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The synergistic effect of DZ-NEP, panobinostat and temozolomide
reduces clonogenicity and induces apoptosis in glioblastoma cells
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Abstract. Current treatment against glioblastoma consists of
surgical resection followed by temozolomide, with or without
combined radiotherapy. Glioblastoma frequently acquires
resistance to chemotherapy and/or radiotherapy. Novel thera-
peutic approaches are thus required. The inhibition of enhancer
of zeste homolog 2 (EZH2; a histone methylase) and histone
deacetylases (HDACs) are possible epigenetic treatments.
Temozolomide, 3-deazaneplanocin A (DZ-Nep; an EZH2
inhibitor) and panobinostat (an HDAC inhibitor) were tested
in regular and temozolomide-resistant glioblastoma cells to
confirm whether the compounds could behave in a synergistic,
additive or antagonistic manner. A total of six commercial
cell lines, two temozolomide-induced resistant cell lines and
two primary cultures derived from glioblastoma samples were
used. Cell lines were exposed to single treatments of the drugs
in addition to all possible two- and three-drug combinations.
Colony formation assays, synergistic assays and reverse tran-
scription-quantitative PCR analysis of apoptosis-associated
genes were performed. The highest synergistic combination
was DZ-Nep + panobinostat. Triple treatment was also syner-
gistic. Reduced clonogenicity and increased apoptosis were
both induced. It was concluded that the therapeutic potential
of the combination of these three drugs in glioblastoma was
evident and should be further explored.
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Introduction

Glioblastoma (1,2) is the most common form of malignant brain
cancer in adults. It is highly lethal, with a median survival of
<15 months (3). Surgery, radiation therapy and temozolomide
are the main therapeutic options against glioblastoma. A lack of
expression of methyl guanyl methyltransferase [MGMT; aDNA
repair enzyme (4) that reverses the temozolomide-induced O°
guanine methylation] due to MGMT promoter methylation is
associated with improved clinical response to temozolomide,
whereas patients with unmethylated MGMT promoters exhibit
resistance to temozolomide (4). Temozolomide resistance and
radiotherapy resistance represent major challenges in the treat-
ment of this disease (3,5,6).

Brain tumors are not only developed by gene mutation, but
also by epigenetic changes, mainly DNA methylation, histone
acetylation, histone methylation and microRNA dysregula-
tion (7-11). Unlike genetic alterations, epigenetic changes are
reversible, and as such are considered attractive targets for
cancer therapy. Two main epigenetic modulators were investi-
gated in the present study, one that targets the enhancer of zeste
homolog 2 (EZH2) histone methyltransferase [3-deazanepla-
nocin A (DZ-Nep) (12)], and a second one that targets histone
deacetylases (HDACS), panobinostat (13).

EZH2, the catalytically active component of polycomb
repressive complex 2, trimethylates lysine 27 of histone H3
(H3K27met3) (14). EZH2 is overexpressed in ovarian carci-
noma (15), prostate cancer (16), glioblastoma (17) and other
tumors, and predicts poor prognosis, high tumor grade and
high clinical stage (18) by favoring cell invasion and tumor
angiogenesis. DZ-Nep, an inhibitor of EZH2, demonstrated
antitumor activity against breast (19), lung (20), brain (21),
prostate (22) and liver (23) cancer cells, blocked cancer
cell migration and invasion in prostate cancer cells (22),
and reduced tumor-associated blood vessel formation in a
glioblastoma xenograft model, suggesting antiangiogenic
activity in vivo (18,24). Recent studies have reinforced
the value of EZH?2 as a target in cancer, even associated
microRNAs and long non coding RNAs with the regulation
of EZH2 (25-27).
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Histone acetylation by histone acetyltransferases induces
a relaxed status of chromatin and promotes the expression
of adjacent genes, whereas HDACs condense chromatin and
inhibit gene expression. One proposed strategy against cancer
is the use of inhibitors of HDACsS, such as panobinostat (28-33),
that target certain pathways that serve important roles in
cancer development (13,34-36) at the level of the cell cycle,
apoptosis, DNA damage responses, metastasis, angiogenesis
or autophagy.

The aim of the present study was to investigate the
therapeutic potential of different combinations of DZ-Nep,
panobinostat and temozolomide for the in vitro treatment of
glioblastoma, as well as the possible synergistic effects that
could exist between them.

Materials and methods

In vitro culture of cell lines and primary tumors

Cell lines. A172 (CRL1620), US7MG (HTB14), T98G
(92090213), MOG-C-CCM (86022702), LN405 (ACC189),
and GOS-3 (ACC408) human glioblastoma cell lines
were used for the study. A172 and US7MG (glioblastoma
of unknown origin) were obtained from the American
Type Culture Collection. T98G and MOG-C-CCM were
obtained from the European Collection of Authenticated
Cell Cultures. LN405 and GOS-3 were obtained from the
German Collection of Microorganisms and Cell Cultures
GmbH. A172, GOS-3, T98G, MOG-C-CCM, LN405 cells
were cultured using RPMI L-Glutamax medium (Gibco;
Thermo Fisher Scientific, Inc.), supplemented with 10%
fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific,
Inc.), 1% penicillin/streptomycin (Gibco; Thermo Fisher
Scientific, Inc.) and 0.1% amphotericin B (Gibco; Thermo
Fisher Scientific, Inc.). U§7MG cells were cultured using
DMEM L-Glutamax (Gibco; Thermo Fisher Scientific, Inc.)
supplemented with 10% FBS, 4% non-essential amino acids,
1% penicillin/streptomycin and 0.1% amphotericin B. Cells
were maintained under normoxic conditions at 37°C with a
humid atmosphere of 5% CO,. Subcultures were performed
upon reaching ~80% confluence using trypsin/EDTA
(Gibco; Thermo Fisher Scientific, Inc.), after a previous wash
with phosphate buffered saline (PBS; Gibco; Thermo Fisher
Scientific, Inc.). Table I presents the molecular profiles of the
cell lines used.

