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GDF15 promotes glioma stem cell-like phenotype
via regulation of ERK1/2—c-Fos-LIF signaling
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Abstract

Growth differentiation factor 15 (GDF15), a member of the transforming growth factor B family, is associated with
tumor progression, metastasis, and cell apoptosis. However, controversy persists regarding the role of GDF15 in
different tumor types, and its function in glioma stem cells (GSCs) remains unknown. Here, we report that GDF15
promotes the GSC-like phenotype in GSC-like cells (GSCLCs) through the activation of leukemia inhibitor factor
(LIF)-STAT3 signaling. Mechanistically, GDF15 was found to upregulate expression of the transcription factor c-Fos,
which binds to the LIF promoter, leading to enhanced transcription of LIF in GSCLCs. Furthermore, GDF15 may activate
the ERK1/2 signaling pathway in GSCLCs, and the upregulation of LIF expression and the GSC-like phenotype was
dependent on ERK1/2 signaling. In addition, the small immunomodulator imiquimod induced GDF15 expression,
which in turn activated the LIF-STAT3 pathway and subsequently promoted the GSC-like phenotype in GSCLCs. Thus,
our results demonstrate that GDF15 can act as a proliferative and pro-stemness factor for GSCs, and therefore, it may

represent a potential therapeutic target in glioma treatment.

Introduction

Glioma stem cells (GSCs) are a quiescent stem-like
subpopulation of glioma cells with self-renewal and multi-
lineage differentiation capacity'. GSCs are known to be
resistant to chemotherapy” and radiotherapy”. These cells
are characterized by their expression of certain cancer
stem cell markers, including CD133% SOX2°, aldehyde
dehydrogenase 1 family member Al (ALDH1A1)®, and
Nestin’. Under specific serum-free conditions in vitro,
glioma cells form non-adherent spheroids known as
neurospheres or tumorspheres (TS). The TS cells show
GSC-like characteristics, including self-renewal, pro-
liferation, and differentiation capacities®. GSCs are
responsible for glioma initiation’; thus, they pose a great
challenge to glioma therapy'’. Hence, the identification of
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pivotal regulators of glioma stemness will provide critical
information to advance the development of more effective
glioma therapies.

Growth differentiation factor 15 (GDF15) acts as a
tumor suppressor in the early stages of tumor develop-
ment'' "%, but later enhances the growth of high-grade
tumors'*'®, In glioma, GDF15 is involved in regulating
cell proliferation and immune escape'®; moreover, it has
been correlated with poor patient prognosis and con-
sidered an oncogenic factor'”. In solid tumors, GDF15
promotes the self-renewal capacity of cancer stem cells in
gastric'®, breast'?, liver”, and ovarian cancers”'. However,
the function of GDF15 in GSCs remains to be elucidated.

Leukemia inhibitor factor (LIF), an interleukin- 6 (IL-6)
family member, promotes the self-renewal of neural stem
cells?® and GSCs?>?*, and studies have even shown that
recombinant LIF can be used as a serum-free medium
supplement to increase the quantity of GSCs**°. LIF
binds to its receptor LIF-R and glycoprotein 130, and this
binding event subsequently activates the
JAK-STATS3 signaling pathway’®”’. In GSCs, LIF is
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transcriptionally upregulated by transforming growth
factor-beta (TGF-P) via binding of the activated Smad
complex to the LIF promoter®. Since GDF15 is a member
of the TGF-B family, we hypothesized that GDF15 may
contribute to the regulation of glioma cell stemness via
modulation of LIF-STAT3 signaling.

Here, we examined the role of GDF15 in GSC stemness
and investigated the underlying molecular mechanism.
Our work demonstrates that GDF15 upregulates LIF
expression in GSC-like cells (GSCLCs) and promotes the
GSC-like phenotype via the LIF-STAT3 pathway. Using
transcriptome sequencing, we found that
GDF15 significantly upregulates the transcription factor
c-Fos, which binds to the LIF promoter responsible for its
transcription. Moreover, the induction of LIF expression
by GDF15 in GSCLCs is dependent on ERK1/2 signaling.
Hence, our findings show a pro-tumor effect of GDF15
resulting from its promotion of GSC stemness.

