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Glioblastoma (GBM) is a very aggressive tumor that presents vascularization, necrosis and is resistant to chemo-
therapy and radiotherapy. Current treatments are not effective eradicating GBM, thus, there is an urgent need to
develop novel therapeutic strategies against GBM. AZD5363, AZD8542, curcumin and resveratrol, are widely
studied for the treatment of cancer and in the present study we explored the effects of the administration of com-
bined treatments with AZD5363, AZD8542, curcumin or resveratrol on human GBM cells. We found that the
combined treatments with AZD5363+AZD8542+Curcumin and AZD8542+Curcumin+Resveratrol inhibit the

PI3K/AKT and SHH survival pathways by decreasing the activity of AKT, the reduction of the expression of SMO,
pP70S6k, pS6k, GLI1, p21 and p27, and the activation of caspase-3 as a marker of apoptosis. These results provide
evidence that the combined treatments AZD5363+AZD8542+Curcumin and AZD8542+Curcumin+Resveratrol
have the potential to be an interesting option against GBM.

1. Introduction

Glioblastoma (GBM) is the most malignant primary brain tumor with
a very poor prognosis [1-3]. Despite advances in surgical, radiation, and
chemotherapy techniques, patients have a median overall survival of
approximately 15 months [2,4].

The pathogenic processes underlying GBM include the dysregulation
of different signaling pathways which are interconnected and involved
in the inactivation of proapoptotic genes and cell cycle regulator genes,
as well as the amplification and/or hyper-activation of oncogenes
implicated in the growth, survival, angiogenesis, migration and resis-
tance to chemotherapy and radiotherapy of cancer cells [5-8].

A frequently dysregulated signaling pathway in glioma is PI3K/AKT/
mTOR, this pathway is associated with higher tumor grade, decreased
levels of apoptosis, reduced patient survival and radiation resistance
[9-11].

The Sonic Hedgehog Signaling (SHH) pathway is also involved in
GBM pathogenesis. SHH is associated with the origin, progression of the
tumor, inhibition of apoptosis and cancer stem cell self-renewal of

different tumors, including glioma [12,13].

We decided it would be relevant to further investigate the effects of
combined pharmacological treatments inhibiting the activity of cellular
signaling pathways frequently altered in GBM, in particular PI3K/AKT
and SHH as a potential strategy for the treatment of GBM. For this work,
we selected four agents (AZD5363, AZD8542, Curcumin and Resvera-
trol) that inhibit these pathways, and determined their effects, when
applied independently or in combinations, on GBM growth and elimi-
nating cancer cells.

AZD5363 or Capivasertib (AstraZeneca) is a pan-AKT kinase inhib-
itor that has been tested both in vitro and in vivo, it is an ATP-competitive
catalytic inhibitor, that prevents substrate phosphorylation by AKT
[14]. Additionally, AZD5363 crosses the blood-brain barrier, and it has
demonstrated efficacy in a mouse xenograft meningioma model [15].

AZD8542 (AstraZeneca) is a SMO inhibitor also tested in vitro and in
vivo, it inhibits the expression of GLI in a human prostate stromal cell
line and in vivo inhibited tumor growth of tumor xenografts of pancreatic
and colon cancer [16].

Curcumin (CCR) is a yellow polyphenolic compound, extracted from
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the root of the curcuma longa plant native to Asia, and the Food and Drug
Administration (FDA) has approved CCR as “generally recognized as
safe” (GRAS) [17]. CCR decreases cell proliferation, migration and in-
duces apoptosis in multiple human carcinomas including neuroblas-
toma, lung cancer, prostate cancer, breast cancer and GBM [18-24].
Particularly, CCR downregulates both mRNA and protein levels of
molecules involved in the SHH-GLI pathway in human GBM cells [19,
25] moreover, it also decreases the activation of the PI3K/AKT survival
pathway in human GBM cells [22,26]. Furthermore, CCR crosses the
blood-brain barrier and is harmless to normal mice brain cells both in
vivo and in vitro [18,22]. Nevertheless, CCR has characteristics that
affect its study and functional analysis, including: low solubility in water
at room temperature and at neutral pH and therefore high propensity to
aggregate [27], poor absorption and distribution in the organism
possibly due to low cell permeability [28], CCR is photoreactive so it is
easily degraded [29], and the CCR wavelength may interfere with
fluorescence-based bioassays [28].

Resveratrol (RV) is a natural polyphenol found in many plants and
fruits including peanuts, blackberries, blueberries and grapes. RV is a
phytoalexin, an antimicrobial compound, which accumulates in some
plants [30,31]. It has been shown both in vitro and in vivo that RV pro-
motes apoptosis, regulates cell cycle and decreases cell proliferation and
migration of cancer cells [32-36]. Particularly, RV reduces AKT phos-
phorylation and induces the activation of p53 in human GBM cells [35]
moreover, it also inhibits the SHH signaling pathway by decreasing the
levels of GLI in different cancers including prostate and gastric cancer
[37,38]. Furthermore, RV crosses the blood-brain barrier and exerts
protective effects against cerebral ischemic injury [39]. However, lim-
itations of RV for scientific research are its poor solubility in water,
chemical instability, poor tissue absorption [40,41] and different
dose-dependent effects [41].

