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ABSTRACT

Resistance to chemotherapy substantially hinders successful glioblastoma (GBM)
treatment, contributing to an almost 100% mortality rate. Resistance to the frontline
chemotherapy, temozolomide (TMZ), arises from numerous signaling pathways that
are deregulated in GBM, including Hedgehog (Hh) signaling. Here, we investigate
suppression of Hh signaling as an adjuvant to TMZ using U87-MG and T98G cell lines
as in vitro models of GBM. We found that silencing GLI1 with siRNA reduces cell
metabolic activity by up to 30% in combination with TMZ and reduces multidrug
efflux activity by 2.5-fold. Additionally, pharmacological GLI inhibition modulates
nuclear p53 levels and decreases MGMT expression in combination with TMZ. While
we surprisingly found that silencing GLI1 does not induce apoptosis in the absence of
TMZ co-treatment, we discovered silencing GLI1 without TMZ co-treatment induces
senescence as evidenced by a significant 2.3-fold increase in senescence associated
B-galactosidase staining, and this occurs in a loss of PTEN-dependent manner. Finally,
we show that GLI inhibition increases apoptosis in glioma stem-like cells by up to 6.8-
fold in combination with TMZ, and this reduces the size and number of neurospheres
grown from glioma stem-like cells. In aggregate, our data warrant the continued
investigation of Hh pathway inhibitors as adjuvants to TMZ chemotherapy and
highlight the importance of identifying signaling pathways that determine whether
co-treatment will be successful.

INTRODUCTION

Glioblastoma (GBM) is the deadliest form of
brain cancer and represents the most common central
nervous system tumor in adults, accounting for 45.6%
of all malignant primary brain tumors [1]. Standard
treatment for newly diagnosed primary GBM includes
surgical resection, radiation, and chemotherapy [2, 3].
Temozolomide (TMZ) 1is the current frontline
chemotherapeutic for GBM and acts as an alkylating

agent to induce DNA damage and trigger cell death.
While the addition of TMZ chemotherapy to the
standard radiotherapy has increased median patient
survival time from 12.1 months to 14.6 months, tumor
recurrence remains virtually inevitable, and nearly 100%
of patients ultimately succumb to disease [4]. GBM
recurrence is driven in large part by intrinsic or acquired
chemoresistance [5], and tumors that have recurred often
demonstrate enhanced resistance to chemotherapy and are
more invasive than the primary lesion [2].
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GBM drug resistance is mediated both by signaling
mechanisms throughout the tumor and by an aggressive
subpopulation of tumor cells known as glioma stem-like
cells, or GSCs. In both GSCs and differentiated GBM cells,
deregulated DNA damage repair mechanisms oppose TMZ-
mediated cytotoxicity by repairing DNA damage caused by
TMZ to prevent apoptosis [6, 7]. In particular, upregulated
MGMT, an enzyme that removes alkyl groups transferred
to DNA by TMZ, is a known prognostic indicator of poor
response to TMZ [8]. Additionally, mutations to the p53/
Mdm2/PTEN tumor suppressor axis promote cell cycle
progression to suppress TMZ-induced apoptosis [9, 10].
Further, upregulation of EGFR signaling through wild-
type EGFR and the commonly expressed EGFRvIII
mutant stimulate survival signaling through the Ras/Raf/
MAPK and PI3k/Akt/mTOR pathways to promote TMZ
resistance [11, 12]. In parallel, TMZ resistance is provided
by a subpopulation of multipotent, slow-cycling GSCs
that evade chemotherapeutic apoptosis and repopulate the
tumor with resistant cells following treatment [13—15].
While much remains unknown regarding their biology,
these cells may be identified by various markers (CD133,
CD44, nestin, ALDHI1, Oct4, Sox2), and differential
expression of these markers suggest a stemness hierarchy
that may correlate with aggressiveness [16]. Elimination
of GSCs remains a barrier to complete tumor eradication.

A growing body of evidence attributes tumor
resistance phenotypes and the maintenance of GSCs
to deregulated developmental pathways, such as
Notch, Wnt, and Hedgehog (Hh) signaling [17-21]. In
particular, research has demonstrated that while several
developmental pathways contribute to GBM progression,
Hh signaling is indispensable for GSC proliferation and
tumorigenesis [19] and may be an impactful target for
new GBM treatment strategies. Hh signaling is a highly
conserved developmental pathway that is normally
minimally active in differentiated adult tissue, but also
plays an impactful role in the progression and maintenance
of several cancers, including GBM. Hh signaling is
activated when Hh ligands, most notably sonic hedgehog
(Shh), bind the extracellular domain of the Patched (Ptc)
transmembrane receptor. Ptc then relieves its suppression
of Smoothened (Smo), a second transmembrane protein,
which in turn initiates an intracellular signaling cascade
that translocates members of the GLI family of zinc
finger transcription factors to the nucleus to regulate the
expression of target genes (Supplementary Figure 1).
Within this family of transcription factors, upregulated
GLI1 expression and transcriptional activity is associated
with poor patient prognosis in several cancers [22].
Further, GLI1 is known to regulate proliferation and cell
cycle progression [23, 24], cell survival [24, 25], migration
and invasion [26], cancer cell stemness and self-renewal
[23], and response to chemotherapy [18, 23, 27].

In this study, we investigated the role of Hh/GLI1
signaling in GBM resistance to TMZ. Specifically, we

evaluated the molecular and phenotypic consequences of
GLI1 inhibition as an adjuvant to TMZ treatment to assess
the therapeutic potential of this co-treatment strategy. In
this work, we used U87-MG and T98G cells as established
in vitro models of GBM. These models were chosen
because they both exhibit active Hh signaling as indicated
by GLI1 expression and nuclear localization, but they
differ in the expression of known molecular contributors
to TMZ resistance. For example, U87-MG cells express
wild-type p53, while T98G cells express a mutant p53
variant [9]. Although the role of p53 variants in GBM are
not fully understood, evidence suggests that wild-type
p53 generally retains tumor suppressive functions, while
mutant pS3 may promote tumor progression [9, 28, 29].
Additionally, T98G cells, but not U87-MG cells, express
high levels of MGMT, which is a primary mechanism
by which GBM cells resist alkylating chemotherapies
[9, 30, 31]. Because MGMT contains a GLI1 binding
domain and consequently may be regulated by Hh
signaling [32], MGMT expression may influence GBM
cell response to co-treatment with Hh/GLI1 inhibitors and
TMZ. Thus, we aimed to capture these key phenotypic
differences characteristic of GBM resistance mechanisms
with our choice of established cell models.

Here, we show that silencing GLI1 prior to treating
cells with TMZ increases the cytotoxicity of TMZ against
GBM cells. We provide additional evidence that silencing
GLII expression reduces the proliferation of U87-MG
and T98G cells to abrogate disease progression. We also
demonstrate that silencing GLI1 promotes sensitivity to
TMZ by broadly reducing efflux behavior attributed to
multidrug transporters. Further, we show that Hh pathway
inhibition induces the expression of wild-type, but not
mutant p53, suggesting that silencing GLI1 may induce
tumor suppression via a pS3-dependent mechanism. We
initially hypothesized that GLI1 silencing without TMZ
co-treatment would induce apoptosis via p53, however,
we observed activation of separate tumor suppressive
pathway. Specifically, we found that silencing GLI1
induces senescence rather than apoptosis, and this occurs
via a mechanism that depends on the absence of PTEN.
Finally, we demonstrate that combined Hh/GLI1 inhibition
and TMZ treatment induces apoptosis and suppresses
the growth of U87-MG cells cultured as neurospheres,
suggesting an abrogation of glioma stem cell-like
behavior. In aggregate, this data warrants the continued
investigation of Hh-targeted therapies as adjuvants for
GBM management.

RESULTS

U87-MG and T98G GBM cells exhibit active Hh
signaling required for proliferation

In initial studies, we aimed to validate that both
U87-MG and T98G cells exhibit active Hh signaling,
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making them suitable in vitro GBM models for this work.
Nuclear localization of GLI1 was taken to indicate Hh
pathway activation, as active Hh signaling produces GLI1
transcriptional activity and cytoplasmic GLI1 undergoes
proteasomal degradation [33]. U87-MG and T98G cells
were treated with recombinant human Shh (rhShh)
for 48 hours and assessed for GLI1 expression using
immunofluorescence. Images obtained using fluorescence
microscopy reveal that GLI1 is present in both the nucleus
and cytoplasm of untreated U87-MG and T98G cells,
suggesting that Hh signaling is active in both cell lines.
Further, stimulation with rhShh increases U87-MG GLI1
staining intensity by ~30% in the nucleus and ~40% in
the cytoplasm (Figure 1A, 1C). In contrast, GLI1 staining
intensity is conserved with rhShh treatment in T98G cells
(Figure 1B, 1C), indicating that pathway activity is already
maximal in untreated culture, that GLI1 is primarily
regulated by other Hh ligands (Indian, Desert hedgehog),
or by noncanonical signaling mechanisms in these cells.
GLI1 is well understood to positively regulate cell
proliferation through direct transcriptional upregulation
of cyclinD/E, Rb tumor suppressor inhibitors, c-Myc,

and other pro-proliferative genes [34-36]. Therefore, we
hypothesized that silencing GLI1 should decrease the
proliferation of both U87-MG and T98G cells. To test
this, U87-MG and T98G cells were transiently transfected
with siRNA against GLI1 (siGLI1) or a scrambled control
siRNA (siScr) and subsequently analyzed by an EdU
incorporation assay. Flow cytometric analysis revealed
that silencing GLI1 decreased the fraction of proliferating,
EdU+ U87-MG cells by ~60% and the fraction of
EdU+ T98G cells by ~44% (Figure 1D, Supplementary
Figure 2). These results further support the presence of Hh
pathway activity in U87-MG and T98G cells even without
stimulation with exogenous rhShh.

