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ABSTRACT

Osteopontin (SPP1, a secreted phosphoprotein 1) is primarily involved in immune
responses, tissue remodelling and biomineralization. However, it is also overexpressed
in many cancers and regulates tumour progression by increasing migration, invasion
and cancer stem cell self-renewal. Mechanisms of SPP1 overexpression in gliomas
are poorly understood. We demonstrate overexpression of two out of five SPP1
isoforms in glioblastoma (GBM) and differential isoform expression in glioma cell lines.
Up-regulated SPP1 expression is associated with binding of the GLI1 transcription factor
to the promoter and OCT4 (octamer-binding transcription factor 4) to the first SPP1
intron of the SPP1 gene in human glioma cells but not in non-transformed astrocytes.
GLI1 knockdown reduced SPP1 mRNA and protein levels in glioma cells. GLI1 and
OCT4 are known regulators of stem cell pluripotency. GBMs contain rare cells that
express stem cell markers and display ability to self-renew. We reveal that SPP1 is
overexpressed in glioma initiating cells defined by high rhodamine 123 efflux, sphere
forming capacity and stemness marker expression. Forced differentiation of human
glioma spheres reduced SPP1 expression. Knockdown of SPP1, GLI1 or CD44 with
siRNAs diminished sphere formation. C6 glioma cells stably depleted of Spp1 displayed
reduced sphere forming capacity and downregulated stemness marker expression.
Overexpression of the wild type Spp1, but not Spp1 lacking a Cd44 binding domain,
rescued cell ability to form spheres. Our findings show re-activation of the embryonic-
type transcriptional regulation of SPP1 in malignant gliomas and point to the importance
of SPP1-CD44 interactions in self-renewal and pluripotency glioma initiating cells.

INTRODUCTION

Osteopontin/SPP1, a secreted phosphoprotein 1,
acts via integrin receptors and the glycoprotein CD44,
and regulates adhesion, migration, invasion, chemotaxis
and cell survival [1]. Multi-functionality of osteopontin
is due to the presence of different isoforms, generated
by an alternative splicing, and various post-translational
modifications such as phosphorylation, sulfation,
glycosylation and protelytic cleavage. The levels of SPP/
mRNA are up-regulated in many malignant cancer tissues,

and elevated levels of SPP1 in patients’ tumour tissue and
blood are associated with poor prognosis [2, 3]. SPP1
modulates many functions of cancer cells: it stimulates
cancer cell proliferation and invasion, and supports
tumour angiogenesis [4, 5] and distant tumour outgrowth
by instigating dormant tumours [6]. On the other hand,
SPP1 expression is increased under acute and chronic
inflammatory conditions, wound repair and fibrosis. SPP1
is implicated in chemotaxis and recruitment of immune
cells to inflamed sites, and production of inflammation
mediators by immune cells [7, 8]. These various and to
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some extent opposing functions of SPP1 are attributed to
its differential posttranscriptional processing in normal
and transformed cells [9—-11].

Glioblastoma (GBM) is the most common primary
brain tumour in adults and its treatment remains a major
challenge for clinicians because these aggressive and
invasive tumours are highly resistant to radio- and
chemotherapy [12]. Previous studies reported the elevated
expression of three SPP/ isoforms in tumour tissues and
sera from GBM patients, and found an inverse correlation
of its expression with patient survival [13—16]. Isoforms
of SPP1 displayed different effectiveness in stimulation
of glioma invasion and cell survival [17]. GBM contains
a subpopulation of glioma initiating cells (GIC) with
stem cell features and an ability to self-renew. These
cells are believed to contribute to therapy resistance and
tumour recurrence [18, 19]. A couple of recent studies
demonstrated the important role of autocrine and paracrine
SPP1-CD44 signalling in maintenance of glioma initiating
cells [20, 21].

Despite numerous reports regarding SPP1 up-
regulation in many cancers, there is a scarce information
regarding the transcriptional regulation of SPPI, in
particular in cancer stem cells. The SPP/ expression is
regulated mainly at the level of transcription [22]. Deletion
analyses of the SPPI gene promoter and gel shift studies
demonstrated c-Myc and OCT-1 binding to the proximal
promoter of SPP/ gene in U251MG and U87MG human
glioma cells [22]. Transcription factors ETS-1 and RUNX2
regulated SPP1 expression in colorectal cancer cells [23].
In melanoma cells transcription factors c-Myb [24], AML-
la and C/EBPa bind to the SPPI gene promoter [25] and
the transcription factor GLI1, a mediator of Hedgehog
(HH) signalling have been shown to regulate SPPI
expression [26]. Transcriptional regulation of SPP/ in
GBM cells and its role in GIC compartment needs further
clarification.

In this study we present the expression pattern
of five SPPI isoforms in low and high grade gliomas,
five glioma cell lines and non-transformed astrocytes,
and transcriptional regulation of SPPI by stemness
transcription factors GLI1 and OCT4, expressed in
glioblastoma cells, but not in normal astrocytes. Moreover,
we report up-regulation of the SPPI expression in glioma
initiating cells, defined by high efflux capacities, sphere
forming abilities and the upregulated expression of
stemness markers. In glioma sphere cultures undergoing
forced differentiation the expression of SPP/ was reduced.
Using siRNA and shRNA-mediated gene interference we
demonstrated the involvement of SPP1/osteopontin in
glioma sphere formation and the importance of SPP1-
CD44 interactions.

RESULTS

Differential expression of SPPI isoforms in low
and high grade gliomas and human glioma cell
lines

Previous studies have determined the expression
of SPPl-a,-b,-c¢ isoforms in tumour tissues [2, 3].
Examination of SPP/ records in the NCBI database (http://
www.ncbi.nlm.nih.gov/gene/6696) shows the presence of
five isoforms of this gene. We determined their expression
in normal brains (n = 5, one being a mixture of 24 RNA
samples), benign juvenile pilocytic astrocytomas (PA,
WHO grade I, n = 20) and highly malignant glioblastomas
(GBM, WHO grade 1V, n = 57). SPP1-e (former SPP1-a)
and SPPI-d isoforms were significantly overexpressed
in GBMs (Figure 1A). The analysis of TCGA (The
Cancer Genome Atlas) data set confirmed these results.
Kaplan-Meyer survival plot derived from TCGA data
illustrates negative correlation between high SPPI
expression and survival time (Figure 1B). The expression
of SPPI did not differ significantly between four GBM
subtypes (Supplementary Figure S1). A distinctive
expression pattern of SPPI isoforms was detected in a
panel of human glioma cells when compared to normal
astrocytes (NHA). The expression of all SPP/ isoforms
was increased in US7MG glioma cells, SPPI-c, -d, -e
mRNA levels were upregulated in LN229 glioma cells;
GBM patient-derived WG4 cells had the higher SPP/-c
level in comparison to non-transformed human astrocytes.
T98G and LN18 glioblastoma cells had lower levels of
SPP1 mRNAs than astrocytes (Figure 1C). A scheme in
the Figure 1D depicts exons and corresponding protein
domains present in various SPP1 isoforms as well as sites
of potential interactions with other proteins. The SPPI-e
mRNA encodes a full length protein, while SPP/-d mRNA
encodes the SPP/ isoform lacking 4, 5 and 6 exons.