For the present work we used combined treatments with AZD5363,
AZD8542, CCR and RV against GBM in vitro. We demonstrated that the
combined administration of AZD5363+AZD8542+CCR or AZD854
2+CCR+RV have anticancer effects in vitro, through the inhibition of the
PI3K/AKT and SHH survival pathways, the regulation of p21 and p27
and inducing apoptosis through the activation of caspase-3 on U-87 MG
and A172 human GBM cell lines. We suggest that the simultaneous
targeting of the PIBK/AKT/SHH pathways is a potentially relevant
adjuvant for the treatment of GBM.

2. Materials and methods
2.1. Cell culture

U-87 MG human GBM cells (passages four through fourteen) were
obtained from the American Type Culture Collection (Manassas, VA,
USA). Cells were cultured in DMEM-HG (Dulbecco’s Modified Eagle
Medium High-Glucose) (Gibco by Life Technologies, cat. 12800-017)
supplemented with 10% fetal bovine serum (Gibco by Life Technologies,
cat. 16000-044), 1% i-glutamine (Sigma-Aldrich, cat.G8540), 100 U/
mL of Penicillin and 100 pg/mL of Streptomycin (Gibco by Life Tech-
nologies, cat. 15140-122), and maintained at 37 °C in a 95% air, 5%
CO5 atmosphere. A172 human GBM cells (passages two through four-
teen) were kindly provided by Dr. Benjamin Pineda Olvera (National
Institute of Neurology and Neurosurgery, Mexico City); SH-SY5Y human
neuroblastoma cells (passages six through fourteen) were obtained from
the American Type Culture Collection (Manassas, VA, USA). Both A172
and SH-SY5Y cells were cultured in DMEM-F12 (Dulbecco’s Modified
Eagle Medium Ham’s Nutrient Mixture F12) (Gibco by Life Technolo-
gies, cat. 12500-062) supplemented with 10% fetal bovine serum
(Gibco by Life Technologies, cat. 16000-044), 1% r-glutamine (Sigma-
Aldrich, cat.G8540), 100 U/mL of Penicillin and 100 pg/mL of Strep-
tomycin (Gibco by Life Technologies, cat. 15140-122), and maintained
at 37 °C in a 95% air, 5% CO, atmosphere.
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2.2. Gliomaspheres culture

Briefly, gliomaspheres were generated as previously described
[42-44]. U-87 MG and A172 human GBM cells were cultured in
serum-free DMEM supplemented with 2% B27 (Gibco by Life Technol-
ogies, cat. 12587010), 20 ng/ml epidermal growth factor (EGF) (Sig-
ma-Aldrich, cat. H9644) and 20 ng/ml basic fibroblast growth factor
(bFGF) (Gold Biotechnology, cat. 1140-02-100) and maintained at 37 °C
in a 95% air, 5% CO, atmosphere. After 24 h, floating cells were
re-seeded in a new 60 mm culture plate, in supplemented serum-free
medium and the medium was changed every 2 days. Floating aggre-
gates, known as gliomaspheres were formed within 3-5 days after
seeding. For morphological examination, pictures were taken with a
Nikon TMS inverted microscope.

2.3. Therapeutic agents

AZD5363 and AZD8542 (generously provided by AstraZeneca), CCR
(Sigma-Aldrich, cat. C1386) and RV (Sigma-Aldrich, cat. R5010) were
dissolved in dimethyl sulfoxide (DMSO). For cytotoxicity assays, stock
solutions were used at 10 mmol/L (AZD5363 and AZD8542) and 20
mmol/L (CCR and RV), subsequently, were diluted in DMEM-HG and
DMEM-F12 medium, corresponding to each cell line. The solutions of
the combined treatments were used at the corresponding IC50 concen-
trations for each agent. All solutions were stored at —20 °C.

2.4. MTT assay

The U-87 MG and A172 cells were seeded in 48-well plates (15,000
cells/well). For cytotoxicity assays the cells were incubated with
increasing concentrations of AZD5363, AZD8542, CCR or RV. To
determine the effect of combined therapies on cell viability cells were
exposed to eleven different combinations with AZD5363, AZD8542,
CCR or RV. After 72 h, viable cells were assessed by measuring the
conversion of the 3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) dye (Sigma-Aldrich, cat. M2128) (5 mg/ml) into for-
mazan, for 2 h. Next, the crystals were dissolved with DMSO. The
absorbance of the reaction was determined using an automated micro-
plate reader (Bio-Rad).

