low levels of Nestin and 

Sox2 (Figure 4e, panels ii and iii). qPCR analysis of well-defined stem cell markers on 

NSynR53-shOPN cells also showed reduced levels of expression of NSC markers compared 

with the NSynR53-shIRR cells capable of forming neurospheres in culture (Supplementary 

Figure S8).

Blocking OPN affects cell proliferation and cell cycle

To test the effect of blocking OPN in tumor cell proliferation, we plated NSynR53-shOPN, 

NSynR53 in the presence of neutralizing OPN antibody and their respective controls for 72 

h. Either silencing OPN or blocking its effect on NSynR53 cells significantly decreased their 

proliferative capacity (Figure 5a). The effect of blocking OPN on progression of NSynR53 

through the cell cycle was determined by 7-aminoactinomycin D staining and flow 

cytometry analysis (Figure 5b). Silencing of OPN induced an accumulation of cells in the 

G2 phase of the cell cycle, increasing the proportion of cells in G2 from 32.9% in controls to 

51% in cells depleted of OPN. There was also a corresponding decline in the G1 phase and 

S phase. Similar effects on cell cycle progression were previously reported for an effective 

OPN inhibitor, (-)-Agelastatin A, on breast cancer cell lines.18

Finally, to assess the overall effect of silencing OPN in NSynR53 cells and to validate the 

functional network defined before (Figure 2), we tested the expression of representative 

genes of each pathway by qPCR. As shown in Figure 5c, silencing OPN has major effects in 

representative genes from the cell cycle, Wnt and focal adhesion pathways validating the 

connectivity of the network through Spp1/OPN.
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Specific inhibition of OPN in tumor cells prolongs mice survival

To selectively inhibit OPN expression in tumor cells in vivo, we transduced NSynR53 cells 

with an inducible version of the shOPN (miROPN; Supplementary Figure S9). NSynR53-

miROPN cells were transplanted into NOD-SCID mice and 10 days after the transplantation, 

one group of mice (miROPN+Dox) received doxocyclin in their chow. The control group 

continued to feed on normal chow. As shown in Figure 6a, specific inhibition of OPN 

prolonged mice survival compared with control groups.

Immunostaining and confocal microscopy analysis confirmed that inducible shOPN tumors 

(mirOPN(+)Dox) had less OPN expression than control mice (mirOPN(-)Dox) (Figure 6b, 

panel i). Although both tumors retained expression of the neuronal marker Tuj1 (higher 

expression is still observed in the shOPN tumors; Figure 6b, panel ii), the most striking 

difference was observed when staining for the NSC marker Nestin (Figure 6b, panel iii). 

shOPN tumors are not only negative for Nestin, but they also expressed lower levels of Ki67 

(proliferation marker, Figure 6b, panel iv). Finally, we also noticed that shOPN tumors have 

smoother borders than control tumors, supporting the notion that OPN is involved in tumor 

invasion and migration (see Figure 6b panels i and iii). Altogether, the in vivo observations 

confirmed all our findings in vitro, and suggest a role of OPN in tumor cell dedifferentiation.

To determine the human relevance of our findings, we investigated the role of OPN/Spp1 in 

human GBM by assessing the expression of the gene in TCGA datasets. Spp1 gene is highly 

expressed in the majority of the GBM tumors (Supplementary Figure S10A). Furthermore, 

Spp1 was significantly upregulated in GBM tumors (>90% of the tumors) in comparison 

with pooled normal controls (Supplementary Figure S10B). This suggests an important role 

played by OPN/Spp1 in human GBM samples. To test the functional consequences of 

knocking down Spp1 (OPN) in vivo, we established orthotopic xenografts utilizing shIRR or 

shOPNh-expressing human glioma cell lines (U87-shIRR and U87-shOPNh, respectively; 