Silencing GLI1 potentiates GBM cell response to
TMZ by decreasing multidrug efflux activity

Having established that Hh signaling is active
in both of our GBM cell models and contributes to
cell proliferation, we asked whether Hh/GLII activity
contributes to cellular resistance to TMZ. To test this,
U87-MG and T98G cells were transiently transfected
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Figure 1: U87-MG and T98G GBM cells exhibit active Hh signaling via GLI1. rhShh increases GLI1 expression and nuclear
translocation in (A) U87-MG but not (B) T98G GBM cells by immunofluorescence. Scale bars = 100 um. (C) Quantitative image analysis
reveals that U87-MG GLII intensity is significantly increased by ~30% in the nucleus and by ~40% in the cytoplasm relative to that in
control cells. Data are shown as mean + standard deviation from 3 independent experiments, “p < 0.05 by Student’s #-test relative to control.
Changes in T98G GLII intensity are insignificant. # no significance by Student’s #-test. (D) By EdU incorporation and flow cytometry
analysis, silencing GLI1 decreases the proliferation of U87-MG and T98G cells by ~60% and ~44%, respectively, relative to siScr. Data
are shown as mean = standard deviation, p = 0.03, "p = 0.002 by paired ¢-test relative to control.
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with siRNA targeting GLI1 (siGLI1) or a scrambled
control (siScr), then treated with a range of TMZ doses
(0—1500 uM). Treatment efficacy was evaluated using an
AlamarBlue assay to measure cellular metabolic activity.
In U87-MG cells, we found that silencing GLI1 prior to
TMZ treatment decreases metabolic activity up to 30%
for TMZ doses through 1000 uM, past which we no
longer observed increased efficacy with co-treatment
(Figure 2A). We further conducted simple analysis to
determine whether the treatments employed in tandem
were synergistic, additive, or antagonistic. Briefly, the
projected additive effect was calculated by multiplying
the metabolic activity fraction for each treatment
(siGLI1 or TMZ) individually. If the measured effect was
greater than the projected additive, the co-treatment was
considered synergistic. Conversely, if the measured effect
was less than the projected additive, the co-treatment was
considered antagonistic. Using this analysis method, we
found that co-treating U87-MG cells with siGLI1 and
TMZ produces an additive decrease in metabolic activity
for all TMZ doses tested (Supplementary Figure 3). In
T98G cells, while silencing GLI1 alone significantly
reduced metabolic activity, co-treatment with TMZ
induced an additive therapeutic effect at 250 uM TMZ,
and an antagonistic therapeutic effect was exerted at
higher TMZ doses (Figure 2A, Supplementary Figure 3).
These results suggest that additional signaling mechanisms
are important for regulating GBM cell response to TMZ,
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especially in T98G cells, but support that Hh inhibitors
may improve the anticancer efficacy of low TMZ doses.

We further sought to delineate mechanisms by
which silencing GLI1 may improve GBM cell TMZ
response. Previous research has demonstrated that GLI1
transcriptionally regulates several transmembrane efflux
transporters, such as MDR1/ABCB1, MRP1, LRP, and
BCRP/ABCG?2, which mediate chemotherapy resistance
in several cancers [27, 37, 38]. Therefore, we asked
whether silencing GLI1 could translate to a net reduction
in GBM cell multidrug efflux activity. To test this, we used
a dye-based efflux activity assay in which intracellular
rhodamine intensity is taken to indicate small molecule
retention. Rhodamine123 is a suitable dye choice for these
experiments because it is a known substrate for multidrug
efflux transporters [39]. In these experiments, U87-MG
and T98G cells were transiently transfected with siGLI1 or
siScr, then incubated with Rhodamine123 for 20 minutes.
The dye was removed and cells were further incubated
in fresh media for an additional 20 minutes. Cells were
then trypsinized and analyzed for Rhodaminel23
intensity by flow cytometry. Flow cytometry analysis
reveals that silencing GLI1 can increase the intracellular
Rhodaminel23 intensity by 2.5-fold in U87-MG cells
and 1.5-fold in T98G cells (Figure 2B, 2C). Therefore,
we conclude that silencing GLI1 can reduce multidrug
efflux activity to improve the retention of small molecule
chemotherapeutics.
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Figure 2: Silencing GLI1 influences GBM cell response to TMZ and reduces multidrug efflux activity. (A) By AlamarBlue
assay, U87-MG and T98G metabolic activity is significantly decreased with combined GLI1 silencing and low-dose TMZ treatment. Data
are shown as mean = standard deviation, p < 0.01 by one-way ANOVA with post-hoc Tukey. (B) Silencing GLII reduces multidrug
efflux activity in both U87-MG and T98G cells. Flow cytometry reveals that silencing GLI1 prior to incubating cells with Rhodamine123
increases cellular Rhodamine123 intensity by 2.5-fold and 1.5-fold in U87-MG and T98G cells, respectively (C). Data are shown as mean
+ standard deviation, p = 0.0008, “p = 0.07 by paired #-test relative to siScr.
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Suppressing Hh signaling modulates p53 and
MGMT expression in GBM cells

Next, we asked whether Hh pathway inhibition
could restore tumor suppressive activity in GBM cells.
To evaluate tumor suppressive activity in U§7-MG and
T98G cells, we used immunofluorescent staining to assess
the relative expression and localization of p53. Wild-type
p53 transcriptionally regulates multiple genes involved in
apoptosis, cell cycle arrest, DNA repair, and senescence in
response to DNA damage such as that induced by hypoxia,
radiation, or chemotherapy [28]. Thus, upregulation of
wild-type p53 should induce tumor suppressive functions
to mediate GBM cell death in response to chemotherapy.
The role of mutant p53 in GBM is more poorly understood,
and mutant p53 may promote both tumor suppressive and
tumorigenic cell signaling. Both wild-type and mutant p53
are represented in this study, where U87-MG cells express
wild-type p53 and T98G cells express a mutant p53
variant [9]. Cells seeded on coverslips were treated with
the pharmacological GLI inhibitor GANT61 [40] for 48
hours, then stained for p53 and analyzed by quantitative
fluorescence microscopy. We demonstrate that GANT61
significantly increases nuclear p53 by 43.4% in U87-MG
cells (Figure 3A, 3C) and decreases nuclear p53 by 21.5%
in T98G cells (Figure 3B, 3C).
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We further investigated the potential role of MGMT
in T98G resistance to TMZ, since MGMT is expressed
highly in T98G cells. One previous study investigating
other GBM cell lines reported that MGMT can be up-
regulated in response to TMZ [7], so we asked whether
TMZ-mediated upregulation of MGMT could be
driving TMZ resistance in T98G cells. T98G cells were
transfected with siGLI1 or siScr and subsequently treated
with 250-500 uM TMZ for 48 hours, then lysed and
assessed for MGMT expression by Western blotting. Our
results show that MGMT expression is reduced in T98G
cells treated with TMZ in a dose-dependent manner, and
this MGMT downregulation may be enhanced when TMZ
is combined with siGLI1 (Figure 3D). Accordingly, other
mechanisms may be predominantly responsible for T98G
TMZ resistance under Hh pathway inhibition.

Silencing GLI1 does not induce apoptosis in
GBM cells without TMZ co-treatment

Because Hh pathway suppression increased wt-
p53 in U87-MG cells and decreased mut-p53 in T98G
cells, we hypothesized that silencing GLI1 might induce
apoptosis in GBM cells even in the absence of TMZ co-
treatment. To test this, we first evaluated the expression of
proteins downstream of p53 that might be upregulated in
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Figure 3: Hh inhibitors modulate pS3 and MGMT expression in GBM cells. Nuclear p53 staining intensity increases with
GANT61-mediated Hh inhibition in (A, C) U87-MG cells by 43.4%, but decreases in (B, C) T98G cells by 21.5% relative to that in control
cells. Data are shown as mean =+ standard deviation from 3 independent experiments, "p < 0.005 by Student’s #-test. Scale bars = 50 pm.
(D) By Western blotting, T98G MGMT expression decreases in a TMZ-dependent manner. TMZ-induced downregulation of MGMT may

be potentiated by GLI1 silencing.
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pS53-mediated apoptosis. Contrary to our expectation, in
U87-MG cells treated with siGLI1, we observed decreases
in Rb, p21, Bid, and MDM2 expression (Figure 4A). In
T98G cells, we observed slight increases in PTEN and
PUMA expression and decreases in Rb, Fas, Bid, and
MDM2 expression by Western blotting (Figure 4A).
To validate these surprising results and ensure that
pS53-mediated apoptosis was not occurring by another
signaling mechanism, we used AnnexinV-FITC/PI
staining to directly assess apoptosis in cells treated under
identical conditions. Surprisingly, we observed a slight
but insignificant increase in the fraction of apoptotic cells
(AnnexinV+, PI+) following GLI1 silencing, with 14 +
3.6 % of cells treated with siGLI1 staining AnnexinV+
versus 9.9 + 0.9% of cells treated with siScr (Figure 4B).
Therefore, we concluded that direct induction of apoptosis
by a p53-dependent mechanism is unlikely to cause
the previously observed decreases in proliferation and
metabolic activity with GLI1 silencing.

