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Abstract
Oligodendrogliomas originate from oligodendrocyte progenitor (OPs), whose development is
regulated by the Sonic hedgehog and Wnt/beta-catenin pathways. We investigated the contribution
of these pathways in the proliferation and differentiation of human oligodendroglioma cells
(HOG). Inhibition of Hedgehog signaling with cyclopamine decreased cell survival and increased
phosphorylated beta-catenin without altering myelin protein levels. Conversely, treatment of HOG
with the Wnt antagonist secreted Frizzled Related Protein (SFRP1), led to increased myelin
protein levels and reduced cell proliferation, suggesting cell cycle arrest and differentiation.
Unlike normal primary human OPs, beta-catenin in HOG cells is not associated with endogenous
Sox17 protein despite high levels of both proteins. Retroviral overexpression of recombinant
Sox17 increased HOG cell cycle exit and apoptosis, and raised myelin protein levels and the
percentage of O4+ cells, indicating increased differentiation. Recombinant Sox17 also increased
beta-catenin-TCF4-Sox17 complex formation and decreased total cellular levels of beta-catenin.
These changes were associated with increased SFRP1, and reduced expression of Wnt-1 and
Frizzled-1,−3 and −7 RNA, indicating that Sox17 induced a Hedgehog target, and regulated Wnt
signaling at multiple levels. Our studies indicate that Wnt signaling regulates HOG cell cycle
arrest and differentiation, and that recombinant Sox17 mediates modulation of the Wnt pathway
through changes in beta-catenin, SFRP1 and Wnt/Frizzled expression. Our results thus identify
Sox17 as a potential molecular target to include in HOG therapeutic strategies.
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1. Introduction
Oligodendrogliomas (HOGs) are the third most common type of glioma, as they comprise
2% to 5% of primary brain tumors, and 4% to 15% of all gliomas [36]. The updated WHO
guidelines classify oligodendrogliomas into grade II and grade III tumors. Grade III
oligodendroglioma is synonymous with anaplastic oligodendroglioma (or malignant
oligodendroglioma), which grows more quickly. The median survival of patients with grade
II oligodendroglioma is 4–10 years, but is only 3–4 years for anaplastic oligodendrogliomas.
80% of HOGs display co-deletion of chromosomal arms 1p and 19q and are generally less
aggressive, showing better sensitivity to treatment and prognosis. Since these tumors can
affect parts of the brain that control speech, vision or motor functions, surgery may be
associated with the risk of disability. Thus, an understanding of their molecular pathogenesis
may provide important alternative options for therapy.

Recent studies have shown that the cells which give rise to HOGs in mice resemble
oligodendrocyte progenitor cells (OPCs) rather than stem cells [33], indicating a greater
level of developmental commitment. HOGs share many antigenic markers of OPCs -
including Olig2, NG2 and growth factor receptors - and frequently occur in subcortical
white matter, where OPCs are most abundant. HOG cells respond to developmental cues,
indicating an innate, albeit limited, ability to differentiate, despite frequent chromosomal
aberrations. These features support the notion that identification of signaling pathways
controlling cell proliferation and differentiation may offer additional treatment strategies.

The mammalian oligodendroglial lineage is regulated by two well-established signaling
pathways in development: Sonic hedgehog (Shh) - which is responsible for the promotion of
oligodendroglial cell fate and generation of immature progenitor cells [11] - and Wnt -
which inhibits the maturation of these progenitor cells [17]. Dysregulation of one or both of
these pathways underlies a wide variety of human malignancies. As HOG cells remain
immature in adulthood, it is possible that the Wnt pathway may be involved in HOG
pathogenesis, but the relative contribution of both of these pathways in HOG development is
unknown.

Sox17, a transcription factor, inhibits the canonical Wnt/β-catenin signaling in malignant
tumors [19, 24, 53] and in OPCs [8]. We have previously demonstrated that Sox17
expression is required for oligodendrocyte development lineage progression, and that Sox17
promotes OPC cell cycle exit and differentiation [41]. However, the effect of Wnt
modulation by Sox17 in HOGs has not been investigated.

In this study, we demonstrate that Shh signaling regulates cell growth and survival in HOG
cells, whereas Wnt signaling plays an important role in HOG cell differentiation. We
investigate endogenous Sox17-beta-catenin interaction, and analyzed the consequence of
overexpressing Sox17 in HOG cells. Recombinant Sox17 not only upregulated the levels of
the Wnt antagonist SFRP1, but also decreased endogenous beta-catenin levels in HOG cells
and Wnt/Frizzled expression, leading to cell cycle exit and differentiation. These studies
suggest that such approaches involving Wnt modulation at multiple levels by Sox17 may
help to improve strategies in cancer therapy.

2. Materials and methods
2.1. Chemicals and antibodies

Cyclopamine and SFRP1 inhibitor were obtained from Millipore (Billerica, MA). Human
recombinant proteins SFRP1 and Shh were from R&D systems (Minneapolis, MN). The
following antibodies were used: mouse anti-beta catenin, (1:1000; BD Biosciences; San
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Jose, CA); goat beta-catenin (1:1000; R&D Systems); anti-P-beta-catenin (1:1000; Cell
signaling Technology; Danvers, MA ); anti-Sox17 (1:200); anti-actin (1:5000), anti-olig2
(1:500) normal mouse IgG polyclonal (1:300) (all from Millipore); anti-cyclinD1 (1:500)
and, p27Kip1 (1:800) from Santa Cruz biotechnology; Santa Cruz, CA. Anti-SFRP1 (1:100)
was from Pierce (Rockford, IL) and Gli2 was from Abcam (1:200; Cambridge, MA).
Secondary horseradish peroxidase-conjugated antibodies were goat anti-mouse or goat anti-
rabbit from Jackson lab (1:2000; West Grove, PA). OPC lineage markers: anti-myelin basic
protein (MBP) (1:1000) and anti-2’, 3’ cyclic nucleotide 3’ phosphodiesterase (CNPase)
(1:1000) (Covance; Princeton, NJ).