Supplementary Figure S11). U87-shIRR-transplanted mice readily developed intracranial 

tumors, whereas U87-shOPNh mice showed impaired tumor formation and increased 

survival (Figure 7a). When the first U87-shIRR mice succumbed to the disease, 

representative mice from the U87-shOPNh group were killed. U87-shIRR mice developed 

aggressive tumors that invaded both hemispheres (Figure 7b, panel i). In contrast, U87-

shOPNh-transplanted mice had no clinical symptoms of the disease and no signs of tumor 

growth were identified at this time point (Figure 7b, panel ii). Eventually, all mice in the 

U87-shOPNh group developed symptoms of tumor growth and histology analysis of the 

collected brains revealed the presence of gliomas (Figure 7b, panel iii). Immunostaining and 

confocal microscopy analysis showed high expression of OPN in U87-shIRR but was 

undetectable in U87-shOPNh tumors (Figure 7c, panel i). In addition, U87-shOPNh tumors 

expressed lower levels of Ki67 (Figure 7c, panel ii).

To further evaluate whether the expression of OPN/Spp1 in GBM correlates with patient 

survival, we looked through the Rembrandt database and found that in human patients with 

glioma tumors, downregulation of OPN/Spp1 is also correlated with better survival 

(Supplementary Figure S12).
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Discussion

We have used a systems biology approach together with an in vitro and in vivo cancer model 

system to investigate the mechanism by which transformed mature neurons or astrocytes 

dedifferentiate to a stem-like state to form recurrent aggressive glioma tumors. We used DP-

seq to generate robust sequencing libraries from low amounts of mRNA obtained from cells 

derived from mouse models. DP-seq captured global transcripts expression changes and 

revealed that these dedifferentiated cell types acquired a stem-progenitor-like state, although 

they still retained memory of their parental cell types. Persistent memory of the original 

somatic cells has also been described in induced pluripotent stem cells19–22 where the 

genetic profiles of induced pluripotent stem cells were shown to be comparable but not 

identical with that of ESCs. The disparity in transcripts expression between the two 

populations may suggest retention of the gene expression of the donor cell in induced 

pluripotent stem cells. Parallels between reprogramming of somatic cells and 

dedifferentiation in cancer have been already found and described.23 Our findings suggest 

that retention of residual transcriptional memory of the parental somatic cell is an additional 

characteristic that the process of iPS generation shares with dedifferentiation in cancer.

At the transcriptome level, the dedifferentiated tumor cells mostly resemble NSC at least 

under the conditions used in vitro in this study, mainly NSC media, and they shared only a 

few genes with ESCs. The analysis of gene expression signatures associated with ESCs 

identity in human GBM24 supports a dedifferentiation process undergoing in these tumors. 

An attempt to elucidate the pathways involved in dedifferentiation of transformed neurons 

and astrocytes revealed a functional network, shared by these two populations undergoing 

dedifferentiation, involving three important signaling pathways: Wnt signaling, cell cycle 

and focal adhesion pathways. The Wnt signaling pathway and different genetic defects in 

this molecular pathway have been shown to cause and promote cancer.25 Considering the 

oncogene and tumor suppressor gene combination that we used to induce transformation in 

both neurons and astrocytes (HRas and loss of p53), it is not surprising to find cell cycle as 

one of the important pathways involved in dedifferentiation. The relevance of cell cycle 

deregulation in cancer has been extensively reported in the past decades (reviewed in 

Malumbres and Barbacid26). The pathway that warranted significant attention is the focal 

adhesion pathway, mainly because of the morphological changes the parental neurons and 

astrocytes undergo during the dedifferentiation process, from a cell flattened shape to the 

formation of clusters known as tumorspheres. We focused on Spp1, a gene located at a node 

that connects all three pathways represented in the functional network involved in the 

dedifferentiation process, which codes for a focal adhesion and secreted protein called OPN.