Transcription factors GLI1 and OCT4 are
involved in transcriptional control of SPP!
expression in glioma cells

We performed a computational analysis of the
human SPP1 promoter region using the Nencki Genomics
Database [27] which integrates information about sequence
motifs and epigenetic modifications in the non-coding
regions, conserved between human, rat and mouse.
Two putative GLI1 binding sites were identified in the
human SPP1 gene promoter (Figure 2A). GLI1 (Glioma-
Associated Oncogene Homolog 1) is a transcription factor
activated downstream Hedgehog signalling pathway. We
demonstrated binding of GLI1 to the proximal promoter
of SPP1 gene by chromatin immunoprecipitation (ChIP)
assay in three human glioma cell lines, including primary
human WG4 glioma cultures, but not in NHA (Figure 2B).
Knockdown of GLII expression in glioma cells (Figure 2C)
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significantly reduced the levels of SPP/ mRNA and protein
production (Figure 2D-2E).

A stemness factor Oct4 was shown to bind
within the first intron of the murine Spp/ gene [28]
and regulate its expression in murine embryonic cells.
Using chromatin immunoprecipitation we found binding
of the OCT4 protein to the first intron of the SPP/ gene
in human glioma cells, but not in NHA (Figure 2F).

A

Effective binding of RNA Polymerase Il to the
constitutive promoter was assessed as a positive control
to ensure a good quality of the immunoprecipitated
DNA from NHA (Figure 2F). We have attempted
silencing of the OCT4 expression with the specific
siRNA, however, due to barely detectable OCT4 levels
in glioma cells, we could not verify its knockdown by
Western blotting.
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Figure 1: The expression pattern of SPPI splicing variants in glioma clinical samples and human glioma cell lines.
(A) SPPIl—e and SPPI-d isoform mRNAs are up-regulated in GBM. The expression level of five SPPI isoforms was assessed in 36
glioblastoma (GBM), 20 pilocytic astrocytoma (PA) and 5 normal brains (NB) using qPCR. Data were normalized to the expression of
GAPDH mRNA determined in the same sample. 7-test analysis was performed on -ddCt results, P values were considered significant when
*P <0.05 and **P <0.01. (B) Prognostic value of the SPPI expression in GBMs (WHO grade IV) in the TCGA cohort. Kaplan-Meier plots
were estimated according to different SPPI gene expression and overall survival of all GBM patients (n = 359). A chi-square test was used
to evaluate differences in survival of patients with SPP1 expression lower or higher than median. (C) Relative expression of SPPI splicing
variants in human glioma cell lines versus non-transformed astrocytes. Human T98G, LN18, LN229, U87 MG, GBM patient derived WG4
glioma cells, and normal human astrocytes (NHA, Lonza) were used. Data were normalized to the expression of GAPDH mRNA and
represent mean + s.d., of three independent passages. 7-test analysis was performed on -ddCt results, P values were considered significant
when *P <0.05, **P <0.01 and *** for P <0.001. (D) A scheme shows the organisation of the SPP1 gene in different isoforms and location

of the most important functional domains.
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The levels of GLII and OCT4 mRNAs were
determined in the same samples of normal brain, pilocytic
astrocytomas and glioblastomas analyzed for SPP/
expression. The GLI/I mRNA level was significantly up-
regulated in GBMs in comparison to low grade tumors and
normal brains. The OCT4 expression was detectable in all
tested tumors and was not significantly different in GBMs
versus PAs (Figure 2G). The presented results show co-
expression and binding of GLI1 and OCT4 transcription
factors to the SPP1 gene. The transcriptional regulation of
the SPP1 expression by GLI1 (and likely OCT4) in glioma
cells resembles the stem cell-type regulation.

SPPI expression is up-regulated in glioma
initiating cells

Transcription factors GLI1 and OCT4 are involved
in a control of self-renewal of both somatic stem cells
and cancer stem cells [29]. The observed regulation of
SPP1 expression by stemness transcription factors led us
to quantify the SPP/ mRNA levels (specifically SPP!-e,
a full form of SPPI/) in a subpopulation enriched in
glioma initiating cells (GIC). These cells are implicated
in tumour formation and recurrence [30, 31]. To obtain
a subpopulation enriched in GIC, we isolated a side
population (SP) using a Rhodaminel23 (Rhod123)
exclusion assay and flow cytometry. Stem-like cells exclude
dyes more efficiently due to up-regulated expression/
activity of ABC transporters [32]. Gating strategy
of the Rhod123(—) subpopulation is presented in the
Supplementary Figure S2. The lower panel shows gating
of the Rhod123(—) subpopulation stained with propidium
iodide to control for cell viability and demonstrates a
clear separation of those cells from Rhod123(+) and dead
cells. It shows that FACS sorted Rhod123(—) cells were
alive and excluded a Rhodamine123 dye more efficiently.
Representative dot plots and histograms of sorted cells are
presented in Figure 3A. The Rhod123(—) subpopulation
was detected in all tested cell lines and constituted from
3% to 8% of the total cell population in agreement with
previous reports [33]. The percentage of Rhod123(-) cells
was: 8.1 £7.9% in T98G cells, 4.46 £ 3.56% in LN18 cells,
6.85 + 1.05% in USTMG cells, 4.3 £ 2.9% in U373MG
cells and 18.65 + 7.39% in C6 cells.