Obtaining temozolomide-resistant cell lines. Cell lines
A172 and LN405 were exposed to 500 uM temozolomide for
72 h at 37°C in an atmosphere of 5% CO,. The surviving cells
were subsequently allowed to grow until they developed colo-
nies. The colonies were trypsinized and reseeded. Once the
cells reached ~70% confluence, they were treated again with
temozolomide as aforementioned. There were three total expo-
sures to temozolomide. The cell lines obtained, with increased
resistance to temozolomide, were designated A172-TMZR and
LN405-TMZR, and were cultured under the same conditions
as the parental cells from which they were derived.

Every 10 passes, a recall dose (500 #M) was followed by
a rest step as described above. Regarding the final dose of
temozolomide to which cells were resistant to, note that it was
not intended for the resistant cells to acquire resistance to a
dose of temozolomide at which all parental cells would die,
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Table I. Molecular profile of PTEN and p53 genes in cell lines
and primary cell cultures.

Cell line Type PTEN p53
Al172 GB MUT (60) WT (61)
A172-TMZR GB MUT (60) WT (61)
USTMG GB MUT (62) WT (61)
LN405 GB MUT* MUT*
LN405-TMZR GB MUT* MUT*
T98G GB MUT (63) MUT (61)
GOS-3 GB hemi-METH (64) WT (65)
MOG-G-CCM GB hemi-METH (64) MUT (66)
PES8 GB-1 ND ND

PE9 GB-1 ND ND
“Information obtained  from  https://amp.pharm.mssm.edu/

Harmonizome/gene_set/LN-405/COSMIC+Cell+Line+Gene+Mutat
ion+Profiles. GB, glioblastoma; GB-1, primary glioblastoma; MUT,
mutated; WT, wild type; ND, not determined; METH, methylated.

but that the resistant lines exhibited greater resistance to the
drug (particularly A172, as LN405 started with a large basal
resistance).

Culture of primary tumors. The study was authorized
by the Ethics Committee of the University of Navarra (ref.
no. CEI0502012) for conducting research on the genetics
of tumors of the nervous system. All samples were fully
anonymized prior to accessing; therefore, patient details
were not known. Patients provided informed consent for the
use of their samples for research. Primary tumors obtained
from the Hospital Complex of Navarra were cultured. Tumor
fragments were completely frozen in vials at -80°C and in
liquid nitrogen. The remainder of the tumor tissue was cut
with scalpels into ~22-mm thick fragments, which were
treated with 0.1% trypsin and later mechanically processed
until tumor tissue was disintegrated into individual cells.
The cells were cultured in flasks pretreated with laminin in
neurosphere medium (composition described below). Starting
with 1 mg/ml laminin (Sigma-Aldrich; Merck KGaA), a
10 pg/ml final concentration solution was prepared using
PBS. The culture flasks were treated by adding 3 ml of this
solution. After incubating the flasks overnight at 4°C, excess
laminin was removed and three washes were made with 3 ml
of PBS. The culture medium used was DMEM + F12 (Gibco;
Thermo Fisher Scientific, Inc.) in the absence of serum and
supplemented with 1X B27 (Gibco; Thermo Fisher Scientific,
Inc.), 20 ng/ml epidermal growth factor (Sigma-Aldrich;
Merck KGaA) and 20 ng/ml basic fibroblast growth factor
(Sigma-Aldrich; Thermo Fisher Scientific, Inc.). The cell lines
derived from primary tumors used in this study were termed
PE8 and PE9. Short tandem repeat (STR) profiles of both
cell lines were analyzed (Figs. SI and S2) and the resulting
alleles of 16 STR loci are listed for further matching studies
(Tables SI and SII).

Experiments were performed using the primary tumor cell
lines throughout the study with the various combinations of
drugs, ensuring that cells did not undergo >20 passes.
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Pharmacological treatments. DZ-Nep, panobinostat and
temozolomide (all Sigma-Aldrich; Merck KGaA), in indi-
vidual or combined treatments, were used to treat the cell lines
and primary cultures under investigation. A stock solution
of the drugs was prepared by diluting them in DMSO at a
concentration of 33.45 mM (DZ-Nep), 500 uM (panobino-
stat), and 51.5 mM (temozolomide). The drugs were stored
in aliquots at -20°C (DZ-Nep and temozolomide) or -80°C
(panobinostat). Each drug was diluted in medium to the corre-
sponding concentration for each experiment. All experimental
treatments were performed with the same quantity of DMSO
diluted in medium, always <0.1%. Control treatments entailed
treatment with DMSO (<0.1%) only diluted in medium.

Analysis of cellviabilityusing MTT.Cell viability was measured
using an MTT colorimetric assay from Sigma-Aldrich (Merck
KGaA). Cells were seeded in 96-well plates at a density
of 5,000 cells/well, and 8 replicates were used for each
control and each treatment. Cells were treated with different
concentrations of each drug for 0, 24, 48 and 72 h at 37°C.
The concentrations employed for DZ-Nep and temozolomide
spanned a spectrum from 1-200 M. Panobinostat treatments
covered a range of 0.001-200 uM. After the aforementioned
treatment durations, MTT solution (0.5 mg/ml) was added to
the plates and incubated for 2 h. After incubation, the medium
was removed and DMSO was added to the plates to dissolve
the formazan precipitates. The absorbance was measured at
550 nm.

Study of the synergy between drugs according to the combina-
tion index (CI)

Definition of synergy. The combination of multiple treatments
in glioblastoma is a requirement imposed due to the genetic
heterogeneity of this type of brain tumor (37,38). A treatment
with a single active compound can lead to an incomplete erad-
ication of the tumor, or even to the appearance of resistance
against that particular compound; however, not all combina-
tions of chemotherapeutics are equally effective. Ideally, the
objective of treatment is the potentiation of the pharmaceu-
tical effect on the tumor, observing a response greater than
predicted. This enhancement is referred to as synergy, and
may be due to a feedback between the mechanisms of action
of the two drugs. The effect observed when the combination
of the two drugs is less effective than the application of the
two drugs separately is known as antagonism. An additive
effect would correspond to the effect observed when there
is an absence of antagonism or synergy; that is, when the
effect produced by the two drugs supplied simultaneously
corresponds to the addition of the effects produced by the two
drugs supplied individually.