2.2. Cells and human tissue samples
Four established human oligodendroglioma cell lines were used in this study. HOG was
kindly provided by Dr. G. Dawson (University of Chicago, Ml). BT54 and BT 88 cells were
generated from patients with 1p/19q co-deleted grade III anaplastic oligodendrogliomas,
generously donated by Dr. S. Weiss (University of Calgary, Calgary, Canada). These cells
were isolated and cultured as described in their respective publications [27, 34]. SJOA1 cells
were acquired from Dr. S. Baker (St Jude Children’s Research Hospital, Memphis, TN) and
grown in suspension in Neurobasal medium containing 1% penicillin and streptomycin, 2
mM L-glutamine, and supplemented with N2, B27 (all from Invitrogen; Grand Island, NY)
in the presence of 20 ng/ml bFGF and EGF (both from R&D Systems). Normal human
oligodendrocyte precursor cells (hOPC) were purchased from ScienCells (Carlsbad, CA)
and cultured in the growth medium recommended by manufacturer. Rat cortical
oligodendrocyte precursor cells were cultured as previously described [41]. U87 is a human
glioblastoma cell line obtained from American Type Culture Collection (Manassas, VA) and
cultured according to manufacturer’s instructions. Histological diagnoses were confirmed by
pathologic review according to WHO criteria [52]. Four adult human oligodendroglioma
specimens were provided by Dr. Sontheimer (University of Alabama, Birmingham, AL).
These patient specimens were collected in accordance with IRB certification assurance ID
FWA00005960, IRB Registration 00000726 (Neurosurgery Brain Bank), snap-frozen at the
time of surgery and stored in liquid nitrogen, shipped in dry ice. These 4 tumor specimens
were subsequently homogenized in RIPA buffer for Western blotting analysis. The sources
of cells and tissues, along with corresponding experimental procedures performed on them
are summarized in Table 1.

2.3. RNA extraction and RT-PCR
Total RNA was extracted following standard protocol of TRIzol® RNA reagent
(Invitrogen). Contaminating genomic DNA was removed using DNA-free™ Kit (Ambion;
Grand Island, NY) containing RNase-free DNase I. Double-stranded cDNA was synthesized
from 0.5 µg cleaned RNA with an olig-dT primer in a 20 µl Super Script III First-Stand
Synthesis SuperMix reaction (Invitrogen). Subsequent PCR reactions were performed with 3
µl cDNA as input DNA using GoTaq® Hot Start Green Master Mix (Promega; Madison,
Wl). The primers for RT-PCR assay are listed in Table 2. Temperature cycling was
performed in C1000 thermal cycler (BioRad; Hercules, CA). Cycling parameters were as
follows: 95°C, 180 s for initial denaturation and activation of Hot start Taq polymerase
followed by 40 cycles of denaturing at 95°C 30s, annealing at 60°C, 55°C or 50°C, 30s and
extension at 72°C, 60 s. At the conclusion of cycling, 5 min incubation at 72°C was applied.
PCR products were resolved on 1% (w/v) agarose gels stained with ethidium bromide and
visualized using Quantity one imaging system (BioRad)

2.4. MTT reduction assay
HOG cells were plated at 3 × 104 cells per well in 12-well plate and treated with
cyclopamine, SFRP1, viral CMV or SOX17 next day of plating in 1 ml 10% FBS medium.
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Cells were harvested after additional 2 or 4 days prior to analysis. On the day of analysis,
300ul MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) reagent
(Promega) was added to each well and incubated at 37°C for 2h prior to addition of 300ul
detergent reagent to solubilize the crystals. Supernatants (200ul) were transferred to 96 well
plates and read on a Molecular Devices ThermoMax 96 well plate reader (Sunnyvale, CA)
using a test wavelength of 570 nm. Data are presented as percentage of absorbance in the
control group.

2.5. Apoptosis analysis
HOG cells were harvested after 3–5 days in culture in either cyclopamine, SFRP1, retroviral
CMV or Sox17 treatments. The annexin V and viability dye 7-Aminoactinomycin D (7-
AAD) for flow cytometry were purchased from Invitrogen. Cells were resuspended in 100ul
of 1x annexin-binding buffer (Invitrogen) and 5 µl annexin V was added to each 100 µl of
cell suspension. Cells were incubated at room temperature for 15 minutes followed by 10µl
7AAD. 250 µl 1X annexin-binding buffer was added, mixed gently and analyzed with a
FACSCalibur flow cytometer (BD Biosciences). CellQuest software (BD Biosciences). Was
used for flow data acquisition and FlowJo software (Tree Star Inc.; Ashland, OR) for
analysis.

2.6. BrdU incorporation and cell-cycle analysis
After 3 to 5 days incubation under various conditions, HOG cells were harvested and
processed by flow cytometry using FACSCalibur. Cells were washed twice with PBS and
were dissociated with 0.05% Typsin-EDTA (Life technologies; Grand Island, NY)
following by three washes with autoMACS running buffer (Miltenyi Biotec; Auburn, CA)
before 4% paraformaldehyde fixation for 30 minutes. Samples for BrdU staining were
exposed to 10nM BrdU (Sigma; St. Louis, MO) in 7mM NaOH for 3 hours before
neutralization with 2N HCI. Fluorophore-conjugated primary antibodies, anti-BrdU-
Allophycocyanin (APC), anti-Human Ki-67- Phycoerythrin (PE) (both from eBioscience;
San Diego, CA) and anti-O4-APC (Miltenyi Biotec.) were applied according to
manufacturer’s instructions. Background fluorescence was measured using unlabeled cells
and cells labeled with isotype control alone; these were used to set gating parameters
between positive and negative cell populations. Cell doublets and small debris were
excluded from analysis or isolation on the basis of side (measuring cell granularity) and
forward scatter (measuring cell size). For cell cycle analysis, cells were passaged and cell
suspensions fixed by adding ice-cold 70% ethanol and incubation at −20° C for at least 2
hours. Cells were pelleted and washed with PBS twice before incubating with 100 µg/ml
RNase A (Sigma) with PI (40 µg/ml, Invitrogen) for 30 minutes at room temperature. Flow
cytometric analysis was performed on a FACSCalibur, in order to determine the proportions
of cells in G0/G1, S, G2/M and hypodiploid nuclei phases of the cell cycle. CellQuest
software (BD Biosciences) was used for flow data acquisition and FlowJo software (Tree
Star Inc.; Ashland, OR) for analysis. Fluorescent intensities of stained cells were plotted.

2.7. Protein Extraction and Western blotting
Cells were harvested after treatment with cyclopamine or SFRP1 for 3 days, or after
transduction with Sox 17 retrovirus for 24 hours. Whole-cell lysates were prepared using
RIPA after additional 5 days in culture. Protein concentrations of samples were determined
by the bicinchoninic acid (BCA) protein assay (Pierce). Protein samples (20 µg of each
protein) were mixed with 5x reducing Sample buffer (Thermo Scientific; Rockford, IL) and
boiled for 7 minutes, separated in 4–15% precast Tris-HCI polyacrylamide gel (BioRad),
and transferred onto Immobilon P membranes (Millipore). Membranes were blocked for 1 h
at room temperature with 5% skim milk or 5% BSA for phosphorylated-beta-catenin in tris-
buffered saline (TBS) and incubated overnight at 4 °C with primary antibodies following
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manufacturer’s instructions. Immunoblots were washed three times with TBS containing
0.1% Tween 20 (TBST) and incubated with secondary antibodies conjugated with
horseradish peroxidase (HRP) against mouse IgG or rabbit IgG in TBS for 1 h at room
temperature with agitation. After washing with TBST three times, the membranes were
incubated with Super Signal Chemiluminescent Substrate Stable Peroxide Solution (Pierce)
for 5 minutes and exposed to Biomax-MR film (Kodak; Rochester, NY).

