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The VHL tumor suppressor protein regulates
tumorigenicity of U87-derived glioma stem-like cells
by inhibiting the JAK/STAT signaling pathway
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Abstract. The signal transducer and activator of transcription 3
(STAT?3) factor plays an important role in the tumorigenicity of
cancer stem cells. The purpose of this study was to investigate
the inhibitory mechanism of this pathway acting through the
tumor suppressor von Hippel-Lindau (VHL) protein in glioma
cancer stem cells. We isolated floating neurosphere-forming
CD133* cells as glioma stem-like cells (GSLCs) by the MACS
method. Furthermore, we examined these cells for their
growth rate, ability to form colonies and neurospheres in soft
agar, capacity for implantation into SCID mice and expres-
sion of CD133, STAT3, JAK2, Elongin A, PTEN and VHL.
Furthermore, we transferred the VHL gene, an inhibitor of
STAT?3, into GSLCs using an adenovirus vector and compared
these transfectants with control vector-transfected GSLCs.
GSLCs proved to be implantable and formed a tumor in the
subcutaneous tissue of SCID mice, the histology of which was
similar to that of human glioblastomas. In addition, GSLCs
exhibited a high capacity for soft agar colony and neurosphere
formation, nearly all of which were CD133 positive. The
majority of GSLCs were immunopositive for STAT3, JAK2
and Elongin A, but immunonegative for PTEN and VHL.
When the VHL gene was transferred to GSLCs and these cells
were transplanted into SCID mice, they did not result in tumor
formation. Their capacity for soft agar colony and neurosphere
formation was significantly inhibited, although their prolifera-
tion was only moderately inhibited. Regarding the expression
of various factors, that of CD133 was decreased in the VHL
transfectants and those of STAT3, JAK2 and Elongin A were
eliminated. However, the expression of PTEN and of VHL was
upregulated. These findings suggest that VHL regulated the
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tumorigenicity and self-renewal ability of glioma cancer stem
cells by inhibiting the JAK/STAT signaling pathway.

Introduction

Glioblastoma is one of the most intractable tumors of the
central nervous system and is often fatal. Complete remission
is rarely achieved. Compared to 30 years ago, the survival time
has been prolonged only by a few months (1). Although chemo-
therapy, usually by oral temozolomide, may prolong survival of
glioblastoma patients, it does not significantly affect survival.
Bevacizumab, which is an anti-VEGF antibody, also extends
survival time by approximately 2 months (2); it is not, however,
curative. To date, the majority of glioblastoma patients succumb
to the disease within 1 year of initial diagnosis. The therapeutic
resistance of glioblastoma possibly results from the presence of
cancer stem cells. The cancer stem cell theory does not apply
to all types of cancer, but glioblastoma is considered a type
of cancer possessing cancer stem/initiating cells (3), which
have been isolated from the U87 human glioma cell line (4).
The characteristics of glioma cancer stem cells include CD133
positivity, self-reproduction ability, neurosphere formation in
non-serum medium containing growth factors, tumorigenicity
in SCID mice, chemotherapy and radiotherapy resistance
and cellular hierarchy. Signal transducer and activator of
transcription 3 (STAT3) was reported to play a critical role in
the tumorigenicity of glioma-initiating cells (5,6). Inhibition
of translation of STAT3 mRNA by STAT3 siRNA results in
inhibition of cell proliferation and self-renewal (7). In addition,
the expression of microRNA (miRNA)-21 in glioma-initiating
cells is negatively regulated by activated STAT3 (8). It has
been suggested that the JAK/STAT pathway is repressed by
the von Hippel-Lindau (VHL) protein (9) and that BC-box
proteins, including VHL, possibly inhibit the JAK/STAT
pathway by binding to Elongin BC (10). Upregulated expres-
sion of PTEN coordinately inhibits the PI3K/Akt pathway (11)
as well as VHL and PTEN function (12). Glioma stem-like cells
(GSLCs) are suggested to be in a hypoxic environment (13).
Furthermore, it was recently reported that TRAIL and pacli-
taxel synergize to kill U87-derived GSLCs in vitro (14) and that
miRNA-34a suppresses cell proliferation and induces apop-



882

tosis in U87-derived GSLCs. In this study, we demonstrated
that VHL downregulated the tumorigenicity and self-renewal
of U87-derived GSLCs by inhibiting the JAK/STAT signaling
pathway and upregulated the expression of PTEN, which acted
coordinately with VHL. We also analyzed the role of STAT3
in GSLCs and the possibility of therapy using VHL.