However, finding a mathematical model that explains the
antagonistic, additive or synergistic effects is a controversial
issue (39,40). For example, if drug A is able to eliminate 30%
of the tumor at a certain dose, and drug B another 30% at a
given dose, assuming, as a consequence, that 60% of the tumor
would be eliminated if the two drugs followed an additive
model would be an excessive mathematical simplification.
This and other simplistic mathematical approaches have led to
an erroneous application of the concept of synergy in several
pharmacological studies (41).
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Chou-Talalay's CI. Other mathematical approaches
consider the different non-linear forms of the dose/effect
curves that can stop the different drugs, and attempt to
determine which concentration of each drug is capable of
producing an equivalent quantitative effect. These approaches
are known as dose-effect strategies (42), and in them the puta-
tive additive effect of a combination depends on the individual
dose-effect curves and follows the mathematical model of
Loewe's addiction (43). Chou and Talalay designed a simple
equation (Fig. S3A) capable of representing the synergistic
effect evaluated in vitro as a CI. Without entering into the
mathematical details of this equation, it could be summarized
as follows: For a combined dose of two drugs (A and B) for
which a certain affected cellular fraction (Fa) is observed, the
CI would correspond to the sum of the fractions of the doses
of each drug in combination [(Dcomb), or(Dcomb),] divided
by the dose of each individual drug at which the same effect
is observed [(Dalone), or (Dalone),]. If CI<1, the combination
could be considered synergistic; if CI>1, the combination
would be antagonistic; and CI=1 would be equivalent to an
additive effect (Fig. S3A).

One of the advantages of this equation is the assessment
of the synergy for each Fa. The higher the concentration of
drugs (supplied individually or in combination), the higher
the Fa of the affected population. However, synergy does
not necessarily have to be constant through all the fractions
affected by the treatment of a combination of drugs at different
concentrations.

A study of in vitro synergy could provide infinite combi-
nations of concentrations of two drugs. Therefore, Chou (44)
recommends testing the drug combinations following a
constant ratio. Drug concentrations are so mixed following a
constant ratio and administered in combination, from lower to
higher doses. A good approximation is to use the half-maximal
inhibitory concentration (IC) of each drug in a 1:1 ratio so that
each compound has the same potency in the combination.
However, due to the nature of each chemotherapeutic, this can
be difficult to determine, rendering it necessary to work with
other quotients. For example, one of the drugs may have lower
solubility, or may be more difficult to obtain due to economic
reasons, or it may even be the case that the margin in which
an effect proportional to the dose delivered is observed is very
narrow. In those cases, combinations of drugs may be tested
following a non-constant ratio of drug concentrations.

Use of Compusyn software in the combinatorial study of
drugs. The free Compusyn software (http://www.combosyn.
com/), developed by Chou's group, allows rapid collection of
the ICs calculated for each drug combination. Its representa-
tion in graphs with the ICs of each drug combination against
their respective Fa (Fig. S3A) (44) is a useful tool that greatly
simplifies the analysis of drug combinations.

Study of the combination of =3 drugs. Often, the possible
synergy of drugs is analyzed by the combination of compounds
in pairs, which facilitates understanding of the results, as it
represents a common situation in clinical practice. Using
combinations of =3 drugs is less common clinically. The
CI equation proposed by Chou and Talalay can be used for
the analysis of >2 drugs, and the Compusyn program allows
the study of the synergy of up to three simultaneous drugs.
However, it must be considered that the synergy obtained
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Table II. Experimental concentrations of compounds.
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A, Concentrations used for in vitro experiments (M)

Cell line DZ-Nep Panobinostat Temozolomide

Al172 5 0.02 0.2

A172-TMZR 5 0.02 0.2

U8TMG 5 0.02 0.2

LN405 5 0.02 0.2

LN405-TMZR 5 0.02 02

T98G 5 0.02 02

GOS-3 5 0.02 0.2

MOG-G-CCM 5 0.02 0.2

PE8 5 0.02 0.2

PE9 5 0.02 0.2

B, Concentrations used for combinatorial experiments (M)

Cell line DZ-Nep Panobinostat Temozolomide

U8TMG 5-80 (5, 10, 20, 40, 80) 0.01-0.16 (0.01,0.02,0.04, 12.5-200 (12.5, 25, 50,
0.08,0.16) 100, 200)

LN405 5-80 0.01-0.16 12.5-200

LN405-TMZR 5-80 0.01-0.16 12.5-200

GOS-3 5-80 0.01-0.16 12.5-200

MOG-G-CCM 5-80 0.01-0.16 12.5-200

C, Concentrations used for triple combinations (#M)

Cell line DZ-Nep Panobinostat Temozolomide

U8TMG 1.66-26.67 (1.667,3.333, 0.003-0.053 (0.003, 0.007, 4.167-66.67 (4.167,8.333,

6.667,13.333,26.667) 0.013,0.027,0.053) 16.667, 33.333, 66.667)

LN405 1.66-26.67 0.003-0.053 4.167-66.67

LN405-TMZR 1.66-26.67 0.003-0.053 4.167-66.67

GOS-3 1.66-26.67 0.003-0.053 4.167-66.67

MOG-G-CCM 1.66-26.67 0.003-0.053 4.167-66.67

DZ-Nep, 3-deazaneplanocin A.

by the use of =3 drugs may be due solely to the synergistic
effect of two of these drugs. Therefore, special care must be
taken when interpreting the results of these analyses (45). In
the present study, Compusyn was used for the combinatorial
analysis of three different drugs: DZ-Nep, panobinostat and
temozolomide. The drugs were combined in pairs or triplets.
All combinations were studied following a constant ratio.
Drug combination studies and their synergy quantification.
A drug combination study was conducted to determine
the synergistic potential of the drugs used according to the
Chou-Talalay method (46). Commercial cell lines were used;
however, due to their slower proliferation, cell lines derived
from primary tumors were not used. Cells (5,000/well) were
seeded in 96-well plates. The following day, the culture medium
was replaced with fresh medium containing combinations of