OPN is a glycophosphoprotein with an RGD-containing domain and multifunctional 

properties both as a cytokine and a chemokine. It is expressed intra- and extracellularly, and 

is produced by several types of cells including macrophages, epithelial cells, smooth muscle 

cells, osteoblasts and cancer cells.27,28 The RGD site mediates binding of OPN to multiple 

integrins, including αVβ3, αVβ5, αVβ1, α5β1, and to certain variant forms of CD44.29–31 

Among the several postulated functions of OPN, its role in tumorigenesis includes several 

aspects such as remodeling the extracellular matrix, proliferation, cell invasion and 

migration, angiogenesis, and metastasis.32 In general, high OPN levels have been associated 
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with aggressive tumors and poor prognosis in patients.33,34 Specifically in malignant 

gliomas, OPN has been shown to be involved in tumor growth and invasion,17 recruitment 

of macrophages and neutrophils,35 and tumor cell survival.36,37 A recent study reported 

OPN as a factor exclusively secreted in the perivascular niche of proneural GBM to promote 

stem cell properties of glioma cells in this niche.38 The study proposed that OPN secreted by 

stromal astrocytes confers radiation resistance and stemness properties to tumor cells. Our 

results suggest a new role of OPN in tumor cell dedifferentiation, whereby transformed 

astrocytes and neurons express high levels of OPN to promote dedifferentiation and 

acquisition of stem cell properties. As we have previously reported, tumors induced by 

transduction of cortical neurons and astrocytes are classified into the mesenchymal GBM 

subtype.4 We have confirmed high expression of OPN (Spp1 gene) and CD44 (one of its 

receptors) both in our mesenchymal GBM mouse tumors (microarray data4) as well as in 

human GBM samples (www.cbioportal.org). CD44 was identified as a GBM mesenchymal 

marker,39 and we confirmed its expression throughout our mesenchymal mouse GBM 

model. Interestingly, OPN is also expressed in these tumors but at higher levels in the border 

area compared with the central area of the tumor. This pattern of expression correlates well 

with the suggested role of OPN in invasion and migration in GBM.17 Furthermore, high 

levels of OPN in invasive GBM also correlated with high expression of vimentin, another 

mesenchymal marker, and low levels of GFAP. In this particular study, knocking down 

OPN reduced cell invasiveness, decreased vimentin and increased GFAP expression, the 

later used as a marker of differentiated astrocytes.17 Our conclusion is further supported by 

the observation that when blocking the effect of OPN in transformed neurons, these cells 

retained their parental cell morphology. Additionally, they were unable to form the typical 

neurospheres and expressed low levels of representative NSC makers while maintaining 

their differentiated state.

Our data further showed that blocking OPN compromises dedifferentiation of transformed 

neurons, affecting their proliferative capacity and causing cells to accumulate in the G2 

phase of the cell cycle. Similar effects were observed when (-)-agelastatin A, a naturally 

occurring oroidin alkaloid, was used to treat human breast cancer cell lines.18 The authors 

claimed that (-)-agelastatin A increases the levels of Tcf-4 while reducing the expression of 

β-catenin and OPN. This supports the connectivity that we found between the focal adhesion 

pathway (through Spp1) and the Wnt signaling pathway. Our findings also show that 

lowering the levels of OPN (by shRNA silencing) decreases the levels of different 

components of the Wnt signaling pathway.

To mimic the therapeutic effect of a tumor-specific OPN inhibitor, we designed an inducible 

OPN shRNA (miROPN) to treat GBM-bearing mice. The results showed that OPN-treated 

mice survived longer compared with control mice. Confocal microscopy analysis confirmed 

low levels of OPN expression in these tumors and more interestingly, these tumors retained 

high expression levels of the neuronal marker Tuj1 and were negative for Nestin. This 

observation suggests that silencing OPN in tumor cells compromised the ability of these 

cells to dedifferentiate, hence retaining a more differentiated state. In this differentiated 

state, tumor cells proliferate slower (indicated by a significant decrease of cell proliferation 

marker Ki67 in miROPN(+)Dox tumors) and are less invasive and aggressive.
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The human relevance of our findings was supported by high expression of OPN/Spp1 in 

human GBM patients (TCGA datasets), and in an in vivo experiment, which showed that 

targeting OPN in a GBM human cell line suppressed tumor growth and improved survival in 

GBM-bearing mice.