Materials and methods

Isolation of CDI133* U87-derived GSLCs. The human
glioblastoma cell line US7MG was purchased from ATCC.
U87MG is derived from a human glioblastoma and is widely
used in biological studies on gliomas, particularly those
examining the pathway involved in glioma proliferation. We
initially cultured naive US7MG cells in Dulbecco's modified
Eagle's medium (DMEM) containing 10% fetal calf serum
(FCS) (Fig. 1A) which was, according to a previous study (4),
subsequently changed to non-serum DMEM/F12 containing
B27 supplement (Gibco-Invitrogen, Grand Island, NY,
USA), basic FGF (PeproTech EC Ltd., Rocky Hill, NJ, USA)
and EGF (Upstate Biotechnology, Lake Placid, NY, USA).
CD133"* cells were then selected by using an autoMACS™
Pro Separator (Miltenyi Biotec, Bergisch Gladbach, Germany)
and neurosphere-forming cells were cultured in the same
medium (Fig. 1B). Serial passage of the cells was performed
by a mechanical dissociation method and passaged cells,
i.e., GSLCs, were used for subsequent experiments.

Characterization of U87-derived GSLCs. Characterization of
U87 GSLCs was carried out by immunocytochemistry using the
following antibodies: anti-CD133 (Santa Cruz Biotechnology,
San Diego, CA, USA), anti-STAT3 (Cell Signaling Technology,
Danvers, MA, USA), anti-JAK2 (Santa Cruz Biotechnology),
anti-VHL (Santa Cruz Biotechnology), anti-Elongin A (Abgent,
San Diego, CA, USA), anti-PTEN (Santa Cruz Biotechnology),
anti-NeuroD (Santa Cruz Biotechnology), anti-MAP2 (Sigma-
Aldrich, St. Louis, MO, USA) and anti-GFAP antibodies (Dako,
Glostrup, Denmark), as described below. In addition, cell prolif-
eration, tumorigenicity in the subcutaneous tissue of SCID mice
(Charles River, Yokohama, Japan), as well as soft agar colony
and neurosphere formation were examined as described below.

Influence of VHL on US87-derived GSLCs. We hypothesized
that STAT3 was inhibited by VHL, since most BC-box family
proteins, including VHL, have the ability to inhibit the
JAK/STAT pathway. STAT3 plays a role in stem cell mainte-
nance. Therefore, we investigated whether VHL was able to
downregulate STAT3 in GSLCs. Initially, we constructed a
VHL-expressing adenovirus vector, as previously described (15).

VHL-expressing adenovirus vector. The VHL-expressing
adenovirus vector was prepared as previously described (15).
Adenovirus vector encoding human VHL (VHL54-213 amino
acids) was generated by the use of the cosmid vector pAXCAwt.
As a control vector, the vector for green fluorescent protein
(GFP), generated by the use of pAxCAwt, was obtained from
the Riken Gene Bank (Saitama, Japan). For adenovirus infec-
tion, U87 GSCs were seeded into 6-cm dishes (1x10° cells/cm?)
1 day prior to infection. The cells were then incubated for 1 h
with 5 pl of the virus solution diluted to 1x107 plaque-forming
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Figure 1. Morphology of cells. (A) Naive US7MG cells. (B) U§7MG-derived
glioma stem-like cells forming neurospheres.

units per milliliter in DMEM/F12 medium containing
5% FCS at a multiplicity of infection of 10, which is a condi-
tion sufficient for nearly 100% cell infection. VHL-expressing
adenovirus vector was transferred to U887 GSLCs following
dissociation of the neurospheres into single cells. Two days
following the transfection in dishes, some of the cultured cells
were transferred onto a cover glass and subsequently fixed for
immunocytochemical study while the remaining were used to
extract protein for western blot analysis.

Fluorescence-immunocytochemical study using confocal laser
microscopy. Naive USTMG cells attached to round cover slips
were fixed for 24 h with 10% formalin naturally deodorized
buffer solution. After irrigating twice with phosphate-buffered
saline (PBS), the fixed cells were blocked with 5% normal
donkey serum for 30 min. Subsequently, primary antibodies
(anti-NeuroD, anti-MAP2, anti-STAT3, anti-VHL, anti-PTEN,
anti-JAK?2 and anti-GFAP) were diluted with PBS (1:200) and
incubated with the cells for 1 h at room temperature. Following
irrigation 3 times with PBS, the cells were incubated in the dark
for 45 min at room temperature with FITC-linked anti-mouse
IgG antibody (Sigma-Aldrich) or TRIC-linked anti-rabbit IgG
antibody (Sigma-Aldrich) as secondary antibodies. Following
a further 3 irrigations with PBS, the cells were incubated
for 5 min with DAPI (Molecular Probes, Eugene, OR, USA)
diluted 1:3,000 with PBS. Finally, the cover glasses bearing
the cells were placed on glass slides following application of
ProLong Gold Antifade Reagent (Life Technologies, Grand
Island, NY, USA) to the slides. The cells were then observed
under an FV300 confocal microscope (Olympus, Tokyo). Cell
nuclei appeared as red fluorescence and primary antibody-
reactive antigens as green fluorescence.