5 different concentrations for each drug (Table II). The effects
of DZ-Nep, panobinostat and temozolomide administered
individually or in combination were studied for 72 h. At
the same time, whether pre-treatment of a drug followed
by a post-treatment of a separate drug was a more efficient
therapeutic strategy than simultaneous double combination
treatment was evaluated. For this, 5,000 cells per well were
seeded in 96-well plates, and the following day the medium
was changed by 5 different concentrations of each of the drugs
to be used in each pre-treatment. At 24 h later, the medium
was removed and changed to 5 different concentrations of each
of the possible post-treatments, allowing them to incubate for
48 h. In any case, the experiments with combined treatment or
with individual pre-treatment followed by post-treatment were
not incubated for longer than 72 h. After incubation, MTT
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Table III. Sequences of the primers used for quantitative PCR.
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Gene Forward primer (5'-3") Reverse primer (5'-3") Tm (°C) Annealing temperature ("C)
GAPDH AACGTGTCAGTGGTGGACCTG AGTGGGTGTCGCTGTTGAAGT 674 63.4

BAX TTTGCTTCAGGGTTTCATCC CAGTTGAAGTTGCCGTCAGA 60 56

NOXA  CTTGGAAACGGAAGATGGAA  CGCCCAGTCTAATCACAGGT 60 56

BCL2 GGATGCCTTTGTGGAACTGT AGCCTGCAGCTTTGTTTCA 60 56

BCL-XLL TCTGGTCCCTTGCAGCTAGT CAGGGAGGCTAAGGGGTAAG 60 56

Tm, melting temperature.

reagent was added at a concentration of 0.5 mg/ml, and the
plates were incubated for 2 h at 37°C. The absorbance was
measured at 550 nm, and the percentage of surviving cells was
determined for each treatment in relation to untreated control
cells. The Fa was determined, which represents the inhibition
of the respective proliferation at each treatment, whereby
an inhibition of 0% corresponds to Fa=0, and an inhibition
of 100% corresponds to Fa=1. CI values were calculated
and represented using dose-response graphs in Compusyn
software (47). All combinations of drugs were analyzed using
a constant ratio (DZ-Nep, 5 M; panobinostat, 0.01 nM;
temozolomide, 12.5 yM). Drug concentrations are presented
in Table II.

In vitro pharmacological effect. Cell lines and cells
derived from primary tumors were incubated for 72 h with
DZ-Nep, panobinostat and temozolomide, according to
Table IT (33,48,49). Treatments were performed with individual
drugs or two-drug combinations. After 72 h of incubation, the
cell culture medium was removed and replaced with medium
supplemented with fresh drug every 24 h. After incubation,
cells were trypsinized, counted and used to perform the
in vitro functional experiments. Part of the cells were frozen
at -80°C for subsequent extraction of mRNA and proteins. All
in vitro experiments (apoptosis, soft agar colony formation and
colony formation assays on plate) were performed in triplicate.

Apoptosis assay. The effects of drugs on the activa-
tion of caspase-mediated apoptosis were studied in A172,
A172-TMZR and LN405 cells. For this, 5,000 cells/well
were plated in 96-well plates for 24 h, after which the culture
medium was replaced by cell medium containing drugs at the
following concentrations: 5 uM DZ-Nep, 20 nM panobinostat
and/or 200 nM temozolomide. Drugs were tested individually
or in pairs. Cells were incubated at 37°C with the drugs for
2 h. Then, the activity levels of caspases 3 and 7 were quanti-
fied by luminescence using a Caspase-Glo® 3/7 Assay kit (cat.
no. G8090; Promega Corporation), according to the manufac-
turer's protocols.

Soft agar colony formation assay. To study in vitro cell
tumorigenicity under conditions of anchorage independence,
cells were seeded in agarose in 6-well plates. For this, a solu-
tion containing 2 ml of 0.5% agarose (Pronadisa; Laboratorios
Conda) and DMEM (Sigma-Aldrich; Merck KGaA) was
first added to each well. Once this first agarose layer had set,
10,000 cells diluted in 2 ml of 0.2% agarose and DMEM
were added. When this second layer solidified, 2 ml of the

corresponding culture medium of each cell line supplemented
with 10% FBS was added to each well and renewed every
3 days. After 4 weeks of incubation, the medium was removed
and the colonies were stained with 250 ul of 1% crystal
violet (Sigma-Aldrich; Merck KGaA) overnight at 4°C. Five
washes with autoclaved water were performed to improve cell
visualization. Images were acquired (5 photos/well) under a
microscope (magnification, x10), and the colonies formed in
each visual field were counted. The different pharmacological
conditions were seeded in triplicate for each cell line in three
independent experiments. This assay was not performed on
Al172, A172-TMZR, GOS-3 and MOG-C-CCM cells, due to
sub-optimal cell growth under these experimental conditions.

Colony formation assay in adherent conditions. To study
cellular clonogenicity under anchoring conditions, the treated
cells were seeded in 6-well plates, and allowed to incubate for
14 days. Then, the medium was removed and the cells were
fixed using 4% paraformaldehyde (Panreac AppliChem ITW
Reagents) for 30 min, after which they were stained with
1% crystal violet for 15 min (both at room temperature). The
colonies formed were counted using a Colony Counter 560
(Suntex Instruments Co., Ltd.). The number of cells seeded
varied depending on the cell line; 300 cells/well were seeded
for all cell lines, with the exception of PE8, PE9 and GOS-3,
for which 700 cells/well were seeded.

Molecular studies

mRNA extraction and reverse transcription (RT). mRNA
was extracted from the treated cell pellets for 72 h with the
different drug conditions using an All Prep DNA/RNA/Protein
Mini kit (Qiagen GmbH), according to the manufacturer's
protocols. The mRNA concentration was determined using a
NanoDrop™ system (NanoDrop Technologies; Thermo Fisher
Scientific, Inc.).

The RT of mRNA to cDNA was performed using 2 pg of
RNA, 250 pg of random primers and 2 pl of dNTPs (stock
5 uM) in a final volume of 12 ul of RNase-free water. The
mixture was incubated at 65°C for 5 min, after which 4 ul of
5X buffer and 2 ul of DTT were added. After 2 min at 42°C,
1 pul of the enzyme SuperScript™ II Reverse Transcriptase
(Gibco; Thermo Fisher Scientific, Inc.) was added and incu-
bated at 25°C for 10 min, at 42°C for 50 min and at 70°C for
15 min. The obtained cDNA was diluted 1/5 in autoclaved
water and stored at -20°C until subsequent use.

