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CAT,, a prodrug of |3a(S)-3-hydroxyl-
6,7-dimethoxyphenanthro[9,10-b]-indolizidine,
circumvents temozolomide-resistant glioblastoma
via the Hedgehog signaling pathway, independently
of Of-methylguanine DNA methyltransferase
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Purpose: Glioblastoma multiforme (GBM) is a malignant high-grade glioma with a poor
clinical outcome. Temozolomide (TMZ) is the first-line GBM chemotherapy; however, patients
commonly develop resistance to its effects.

Materials and methods: We investigated the antitumor activity of CAT, in TMZ-resistant
glioblastoma cell lines U251/TMZ and T98G. Orthotopic and subcutaneous mice tumor models
were used to investigate the effects of various treatment regimes.

Results: We found that PF403, the active metabolite of CAT,, inhibited proliferation of both
cell lines. PF403 repressed the Hedgehog signaling pathway in the U251/TMZ cell line, reduced
O%methylguanine DNA methyltransferase (MGMT) expression, and abolished the effects of
the Shh pathway. Moreover, PF403 blocked the Hedgehog signaling pathway in T98G MGMT-
expressing cells and downregulated the expression of MGMT. CAT, suppressed growth in
the U251/TMZ orthotopic and T98G subcutaneous xenograft tumor models in vivo. We also
demonstrated that inhibition of the Hedgehog pathway by PF403 counteracted TMZ resistance
and enhanced the antitumor activity of TMZ in vitro and in vivo.

Conclusion: These results indicate that CAT, is a potential therapeutic agent for TMZ-
resistant GBM.

Keywords: Gli inhibitor, chemotherapy, lomeguatrib, xenograft tumor model

Introduction

Glioblastoma multiforme (GBM) is the most common and lethal malignant brain
tumor, with a poor clinical outcome.' Based on the National Institutes of Health’s The
Cancer Genome Atlas (TCGA), numerous factors are considered to contribute to the
development of GBM; these include the amplification of EGFR; mutation of PIK3CA,
IDHI, and EGFRvIII; deletion of PTEN; and aberrations in the Hedgehog signaling
pathway.>* Among these factors, the Hedgehog signaling pathway has attracted the
most attention recently owing to its potential utility as a therapeutic target. This signal-
ing pathway is triggered by the interaction between the sonic Hedgehog (Shh) ligand
and the receptor patched 1 (Ptch1), which blocks the activation of smoothened (Smo).
After releasing the “brake effect” of Ptch1 against Smo, the transcriptional factor Gli
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translocates into the nucleus and activates the expression of
target genes.’ Inhibition of the Hedgehog signaling pathway
by vismodegib (GDC-0449) has been clinically indicated
for advanced basal cell carcinoma driven by the abnormal
Hedgehog pathway.®” The Hedgehog signaling pathway is
now considered a novel target for GBM treatment.®’

According to the National Comprehensive Cancer Net-
work guidelines, the alkylating agent temozolomide (TMZ)
has shown favorable efficacy against and is considered
first-line chemotherapy for GBM.!” However, the acqui-
sition of resistance to TMZ is common among patients,
thereby reducing its clinical efficacy. Numerous factors are
involved in TMZ resistance, such as O%-methylguanine DNA
methyltransferase (MGMT), p-glycoprotein, and Gli.!'"13
The protein MGMT is an important determinant of TMZ
resistance: the expression pattern of MGMT is reportedly
associated with TMZ efficacy, and the methylation status
of the MGMT promoter has been monitored as a clinical
biomarker for GBM outcomes.'* !¢

CAT, is a prodrug of 13a(S)-3-hydroxyl-6,7-dimethoxy-
phenanthro[9,10-b]-indolizidine (PF403)."7 CAT, exerts
potent antitumor activity in brain tumors, including glio-
blastoma and medulloblastoma, in vivo. Its metabolite,
PF403, is capable of penetrating the blood—brain barrier,
readily localized in brain tissue following administra-
tion, and has a strong inhibitory effect on brain tumor cells
in vitro.'!” CAT, suppresses tumor growth by interrupting
the Hedgehog signaling pathway. Additionally, CAT, blocks
accumulation of the smoothened receptor and represses
the transcriptional factor Glil. The effects of CAT, on
glioblastoma and medulloblastoma are now under further
preclinical study.

In this study, we investigated the antitumor activity of
CAT, in TMZ-resistant GBM. The active form of CAT,,
PF403, was able to strongly inhibit the proliferation of
U251/TMZ and T98G cells, which, respectively, represent
intrinsic and acquired TMZ-resistant cells. We also demon-
strated that CAT, suppressed tumor growth in the U251/TMZ
orthotopic and T98G subcutaneous xenograft models at a
dose of 12 mg/kg/day. In the U251/TMZ glioblastoma cells
with a hyperactive Hedgehog signaling pathway and reduced
MGMT expression, the antitumor effect of PF403 was medi-
ated by disruption of the signaling pathway. Moreover, PF403
was also found to suppress T98G cells with high MGMT
expression by blocking the Hedgehog signaling pathway.
PF403 was able to reduce Glil expression, even under con-
ditions of MGMT overexpression, in U251/TMZ cells. As a
target gene of Glil, MGMT expression was downregulated

by PF403 through Glil attenuation. Furthermore, PF403
showed good antitumor activity in combination with TMZ,
and counteracted TMZ resistance both in vitro and in vivo.