Western blot analysis. Protein was extracted from the cells with
RIPA buffer (Thermo Scientific, Rockford, IL, USA; 0.05 M
Tris-HCI, pH 7.4, containing 0.15 M NaCl, 0.25% deoxycholic
acid, 1% NP-40, 0.1% SDS, 1 mM EDTA, 1 mM PMSF,
1 mM sodium orthovanadate, 1 mM sodium fluoride, 1 pg/ml
leupeptin and 1 yg/ml aprotinin). Extracted proteins were elec-
trophoresed on 8-15% SDS-PAGE gels and then transferred
to polyvinylidene difluoride (PVDF) membranes by using an
iBlot™ Gel Transfer Device (Life Technologies) for 7 min. The
blots were probed with primary and secondary antibodies by
using a SNAP id Protein Detection system (Merck Millipore,
Darmstadt, Germany). Immunoreactive bands were visualized
by chemiluminescence with ECL Western Blotting Detection
Reagents (GE Healthcare, Japan). Images were analyzed with
LAS-1000 (Fujifilm, Tokyo, Japan) and the density of the bands
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was determined by using Image Gauge software (Fujifilm).
The following primary antibodies were used: anti-CD133
(Biorbyt, Cambridge, UK), anti-STAT3, anti-JAK?2, anti-VHL
and anti-PTEN. Horseradish peroxidase (HRP)-linked anti-
rabbit IgG and HRP-linked anti-mouse IgG were used as the
secondary antibodies.

Neurosphere formation assay. The neurosphere formation
assay was performed as follows (16): neurosphere-forming
U87 GSLCs were dissociated into single cells by continuous
pipetting for 10 min. Following confirmation of their single-cell
status and dilution up to 5 cells/ml, 200 ul of the cell solution
was placed into each well of a 96-well plate (mean, one cell
per well). Subsequently, neurospheres =50 ym in diameter in a
single plate were counted under a phase-contrast microscope
1 week following placement of the cells.

Soft agar colony formation assay. This assay was performed
as previously described (17). Briefly, following dissociation
of the U87 GSLC neurospheres, a single-cell suspension
(1,000 cells/ml) in 0.5 ml of 0.3% agar in a medium consisting
of 10% FCS in DMEM/F12 was overlaid onto 0.5 ml of
0.6% agar medium in the wells of 24-well plates. Following
3 weeks of cultivation in a 5% CO, incubator, each well
was examined under a stereoscopic microscope for colonies
consisting of >40 cells.

Cell-proliferation assay. Cell proliferation was examined
as previously described (18). After U87 GSLCs had been
dissociated into single cells by 10-min continuous pipetting
using a long thin pipette, the cells were transfected with
the VHL-expressing adenovirus vector or GFP-expressing
adenovirus vector as a control. They were then cultured in
the U87 GSLC maintenance medium. Starting 1 day after the
cultures had been prepared, the number of cells was counted
as follows: control vector-transfected and VHL-expressing
vector-transfected U87 GSLCs were washed once with PBS,
then dissociated into single cells by 10-min continuous pipet-
ting using a long thin pipette. The number of viable cells was
counted following staining with trypan blue.

Implantation into SCID mice. Subcutaneous implanta-
tion of control- or VHL-transfectant U87 GSLCs (1x10*
U87 GSLCs) into 4 SCID Hairless Outbred (SHO-Prkdc Hr)
mice (Charles River) for each vector was performed. The
mice were housed in a clean, temperature-controlled room
on a 12-h day/night cycle with free access to food and water.
One month following implantation, the mice were examined
for subcutaneously-formed tumors. Formed tumors were
histologically examined with hematoxylin-eosin staining and
immunohistochemically with anti-CD133, anti-GFAP and
anti-STAT?3 antibodies. The animal experimental procedure
was approved by the Institutional Animal Use Committee of
Yokohama City University and was in accordance with the
National Institutes of Health Guidelines for the care and use of
laboratory animals.