Results
GDF15 promotes GSC-like phenotype in GSCLCs via
activation of the LIF-STAT3 pathway

The activation of the LIF-STAT3 signaling pathway by
TGF-B in GSCs was previously reported®’. Thus, we
investigated whether GDF15, a member of the TGF-
superfamily, can regulate LIF expression, promoting the
stemness of GSCs. To analyze the impact of GDF15 on
GSCs, we established patient-derived and glioma cell line-
derived TS cells (Supplementary Fig. 1), and the cells with
GSC-like characteristics were utilized as GSCLCs in stu-
dies of glioma stemness in vitro. As expected, upregulated
levels of LIF and phosphorylated STAT3 (p-STAT3) were
observed in the GDF15-treated GSCLCs (Fig. la—c).
Downregulation of GDF15 was achieved by shRNA
treatment and resulted in decreased expression of LIF
(Fig. 1d). These results imply that the LIF-STAT3 path-
way in GSCs may be regulated by GDF15.

To assess the impact of GDF15 on the maintenance of
stemness, immunoblotting and extreme limiting dilution
assay (ELDA) were applied to test GSC marker expres-
sion and the self-renewal ability in GSCLCs. Indeed, the
GSC markers CD133 and SOX2 were expressed at higher
levels in GDF15-treated U87 TS cells than their control
counterparts (Fig. le, f). Further, recombinant GDF15
treatment enhanced the sphere-formation capability of
U87 TS cells and patient-derived glioma TS cells (G027,
Fig. 1g, h). Furthermore, GDF15 significantly increased
the proportion of 5-ethynyl-20-deoxyuridine (EdU)-
incorporated cells, indicating the promotion of cell divi-
sion in GSCLCs (Fig. 1i, j). Upon blocking LIF signaling
with a neutralizing antibody, we observed that the GSC
marker expression, sphere formation, and cell division of
GDF15-treated U87 TS cells were all repressed (Fig.
1k-m). Taken together, these data indicate that GDF15
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can mediate the stem cell-like states of GSCLCs by
activating LIF-STATS3 signaling.

GDF15 stimulates LIF expression through upregulating c-
Fos

To further analyze how GDF15 promotes LIF expres-
sion in GSCLCs, gene expression profiling was performed
to identify the molecular changes triggered by GDF15
treatment. Compared with the negative control, treated
U87 TS cells expressed higher levels of the transcription
factor, c-Fos, whereas, knockdown of GDF15 in GSCLCs
resulted in decreased expression of c-Fos (Fig. 2a—c).
Moreover, the silencing of c-Fos reverted the induction of
LIF expression by GDF15 (Fig. 2d and Supplementary Fig.
2a). Promoter activity analysis demonstrated that c-Fos
knockdown reduced LIF promoter activation in response
to GDF15 in GSCLCs (Fig. 2e), suggesting that GDF15
can activate the LIF promoter via the transcription factor
c-Fos. To identify the crosstalk between c-Fos and the LIF
promoter in a GDF15 context, we performed a ChIP assay
in U87 TS cells in the presence or absence of GDF15. In
GDF15-treated GSCLCs, c-Fos was only bound to the
region (—792/—685) of the LIF promoter but not to the
proximal region (—398/—269) or other two distal regions
localized 1-2kb upstream of the transcription start site
(Fig. 2f). Collectively, these data indicate that GDF15
transcriptionally upregulates LIF by promoting the bind-
ing of c-Fos to the LIF promoter.

Imiquimod upregulates the GDF15-LIF signaling and
enhances the GSC-like phenotype in GSCLCs

Imiquimod (IMQ) was reported to have anti-tumor
effects in several tumors via the inhibition of proliferation
and induction of cell apoptosis®®~>°, but to be sparsely
beneficial in glioblastoma (GBM). To investigate the
impact of IMQ on the stemness of GSCs, we performed a
transcriptomic analysis of GSCLCs (U87 TS) with or
without IMQ treatment. Among the 23 upregulated
genes, GDF15 and LIF were significantly upregulated after
treatment with IMQ (Fig. 3a). Hence, we hypothesized
that IMQ treatment could upregulate the GDF15-LIF
pathway to promote the stemness properties of GSCs. In
agreement, treatment with IMQ increased the protein and
mRNA expression levels of GDF15 and LIF, as well as p-
STATS3 (Fig. 3b, ).