Eventually, all treated mice succumbed to the disease, and it is possible that as proposed 

previously, other non-tumor cells in the brain might be secreting OPN and supporting the 

dedifferentiation process of tumor cells in a paracrine manner. Other ways to neutralize the 

global levels of OPN or alternatively, blocking the receptors of OPN in brain tumors should 

be tested. CD44 is not the only receptor of OPN, and as shown recently, plateled-derived 

growth factor beta-induced murine gliomas in CD44 –/– background mice, lead to longer 

survival, but these mice also eventually developed tumors.38

Collectively, our systems biology approach identified the relevant pathways involved in the 

dedifferentiation of glioma cells and revealed the functional hubs of protein/gene 

interactions relevant for the disease phenotype. Early intervention of the disease may 

warrant therapies targeting these hubs. Using a GBM mouse model, we demonstrated that 

one of these targets, OPN, plays an important role in dedifferentiation of glioma cells and 

can be a potential therapeutic target in human tumor.

Materials and Methods

Cell culture

Primary cortical astrocytes and neurons were obtained from 11 days postnatal pups from 

GFAP-Cre and SynapsinI-Cre transgenic mice, respectively, and prepared according to 

published methods.40,41

Astrocytes were maintained in Dulbecco's modified Eagle's medium containing 10% fetal 

bovine serum and neurons were cultured in Neurobasal-A Medium (Gibco, Carlsbad, CA, 

USA) containing Glutamax (Gibco) and B-27 supplement (Gibco). Following transduction 

of either primary astrocytes or neurons with the lentivirus, at the early passages, cells were 

either cultured in the medium described above or in parallel cultured in NSCs medium 

containing FGF-2.4 U87 human glioma cell line was maintained in Dulbecco's modified 

Eagle's medium containing 10% fetal bovine serum.

Lentiviral vectors

shRNA hairpins were cloned into an NheI site of the p156RRLsin vector.42 The shRNAs 

used in this study were: shOPN-1 5′- AGGATGACTTTAAG CAAGAAA-3′ and shOPN-3 

5′- TGACGAATCTCACCATTCGGATGAGTCTG-3′ to target mouse OPN, and shOPNh-1 

5′- CCGAGGTGATAGTGTGGTTTA-3′, shOPNh-2 5′- 

CCACAAGCAGTCCAGATTATA-3′, shOPNh-3 5′- CACAAGCAG 

TCCAGATTATTT-3′ to target human OPN (shOPNh-1 was selected for in vivo 

experiments). To achieve inducible silencing of mouse OPN (miROPN), we designed a one-

lentivector system based on the Tet-regulated miR30-shRNA technology,43 combined with 

expression of the transactivator (m2RtTA) under the EF1α promoter. Lentivirus was 

prepared as described previously.44
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Mice and stereotaxic injections

hGFAP-Cre, SynapsinI-Cre and NOD-SCID mice were all purchased from the Jackson 

Laboratories (Bar Harbor, ME, USA). Mice were maintained in pathogen-free conditions in 

the Salk Institute and monitored daily for signs of illness and killed when moribund. All the 

procedures performed in this study were approved by the IACUC. Lentivirus and tumor 

cells were injected stereotaxically as described previously.4

RNA extraction and sequencing

Library PreparationTotal RNA was extracted from harvested cells using Trizol (Invitrogen, 

Carlsbad, CA, USA). About 1–3 μg of total RNA was later subjected to Oligo(dT) selection 

using Dynabeads mRNA Purification Kit (Invitrogen) according to the manufacturer's 

protocol. The first stand cDNA was synthesized using oligo dT primers (20 bp) and 

QuantiTect reverse transcription kit (Qiagen, Carlsbad, CA, USA) according to the 

manufacturer's protocol. The cDNA derived from the biological samples were later 

subjected to sequencing library preparation using DP-seq7 while minimizing technical 

variations observed in the amplification-based methods for sequencing library preparation.45 

The number of amplification cycles was kept at 13 for all samples.