Silencing GLI1 induces senescence in GBM cells
in a manner dependent on the absence of PTEN

Our studies produced the surprising result that
although silencing GLI1 reduces GBM cellular metabolic

A U8s7-MG T98G B

»

D

(@)

X

[2)

U87-MG T98G Z

(@)

N N Y N
C & L& NS
SEELSE L

54k- W wem wew | PTEN
ABK- | e w————_ | 3 _actin
23k- B e | PUMA

activity alone and in combination with TMZ and
modulates p53 expression, this does not significantly
induce apoptosis in the absence of TMZ co-treatment.
Therefore, we asked whether we could be observing
senescence rather than apoptosis in response to siGLI1
alone. To test this, we used senescence associated
B-galactosidase (SAPGal) staining to identify senescent
cells following GLI1 silencing. We observed a marked
increase in SAPGal staining (Figure 5A) in US87-
MG cells treated with siGLI1, but not in T98G cells.
Interestingly, previous research has identified that loss
of PTEN can induce premature senescence, which may
have a compensatory role for apoptosis in this context
[41]. Because U87-MG cells exhibit loss of PTEN while
T98G cells do not (Figure 4A), we hypothesized that loss
of PTEN might explain the observed senescent phenotype
in response to siGLI1. Indeed, we observed that inducing
PTEN expression reversed this behavior; co-transfecting
U87-MG cells with siGLI1 and a control plasmid (pHA)
significantly increased SAPGal staining by 2.3-fold
relative to cells co-transfected with siScr and pHA, while
co-transfection with siGLI1 and pPTEN reversed this
phenotype (Figure 5B, 5C). Therefore, we concluded that
silencing GLI1 induces senescence in a manner dependent
on the absence of PTEN.
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Figure 4: Silencing GLI1 does not correlate with apoptosis in GBM cells. (A) By Western blotting, proteins associated with
apoptosis induction do not increase with GLI1 silencing. (B) GLI1 silencing does not significantly increase AnnexinV-FITC/PI staining, #
no significant difference in the fraction of viable, early apoptotic, late apoptotic, or necrotic cells by one-way ANOVA with posthoc Tukey.

www.oncotarget.com

27005

Oncotarget



Hh inhibition and TMZ co-treatment promotes
apoptosis in neurospheres and impairs
neurosphere growth

Having established that Hh inhibition induces
senescence in a loss of PTEN-dependent manner as a
standalone therapy, we were interested in the fate of GSCs
co-treated with Hh inhibitors and TMZ. To model this, we
used an in vitro model of neurosphere formation in which
neurospheres were grown from a single cell suspension
in serum-free, chemically-defined medium. Importantly,
GBM cells grown as neurospheres are more sensitive to
clinically-relevant TMZ doses than GBM cells grown in
adherent culture [42], so we anticipated that neurospheres
would be a more appropriate model to elucidate the effects
of Hh inhibition and TMZ co-treatment. We validated
that U87-MG cells grown as neurospheres are more
stem-like than adherent cells using qPCR to measure
changes in the expression of genes associated with this
phenotype (Supplementary Figure 4). We found that U87-
MG neurospheres exhibit a 10-fold increase in CD133
expression and a 5-fold increase in Nanog expression
(Supplementary Figure 4). Next, we investigated the extent
of apoptosis induced in U§7-MG GBM neurospheres by
co-treatment with GANT61 and TMZ using AnnexinV/
PI staining. We found that, as a monotherapy, only the
highest tested GANTO61 dose (15 uM) is sufficient to
induce a significant increase in apoptotic (AnnexinV+,
PI+) cells relative to untreated controls (Figure 6A, 6B,
Supplementary Figure 5), which increased the fraction
of apoptotic cells to 41%. While TMZ alone induces

apoptosis in 54% of cells, the addition of 10 or 15 uM
GANT®61 significantly increases the fraction of apoptotic
(AnnexinV+, PI+) cells to 83% or 93%, respectively
(Figure 6A, 6B, Supplementary Figure 5). Further, synergy
analysis using the previously described method revealed
that co-treating U87-MG neurospheres with TMZ and 10
or 15 uM GANT61 produced a statistically significant
synergistic decrease in the fraction of viable (AnnexinV-,
PI-) cells (Supplementary Figure 6). This data supports the
hypothesis that co-treatment with TMZ and GANT61 may
cooperatively promote apoptosis in GBM neurospheres.
We next investigated the consequences of GANTO61/
TMZ-mediated apoptosis on neurosphere growth. Using
brightfield microscopy, we observed a striking decrease in
neurosphere size induced by GANT61/TMZ co-treatment
and correlating with increased doses of GANT61 (Figure
6C, 6D; Supplementary Figure 7). Quantitative image
analysis also revealed that GANT61 significantly reduced
the number of neurospheres formed with or without co-
treatment with TMZ (Figure 6D).

DISCUSSION

In this study, we evaluated the therapeutic potential
of Hh pathway inhibition as an adjuvant to TMZ
chemotherapy using in vitro models of GBM. Through this
work, we sought to identify key molecular and phenotypic
changes that occur in GBM cells because of co-treatment
with Hh pathway inhibitors and TMZ. We found that
silencing GLI1 before administering TMZ to GBM cells
enhanced the cytotoxic effects of chemotherapy, and this
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Figure 5: Silencing GLI1 induces senescence in U87-MG cells in a manner dependent on the absence of PTEN. (A)
SAPBGal staining (teal) demonstrates that silencing GLI1 induces senescence in U87-MG cells. (C) Quantitative image analysis across
three independent experiments confirms that (B) PTEN expression reverses siGLI1-induced senescence, “p < .05 by one-way ANOVA

with post-hoc Tukey test.
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Figure 6: Hh inhibitors and TMZ cooperatively promote apoptosis in U§7-MG neurospheres and suppress neurosphere
growth. (A) Flow cytometric scatterplots displaying AnnexinV-FITC and PI staining intensities in U87-MG cells grown as neurospheres
in medium containing GANT61 (0 or 10 pM) and TMZ (0 or 50 uM TMZ) from one representative experiment. (B) The fraction of
apoptotic (AnnexinV+) U87-MG cells grown as neurospheres in medium containing GANT61 and TMZ (50 pM TMZ), summarized
across 3 independent experiments. Data shown are means + standard deviation from 3 independent experiments, “p < 0.05, “p < 0.01 by
one-way ANOVA with post-hoc Fisher’s least significant difference test. (C) Representative brightfield images of U87-MG neurospheres
grown for one week in medium containing GANT61 and TMZ (10 uM TMZ). Scale bar = 500 pm. (D) (Left) Number of spheres counted
by automated image analysis, averaged across 9 independent replicates. Data shown are means + standard deviation from 9 independent
experiments, “p < 0.05, “p < 0.01 by one-way ANOVA with post-hoc Tukey test. (Right) Sphere size (projected area) as determined by
automated image analysis from one representative experiment.
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effect is likely dependent on the status of additional GBM-
promoting genes. Further, this enhanced TMZ cytotoxicity
correlated with a decrease in multidrug efflux activity and
an increase in wild-type p53, a key mediator of apoptosis,
cell cycle arrest, and senescence [28]. Interestingly, the
increase in p53 observed in U87-MG cells did not induce
apoptosis, but instead triggered senescence in a manner
dependent on the loss of PTEN expression. Finally,
we found that co-treating GBM cells in neurosphere
culture with Hh pathway inhibitors and TMZ promotes
apoptosis and reduces neurosphere formation, suggesting
an inhibition of glioma stem cell-like behavior. Overall,
this work provides evidence that Hh pathway inhibition
may overcome cellular mechanisms that promote TMZ
resistance, and the data warrant continued investigation of
this combination treatment.