Further, GSC markers (CD133, SOX2, and ALDH1A1)
were upregulated in IMQ-treated GSCLCs (Fig. 3d, e).
Also, after treatment with IMQ, GSCLCs exhibited a
larger size and greater number of TS compared to the
negative control (Fig. 3g). Similar results were also
observed in the extreme limiting dilution assay. IMQ
treatment significantly enhancing the sphere-forming
ability in U87 TS and G027 cells (Fig. 3f). In addition,
the proportion of EdU-incorporating cells was
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significantly increased by treatment with IMQ, indicating
enhanced proliferation of U87 TS and G027 cells (Fig. 3h).
Taken together, these results suggest a role for IMQ in
promoting the GSC-like phenotype.
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GDF15-LIF pathway mediates the promotion of GSC-like
phenotype by IMQ

Next, we explored whether the GDF15-LIF pathway is
required for the induction of an increased GSC-like
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Fig. 1 GDF15 induces the LIF-STAT3 pathway and enhances glioma stem cell (GSC)-like phenotype in GSC-like cells. a gRT-PCR analysis of
LIF expression in U87 TS cells treated with 0, 2, 10, or 20 ng/ml GDF15. b Immunoblotting analysis of the levels of p-STAT3, STAT3, LIF, and B-actin in
U87 TS cells after treatment with 10 ng/ml GDF15 and 100 pM TGF-B. ¢ Immunocytochemical analysis with anti-LIF and anti-p-STAT3 in U87 TS cells.
Nuclei were counterstained with DAPI. Scale bar =10 um. d, upper: Immunoblotting analysis of GDF15 expression after treatment of U87 TS cells
with shRNA lentivirus targeting the GDF15 gene and control lentivirus. Lower: gRT-PCR analysis of GDF15 and LIF expression in U87 TS cells with short
hairpin RNA lentivirus-mediated knockdown of GDF15. e Immunoblotting analysis of CD133, SOX2, and {-actin expression in U87 TS cells after
treatment with GDF15 for 5 days. f Immunocytochemical analysis with anti-CD133 and anti-SOX2 in U87 TS cells. Nuclei were counterstained with
DAPI. Scale bar =10 um. g Effects of GDF15 on the sphere-forming capacity of U87 TS and G027 cells as determined by extreme limiting dilution
assay (n = 12). *P < 0.05; likelihood ratio test. h Representative images of U87 TS and G027 cells treated with 10 ng/ml GDF15 for 10 days. Scale bar =
100 um. i, j EJU incorporation in U87 TS cells treated with GDF15 for 4 days, followed by EdU for 24 h, and quantification of EdU-positive cells. Nuclei
were counterstained with Hoechst stain. Scale bar = 100 um. k Immunoblotting analysis of CD133, SOX2, and B-actin expression in U87 TS cells after
treatment with GDF15 and LIF-neutralizing antibodies (nAb) for 5 days. | The effects of LIF neutralization on the GDF15-induced sphere-forming
frequency of U87 TS cells based on extreme limiting dilution assay (n = 12). **P < 0.005, ***P < 0.0005; likelihood ratio test. m Cell division was
determined by the EdU incorporation assay in U87 TS cells treated with GDF15 and anti-LIF-neutralizing antibodies. Values in a, d, j, and m are from
three independent experiments and expressed as mean + s.e.m. *P < 0.05, **P < 0.005, ***P < 0.0005. Unpaired t test (a, d, j); one-way ANOVA with
Tukey's multiple comparison test (m).
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Fig. 2 GDF15 upregulates LIF transcription via c-Fos binding to the promoter. a Scatter plot showing differentially expressed genes between
control and 10 ng/ml GDF15-treated U87 TS cells. b gRT-PCR analysis of c-fos gene expression in U87 TS cells treated with GDF15 or short hairpin
RNA lentivirus targeting the GDF15 gene. ¢ Immunoblotting analysis of c-Fos and (3-actin expression in U87 TS cells after treatment with GDF15 and
TGF-p for 5 days. d Immunoblotting analysis of LIF protein expression in U87 TS cells after treatment with GDF15 and c-Fos siRNA or control siRNA.
e U87 TS cells were transfected with a luciferase construct containing the LIF promoter and treated with GDF15 and c-Fos siRNA or control siRNA for
48 h, and luciferase activity was determined using a dual-luciferase reporter assay system. f Cells were incubated without or with GDF15 and
subjected to ChIP assays using c-Fos or IgG isotype control antibodies. Bar chart representing the gPCR results for the immunoprecipitated LIF
promoter. Values in b, e, and f are from three independent experiments and are expressed as mean + s.em. *P < 0.05, ***P < 0.0005. Unpaired t test
(b, f); one-way ANOVA with Tukey's multiple comparison test (e).
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Fig. 3 Imiquimod enhances the GSC-like phenotype. a The upregulation of genes identified by a transcriptomic analysis was confirmed by gRT-
PCR in U87 TS treated with 5 ug/ml imiquimod (IMQ) for 5 days; data were normalized relative to the untreated groups. The scale reflects the levels of
relative gene expression. b gRT-PCR analysis of GDF15 and LIF expression in U87 TS and G027 cells treated with IMQ. ¢ Immunoblotting analysis of
GDF15 and LIF protein expression in U87 TS and U118 TS treated with IMQ, as well as STAT3 and p-STAT3 levels in U87 TS and G035 treated with IMQ.
d Immunoblotting analysis of CD133, SOX2, and ALDHA1 (ALDH) expression in U87 TS and U118 TS cells after treatment with IMQ for 5 days.