The expression of NANOG and OCT3/4 (coding for
stemness markers) in sorted Rhod123(—) subpopulation
and bulk cells was measured by a quantitative PCR and
considered as an indicator of GIC enrichment [34]. The
levels of NANOG and OCT3/4 mRNA were significantly
higher in sorted Rhod123(—) cells than in the bulk cells
in all tested glioma cultures (Figure 3B-3C). The SPP/
expression was 1000-fold up-regulated in the Rhod123(—)
LNI18 cells. The relative SPP1 overexpression in the
Rhod123(-) subpopulation of T98G and LNI18 cells
versus bulk cells was similar in magnitude to SPP/
overexpression in U§7MG and U373MG cells (having the

highest SPP1 expression in the total cell population) when
compared to NHA. The levels of Spp1, Nanog and Oct3/4
mRNAs were augmented in the Rhod123(-) cells isolated
from the rat C6 glioma cultures when compared with their
expression in non-transformed astrocytes (Figure 3C).

Cancer stem cells could be grown and maintained
in suspension using the neurosphere assay. These 3-D
sphere cultures formed by clonally growing, anchorage-
independent cells in serum-free media supplemented with
specific growth factors are employed to enrich in self-
renewing, multipotent cells. The resulting spheres can be
expanded or forced to differentiate into cells expressing
neuronal and glial differentiated cell markers [19]. It has
been demonstrated that cells growing as glioma sphere
cultures are able to form tumours closely resembling
human pathology when transplanted intracerebrally to
immunosuppressed mice [35]. To determine whether
SPP1 is overexpressed in GIC, we measured SPPI
mRNA levels in adherent and 3-D, sphere cultures
developed from human and rat glioma cells. We found
the increased expression of NANOG, OCT3/4 and SPP1
mRNAs in LN18 spheres (Figure 4A) and C6 spheres
(not shown). Western blot analysis confirmed the higher
expression of stemness markers: NANOG, OCT4A and
SOX2 in LN18 spheres when compared with parental flat
cultures (Figure 4B). The expression of those markers in
Ntera2 cells (human embryonic teratoma cells expressing
stemness markers at very high levels) served as a positive
control (Figure 4B).

The expression of SPPI is decreased upon GIC
differentiation

Serum and bone morphogenetic proteins (BMP)
are potent inducers of glioma differentiation in vitro
and in vivo, and have been shown to reduce a number
of glioma initiating cells, decrease glioma proliferation
and induce astrocytic or neuronal-like differentiation,
respectively [19]. We demonstrate that LN18 spheres
undergo differentiation in the presence of 2% FBS or
100 ng/ml BMP4 (Figure 4C). Light microscopy shows
morphological alterations of LN18 spheres: 5 days after
treatments the cells migrated out of spheres and became
flatten and adherent, in particular in the presence of 2%
FBS (Figure 4C). Immunoflurescence analysis of spheres
exposed to BMP4 shows an increase of the TUB-BIII
staining (Figure 4D), which is consistent with neuron-like
differentiation. The expression of SPP/ was significantly
reduced under differentiating conditions (p = 0.0021
for serum and p = 0.0236 for BMP4 treated cultures, n
= 5 experiments). Reduction of SPP/ expression was
associated with the significant downregulation of NANOG
expression in spheres cultured in the presence of 2%
serum and OCT3/4 in BMP4 -treated spheres (Figure 4E).
Treatment with 2% serum or to less extend with BMP4
reduced the expression of stemness genes NANOG
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Figure 2: GLI1 and OCT4 participate in transcriptional regulation of SPPI expression in glioma cells. (A) The GLI!I
binding sequence logo was generated by Mathlnspector and the results of computational analysis of the human SPP/ gene promoter
revealed the presence of two potential GLI1 binding sites. Coloured bands represent positions of the regulatory sites (open chromatin,
histone modifications) and the putative GLI1 binding sites with their chromosomal locations identified by MathInspector and the Ensembl
funcgen database as described [27]; an arrowhead shows direction of transcription. (B) Binding of GLI1 to the SPP/ gene promoter
was detected by chromatin immunoprecipitation (ChIP) in three human glioma cell lines, but not in non-transformed human astrocytes
(NHA); an input represents a positive control; IgG is a neutral antibody. (C) Knockdown of GLII expression in US7MG glioma cells
after siRNA transfection. Human GLI1 was knocked-down using ON-Target PlusSMARTpool Human GLI1 (Dharmacon) with ON-
TARGETplus Non-targeting Pool as a control. The results are expressed as mean + s.d.; P values < 0.05 were considered significant; n = 3.
(D, E) Knockdown of GLII expression in US7MG glioma cells decreased the SPP/ mRNA level and reduced the level of secreted
osteopontin. The results are expressed as mean + s.d.; P values < 0.05 were considered significant, n = 4. (F) The OCT#4 transcription factor
binds to the first intron of the SPP1 gene in three glioma cell lines but not in NHA (IgG is a neutral antibody). Primers for the potential OCT4
binding site in the first intron of the SPP1 gene corresponded to the Oct4 binding site in the murine spp/ gene previously described [28].
ChIP with anti-Pol II antibody and binding to the GAPDH gene promoter was performed as a positive control of ChIP reaction in NHA. The
PCR products were resolved in 1% agarose gel with ethidium bromide and visualized with UV light. (G) The expression of GL/I and OCT4
was assessed in 36 glioblastoma (GBM), 20 pilocytic astrocytoma (PA) and 5 normal brains (NB) using qPCR. Data were normalized to the
expression of GAPDH mRNA determined in the same sample. 7-test analysis was performed on -ddCt results, P values were considered
significant when *P <0.05.
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and OCT4 to the levels detected in adherent cells (the
Supplementary Figure S3). The expression of TUB-bIII
did not changed significantly at the mRNA level, but
we observed the increase of TUB-bIII staining intensity
in BMP4 treated cultures indicative of increased protein
expression (Figure 4D). These data demonstrate that
forced differentiation of GIC cultures is associated with
the reduction in the SPP/ expression.
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Glioma-derived SPP1 supports GIC self-renewal
and sphere formation