Previous research has demonstrated that Hh
inhibition through gene regulatory or pharmacological
means can sensitize GBM cells to TMZ [18, 23, 43] and
has suggested a number of possible mechanisms to support
these findings. Although many researchers either do not
observe MGMT expression in U87-MG cells [9, 30, 31] or
observe very little MGMT expression [44, 45], one study
reported that GANT61-mediated Hh pathway suppression
improved TMZ sensitivity by repressing MGMT and
Notch proteins in U87 and U251 cells [43]. Consistently,
another investigation reported that targeting both Hh and
Notch signaling could further improve TMZ sensitivity
in GBM cells [18]. In the present study, we demonstrate
that silencing GLI1 prior to TMZ treatment can additively
improve chemotherapeutic efficacy in U87-MG cells
cultured in adherent conditions (Figure 2A). Notably,
U87-MG cells are highly refractory to TMZ treatment
in adherent culture. This is evident in that minimal U87-
MG toxicity is observed for TMZ doses up to 500 uM,
approximately 10-fold higher than the maximum clinically
feasible TMZ dose [46]. Accordingly, it is encouraging
that the therapeutic benefit afforded by co-treatment was
most prominent for lower TMZ doses, suggesting that
the combination of Hh inhibitors and low-dose TMZ
may improve treatment outcomes while mitigating off-
target toxicity. We can extend these findings to U87-MG
cells grown in neurosphere culture, thought to be more
representative of a GSC-rich population. Interestingly, we
observed a synergistic, or greater than additive, therapeutic
effect induced by co-treatment with GANT61 and TMZ in
these models (Figure 6A, 6B, Supplementary Figure 6). We
suspect this is because Hh signaling is upregulated in GSCs
relative to differentiated GBM cells [18], and neurospheres
may consequently be more sensitive to its suppression.
Additionally, some GBM cell lines grown as neurospheres
exhibit greater sensitivity to chemotherapeutic agents
including carmustine and TMZ than GBM cell lines grown
in adherent culture [42]. Surprisingly, and in contrast to
our observations in U87-MG cells, our studies show that
silencing GLI1 prior to treating T98G cells with TMZ

chemotherapy at doses greater than 250 uM produced an
antagonistic therapeutic effect (Figure 2A, Supplementary
Figure 3). Though we initially hypothesized that this could
be due to MGMT upregulation, we found that siGLI1/
TMZ co-treatment decreases MGMT expression at TMZ
doses greater than 250 uM (Figure 3D), and we concluded
that other mechanisms are responsible for this antagonistic
therapeutic effect. We speculate that this may occur because
silencing GLI1 may relieve GLI1-mediated suppression of
mutant p53, which can oppose TMZ cytotoxicity [10, 28].
These studies warrant future investigation to delineate the
cause of this differential drug response.

Further, Hh signaling has been linked to the
upregulation of drug efflux transporters that reduce
the intracellular concentration of small molecule
chemotherapeutics, rendering them ineffective and
imparting drug resistance [27, 37, 38, 47]. While several
investigations have shown that Hh inhibition decreases
the expression of one or more such transporters at the
protein level, we demonstrate here that silencing GLI1
does produce a net decrease in multidrug efflux activity.
In these studies, we used Rhodaminel23 as a tracer dye
to indicate efflux activity, as Rhodaminel123 is a known
substrate for such transporters. Our data show that
silencing GLI1 prior to incubating U87-MG cells with
Rhodaminel23 can significantly improve intracellular
dye intensity, and therefore retention, by ~2.5-fold. T98G
cells exhibit a slight but statistically insignificant increase
in Rhodamine123 retention (Figure 2B, 2C). These results
are consistent with our chemosensitization studies, which
revealed that silencing GLI1 increases TMZ response in
U87-MG cells to a much greater degree than in T98G cells.

It is also of great importance to consider the impact
Hh inhibition might have on signaling pathways with well-
established significance in TMZ resistance. Both wild-type
and mutant p53 have been implicated in the progression
and therapeutic response of GBM tumors. Wild-type p53
is well known to mediate apoptosis, cell cycle arrest,
and senescence in response to genotoxic stress through a
complex tumor suppressive signaling network. Despite the
presence of altered p53 in 25-30% of primary GBM cases
[28], much remains unknown regarding the phenotypic
consequences of p53 mutants on GBM progression.
Previous research has identified a GLI1-p53 negative
feedback loop present in neural stem cells and brain tumor
cells, where GLI1 knockdown was found to increase both
p53 and active phospho-serinel5 p53 in U87-MG cells
[48]. However, additional signaling mechanisms also
regulate the inverse relationship between GLI1 and p53.
Upstream of GLI1, constitutively activated Smoothened
mutants upregulate MDM2, which then represses p53
tumor suppression activity [49]. A Hh-p53 negative
regulatory loop is further maintained due to competitive
GLI1 and p53 binding to the coactivator TATA Binding
Protein Associated Factor 9 (TAF9) [50] and Nanog-
mediated upregulation of GLI1 and downregulation of
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p53 [51]. Consistent with these prior findings, we have
demonstrated that pharmacological GLI inhibition can
increase p53 expression U87-MG cells. However, we also
report the surprising result that this relationship is not
conserved in T98G cells (Figure 3A-3C).

Because Hh pathway suppression increased wt-
p53 in U87-MG cells and decreased mut-p53 in T98G
cells, we hypothesized that silencing GLI1 might induce
apoptosis in GBM cells, even in the absence of TMZ
co-treatment. To test this, we assessed the expression of
proteins downstream of p53 known to mediate apoptosis.
Surprisingly, we did not find increased expression of
proteins involved in p53-mediated apoptosis (Figure 4A),
nor did we observe significant increases in AnnexinV-
FITC/PI staining with GLI1 silencing (Figure 4B). This
unexpected result led us to consider senescence as an
alternative explanation for the observed decreases in
proliferation and metabolic activity with siGLI1 alone.
Interestingly, we did find that silencing GLI1 induced a
senescent phenotype in U87-MG cells but not in T98G
(Figure SA). While silencing GLI1 and GLI2 has recently
been demonstrated to induce senescence to restore
chemosensitivity in melanoma cells [52], Hh signaling
has not yet been linked to senescence in GBM. Thus,
our results provide novel insight into Hh signaling as a
means of evading senescence in GBM cells. Further,
previous research has identified that loss of PTEN
can induce premature senescence, which may have a
compensatory role for apoptosis in this context [41]. Here,
we demonstrate that while siGLI1 induces senescence,
expressing PTEN simultaneously with GLI1 silencing
can prevent this phenotype (Figure 5B). While p53 and
loss of PTEN have both been implicated in glioma cell
senescence, we report the novel finding that senescence
can also be induced by Hh pathway suppression in the
absence of PTEN. While much remains unknown about
the role of senescence in tumor progression, senescence
is thought to suppress tumor growth in that senescent
cells no longer exhibit limitless replicative potential [53].
However, senescent cells that have incurred DNA damage
also acquire a senescence-associated secretory phenotype
(SASP), in which senescent cells secrete pro-inflammatory
factors that can promote tumor progression [54]; this
warrants future research on the effects of siGLI1-induced
SASP on GBM progression.

Also heavily implicated in TMZ resistance,
MGMT is a DNA repair enzyme that removes alkyl
groups transferred to the O° position of guanine by TMZ
to oppose drug toxicity. Though MGMT expression is
primarily regulated epigenetically [8], a GLI1-binding
domain has been identified within the MGMT promoter in
medulloblastoma [32], and Hh inhibition has been linked
to MGMT downregulation in GBM cell lines [27, 43].
Further, additional reports have sought to relate MGMT
expression to TMZ treatment [7, 44, 55], though no
consensus has been reached on whether TMZ modulates

MGMT expression. For example, one study reported
that exposing GBM cell lines to TMZ in a cyclic manner
(3 days of treatment followed by 3 days without drug,
repeated twice) resulted in MGMT protein upregulation
in SF268 GBM and SK-N-SH neuroblastoma cell lines
[7]. Another recent report demonstrated that MGMT
protein levels are not altered following 72 hours of 10
pM TMZ exposure in T98G GBM cells [44]. In the
present study, we observed a dose-dependent decrease
in MGMT expression by T98G cells following treatment
with 250-500 uM TMZ for 48 hours (Figure 3D). There
are numerous possible explanations for this discrepancy,
as MGMT is regulated by several factors, including
mutant p53 [9], MEK-ERK [56], mTOR [44], hypoxia
[15, 57], and microRNAs [58, 59]. Further, the TMZ dose-
dependent MGMT decrease we observed is enhanced
with GLI1 silencing (Figure 3D). Our data indicate that
TMZ treatment and GLI1 silencing cooperatively deplete
MGMT expression, which is consistent with previous
reports [27, 43]. Our studies, along with previous research,
highlight the importance of investigating combination
therapies in multiple GBM models to better understand
differential response to treatment and predict efficacious
therapy combinations.

Having established that Hh inhibition induces
senescence in a loss of PTEN-dependent manner as a
standalone therapy, we were interested in the fate of GBM
neurospheres co-treated with Hh inhibitors and TMZ. Our
studies revealed that pharmacological Hh inhibition with
GANT61 in combination with TMZ can induce apoptosis
in U87-MG neurospheres, which consequently reduces
both neurosphere size and the number of neurospheres
formed (Figure 6A—6D, Supplementary Figures 5-7).
Interestingly, our studies reveal that while TMZ as a
monotherapy reduces the number of large spheres (imaged
area >1 x 10° pm?) with no significant change in the
total number of spheres, the addition of GANT61 does
significantly reduce the sphere count. This is supported
by previous work, which shows that pharmacological
or genetic Hh pathway suppression, but not TMZ alone,
can prevent GSC tumorigenicity in mice [23], and Hh
and Notch pathway inhibition enhances TMZ sensitivity
in CD133+ stem-like cells [18]. Our results demonstrate
that GANT61/TMZ co-treatment suppresses the growth
of anchorage-independent U87-MG cells thought to be
more representative of a GSC-rich subpopulation. Taken
together with our previous results, this suggests that
senescence mediated by siGLI1 monotherapy is indeed
tumor suppressive and potentiates the effects of TMZ
chemotherapy.