Quantitative PCR (qPCR). Gene expression was measured
via RT-qPCR. The design and analysis of each pair of primers
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was conducted using Primer3 software (http://primer3.
sourceforge.net/) and Primer Blast (http://www.ncbi.nlm.
nih.gov/tools/primer-blast/). Primer sequences are shown in
Table III. The primers used were selected and aligned with
the nucleotide sequences obtained from RefSeq (http:/www.
ncbi.nlm.nih.gov/RefSeq/) and UCSC Genome Browser
(http://genome.ucsc.edu/).

For RT-qPCR reactions, an IQ5 Multicolor Real-Time PCR
Detection System (Bio-Rad Laboratories, Inc.) was used. In
each well, 1.25 ul ¢cDNA, 12.5 ul iQ™ SYBR® Green (cat.
no. 1708882 Bio-Rad Laboratories, Inc.), 0.5 ul sense and
antisense primers and 10.25 pl milliQ autoclaved water were
added. The samples were subjected to the following protocol:
Initial denaturation cycle at 95°C for 10 min, followed by
45 cycles of amplification comprising 30 sec at 95°C, 30 sec at
the annealing temperature of each pair of primers, and 30 sec
at 72°C. After the amplification step, the melting temperature
curve was analyzed from 70°C to 90°C, with a 0.5°C increased
at every 30 sec. The transcripts of the genes were normal-
ized with the transcripts of the GAPDH control gene in each
sample. Quantification and normalization of the genes was
performed using the 2224 method (50), which allows the rela-
tive expression of the genes in a study to be quantified. Three
independent experiments were performed with the samples
subjected to a triplicate amplification protocol.

Statistical analysis. Three independent experiments were
performed. All data are presented as the mean + standard
deviation. All data are normalized with respect to controls.
To analyze the differences observed between the different
pharmacological conditions, ANOVA was performed followed
by Tukey's post hoc test using GraphPad Prism 7 software
(GraphPad Software, Inc.). P<0.05 was considered to indicate
a statistically significant difference.

Results

Development of temozolomide-resistant glioblastoma cell
lines. In this study a range of cell lines with different p53
and PTEN gene statuses were employed, with different sensi-
tivities to temozolomide. The lines were selected based on their
molecular status for these genes documented in the literature.
In addition, the development of temozolomide resistance was
mimicked by exposing the cell lines A172 (pS3wt/PTENmut)
and LN405 (p53mut/PTENmut) to a concentration of 500 M
of temozolomide. The resulting cell lines were designated
A172-TMZR and LN405-TMZR (Table I). Fig. S3B shows
the increase in resistance to temozolomide in these two cell
lines. A172-TMZR showed a significant increase in resistance
to temozolomide compared with A172 at the highest concen-
trations studied (P<0.001). LN405-TMZR cells exhibited a
significant increase in resistance to temozolomide at very
high concentrations of this drug compared with LN405 cells
(P<0.05). It should be considered, however, that the LN405 line
is naturally more resistant to temozolomide than the A172 line,
which may explain the differences in the resistance acquired to
this drug by each cell line. Also, it would be of interest to see
whether, after the treatments, cells may develop vulnerabilities
to the other drugs. Those vulnerabilities may be similar to
those of the other temozolomide-resistant cell lines (51).
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DZ-Nep + panobinostat combined treatment

DZ-Nep + panobinostat combined treatment shows an
additive/synergistic effect at the highest concentrations. In
DZ-Nep + panobinostat combined treatment, a consistent-
tendency towards synergy was not observed in all cell lines.
Simultaneous treatments resulted a greater Fa than the therapies
performed with pre-treatment and post-treatment (Table SIIT).

All concentrations used in double simultaneous treatments
turned out to be synergistic in US87MG cells, whereas for the
other cell lines, synergistic effects appeared only in the treat-
ment combinations that resulted in a greater Fa, as confirmed
by the predictions obtained by Compusyn. These predictions
indicated a clear synergistic effect in DZ-Nep + panobinostat
combined treatment in the majority of cell lines; however, an
additive effect was predicted in the LN405 cell line, while in
LN405-TMZR, the prediction indicated that the combination
was antagonistic.

Conversely, predictions of pre-treatment therapies followed
by post-treatment do not appear to show a clear tendency to
synergy. Pre-treatment with DZ-Nep shows synergy with
panobinostat post-treatment in MOG-G-CCM cells, whereas
the pre-treatment with panobinostat shows the greatest synergy
in US7TMG cells.

LN405 and LN405-TMZR cells, although showing
less synergism to the double simultaneous treatment of
DZ-Nep + panobinostat, clearly exhibited synergistic CI
indexes in this therapeutic strategy. Even so, DZ-Nep + pano-
binostat double simultaneous treatment was the one that
induced the highest elevated fractions, indicating this as the
most promising therapeutic strategy for clinical settings. The
ICs obtained (Table SIII) were plotted on a logarithmic scale
in Fig. S4 using the Compusyn program.

Regarding GOS-3 (Table SIII), there is synergy only for
the panobinostat pre-treatment/DZ-Nep post-treatment and at
certain concentrations of DZ-Nep pre-treatment/panobinostat
post-treatment. Compusyn predicts synergy at higher concen-
trations for the simultaneous 72-h (D72P72) treatment (Fig. S4),
whereas for the other treatments it does not predict synergy.
Simultaneous D72P72 treatment produces high, non-synergistic
indices, potentially because the Fa values obtained are low.
Thus, synergy is predicted for the simultaneous double treat-
ment at higher concentrations, but only an additive effect was
detected with the largest experimental concentrations used.