To determine if tumour-derived SPP1 plays a role in
glioma sphere formation, we knocked down its expression
with the specific siRNA in cells from dissociated spheres
and analysed a number of resulting secondary spheres. We
demonstrated that siRNA-mediated knockdown of SPP/
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Figure 3: SPPI expression is up-regulated in glioma initiating cells. (A) Representative examples of dot plots and histograms
of Rhod 123(-) subpopulations from 5 glioma cell lines were acquired by flow cytometry. Glioma cells (1 x 107) were trypsinized and
incubated with 0.1 pg/ml Rhod123 for 20 min in 37°C. After washing the cells were placed in 37°C for 90 min for Rhod123 exclusion in a
dark compartment. Cells kept on ice to inhibit exclusion of Rhod123 were used as a positive control for gating in flow cytometry. Fractions
of Rhod123(+) and Rhod123(-) cells were sorted using FACS Aria and a left panel shows a gating strategy. (B) Analysis of SPPI, OCT3/4
and NANOG gene expression in Rhod 123(—) subpopulations sorted from four human glioma cell lines. Total RNA was isolated from
sorted cells using Qiagen RNeasy kit and the levels of SPPI, NANOG and OCT3/4 mRNA were determined by qPCR in Rhod 123(+) and
Rhod 123(-) subpopulations; their expression in Rhod 123(+) subpopulations was taken as 1 (a red line). P values were calculated with
a t-test and considered significant when *P < 0.05 and **P < 0.01. (C) Quantification of the expression of Sppl, Oct3/4 and Nanog in
Rhod 123(-) subpopulations isolated from rat C6 glioma cells versus their levels in Rhod 123(+) subpopulations taken as 1 (ared line); n = 3.
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Figure 4: SPPI expression is up-regulated in glioma spheres and reduced after forced differentiation. (A) Human LN18
glioma spheres express the higher levels of SPP1, OCT3/4 and NANOG than adherent cells. For sphere forming assay, cells were seeded at
a low density (4000 cells/ml) onto non-adherent plates and cultured in DMEM/F-12 medium, supplemented with B27, 20 ng/ml bFGF, 20
ng/ml EGF and antibiotics; inset shows a representative sphere, 40x magnification. After 14 days resulting spheres and adherent cultures
were collected by centrifugation and lysed in Qiagen RLT lysis buffer. Gene expression was determined with qPCR; data are presented as
means + s.d. 7-test analysis was performed, P values were considered significant when *P <0.05 and **P <0.01; n = 3. (B) Western blot
analysis of stemness factors NANOG, OCT4A, SOX2 in adherent (ctrl) and LN18 spheres grown for 14 days. The expression of stemness
markers at the protein level was additionally evaluated in human embryonic teratoma Ntera2 cells expressing those stemness markers at
very high levels. Samples were run on the same blots to determine the correct band size of proteins. (C) Spheres cultured for 8 days were
differentiated for 5 days in the presence of 100 ng/ml BMP4 or 2% FBS. Light microscopy shows morphological alterations of LN18 sphere
cultures, in particular spreading of cells and attachment to the bottom of plates when spheres were cultured in the medium containing 2%
FBS. (D) Representative images of cells stained for TUB-B III (a neuronal marker) and co-stained with DAPI to visualize cell nuclei.
(E) Addition of BMP4 and 2% serum resulted in reduction of the expression of SPP/ in LN18 cells. Spheres cultured for 8 days were
differentiated for 5 days in the presence of 100 ng/ml BMP4 or 2% FBS. BMP4 treatment reduced significantly NANOG expression, while
serum addition resulted in the reduction of OCT3/4 mRNA level. Data are means + s.d., n = 5.
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expression in human LN18 cells reduced their ability to
form spheres (Figure 5). GIC spheres were counted as
spheres if they reached 100-200 um in size; quantification
was performed 7 days after transfection. SPP1 knockdown
in LN18 cells was very efficient (80% reduction of the
SPPI mRNA level as determined by qPCR) (Figure 5A)
and the number of spheres was reduced by 20%
(Figure 5B). This moderate reduction could be due to a
transitory nature of SPP/ knockdown during 7 days of
sphere culturing. Previous studies suggested the important
role of autocrine and paracrine SPP1-CD44 signalling in
maintenance of glioma initiating cells [20, 21]. To evaluate
the role of GLI1-SPP1-CD44 signalling in a control of
sphere formation, we knocked down the expression of
GLII or CD44. GLII knockdown was verified by qPCR
and CD44 knockdown was confirmed by qPCR, Western
blotting and flow cytometry (Supplementary Figure S4).
The efficient reduction of GLI1 or CD44 expression
reduced sphere formation by 22% and 55%, respectively
(Figure 5C-5D).

To achieve long term knockdown of Sppl, we
developed C6 glioma cell lines stably transduced with
lentiviral vectors carrying a control shNeg or shSppl

(corresponding to a siRNA sequence). Transduced
clones were sorted by flow cytometry for GFP (encoded
in a lentiviral vector) to reduce cell handling before
establishment of stably clones. The control shNeg cells
expressed the similar level of Spp/ mRNA and protein as
parental C6 glioma cells (Figure 6A, 6B). The levels of
SppI mRNA and protein were reduced by > 90% in shSpp1
clones (Figure 6A, 6B). Knockdown of Spp! in glioma
cells did not affect basal cell viability and proliferation
determined with MTT metabolism and BrdU incorporation
test (Supplementary Figure S5). However, C6 glioma cells
depleted of Sppl had reduced sphere forming capacity
(> 50%) (Figure 6C, 6D) and the reduced expression of
stemness factors Nanog and Oct3/4 (Figure 6E).