2.5. Reverse transcription-polymerase chain reaction analysis

Total RNA extraction was performed using the TRIzol Reagent
(Invitrogen, cat. #15596026, USA), according to the manufacturer’s
instructions. Subsequently, 5 pg of RNA was treated with DNAse (New
England BioLabs, cat. #M0303S) and converted to cDNA using MMLV
reverse transcriptase (Invitrogen, cat. #28025013) to perform the PCR
[45]. To amplify AKT mRNA, the following primers were used: forward
5-GCCATGAAGATCCTCAAGAAGG-3' and reverse 5'-CATCATCTCG
TACATGACCACG-3'. To amplify SMO mRNA, the following primers
were used: forward 5-CCCAGTTCATGGATGGTGC-3' and reverse
5-GTGGTTGCTCTTGATGGAGAAC-3'. To amplify B-actin mRNA, the
following primers were used: forward 5'-TGGCACCACACCTTCTACA-3'
and reverse 5-TCACGCACGATTTCCC-3' [46].

2.6. Colony formation assay

Cells were seeded in 60 mm cell culture dishes at a density of
300,000 cells/dish and allowed to grow for 24 h. Then, cells were
incubated in the absence or in the presence of the various combined
treatments for another 24 h. Subsequently, cells were re-plated in new
60 mm cell culture dishes at a density of 300 cells/dish with fresh me-
dium to assess their clonogenic ability. Cells were cultured for an
additional 10 days in complete medium. The colonies obtained were
washed with PBS, fixed and stained with 0.1% crystal violet in ethanol.
A colony contains at least 50 cells.
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2.7. Proliferation assay

Cell proliferation was detected using the EAU (5-ethynyl-2-deoxy-
uridine) incorporation assay according to the manufacturer’s protocol
(Click-iTEdU imaging kit, Invitrogen, cat. C10337). Briefly, cells were
incubated with 20 pM of EdU for 4 h. EAU was incorporated into DNA
during active DNA synthesis and was detected with a click reaction, a
copper-catalyzed covalent reaction between azide/alkyne [47]. Cell
nuclei were counterstained with Vectashield Antifade Mounting Me-
dium with DAPI (Vector Laboratories, cat. H-2000-2). Images were ob-
tained with a 40x objective using a Leica TCS SP8 confocal microscope
and processed with the Image J software (National Institutes of Health,
USA).

2.8. Western blot assays

Protein extraction was performed using a lysis buffer containing a
protease inhibitor cocktail (Complete Roche Diagnostics, -cat.
11836170001). Samples containing 50 pg of total protein per condition,
were separated in either 8% or 10% SDS-PAGE gels and transferred onto
the polyvinylidene-difluoride (PVDF) membranes [48] (Bio-Rad, cat.
#1620177), which were subsequently blocked for 1 h at room temper-
ature with a solution of 3% non-fat milk in Tris buffered saline (TBS) 1%
and then incubated overnight at 4 °C with primary antibodies against
p21 (Cell Signaling, USA; cat. 2947T, dilution 1:1000), p27 (Santa Cruz
Biotechnology, USA; cat. sc1641, dilution 1:200), Cyclin-D1 (Biorbyt,
USA; cat. orb10496, dilution 1:1000), Caspase-3 (Cell Signaling, USA;
cat. 96628, dilution 1:500), p-AKT (Ser-473) (Cell Signaling, USA; cat.
40608, dilution 1:1000), t-AKT (Cell Signaling, USA; cat. 46918, dilution
1:5000) p-p70 S6k (Santa Cruz Biotechnology, USA; cat. sc-8416, dilu-
tion 1:1000), p-S6 (Cell Signaling, USA; cat. 4858S, dilution 1:1000),
SMO (Abcam, UK; Cat. ab113438, dilution 1:200), GLI1 (Cell Signaling,
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USA; Cat. C68H3, dilution 1:500) and p-actin (Sigma Aldrich, USA; Cat.
A3854, dilution 1:80,000). Blots were washed and incubated for 1 h at
room temperature with HRP-Goat anti-mouse antibody (Invitrogen,
Camarillo, CA; Cat. 62-6520, dilution 1:10,000) or HRP-Goat anti--
rabbit (Invitrogen, Camarillo, CA; Cat. 62-6120, dilution 1:20,000).
Proteins were revealed by chemiluminescence (PerkinElmer Inc., Wal-
tham, MA, USA, cat. NEL104001EA). Images were captured with a
FUSION solo S (Vilber) instrument and the densitometry analyses per-
formed using the Image J software (National Institutes of Health, USA).

2.9. Statistical analysis

For cytotoxicity, cellular viability, colony formation, proliferation
and protein levels determined by Western blot analysis, we used one-
way ANOVA followed by Tukey’s or Games Howell multiple compari-
son test. We used the GraphPad Prism 6 software. All values are means
+ SEM. Statistical significance is indicated as: *p < 0.05, **p < 0.01,
**¥%p < 0.001, ****p < 0.0001. ns, non-significant.

