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High expression of leptin receptor leads
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Glioblastoma is a highly aggressive malignant disease with notable resistance to chemotherapy. In this study, we
found that leptin receptor (ObR)-positive glioblastoma cells were resistant to temozolomide (TMZ), and TMZ-resistant
cells exhibited high expression of ObR. ObR can serve as a marker to enrich glioblastoma cells with some stem/progenitor
cell traits, which explained the reason for TMZ resistance of ObR+ cells. STAT3-mediated SOX2/0OCT4 signaling axis
maintained the stem/progenitor cell properties of ObR+ cells, which indirectly regulated glioblastoma TMZ resistance.
These findings gain insight into the molecular link between obesity and glioblastoma, and better understanding of this
drug-resistant population may lead to the development of more effective therapeutic interventions for glioblastoma.

Introduction

Glioblastoma multiforme (GBM) is the most malignant
primary tumors of the central nervous system."* The prognosis
of patients with GBM is very poor, mainly because it remains
therapeutic challenge, and the conventional postsurgical
chemotherapeutic agents exhibit limited effects.’* Temozolomide
(TMZ), as currently the most promising chemotherapeutic drug,
is applied to treat malignant glioma, including GBM.>¢ However,
TMZ is not always effective in patients with GBM, and the
intrinsic or acquired chemoresistance of GBM cells always results
in this unsatisfactory outcome.”

A large number of epidemiological studies on cancer incidence
link the propensity of cancers with the individual’s obesity.®’
Obesity may also be associated with adverse treatment outcome
of cancer, including resistance to chemotherapies.”® Leptin,
encoded by the obesity gene,"! directly contributes to leptin
receptor (ObR)-positive cancer cell proliferation, migration, and
invasion.'” Zheng et al. concluded that leptin was a mammary
tumor-initiating factor on the basis of its ability to stimulate
cancer stem cells (CSCs) survival, and ObR was defined as
breast CSCs surface marker.”® Recently, CSCs were reported to
be enriched within chemotherapy- resistant subpopulations."
However, whether ObR-positive GBM cells are responsible for
cancer chemoresistance needs further validation.

In the present study, we report that ObR-positive glioblastoma
cells are resistant to TMZ, as well as U87R cells, an established
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TMZ-resistant cell, expressing high levels of ObR. These
findings are highly provocative but will require a more in-depth
evaluation of the reason. Here we demonstrate that ObR+ cells
possess stem/progenitor cell properties and selective inhibition
of STAT3 can abrogate self-renewal, which suggests that this
selective targeting would be valuable to inhibit TMZ resistance
at the level of primitive cells. The purpose of this study focuses
on the CSCs-like properties of TMZ-resistant ObR+ cells. A
better understanding of this drug-resistant population may lead
to the development of more effective therapeutic interventions
for glioblastoma.

Results

Gliobalastoma cells represent TMZ-resistant characteristic
with high expression of ObR

To identify the effect of ObR in glioma cells’ chemoresistance,
we first used flow cytometry to sort ObR+ cells; the flow
cytometry analysis showed that approximately 16.7 + 0.2% of
U87 gliobalastoma cells expressed ObR (Fig. 1A). The ObR+
and ODbR- cells were exposed to the indicated concentration
of TMZ for 72 h; chemosensitivity was determined by MTT
assay. Compared with ObR- U87 cells, ObR+ gliobalastoma
cells exhibited a growth advantage in the presence of TMZ,
especially with the low dose (Fig. 1B). To further validate the
chemoresistance of ObR+ U87 cells, TMZ-induced apoptosis
was assessed. Annexin V and PI staining demonstrated that
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when treated with 50 or 100 pM TMZ, the apoptosis rate of
ObR- U87 cells was more than 30%, while ObR+ cells had no
significant change (Fig. 1C). Subsequently, we treated U87 cells
with a low dose of TMZ in culture media for 4 weeks to establish
TMZ-resistant cells designated as U87R. To ensure the TMZ
resistance of U87R cells, nude mice bearing U87 and U87R
cells xenografts were treated with 100 pM TMZ, as shown in
Figure 1D, the weight of U87R cells xenografts was larger than
that of the U87 cells xenografts (P < 0.05). According to the
increased resistance, the mRNA and protein expression levels of
ODbR were elevated in U87R cells (Fig. 1E and F). These results
suggested that the cells with high expression of ObR represented
TMZ-resistant characteristic.