The CD44 binding domain of SPP1 contributes
to self-renewal of glioma cells

A recent study in a murine model of PDGFB-driven
gliomas (resembling a proneural type GBM) showed that
osteopontin secreted by tumour-associated astrocytes,
via CD44 signalling promotes stem cell properties and
glioma resistance to radiation [20]. We demonstrate that
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Figure 5: Efficient knockdown of SPPI expression in glioma cells reduces sphere formation. (A-B) Knockdown of SPP/
expression in LN18 cells reduced formation of spheres. Human adherent LN18 glioma cells were transfected with siRNAs ON-Target
PlusSMARTpool Human SPP/ or ON-TARGETplus Non-targeting Pool (Dharmacon) using 4D-nucleofector AMAXA. After 24 h cells
were seeded at a low density (4000 cells/ml) onto non-adherent plates and cultured in a defined medium. Resulting spheres (100-200 pm
in size) were counted 7 days after transfection (B). In parallel, the expression of SPP/ in parental cultures was determined by qPCR 48 h
after transfection (A) to evaluate efficacy of gene silencing, n = 3. (C—D) Knockdown of GLII or CD44 expression in LN18 cells impaired
sphere formation. LN18 glioma cells were transfected with ON-Target PlusSMARTpool Human GLII or CD44 or ON-TARGETplus
Non-targeting Pool (Dharmacon) siRNAs using 4D-nucleofector AMAXA. The expression of GL/I and CD44 in parental cultures was
determined by qPCR 48 h after transfection; data are means + s.d., n = 3 (C). After transfection cells were seeded at a low density onto
plates dedicated for a cell suspension culture and cultured 7 days in a defined medium. The resulting spheres (100-200 um in size) were
counted (D). The results are expressed as mean =+ s.d.; P values were considered significant when *P <0.05 and **P <0.01, n = 3.
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knockdown of CD44 in glioma cells reduced sphere
formation suggesting an important role of CD44-SPP1
interactions in GIC self-renewal. A C-terminus of SPP1
carries a CD44 binding site. To eclucidate if the CD44
binding domain of Sppl is critical for glioma cell
capacity to self-renew, we generated constructs carrying
RNA interference resistant (R) variants of a wild type
Sppl or a C-terminal truncated Sppl. These constructs
were overexpressed in Sppl-depleted glioma cells and
the efficient reconstitution of the Sppl expression was
achieved in transfected cells, as determined by qPCR at
48 h after transfection (Figure 7A). Cell proliferation of
different clones overexpressing a neutral plasmid pEGFP,
WitSpp1-R or SpplAC-R was similar, as determined by
a BrdU incorporation assay (Figure 7B). However, the
transfected cells differed in their ability to form spheres.
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GIC spheres were counted 7 days after transfection.
Glioma cells depleted of the endogenous Sppl and
overexpressing a neutral plasmid pEGFP failed to form
spheres. Overexpression of WtSppl-R restored glioma
cell capability to form spheres, while overexpression of
SpplAC-R did not restore a cell ability to form spheres
(Figure 7C, 7D).

DISCUSSION

The main findings of this study are: i) SPPI
overexpression in glioma initiating cells, ii) a novel
mechanism of transcriptional regulation of the SPPI
by GLIl and OCT4, and iii) demonstration of the
supportive role of tumour-derived osteopontin/SPP1
in self-renewal of glioma initiating cells. We confirmed
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Figure 6: Stable knockdown of Sppl expression in C6 glioma cells reduces sphere formation and stemness factor
expression. (A-B) Efficient stable knockdown of Spp! expression in rat C6 glioma cells was confirmed by qPCR and ELISA. Control
shNeg cells expressed Spp! and SPP1/osteopontin at the similar level as parental C6 cells (WT). (C) Stable knockdown of Spp1 expression
in C6 glioma cells inhibited formation of spheres. Cells were seeded at a low density (4000 cells/ml) onto non-adherent plates and cultured
in DMEM/F-12 medium, supplemented with B27, 20 ng/ml bFGF, 20 ng/ml EGF and antibiotics. Representative images show the reduced
formation of spheres (100-200 pum in size) derived from the shSppl glioma cells 14 days after seeding. (D) Quantification of resulting
spheres derived from shNeg and shSppl glioma cells was performed 14 days after seeding; data are means + s.d., n = 3. (E) Reduced
expression of Nanog and Oct3/4 in spheres derived from shSppl glioma cells. Spheres were collected by centrifugation 14 days after
seeding and the expression of Nanog and Oct3/4 in cultures was determined by qPCR; data are presented as means = s.d., n = 3.
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upregulated expression of a full form of SPP1 - SPPI-e
in human glioblastomas and several glioma cell lines. We
demonstrated that transcription factors OCT4 and GLI1,
involved in maintenance of the stemness phenotype
in embryonic and cancer stem cells, bind to the SPP/
gene in glioma cells, but not in normal astrocytes. This
binding was detected in human glioma cell lines and GBM
patient-derived WG4 cultures. The GLII expression was
significantly upregulated in GBMs in comparison to
pilocytic astrocytomas and normal brains (Figure 2G).
Silencing of GLII expression with siRNA in human
glioma cells reduced the levels of SPPI expression and
protein secretion. Knockdown of GLII significantly
reduced sphere formation (Figure 5C, 5D). Binding
of GLII to the SPPI gene promoter was reported in
metastatic melanoma cells [26] indicating it could be a
general feature of malignant cells. The OCT4 expression
was not significantly different between PA and GBM
(Figure 2G). Due to its very low level in glioma cells,
we could not demonstrate the efficacy of OCT4 silencing
(not shown) and prove its role in the transcriptional SPP1
regulation. However, we demonstrate the up-regulated
OCT4 expression in GIC-enriched cells isolated in the
side population and in glioma sphere formation assays. We
demonstrated that OCT4 binds to the regulatory element
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in the first intron of SPP/ gene in a manner typical for
embryonic cells. Regulation of Spp/ expression by the
Oct4 transcription factor, which binds to the first intron
of the murine Sppl gene, was previously demonstrated
in mouse embryonic cells at an early, pre-implantation
stage of development [28]. Altogether, our results show a
novel mechanism of the transcriptional SPP/ regulation,
which operates in malignant tumour cells containing a
subpopulation of rare cells with stemness features.

We demonstrate that even in T98G and LNI18
glioblastoma cells exhibiting low levels of SPPI
expression, the expression of SPP1 is highly up-regulated
in the Rhod123(—) subpopulation and glioma spheres when
compared with its levels in adherent cells. Moreover, the
increased SPP1 expression is associated with up-regulated
NANOG and OCT3/4 mRNA levels. The higher SPPI
expression in LN18 spheres versus adherent cells is
associated with the significantly increased GLII expression
(not shown). This is the first demonstration of concomitant
up-regulation of SPP/ and stemness transcription factors
in glioma initiating cells.