Material and methods

Cell lines

The T98G and U251 cell lines were purchased from the
American Type Culture Collection (ATCC, Manassas, VA,
USA). Both T98G and U251 cells were cultured in DMEM
or minimal essential medium (MEM) (Gibco, Thermo
Fisher Scientific, Waltham, MA, USA) with 10% (v/v) fetal
bovine serum (Gibco, Thermo Fisher Scientific) and 100
units/mL penicillin/streptomycin.

The U251/TMZ cell line was a gift from Dr Yuhui Zou of
General Hospital of Guangzhou Military Command of PLA.
The U251/TMZ cells were produced by repeatedly exposing
U251 cells to TMZ at a single high concentration. Briefly,
U251/TMZ cells were selected for a procedure consisting of
20 pulsed drug treatments with TMZ. The majority of the
cells were dead following 24 hours of exposure to TMZ.
The treated cells were then washed with 0.01 mol/L PBS
and cultured in TMZ growth medium. After 1-2 days, the
dead cells were washed with PBS and fresh TMZ medium
was added. Once the cells reached 70%—80% confluence,
they were preserved for further study. The TMZ-resistant
cell line was stabilized for approximately 6 months after
the initiation of treatment, and the resistant phenotype was
developed. To maintain TMZ-resistant cells, the U251/TMZ
cells were grown in the presence of 200 UM TMZ. Prior to
experimentation, the U251/TMZ cells were maintained in
a TMZ-free culture medium and subcultured for at least
three generations. The drug-resistant characteristics of the
cells were tested using various concentrations of TMZ. The
experiments using the U251/TMZ cells were approved by
the ethics committee for Animal Experiments of the Institute
of Materia Medica, Chinese Academy of Medical Sciences
& Peking Union Medical College.

Antibodies and reagents

Anti-Smo, anti-Glil, and anti-MGMT antibodies were pur-
chased from Abcam (Cambridge, UK). Anti-Cyclin D1 and
anti-CDK-6 antibodies were obtained from Cell Signaling
Technology (Danvers, MA, USA). The anti-B-actin antibody
was purchased from Santa Cruz Biotechnology Inc. (Dallas,
TX, USA), and GANT61, GDC0449, and lomeguatrib were
obtained from Selleck Chemicals (Houston, TX, USA). The
TMZ was purchased from J&K Scientific (Beijing, People’s
Republic of China).
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Cell proliferation assay

The cell proliferation assay was performed using MTT
(Sigma-Aldrich Co., St Louis, MO, USA). Cells were seeded
in 96-well plates at various densities (3 x 10*/mL, 5 x 10%/
mL, and 1.5 X 10*/mL), and treated with different compounds
at various concentrations, for different intervals (24, 48,
and 72 hours, respectively). The MTT solution was added
to each well at the final concentration of 0.5 mg/mL. After
incubation for 4 hours at 37°C, the absorbance was measured
at 570 nm using a microplate reader (Biotek Instruments,
Inc., Winooski, VT, USA). The IC, values were calculated
using Graphpad Prism 5 Software (GraphPad Software, San
Diego, CA, USA).

Flow cytometry assay

T98G and U251/TMZ cells were cultured in six-well plates
and exposed to various concentrations of PF403 for 48 hours.
The cells were harvested for cell cycle or apoptosis detection
via fluorescence-activated cell sorting (FACS) analysis with
propidium iodide (PI)- and/or fluorescein isothiocyanate
(FITC)-labeled annexin V-stained cells, according to the
manufacturer’s recommended procedures (Tianjin Sungene
Biotech Co., Tianjin, People’s Republic of China).

MGMT overexpression

The pLenti-CMV-hMGMT plasmid was obtained from
Biogot (Nanjing, Jiangsu, People’s Republic of China).
U251/TMZ cells were transfected with pLenti-CMV-
hMGMT, using the Lipofectamine 3000 transfection reagent
(Thermo Fisher Scientific) according to the manufacturer’s
protocols. When cells reached 80% confluence, they were
treated with various concentrations of PF403 for 48 hours
and harvested for immunoblotting.