3. Results

3.1. AZD5363, AZD8542, CCR and RV have cytotoxic effects on human
GBM cells

Employing RT-PCR we demonstrated that both the human glioma-
derived U-87 MG and A-172 cell lines express both AKT and SMO,
critical components (Fig. 1A), of the PI3BK/AKT and SHH signaling
pathways [9-13,49-52] and important molecular targets of AZD5363,
AZD8542, CCR and RV [14,16,19,22,25,26,35,37,38]. Thus, both the
U-87 MG and A-172 cell lines are good models to evaluate the effect of
treatments with different combinations of AZD5363, AZD8542, CCR and
RV against GBM. When the U-87 MG and A-172 cell lines were incubated
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Fig. 1. Molecular characterization and cytotoxic effects of AZD5363, AZD8542, CCR and RV in human GBM cells. (A) RT-PCR products for AKT (501 bp), SMO (452
pb) and B-actin (377 pb), SH-SY5Y neuroblastoma cells were used as positive controls. (B) Cytotoxic effect of AZD5363, AZD8542, CCR and RV on U-87 MG and
A172 cell lines as assessed by the MTT assay. Bars are means + SEM of three independent experiments. One-way ANOVA, followed by Tukey’s, *p < 0.05, **p < 0.01,
**¥%p < 0.001, ****p < 0.0001. ns, non-significant. (C) IC50 values of AZD5363, AZD8542, CCR and RV for the U-87 MG and A172 cell lines.
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with increasing concentrations of AZD5363, AZD8542, CCR and RV, we
observed, employing the MTT assay, a dose-dependent cytotoxic effect
(Fig. 1B). The sensitivity to AZD5363 and AZD8542 between the two cell
lines was different, whereas for CCR and RV was similar. Using the
GraphPad Prism 6 software, we analyzed the cytotoxicity data from the
cells lines to obtain the IC50 of each agent (Fig. 1C). The IC50 of U-87
MG for AZD5363 is 45 pM, for AZD8542 is 50 pM, for CCR is 24 pM and
for RV is 110 pM. The IC50 of A172 for AZD5363 is 100 pM, for
AZD8542 is 70 pM, for CCR is 18 pM and for RV is 110 pM. CCR has the
lowest IC50 values in both cell lines, which suggests it is the most potent
agent. For the subsequently studies we used the IC50 values of each
anticancer agent for each cell line.

3.2. The combined administration of AZD5363, AZD8542, CCR and RV
is more effective than monotherapy

The balance between cell proliferation and cell death is regulated by
signaling pathways that are interconnected. When this balance is dysre-
gulated cancer may be favored, therefore it is important to find targeted
therapies against the aberrant proteins that alter the functioning of
signaling pathways [53]. Since the combination of anticancer agents for
specific molecular targets enhances efficacy compared to monotherapy
[54,55]1, we examined the cell viability of the combined administration of
AZD5363, AZD8542, CCR and RV using the IC50 values previously
determined in the human GBM cell lines U-87 MG and A172 (Fig. 1C).
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Cells were exposed to 11 combinations of the four agents for 72 h. Using
the MTT assay, we observed that all eleven combinations induced more
than 50% cell death of U-87 MG and A172 cells (Fig. 2A). These results
demonstrate that all the combined treatments are more efficacious
inducing cell death, than when each agent is independently used. The
combinations inducing the lower levels of survival for the U-87 MG cell
line were AZD5363+AZD8542+CCR, AZD5363+AZD8542+RV+CCR,
AZD53634+-AZD8542+RV and AZD8542+CCR+RV (Fig. 2B). The best
combinations with the lower viability for the A172 cell line were
AZD5363+CCR+RV, AZD5363+AZD8542+RV, AZD8542+CCR+RV
and AZD5363-+AZD8542+CCR (Fig. 2B). Based on statistical analysis, for
the subsequent analysis we continued only with the following combina-
tions: AZD5363+AZD8542+RV, AZD8542+CCR+RV and ZD5363+
AZD8542+CCR (Fig. 2B), which are the combinations with the lowest
viability in both cell lines.

3.3. The combined treatments with AZD5363+AZD8542+CCR or
AZD8542+CCR+RYV inhibit the formation of colonies derived from human
glioblastoma cells

Conventional treatments for GBM include surgical resection followed
by radiotherapy and/or chemotherapy, however, recurrence rate is
greater than 90% [56]. GBM recurrence is defined as tumor progression
starting from residual cancer cells after standard treatment and these
tumors tend to be more aggressive and resistant to therapy than the
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Fig. 2. Effects of the combinations of the four agents in human GBM cells. U-87 MG and A172 cells were treated with the indicated combinations of AZD5363,
AZD8542, CCR and RV. After 72 h of treatments cell viability was determined by the MTT assay. Fresh medium and DMSO were used as negative control. (A) Left
panel, shows survival (as percentage) of U-87 MG cells; the right panel shows the statistical analysis. (B) Left panel, shows survival (as percentage) of A172 cells; the
right panel shows the statistical analysis. Bars are means + SEM of three independent experiments. One-way ANOVA, followed by Games Howell, *p < 0.05.
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original [56]. For this reason it is very important to find efficacious
long-term therapies that prevent the growth of residual cancer cells.
To determine the efficacy of the combined therapies with
AZD5363+AZD8542+RV, AZD8542+CCR+RV or AZD5363+AZD85
42+CCR and assess whether they may have a prolonged effect we used
in vitro colony formation or clonogenic cell assays to determine if a
single cancer cell can recover after a potentially lethal damage and
evaluate its ability to proliferate and create a new colony, consisting in
at least 50 cells [57]. We observed that the U-87 MG cell line forms
dispersed colonies in comparison with the A172 cell line, which forms
agglomerate colonies (Fig. 3A). Fig. 3B show that, as expected, control
cells grow and form colonies from both cell lines. Moreover, we
observed that cells form colonies when incubated in the presence
of AZD5363+ADZ8542+RV when compared with the AZD5363-+
AZD8542+CCR and AZD8542+CCR-+RV, which do not form colonies.