DZ-Nep + panobinostat combined treatment reduces cell
clonogenicity of glioblastoma cells. The double treatment of
DZ-Nep + panobinostat significantly decreased the number of
colonies on plates (P<0.001) in T98G, LN405, LN405-TMZR,
MOG-G-CCM, U87MG, A172 and A172-TMZR cells, and in
PE9 primary tumor cells. The clonogenicity of PE8 cells was
significantly reduced following exposure to each individual
treatment with respect to the control; however, combined
treatment was not significantly different to the individual
treatments. In GOS3 cells, the individual treatments induced
significant decreases in clonogenicity compared with the
control; however, combined treatment was not significantly
different to control treatment (Fig. 1).

In addition, combined treatment induced significantly
greater clonogenic inhibition than that caused by the
individual treatments (DZ-Nep or panobinostat) in A172,
A172-TMZR, U87MG, LN405-TMZR and T98G cell lines
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Figure 1. Colony formation capacity in adherent conditions or in soft agar following treatment with DZ-Nep, panobinostat or combined treatment. Data are
presented as the mean + standard deviation of three independent repeats. All control values were normalized to 1. ‘P<0.05, “P<0.01, "“P<0.001 vs. control;
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Caspases assay

Caspases 3/7 activity

3 Control

[ DZ-Nep

3 Panobinostat
EA3 DZ+PAN

wran

Figure 2. Activation of caspases 3/7 following treatment with DZ-Nep, panobinostat or combined treatment. Data are presented as the mean + standard
deviation of three independent repeats. All control values were normalized to 1. "P<0.05, “P<0.01, "*“P<0.0001 vs. control; “““P<0.001 vs. DZ-Nep; **P<0.001
vs. panobinostat (Tukey's test). DZ-Nep, 3-deazaneplanocin A; PAN, panobinostat.

(P<0.001). Furthermore, LN405-TMZR and T98G cells did
not form any colonies on plates following combined treat-
ment. Of note, panobinostat individual treatment induced a
greater inhibition in the formation of colonies on plates than
DZ-Nep + panobinostat combined treatment in LN405 cells
(Fig. 1). This is an unusual phenomenon not observed in the
other cell lines; however, the genetic heterogeneity of cancer
cells renders it possible. Therefore, more cells and primary
cultures are required in further studies to obtain more consis-
tent results. Studies on this topic are therefore open to future
research.

In the soft agar clonogenicity test (Fig. S5), although the
greatest inhibition of colony formation was observed after

DZ-Nep + panobinostat combined treatment in all cell lines
(P<0.001), the inhibition induced by this treatment was signifi-
cantly different to that induced by the two individual treatments
(DZ-Nep or panobinostat) only in US7MG, LN405-TMZR and
PES cells (P<0.001; Fig. 1). In the LN405 and T98G cell lines,
the double treatment induced a significantly greater inhibi-
tion than the inhibition caused by the treatment of DZ-Nep
(P<0.001).

DZ-Nep + panobinostat combined treatment increases
apoptosis of glioblastoma cells. The levels of activation of
caspases 3 and 7 were measured in A172, A172-TMZR and
LN405 cells after 2 h of individual treatment with DZ-Nep
and panobinostat, and the simultaneous double treatment of
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Figure 3. BAX and NOXA mRNA expression in cell lines treated for 72 h with DZ-Nep, panobinostat or a combination of both. Data are presented as the
mean + standard deviation of three independent repeats. All control values were normalized to 1. "P<0.05, “P<0.01, ""P<0.001 vs. control; ‘P<0.03, “““P<0.001
vs. DZ-Nep; “P<0.05, **P<0.001 vs. panobinostat (Tukey's test). DZ-Nep, 3-deazaneplanocin A; PAN, panobinostat.

DZ-Nep + panobinostat (Fig. 2). Double treatment produced a
significantactivation of caspasesin A172 and A172-TMZR cells
(P<0.001). Double treatment produced a significant increase in
activated caspases in A172 cells, but not in A172-TMZR cells,
with respect to individual treatments; similar values were
produced in A172-TMZR cells after either double treatment
or panobinostat individual treatment. No significant caspase
activation was observed in LN405 cells.

The combination of DZ-Nep + panobinostat significantly
increased BAX expression in A172, LN405, MOG-G-CCM
and T98G cells (P<0.001; Fig. 3). The increase produced by
combined treatment in MOG-G-CCM and T98G cells was
significantly greater than that induced by the individual treat-
ments of DZ-Nep or panobinostat (P<0.001).

These changes were similar to those observed in the
expression of NOXA produced by the combined treatment of
DZ-Nep + panobinostat, where it was found that the double
treatment increased the expression of NOXA in T98G (P<0.01)
and in LN405, MOG-G-CCM and PES cells (P<0.001; Fig. 3).
The greatest increase in NOXA was detected in PES cells,
significantly higher in the double treatment compared with the
individual treatments (both P<0.001).

The combination of DZ-Nep + panobinostat significantly
decreased the expression of the BCL-2 antiapoptotic gene in
MOG-G-CCM, T98G and PES cells (P<0.001). Lines A172,

LN405 and LN405-TMZR showed significant increases in
BCL-2 expression (P<0.001; Fig. 4).

The double treatment of DZ-Nep + panobinostat signifi-
cantly increased the expression of BCL-XL in LN405 and
MOG-G-CCM (P<0.001), and PES cells (P<0.05; Fig. 4).

DZ-Nep + temozolomide combined treatment
DZ-Nep + temozolomide combined treatment shows a syner-
gistic effect at the highest concentrations. The combination
of DZ-Nep + temozolomide used did not result in any Fa>0.5
(Table SIV). A synergistic effect appeared after 72 h combined
treatment for LN405 cells. Compusyn predictions indicated a
clear synergy in the combined treatments of DZ-Nep + temo-
zolomide, and in the pre-treatment of temozolomide followed
by post-treatment with DZ-Nep in GOS-3, MOG-G-CCM and
LN405 cells. LN405 and LN405-TMZR cells were predicted
to have synergy in the pre-treatment of DZ-Nep followed by
post-treatment of temozolomide; this treatment did not prove
to be effective in the other cell lines. US7MG cells exhibited
clear antagonism in all treatments with these two drugs. The
CI values obtained were plotted logarithmically in Fig. S6.
DZ-Nep + temozolomide combined treatment specifically
inhibits clonogenicity of temozolomide-sensitive cells. The
double treatment of DZ-Nep + temozolomide significantly
decreased the number of colonies on plates (P<0.001; Fig. 5)
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Figure 4. BCL-2 and BCL-XL mRNA expression in cell lines treated for 72 h with DZ-Nep, panobinostat or a combination of both. Data are presented as the
mean + standard deviation of three independent repeats. All control values were normalized to 1. "P<0.05, “P<0.01, "“P<0.001 vs. control; “P<0.01, “““P<0.001
vs. DZ-Nep; “P<0.01, ““P<0.001 vs. panobinostat (Tukey's test). DZ-Nep, 3-deazaneplanocin A; PAN, panobinostat.