e Immunocytochemical analysis with anti-CD133 and anti-SOX2 in U87 TS cells treated with IMQ for 5 days. Nuclei were counterstained with DAPI.
Scale bar =10 pm. f Effects of IMQ on the sphere-forming capacity of U87 TS and G027 cells as determined by extreme limiting dilution assay
(n=12). *P < 0.05, **P < 0.005; likelihood ratio test. g Representative images of U87 TS and G027 cells after treatment with 5 pg/ml IMQ for 7 and
10 days, respectively. Scale bar = 100 um. h Cell division as determined by the EdU incorporation assay in U87 TS and G027 cells treated with IMQ.
Values in b and h represent mean + s.em. *P < 0.05, **P < 0.005 with unpaired t test.
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ratio test. d, e Cell division was determined by EdU incorporation assay in
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Fig. 4 GDF15-LIF signaling mediates the GSC-like phenotype of GSC-like cells treated with Imiquimod. a U87 TS cells were treated with

imiquimod (IMQ) for 5 days after short hairpin RNA lentivirus-mediated knockdown of GDF15, and the expression levels of CD133, SOX2, LIF, GDF15,
and B-actin were determined by immunoblotting. b, ¢ Effect of GDF15 knockdown or LIF neutralization on the IMQ-mediated induction of sphere
formation by U87 TS and U118 TS cells as determined using extreme limiting dilution assay (n = 12). *P < 0.05, **P < 0.005, ***P < 0.0005; likelihood

f Representative images of EdU/Hoechst staining in U87 TS cells treated with IMQ as well as shRNA-mediated GDF15 or anti-LIF-neutralizing antibody.

IMQ-treated U87 TS and U118 TS cells with shRNA-mediated GDF15 or anti-
***¥P < 0.0005. One-way ANOVA with Tukey's multiple comparison test.

phenotype by IMQ treatment. As shown in Fig. 4a,
enhanced expression levels of GSC markers and LIF were
detected after IMQ treatment, and these effects were
diminished with GDF15 knockdown. Moreover, blockade
of LIF using a neutralizing antibody or silencing of GDF15
expression inhibited the IMQ-induced promotion of self-
renewal capacity and cell proliferation, respectively (Fig.
4b—f). Together, these results demonstrate that the IMQ-
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enhanced GSC-like phenotype is indeed mediated via the
GDF15-LIF pathway.

IMQ is an established TLR7 agonist that can be used in
tumor immunotherapy®’. As shown in Fig. 5a—c, TLR7
expression was significantly higher in the patient- and
glioma cell line-derived TS than their adherent differ-
entiated counterparts (ADCs). To evaluate the involve-
ment of TLR7 in the IMQ-enhanced GSC stemness
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Fig. 5 Knockdown of TLR7 does not prevent the promotion of GSC-like phenotype by imiquimod. a gRT-PCR analysis of the expression of
human TLR mRNA in patient-derived TS relative to their adherent differentiated counterparts (ADCs); data were normalized to those for the ADCs.
The scale reflects the level of relative gene expression (n = 3). b gRT-PCR analysis of TLR7 expression in patient-derived TS and ADCs (left, n = 5); gRT-
PCR analysis of TLR7 expression in U87-MG and U87 TS cells (right). ¢ Immunocytochemical analysis with anti-CD133, anti-TLR7, and anti-MSI1 in U87-
MG and U118-MG cell-derived TS. Nuclei were counterstained with DAPI. Scale bar =20 um. d Flow cytometric analysis of the effect of TLR7
knockdown on p-STAT3 expression in G035 cells after imiquimod (IMQ) treatment. e Extreme limiting dilution assay to examine the effect of TLR7
knockdown on the induction of sphere formation by U87 TS cells after IMQ treatment (n = 12). *P < 0.05, **P < 0.005; likelihood ratio test. f The
percentage of dividing U87 TS cells after treatment with IMQ as well as TLR7 knockdown as determined by EdU incorporation assay. g Bar chart
representing the percentage of sphere-forming G035 cells after incubation with different concentrations of CL075 and CL097 for 14 days in the
absence of growth factors. Values in b, d, f, and g represent mean + s.e.m. *P < 0.05, **P < 0.005, ***P < 0.0005. Unpaired t test (b, g); one-way ANOVA
with Tukey's multiple comparison test (d, f).