Quantification of the sequencing library

Quantitative real-time PCR was used to determine the concentration of the sequencing 

libraries prepared by our protocol. The standard curve for various dilutions of phiX control 

library was generated using the adapter-specific primers recommended by Illumina (San 

Diego, CA, USA). We later used the standard curve to determine the molarity of our 

sequencing libraries. The concentration of sequencing library loaded into the flowcell was 

calibrated by the sequencing facility. We typically obtained good cluster density with 5 pM 

of library concentration on HiSeq v3 kit.

Mapping reads

All libraries were sequenced by Illumina's HiSeq2000 systems (TruSeq SR Cluster Kit v3-

cBot-HS and TruSeq SBS Kit v3-HS). The libraries were sequenced as 50-bp single-end 

reads, except for astrocytes samples, which were sequenced as 100-bp single-end reads. The 

first seven sequencing cycles of the biological samples, excluding cortical astrocytes and 

dedifferentiated astrocytes, were truncated as they came from our defined set of 44 heptamer 

primers that were used for targeted amplification using DP-seq. In case of astrocyte samples, 

the first 14 sequencing cycles were truncated. The next 32-bp reads were aligned to the 

mouse NCBI RefSeq mRNA database (Version 41 mRNA RefSeq database, 9 May 2010) 

using in-house mapping software while allowing up to 2 mismatches. The 44 DP-seq 

primers were designed for the same version of the NCBI RefSeq mRNA database where 

about 26 566 transcripts with NM and NR ids were selected. The transcripts with XM and 

XR ids were removed from the database. The reads that did not map to the mRNA database 

were further aligned to mouse genomic locations including intronic and intergenic locations 

(Build 37) using Bowtie46 while allowing ≤2 mismatches.
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Differential gene expression analysis

Unique reads obtained from different samples were quantile-normalized using limma library 

in R statistical package. Differentially expressed genes were identified using local pooled 

error test.47 A P-value cutoff of 0.05 was used to assign significance to the differentially 

expressed genes. Additional cutoffs of minimum fold change of 1.5 and an average 

expression of ≥8 unique reads were used to identify differentially expressed genes.

Single sample gene set enrichment analysis

The sequencing data were arranged into a matrix, where rows and column represented the 

transcripts and different cell types, respectively. The sequencing measurement of biological 

replicates were averaged and assigned to each column. There were four primary cell types 

(mESC, NSC, neuron and astrocyte), two transformed cell types (dedifferentiated neuron 

and dedifferentiated astrocytes) and one in vivo cancer sample. The count data were 

quantile-normalized and parameters including mean, standard deviation and mean absolute 

deviation were calculated for each transcript based on four primary cell types:

where, x̄, xmad and σx are mean, mean absolute deviation and standard deviation, 

respectively. The transcripts were ordered based on this statistics. An arbitrary median 

absolute deviation cutoff of ≥20 was applied to eliminate transcripts with low expression. 

The rescaled gene rankings for each cell type (column) were used for single sample gene set 

analysis.

qRT-PCR analysis

qPCR reactions were carried out with the 7900HT Fast Real-Time PCR System using the 

PerfeCTa SYBR Green SuperMix (Quanta Biosciences, Gaithersburg, MD, USA). Data are 

presented after normalization with cyclophilin. The primers are listed in Supplementary 

Table 6.

Western blotting

Western blot assays were performed as previously described48 using goat anti-OPN (R&D 

Systems, Minneapolis, MN, USA) and actin (Sigma, St Louis, MO, USA).