2.8. Immunoprecipitation assays
HOG, hOPC or U87 cells cultured for 3–5 days under various conditions were lysed in
RIPA lysis buffer containing protease inhibitors. Following BCA protein analysis, about
200–600 ug of protein per sample was first pre-cleared with1/10 volume of protein G
sepharose beads (Millipore) at 4°C for an hour with rotation. After pelleting the beads by
centrifugation, the supernatants from these reactions were incubated with 2 ug primary
antibody (goat anti-beta-catenin) or control polyclonal goat IgG at 4°C on an end-over-end
rotator. After overnight incubation, protein G sepharose beads were added at 1/10 total
volume and incubated for an additional 2 hrs at 4°C. Beads were then centrifuged, washed
twice with RIPA buffer and resuspended in Laemmli sample buffer (BioRad). After boiling
for 5 minutes, samples were resolved on 4–15% precast Tris-HCI polyacrylamide gel
(BioRad) and analyzed by Western blotting.

2.9. Retroviral overexpression of Sox17
A full-length mouse Sox17 cDNA sequence used to generate the retroviral expression
construct for HOG cells transduction was previously described [8]. In brief, the CMV
promoter sequence was added to pMXs-IRES-GFP (Cell Biolabs; San Diego, CA) to
generated pMXs-CMV-IRES-GFP. Sox17 was then inserted as a direct fusion with an N-
terminal HA epitope tag into the Xhol site between the CMV promoter and IRES of the
pMXs-CMV-IRES-GFP. The plasmid lacking the Sox17 insert, but carrying the CMV
promoter was used to generate control GFP-expression retrovirus. The viral titers assayed
with NIH3T3 fibroblasts cells gave estimates of ~ 1 × 106 colony forming units/ ml.
Retroviral stocks were prepared with reagents A and B (ViraDuctin retrovirus transduction
kit, Cell Biolabs). Equivalent titers were used for different viral stocks. Following overnight
incubation with diluted retroviral stock, cells were rinsed twice with DME/10% FBS
medium before and after incubation with diluted Reagent C (Cell Biolabs). Cells were
analyzed 3–5 days post transduction after recovering in growth medium.

2.10. Immunofluorescence
Cells (1 × 104 cells per well in 12- well plate) were transduced by retroviral Sox17 or
control vector for 24 hours, and then washed and rinsed as described above. 5 days later,
transduced cells were fixed with 4% paraformaldehyde, permeabilized with Triton X-100
and stained with primary antibodies against anti-mouse BrdU (1:100; Roche; Indianapolis,
IN) overnight at 4 °C followed by fluorescent secondary antibodies (Alexa dyes,
Invitrogen). Cell nuclei were counterstained with 4′, 6-diamidino-2-phenylindole (DAPI;
Sigma) to measure total cell number. Staining was visualized by epifluorescence (BX61
upright microscope, Olympus; Center Valley, PA) and images captured using Olympus
DP70 camera and software.

2.11. Statistical analysis
Statistical analysis was performed using Prism 5.00 for Windows (GraphPad, CA).
Student’s T-test was used to compare data between two groups. One-way ANOVA and
Dunnett’s test were used to compare data between three or more groups. P< 0.05 was
considered statistically significant. All histograms shown in figure panels were means ±
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SEM of at least three independent experiments. The asterisks denote significant levels and
were shown as *P<0.05, **P<0.01, **P<0.001 vs. respective controls.

3. Results
3.1. Hedgehog signaling supports HOG growth and survival, rather than differentiation

To understand the contribution of the Hedgehog pathway in HOG developmental properties,
we wanted to determine whether cyclopamine, a widely used small molecule Smoothened
antagonist would modulate HOG cell growth. Figure 1A shows that HOG cells express
RNA for the receptor complex and ligands for Hedgehog signaling, suggesting the capacity
to respond to cyclopamine and the likelihood that HOG cell growth could be sustained by
autocrine signaling. The Smoothened repressor and Hedgehog receptor, Patched (Ptc), is
expressed at relatively low levels in HOG cells. By comparison, primary human
oligodendrocyte precursor cells (hOPC) cultured in growth medium express higher levels of
Ptc and lower levels of Smoothened (Figure 1A). There is also preferential expression of
desert hedgehog in hOPCs rather than Sonic and Indian hedgehog which predominate in
HOG cells (Figure 1A). Taken together, the enhanced expression of Smoothened and two of
its ligands in HOG cells support an autocrine mode of stimulation. Indeed, application of
cyclopamine inhibited HOG cell growth in a dose-dependent manner in MTT reduction
assays (Figure 1B). To determine whether this was due to an effect on cell survival, an
annexin V assay was performed. The results in Figure 1C indicate that cell apoptosis is
increased by cyclopamine. Cyclopamine not only induced apoptosis of HOG cells, which is
also detected as a Pre-G1 peak in DNA analysis (Figure 1D) but also reduced the percentage
of cells in G1 and S phase (Figure 1D). This decrease in cell proliferation is also observed in
a Ki-67 assay, where application of cyclopamine significantly reduced the percentage of
actively dividing HOG cells (Figure 1E).

We then performed Western blotting to determine whether attenuation of cell proliferation
with cyclopamine affected the expression of myelin-specific protein levels, such as myelin
basic protein (MBP), as an indicator of lineage progression and OPC differentiation. HOG
cells under these growth conditions express a single 45 kDa protein band detected by
monoclonal MBP antibodies that also react with the classic membrane-associated 18.5, 21.5,
27 kDa isoforms of primary rat OPCs (Figure 1F and G). HOG cells have previously been
reported to display MBP immunoreactivity in the cell soma and nucleus [6]. Because golli
RNA is expressed in intermediate-stage, immature oligodendrocytes before MBP, and
immunocytochemistry has localized golli proteins to the soma and nucleus [20], it was
proposed that golli products might be included among the HOG MBP-reactive peptides [6].
The identity of this 45 kDa peptide in HOG remains unknown, and may represent an
uncharacterized pre-processed form, therefore we have designated this high molecular
weight species H-MBP. After treatment of HOG cells with cyclopamine, surprisingly little
effect on CNPase or H-MBP levels is observed (Figure 1F), indicating lack of an effect on
cell differentiation. The phosphorylation levels of S33/37/T41-beta-catenin were noticeably
increased and total beta-catenin levels were found to be decreased by 5 uM cyclopamine
(Figure 1F), indicating cross-talk between Hedgehog and Wnt pathways.