properties, we transfected a validated siRNA targeting
TLR7 mRNA into U87 TS cells (Supplementary Fig. 2b).
Interestingly, TLR7 knockdown did not affect the p-
STAT3 level, sphere formation, or cell division of
GSCLCs in the presence of IMQ (Fig. 5d—f). We also
tested the impact of two other TLR7 agonists on the
regulation of stemness in GSCLCs. In contrast to our
findings in IMQ-treated GSCLCs, treatment with CL075
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and CL097 reduced sphere formation (Fig. 5g). Together,
these results suggest that IMQ enhances the stemness
properties of GSCs in a TLR7-independent manner.

An ERK1/2 signaling pathway is critical for the promotion
of GSC-like phenotype by GDF15

TGF-p—Smads signaling can sustain GSC self-renewal
and serve as the primary trigger to promote LIF
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determined by extreme limiting dilution assay (n = 12). *P < 0.05, **P < 0.005, ***P < 0.0005; likelihood ratio test. d Cell division among U87 TS cells
treated with GDF15 and IMQ after PD98059 treatment, as determined by EJU incorporation assay. e-f Immunoblotting analysis of LIF, c-Fos, and
B-actin expression in U87 TS cells treated with the ERK1/2 inhibitor PD98059 for 2 h and then GDF15 and IMQ for 5 days, respectively. g Luciferase
activity detected in U87 TS cells transfected with a LIF luciferase reporter for 48 h following pretreatment with PD98059 for 2 h and then treatment
with GDF15. Values in d and g represent mean £ s.e.m. *P < 0.05, **P < 0.005, ***P < 0.0005. One-way ANOVA with Tukey's multiple comparison test.

Mock  ERKinh Mock  ERKinh
-+ -+ MQ - 4+ - +

100-

J

transcription, while neither GDF15 nor IMQ induced the
phosphorylation of Smads (Smadl/5/9, Smad2, and
Smad3, Supplementary Fig. 3a). Previous research has
confirmed that the MAPK signaling pathway is involved
in the regulation of stemness®>** and the induction of LIF
expression®*. Hence, we explored the modulating effect of
MAPK signaling on the GDF15-LIF pathway in GSCs.
Indeed, both IMQ and GDF15 induced rapid phosphor-
ylation of ERK1/2 (Fig. 6a), without affecting the phos-
phorylation levels of p38 and JNK (Supplementary Fig.
3b). These observations imply that GDF15 functions
upstream of ERK1/2 signaling in GSCs.
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To evaluate whether the role of GDF15 in GSCs is
dependent on ERK1/2 signaling, we used a selective
MAPK kinase inhibitor PD98059 to block ERK1/2 acti-
vation. Following pretreatment with PD98059, GDF15- or
IMQ-treated GSCLCs showed visible reductions in GSC
marker expression, sphere formation, and proliferation
(Fig. 6b—d). Further, PD98059 blocked the promotion of
LIF expression in GDF15-treated as well as IMQ-treated
GSCLC:s (Fig. 6e). Similarly, elevated c-Fos expression and
LIF promoter activity in the presence of GDF15 were also
suppressed by blocking ERK1/2 signaling (Fig. 6f, g).
These findings suggest that GDF15 mediates LIF
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expression and the GSC-like phenotype via the activation
of ERK1/2 signaling.