This indicates that the AZD5363+ADZ8542+RV combination allows
residual cancer cell growth that would likely permit long-term recur-
rence. There are fewer colonies from A172 cells when treated with the
AZD5363+ADZ8542+RV combination compared with its effect in the
U-87 MG cell line, however sufficient colonies are formed that could
trigger recurrence (Fig. 3C). Based on these data, we decided that for the
subsequent experiments, we would only use the combinations that did
not generate long-term colonies.

3.4. The administration of the AZD5363+AZD8542+CCR or
AZD8542+CCR+RYV combinations inhibits the proliferation of human
GBM cells and decreases the survival of gliomaspheres

To determine the time course of death of cells treated with the
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different combinations that inhibit the formation of colonies, the U-87
MG and A172 cell lines were exposed to AZD5363+AZD8542+CCR or
AZD8542+CCR+RYV for 24, 48 and 72 h, and then cell viability was
determined using the MTT assay. We observed that 24 h after the
treatments there is approximately 50% survival of both cell lines
whereas, after 48 h of treatment there is a more marked growth inhi-
bition of GBM cells compared with control cells (Fig. 4A). Hence, we
next asked the fate of cells alive at 24 h of treatment, and determined
their proliferation rate as assessed by the EAU incorporation assay. Our
results show that 24 h after cell exposure to AZD5363+AZD8542+CCR
or AZD8542+CCR+RV there is a drastic reduction of EAU positive cells
compared with control cells, from both the U-87 MG and the A172 cell
lines. This means the percentage of cells that survive 24 h of treatment
with AZD5363+AZD8542+CCR or AZD8542-+CCR-+RV halt prolifer-
ating, indicating that the cells will likely no longer recover. After these
treatments the human GBM cells acquired permanent damage that will
lead to death. (Fig. 4B). Additionally, using the MTT assay, we deter-
mined that the combined treatments with AZD5363-+AZD8542+CCR or
AZD8542+CCR+RV significantly decreased the viability of glioma-
spheres derived from both U-87 MG and A172 cell lines (Fig. 4C). Taken
together the present results indicate that the combined treatments with
AZD5363+AZD8542+CCR or AZD8542+CCR+RV could be a good
strategy for the treatment of GBM.

3.5. The administration of the AZD5363+AZD8542+CCR or
AZD8542+CCR+RV combinations inhibits the PI3K/AKT and SHH
survival pathways on human GBM cells

The activation of the PI3K/AKT and SHH pathways is associated with
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Fig. 3. Clonogenic analysis of the AZD5363+AZD8542+RV AZD5363+AZD8542+CCR and AZD8542+CCR+RV effects on human GBM long-term survival. (A)
Representative images from colonies obtained from control U-87 MG (left panel) and A172 (right panel) cells, respectively. (B) Representative image of dishes with
stained colonies obtained from U-87 MG (upper panel) and A172 (lower panel) treated cells. (C) Quantitative analysis of colony formation from U-87 MG (upper

panel) and A172 (lower panel) treated cells. Bars are means + SEM of three independent experiments. One-way ANOVA, followed by Tukey; **p < 0.01, ****p <

0.0001. ns, non-significant.
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Fig. 4. Determination of the effect of the combined treatments of AZD5363+AZD8542+CCR or AZD8542+CCR+RV against GBM recurrence. (A) Graphs show
survival (as percentage) of U-87 MG (upper panel) and A172 (lower panel), cell lines incubated with AZD5363+AZD8542+CCR or AZD8542-+CCR+RV for 24 h, 48 h
and 72 h; cell viability was determined by MTT. (B) Left panel shows a representative image of EdU positive cells, U-87 MG (upper panel) and A172 (lower panel)
cells, bar 40 pm. Green cells, are EAU positive cells, arrows, indicate positive cells treated with AZD5363+AZD8542+CCR or AZD8542+CCR+RV. Right panel shows
the percentage of EAU positive cell ratio, U-87 MG (left panel) and A172 (right panel) cell lines. Data obtained from three fields per experimental condition, of three
independent experiments. Percentage of positive EdU cells was obtained: EQU+/DAPI+ * 100%. (C) A representative image showing U-87 MG gliomaspheres (left
panel) and A172 gliomaspheres (right panel). Graphs, shows the survival of U-87 MG cells, derived gliomaspheres (as percentage) and of A172 cells derived
gliomaspheres (as percentage), treated with AZD5363+AZD8542+CCR and AZD8542+CCR+RYV for 72 h. One-way ANOVA, followed by Tukey; *p < 0.05, **p <