In contrast to HOG cells, normally differentiating rat oligodendrocyte progenitor cells
(OPC) in culture are prevented from expressing MBP by high exogenous levels of Sonic
hedgehog (Figure 1G); this was reversed by the inclusion of low doses of cyclopamine
(Figure 1G). This indicates that, in normal progenitor cells, high levels of Sonic hedgehog
repress myelin gene expression via Smoothened (Smo) activity. These experiments thus
indicate that HOG cells rely on autocrine activation of the Hedgehog pathway primarily for
survival and self-renewal, and that this is associated with the maintenance of beta-catenin
stability through Smo activity in HOG cells. However, unlike primary OPCs, Smo activity

Chen et al. Page 6

Cancer Lett. Author manuscript; available in PMC 2014 July 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in HOG cells could not be modulated to effectively alter differentiation and myelin gene
expression.

3.2. Wnt signaling modulates HOG cell proliferation and differentiation
Our lab has previously shown that the Wnt antagonist, secreted Frizzled-related protein-1
(SFRP1) is upregulated in cultured OPCs under differentiating conditions [8], suggesting an
autonomous suppression of Wnt signaling during cell maturation. Figure 2A shows that the
RNA for Wnt ligands and frizzled receptors are expressed in HOG, suggesting the capacity
for modulation by exogenous Wnt antagonists. A comparison with hOPC however shows
that HOG cells clearly express higher levels of Wnt1, Wnt3a, Wnt5a and Wnt 10b, as well
as frizzled receptors-1 (fzd1) and −7 (fzd7) (Figure 2A). hOPC express these ligands and
receptors weakly, if at all, and marginally higher levels of frizzled 3 receptor. This suggests
that both canonical and non-canonical Wnt signaling may be abnormally activated in HOG
cells, and a Wnt antagonist like SFRP1 would be a more effective inhibitor of Wnt activity
than Dickkopf (DKK), which selectively targets LRP5/6-dependent canonical signaling.

We wanted to determine whether Wnt modulation by SFRP1 application was sufficient to
regulate cell proliferation and/or myelin gene expression and cell differentiation.
Recombinant SFRP1 decreased HOG cell growth in a dose-dependent manner (Figure 2B),
while not significantly affecting cell survival based on annexin V apoptosis assay (Figure
2C). Further analysis of cell proliferation revealed no significant change in the population of
Ki-67+ cells, indicating no effect on cell cycle exit or cells in Go (Figure 2D), however
SFRP1 led to cell cycle arrest in G1, accompanied by corresponding decreases in S phase
(Figure 2E).

The lack of apoptosis was also confirmed through the absence of a pre-G1 peak in DNA
content analysis (Figure 2E). SFRP1 also induced a dose-dependent increase in the
percentage of cells expressing the O4 antigen, a marker of premyelinating oligodendrocytes
(Figure 2F), indicating increased differentiation. SFRP1 at 1ug/ml was found to significantly
increase the levels of H-MBP, CNPase and p27Kip1 (Figure 2G), indicating proliferative
arrest and differentiation, despite the absence of morphological maturation that is
characteristic of developing OPCs (not shown). Interestingly, no change in beta-catenin
levels or phosphorylation was found (Figure 2G), suggesting that these effects of SFRP1 on
HOG differentiation may be mediated primarily through non-canonical Wnt signaling.

Figure 2H shows that, in primary rat OPCs, application of the small molecule SFRP1
inhibitor attenuates MBP and CNP expression by 67% and 10% respectively at 2uM. The
relative changes in MBP and CNP are in agreement with the changes following SFRP1
application in HOG cells (Figure 2G), supporting our observation that SFRP1 activity is
normally required in OPC development. These results suggest that SFRP may be important
in the transition between cell cycle arrest and differentiation, and that increasing the levels
and activity of SFRP1 may help promote differentiation of HOG cells.

3.3. Molecular interaction between endogenous Sox17 and beta-catenin is not observed in
human glioma

Our lab has previously demonstrated that modulation of canonical Wnt signaling by altering
Sox17 levels in primary rodent OPCs regulates progenitor cell proliferation and
differentiation [8]. To determine whether glioma cells expressed Sox17 protein, we
performed Western blot assay using glioma cell lines and oligodendroglioma tumor biopsy
samples. Similar to proliferating primary rat OPCs [8], Sox17 protein was found to be
expressed in these glioma lines and tissue. The levels of Sox17 protein in normal human
OPCs (hOPC) and in glioma samples were found to be comparable (Figure 3A). This is in
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contrast to reports of malignant breast and gastric tumors where Sox17 expression is
epigenetically silenced [19, 53]. Interestingly, Western analysis also indicates that the
expression of MBP in our samples reflects distinct processing of the MBP protein in human
oligodendroglial lineage cells and tissue. Figure 3A shows that hOPCs maintained in growth
medium also express low levels of H-MBP, whereas oligodendroglioma tissue show the
smaller MBP forms that are believed to be associated with myelin membranes.

We had previously described a correlation between MBP expression, cell cycle activity and
beta-catenin/Sox17 complex formation in primary rat OPCs [8]. However, unlike in
developing white matter and differentiating oligodendroglial cells [8], Sox17 was not found
in beta-catenin complexes that also contained the transcription factor TCF4 in HOG cell or
U87 astrocytoma lysates (Figure 3B). In a separate experiment, however, we
immunoprecipitated beta-catenin from normal hOPCs and clearly detected Sox17 in the
complex (Figure 3C). These results indicate that endogenous Sox17 in HOG cells are
incapable of, or inhibited from, binding beta-catenin despite strong expression levels, and
suggest that the absence of Sox17 from these beta-catenin complexes may contribute to
aberrant cell cycle exit and differentiation in HOG cells.

3.4. Overexpression of recombinant Sox17 promotes cell cycle exit and differentiation in
HOG cells

Since HOG cells are capable of further differentiation, we wanted to determine whether
restoring Sox17 to the HOG beta-catenin complex could modify the growth characteristics
of HOG cells. To study the effects Sox17 overexpression in HOG cells, we chose a
previously generated retroviral expression vector that was used on rodent OPCs [8].
Recombinant mouse Sox17 from this construct has been shown to be localized in the
nucleus and is expressed with the GFP reporter through an IRES element [8]. After
incubating HOG cells with Sox17 retrovirus expression vector, we analyzed changes in cell
proliferation, myelin protein levels and differentiation to the O4 stage. In agreement with
our previous findings in proliferating rat OPCs in culture [8], retroviral overexpression of
Sox17 results in growth inhibition of HOG cells (Figure 4A). This is not only due to
decreased S-phase DNA synthesis in GFP+ cells, as detected by BrdU assay (Figure 4B–C),
but also due to increased cell cycle exit, as indicated by reduced Ki-67 immunostaining
(Figure 4D). DNA content analysis confirms changes in both S-and G0/G1 -phase cells
induced by Sox17 overexpression (Figure 4E). However, unlike SFRP1 application, the
decrease in cell proliferation by Sox17 was also accompanied by apoptosis and possibly
necrosis, as measured by Annexin V/7AAD staining (Figure 4F). Despite the promotion of
cell death, we also observed increased O4+ cells (Figure 4G), indicating enhanced HOG cell
differentiation promoted by recombinant Sox17.