ObR+ gliobalastoma cells possess stem/progenitor cell
properties

Preclinical studies suggested that glioblastoma stem/progenitor
cellswere highly resistant to conventional chemotherapeuticdrugs,
including TMZ."'¢ We therefore hypothesized that ObR+ cells
might exhibitintrinsic properties of stem/progenitor cells. For this
purpose, we first evaluated the expression of CD133, Nestin, and
GFAP in ObR+ and U87R cells by using immunofluorescence.
Interestingly, both ObR+ cells and U87R cells coexpressed ObR,
CD133, and Nestin, whereas negative for GFAP, a biomaker for
mature astrocyte. Consistent with the immunofluorescence data,
western blot analysis showed that CD133 and Nestin were high
expression significantly in ObR+ cells and U87R cells, but GFAP
displayed almost no expression in both cells (Fig. 2A and B).
The isolated ObR+ U87 cells formed clones efficiently, whereas
ObR- cells failed to do so (Fig. 2C). In addition, ObR+ cells
were much more invasive than ObR- cells (P < 0.05, Fig. 2D).
We next inoculated nude mice subcutaneously with 10 ObR+
cells and ObR- cells to investigate their tumorigenicity in vivo. A

significant difference in tumor incidence was observed between
the mice inoculated with the 2 cells. The ObR+ cells produced
tumors in 100% mice, whereas ObR- cells produced tumors in
only 25% mice 5 wk after injection (Fig. 2E). Collectively, these
results suggested that ObR+ cells displayed gliobalastoma stem/
progenitor cells properties.

It has been shown previously that gliobalastoma stem/
progenitor cells have self-renewal properties. When the ObR+
cells and ObR- cells were cultured in DMEM supplemented
with 10% FBS, 7 d later, the percentage of ObR+ cells remained
more than 80%, and after 2 wk, ObR+ fraction remained almost
60% by FACS analysis. In contrast, ObR~ cells maintained their
ODR status (Fig. 3A). To evaluate the effect of leptin on U87R
cells oncogenesis, nude mice implanted with U87R cells (4 x 10%)
were randomly assigned and received i.p. injections of either PBS
or leptin (2 wg/g body weight) every other day for a total 5 times.
Two weeks later, the tumor volume of leptin-treated mice grew
more rapidly compared with the PBS group (Fig. 3B), suggesting
that leptin could aggravate the cells with high expression of ObR-
mediated malignancy.

Correlation of ObR and CD133 expression in glioma tissues

To investigate the clinical significance, immunohistochemical
analysis was conducted by using 15 sets of malignant glioma
as primary and recurrence tumors. These primary tumors
were surgically resected, TMZ treated, and then the recurrent
tumors were surgically resected again. The scores of ObR were
evaluated as 0 to 3 and increased significantly in the recurrence
tumors compared with the primary tumors (Fig. 4A and B).
Enrichment of ObR+ cells in the recurrence tumors suggested
their involvement in the tumor regeneration. Furthermore,
coimmunofluorescence staining of ObR and CD133 highlighted
the colocalization of CD133+ and ObR+ cells in glioma tissues
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Figure 1. Gliobalastoma cells with high expression of ObR represent TMZ-resistant characteristic. (A) Flow cytometry to sort ObR+ cells in U87 gliobalas-
toma cells. ObR+ and ObR- cells were cultured for 72 h in the presence of indicated concentration of TMZ. MTT assay was performed to assess the anti-
proliferative effects of TMZ (B), Annexin V and Pl staining FACS was used to assess apoptosis of cells (C). (D) U87 cells with a low dose of TMZ in culture
media for 4 wk to establish TMZ-resistant cells, and the image showed that nude mice bearing U87 and U87R cells xenografts were treated with 100 wM
TMZ; 4 wk later, the xenografts were weighted. (E) The mRNA and (F) protein expression levels of ObR were elevated in U87R cells.
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(Fig. 4C). Noticeably, as shown in Figure 4D, ObR expression
was significantly associated with CD133 in the primary as well
as recurrence tumors (2 < 0.001). Thus, ObR+ cells may serve
as a target to eliminate glioblastoma cells with stem/progenitor
features.

ObR+ cells maintains self-renewal and chemoresistance
dependent on STAT?3 signaling pathway

Havingdocumented that ObR+ cells possessed stem/progenitor
cell properties, we sought to elucidate the mechanism regulating
self-renewal. Our previous study has shown that leptin can act
as a mitogen, and STAT?3 is rapidly activated in gliobalastoma
cells proliferation.” In this study, the expression of STAT3 and
p-STAT3 in ObR+ cells and U87R cells was kept a higher level.
SOX2 and OCT4, the pluripotency-associated transcription
factors, were also upregualted in both
cells. We used NSC74859, the STAT3 A
inhibitor, to reduce phosphorylated

ObR+

alone (Fig. 6A and B). Further to confirm these results, we used
FACS to analyze apoptosis of ObR+ U87 cells, and found that
combined treatment of TMZ (100 wM) and NSC74859 (200
wM) exhibited a strong apoptotic effect (Fig. 6C), which implied
that STAT3 inhibition could attenuate TMZ resistance of ObR+
glioblastoma cells.