In the present study we show the important role
of tumour-derived SPP1 in stemness maintenance.
We demonstrate that RNAi against SPP/ reduced the
number of spheres formed by LN18 and rat C6 glioma
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Figure 7: The CD44 binding domain of Spp1 is critical for sphere formation. (A) C6 glioma cells stably expressing shSppl
were transfected with various constructs: a control pEGFP, a shRNA resistant, wild type Sppl (WtSpp1-R) or a shRNA resistant Spp1
lacking a CD44 binding domain (Spp1AC-R). Twenty four hours after transfection cells were seeded (8000 cells/ml) under sphere forming
conditions (DMEM/F-12 medium with B27, 20 ng/ml bFGF, 20 ng/ml EGF and antibiotics). Reconstitution of Spp! expression in cells
transfected with WtSpp1-R or SpplAC-R was determined by qPCR in respective cultures and related to values obtained for shSpp1 cells.
Data are presented as means + s.d., n = 3. (B) Reconstitution of Sppl expression in cells transfected with a control pEGFP, WtSpp1-R or
SpplAC-R had no influence cell viability (as determined by MTT metabolism assay 24 h after transfection). (C) Only reconstitution of
Sppl expression in glioma cells transfected with a WtSpp1-R restored cell capacity to form spheres. Data are presented as means + s.d., P
values were considered significant when *P <0.05 and **P <0.01, n = 3. (D) Representative images show the reduced formation of spheres
derived from the shSpp1 glioma cells transfected with pEGFP 7 days after seeding. Overexpression of the construct coding for a wild type
(WtSpp1-R) restored sphere forming capacity of glioma cells; overexpression of Spp1 AC-R did not restore sphere forming capacity.
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cells, and down-regulated OCT4 and NANOG. Rat C6
glioma cells with stable knockdown of Spp/ had reduced
levels of Oct3/4 and Nanog expression in sphere cultures
along with the reduced sphere numbers (Figure 6). Our
observation is consistent with recently reported data
demonstrating that stably knockdown of SPPI in U§7MG
and GBM4371 glioma cells reduced their sphere forming
capacity. The authors showed time-dependent decrease of
OCT3/4, NANOG and SOX2 expression in glioma spheres
after SPP1 knockdown [21]. In murine PDGFB-induced
glioma cultures and primary human GBM cultures
stroma-derived osteopontin was responsible for up-
regulation of NANOG, SOX2, OCT4, and ID1 expression
[20]. The crucial role of SPP1 in maintenance of human
GIC stemness is strengthen by our results demonstrating
the reduced SPPI expression in LN18 sphere cultures
undergoing differentiation in the presence of BMP4 or 2%
FBS (Figure 4). This is in agreement with the observations
of up-regulated expression of TUJ1 and GFAP, neural
differentiation markers, in GBM4371 spheres in response
to 10% FBS and withdrawal of growth factors EGF and
bFGF [21]. Altogether, these data support the crucial role
of ostepontin in maintaining the stemness phenotype of
glioma initiating cells across various models. Undoubtedly
further research is needed to verify the existence of
positive loops in which SPP1 would increase the
expression of OCT4 or other stemness factors, which in
turn would regulate SPP! expression. The role of SPP1 in
sphere-forming capacity of cancer stem cells is likely cell
type dependent. In mammary cancer spheroids blockade
of osteopontin with a specific antibody decreased cell
proliferation [36]. In the hematopoietic stem cell niche
osteopontin inhibited proliferation of hematopoietic
stem cells [37] in a manner consistent with maintaining
quiescence [38].

Our results defined mechanisms mediating SPP1
action on glioma cells. We demonstrate the importance
of SPP1-CD44 interaction in maintaining the stemness
phenotype as a variant of Spp! lacking C-terminal domain
responsible for interactions with CD44 was not able to
restore the impaired sphere formation (Figure 7). Using
a rescue strategy, we demonstrate that overexpression
of WtSpp1-R, but not SpplAC-R, restored glioma cell
capability to form spheres (Figure 7C, 7D). This provides
evidence that the C-terminus of SPP1 carrying the
CD44 binding site is critical for stemness maintaining
SPP1 activity. The variant of Sppl lacking C-terminal
domain contains an intact RGD domain responsible
for integrin binding. The lack of functional rescue
suggests that binding of Sppl with integrins was not
sufficient to restore sphere formation capacity. CD44, a
transmembrane glycoprotein, was initially identified as a
receptor for hyaluronic acid, and high CD44 expression
was associated with cancer stem cells and epithelial-
mesenchymal transition. Previous studies have shown
that CD44 expression is upregulated in GIC and the

CD44"eh cells have higher self-renewal capacity and
generate more spheres than CD44"°" population [39].
We detected similar levels of CD44 mRNA and protein
in adherent and spheres cultures of LN18 cells. Forced
differentiation did not change CD44 expression levels
(Supplementary Figure 4A). In murine model of PDGF-
induced glioma osteopontin secreted by glioma-associated
astrocytes enhanced the cancer stem cell phenotype
through interactions with CD44 [20]. Transcriptomic data
showed that Spp! was up-regulated specifically in glioma-
associated astrocytes compared to normal astrocytes in
murine PDGFB-driven gliomas and proneural human
GBMs [40]. Our data show an alternative mechanism of
an autocrine action of glioma-derived SPP1/osteopontin.
Despite different cell sources of SPP1/osteopontin
(whether SPP1 is produced by tumour or stromal cells)
all presented data confirmed the important role of
osteopontin-CD44 interactions in maintaining the glioma
stem cell phenotype. Our data show a novel transcriptional
mechanism driving SPP/ expression in glioma cells that is
not in operation in non-transformed astrocytes.

MATERIALS AND METHODS

GBM and PA samples

Frozen glioma biopsies were obtained from the
Brain Tumour Tissue Bank (London Health Sciences
Centre, CA) and Institute of Psychiatry and Neurology
(IPIN) in Warsaw. Additional pilocytic astrocytoma (PA)
samples and 5 normal brain tissues were obtained the
Children’s Memorial Health Institute, Warsaw. The study
was conducted under protocol #14/KBE/2012, approved
by the Research Ethics Board at IPIN.

Cell culture

Rat C6 and human T98G, LNI18, LN229, U&7
MG, U373 glioma cells, human teratocarcinoma Ntera
and HeLa cells were from ATCC. Cells were passaged
twice a week up to a passage 20 and were maintained
for no longer than 15 weeks. Human cells were grown
in DMEM with 10% foetal bovine serum (FBS) and
antibiotics (50 U/ml penicillin, 50 pg/ml streptomycin);
C6 cells were grown in DMEM with 10% newborn calf
serum (NCS) and antibiotics as described [41]. Normal
human astrocytes were from Lonza and were cultured in
the supplier-recommended medium (Lonza, CC-3186) for
2-3 weeks before experiments. Astrocyte cultures were
> 98% GFAP-positive and were cultivated in DMEM
with 10% FBS, passaged every week. WG4 primary
glioma cultures originated from a GBM patient surgical
sample. Freshly resected tumour tissue was washed in
Hank’s balanced sodium solution (HBSS) and subjected
to mechanical and enzymatic dissociation using Neural
Tissue Dissociation Kit (MiltenyiBiotec) according to
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the manufacturer’s instructions. Tumour cells were re-
suspended in DMEM F-12 supplemented with 10% FBS
(Gibco) and plated at a density of 1-2 x 10° cells/60 mm
plate. The fresh medium was replaced every 4 days.