3.5 Sox17 overexpression decreases beta-catenin levels and promotes myelin gene
expression through SFRP1

To determine the molecular changes underlying Sox17-induced cell differentiation, we
performed a series of Western blotting experiments following retroviral transduction in
HOG cells. In order to demonstrate increased Sox17 binding activity in the transduced cells,
we isolated GFP+ and GFP− HOG cells by FACS in a first set of experiments, and analyzed
immunoprecipitated beta-catenin-Sox17 protein complexes in these lysates. The
immunoprecipitation experiment shown in Figure 5A indicates that beta-catenin in the
Sox17 retrovirus -transduced HOG cells clearly binds a greater amount of Sox17 than the
CMV vector-transduced cells (comparing GFP+ lanes). Furthermore, analysis of the GFP−
negative populations also revealed an increase in Sox17-beta-catenin binding that was
specific to the Sox17 sample (Figure 5A). This result indicates an additional non cell-
autonomous effect of recombinant Sox17, suggesting a secreted mediator(s) acting via a
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paracrine mechanism with an effect on Sox17-beta-catenin interaction. To determine the
collective effect of Sox17 overexpression in HOGs, all of our subsequent experiments
therefore utilized lysates from the Sox17-retrovirus-transduced cells without prior FACS
sorting. At 3 days post-transduction, the protein levels of SFRP1, P-S33/37/T41 - beta-
catenin and H-MBP were increased by recombinant Sox17 (Figure 5B). In the Sox17-
transduced cells, cyclin D1 protein levels fell 15% after 3 days. Since exogenous application
of SFRP1 led to increased myelin protein levels (Figure 2G), we wanted to determine
whether the Sox17-induced increase in H-MBP was mediated by Sox17-induced fsFRPL To
block the effect of SFRP1, 2uM SFRP inhibitor (SFRPInh) was added during recovery after
Sox17 retrovirus transduction. Figure 5C shows that SFRPInh reduced the levels of H-MBP
by approximately 25% in the presence of Sox17 retrovirus, indicating that at least part of the
effect of Sox17 on H-MBP levels could be attributed to Sox17-induced SFRP1.

Based on our previous observation of beta-catenin antagonism by Sox17 in primary rodent
OPCs, we wanted to determine how recombinant Sox17 affected beta-catenin in HOG cells.
We analyzed beta-catenin protein complexes and found increased Sox17 protein in
immunoprecipitates after retrovirus transduction (Figure 5D). These beta-catenin-containing
complexes also contained a higher level of TCF4 than in the vector-transduced controls.
After quantitation and normalization against beta-catenin, the increase in TCF4 was found to
be in close agreement with the increase in Sox17 after retroviral transduction (Figure 5D)
i.e. 2.3 to 2.4 -fold, which suggests a stoichiometric effect of recombinant Sox17 in the
recruitment of TCF4 into the beta-catenin complexes. As predicted from the elevated P-
S33/37/T41-beta-catenin levels in Figure 5B, total cellular beta-catenin levels are found to
be significantly attenuated following Sox17 overexpression (Figure 5E), indicating
increased beta-catenin destabilization [8], and hence reduced signaling potential. This
destabilization and reduction in TCF4-mediated beta-catenin function would be consistent
with our previous result of reduced TOPFLASH/FOPFLASH and cyclinD1 promoter
activity in HOG cells co-transfected with a Sox17 expression plasmid [8].

Since retroviral transduction revealed non cell-autonomous mechanisms, we further
explored the possibility that recombinant Sox17 might show other effects on the Wnt
signaling pathway in HOG cells. Interestingly, we found that the RNA expression of
endogenous Wnt ligands and Frizzled receptors was also regulated by Sox17 overexpression
(Figure 5F). The canonical ligand Wnt1 was consistently downregulated over a 5 day time
course, while Wnt 10b was only transiently reduced after 3 days. In contrast, the levels of
Frizzled receptors-1,−3, and −7 were clearly reduced by Sox17 5 days after transduction
(Figure 5F). This result suggests a role for Sox17 in regulating the sensitivity and response
of HOG cells | to autocrine/paracrine Wnt signals.

Taken together, these observations indicate that recombinant Sox17 abolishes canonical Wnt
signaling by interacting with beta-catenin, forming Sox17-TCF4-beta-catenin complexes
and eventually reducing the cellular levels of beta-catenin. In addition, Sox17 also increases
the levels of endogenous SFRP1 protein, which is a bona fide Hedgehog target gene [26].
These multiple effects of Sox17 serve to promote proliferative arrest and differentiation of
HOG cells.

The effects of cyclopamine, SFRP1 and Sox17 retrovirus in HOG cells as found in this
study are summarized as a hypothetical model in Figure 6.

4. Discussion
Recent studies of the origin and molecular tumorigenesis of oligodendrogliomas have
revealed that, rather than stem cells, the NG2+ oligodendrocyte progenitor cell population
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serves as tumor- initiating cells [33] in which asymmetric cell division has gone awry [42].
Since oligodendroglioma cells have been found to resemble immature oligodendrocyte cells
[6] - and as oligodendrocyte progenitor development involves the cessation of proliferation
at the onset of differentiation, which is at least in part regulated by the Wnt pathway [8, 16,
17] - we have thus investigated the contribution of Hedgehog and Wnt signaling in the
growth and development of the oligodendroglioma cell line, HOG. This cell line was
previously developed and used for studies of neurotransmitter signaling mechanisms [34,
35]. To our knowledge, our experiments constitute the first studies to have compared the cell
differentiation effects of Smoothened inhibition with that of Frizzled inhibition, and to have
identified the Wnt pathway as a regulator of differentiation in oligodendroglioma cells.

An understanding of molecular targets has provided advantages to the management of
medulloblastomas, which are relatively better characterized with regard to molecular
pathogenesis and prognosis. Hedgehog and Wnt-subgroup categorization of
medulloblastomas [44] provides prognostic value [15, 38]. While glial tumors are far less
understood, there is evidence that Hedgehog signaling is an important feature of malignant
gliomas [3, 10, 14, 50]. In agreement with recent studies showing that malignancy of a cell
line derived from anaplastic oligodendroglioma is dependent upon Hedgehog pathway
signaling, and neither Wnt nor Notch [43], our results show that the growth and survival of
HOG cells are modulated via Smoothened activity. Autocrine Smo activation thus prevents
the apoptotic death of HOG cells grown under proliferative conditions, involving integration
of beta-catenin regulation (Figure 1). While some overlap in function, i.e. HOG cell
proliferation, appears to be shared between Hedgehog and Wnt pathways, the changes in H-
MBP and CNPase protein levels, and O4 expression distinguish the Wnt pathway as an
important signal in the differentiation of HOG cells. Indeed, constitutive Wnt signaling
arising from epigenetic inactivation of Wnt antagonists such as SFRP, DKK and Wnt
inhibitory factor has been implicated in oral carcinogenesis [32], so that the restoration of
such inhibitors should be expected to attenuate tumor growth.