Discussion

Glioblastoma is a highly aggressive malignant disease with
notable resistance to chemotherapy. In this study, we found that
ObR+ glioblastoma cells were resistant to TMZ, and TMZ-
resistant cells exhibited high expression of ObR. ObR can serve as
a marker to enrich glioblastoma cells with some stem/progenitor

U87R

levels of STAT3. The efficacy of s

STAT3 inhibitor was validated by the
downregulation of p-STAT3 in a dose-
dependent manner, and the protein
expression of SOX2 and OCT4 was
also diminished as p-STAT3 depletion
in ObR+ cellsand U87R cells (Fig. 5A),
similar to the previous study that had
explained as STAT3 binding directly
to the proximal promoter regions of
OCT4 and SOX2. Therefore, ObR+

cells may have retained their stem/
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ObR indicated the correspondence
between elevated ObR expression and
the pluripotent state, which raised the E
possibility that leptin maintained self-
renewal and mediated malignancy of
ObR+ cells.

Glioblastoma stem/progenitor cells
were closely related to chemoresistance.
We treated the ObR+ cells and U87R
cells with TMZ alone or with TMZ
and STAT3 inhibitor. Both cells,
after 72 h of treatment with TMZ,
had no significant growth inhibition,
whereas combined treatment of TMZ
with STAT3 inhibitor was effective
compared with TMZ or NSC74859

Figure 2. Stem/progenitor
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cell properties of ObR+ gliobalastoma cells. (A) Immunofluorescence analy-

sis of ObR+ and U87R cells stained with ObR, CD133, Nestin, and GFAP. (B) Western blot analysis of
CD133, Nestin, and GFAP in ObR+ and U87R cells. (C) Representative image of the plates containing
colonies derived from 1000 ObR— and ObR+ cells. (D) Cells invasiveness of ObR+ and ObR— cells using
the Matrigel invasion assay.
10* sorted cells derived from ObR+ and ObR- cells.

(E) Representative mice with subcutaneous tumors and tumorigenicity of
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cell traits, which explained the reason for TMZ resistance of
ObR+ cells. STAT3-mediated SOX2/OCT4 signaling axis
maintained the stem/progenitor cell properties of ObR+ cells,
which indirectly regulated glioblastoma TMZ resistance.

It has become increasingly recognized that obesity is a critical
publichealth problem, asitisarisk factor for many human diseases,
including diabetes, atherosclerosis, and cancer.® Adipokines
represent likely candidates to mediate, at least in part, the
increased cancer risk and enhanced progression associated with
adipocyte-derived secretory proteins.” Among the adipokines,
leptin is the most intensively studied factor due to its involvement
in tumor initiation, primary tumor growth, invasion, and
metastasis.”’ However leptin contributes to cancer initiation or
whether its role is restricted to promoting the growth of existing
tumor cells may primarily depend on receptor levels of ObR
among those cells."” Diverse cancer cells derived from different
tissues, such as brain, breast, colon or prostate, were reported to
have ObR expression.?* Furthermore, Ob-R overexpression not
only correlated with the degree of malignancy, but also was an
independent prognostic variable to predict poor progression-free
survival in brain tumor, ovarian cancer, and breast cancer,?2%%
which suggested that ObR+ cells might be closely related with
tumor initiation and development. In this study, we claimed
that ObR+ glioblastoma cells presented chemoresistance, which
showed that TMZ could not inhibit cell proliferation and could
not induce apoptosis effectively. To identify the responsible of
ObR+ cells for TMZ resistance, U87 cells was treated with a low
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Figure 3. The maintenance of self-renewal in ObR+ cells. (A) Percentage
of sorted ObR+ and ObR- cells after culturing for various times as ana-
lyzed by flow cytometry. (B) Leptin stimulated tumor development by
implanted U87R cells. nude mice implanted with U87R (4 x 104) cells
were randomly assigned and received i.p. injections of either PBS or
leptin (2 Lg/g body weight) every other day for 2 wk.

dose of TMZ in culture media to establish TMZ-resistant cells.
With overexpression of ObR on U87R cells, ObR was confirmed
to be responsible for chemoresistance of glioblastoma again.
Many studies demonstrated that selection of chemotherapy-
resistant cells by using anticancer drugs would be an effective
means to enrich the CSC-like subpopulation,®* and CSCs
indeed possessed intrinsic properties that mediated their