Discussion

In this study, we showed that GDF15 promotes the
GSC-like phenotype in GSCLCs through activation of the
LIF-STAT3 pathway. We first observed that
GDF15 significantly upregulated LIF expression and
STAT3 phosphorylation, which has been intimately
associated with stemness-promotion in GSCs. Mechan-
istically, GDF15 increased the level of the transcription
factor c-Fos and its binding to the LIF promoter, thus
improving LIF transcription. Further, we demonstrated
that the activation of the ERK1/2 signaling pathway is a
critical step in the modulation of LIF transcription by
GDF15, and treatment with an ERK1/2 inhibitor atte-
nuated the GSC-like phenotype in GDF15-treated
GSCLCs. Additionally, we showed here that the small-
molecule drug IMQ facilitated the GSC-like phenotype by
upregulating the GDF15-LIF pathway. Overall, our
results suggest that GDF15 is an important pro-stemness
factor in GBM.

Members of the TGF-p family are reported to promote
the stemness of GSCs®®. Here, we observed that the
synthetic GDF15 protein increased the expression of GSC
markers and the sphere-forming ability of GSCLCs,
indicating that upregulated GDF15 expression correlates
with increased stemness properties among GSCs. These
results are consistent with previous research on the
functions of GDF15 in breast cancer'” and multiple
myeloma®. Previous work demonstrated the importance
of LIF in maintaining GSC stemness®****, LIF transcrip-
tion is upregulated by TGEF-p, thereby promoting the self-
renewal of GSCs*®. Our results indicate that GDF15 acts
as an upstream regulatory factor for LIF transcription and
promotes the GSC-like phenotype through activation of
the LIF-STAT3 pathway. GSCs are associated with
glioma recurrence”®®, and therapies targeting GSC
demonstrated a marked growth inhibition and prolonga-
tion of animal survival®’*®, Thus, GDF15 signaling may be
required for the stemness properties of GSCs and maybe a
critical therapeutic target for glioma treatment.

Various signaling pathways are involved in the regula-
tion of the physiological functions of GSCs, and TGEF-
B-induced LIF transcription promotes the self-renewal of
GSCs in a Smad2-dependent manner®®. Therefore, we
primarily examined the effects of Smads signaling on GSC
stemness properties in the presence of GDF15; however,
our results showed that Smads were not activated by
GDF15 treatment. A significant correlation was also
observed between the ERK1/2 signaling pathway and GSC
stemness>>. Both GDF15 and IMQ can activate the ERK1/
2 signaling pathway®~*?, which is also involved in the
transcription of LIF*>**, Here, we showed that ERK1/2

Official journal of the Cell Death Differentiation Association

Page 9 of 12

activation might be a critical upstream event in the
induction of LIF expression by GDF15. Notably, the self-
renewal and proliferation of GSCLCs were promoted by
GDF15 or IMQ treatment in an ERK1/2-dependent
manner. In addition, GDF15 or IMQ treatment did not
activate the JNK and P38 MAPK signaling pathways in
GSCLCs (Supplementary Fig. 3b), though these signaling
pathways are also suggested to be involved in cancer
stemness*>*®, Nevertheless, GSC stemness is regulated by
complex signaling pathways, and it cannot be excluded
that GDF15 could promote the stemness of GSCs through
other potential signaling pathways.

IMQ is a small-molecule immunomodulator that can
induce the secretion of interferons and pro-inflammatory
cytokines by immune cells and facilitate the maturation of
dendritic cells*’~*°. Previous studies demonstrated that
IMQ can improve the efficacy of cancer immunotherapy
and might serve as an effective adjuvant to dendritic cell-
based tumor vaccines®****!, Furthermore, IMQ admin-
istration was found to have an anti-tumor effect in several
epithelial tumors through the inhibition of proliferation
and promotion of apoptosis®*~°. In glioma, it has been
reported that IMQ directly inhibits the proliferation of
GL261 cells in a TLR7-independent manner®’; however,
the impact of IMQ on glioma cells and GSCs is incom-
pletely understood. In this study, we identified a novel role
for IMQ in enhancing the stemness properties of
GSCLCs, indicating that certain immunomodulators may
exert different pharmacological functions upon different
cell types in the tumor microenvironment. Although
outside the scope of the current paper, we also observed
that IMQ inhibited the proliferation of glioma cells (U87-
MG and U025) via the accumulation of cells in the G1
phase (Supplementary Fig. 4a—c), and almost none of
those cells underwent apoptosis (Supplementary Fig. 4d).
These results suggest that IMQ may promote the quies-
cent slow-cycling properties of glioma cells, which is a
characteristic feature of cancer stem cells. In follow-up
studies of glioma cells treated with IMQ, we will examine
the cellular functions and the complex regulatory
network.