Immunoblotting analysis

Cells or tumor tissues were collected and lysed in radioimmu-
noprecipitation assay buffer containing 1% sodium dodecyl
sulfate (SDS), 10 mmol/L ethylenediaminetetraacetic acid,
50 mmol/L Tris—HCI (pH 8.1), 1% proteinase inhibitor
cocktails, and 1% protease inhibitor mixture (Sigma-Aldrich
Co.). Lysates were then centrifuged at 13,000 rpm for
10 minutes, and the supernatants were collected. Protein
concentrations were measured using the Micro BCA Protein
Assay Kit (Thermo Fisher Scientific). Protein samples
(50 ng) were separated by 12% SDS polyacrylamide gel
electrophoresis and transferred to a nitrocellulose membrane
using semi-wet electrophoresis. Membranes were blocked
with 5% non-fat dry milk in tris-buffered saline-Tween 20

(TBS-T) and incubated overnight with primary antibodies
(1:1,000 dilution) at 4°C. After being washed three times
with TBS-T, the membranes were incubated with second-
ary antibodies (1:4,000). The immunoblots were visualized
using an enhanced chemiluminescence detection kit (Pierce
Biotechnology, Waltham, MA, USA) by Image Quant LAS
4000 (GE Healthcare, Little Chalfont, UK).

Quantitative real-time PCR analysis

Total RNA was isolated using the TRIzol reagent (Bioteke
Co., Beijing, People’s Republic of China) according to
the manufacturer’s recommended procedures. First-strand
cDNA was synthesized from 1 ug of total RNA using the
ReverTra Ace® gPCR RT Master Mix with gDNA Remover
(TOYOBO, Osaka, Japan). The ABI PRISM 7900 Sequence
Detection System and SYBR® Green Realtime PCR Master
Mix (TOYOBO) were used to quantify gene expression. Tar-
get sequences were amplified at 95°C for 1 minute, followed
by 40 cycles of 95°C for 15 seconds, 60°C for 15 seconds,
and 72°C for 45 seconds. The fold changes in Smo and Glil
gene expressions were calculated according to the 2744
method. The primers for Smo and Glil have been described
in our previous study.'®

Orthotopic mouse tumor model and

subcutaneous mouse tumor model

All animal experiments were approved by the ethics com-
mittee for Animal Experiments of the Institute of Materia
Medica, Chinese Academy of Medical Sciences & Peking
Union Medical College and conducted in accordance with
the Guidelines of Animal Experiments. Female BALB/c
athymic nude mice (Vital River Laboratories, Beijing,
People’s Republic of China) with body weight of 18-20 g
were housed in standard specific-pathogen-free facilities. For
the orthotopic tumor experiments, the procedures followed
those outlined in our previous study.'® Mice were anesthetized
with 50 mg/kg pentobarbital sodium intraperitoneally and
placed in a stereotaxic restraint. A small surgical incision was
made in the skin covering the skull 2 mm to the right of the
bregma. Cell suspensions (5 UL) containing approximately
1 x 10° U251/TMZ cells were slowly (over approximately
30 seconds) injected intracranially 2.0 mm below the skull sur-
face using a 26-gauge needle. The needle was slowly retracted
after 3 minutes. The incision was immediately sutured, and
50,000 units of penicillin were injected into the mice to pre-
vent infection. The animals were then warmed with heating
mats and monitored until they regained consciousness. After
4 days, mice bearing intracranial tumors were randomized for
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administration of vehicle, TMZ, and CAT, at a dose of 6 or
12 mg/kg, dissolved in 0.5% carboxymethyl cellulose (CMC)
solution. Five mice were allocated to each group. The TMZ
(50 mg/kg) was orally administered to mice every day for
5 days, or CAT, was orally administered once daily. For the
combination study, TMZ ata dose of 50 mg/kg, and CAT, ata
dose of 6 mg/kg, were each dissolved in 0.5% CMC solution.
The TMZ (50 mg/kg) was orally administered to mice daily for
5 days and/or CAT, was administered once daily. An animal
MRI scanner (Pharma Scan 70/16 US, Bruker Corporation,
Billerica, MA, USA) was used to observe development of the
intracranial tumors. The parameters for MRI were as follows:
a T2_TurboRARE, with TR/TE = 5,000/40, six averages,
20 x 20 field-of-view, and 0.5 mm slice thickness. The tumor
volume based on MRI was calculated as follows: V=L x W
x T; where L is the maximum length of the tumor, W is the
maximum width perpendicular to L, and 7 is the thickness of
the tumor slice (0.5 mm).

For the subcutaneous mouse model, female BALB/c
athymic nude mice (8—10 weeks old) were subcutaneously
implanted with 1 x 107 T98G cells in 0.1 mL Matrigel solu-
tion in the right flank. After two weeks, the tumor tissues
were harvested under sterile conditions and tumor cells were
extracted from the tissue homogenate. The mice were then
each implanted with 5 x 10° tumor cells. Seven days later,
when the average tumor volumes reached to 100-300 mm?,
the mice were randomized and received the respective treat-
ments (Day 0). Mice were treated with orally administered
TMZ (30 mg/kg or 50 mg/kg) daily for 5 days, or CAT, (6 or
12 mg/kg) once daily for 14 days. Six mice were allocated to
each group. Tumor volume and body weight were monitored
twice weekly. The tumor volume was calculated as follows:
V =1/2 x L x W?, where L is the maximum length of the
tumor and W is the maximum width of the tumor. The mice
were euthanized on day 14 and the tumor issues were col-
lected for immunoblotting.