Our analysis shows that HOGs, in contrast to human OPCs in culture, express higher levels
of Wnt ligands and receptors, indicating an autocrine mechanism that enhances signaling
activity, which is known to oppose cell cycle arrest and exit. Oligodendrogliomas with 1p/
19q co-deletions [1, 4] frequently show mutations in CIC, the mammalian homolog of the
Drosophila gene Capicua, an HMG box-containing transcription factor downstream of
receptor tyrosine kinase-RAS-MAP signaling pathway [12], as well as the Far Upstream
element Binding Protein-1 (FUBP1), a transcriptional modulator of c-myc oncogene and
p27Kip1 cyclin dependent kinase inhibitor [54]. Our previous studies of rodent OPCs
showed that Sox17 loss modulated phosphorylated ERK levels as well as p27Kip1, as did
Wnt3a application [8], suggesting that these mutations in 1p/19q oligodendrogliomas altered
downstream effectors of the Wnt signaling pathway that could potentially be restored by
Sox17.

High mobility group (HMG) proteins, such as the Sox transcription factors, regulate stem
cell function in multiple tissues [21, 37] and have important roles in oligodendrocyte lineage
specification and maturation [48, 49]. Sox17 is expressed in multiple tissue types, and is
required for the formation of endoderm [23, 25, 40, 51], vascular endothelium [29], and
maintenance of hematopoietic stem cells [28]. Our laboratory has previously identified roles
for Sox17 in oligodendrocyte progenitor proliferation and lineage progression [41], in which
the peak of Sox17 expression coincides with the developmental transition between
proliferative arrest and differentiation onset. In the oligodendrocyte lineage, the expression
of Sox17 protein in OPCs is predominantly associated with proliferating progenitors, but its
molecular association with the canonical Wnt mediator, beta-catenin, was found to
distinguish between conditions of proliferation which led to eventual arrest and
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differentiation, and those which inhibited cell cycle exit [8]. Based on these findings, and on
reports of cell cycle control by Sox17 in other cell types [39], it would not be unreasonable
to predict that Sox17 might function as a tumor suppressor of the oligodendrocyte lineage.

In our present studies, we found beta-catenin in HOG cells not to be associated with
endogenous Sox17, despite apparently high levels of expression. It remains unclear why
endogenous Sox17 is prevented from binding beta-catenin in HOG cells despite H-MBP
expression, and how recombinant mouse Sox17 overcomes the inhibition. Possible
explanations include: i) recombinant mouse Sox17 possesses an inherently higher affinity
for beta-catenin than HOG Sox17, ii) recombinant Sox17 is exclusively nuclear [8], and may
be localized more appropriately than HOG Sox17 to bind nuclear beta-catenin, iii)
recombinant Sox17 is unresponsive to inhibitory signals which prevent endogenous Sox17
from binding in HOG cells. Identifying the signals regulating Sox17 binding activity could
potentially provide an additional level of control in cellular development and aid in a better
understanding of the relationship between cell cycle arrest and the onset of differentiation.

Along with studies of epigenetic silencing of WNT antagonists [9], promoter analysis of
Sox17 has revealed its methylation and repression in numerous non-CNS cancers [13, 19,
24, 47]. In hepatocellular carcinoma, Wnt pathway activation and nuclear accumulation of
beta-catenin has been described, and restoring Sox17 expression effectively inhibited colony
formation [24]. Wnt1, Fzd1 and Fzd7 have been implicated in breast and colon cancer [2,
30, 45, 46]; our finding of Wnt1 and Fzd downregulation in HOG by Sox17 suggests that
targeting beta-catenin/TCF4 not only disrupts downstream signaling but also perturbs the
reinforcement of positive feedback Wnt signaling at the cell surface. Furthermore, such an
effect of Sox17 on Wnt ligands and receptors likely constitutes another part of its non cell-
autonomous activity in HOG cells in addition to its induction of SFRP1. This aspect of
Sox17 action could potentially prove beneficial in therapy since Fzd1 overexpression has
been shown to confer clinical chemoresistance in aggressive neuroblastoma [18].

In agreement with our findings in primary OPCs [8], recombinant Sox17 showed multiple
effects which promoted HOG cell differentiation i.e. cell cycle exit, O4, CNP and H-MBP
expression. It was recently found in embryonic stem cells that Sox17 promoted
differentiation through modulation of genes responsible for self-renewal [31]. In radial glial
progenitor cells, asymmetric cell division generates neurons while allowing self-renewal,
and proteins of the Notch pathway were found to regulate both cell division and daughter
cell fate specification [5]. Mechanisms for gliogenesis are still poorly understood, but it is
possible that Sox17 is involved in similar developmental fate decisions in proliferating
oligodendrocyte progenitor cells. Through its interaction with beta-catenin, stimulation of
SFRP1 expression and downregulation of Wnt ligands and receptors in HOG cells, Sox17
performs dual functions of growth control and differentiation. Given that the effects of
Sox17 are highly cell-type-, stage- and context-dependent [22], further studies will reveal
the specific functions of Sox17 in Hedgehog-Wnt crosstalk in the pathogenesis of
oligodendroglioma formation and progression. Given the infiltrating nature of gliomas,
targeted chemotherapeutic agents with improved delivery devices for the CNS [7] offer
strong options in the management of surgically intractable malignancies.
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Abbreviations