In conclusion, the results obtained in this study reveal
the ability of GDF15 to promote the GSC-like phenotype,
at least in part through the induction of ERK1/2-c-
Fos—LIF pathway signaling. Our findings highlight the
critical role of GDF15 in regulating cancer cell stemness
and provide a rationale for considering GDF15 as a
potential target for the treatment of glioma.

Materials and methods
Cell lines and cell cultures

GBM samples were obtained from six glioma patients
who underwent GBM resection between October 2014
and June 2016 in the Department of Neurosurgery of The
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First Hospital of Jilin University (Supplementary Table 1).
Resected GBM samples were obtained during surgery and
promptly dissociated to produce patient-derived glioma
cells and spheroids, as described previously*>. The design
of this study was revised and approved by the ethics
committee of the First Hospital of Jilin University (licen-
ses 2014-28). All six patients provided informed written
consent for participation in this study.

The U87-MG and U118-MG glioma cell lines were
purchased from the American Type Culture Collection
(Manassas, VA, USA), and cell line authentication was
performed by short tandem repeat (STR) profiling. Cells
were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM, Hyclone, Logan, UT, USA) supplemented with
10% fetal bovine serum (FBS; Biological Industries, Kib-
butz Beit Haemek, Israel) as well as 100 U/mL penicillin
(Hyclone) and 100 pg/mL streptomycin sulfate (Hyclone).
To establish GSCLCs, U87-MG and U118-MG cells were
cultured in a chemically defined serum-free medium that
included a DMEM/F12 base (Thermo Fisher Scientific,
Waltham, MA, USA), 1x N2 (Thermo Fisher Scientific),
1x B27 (Thermo Fisher Scientific), 20 ng/ml epidermal
growth factor (EGF, PeproTech, Rocky Hill, NJ, USA),
20 ng/ml basic fibroblast growth factor (bFGF, Pepro-
Tech), and 2.5 mg/ml heparin (Life Technologies, Grand
Island, NY, USA).

Reagents and antibodies

Recombinant human GDF15 (R&D Systems, Minnea-
polis, MN, USA), imiquimod (IMQ, InvivoGen, San
Diego, CA, USA), neutralizing antibody against LIF (R&D
Systems), and ERK1/2 inhibitor PD98059 (Cell Signaling
Technology, Danvers, MA, USA) were used in this study.
The antibodies used were as follows: anti-CD133/2
(Miltenyi Biotec, Auburn, CA, USA), anti-PROM1 (Sigma
Aldrich, St. Louis, MO, USA), anti-Nestin (Merck-Milli-
pore, Billerica, MA, USA), anti-Toll-like receptor 7 (anti-
TLR7, Novus Biological Inc., Littleton, CO, USA), anti-
Musashi  (Merck-Millipore), anti-phospho-STAT3 (p-
Tyr705, Cell Signaling Technology), anti-STAT3
(Thermo Fisher Scientific), anti-SOX2 (R&D Systems),
anti-ALDH1 (Thermo Fisher Scientific), anti-p-actin
(TransGen Biotech, Beijing, China), anti-GDF15 (Thermo
Fisher Scientific), anti-LIF (Merck-Millipore), and anti-
Fos (GeneTex, Irvine, CA, USA). The Smad2/3 Antibody
Sampler Kit (Cell Signaling Technology) and Smad1/5/9
Antibody Sampler Kit (Cell Signaling Technology) were
also employed.

Quantitative real-time PCR

The total RNA was extracted from GSCLCs using the
EasyPure RNA Kit (Transgen Biotech) following the
manufacturer’s protocol, and the cDNA was synthesized
using a TransScript Reverse Transcriptase kit (Transgen
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Biotech). Next, quantitative reverse transcription-
polymerase chain reaction (RT-PCR) was performed
using FastStart DNA Master SYBR Green (Roche Diag-
nostics, Indianapolis, IN, USA) on an ABI Step One RT-
PCR system (Applied Biosystems, Foster City, CA, USA).
Gene-specific primers were synthesized by GENEWIZ
(Suzhou, China; Supplementary Table 2). The relative
expression levels of TLRs, GDF15, LIF, and c-Fos were
normalized to P-actin expression level and determined
using the 274" method.

Flow cytometry

Tumorspheres were dissociated into a single-cell sus-
pension and labeled with anti-phospho-STAT3 antibody
(Cell Signaling Technology). Next, treated cells under-
went flow cytometric analysis on a BD LSR Fortessa (BD
Biosciences, Franklin Lakes, NJ, USA), and the obtained
data were analyzed using FlowJo software (BD
Biosciences).