Statistical analysis. Data were analyzed by ANOVA (SPSS II;
SPSS, IBM, Tokyo, Japan) and a P-value of <0.05 was consid-
ered to indicate a statistically significant difference.
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Figure 2. Fluorescence-immunocytochemical studies on U87MG naive
cells, U87 glioma stem-like cells (GSLCs) and VHL-transfectant U87
GSLCs. Immunoreactivity toward primary antibodies is shown in green and
DAPI-stained nuclei appears as red fluorescence.

Results

Immunocytochemical study on naive US7MG cells. Naive cells
of the US7MG cell line were cultured as substrate-attached cells
in DMEM containing 10% FCS and the cells were passaged
every 4-5 days. The cells displayed 2 or 3 cellular processes
and were Elongin A positive, rarely CD133 positive, VHL nega-
tive and MAP2 negative. Also, the majority of the cells were
STAT3 positive, partially JAK1 positive and PTEN negative.

U87MG-derived GSLCs. To obtain GSLCs from the US7MG
cell line, we changed the medium to non-serum DMEM
containing basic FGF, EGF and B27 supplement. One month
later, the cultured cells tended to float. By using the MACS
method with anti-CD133 antibody, we collected CD133-
positive fractioned cells, according to the manufacturer's
instructions, and then cultured them in the above medium
for 2-3 weeks. The cultured cells formed numerous floating
neurospheres. The neurospheres were dissociated and some
of the single cells were stained by fluorescence immunocy-
tochemistry for characterization, whereas the remaining were
used for soft agar colony and neurosphere formation, as well as
for cell proliferation assays. In addition, protein was extracted
from neurospheres for western blot analysis.
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Figure 3. (A) Immunoreactivity rates for control-vector and VHL-vector glioma stem-like cell (GSLC) transfectants are shown. Expressions of CD133, STAT3,
JAK?2 and Elongin A were significantly inhibited, whereas those of VHL and PTEN were significantly increased in VHL-transfectant GSLCs compared to
the control cells. Expressions of GFAP, NeuroD and MAP2 were not significantly altered. "P<0.05, “P<0.01. (B) Western blot analysis of control-vector and
VHL-vector GSLC transfectants. Control-vector GSLC transfectants expressed CD133, STAT3 and JAK2, whereas VHL-vector GSLC transfectants expressed
VHL and PTEN, but exhibited inhibited expression of CD133, STAT3 and PTEN. 3-actin expression was equal in both cells.

Fluorescence-immunocytochemical study on U87 GSLCs.
Results of the immunocytochemical analysis of U87 GSLCs
are depicted in Figs. 2 and 3A. The percentage of CD133-
positive cells as well as STAT3- and JAK2-positive cells was
higher in the control-vector than in the VHL-vector transfec-
tants. The majority of the naive U87 cells were Elongin A
positive, as were the U87 GCLSs. U87 GSLCs were also VHL
and PTEN negative, similar to U87 naive cells. Approximately
half of those cells were NeuroD positive, of which some were
GFAP positive.

Western blot analysis. The results of western blot analysis
(Fig. 3B) supported the immunocytochemical data. U87
GSLCs expressed CD133, STAT3 and JAK2, but not VHL
or PTEN. Expression of CD133, STAT3 and JAK1 was not
detected following VHL gene transfer, contrary to VHL and
PTEN expression, which was detected. Following VHL gene
transfer to U87 GSLCs, the percentage of VHL and PTEN
positive cells was increased, whereas that of CD133, STAT3
and JAK?2 positive cells was decreased.

Soft agar colony formation, neurosphere formation and cell
proliferation. The results of the colony-formation assay in
soft agar medium demonstrated significantly greater colony
formation in the control vector-transfected compared to the
VHL-expressing vector-transfected U87 GSLCs (P<0.001)
(Fig. 4A). Neurosphere formation, which is a reflection of
the self-renewal ability, was also significantly greater in the
former than in the latter (P<0.001) (Fig. 4B). Proliferation of
control vector-transfected U87 GSLCs was significantly more
pronounced compared to the VHL gene-transfected GSLCs
7 days following transfection (P<0.01) (Fig. 4C), although the
difference between them was smaller than in the case of the
soft agar colony or neurosphere formation assay.

Implantation of U87 GSLCs into SCID mice. Although
subcutaneous transplantation of U87 GSLCs into SCID mice
always resulted in tumor formation, transplantation of VHL
gene-transfected U87 GSLCs resulted in markedly reduced or
no tumor formation. The tumors arising from the U87 GSLCs
transplanted into the SCID mice exhibited the pathological
features of glioblastoma and most of the cells in the tumor
tissue were CD133- and STAT3- positive but showed no
immunoreactivity indicative of GFAP (Fig. 5).