0.01, ***p < 0.001, ****p < 0.0001. ns, non-significant. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)

increasing tumor grade, cell proliferation, survival, invasion, angio-
genesis and decreased levels of apoptosis in human gliomas [8,9,49].
Moreover, the PI3K/AKT and SHH signaling pathways synergize to
maintain cell proliferation and favor GBM aggressiveness [58,59]. To
evaluate the molecular mechanism underlying the effect of 48 h of in-
cubation with AZD5363+AZD8542+CCR or AZD8542+CCR+RV on cell
viability, we determined the activity of the previously mentioned
signaling pathways. We observed, by Western blot analysis, that the
levels of both pAKT and tAKT decrease in the U-87 MG cell line with the

two combined treatments. Similarly the levels of pAKT and tAKT
diminished in the A172 cells line with combined administration of
AZD8542+CCR-+RV, whereas the levels pAKT increased in the A172 cell
line receiving AZD5363+AZD8542+CCR. It is noteworthy, that in these
experiments the densitometry analysis were normalized to f-actin,
because we observed an unexpected decrease of total AKT on both U-87
MG and A172 cell lines (Fig. 5B and D). On the other hand, when we
performed the densitometry analysis normalizing pAKT/tAKT, we
observed that most of the AKT protein is phosphorylated, since its levels
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were either maintained or increased with respect to the controls
(Fig. Sup. 1). Despite the fact that most of the AKT protein is phos-
phorylated, we observed a decrease in the expression of p-p70 S6k and
pS6k proteins, which are crucial effectors of the PI3K/AKT signaling
pathway. On the other hand, the combined treatments with
AZD5363+AZD8542+CCR or AZD8542+CCR+RYV induced a significant
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decrease in the activities of SMO and GLI1 both in U-87 MG and A172
cell lines. Taken together, these results indicate that the treatments with
the AZD5363+AZD8542+CCR or AZD8542+CCR+RV combinations
inhibit the PI3K/AKT and SHH signaling pathways and thus impede the
synergy between the two pathways in both cell lines, thus contributing
to achieve a long-term anticancer effect.
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Fig. 5. Effect of the combined treatments with AZD5363+AZD8542+CCR or AZD8542+CCR+RV on the activity of the PI3K/AKT and SHH survival pathways on U-
87 MG and A172 cell lines. (A) and (C) representative images of the Western blot analysis of pAKT, tAKT, p-p70 S6k, p-S6k, SMO, GLI1 on U-87 MG (upper panel) and
A172 (lower panel), cell lines. (B) and (D) quantitative analysis of the western blots for pAKT, tAKT, p-p70 S6k, p-S6k, SMO, GLI1 on U-87 MG (upper panel) and
A172 (lower panel) cells. Data obtained from three independent experiments. Actin was used as loading control. One-way ANOVA, followed by Tukey; *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001. ns, non-significant.
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3.6. AZD5363+AZD8542+CCR and AZD8542+CCR+RYV induce cell
death associated to the activation of caspase-3

p21 is overexpressed in some cancers, and the up-regulation of p21
correlates positively with tumor grade, invasiveness and aggressiveness,
and it is a poor prognostic indicator [60]. Frequently, malignant gliomas
over-express p21, while oligodendrogliomas and low-grade astrocytomas
are p21 negative [61-64]. Moreover, in high-grade astrocytoma, cyto-
plasmic p27 is associated with a worse prognosis, while nuclear p27
shows a tendency towards a better prognosis [65]. Therefore, we decided
to explore the effect of 48 h of treatments on the expression of p21, p27
and ciclyn-D1. We observed, by Western blot analysis, that the expression
of both p21 and p27 decreases in the U-87 MG (Fig. 6B) and A172
(Fig. 6D) cell lines when the two combined treatments were compared
with the controls. Thus, the combinations AZD5363+AZD8542+CCR
and AZD8542+CCR+RYV detain the oncogenic activity of p21 and p27.
On the other hand, it was observed, by Western blot analysis, that the
expression of ciclyn-D1 decreased in the U-87 MG (Fig. 6B) and A172
(Fig. 6D) cell lines treated with AZD5363+AZD8542+CCR combination,
while, with AZD8542+CCR+RYV the expression of ciclyn-D1 was pre-
served. Additionally, we assessed the activation of caspase-3 (cas-3) as a
marker of apoptosis. We observed a discrete activation of cas-3, after
exposure to AZD8542+CCR+RYV in the A172 cell line (Fig. 6D), but
more intense effects were observed after exposure to AZD
5363-+AZD8542+CCR in the U-87 MG and A172 cell lines and
AZD8542+CCR+RYV in the U-87 MG cell line (Fig. 6B and D). These data
show that the combined treatment with AZD5363+AZD8542+CCR or
AZD8542+CCR+RYV induce an apoptotic process in the U-87 MG and
A172 cell lines.

In summary, the administration of the combined treatments
AZD5363+AZD8542+CCR or AZD8542+CCR+RYV inhibit the prolifer-
ation and induce cell death associated with the apoptosis of human GBM
cells (Fig. 7).