in A172, A172-TMZR, U87MG, T98G, MOG-G-CCM, PES8
and PE9 cells. This treatment did not show significant changes
with respect to the control treatment in GOS-3, LN405 and
LN405-TMZR cells.

The double treatment of DZ-Nep + temozolomide induced
significantly greater inhibition compared with that produced
by the two individual treatments in A172, US7TMG, and PE9
cells, which exhibited lower resistance to temozolomide than
the rest of the cells in the present study (Fig. 5).

These findings were further validated using the clono-
genicity experiment in anchoring independent conditions
(Fig. S5) when seeding the treated cells in soft agar. Only the
U87MG line showed significantly greater inhibition induced
by the double treatment of DZ-Nep + temozolomide compared
with that caused by the two individual treatments (P<0.001).
In LN405 and LN405-TMZR cells, which are more resistant
to temozolomide, no differences were observed between the
double treatment and the individual treatments of DZ-Nep and
temozolomide (Fig. 5). In addition, T98G showed a significant
difference (P<0.001) between the combined treatment and
individual treatment of DZ-NEP only.

DZ-Nep + temozolomide combined treatment partially
increases apoptosis of glioblastoma cells. The levels of
caspase activation in A172, A172-TMZR, and LN405 cells
was studied after 2 h of individual treatment with DZ-Nep
or temozolomide, and simultaneous double treatment of

DZ-Nep + temozolomide (Fig. 6). Double treatment produced
a significant activation of caspases in A172 cells compared
with the control treatment (P<0.0001) and DZ-Nep individual
treatment (P<0.05). The double treatment did not produce a
significant increase in caspase activation in A172-TMZR and
LN405 cells.

DZ-Nep + temozolomide combined treatment signifi-
cantly increased BAX expression (Fig. 7) in A172, LN405,
LN405-TMZR, MOG-G-CCM and PES cells (P<0.01). It also
produced a significant increase of NOXA expression (Fig. 7)
in these cell lines (P<0.01 for LN405-TMZR; P<0.001 for all
other cells). In MOG-G-CCM, LN405-TMZR and T98G cells,
however, double treatment did not produce a significantly
greater increase in NOXA expression than that produced by
the individual treatment of DZ-Nep. Double treatment did not
significantly increase the levels of BAX or NOXA in T98G
cells compared with control.

Simultaneous double treatment of DZ-Nep + temo-
zolomide significantly increased the expression of BCL-2
antiapoptotic gene in LN405 (P<0.01), LN405-TMZR (P<0.05)
and MOG-G-CCM (P<0.001) cells compared with the control.
A172,T98G and PES cells did not show significant differences
in BCL-2 expression levels after this treatment (Fig. 8).

Double treatment of DZ-Nep + temozolomide strongly
significantly decreased the expression of the antiapoptotic
gene BCL-XL in T98G cells (P<0.001). However, a highly
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Figure 5. Colony formation capacity in adherent conditions or in soft agar following treatment with DZ-Nep, temozolomide or combined treatment. Data are
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Figure 6. Activation of caspases 3/7 following treatment with DZ-Nep, temozolomide or combined treatment. Data are presented as the mean + standard
deviation of three independent repeats. All control values were normalized to 1. "P<0.05, “P<0.01, “*“P<0.0001 vs. control; “P<0.05 vs. DZ-Nep (Tukey's test).

DZ-Nep, 3-deazaneplanocin A; TMZ, temozolomide.

significant increase in BCL-XL was detected in the remaining
the cell lines studied (P<0.001; Fig. 8).

Panobinostat + temozolomide combined treatment
Panobinostat + temozolomide combined treatment shows
a synergistic effect. The CI values obtained mostly showed

antagonism for the smallest Fa values, and synergy for the
highest Fa (Table SV). In particular, U§7MG cells showed
higher CI indexes in the simultaneous 72-h (P72T72) double
treatment and in the pre-treatment of temozolomide followed
by panobinostat. Temozolomide pre-treatment/panobinostat
post-treatment (T24P48) was also generally effective against
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GOS-3 cells, and only at the highest concentrations in
MOG-G-CCM, LN405 and LN405-TMZR cells.

LN405 cells revealed a synergistic or additive effect
following double treatment, whereas its temozolomide-resis-
tant variant, the LN405-TMZR line, showed lower synergy
and Fa at low concentrations, although synergy and the Fa
increased at higher concentrations of treatment. Synergistic
estimates predicted by Compusyn revealed a clear synergy of
T24P48 treatment in all cell lines, and a clear synergy in the
P72T72 treatment in almost all cell lines, with the exception
of LN405. Synergy was only predicted for the pre-treatment
of panobinostat followed by a post-treatment of temozolomide
in GOS-3, LN405 and LN405-TMZR cells. The logarithms of
the CIs were represented in Fig. S7.

Panobinostat + temozolomide combined treatment
effectively inhibits the clonogenic potential of cell lines. The
double treatment of panobinostat + temozolomide significantly
decreased the number of colonies on plate in all cell lines studied
(P<0.001). Significant differences were observed between the
inhibition caused by the double treatment and by the indi-
vidual treatments of panobinostat or temozolomide in GOS-3,
A172-TMZR, LN405 and LN405-TMZR cells (Fig. 9). In addi-
tion, the inhibition of clonogenicity observed in LN405-TMZR
following double treatment of panobinostat + temozolomide
appeared to be markedly greater than that in LN405.