Histopathological analysis

Mouse brain or tumor samples were embedded in paraffin
and 5 um thick sections were prepared. The sections were
then stained with H&E or Glil antibody (1:300). The stained
images of each section were acquired using Olympus Con-
focal Microscope (FV1000 MPE; Olympus Corporation,
Tokyo, Japan).

Statistical analysis
The results were presented as mean + standard deviation or
standard error of the mean. A one-way analysis of variance

test was used to determine the statistical significance between
vehicle and drug treatment groups. P < 0.05 was considered
to represent statistically significant differences.

Results
PF403 exerted potent cytotoxic activity

in TMZ-resistant GBM in vitro

CAT, is a prodrug of PF403 (Figure 1A). Our previous
study demonstrated that PF403 strongly inhibits prolifera-
tion of Daoy and U87MG cells.'® However, it is not known
whether PF403 exerts antitumor activity in TMZ-resistant
glioblastoma cells. In order to investigate the putative inhibi-
tory effect of PF403 in these cells, we employed two TMZ-
resistant glioblastoma cell lines: T98G and U251/TMZ. The
T98G cell line is characterized by high expression of MGMT,
whereas U251/TMZ is an acquired TMZ-resistant glioblas-
toma cell line from U251 that barely expresses MGMT
(Figure 1B). Neither of the two cell lines exhibit sensitivity
to TMZ. Further, PF403-mediated cytotoxicity was detected
in the two cell lines at different timepoints. The proliferation
of both T98G and U251/TMZ cells was inhibited by PF403,
with an IC_ value of 0.004 nmol/L and 1.79 nmol/L, respec-
tively, after 72 hours (Figure 1C; Table 1).

Next, in order to explore how PF403 inhibits tumor cell
proliferation, we detected the cell cycle distribution after
the exposure of U251/TMZ cells to PF403. As shown in
Figure 2A, PF403 induced cell cycle arrest in the G1 phase.
Consistent with flow cytometric results, cyclin D1 and
cell division protein kinase 6 (CDK6), a marker of the G1
phase, both showed a decline in a dose-dependent manner
(Figure 2B). Similar results were observed in T98G cells
exposed to various concentrations of PF403 (Figure 2C
and D). Moreover, apoptosis levels in T98G glioblastoma
cells increased following exposure to PF403 over 48 hours
(Figure 2E). Cleaved caspase-3 was upregulated after PF403
treatment, whereas levels of full-length poly ADP ribose
polymerase and Bcl-2 were reduced (Figure 2F). However,
apoptosis was not detected in U251/TMZ cells treated with
PF403 for 48 hours. These data suggest that PF403 exerted
a strong proliferative inhibition on TMZ-resistant GBM
cells in vitro.

PF403 suppressed TMZ-resistant GBM
cells via the Hedgehog-signaling pathway,
independently of MGMT expression

In our previous study, we demonstrated that PF403 sup-
pressed glioblastoma and medulloblastoma by interrupting
the Hedgehog signaling pathway.'® Thus, to elucidate whether
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Figure | PF403 inhibited the proliferation of TMZ-resistant GBM cells. (A) Chemical structure of CAT, and its active metabolite, PF403. (B) Protein expression levels of
Glil, Smo, and MGMT in TMZ-resistant GBM cells, U251/TMZ, and T98G. (C) Cell proliferative inhibition curve of U251/TMZ and T98G treated for 72 hours with various

concentrations of PF403.

Abbreviations: GBM, glioblastoma multiforme; MGMT, O%-methylguanine DNA methyltransferase; PF403, 13a(S)-3-hydroxyl-6,7-dimethoxyphenanthro[9, 10-b]-indolizidine;

Smo, smoothened; TMZ, temozolomide.

PF403 also suppresses TMZ-resistant glioblastoma cells via
the Hedgehog signaling pathway, we first assessed the effects
of PF403 on the key factors of this pathway, specifically the
protein and mRNA levels of Smo and Glil. Immunoblot-
ting results indicated that PF403 reduced protein levels of
Smo and Glil in a dose-dependent manner (Figure 3A).
Similar results have been observed in the positive control,
GDC0449, which is reportedly a Hedgehog inhibitor.¢ In
addition, PF403 downregulated the expression of Smo and
Glil mRNA (Figure 3B). As the target genes of Glil, the

Table | PF403- and TMZ-mediated inhibition of proliferation in
TMZ-resistant glioblastoma cells

Time IC,, (mol/L)
(hours) y251TMZ T98G

PF403 T™MZ PF403 T™MZ
24 3204 0.64% 105 >1x103 347+ 124x 105 >1x 103
48 273+ 137x10° >1x10° 1.49+095% 10¢ > x 103
72 414+108x 10" >|x10° 1.79+082x10° >|x10?