Flow cytometry and fluorescent staining

For flow cytometry analysis, cells were stained with the antibodies listed in Supplementary 

Table 7 and analyzed on a BD LSR II flow cytometer (Beckton Dickinson, Franklin Lakes, 

NJ, USA) and FlowJo software. For fluorescent staining, coronal sections (40 μm) were cut 

on a microtome and images were obtained using a confocal laser-scanning microscope 

(Leica TCS SP2 ABS, Mannheim, Germany). All the antibodies are listed in Supplementary 

Table 7.
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Figure 1. 
Scheme of experimental design. (a) mRNA collected from enriched populations of mESCs, 

NSCs, primary cultures of cortical neurons and astrocytes, and dedifferentiated neurons and 

astrocytes were subjected to sequencing library generation using DP-seq. Dedifferentiation 

of neurons and astrocytes was achieved by transducing the primary cultures of neuron and 

astrocytes by lentiviral vector comprising of HRas and shp53. The transduced neurons and 

astrocytes were switched to stem cell media devoid of serum and supplemented with FGF-2 

for 3 weeks. (b) Differential expression of NSC markers and differentiation specific markers 

in dedifferentiated cell types in comparison with their mature parental cell types. (c) 

Pathway enrichment. The genes commonly upregulated in the dedifferentiated cell types 

showed enrichment for Wnt signaling, cell cycle and focal adhesion pathways. (d) Single 

sample gene set enrichment analysis. Gene lists comprising of the known markers (number 

of genes in the parentheses) showed significant enrichment in the respective populations. 

The dedifferentiated cell types exhibited high enrichment scores for NSC markers, neuron 

markers and a distinct set of focal adhesion genes.
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Figure 2. 
Gene/protein interaction network of differentially expressed genes in NSynR53 in 

comparison with neurons. An interaction network was constructed from publicly available 

databases comprising of protein–protein interactions (KEGG, STRING, BioGRID) and 

genetic interactions (TRANSFAC). The differentially expressed genes were projected into 

this network that revealed a module showing association of genes related to the focal 

adhesion, cell cycle and the Wnt signaling pathways. The edges represent the interactions 

observed in various databases.
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Figure 3. 
OPN is highly expressed in dedifferentiated neurons and astrocytes, GBM tumors and 

glioma stem cells (GSCs). (a) Expression of OPN was validated by qPCR on paired normal/

transformed astrocytes (n = 4) and neurons (n = 3). AGR53-nsph = dedifferentiated AGR53 

astrocytes, NSynR53-nsph = dedifferentiated NSynR53 neurons. (b) Confocal analysis of 

HRas-shp53-induced tumors in the cortex of SynapsinI-Cre mice. Sections of the brain were 

stained with (i) OPN/CD44, (ii) OPN/Nestin, (iii) OPN/GFAP and (iv) OPN/Iba-1. GFP = 

tumor cells, DAPI = cell nuclei. For each panel, a representative image of the border and 

central part of the tumor is depicted. Arrows point to the border (dashed line) of the tumor. 

Scale bar = 150 μm. (c) Flow cytometry analysis of OPN and CD44 expression in 

dedifferentiated astrocytes (AGR53) and neurons (NSynR53) as well as in two GSC lines 

derived from the murine GBM model: 005 and NF53-10.
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Figure 4. 
Blocking OPN compromises dedifferentiation of transformed neurons. (a) Schematic 

representation of the lentivectors. In the presence of Cre recombinase, the loxP-RFP-loxP 

cassette in the HRas-shp53 lentivector is cut out, and only GFP is expressed in the 

transformed cells (NSynR53). The LV-shRNA lentivector expresses the mcherry fluorescent 

reporter under the cytomegalovirus (CMV) promoter and the shRNA under the H1 

promoter. (b) qPCR and western blot analysis of OPN silencing in NSynR53 cells. Two 

lines of NSynR53 cells were either transduced with a scrambled shRNA control (shIRR) or 

two different shRNAs targeting OPN (shOPN-1 and shOPN-3). (c) Bright and 

immunofluorescent images of NSynR53-shIRR and NSynR53-shOPN transduced cells. 