Discussion

Glioma cancer stem cells are defined by their self-renewal
ability, CD133-positivity, and transplantation ability in SCID
mice (3). U87 GSLCs constructed by us exhibited these prop-
erties and may thus be considered a subpopulation of naive
U87 cells. U87 GSLCs may be cultured in non-serum medium
containing growth factors such as basic FGF and EGF. Glioma
cancer stem cells are also known as glioma-initiating cells.
GSLCs possess various mechanisms related to treatment toler-
ability, epigenetics and PTEN/PI3K/Akt signaling (19), and
they reside in a hypoxic niche (14). Our results suggest that U87
GSLCs had a high capacity for colony and neurosphere forma-
tion. VHL inhibited STAT3, JAK?2 and Elongin A. In addition,
VHL upregulated PTEN expression. However, GFAP, NeuroD
and MAP?2 levels were not significantly affected by the VHL
gene transfer. These results suggest that VHL affected the
JAK/STAT pathway as well as the PTEN/PI3K/Akt pathway;
they also suggest that upregulation of PTEN by VHL gene
transfer may affect the PI3K/Akt pathway, since PTEN is a
PI3K/Akt pathway inhibitor (19). STAT3 has been reported
to play an important role in the self-renewal ability of cancer
stem cells. VHL inhibited the implantation ability, as well as
soft agar colony and neurosphere formation, all of which are
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Figure 4. (A) Results on soft agar colony formation by control-vector and VHL-vector GSLC transfectants. Colony formation by the VHL transfectants was
significantly inhibited. (B) Results for neurosphere formation. After one week, soft agar colony formation of VHL gene-transfected GSLCs was significantly
inhibited. (C) Results of cell-proliferation assay. After 7 days, control gene-transfected GSLCs showed significantly greater proliferation than the VHL gene-

transfected GSLCs (P<0.01). "P<0.01, “"P<0.001.

Figure 5. (A) Subcutaneously implanted GSLCs in the SCID mouse (red arrow). (B) Hematoxylin-eosin staining of subcutaneously implanted GSCs. Histologically,
the appearance was similar to human glioblastomas. (C) Immunostaining by the Avidin-Biotin Complex (ABC) method for the detection of STAT3. Cytoplasm of
most cells shows immunoreactivity toward anti-STAT3 antibody. Counter-staining with hematoxylin. (D) Immunostaining by the ABC method for examination
of GFAP expression. Only few cells are immunoreactive with anti-GFAP antibody. Counter-staining with hematoxylin. (E) Fluorescence immunostaining for
detection of CD133 expression. The majority of the cells are immunopositive for CD133 (green). Nuclei are stained with DAPI (light blue).

key characteristics of cancer stem cells. Our results suggest
that these characteristics may be related to the JAK/STAT or
PTEN/PI3K/Akt pathways in GSLCs. VHL inhibits HIF-1a
under normoxic, but not under hypoxic, conditions by acting
through the ubiquitin/proteasome system (20). Although VHL
gene mutations are not frequently found in gliomas (21), func-
tion of the VHL gene is maintained under normoxic, but not

hypoxic, conditions (20). In addition, overexpression of VHL
inhibits tumorigenesis and reduces the proliferation of glioma
cells (22). The core of glioblastomas is reported to be in the
hypoxic state and glioblastomas are characterized by their
necrotic regions due to poor vascularization, which leads to
inadequate blood supply and, consequently, to hypoxic and
necrotic areas (23). It is suggested that GSLCs are maintained
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in vivo in a niche characterized by reduced oxygen tension,
i.e., in a hypoxic niche (13). U87-derived GCLSs exhibited
negative expression of the VHL protein and, thus, the use of
U87 GCLSs may be considered adequate for characterization
of GCLSs. Overexpression of VHL upregulated PTEN and
downregulated the JAK/STAT pathway, although it did not
significantly affect the expression of neuronal differentiation
markers such as NeuroD, GFAP and MAP2. In addition,
overexpression of VHL significantly downregulated the
proliferation of U87 GSLCs. However, the overexpression of
VHL inhibited cell proliferation of U87 GSLCs to a lesser
extent than it did soft agar colony and neurosphere forma-
tion, or implantation capacity into SCID mice. These results
suggest that VHL inhibited the tumorigenicity and self-
renewal ability via the JAK/STAT pathway and also affected
the PTEN/PI3K/Akt pathway, both of which are critical in
GSLCs, but it did not affect the differentiation of the GSLCs.

In conclusion, VHL overexpression downregulated the
tumorigenicity and self-renewal ability in U87 GCLSs via
the JAK/STAT pathway and upregulated PTEN. VHL over-
expression therapy may be promising for the regulation of
GSLCs under hypoxic conditions.
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