Our studies indicate that Hh pathway suppression
may enhance the cytotoxic effects of TMZ against GBM,
particularly those expressing low levels of MGMT
and wild-type p53. We demonstrated that Hh inhibition
reduces multidrug efflux activity, modulates p53 and
MGMT expression, induces senescence dependent on
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the absence of PTEN, and reduces the growth of glioma
cells exhibiting a stem-like phenotype. Overall, our data
highlight the importance of investigating how Hh-targeted
therapies interact with pathways that promote cellular
resistance mechanisms to ultimately achieve maximal
tumor reduction and prevent recurrence.

MATERIALS AND METHODS

Cell culture and transient transfections

U87-MG and T98G cells were purchased from
American Type Culture Collection (ATCC, Manassas,
VA) and cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS). Cells were maintained in a humidified incubator
at37° C, 5% CO,. RNA interference was performed using
Dharmafect 1 (Dharmacon, Lafayette, CO) according to
the manufacturer’s protocol to deliver 100 nM siRNA
(Integrated DNA Technologies, Coralville, IA) to cells
at approximately 50-60% confluence. Four hours post-
transfection, media containing transfection reagents
was removed and replaced with fresh media, and cells
were incubated at 37° C, 5% CO, for 72 hours prior to
continued experimentation. siRNA sequences used in this
study are as follows (written 5’ to 3'): siGLI1 sense: CCA
GGA AUU UGA CUC CCA ATT, siGLI1 antisense: UUG
GGA GUC AAA UUC CUG GCT, siScramble (siScr)
sense: GUG CAC CAA CGA CUU AUC ATT, siScr
antisense: UGA UAA GUC GUU GGU GCA CT. Plasmid
DNA transfections were performed using Mirus TransIT
X2 (Mirus Bio LLC, Madison, WI) to deliver 25 ng/mL
pcDNA3-FLAG PTEN (Addgene #78777) or pcDNA3-
FLAG HA (Addgene #10792) to cells at approximately
80% confluence. Twenty-four hours post-transfection,
media containing transfection reagents was removed and
replaced with fresh media, and cells were incubated at
37° C, 5% CO, for 48 hours prior to analysis.

Immunofluorescent staining and image analysis

Cells were seeded on coverslips in 24-well plates
and grown overnight prior to treatment with either Hh
activating agents or Hh inhibitors. For Hh activation
experiments, cells were treated with recombinant human
sonic hedgehog (rhShh) (R&D Systems, Minneapolis,
MN) at 25 ng/ml to induce Hedgehog signaling and were
incubated 48 hours at 37° C, 5% CO,. For chemical Hh
inhibition experiments, cells were treated with 10 uM
GANT61 (Cayman Chemical Company, Ann Arbor,
MI) and were incubated 48 hours at 37° C, 5% CO,.
Subsequently, coverslips were washed in phosphate
buffered saline (PBS), fixed in ice-cold acetone (for GLI1
staining) or 4% formaldehyde (for p53 staining), and
blocked in PBS containing 1% bovine serum albumin
(BSA), 0.2% cold-fish gelatin, and 0.1% Tween-20

for 1 hour at room temperature. Coverslips were then
probed with antibodies under the following conditions:
1:500 rabbit anti-GLI1 (Proteintech, Rosemont, IL) or
1:500 mouse anti-p53 (Santa Cruz Biotechnology, Santa
Cruz, CA) diluted in blocking buffer at 4° C overnight,
followed by incubation with AlexaFluor 488-conjugated
secondary antibodies diluted in blocking buffer (1:1000,
ThermoFisher Scientific, Waltham, MA) for 1 hour at
room temperature. Cells were rinsed in PBS supplemented
with 0.1% Tween-20, counterstained with 4”,6-diamidino-
2-phenylindole (DAPI) to identify nuclei and phalloidin
to identify actin cytoskeleton (Cell Signaling Technology,
Danvers, MA), mounted on slides using gelvatol, and
imaged on a Zeiss AxioObserver.Z1 microscope (Zeiss,
Thornwood, NY). For each condition, 25 images were
acquired from the central region of the coverslip using
automated X, Y, and focus positioning.

Each image set was checked by a masked observer
for out of focus images, which were discarded from
analysis, resulting in sets of 22-25 images encompassing a
minimum of 1000 cells per set. Each image was analyzed
using a custom image analysis script in MATLAB
(2016a; Mathworks, Natick, MA). Briefly, the image
was segmented into nuclear and cytoplasmic regions and
mean staining intensity was determined for each region.
To identify the nuclear compartment, the DAPI stain was
normalized and thresholded. To identify the cytoplasmic
compartment, the phalloidin stain was normalized,
morphologically closed with a 6 um disk element, and
thresholded. The thresholded stains were used as masks to
determine the mean intensity of GLI1 and p53 staining in
the two components. Data was analyzed frame by frame
and averaged within each set.

Western blotting

Protein samples were prepared by lysing cells in
radioimmunoprecipitation assay (RIPA) buffer (Amresco,
Solon, OH) supplemented with 2X Halt Protease and
Phosphatase Inhibitor Cocktail (ThermoFisher Scientific,
Waltham, MA) on ice. Sample protein concentration was
measured using a detergent-compatible modified Lowry
assay (Bio-Rad, Hercules, CA) relative to a BSA standard.
Lysate was denatured in Laemmli buffer (Amresco, Solon,
OH) at 99° C for 20 minutes, and 30 pg protein was loaded
per well in a Bolt® 4-12% Bis-Tris gel (ThermoFisher
Scientific, Waltham, MA) and separated by electrophoresis
at 135V for 1 hour. Protein was transferred to a 0.45 um
nitrocellulose membrane, which was subsequently blocked
in 5% nonfat milk in tris-buffered saline containing 0.1%
Tween-20 (TBST). Membranes were probed with primary
antibodies at 4° C overnight, followed by incubation with
anti-rabbit (1:25000) or anti-mouse (1:25000) horseradish
peroxidase-conjugated secondary antibodies (Kirkegaard
& Perry Laboratories, Inc., Gaithersburg, MD) for 1 hour
at room temperature. Primary antibodies were obtained
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from Cell Signaling Technology (Danvers, MA) (MGMT,
o-tubulin, B-actin) or Santa Cruz Biotechnology (Rb,
p21, PTEN, PUMA, Bid, MDM2). Protein bands were
detected by chemiluminescence using VisiGlo™ Select
Chemiluminescent Substrate (Amresco, Solon, OH) and
imaged on a ChemiDoc-It? Imager (UVP, Upland, CA).

Senescence analysis

Cells were seeded in 24-well plates at a density
of 25,000 cells/well and cultured overnight prior
to transfection with siGLI1 or pPTEN (or relevant
controls). Cellular senescence was analyzed using a
Senescence Associated p-Galactosidase (SAPGal) kit
(Cell Signaling Technology, Danvers, MA) according to
the manufacturer’s protocol. Stained cells were imaged
using a Zeiss Axioobserver.Z1 microscope equipped
with a color camera. For each condition, 25 images were
acquired from the central region of the well plate using
automated X, Y, and focus positioning. SABGal staining
was quantified using a custom MATLAB script. Briefly,
cells were segmented from brightfield images using the
Sobel method. RGB images were converted to HSV
colorspace, and positive SABGal staining regions within
cells were thresholded using hue values from 0.265-0.58.
The total area of SAPGal-positive regions was divided by
the total area occupied by cells to obtain the fraction of
SAPGal-positive area for each condition.

Dose response, viability assay, and synergy
assessment

GBM cytoxicity induced by temozolomide (TMZ,
reconstituted in DMSO; Sigma-Aldrich, St. Louis, MO)
chemotherapy was investigated following Hedgehog
inhibition by silencing GLI1. Cells were seeded in
96-well plates at 5000 cells/well and transfected with
siGLI1 (or siScr) as described above. Subsequently,
cells were treated with increasing TMZ dosages (0—1500
uM) for 48 hours, and viability was assessed using an
AlamarBlue assay (ThermoFisher Scientific, Waltham,
MA) according to the manufacturer’s protocol with a
2-hour AlamarBlue incubation. Fluorescence intensity
(Ex 550 nm/Em 585 nm) was recorded using a Synergy
H1 Plate Reader (BioTek, Winooski, VT). Cells
transfected with siScr and receiving no TMZ were taken
to exhibit 100% metabolic activity, and cells treated with
DMSO equivolume to the highest TMZ dosage diluted
in media were used to verify that toxicity was due to
TMZ treatment rather than DMSO-induced membrane
permeabilization, since TMZ was reconstituted in DMSO
prior to dilution in media.

Therapeutic synergy between GLI1 silencing and
TMZ was assessed using previously reported methods
[60]. For each group co-treated with siGLI1 and TMZ, a
projected additive effect was calculated by multiplying the
fraction of metabolic activity reduced by GLII silencing

alone by the fraction of metabolic activity reduced by
each TMZ dose. Then, the observed metabolic activities
with co-treatment were compared to the projected values
by one-way ANOVA with post-hoc Tukey. Co-treatments
producing metabolic activities statistically greater than the
projected value were taken to be antagonistic, statistically
insignificant from the projected value were taken to be
additive, and statistically lower than the projected value
were taken to be synergistic.