Chromatin immunoprecipitation (ChIP)

ChIP assays were performed on human glioma cells
and non-transformed astrocytes as previously described
[42, 43]. ChIP was performed with Chip-IT Express
Active Motif kit according to manufacturers’ protocol.
Cells were fixed with 2% formaldehyde, sonicated with
Bioruptor Plus (Diagenode) with 9 cycles 30 sec ON/
OFF. Positive controls for ChIP were from Active Motif
Chip-IT Control Kit Human (#53010). Antibodies for
ChIP included: anti-GLI1 (Santa Cruz N-16x), anti-
OCT4 (Abcam ab18976), goat IgG (Abcam ab37373),
rabbit IgG (Calbiochem NIO1); all antibodies were used
at 3 pg per reaction. The following ChIP-PCR primers
were used: for the OCT4 binding site in the first intron
of SPPI gene forward CACCTAAGTAGCACCTACTTG,
reversed CCTACAAACAGATCAACAGTAAC and for
the GLII binding site in the SPPI gene promoter: forward
CTGACAGAAAATCCTACTCAGAAAA, reversed: AAA
GTAGGAAATGGATGCTGCG. Two putative GLII
binding sites have been identified in the SPPI promoter
using MathInspector (Genomatix, Germany) and the
Ensembl funcgen database as described [27]. ChIP primers
were designed for both putative sites but only the binding
to the proximal GLI binding site of the SPP/ gene was
confirmed. Primers for the potential OCT4 binding site in
the first intron of the SPP/ gene corresponded to the Oct4
binding site in the murine Spp!/ gene previously described
[28].The PCR products were resolved in 1% agarose gel
with ethidium bromide and visualized with UV light.

Isolation of glioma initiating cells (GIC) by flow
cytometry

For side population isolation, Rhodamine 123
(Rhod123) exclusion assay was performed. Glioma
cells from the earliest passages were trypsinized and 10’
cells were incubated with 0.1 pg/ml Rhod123 (in DMSO,
Sigma) for 20 min in 37°C. Cells were rinsed, re-suspended
in 0.5 ml of medium and placed in 37°C for 90 min for
Rhod123 exclusion. A portion of cells kept on ice to inhibit
the exclusion of Rhod123 served as a positive control.
Fractions of Rhod123(+) and (-) cells were sorted using
FACS Aria (Becton Dickinson, USA) and collected in
Qiagen RLT lysis buffer. We did not observe any significant
increase in the number of dead cells in our preparation, cell
debris were removed from quantification by appropriate
gating as previously described [32]. For the experiment
presented in the Supplementary Figure S3B, prior to a flow
cytometry analysis the cells were labelled with 5 pg/ml of
propidium iodide to determine numbers of live/dead cells.

Sphere cultures and differentiation induction

For sphere forming assay, cells were seeded at a
low density (4000 or 8000 cells/ml of medium) onto non-
adherent plates and cultured in DMEM/F-12 medium
(Gibco, 31331-028), supplemented with B27 (Gibco,
0080085SA), 20 ng/ml bFGF (Miltenyi Biotec), 20 ng/ml
EGF (Stemcell Technologies) and antibiotics. After 7 or
14 days resulting spheres were collected by centrifugation
at 1500 rpm and lysed in Qiagen RLT lysis buffer.

For differentiation experiments, spheres were
maintained for 8 days in the sphere culture medium
followed by incubation for 5 days in the presence of
100 ng/ml BMP4 (Sigma-Aldrich, Germany) or 2% FBS.

Immunoblotting and immunofluorescence

Western blot analysis was performed as previously
described [44]. Primary antibodies included: anti-SOX2,
anti-OCT4A (Cell Signaling Technology, Beverly MA,
USA), anti-NANOG (Cell Signaling Technology, Beverly
MA, USA). Immunocomplexes were visualized using ECL
(Amersham, Germany). The membranes were stripped
and re-probed with horseradish peroxidase-conjugated
anti-B-actin antibody (1:10000, #A3854 Sigma-Aldrich,
Saint Louis, MO, USA). The molecular weight of proteins
was estimated with pre-stained protein markers (Sigma-
Aldrich, Saint Louis, MO, USA). CD44 was detected
by Western blotting with polyclonal Sheep IgG anti-
human CD44 (#AF3660, R&D System, Minneapolis,
MN, USA, 1:500) followed by a rabbit Anti-Sheep
IgG-HRP conjugate (#AP147P, Merck Millipore KGaA,
Darmstadt, Germany, 1:5000). For flow cytometry we
used Alexa Fluor 700 Mouse Anti-Human CD44 Clone
G44-26 RUO (#561289, BD Pharmingen); Alexa Fluor
700 Mouse IgG2b, k Isotype Control RUO (#560543, BD
Pharmingen).

For immunofluorescence analysis, cells grown on
coverslips were fixed with 4% paraformaldehyde (PFA).
After blocking for 1 h with 0.1% Triton X-100 containing
1% bovine serum albumin, sections were incubated with
anti-f Tubulin IIT antibody (Millipore, Temecula, CA,USA)
diluted in 1% bovine serum albumin containing 0.1%
Triton X-100 at 4 °C overnight. Reactions were visualized
by incubating with a secondary, anti-mouse antibody
conjugated to Alexa-555 (Life Technologies, Karlsruhe
Germany). Cells were counterstained with 1 png/ml DAPI
and images were acquired with Olympus X70 fluorescent
microscope.