4. Discussion

In the present study, we used AZD5363, AZD8542, CCR and RV to
treat GBM and obtained interesting results in vitro, however it is
necessary to evaluate their effects in non-cancerous cells in vitro and in
vivo to rule out cytotoxicity in the body and to analyze the body’s
metabolic response.

CCR and RV have recently been classified as PAINS (pan assay
interference compounds), these compounds have false activity against a
wide variety of molecular targets, the false activity of CCR and RV in
multiple assays may be due to the use of non-pure mixtures of these
compounds, leading to a response against multiple targets [28,66].
Moreover, CCR and RV have been reported to have limited biological
activity due to low oral bioavailability, even through intraveneous
administration [67-70] however, there are different pharmaceutical
strategies that can improve the bioavailability of CCR and RV including
enhancing agents [71], nanoparticles [72,73], phospholipid complex
[74], liposomes [75,76], solid dispersions [77,78] and microemulsifying
[79]. On the other hand, both CCR and RV are chemically unstable
molecules, a fact that complicates their study; however, there are stra-
tegies that can avoid their chemical instability, such as the use of lipids
or nanoparticles [28]. Despite some of the characteristics previously
mentioned, the information obtained in this study, together with an
ample body of research indicate, that treatments including the use of
CCR and RV, could be useful for the development of possible alternative
therapeutic strategies against GBM. Considering the properties of CCR
and RV, we believe that the present results provide an interesting
approach of the potential of the proposed treatments, the data presented
here were all obtained in vitro, thus future studies in whole animal will
be necessary to determine its efficacy and safety.

Recent experimental strategies designed to increase the efficacy of
treatments against cancer include combined therapies using two or more
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agents plus conventional treatments such as chemotherapy, radio-
therapy, and surgery. Combination of biologically active agents with
mutually interdependent activities is a relevant strategy to block
different cellular targets involved in cancer development simultaneously
to induce the death of cancer cells. Moreover, combined therapy reduces
drug-resistance, toxic effects and has many benefits as it decreases the
time of treatment and the use of natural products, compared with
monotherapy [54]. In this work, we observed that the combined treat-
ments are more effective decreasing cell survival than any of the agents
when applied independently (Fig. 2). Of the eleven combinations tested,
the most effective in both cell lines were AZD5363+AZD8542+CCR,
AZD5363+AZD8542+RV or AZD8542+CCR+RV, suggesting that the
compounds associated with these combinations are complementary and
contribute to induce a better effect. The combination of the four agents
was not significantly different compared with the combination of
three agents. Therefore, we decided to discard the AZD5363+
AZD8542+CCR+RV combination. The combined treatments have other
therapeutic properties. [80]. Subsequently, the effects of these com-
bined therapies could be evaluated in non-cancerous controls, in order
to have an approximation of what would happen in healthy tissue; this
information will reinforce the therapeutic potential of this pharmaco-
logical strategy.

Previous studies have shown that when an anticancer agent is
withdrawn, a few cancer cells survive and may eventually resume di-
vision and continue proliferating [81-83]. In addition, some
drug-treated cancer cells undergo prolonged growth arrest but do not
die [84]. Taken together, these results indicate that some anticancer
agents are not effective achieving a long-term effect. Thus, we used
clonogenic assays to determine the efficacy of the combined treatments
on the capacity of surviving single cells to generate colonies. We
observed that combined treatments of AZD5363+AZD8542+CCR and
AZD8542+CCR+RYV did not permit the formation of colonies, therefore
these treatments could reduce the probability of cancer recurrence
(Fig. 3C). In this regard, we observed a drastic decrease in cell prolif-
eration during the first 24 h of culture (Fig. 4B), this suggests that after
24 h of treatment the cells are irreversibly damaged, these data are in
agreement with the clonogenic assay. On the other hand, GBM has a
heterogeneous cellular composition that includes a small subpopulation
of cancer stem cells (CSCs) which promote tumor initiation and resis-
tance to chemotherapy and radiotherapy, hence contributing to tumor
progression and recurrence. Thus, we employed gliomaspheres, a
well-established model of GBM stem-like cells [44,85-87]. Our results
suggest a potential therapeutic strategy to reduce the recurrence of
GBM.