Assessment of drug efflux transporter activity

Rhodaminel123 (Sigma-Aldrich, St. Louis, MO)
efflux was measured to evaluate the impact of Hh/
GLI1 inhibition on multidrug resistance (MDR) efflux
transporter activity because it is a known substrate for
membrane efflux transporters and its fluorescence is
easily detectable [39, 60]. Cells were seeded in 24-well
plates and grown overnight, then transfected with siGLI1
or siScr as described previously. Transfected cells were
subsequently incubated with 5 uM Rhodaminel23 for
20 minutes at 37° C, 5% CO,, then the Rhodamine123-
containing medium was removed, cells were replenished
with fresh media and incubated for another 20 minutes
at 37° C, 5% CO, to allow for efflux. Treated cells were
harvested by trypsinization, fixed in 4% formaldehyde,
resuspended in PBS and analyzed for Rhodaminel23
fluorescence (Ex 488 nm/Em 533/30 nm) by flow
cytometry using a BD Accuri™ C6 cytometer (Becton
Dickinson Biosciences, Franklin Lakes, NJ).

Proliferation assay

Cellular proliferation following Hedgehog inhibition
by GLI1 silencing was evaluated using a Click-iT® EdU
Proliferation Assay (ThermoFisher Scientific, Waltham,
MA). Cells seeded in 24-wells were transfected with
siRNA as described previously and then incubated with 10
uM EdU for 16 hours at 37° C, 5% CO,. Cells were then
harvested by trypsinization, washed in 1% BSA in PBS,
fixed in 4% formaldehyde, permeabilized with 0.05%
saponin, and stained according to the manufacturer’s
protocol. EdU incorporation was measured by flow
cytometry (Ex 488 nm/Em 533/30 nm) using a BD
Accuri™ C6 cytometer (Becton Dickinson Biosciences,
Franklin Lakes, NJ).

Neurosphere growth and apoptosis analysis

Neurospheres were grown from a single-
cell suspension of U87-MG’s in NeuroCult NS-A
(STEMCELL Technologies, Vancouver, BC, Canada)
medium supplemented with recombinant human epidermal
growth factor (EGF, 20 ng/mL), recombinant human basic
fibroblast growth factor (bFGF, 10 ng/mL), and heparin
sulfate (2 pg/mL). Cells were plated in ultra-low adhesion
24-well plates at a density of 10,000 cells/mL for growth
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analysis in medium containing 10 uM TMZ and 10, 15, or
20 uM GANTG61 for one week at 37° C, 5% CO,. Controls
contained DMSO and/or ethanol (which are used to
reconstitute TMZ and GANT61, respectively) at volumes
equivalent to the highest TMZ and/or GANT61 doses used
in the experiment. After one week, neurospheres were
imaged for size and sphere forming efficiency analysis.
Imaging was conducted on a Zeiss AxioObserver.Z1
microscope using automated stage control to image
each well in its entirety. Following acquisition, images
were stitched using Zeiss Efficient Navigation software
(ZEN 2.0; Zeiss) and exported as single field images on
the OME-TIFF standard and analyzed using a custom
MATLAB script. Briefly, the well exterior was discarded
by mapping an active contour to the high gradient region
at the well edge [61]. After discarding the well exterior,
varying background illumination was corrected using
morphological reconstruction-based top-hat and bottom-
hat filters [62] followed by homomorphic filtering. Image
contrast was globally enhanced using homomorphic
filtering and phase-preserving dynamic range compression
and locally enhanced using the CLAHE algorithm
[63, 64]. Following enhancement, spheres were identified
as increases in local image entropy and touching spheres
were separated using watershed-based segmentation.
Automated sphere identification was manually confirmed
for each image analyzed. Sphere growth data were
reported as the average number of spheres per treatment
group across 9 independent replicates, where spheres
were defined as objects with diameter greater than 50
um and eccentricity less than 0.8, and as size (sphere
projected area) distributions for each treatment group. To
evaluate apoptosis in U87-MG neurospheres treated with
TMZ + GANT61, neurospheres grown from a single-cell
suspension at a density of 25,000 cells/mL were harvested
after 6 days growth in NeuroCult NS-A medium + 50
uM TMZ + 0- 15 uM GANT61, trypsinized to a single-
cell suspension, and analyzed using an AnnexinV-FITC/
propidium iodide (PI) staining kit (Cayman Chemical
Company, Ann Arbor, MI) according to the manufacturer’s
protocol. Fluorescence intensity was measured by flow
cytometry analysis using a BD Accuri™ C6 cytometer,
with Annexin V-FITC recorded using Ex 488 nm/Em
533/30 nm (FL-1) and PI recorded using Ex 488nm/Em
670LP (FL-3). Measurements were appropriately corrected
for spillover using standard color correction procedures.

Quantitative real-time polymerase chain reaction
(qPCR)

qPCR was used to confirm that U87-MG
neurospheres exhibit a stem-like phenotype relative to
adherent cultures. Cells were grown as neurospheres
as described previously for one week, then mRNA
was isolated using an Isolate II RNA Mini Kit (Bioline,
Taunton, MA). The relative expression of CD133, Nanog,

and Sox2 were measured using SensiFAST™ SYBR® One-
Step master mix and normalized to that of GAPDH. qPCR
was performed on a LightCycler® 96 (Roche Diagnostics
Corporation, Indianapolis, IN). Primer sequences were
as follows: CDI133 F - GGACCCATTGGCATTCTC,
CD133 R - CAGGACACAGCATAGAATAATC, Nanog
F - AAATTGGTGATGAAGATGTATTCG, Nanog R — GC
AAAACAGAGCCAAAAACG, Sox2 F — AACATGA
TGGAGACGGTGCTGAA, Sox2 R — CAGCCGTTC
ATGTGCGCGTA. Gene expression in cells grown as
neurospheres was compared to that of cells grown in
adherent conditions.

Statistical analysis

Differences between two groups were assessed for
statistical significance by Student’s #-test for each cell line
independently. TMZ dose response data and sphere growth
data were analyzed using a one-way analysis of variance
(ANOVA) with post-hoc Tukey test using MATLAB
software (MathWorks, Natick, MA). Neurosphere
apoptosis data were analyzed using one-way ANOVA with
post-hoc Fisher’s least significant difference test. Flow
cytometry data was analyzed using either FlowJo software
(Tree Star Inc, Ashland, OR) or CFlow software (Becton
Dickinson Biosciences, Franklin Lakes, NJ). Differences
were considered statistically significant at p < 0.05. Data
shown represents the mean = standard deviation of three
independent experimental replicates.

Abbreviations

GBM: glioblastoma multiforme; TMZ:
temozolomide; GSC: glioma stem-like cells; Hh: Hedgehog;
Shh: Sonic hedgehog; EdU: 5-ethynyl-2'-deoxyuridine;
MGMT: O%-methylguanine-DNA methyltransferase

Author contributions

JRM, JTM, JSM, and ESD conceptualized this
research; JRM, JTM, and JSM developed methodology;
JRM and SAI performed experiments; JRM, JTM, JPG
and ESD analyzed data and interpreted results; JRM, JTM,
and ESD wrote and revised the manuscript. All authors
read and approved the final manuscript.

ACKNOWLEDGMENTS AND FUNDING

This project was supported by an Institutional
Development Award (IDeA) from the National Institutes
of General Medical Sciences of the National Institutes
of Health under grant number U54-GM104941. JRM
received support from the Department of Defense through
a National Defense Science and Engineering Graduate
Fellowship. JTM and JPG were supported by NSF CMMI/

www.oncotarget.com

Oncotarget



BIMB 1537256. SAl received support from the University
of Delaware Summer Scholars Program.

CONFLICTS OF INTEREST

The authors declare no competing financial interests.

REFERENCES

1. Ostrom QT, Gittleman H, Liao P, Rouse C, Chen Y,
Dowling J, Wolinsky Y, Kruchko C, Barnholtz-Sloan J.
CBTRUS Statistical Report: Primary Brain and Central
Nervous System Tumors Diagnosed in the United States in
2007-2011. Neuro Oncol. 2014; 16:iv1-iv63. https://doi.
org/10.1093/neuonc/nou223.

2. Weller M, Cloughesy T, Perry JR, Wick W. Standards of
care for treatment of recurrent glioblastoma-are we there
yet? Neuro Oncol. 2013; 15:4-27.

3. Seystahl K, Wick W, Weller M. Therapeutic options
in recurrent glioblastoma — an update. Crit Rev Oncol
Hematol. 2016; 99:389—408. https://doi.org/10.1016/].
critrevonc.2016.01.018.

4.  Stupp R, Hegi ME, Mason WP, van den Bent MJ, Taphoorn
M, Janzer RC, Ludwin SK, Allgeier A, Fisher B, Belanger
K, Hau P, Brandes AA, Gijtenbeek J, et al. Effects of
radiotherapy with concomitant and adjuvant temozolomide
versus radiotherapy alone on survival in glioblastoma in a
randomised phase III study: 5-year analysis of the EORTC-
NCIC trial. Lancet Oncol. 2009; 10:459-66. https://doi.
org/10.1016/S1470-2045(09)70025-7.

5. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher
B, Taphoorn MJ, Belanger K, Brandes AA, Marosi C,
Bogdahn U, Curschmann J, Janzer RC, Ludwin SK, et al.
Radiotherapy plus concomitant and adjuvant temozolomide
for glioblastoma. N Engl J Med. 2005; 352:987-996.

6.  Messaoudi K, Clavreul A, Lagarce F. Toward an effective
strategy in glioblastoma treatment. Part I: resistance
mechanisms and strategies to overcome resistance of
glioblastoma to temozolomide. Drug Discov Today. 2015;
20:899-905. https://doi.org/10.1016/j.drudis.2015.02.011.

7.  Perazzoli G, Prados J, Ortiz R, Caba O, Cabeza L, Berdasco
M, Goénzalez B, Melguizo C. Temozolomide Resistance
in Glioblastoma Cell Lines: Implication of MGMT,
MMR, P-Glycoprotein and CD133 Expression. PLoS
One. 2015; 10:e0140131. https://doi.org/10.1371/journal.
pone.0140131.

8. Hegi ME, Diserens AC, Gorlia T, Hamou MF, de Tribolet
N, Weller M, Kros JM, Hainfellner JA, Mason W, Mariani
L, Bromberg JE, Hau P, Mirimanoff RO, et al. MGMT gene
silencing and benefit from temozolomide in glioblastoma.
N Engl J Med. 2005; 352:997-1003.

9. Wang X, Chen JX, Liu YH, You C, Mao Q. Mutant
TP53 enhances the resistance of glioblastoma cells to
temozolomide by up-regulating O6-methylguanine

10.

11.

12.

13.

14.

15.

17.

18.

20.

21.

22.

DNA-methyltransferase. Neurol Sci. 2013; 34:1421-8.
https://doi.org/10.1007/s10072-012-1257-9.

Hientz K, Mohr A, Bhakta-Guha D, Efferth T. The role of
p53 in cancer drug resistance and targeted chemotherapy.
Oncotarget. 2017; 8:8921-46. https://doi.org/10.18632/
oncotarget.13475.

Gan HK, Cvrljevic AN, Johns TG. The epidermal growth
factor receptor variant III (EGFRvIII): Where wild things
are altered. FEBS J. 2013; 280:5350-70. https://doi.
org/10.1111/febs.12393.

Thorne AH, Zanca C, Furnari F. Epidermal growth factor
receptor targeting and challenges in glioblastoma. Neuro
Oncol. 2016; 18:914—18. https://doi.org/10.1093/neuonc/
nov319.

Codrici E, Enciu AM, Popescu ID, Mihai S, Tanase C.
Glioma Stem Cells and Their Microenvironments: Providers
of Challenging Therapeutic Targets. Stem Cells Int. 2016;
2016:5728438. https://doi.org/10.1155/2016/5728438.
Sampetrean O, Saya H. Characteristics of glioma stem
cells. Brain Tumor Pathol. 2013; 30:209—14. https://doi.
org/10.1007/s10014-013-0141-5.

Liebelt BD, Shingu T, Zhou X, Ren J, Shin SA, Hu J.
Glioma Stem Cells: Signaling, Microenvironment, and
Therapy. Stem Cells Int. 2016; 2016:7849890.

Bradshaw A, Wickremsekera A, Tan ST, Peng L, Davis PF,
Itinteang T. Cancer Stem Cell Hierarchy in Glioblastoma
Multiforme. Front Surg. 2016; 3:21. https://doi.org/10.3389/
fsurg.2016.00021.

Yi Y, Hsieh 1Y, Huang X, Li J, Zhao W. Glioblastoma
Stem-Like Cells: Characteristics, Microenvironment,
and Therapy. Front Pharmacol. 2016; 7:477. https://doi.
org/10.3389/fphar.2016.00477.

Ulasov IV, Nandi S, Dey M, Sonabend AM, Lesniak
MS. Inhibition of Sonic hedgehog and Notch pathways
enhances sensitivity of CD133(+) glioma stem cells to
temozolomide therapy. Mol Med. 2011; 17:103—12. https://
doi.org/10.2119/molmed.2010.00062.

Takezaki T, Hide T, Takanaga H, Nakamura H,
Kuratsu JI, Kondo T. Essential role of the Hedgehog
signaling pathway in human glioma-initiating
cells. Cancer Sci. 2011; 102:1306—-12. https://doi.
org/10.1111/j.1349-7006.2011.01943 x.

Lee Y, Lee JK, Ahn SH, Lee J, Nam DH. WNT
signaling in glioblastoma and therapeutic opportunities.
Lab Invest. 2016; 96:137-50.https://doi.org/10.1038/
labinvest.2015.140.

Takebe N, Miele L, Harris PJ, Jeong W, Bando H, Kahn
M, Yang SX, Ivy SP. Targeting Notch, Hedgehog, and
Wnt pathways in cancer stem cells: clinical update. Nat
Rev Clin Oncol. 2015; 12:445-64. https://doi.org/10.1038/
nrclinonc.2015.61.

Cheng J, Gao J, Tao K. Prognostic role of Glil expression

in solid malignancies: a meta-analysis. Sci Rep. 2016;
6:22184. https://doi.org/10.1038/srep22184.

www.oncotarget.com

27013

Oncotarget



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Clement V, Sanchez P, de Tribolet N, Radovanovic I, Ruiz i
Altaba A. HEDGEHOG-GLI1 Signaling Regulates Human
Glioma Growth, Cancer Stem Cell Self-Renewal, and
Tumorigenicity. Curr Biol. 2007; 17:165-72. https://doi.
org/10.1016/j.cub.2006.11.033.

Wang K, Pan L, Che X, Cui D, Li C. Glil inhibition induces
cell-cycle arrest and enhanced apoptosis in brain glioma
cell lines. J Neurooncol. 2010; 98:319-27. https://doi.
org/10.1007/s11060-009-0082-3.

Sarangi A, Valadez JG, Rush S, Abel TW, Thompson RC,
Cooper MK. Targeted inhibition of the Hedgehog pathway
in established malignant glioma xenografts enhances
survival. Oncogene. 2009; 28:3468-76. https://doi.
org/10.1038/0nc.2009.208.

Wang K, Pan L, Che X, Cui D, Li C. Sonic Hedgehog/GLI,
signaling pathway inhibition restricts cell migration and
invasion in human gliomas. Neurol Res. 2010; 32:975-80.
https://doi.org/10.1179/016164110X12681290831360.

Cui D, Xu Q, Wang K, Che X. Glil is a potential target
for alleviating multidrug resistance of gliomas. J Neurol
Sci.  2010;  288:156—66.  https://doi.org/10.1016/j.
jns.2009.09.006.

England B, Huang T, Karsy M. Current understanding of the
role and targeting of tumor suppressor p53 in glioblastoma
multiforme. Tumour Biol. 2013; 34:2063—-74. https://doi.
org/10.1007/s13277-013-0871-3.

Miao W, Liu X, Wang H, Fan Y, Lian S, Yang X, Wang
X, Guo G, Li Q, Wang S. P53 upregulated modulator of
apoptosis sensitizes drug-resistant U251 glioblastoma
stem cells to temozolomide through enhanced apoptosis.
Mol Med Rep. 2015; 11:4165-73. https://doi.org/10.3892/
mmr.2015.3255.

Bobustuc GC, Baker CH, Limaye A, Jenkins WD, Pearl G,
Avgeropoulos NG, Konduri SD. Levetiracetam enhances
p53-mediated MGMT inhibition and sensitizes glioblastoma
cells to temozolomide. Neuro Oncol. 2010; 12:917-27.
https://doi.org/10.1093/neuonc/noq044.

Munoz JL, Rodriguez-Cruz V, Greco SJ, Nagula V, Scotto
KW, Rameshwar P. Temozolomide Induces the Production
of Epidermal Growth Factor to Regulate MDR1 Expression
in Glioblastoma Cells. Mol Cancer Ther. 2014; 13:2399—
411. https://doi.org/10.1158/1535-7163.MCT-14-0011.

Yoon JW, Gilbertson R, Iannaccone S, Iannaccone P,
Walterhouse D. Defining a role for Sonic hedgehog pathway
activation in desmoplastic medulloblastoma by identifying
GLI1 target genes. Int J Cancer. 2009; 124:109-19. https:/
doi.org/10.1002/ijc.23929.

Huntzicker EG, Estay IS, Zhen H, Lokteva LA, Jackson
PK, Oro AE. Dual degradation signals control Gli protein
stability and tumor formation. Genes Dev. 2006; 20:276—81.
https://doi.org/10.1101/gad.1380906.GENES.

Pasca di Magliano M, Hebrok M. Hedgehog signalling in
cancer formation and maintenance. Nat Rev Cancer. 2003;
3:903—11. https://doi.org/10.1038/nrc1229.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Amakye D, Jagani Z, Dorsch M. Unraveling the therapeutic
potential of the Hedgehog pathway in cancer. Nat Med.
2013; 19:1410-22. https://doi.org/10.1038/nm.3389.