Note: Data are presented as mean + standard deviation.
Abbreviations: IC ;, half maximal inhibitory concentration; PF403, 13a(S)-3-
hydroxyl-6,7-dimethoxyphenanthro[9, | 0-b]-indolizidine; TMZ, temozolomide.

expression of cyclin D1 and cyclin D2 was suppressed by
PF403 (Figure 3C). When stimulated by Shh, PF403 blocked
the action of Shh on Glil (Figure 3D). These data indicate
that PF403 exhibited considerable antitumor activity in U251/
TMZ via inhibition of the Hedgehog signaling pathway.
Furthermore, we explored whether PF403 blocked
the Hedgehog signaling pathway in T98G cells, in which
MGMT was highly expressed. Protein levels of both Glil
and Smo showed a decline in response to different doses of
PF403 (Figure 4A). Surprisingly, MGMT expression was
also attenuated after PF403 treatment in a dose-dependent
manner. Therefore, we assumed that PF403 inhibits T98G
cell proliferation through both the Hedgehog pathway and
MGMT. Cell proliferation was detected in T98G cells
exposed to PF403 in combination with lomeguatrib, an
MGMT inhibitor. In comparison with PF403 treatment alone,
lomeguatrib did not enhance proliferative inhibition in the
combination group (Figure 4B); whereas the antiprolifera-
tive effect was increased following TMZ treatment together
with lomeguatrib (Figure 4C and D). Previous reports
identify MGMT as the target gene of Glil.?° Thus, after the
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Hedgehog signaling pathway was activated by Shh, protein
levels of both Glil and MGMT were elevated, whereas
PF403 blocked the effects of Shh (Figure 4E). Furthermore,
MGMT was overexpressed in U251/TMZ cells and Glil was
still downregulated in a dose-dependent manner after treat-
ment with PF403. Cyclin D1, as a positive control and a Glil
target gene, was also reduced after treatment (Figure 4F).
Considered together, these findings indicate that PF403 sup-
presses TMZ-resistant glioblastoma cells via the Hedgehog
signaling pathway, independently of MGMT status.

A Control

600

CAT3 inhibited TMZ-resistant

glioblastoma growth in vivo

After confirming antitumor activity of PF403 in vitro, we fur-
ther investigated whether CAT,, a prodrug of PF403, inhibits
tumor growth in the TMZ-resistant glioblastoma xenograft
model. The U251/TMZ orthotopic model was employed to
evaluate the antitumor effect of CAT,. In comparison with
the vehicle group, the tumor volumes in the CAT, group were
significantly reduced at a dose of 12 mg/kg with P-value less
than 0.05 (Figure SA and B). These findings indicate that the
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Figure 2 PF403-induced cell cycle arrest and apoptosis in GBM cells. (A) Exposure to various concentrations of PF403 for 48 hours; U251/TMZ cells were stained with Pl
for flow cytometry analysis. (B) Protein levels of cyclin DI and CDK6 were detected via immunoblotting, following the exposure of U251/TMZ cells to PF403 for 48 hours.
(C) Exposure to various concentrations of PF403 for 48 hours; T98G cells were stained with Pl for flow cytometry analysis. (D) Protein levels of cyclin DI and CDKé were
detected via immunoblotting, following exposure of T98G cells to PF403 for 48 hours. (E) Exposure to various concentrations of PF403 for 48 hours; T98G cells were stained
with annexin V-FITC and Pl for flow cytometry analysis. (F) Protein levels of full length PARP, Bcl-2, and cleaved caspase-3 were detected via immunoblotting in T98G cells,
following exposure to PF403 for 48 hours.

Abbreviations: CDK®, cell division protein kinase 6; FITC, fluorescein isothiocyanate; GBM, glioblastoma multiforme; PARP, poly ADP ribose polymerase; PF403, |3a(S)-
3-hydroxyl-6,7-dimethoxyphenanthro[9,10-b]-indolizidine; Pl, propidium iodide; TMZ, temozolomide.