The combination of AZD5363+AZD8542+CCR or AZD8542+
CCR+RV maintain or even increased the expression of AKT in U-87 MG
and A-172 cells, however downstream effectors of the AKT like p-p70
S6k and p-S6k, are reduced. These results are consistent with data ob-
tained in other cell lines, for instance the phosphorylation of AKT is
increased in PC3, DU145, LNCaP prostate cancer cells and in BT474
breast cancer cells and meningioma cells, after being treated with
AZD5363, an ATP-competitive AKT inhibitor [15,88,89]. CCR and RV
are also AKT kinase inhibitors and can bind to its catalytic site [14,90,
91]. Upon AKT recruitment to the plasma membrane, it adopts an active
conformation, exposing the ATP binding pocket and permits access to
the regulatory kinases that phosphorylate AKT regulatory residues
Ser-473 and Thr-308 [92-94]. When an ATP-competitive AKT inhibitor
binds to the catalytic site, it permits an accumulation of inactive and
highly phosphorylated AKT bound to the plasma membrane, which
prevents the interaction with the PP2A and PHLPP1 phosphatases, thus
maintaining stable levels of phosphorylated AKT [95]. It has been re-
ported that ATP-competitive AKT inhibitors cause aberrant AKT phos-
phorylation on the AKT regulatory residues and that they also reduce the
phosphorylation of AKT downstream targets such as GSK3a/p, FOXO3
and S6k, therefore, inhibiting the growth of cancer cells in vitro, and
tumor growth in xenograft animal models [83,96,97]. On the other
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Fig. 6. Effect of the combined treatments with AZD5363+AZD8542+CCR or AZD8542+CCR+RYV on the cell-cycle and caspase-dependent apoptosis on U-87 MG and
A172 cell lines. (A) and (C) are representative images of the Western blot analysis of p21, p27, cyclin-D1, procas-3 and cas-3 on U-87 MG (upper panel) and A172
(lower panel), cell lines. (B) and (D) quantitative analysis of the western blots for p21, p27, cyclin-D1, procas-3 and cas-3 on U-87 MG (upper panel) and A172 (lower
panel) cells. Data obtained from three independent experiments. Actin was used as loading control. Statistical analysis was performed using One-way ANOVA,
followed by Tukey. Statistical significance levels are indicated as: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, non-significant.
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Fig. 7. Proposed model to explain the action of the combined treatments. The combined treatments AZD5363-+AZD8542+CCR or AZD8542+CCR+RV decrease the
activation of AKT, reduce the expression of SMO, pP70S6k, pS6k, GLI1, p21 and p27, and activate the caspase-3 on U-87 MG and A172 cell lines.

hand, it was previously demonstrated that the hyper-phosphorylation of
AKT induced by an ATP-competitive inhibitor renders the AKT enzyme
extremely active after removing the inhibitor from the culture medium,
suggesting it could promote oncogenesis [97]. In this regard, it is
noteworthy that in the colony formation assays, we observed that
after removing the AZD5363+AZD8542+CCR mix or the AZD
8542+CCR+RV combination from the culture medium, neither the U-87
MG nor the A172 cells survive, despite the fact that according to western
blotting we observed aberrant levels of phosphorylated AKT, these ob-
servations suggest the combinations could cause irreversible damage to
the cells, this, however, will have to be evaluated in animal models to
determine if there is a long-term effect.

On the other hand, the growth-inhibitory activity of p21 is associated
with its nuclear localization, since, cytoplasmic p21 promotes cellular
proliferation and has anti-apoptotic activity [60,98,99] by inhibiting
proteins involved in apoptosis, including procaspase-3, caspase-8,
caspase-10 and the assembly of D-type cyclins (D1, D2 and D3) with
CDK4 and CDK6. Moreover, p21 also suppresses genes such as MYC and
E2F1 which are factors with anti-apoptotic activities [99]. These data
coincide with our results, because we observed that in the U-87 MG
and Al172 cells treated with AZD5363+AZD8542+CCR or AZD536
3+AZD8542+RV, the expression of p21 and p27 decreased and
caspase-3 was activated (Fig. 6). Furthermore, AKT phosphorylates p21
on Thr-145 and p27 on Thr-157 so that they remain in the cytoplasm.
When AKT is blocked, p21 and p27 lose their oncogenic activity
[100-103]. We observed a marked decrease in the expression of both
p21 and p27, thus, we suggest that AKT may contribute to tumor cell
proliferation by phosphorylating and retaining p21 and p27 in the
cytosol. This prevents the inhibition triggered by CDKs. p21 and p27,
promote the assembly of cdk4/cyclin-D1 complexes, and a direct
interaction is necessary between the kinase and the cyclin, hence, in the
absence of p21 and p27 most of the complex is dissociated and there is
minimal kinase activity, while in their presence nearly all of the complex

10

remains intact [104]. In this regard, it is most likely that in the U-87 MG
and A172 cells receiving the combination treatments AZD
5363-+AZD8542+CCR or AZD5363+AZD8542+RV, the cdk4/cyclin-D1
complex is dissociated by the absence of p21 and p27 and cell prolif-
eration is prevented despite the fact that we observed a discrete decrease
in the expression of cyclin-D1 (Fig. 6). The Edu assay corroborates these
findings, since they show that the proliferation decreases markedly in
the U-87 MG and A172 cells after 24 h with the combined treatments
(Fig. 4C).

A model of the mechanism proposed is shown in Fig. 7. The thera-
peutic strategy of employing combined administration of AZD5363,
AZD8542, CCR and RV in human GBM cells, shows that combined
treatments are potential anti-tumoral strategies. In this case, the com-
binations AZD5363+AZD8542+CCR and AZD5363+AZD8542+RV,
reduced the proliferation and induce apoptosis, by interfering with the
activation of PI3K/AKT and SHH survival pathways, the regulation of
p21 and p27 and the activation of caspase-3. These results strongly
suggest that it is worthwhile to further investigate the use of combined
therapies to counteract this cancer.
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