Sims-Mourtada J, 1zzo JG, Apisarnthanarax S, Wu TT,
Malhotra U, Luthra R, Liao Z, Komaki R, van der Kogel A,
Ajani J, Chao KS. Hedgehog: an attribute to tumor regrowth
after chemoradiotherapy and a target to improve radiation
response. Clin Cancer Res. 2006; 12:6565-72. https://doi.
org/10.1158/1078-0432.CCR-06-0176.

Munoz JL, Rodriguez-Cruz V, Ramkissoon SH, Ligon
KL, Greco SJ, Rameshwar P. Temozolomide resistance
in glioblastoma occurs by miRNA-9-targeted PTCHI,
independent of sonic hedgehog level. Oncotarget. 2015;
6:1190-201. https://doi.org/10.18632/oncotarget.2778.
Sims-Mourtada J, Izzo JG, Ajani J, Chao KS. Sonic
Hedgehog promotes multiple drug resistance by regulation
of drug transport. Oncogene. 2007; 26:5674-9. https://doi.
org/10.1038/sj.onc.1210356.

Forster S, Thumser AE, Hood SR, Plant N. Characterization
of thodamine-123 as a tracer dye for use in in vitro drug
transport assays. PLoS One. 2012; 7:¢33253. https://doi.
org/10.1371/journal.pone.0033253.

Lauth M, Bergstrom A, Shimokawa T, Toftgard R.
Inhibition of GLI-mediated transcription and tumor cell
growth by small-molecule antagonists. Proc Natl Acad
Sci U S A. 2007; 104:8455-60. https://doi.org/10.1073/
pnas.0609699104.

Lee JJ, Kim BC, Park MJ, Lee YS, Kim YN, Lee BL,
Lee JS. PTEN status switches cell fate between premature
senescence and apoptosis in glioma exposed to ionizing
radiation. Cell Death Differ. 2011; 18:666—77. https://doi.
org/10.1038/cdd.2010.139.

Mihaliak AM, Gilbert CA, Li L, Daou MC, Moser RP,
Reeves A, Cochran BH, Ross AH. Clinically relevant doses
of chemotherapy agents reversibly block formation of
glioblastoma neurospheres. Cancer Lett. 2010; 296:168-77.
https://doi.org/10.1016/j.canlet.2010.04.005.

Li J, Cai J, Zhao S, Yao K, Sun Y, Li Y, Chen L, Li R,
Zhai X, Zhang J, Jiang C. GANT61, a GLI inhibitor,
sensitizes glioma cells to the temozolomide treatment. J
Exp Clin Cancer Res. 2016; 35:184. https://doi.org/10.1186/
s13046-016-0463-3.

Smalley S, Chalmers AJ, Morley SJ. mTOR inhibition
and levels of the DNA repair protein MGMT in T98G
glioblastoma cells. Mol Cancer. 2014; 13:144. https://doi.
org/10.1186/1476-4598-13-144.

Kohsaka S, Wang L, Yachi K, Mahabir R, Narita T, Itoh
T, Tanino M, Kimura T, Nishihara H, Tanaka S. STAT3
Inhibition Overcomes Temozolomide Resistance
Glioblastoma by Downregulating MGMT Expression.
Mol Cancer Ther. 2012; 11:1289-99. https://doi.
org/10.1158/1535-7163.MCT-11-0801.

Biswas NK, Chandra V, Sarkar-Roy N, Das T, Bhattacharya
RN, Tripathy LN, Basu SK, Kumar S, Das S, Chatterjee

in

www.oncotarget.com

27014

Oncotarget



47.

48.

49.

50.

51.

52.

53.

54.

55.

A, Mukherjee A, Basu P, Maitra A, et al. Variant allele
frequency enrichment analysis in vitro reveals sonic
hedgehog pathway to impede sustained temozolomide
response in GBM. Sci Rep. 2015; 5:7915. https://doi.
org/10.1038/srep07915.

Amable L, Fain J, Gavin E, Reed E. Glil contributes to
cellular resistance to cisplatin through altered cellular
accumulation of the drug. Oncol Rep. 2014; 32:469-74.
https://doi.org/10.3892/0r.2014.3257.

Stecca B, Ruiz i Altaba A. A GLI1-p53 inhibitory loop
controls neural stem cell and tumour cell numbers. EMBO
J.2009; 28:663-76. https://doi.org/10.1038/emboj.2009.16.

Abe Y, Oda-Sato E, Tobiume K, Kawauchi K, Taya Y,
Okamoto K, Oren M, Tanaka N. Hedgehog signaling
overrides p53-mediated tumor suppression by activating
Mdm2. Proc Natl Acad Sci U S A. 2008; 105:4838-43.
https://doi.org/10.1073/pnas.0712216105.

Yoon JW, Lamm M, lannaccone S, Higashiyama N, Leong
KF, Iannaccone P, Walterhouse D. P53 modulates the
activity of the GLI1 oncogene through interactions with
the shared coactivator TAF9. DNA Repair (Amst). 2015;
34:9-17. https://doi.org/10.1016/j.dnarep.2015.06.006.
Zbinden M, Duquet A, Lorente-Trigos A, Ngwabyt SN,
Borges I, Ruiz i Altaba A. NANOG regulates glioma stem
cells and is essential in vivo acting in a cross-functional
network with GLI1 and p53. EMBO J. 2010; 29:2659-74.
https://doi.org/10.1038/emboj.2010.137.

Faido-Flores F, Alves-Fernandes DK, Pennacchi PC, Sandri
S, Vicente AL, Scapulatempo-Neto C, Vazquez VL, Reis
RM, Chauhan J, Goding CR, Smalley KS, Maria-Engler
SS. Targeting the hedgehog transcription factors GLI1 and
GLI2 restores sensitivity to vemurafenib-resistant human
melanoma cells. O ncogene. 2017; 36:1849—61. https://doi.
org/10.1038/0nc.2016.348.

Campisi J, d’Adda di Fagagna F. Cellular senescence: when
bad things happen to good cells. Nat Rev Mol Cell Biol.
2007; 8:729-40. https://doi.org/10.1038/nrm2233.

Coppé JP, Desprez PY, Krtolica A, Campisi J. The
Senescence-Associated Secretory Phenotype: The Dark Side
of Tumor Suppression. Annu Rev Pathol. 2010; 5:99—118.
https://doi.org/10.1146/annurev-pathol-121808-102144.

Stepanenko AA, Andreieva SV, Korets KV, Mykytenko DO,
Baklaushev VP, Huleyuk NL, Kovalova OA, Kotsarenko
KV, Chekhonin VP, Vassetzky YS, Avdieiev SS, Dmitrenko

56.

57.

58.

59.

60.

61.

62.

63.

64.

VV. Temozolomide promotes genomic and phenotypic
changes in glioblastoma cells. Cancer Cell Int. 2016; 16:36.
https://doi.org/10.1186/s12935-016-0311-8.

Sato A, Sunayama J, Matsuda KI, Seino S, Suzuki K,
Watanabe E, Tachibana K, Tomiyama A, Kayama T,
Kitanaka C. MEK-ERK signaling dictates DNA-repair gene
MGMT expression and temozolomide resistance of stem-
like glioblastoma cells via the MDM2-p53 axis. Stem Cells.
2011; 29:1942-51. https://doi.org/10.1002/stem.753.
Fidoamore A, Cristiano L, Antonosante A, d’Angelo M, Di
Giacomo E, Astarita C, Giordano A, Ippoliti R, Benedetti E,
Cimini A. Glioblastoma Stem Cells Microenvironment: The
Paracrine Roles of the Niche in Drug and Radioresistance.
Stem Cells Int. 2016; 2016:6809105. https://doi.
org/10.1155/2016/6809105.

Khalil S, Fabbri E, Santangelo A, Bezzerri V, Cantu
C, Di Gennaro G, Finotti A, Ghimenton C, Eccher A,
Dechecchi M, Scarpa A, Hirshman B, Chen C, et al. miRNA
array screening reveals cooperative MGMT-regulation
between miR-181d-5p and miR-409-3p in glioblastoma.
Oncotarget. 2016; 7:28195-206. https://doi.org/10.18632/
oncotarget.8618.

Gao YT, Chen XB, Liu HL. Up-regulation of miR-
370-3p restores glioblastoma multiforme sensitivity to
temozolomide by influencing MGMT expression. Sci Rep.
2016; 6:32972. https://doi.org/10.1038/srep32972.

Fay BL, Melamed JR, Day ES. Nanoshell-mediated
photothermal therapy can enhance chemotherapy in
inflammatory breast cancer cells. Int ] Nanomedicine. 2015;
10:6931-41.

Kass M, Witkin A, Terzopoulos D. Snakes: active contour
models. Int J] Comput Vis. 1988; 1:321-31.

Vincent L. Morphological Grayscale Reconstruction in
Image Analysis: Applications and Efficient Algorithms.
IEEE Trans Image Process. 1993; 2:176-201.

Kovesi P. Phase Preserving Tone Mapping of Non-
Photographic High Dynamic Range Images. Proc Digit
Image Comput Tech Appl. 2012; 2012.

Zuiderveld K. Contrast Limited Adaptive Histograph
Equalization. Graph Gems IV San Diego Acad Press Prof.
1994; 474-85.

www.oncotarget.com

27015

Oncotarget