3031 Tzumiya et al. found that

resistance to chemotherapy.
5-FU-pretreated pancreatic cancer cells expressed enhanced
levels of the stemness genes OCT4 and NANOG,* and exhibited
a so-called CSC-like phenotype, including a sphere-forming
capability." Interestingly, we found that the ObR+ glioblastoma
cells, as well as TMZ-resistant U87R cells, also exhibited stem/
progenitor cell properties. ObR expression in glioblastoma cells
overlapped with the expression of reported glioblastoma CSCs
markers, such as CD133 and Nestin; however, very few ObR+
cells expressed GFAPD, a biomarker for mature astrocyte. As
shown in Figure 4, ObR expression was significantly associated
with CD133 in the primary as well as recurrence tumors (P <
0.001). Additionally, ObR+ cells possessed a better clones-
forming capability in vitro and tumorigenicity in vivo. In line
with our data, Feldman et al. indicated that ObR was strongly
coexpressed in a majority of CD133+ liver tumor cells; selective
expression of ObR was a characteristic feature of tumor-
initiating stem cells.?® Therefore, with the stem/progenitor cell
properties, ObR+ cells played a critical role in resistance of
chemotherapeutic agent inevitability.

Sherry et al. reported that STAT?3 is required for proliferation
and maintenance of multipotency in GBM stem cells.>* Villalva
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Figure 4. Correlation of ObR and CD133 expression in glioma tissues.
(A) Representative photographs of immunohistochemical analysis for
ObR in surgical specimens of malignant glioma as score 0 to 3 (x200).
(B) Immunohistochemical analysis of 15 cases of recurrent malignant
glioma. The score of ObR in primary or recurrent tumor was shown as
graph. (C) Immunofluorescence staining of glioma tissues stained with
anti-CD133, anti-ObR, and DAPI (x400). (D) Correlation between ObR and
CD133 in 30 cases of primary or recurrent glioma specimens.
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et al. further indicated that stem cells derived from GBM
expressed a constitutively phosphorylated STAT3, which was
essential for the proliferative and the self-renewal capacity.”
Thus, STAT3 activation appears as a common feature of
CSC-GBM. Furthermore, ObR had full signaling capabilities
and was able to activate the JAK/STAT3 pathway, the major
pathway used by leptin to exert its effects.” In our study,
both ObR+ cells and U87R cells exhibited active STAT3 and
increased levels of SOX2 and OCT4, when STAT3 activity
was inhibited, the pluripotency-associated
factors were downregulated. Additionally, the self-reinforcing

transcription

leptin-signaling module active within ObR+ cells resulted in
maintaining cells self-renewal and malignancy. All of the data
suggested that STAT3 might be a therapeutic target for TMZ
resistance in glioblastoma. The combination therapy for ObR+
cells and U87R cells with TMZ and STAT?3 inhibitor presented
significant growth inhibition. Chemoresistance of glioblastoma
cancer stem cells exhibited much more complex than expected.*®
MGMT (O6-methylguanine-methyltransferase) methylation is
considered as one of the principal mechanisms contributing to
TMZ sensitivity of glioblastoma stem-like cells,” which may be
also the mechanism for TMZ resistance of ObR+ cells.

In conclusion, we identify overexpression of ObR cells are
resistant to TMZ due to the stem/progenitor cell properties, and
STAT?3 signaling as a novel pathway that keeps self-renewal and
mediates resistance of TMZ in ObR+ glioblastoma cells. These
findings gain insight into the molecular link between obesity and
glioblastoma.

Materials and Methods

Glioblastoma cells and samples

U87 human glioma cell line was purchased from the Chinese
Academy of Sciences Cell Bank and cultured in DMEM
supplemented with 10% fetal bovine serum (FBS). The human
glioblastoma samples were obtained from Changhai Hospital of
Second Military Medical University after obtaining informed
consent from a patient diagnosed with glioma.

Sorting and analysis by fluorescence activated cell sorting
(FACS)

For cell sorting, 107 U87 glioblastoma cells were labeled with
10 pl anti-human ObR-allophycocyanin (APC) (Miltenyi Biotec)
for 10 min in the dark at 4 °C. Mouse IgG monoclonal antibody
was used as a control. After ObR staining, cells were sorted using
a BD FACS Aria IT with Cell Quest Pro software (BD Bioscience).
The purity of the ObR cells was analyzed using a similar protocol,
and the cells were maintained in stem cell medium as previously
described.’® The cells’” apoptosis was detected by using Annexin
V-FITC Apoptosis Detection Kit (BD Biosciences) according to
the manufacturer’s instructions. Briefly speaking, the pretreated
cells were harvested and stained with PI and Annexin V-FITC,
the apoptosis rate was assayed using FACS at 488 nm.