A B
15,
< ,
Zc B2 Smo EB3 Gli1
PF403 GDC0449 (nM) "E‘ .g
0 5 10 50 500 o 3
. - — 2 =
Gli1 I —— — | - %
)
N
) O Mo O o
Bactin | s W i w— - & N
Q Q
) )
Concentration of PF403 (nM)
C PF403 GDC0449 (nM) D
0 5 10 50 500
Cyclin D2 | wlip - p—

Shh  — + _ +

Cyclin D1 | 9% - PF403 - + +
Glit [W———

Bcl-2| —— — -I
— Bractin e————

B-actinl —_ -I

Figure 3 PF403 repressed the Hedgehog signaling pathway in U251/TMZ cells. (A) Protein levels of Glil and Smo were detected via immunoblotting in U251/TMZ cells
exposed to various concentrations of PF403 or GDC0449 for 48 hours. (B) The mRNA levels of Glil and Smo were detected via real-time PCR in U251/TMZ cells
exposed to PF403 for 48 h. *P < 0.05 and **P < 0.0] compared to control group. (C) Protein levels of cyclin D1, cyclin D2, and Bcl-2 were detected via immunoblotting in
U251/TMZ cells exposed to PF403 for 48 hours. (D) U251/TMZ cells were pretreated with PF403 (5 nM) for | hour, following the addition of recombinant Shh (500 ng/mL)
over 48 hours. Protein levels of Glil were detected via immunoblotting.

Abbreviations: PCR, polymerase chain reaction; PF403, |3a(S)-3-hydroxyl-6,7-dimethoxyphenanthro[9,10-b]-indolizidine; Shh, sonic Hedgehog; Smo, smoothened;
TMZ, temozolomide.
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Figure 4 PF403 blocked the Hedgehog signaling pathway in T98G cells and downregulated MGMT expression. (A) Protein levels of Glil, Smo, and MGMT were detected via
immunoblotting in T98G cells exposed to various concentrations of PF403 for 48 hours. (B) Cell inhibition curve of T98G cells treated with various concentrations of PF403
alone or in combination with Lom for 72 hours. (C) Cell inhibition curve of T98G cells treated with various concentrations of TMZ alone, or in combination with Lom for
72 hours. (D) T98G cells were pretreated with Lom (10 uM) for | hour, following the addition of TMZ (250 uM) over 48 hours. Protein levels of MGMT were detected via
immunoblotting. (E) T98G cells were pretreated with PF403 (5 nM) for | hour, following the addition of Shh (500 ng/mL) over 48 hours. Protein levels of Glil and MGMT
were detected via immunoblotting. (F) U251/TMZ cells were transfected with pLenti-CMV-hMGMT and treated with various concentrations of PF403. Protein levels of Glil,
MGMT, and cyclin DI were detected via immunoblotting.

Abbreviations: Lom, lomeguatrib; MGMT, O¢-methylguanine DNA methyltransferase; PF403, |3a(S)-3-hydroxyl-6,7-dimethoxyphenanthro[9,|0-b]-indolizidine; Shh, sonic
Hedgehog; Smo, smoothened; TMZ, temozolomide.

TMZ treatment was not effective in U251/TMZ orthotopic
model. Histological analysis of the mice brains indicated that

growth-inhibitory effects, particularly at a dose of 12 mg/kg,
in comparison with TMZ at either dose of 30 mg/kg or

PF403 effectively inhibited tumor invasion and downregu-
lated Glil in tumor issue (Figure 5C).

Furthermore, we investigated whether CAT, addition-
ally inhibits the growth of T98G glioblastoma with high
MGMT expression in a xenograft model. As shown in
Figure 5D and E, CAT, exerted far more effective tumor

50 mg/kg. The immunoblotting results of the tumor issues
indicated that Glil, Smo, and MGMT were all inhibited after
CAT, treatment (Figure SF). Histological results showed
that PF403 reduced Glil levels in tumor issues (Figure 5G).
These results indicate that CAT, exhibited antitumor activity
in TMZ-resistant GBM in vivo.
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Figure 5 CAT -inhibited tumor growth of TMZ-resistant GBM in vivo. (A) MRI T2-weighted image of intracranial tumors from various groups of the U251/TMZ orthotopic
model. TMZ (50 mg/kg) was orally administered to mice for 5 days or CAT, was administered daily. (B) Tumor volumes in the U251/TMZ orthotopic model. *P < 0.05,
compared to the vehicle group, ANOVA analysis. (C) Histological analysis of tumor tissues in the mouse brain of the U251/TMZ orthotopic model. H&E staining (200x),
Glil staining (200x). (D) Tumor growth curve in T98G subcutaneous xenograft model. TMZ was orally administered (30 mg/kg or 50 mg/kg) to mice for 5 days or CAT, was
administered daily. *P < 0.05 and ***P < 0.001, compared to the vehicle group, ANOVA analysis. (E) Tumor weight in individual mice in the T98G subcutaneous xenograft
model. *P < 0.05, **P < 0.01, and ***P < 0.001, compared to the vehicle group, ANOVA analysis. (F) Tumor tissues from the T98G subcutaneous xenograft model were
collected and Glil, Smo, and MGMT levels were detected via immunoblotting. (G) Histological analysis of tumor tissues in the T98G subcutaneous xenograft model. Glil
staining (200x).