HOG Human oligodendroglioma

OP oligodendrocyte progenitor

Shh sonic hedgehog

SFRP1 secreted Frizzled Related protein

Sox17 SRY-Box containing gene 17

CNPase 2’,3’-cyclic-nucleotide 3’-phosphodiesterase

MBP myelin basic protein

CMV cytomegalovirus

BrdU 5-Bromo-2’-deoxyuridine 5’-triphosphate

RT-PCR reverse transcription-polymerase chain reaction

TCF4 orTCF7L2 T-cell specific transcription Factor

ihh Indian hedgehog

dhh Desert hedgehog

fzd Frizzled

Smo Smoothened

Ptc Patched
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Figure 1.
Inhibition of autocrine Hedgehog signaling reduces HOG cell survival and growth without
altering myelin protein levels. A. Semiquantitative RT-PCR analysis showing that HOG
cells express signaling proteins of the Hedgehog pathway, including the ligands Shh, Indian
hedgehog (ihh) and desert hedgehog (dhh). HOG cells were maintained in 10% FBS for 3
days. B. Application of cyclopamine significantly inhibits HOG cell growth. MTT assay
OD570 absorbance readings showing the effect of the indicated doses of cyclopamine after 3
days of incubation. Control wells received an equal volume of DMSO, and readings are
expressed as a percentage of control wells treated with DMSO. All values shown are mean ±
SEM of at least 3 independent experiments. ** P<0.01, ***P<0.001, one way ANOVA,
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Dunn’s posthoc test. C. Annexin V assay showing cyclopamine causes HOG apoptosis at
higher cyclopamine doses (5uM). Cell number values are expressed as percentage of control
which received DMSO. ***P<0.001 one way ANOVA, Dunn’s posthoc test. D. Cell cycle
profile revealed by propidium iodide staining for HOG cells treated with 5 µM cyclopamine
for 3 days show reduction of cells in G0/G1 and S phases with exclusive pre G1 peak
representing induction of apoptotic cells. Values are expressed as a percentage of total cells
analyzed. ** P<0.01, ***P<0.001 vs control, Student’s T-test E. Significant change in the
percentage of Ki-67+ cells is observed after 3 days of treatment with 5 µM cyclopamine.
Values are expressed as percent Ki-67 positive cells of a normalized total of sorted events.
** P<0.01 vs DMSO, Student’s T-test F. Western blot analysis showing the same doses of
cyclopamine do not alter H-MBP or CNPase levels after 3 days incubation, but eventually
reduce total beta-catenin and produce dose-dependent changes in beta-catenin
phosphorylated at S33/S37/T41 (P-beta-catenin). G. Western blot of MBP changes in
primary rat OPCs cultured for 3 days in basal conditions (N1) showing inhibition of MBP
expression by 100 ug/ml Shh that is relieved by the inclusion of cyclopamine.
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Figure 2.
Inhibition of Wnt signaling with recombinant SFRP1 causes HOG cell growth arrest and
differentiation. A. Semi-quantitative PCR analysis showing HOG cells after 3 days in
culture express transcripts for Wnt ligands and Frizzled receptor forms. B. SFRP1 retards
HOG cell growth. HOG cells were incubated with the indicated concentrations of
recombinant SFRP1 for 3 days and MTT assays were performed. All values shown are mean
± SEM of at least 3 independent experiments. ***P<0.001, one way ANOVA, Dunn’s
posthoc test. C. Annexin V assay reveals no significant difference in cell survival after
treatment with SFRP1 for 3 days. Values are expressed as percentage over control samples.
D. No significant change in the percentage of Ki-67+ cells is observed after 3 days of
treatment with 1ug/ml SFRP1. Values are expressed as percent Ki-67 positive cells of a
normalized total of sorted events. E. Cell cycle analysis of HOG cells treated with 1ug/ml
SFRP1 for 3 days. Propidium iodide staining reveals reduction of cells in S phase
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accompanied by accumulation in G0/G1. Histograms from a representative experiment is
shown. Values are expressed as a percentage of total cells analyzed. * P<0.05, ** P<0.01, vs
control, Student’s T-test. F. SFRP1 treatment increases HOG differentiation to the O4 stage.
FACS-assisted quantitative analysis of O4+ cells following treatment with increasing doses
of SFRP1 for 3 days. Values are percentage O4+ cells of total sorted events further
expressed as percentage of control. ** P<0.01, one way ANOVA, Dunn’s posthoc test.
Values shown in histogram panels are mean ± SEM of at least 3 independent experiments.
G. Western blot analysis of proteins in HOG cells shows increased expression of H-MBP,
CNPase and p27 after treatment with 1 ug/ml SFRP1 for 3 days. H. Western blot showing
myelin protein response of primary rat OPs to SFRP1 inhibitor (SFRPInh). Rat OPs were
cultured in the presence of 10 ng/ml human recombinant PDGF-AB for 4 days (4P) in the
absence or presence of SFRP1 inhibitor at the indicated concentrations. Control samples
received an equal volume of DMSO.
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Figure 3.
Sox17 protein is expressed in human oligodendrocyte progenitor cells, glioma cells and
oligodendroglioma tumor tissue. A. Western blot showing robust Sox17 and MBP
expression in human glioma cells and tissue. The 45 kDa band (or H-MBP) is detected in
cultured hOPC and cell lines, while the 27, 21.5, 18.5 kDa forms are found in tumor tissue.
Human oligodendrocyte precursor cells (hOPC) were maintained in growth medium. HOG
cells were maintained in growth medium for 3 days before analysis. SJ0A1, BT54 and BT88
are cell lines that were derived from human oligodendroglioma tissue (see Materials and
Methods). Cell cultures were harvested for Western analysis when cells reached 80%
confluence.Tissue #1–4 are individual biopsy or resected tissue samples from adult patients

Chen et al. Page 20

Cancer Lett. Author manuscript; available in PMC 2014 July 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