Real- time PCR

Total RNA was isolated from glioma cells using Qiagen
RNeasy kit, 1 pg was used as a template. Amplifications
were performed in duplicates in 20 pl containing 2x SYBR
PCR MasterMix (Applied Biosystems) and a set of
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Table 1: Sequences of qPCR primers

Gene name Primers
human SPP1 - TTTGTTGTAAAGCTGCTTTTCCTC
- GAATTGCAGTGATTTGCTTTTGC
human SPPI-a f- AAGCAGCTTTACAACAAATACCCA
- TACTTGGAAGGGTCTGTGGGG
human SPPIb f- TTGGAAGGGTCTGTGGGGCTAGG
- CCTCCTAGGCATCACCTGTGCCAT
human SPPc f- GAATTGCAGTGATTTGCTTTTGC
- AGGACACAGCATTCTGCTTTTC
human SPPd f- GAATTGCAGTGATTTGCTTTTGC
- GGAAGGGTCTGCTTTTCCTCA
human SPPI-o f- GAATTGCAGTGATTTGCTTTTGC
- AGGTACATCTTTAGTGCTGCTTTTC
f- AGGGCTGCTTTTAACTCTGGT
human GAPDH - CCCCACTTGATTTTGGAGGGA
human GLIT f- GCCCAGCTTGTCCCACACCG
- AGGAGCGGCGGCTGACAGTA
human CDdd f- CCATCTGTGCAGCAAACAACA
- TTCAGGTGGAGCTGAAGCATT
human GEAP f- TCCTGGAACAGCAAAACAAG
- CAGCCTCAGGTTGGTTTCAT
Human SOX2 f- GGGGAAAGTAGTTTGCTGCC
- CGCCGCCGATGATTGTTATT
f- GTACGTGCCTCGAGCCATTCT
human TUBULIN-IIT - CGTGTAGTGACCCTTGGCCC
18S rRNA human/rat f- AACGAACGAGACTCTGGCATG
- CGGACATCTAAGGGCATCACA
rat Sppl f- TTGTTTCTCAGTTCAGTGGATACATG
- CAGTGGTGTCTGCATGAAAC
rat Nanog f- CCCTTGCCGTTGGGCTGACA
- AAGGCGGAGGAGAGGCAGTCT
rat Oct3/4 f- CCCAGCGCCGTGAAGTTGGA
- AGAACGCCCAGGGTGAGCCC

primers (human SPPI, NANOG and POUS5SFI1 1 SG/
OCT4 primers were from QuantiTect Primer Assays:
QT01008798, QT01844808 and QT00210840,
respectively, Qiagen). Sequences of primers for rat Spp/
stemness and differentiation genes are in the Table 1. The
amount of target mRNA was normalized to the 18S rRNA
amplified from the same sample. Data were analysed
using the Relative Quantification (**Ct) method with 7500
System SDS software (Applied Biosystems).

siRNA experiments and transfection

LN18 cultures were transfected with 25 nM
SMARTpool: siGENOME SPP1 siRNA and siGENOME
Non-Targeting siRNA Pool #1 (Thermo Scientific)
using DharmaFECT. Transfection efficacy estimated

with a rhodamine labelled control siRNA was 89%.
Osteopontin levels in glioma conditioned media were
determined by ELISA (#ADI-900-142, ENZO Life
Sciences). Human GLI! was knocked-down using ON-
Target PlusSSMARTpool Human GLI1 (L-003896-00-005,
Dharmacon), ON-Target PlusSMARTpool Human
CD44 siRNA (L-009999-00-0005, Dharmacon); ON-
TARGETplus Non-targeting Pool (D-001810-10-05)
served as a control. Transfection was performed with
4D-nucleofector AMAXA (Lonza) using 1.5 pug of siRNA/1
x 10° cells. Efficacy of transfection was verified after 48 h.

Spp1 knock-down with a lentiviral shRNA

Oligonucleotides corresponding to Sppl shRNA
(5'-AGCTAGTCCTAGACCCTAA-3' against rat Sppl,
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NM 012881.2) and control shRNA Neg (5' GTCTCCACG
CGCAGTACATTT-3', based on pSilencer shNeg from
Ambion) were cloned into a lentivector pLenti-U6-shRNA-
Rsv(GFP-Puro) (GenTarget Inc, San Diego, USA). Rat C6
glioma cells (5 x 10%) were seeded onto 24-well plates,
transduced with 5 x 10° ready-to-use lenitiviral particles
in 0.5 ml culture medium according to a manufacturer’s
protocol, and shSppl or shNeg clones were enriched by
incubation with puromycin 2 pg/ml (BioShop, Canada
Inc., Burlington). Efficacy of Spp/ gene silencing
in heterogeneous pools was examined by qPCR and
ELISA. For “rescue” experiments 6 x 10* C6 LVSppl
cells were seeded on 24-wells plates and after 24 h cells
were transfected with 18 ng/ul of plasmid DNA and a
transfection reagent Viromer® RED (Lypocalyx, Germany).
Twenty four hours after transfection cells were transferred
to sphere culture medium and grown for 7 or 14 days.

Generation of shRNA resistant Spp1 plasmids
for rescue experiments

In order to generate shRNA resistant constructs
coding for a wild type and a AC-term pSppl (lacking a
CD44 domain of Sppl), we performed a site-directed
mutagenesis. We designed mismatched oligonucleotides
binding to Sppl shRNA binding site: Spp mut R:
CTTCCTTACTCTTTGGATCGA GTACTAGTTTGTCC
TCATGGCTGTG and Spp_mut F: CCATGAGGACAAA
CTAGTACT CGATCCAAAGAGTAAGGAAGATGAT
AG. Primer-extension reaction amplified pEGFP-N1
vector carrying a wild type Spp/ cDNA (wtSppl) or
SppIAC cDNA. The PCR reaction was performed with
Phusion polymerase (New England Biolobs) using
reaction conditions recommended by the manufacturer.
Primer annealing was performed in 60°C. In order to
eliminate template DNA, PCR product was digested with
Dpnl restriction enzyme and further transformed into
XL1-Blue E.coli strain. Designed mutagenesis introduced
point mutations without affecting aminoacid sequence
and in the same time generated a new restriction site for
Spel enzyme. Simultaneous digestion with Spel (Thermo
Scientific) and EcoRI (Thermo Scientific) helped us to
preselect proper clones before sequencing. The resulting
plasmids were verified by sequencing.

Statistical analysis

Statistical significance was determined by Student’s
t-test; p values < 0.05 were considered significant. The
results are expressed as a mean + standard deviation from
3-5 independent experiments (different cell passages).
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