Green = GFP, fluorescent reporter in HRas-shp53 lentivector, Red = mcherry, fluorescent 

reporter in lenti-shIRR and lenti-shOPN vectors. Light microscopy magnification × 20. (d) 

Bright and immunofluorescent images of NSynR53 cultured in the absence (control) or 

presence of two different concentrations of neutralizing OPN antibody (stock 2 mg/ml; 

1:100 and 1:50 dilution). Upper panels × 10 magnification and lower panels ×20 

magnification. Insets in upper panels show GFP positive NSynR53 cells. (e) Confocal 

analysis of NSynR53 in the absence (panel i) or presence (panels ii and iii) of neutralizing 

OPN antibody cultured in NSC media. Blue = Dapi, Green = GFP, Red = Sox2 or Map2 and 

Yellow = Nestin. Scale bar=75 μm. The experiments were repeated three times and a 

representative result is shown in each section (c–e).
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Figure 5. 
Blocking OPN affects NSynR53 proliferative capacity and decreases the expression of genes 

in the Wnt signaling, cell cycle and focal adhesion pathway. (a) Effect of OPN blocking on 

proliferation of NSynR53 cells. NSynR53-shIRR (shIrr), NSynR53 control (Ctrl+DMSO), 

NSynR53-shOPN1 (shOPN1) and NSynR53+OPN neutralizing antibody (anti-OPN) were 

seeded in culture plates (in triplicates) and WST-1 cell proliferation assay reagent was used 

to monitor cell proliferation at the indicated time points. The experiment was repeated three 

times and a representative result is shown. (b) Flow cytometry profile showing accumulation 

of NSynR53-shOPN in G2 phase (51 vs 32.9% in control cells). (c) qPCR analysis of 

representative genes of each of the three signaling pathways indicated in the graphs (n = 3).
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Figure 6. 
Silencing OPN extends survival in GBM-bearing mice. NSynR53 cells were transduced 

with an inducible shOPN construct (mirOPN) and were transplanted into NOD-SCID mice. 

(a) Kaplan–Meier plot of survival for mice fed with normal chow (miROPN(—)Dox, n = 

10) and doxocycline containing chow (miROPN(+)Dox, n = 10). The (+)Dox group was fed 

with the special chow 10 days after transplantation of the NSynR53-mirOPN cells (arrow 

indicates beginning of +Dox chow diet). (b) Tumors from each group were collected at the 

end of the experiment and brain sections (40 nm) were immunostained with (i) OPN, (ii) 

Tuj1, (iii) Nestin and (iv) Ki67, and analyzed using confocal microscopy. Mcherry is only 

expressed in (+)Dox-fed mice (see lentivector scheme in Supplementary Figure S9A); GFP 

= tumor, DAPI = nuclei. Scale bar = 300)μm (panel i) and 150 μm (panels ii-iv).
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Figure 7. 
Targeting OPN in human GBM-bearing mice improves survival. U87 human cell line 

transduced with lentiviral shIRR or shOPNh were transplanted into the brain of 

immunocompromised NOD-SCID mice (3×105 cells per mouse). (a) Kaplan-Meier plot of 

survival for mice transplanted with U87-shIRR (n = 10) and U87-shOPNh (n= 10). (b) 

Representative images of brain sections (hematoxylin and eosin-stained) 31 days (when 

U87-shIRR mice started to show clinical symptoms; panels i and ii) and 55 days after 

transplantation (panel iii). (c) Tumors from each group were collected at the end of the 

experiment and brain sections (40 nm) were immunostained with (i) OPN and (ii) Ki67, and 

analyzed using confocal microscopy. mCHERRY is a fluorescent reporter expressed in the 

lentiviral shRNA construct, DAPI = nuclei. Scale bar= 150)μm.
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