MTT assay

MTT assay was used to determine cell viability following the
manufacturer’s protocols (Cayman Chemical Company). 107
cells were plated in 96-well plates for 72 h, MTT solution was
incubated at 37 °C for 4 h, and then the crystal dissolving solution
was added to solubilize the formazan crystals. The absorbance of
the plates was measured on a microplates reader at a wavelength
of 570 nm. Each sample was performed in triplicate, and the
experiment was repeated 3 times.

Colony-formation assay

For the colony-formation assays, 10> ObR+ cells and ObR-
cells were seeded in 6-well plates after FACS sorting, respectively.
After 14 d of culture, the cells were fixed by 100% methanol and
stained with methylene blue for 20 min, and the colonies of more
than 50 cells were counted.

Invasion assays

Invasion assays were performed using BD Bio Coat Matrigel
Matrix Cell Culture Inserts and Control Inserts (BD Biosciences)
essentially as previously described.”” Briefly, upper inserts were
coated with Matrigel (1:1 dilution; BD Biosciences) and then
incubated at 37 °C for 30 min. 10* cells were resuspended in
200 pl of serum-free DMEM and added to the corresponding
upper inserts, respectively. DMEM with 10% FBS was added to
the lower chamber. After 24 h, invaded cells were fixed and stained
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Figure 5. ObR+ cells maintains self-renewal dependent on STAT3 signaling pathway. (A) Western blot analysis of p-STAT3, SOX2, and OCT4 in ObR+ cells
and U87R cells treated with NSC74859-STAT3 inhibitor. Does of STAT3 inhibitor was indicated on the top. (B) Western blot analysis of SOX2, OCT4, and ObR
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with crystal violets for 20 min, and then counted in 5 different
fields for each inserts. The experiment was repeated at least 3 times.
Real-time polymerase chain reaction and western blot
Total RNA extraction, cDNA (cDNA) synthesis and qPCR
were performed as described.” The primer sequences used for
Ob-R were sense: 5-CTTTCCACTG TTGCTTTCGG-3';
antisense: 5-TCTGTGATTT CCATATGCAA ACC-3'. For
western blot analysis, cell lysates were boiled and reduced in
sodium dodecyl sulfate PAGE (SDS-PAGE) sample buffer,
and proteins were separated on 10% standard SDS-PAGE and
transferred onto nitrocellulose membrane that were blocked
and incubated with rabbit antibodies of ObR (1:1000; Abcam),
CD133(1:100; Cell Signaling Technology), Nestin(1:200;
Abcam), GFAPY9 (1:1000, Dako), p-STAT3(1:500, Cell
Signaling  Technology), ~STAT3(1:500, Cell Signaling
Technology), SOX2(1:500; Abcam), OCT4(1:200; Abcam),
GAPDH(1:500, Cell Signaling Technology), and followed by
horseradish peroxidase-conjugated anti-rabbit IgG (1:2,000;
Invitrogen). Enhanced chemiluminescence (ECL; Amersham/
GE Healthcare) was used for the detection of bound antibody.
Immunohistochemistry and immunofluorescence staining
Immunohistochemistry (IHC) and immunofluorescence
staining were performed on paraffin sections of glioma specimens
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to investigate ObR and CD133 expression. The protocol was
performed as previously described.”! Sections deparaffinized and
rehydrated in graded alcohols. After antigen retrieval, sections
were blocked with 2% goat serum in PBS for 1 h and then
incubated overnight with antibodies to ObR (1:1000; Abcam)
and CD133 (1:100; Cell Signaling Technology). Twenty-four h
later, sections were washed and incubated for 2 h with secondary
antibodies, and the fluorescence-conjugated antibodies were
used for immunofluorescence.

Tumorigenicity in nude mice

All procedures involving animals were performed in
accordance with the institutional animal welfare guidelines
of Second Military Medical University. Cells suspension was
prepared as single-cell type suspension, and 8-wk-old nude mice
(BALB/c strain) were injected subcutaneously (s.c.) with 200 pL
suspension. The size and incidence of subcutaneous tumors
were recorded. Tumor size was measured by use of a caliper and
volume was calculated as length x height x width x 0.5236 with
reference to a previous report.*

Statistical analysis

All data, expressed as mean + SEM, were from at least three
separate experiments. Groups were compared by analysis of
variance (ANOVA) with a posteriori contrast by least significant
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difference; or by Student # test using the Microsoft Excel Analysis

Tool Pak (Microsoft). P < 0.05 was considered significant.
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