Cell proliferation assay

The impact of GDF15 on cell proliferation was analyzed
with a Cell-Light EdU In Vitro Kit (RiboBio Co.,
Guangzhou, China). Briefly, GSCLCs were cultured in six-
well culture plates in a medium containing the different
stimuli for 4 days. Next, cells were harvested, stained
following the manufacturer’s protocol, and visualized on
an inverted fluorescence microscope (IX71, Olympus,
Tokyo, Japan). Images were analyzed using Image]J soft-
ware (National Institutes of Health, Bethesda, MD, USA).

Extreme limiting dilution assay

TS were collected and dissociated into single-cell sus-
pensions before plating into 96-well plates in 200 ul
serum-free medium/well (~12.5—-200 cells/well). Next, the
percentage of wells containing spheres was analyzed after
10-14 days by extreme limiting dilution analysis (bioinf.
wehi.edu.au/software/elda/)>?.

Cell lysis and immunoblotting

Total proteins were extracted from the treated GSCLCs
with radioimmunoprecipitation assay (RIPA) buffer (Cell
Signaling Technology) supplemented with protease/
phosphatase inhibitors (MCE, Monmouth Junction, NJ,
USA). Then the protein concentration in each sample was
detected by bicinchoninic acid (BCA) protein assay
according to the standard protocol. The denatured pro-
teins were separated by sodium dodecyl sulfide (SDS)-
polyacrylamide gel electrophoresis (PAGE) and trans-
ferred onto polyvinylidene difluoride (PVDF) membranes
(Merck-Millipore). After blocking, the membranes were
incubated with the primary antibodies at 4 °C overnight
and then with horseradish peroxidase-conjugated sec-
ondary antibodies for 1 h at room temperature. Blots were
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visualized using Enhanced Chemiluminescence (ECL)
Plus detection reagent (PerkinElmer, Boston, MA, USA).

RNA interference

Lentiviral vectors and the concentrated lentivirus were
purchased from Vigene Biosciences, Inc. (Shandong,
China). Lentiviral vectors expressing three shRNA con-
structs targeting GDF15 (shGDF15 1#, shGDF15 2#, and
shGDF15 3#, Supplementary table 3) were used to silence
GDF15 expression. Small interfering RNAs (siRNAs)
targeting TLR7, c-Fos, and control siRNA (all purchased
from Santa Cruz Biotechnology, Santa Cruz, CA, USA)
were introduced into GSCLCs with jetPEI™ transfection
reagent (Polyplus-transfection, Illkirch, France) following
the manufacturers’ protocols.

Chromatin immunoprecipitation (ChIP) assay

A ChIP assay kit (Merck-Millipore) was used to explore
the binding of c-Fos to the LIF promoter site according to
the manufacturer’s protocol. Following reverse cross-
linking, the DNA was treated with proteinase K and
purified using a PCR purification kit (Transgen Biotech).
Next, the purified DNA was subjected to qRT-PCR
(Supplementary Table 4).

Promoter luciferase assay

LIF luciferase reporter plasmids were obtained from
OBiO Technology (Shanghai, China). For reporter con-
structs, the 1326-bp promoter region (70/4+1255) of the
LIF gene was cloned into the pGL4.1 firefly luciferase
reporter vector. phRL-TK containing the Renilla lucifer-
ase gene was used as an internal standard for transfection
efficiency. Cells were seeded into 24-well plates at a
density of 1x10° cells/well and co-transfected with
500 ng luciferase construct plasmid or an empty reporter
vector DNA and 0.05 ug phRL-TK using jetPEI™ trans-
fection reagent for 48 h (Polyplus-transfection). The cells
were then lysed, and the luciferase activity was examined
with the dual-luciferase reporter assay kit (Transgen
Biotech) on a microplate reader with a multi-wavelength
measurement system (Synergy™ H1, BioTek Instruments,
Inc., Winooski, VT, USA). Luciferase activity was calcu-
lated relative to the Renilla luciferase activity.

Statistical analysis

Data are presented as mean + standard error of the mean
(s.e.m.). Differences between different groups were ana-
lyzed by unpaired ¢ test or one-way analysis of variance
(ANOVA) followed by Tukey’s test. Statistical analysis was
performed using GraphPad Prism (San Diego, CA, USA).
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