Abbreviations: ANOVA, analysis of variance; GBM, glioblastoma multiforme; H&E, hematoxylin and eosin; MGMT, O¢-methylguanine DNA methyltransferase; Smo,
smoothened; TMZ, temozolomide.
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CAT3 enhanced antitumor activity of blockade of the Hedgehog signaling pathway with PF403 in
TMZ in TMZ-resistant g|i0b|astoma U251/TMZ and T98G cells. After incubation for 72 hours,

The Hedgehog signaling pathway is reportedly also involved ~ PF403 was found to enhance the antiproliferative effect of
in TMZ resistance.” Disruption of the Hedgehog signal- TMZ. As the positive control, the Gli-specific inhibitor,
ing pathway by Glil improves the sensitivity of GBM to ~ GANT®61, also acted synergistically with TMZ (Figure 6A
TMZ.*' We first examined the inhibitory effects of TMZ after ~ and B). As shown in Figure 6C, the protein level of Glil was
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Figure 6 CAT, enhanced antitumor activity of TMZ in TMZ-resistant GBM. (A, B) Cell proliferation inhibition curve of U251/TMZ and T98G cells treated with various
concentrations of TMZ alone, or in combination with PF403 (5 nmol/L) or GANTé6! (5 pmol/L) for 72 hours. (C) U251/TMZ cells were pretreated with PF403 (5 nM)
for | h, following the addition of TMZ (250 umol/L) over 48 hours. Protein levels of Glil were detected via immunoblotting. (D) T98G cells were pretreated with PF403
(5 nmol/L) for | hour, following the addition of TMZ (250 pmol/L) over 48 hours. Protein levels of Glil and MGMT were detected via immunoblotting. (E) MRI T2-weighted
image of intracranial tumors from various groups of the U251/TMZ orthotopic model. TMZ was orally administered (50 mg/kg) to mice for 5 days; or CAT, (6 mg/kg) was
orally administered daily; or a combination (TMZ 50 mg/kg for 5 days + CAT, 6 mg/kg daily). (F) Tumor volumes in the U251/TMZ orthotopic mouse model. **P < 0.0,
compared to the vehicle group, ANOVA analysis.

Abbreviations: ANOVA, analysis of variance; GBM, glioblastoma multiforme; MGMT, O¢-methylguanine DNA methyltransferase; TMZ, temozolomide.
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not altered by TMZ; the effects of their combination could be
attributed to the downregulation of Glil by PF403. Consistent
results were observed in T98G cells (Figure 6D). As the target
gene of Glil, MGMT was also downregulated by PF403.
We conducted another animal study using the U251/TMZ
orthotopic model to investigate the efficacy of the combina-
tion of TMZ and CAT,. As shown in Figure 6E and F, both
TMZ and CAT, monotherapies were not able to reduce
tumor size with statistical difference. The tumors in the
group treated with a combination of TMZ and CAT, showed
a trend toward greatest reduction of tumor volume. These
data indicate that the Hedgehog signaling pathway plays an
important role in TMZ resistance in glioblastoma cells, and
that CAT, counteracts TMZ resistance via this pathway.

Discussion

As a malignant high-grade glioma, GBM is refractory to
chemotherapy and radiotherapy and is characterized by a
poor clinical outcome. TMZ remains the first choice for
treatment.'® However, the efficacy of TMZ during clinical
treatment is limited by the development of TMZ resis-
tance, necessitating the development of novel agents for
GBM therapy. In our previous work, we found that CAT,
exhibited strong antitumor activity in medulloblastoma and
glioblastoma.' However, the efficacy of CAT, in TMZ-
resistant GBM remains unclear. Here, we tested the antitumor
activity of CAT, in TMZ-resistant GBM.

Amplification of EGFR; mutation of PIK3CA, IDHI, and
EGFRvIII; and aberrations in the Hedgehog signaling pathway
have all been identified as triggers of GBM development.>*
Novel approaches to GBM treatment involve targeting these
factors. Inhibition of the Hedgehog signaling pathway has
been shown to exert antitumor activity in GBM. Sonidegib,
a Hedgehog pathway inhibitor, represses tumor growth in an
orthotopic Ptch”p53~ medulloblastoma allograft model.?
Furthermore, CAT; inhibits tumor growth by disrupting the
Hedgehog signaling pathway.'® In this study, we employed
two different types of glioblastoma cells that are resistant to
TMZ: U251/TMZ cells are acquired TMZ-resistant cells that
grow faster than U251 cells, in which Glil is highly expressed
(Figure S1); whereas T98G cells are intrinsic TMZ-resistant
cells. We evaluated the proliferative inhibition of TMZ in
these two cell lines. In comparison with U251, TMZ was
not effective in U251/TMZ cells (Tables 1 and S1). For
T98G cells, the IC,  value of TMZ over 72 hours was much
greater than 1 mM, which is the consistent value in previously
published data.’® In such TMZ-resistant cell lines, PF403
induces both U251/TMZ and T98G cell cycle arrest in the
G1 phase. Thus, PF403 was able to induce T98G apoptosis;

however, apoptosis was not observed in U251/TMZ cells
after exposure to PF403 over 48 hours. This might be due to
the various concentrations and duration of treatment.