diagnosed with oligodendroglioma, WHO Grade II. U87 is a human astrocytoma cell line
derived from malignant glioblastoma. B. Beta-catenin/TCF complexes do not contain Sox17
in HOG and U87. The HOG and U87 cell lysates were precleared with protein G-beads, and
incubated with mouse IgG (IgG) as negative control or mouse anti-beta-catenin. The
resulting immunoprecipitates (IP) were analyzed by Western blotting for TCF4, Sox17 and
beta-catenin. C. Sox17 binds beta-catenin in cultured hOPC and not HOGs. The precipitated
beta-catenin in both samples is also shown. Immunoprecipitation was performed as in B.
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Figure 4.
Recombinant Sox17 promotes growth arrest and differentiation in HOG cells. A. Relative
absorbance readings of MTT assays performed 5 days post-transduction with CMV control
vector or Sox17 retroviruses and recovery in DMEM/10%FBS. Values are expressed as
percentage absorbance relative to CMV vector control for each experiment. ***P<0.001 vs
CMV, Student’s T-test. B. Immunocytochemical detection of BrdU+ cells following HOG
cell transduction with retroviral vectors. HOG cells were allowed to recover for 3 days in
DME/10% FBS following transduction. The top row of images shows cells with control
CMV vector virus while bottom row shows Sox17 retrovirus. Arrowheads indicate GFP+
transduced cells and the corresponding levels of BrdU in those cells. With Sox17 retrovirus,
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fewer GFP+ cells appear to be BrdU+. Merged panels show BrdU cells and Dapi nuclear
counterstain. C. FACS-assisted quantitative analysis of BrdU proliferation assay performed
at 5 days post-transduction. Values are percent BrdU+ cells of total GFP+ population in
each group. **P<0.01 vs CMV, Student’s T-test. D. FACS-assisted quantitative analysis of
Ki-67+ cells 5 days after retrovirus transduction. Values are percent Ki-67+ cells of the
analyzed GFP+ in each group. **P<0.01 vs CMV, Student’s T-test. In C. and D, values are
mean ± SEM of 3 experiments performed in triplicate. E. Cell cycle analysis of HOG cells
3days after transduction with retrovirus. Propidium iodide staining reveals reduction of cells
in S phase accompanied by accumulation in G0/G1. Histograms from a representative
experiment are shown. Values are expressed as a percentage of total cells analyzed.
***P<0.001, **P< 0.01 vs CMV, Student’s T-test. F. Annexin V apoptosis assay showing
early as well as late- stage apoptosis based on 7AAD staining. ***P<0.001 vs CMV,
Student’s T-test. G. FACS-assisted quantitative analysis of O4+ cells showing Sox17-
mediated promotion of differentiation. Values are calculated as a percentage of O4+ GFP+
double positive cells of total GFP+ cells, and finally expressed as a percentage over CMV
controls. Data shown are mean ± SEM of 3 separate experiments. *** P < 0.001 vs CMV,
Student’s T-test.
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Figure 5.
Recombinant Sox17 induces beta-catenin-TCF complex formation in HOG cells, and
decreases Wnt/beta-catenin signaling by cell autonomous and non cell-autonomous
mechanisms. A. Sox17 retrovirus transduction increases Sox17 levels in beta-catenin
immunoprecipitates of both GFP+ and GFP− cell populations. GFP+ and GFP− cells were
isolated from CMV vector or Sox17-transduced HOG cells by FACS sorting 5 days after
transduction. Lysates were prepared from the purified cells and immunoprecipitated with
mouse IgG (CMV lysate only) or beta-catenin antibody. Western blotting was performed for
Sox17. Sox17 levels are approximately 2.5 fold higher in Sox17 GFP(+) compared with
CMV GFP(+). Note increased Sox17-beta-catenin complex formation in GFP- cells after
transduction with Sox17 retrovirus, indicating non-cell autonomous activity. B. Western blot
showing changes in SFRP1, H-MBP and phospho-S33/37/T41-beta-catenin (P-beta-catenin)
at 3 days post-transduction with control (CMV) or Sox17 retrovirus. Two samples for each
group are shown. C. Western blot showing inclusion of 2 uM SFRP1 inhibitor (SFRPInh)
decreases the Sox17-induced H-MBP 5 days following retroviral transduction. D. Western
blot showing increased Sox17 and TCF4 are detected in beta-catenin immunoprecipitates
(IP) 5 days after HOG cell transduction with Sox17 retrovirus. Negative controls consisted
of CMV-transduced cell lysate precipitated with IgG. E. Western blot showing the levels of
total beta-catenin is clearly reduced at 5 days after retroviral transduction. F. Semi-
quantitative RT- PCR results showing decreased Wnt1, Fzd1, −3, and −7 expression in HOG
cells after transduction with the Sox17 retrovirus. Samples were analyzed after 3 days (3D)
and 5 days (5D) recovery from virus addition.
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Figure 6.
A model for the observed effects of Hedgehog and Wnt inhibition, and Sox17
overexpression in HOG cells. Hedgehog signaling mediates cell survival, while maturation
is associated with regulation of Wnt/beta-catenin. Red ovals denote cell treatments used,
blue ovals denote proteins regulated by Sox17 retrovirus in this study.

Chen et al. Page 25

Cancer Lett. Author manuscript; available in PMC 2014 July 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Chen et al. Page 26

Table 1

Summary of cell and tissue specimen analyses

1. Cell line Identification Source Experimental
procedure Figure

hOPC Human Oligodendrocyte Precursor ScienCell Inc.
(Carlsbad, CA)

RNA analysis, Western blotting,
Immunoprecipitation

Figures 1
through 3

HOG Derived from Oligodendroglioma WHO
grade II

Dr. Glyn Dawson
(University of
Chicago)

RNA analysis, Apoptosis and growth
assays, Western blotting, Flow cytometry,
Inhibitor treatments, Immunoprecipitation,
Retroviral transduction,
Immunofluorescence

Figures 1
through 5

SJOA1 Derived from Oligodendroglioma WHO
grade II

Dr. Suzanne Baker
(St. Jude Children’s
Research Hospital)

Western blotting Figure 3

BT54 Derived from Anaplastic
Oligodendroglioma WHO grade III

Dr. Samuel Weiss
(University of
Calgary)

Western blotting Figure 3

BT88 Derived from Anaplastic
Oligodendroglioma WHO grade III

Dr. Samuel Weiss
(University of
Calgary)

Western blotting Figure 3

U87 Derived from Human Glioblastoma ATCC Inc. (Manassas,
VA) Western blotting, Immunoprecipitation Figure 3

II. Tissue Identification Source Experimental
procedure Figure

#1 Oligodendroglioma WHO grade II

48 yo white male,
donated by Dr. Harald
Sontheimer,
(University of
Alabama).

Western blotting Figure 3

#2 Oligodendroglioma WHO grade II

43 yo white female,
donated by Dr. Harald
Sontheimer,
(University of
Alabama).

Western blotting Figure 3

#3 Oligodendroglioma WHO grade II

65 yo white female,
donated by Dr. Harald
Sontheimer,
(University of
Alabama).

Western blotting Figure 3

#4 Oligodendroglioma WHO grade II

40 yo white male,
donated by Dr. Harald
Sontheimer,
(University of
Alabama).

Western blotting Figure 3
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Table 2

Sequence information for primers used in RT-PCR assays

Gene name orwar Reverse

patched 1 (ptch1) TCTGCTGGGTGTACTGATGC AGAGTCCAGGTGGGGCTGTT

smoothened (smo) CCTCCTGGTGGAGAAGATCAA CTGGGGAGATCTCTGCCTCA

sonic hedgehog (shh) GCCATCATTCAGAGGAGTCTC CACGAAGAGCAGGTGCGCGG

indian hedgehog (ihh) TTCCGGGCCACATTTGCCAG GCTGCTGGTTCTGTATGATTGT

desert hedgehog (dhh) TCCACGCAAACTGTTGCTCAC ATGCATGCCAGTCGGCTGGA

wnt1 GAGTGCAAATGCCACGGGATG AGCTGACGTGGCAGCACCAG

wnt3a CCATCTGTGGGTGCAGCAGC GCCTCGTAGTAGACCAGGTC

wnt5a CTTCACGTACGCGGTGAGCG GGGTCGATGTAGACCAGGTC

wnt10b CCGCTGACGGCCAACACCGT ATCCCGAGAGAACTTCTCTCC

frizzled1(fzd1) CGGGCAGCAGTACAACGGCGA GTTCTGGCCCACGCACAGCTC

frizzled3(fzd3) GGAATATGGACGTGTCACACT GCGAGCAAATGACAGTTCTTC

frizzled7(fzd7) ACACGAACCAAGAGGACGCG GAGCCGTCGGACGTGTTCTG
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