We also found that CAT, inhibited the proliferation of
both cell lines in vitro, and repressed tumor growth in vivo.
The antitumor activity of CAT, in TMZ-resistant glioblas-
toma could be attributed to disruption of the Hedgehog
signaling pathway, and downregulation Glil and Smo.
Moreover, PF403 antagonizes the effects of Shh on activation
of the Hedgehog signaling pathway. In addition, the toxic-
ity of CAT, was acceptable. No noticeable effects of PF403
were observed on the proliferation of HK2 and H9C2 cells,
and its inhibitory effect on PC12 cells was comparatively
weaker (Figures S2 and S3). No significant differences in
body weight were observed between CAT, treatment groups
and the vehicle group (Figure S4).

Numerous factors, including MGMT, Gli, and p-glyco-
protein play a role in TMZ resistance. As disruption of the
Hedgehog signaling pathway sensitizes glioma cells to TMZ
treatment,?' it is conceivable that inhibition of Gli counter-
acts TMZ resistance. Indeed, when combined with PF403,
the activity of TMZ was enhanced in U251/TMZ cells.
Similar results were observed for GANT61, a Gli inhibitor.
The activity of the combination treatment was also observed
in the U251/TMZ orthotopic mouse model. By blocking
the Hedgehog signaling pathway, PF403 overcomes TMZ
resistance.

Another key factor that induces TMZ resistance is
MGMT. The expression pattern of MGMT, including the
methylation status of the promoter, is a predictor of the
clinical outcome of GBM." The Hedgehog signaling path-
way reportedly regulates MGMT expression and chemore-
sistance to TMZ in human glioblastoma.?*?! In the present
study, U251/TMZ (low MGMT expression) and T98G (high
MGMT expression) reflected differences in MGMT expres-
sion. We found that, in the TMZ-resistant glioblastoma with
high MGMT expression, attenuation of Hedgehog signaling
by PF403 also resulted in downregulation of MGMT protein
expression. We were unable to detect MGMT by immuno-
blotting after PF403 treatment, owing to low expression of
MGMT in U251/TMZ cells. Furthermore, PF403 reduced
Glil expression even when MGMT was overexpressed in
U251/TMZ. Thus, the antitumor activity of PF403 is inde-
pendent of MGMT expression.

Conclusion

Our study demonstrated that CAT, exhibited antitumor
activity via blockade of the Hedgehog pathway and enhanced
TMZ cytotoxicity in TMZ-resistant GBM.
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Figure S| Characteristics of U251 and U251/TMZ cells. (A) Protein expression levels of Gliland Smo in U251 and U251/TMZ cells. (B) Cell growth curve of U251 and

U251/TMZ cells. The cell number was directly monitored and calculated using the HoloMonitor M4 incubator cytometer and microscope.
Abbreviations: Smo, smoothened; TMZ, temozolomide.

Table S| Inhibition of proliferation of U251 cells by PF403 and TMZ

Compounds IC,, (mol/L)
PF403 536+ 1.18x 07"
T™Z 6.74+ 083 x 10

Notes: U251 cells were treated with various concentrations of PF403 and TMZ for 72 hours. Data are presented as mean + standard deviation.
Abbreviations: IC_, half maximal inhibitory concentration; PF403, 13a(S)-3-hydroxyl-6,7-dimethoxyphenanthro[9,10-b]-indolizidine; TMZ, temozolomide.

50"

Figure S2 Effects of PF403 on the development of synapses in rat neuronal PCI12 cells. (A) PCI2 cells without NGF treatment. (B) PCI2 cells with NGF treatment. (C-E)
NGF-induced PCI2 cells with vincristine pretreatment (107, 10-%, and 10~ mol/L). (F-H) NGF-induced PCI2 cells with PF403 pretreatment (107, 10-%, and 10~ mol/L).
Magpnification x200.

Abbreviations: NGF, nerve growth factor; PF403, 13a(S)-3-hydroxyl-6,7-dimethoxyphenanthro[9, | 0-b]-indolizidine.
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Figure S3 Effects of PF403 on the proliferation of tumor cells and normal cells. Cells were treated with various concentrations of PF403 for 48 hours and were then
subjected to the MTT assay. Daoy represents the human medulloblastoma cell line. PCI2 represents rat neuronal cells. HK2 and H9C2 cells represent human kidney cells
and rat cardiomyocytes, respectively.

Abbreviations: MTT, 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide; PF403, |3a(S)-3-hydroxyl-6,7-dimethoxyphenanthro[9,10-b]-indolizidine.
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Figure S4 Body weight curve for mice xenograft models. (A) Body weight curve for the U251/TMZ orthotopic model. (B) Body weight curve for the T98G subcutaneous

xenograft model. (C) Body weight curve for the U251/TMZ orthotopic model (combination).
Abbreviation: TMZ, temozolomide.
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