A soft agar clonogenicity experiment (Fig. S5) confirmed
this result. The double treatment of panobinostat + temozolo-
mide showed a significantly higher inhibition of clonogenicity
than the two individual treatments of panobinostat or temozolo-
mide in US7MG and LN405 cells (P<0.001). No differences
were found between the double treatment and the individual
treatment of temozolomide in T98G and PES8 cells. Finally,
the double treatment showed an antagonistic effect, with a
significant increase in the number of colonies formed in agar,
in LN405-TMZR cells (P<0.05; Fig. 9).

Panobinostat + temozolomide combined treatment
increases the apoptosis of glioblastoma cells. The levels of
caspase activation in A172, A172-TMZR and LN405 cells were
studied after 2 h of individual treatment with panobinostat or
temozolomide, and simultaneous double treatment of panobi-
nostat + temozolomide (Fig. 10). Double treatment significantly
increased caspase activity in A172 and A172-TMZR cells
compared with the control treatment (P<0.0001), or individual
treatment with temozolomide (P<0.0001). The levels of acti-
vated caspases induced by double treatment was significantly
greater than those induced by individual treatment with pano-
binostat in A172 cells (P<0.0001). No treatment produced a
significant increase of activated caspases in LN405 cells.

Double treatment of panobinostat + temozolomide signifi-
cantly increased the expression of BAX and NOXA (Fig. 11)
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in LN405, MOG-G-CCM and PES cells compared with the
control (P<0.001). A significant increase of BAX in A172
cells (P<0.001) and of NOXA in T98G cells (P<0.001) was
detected in the other cell types. LN405-TMZR cells exhibited
no significant changes in the expression of either proapoptotic
gene.

Panobinostat + temozolomide combined treatment
significantly decreased the expression of BCL-2 in A172 and
PES cells compared with the control (P<0.001). In LN405,
LN405-TMZR and T98G cells, however, double treatment
increased BCL-2 expression (Fig. 12).

Combined panobinostat + temozolomide treatment
strongly significantly decreased the expression of the anti-
apoptotic gene BCL-XL in T98G cells (P<0.001). Conversely,
the expression of BCL-XL was significantly upregulated in
LN405 and MOG-G-CCM cells (P<0.001; Fig. 12).

DZ-Nep + panobinostat + temozolomide triple combination.
The triple combination of DZ-Nep + panobinostat + temo-
zolomide resulted in high synergistic CI indexes in all cell
lines (Table SVI and Fig. S8).

Although GOS-3 and LN405-TMZR cells showed
antagonism when working with drug concentrations that
produced a small Fa, these drugs showed a synergistic effect

at the concentrations corresponding to bigger Fa values, data
confirmed by the Compusyn predictions. Although a greater
effect was observed in LN405 compared withLN405-TMZR
cells, Compusyn predicted higher synergistic results at the
highest Fa for LN405-TMZR cells than for LN405 cells.

Discussion

In response to combined DZ-Nep and panobinostat treatment,
Compusyn predicted a synergistic response in the cell lines
used, with the exception of LN405 and LN405-TMZR cells,
where additive and antagonistic responses were obtained,
respectively. Consistent with these predictions, significant
increases in BAX and NOXA expression levels were not
observed in LN405-TMZR cells, in contrast to the other cell
lines. DZ-Nep + panobinostat combined treatment effectively
inhibited the formation of colonies on agar in the analyzed cell
lines. As two agents that inhibit gene expression at different
epigenetic levels (DZ-Nep affects EZH2, panobinostat
affects HDACS), it is not surprising that their combination is
highly effective, as previously described (52-54). Therefore,
DZ-Nep + panobinostat may represent a promising drug
combination in the treatment of brain tumors. It is probable
that the inhibition of EZH?2 induced by DZ-Nep facilitates
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Figure 9. Colony formation capacity in adherent conditions or in soft agar following treatment with panobinostat, temozolomide or combined treatment. Data
are presented as the mean + standard deviation of three independent repeats. All control values were normalized to 1. "P<0.05; “"P<0.01, ““P<0.001 vs. control;
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Figure 10. Activation of caspases 3/7 following treatment with panobinostat, temozolomide or combined treatment. Data are presented as the mean + standard
deviation of three independent repeats. All control values were normalized to 1. “P<0.01, “**P<0.0001 vs. control; ***P<0.0001 vs. panobinostat; “P<0.0001
vs. temozolomide (Tukey's test). PAN, panobinostat; TMZ, temozolomide.

demethylation of H2K27me3. The absence of methylation transferases (55) following the H3K27me3 to H3K27Ac switch
would favor subsequent histone acetylation by histone acetyl-  on chromatin. Panobinostat, by inhibiting the deacetylation
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Figure 11. BAX and NOXA mRNA expression in cell lines treated for 72 h with panobinostat, temozolomide or a combination of both. Data are presented
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induced by several HDACs, would help to maintain histone
acetylation. All this would facilitate the apoptosis of malig-
nant cells through multiple signaling pathways.

The studied combinations of DZ-Nep + temozolomide did
not result in a very high Fa in the studied cell lines, although
the predictions made by Compusyn for higher Fa values
generally indicated a synergistic behavior, except in U§7TMG
and LN405-TMZR cells, where antagonistic behavior was
predicted. DZ-Nep and temozolomide are not compounds
that induce rapid apoptotic responses in cells. DZ-Nep typi-
cally requires long incubation times, and temozolomide
usually causes cell cycle arrest (56) or cell senescence (57).
These reasons complicate the analysis of the synergistic effect
according to the CI method used in this study. Although the
results obtained suggest the existence of synergy between these
two compounds, it is necessary to use longer incubation times
to establish whether these combined drugs behave according
to an additive, synergistic or antagonistic model.

The combination of these two drugs only produced greater
inhibition of agar colony formation than treatment with the
individual drugs in US87MG cells. In parallel, there was a
greater inhibition in the formation of colonies on plates in
A172, U87MG and PE9 cells. The cells presenting the highest
resistance to temozolomide (GOS-3, LN405, LN405-TMZR,
T98G and MOG-G-CCM) did not appear to be more sensitive
to the combination of drugs compared with the two indi-

vidual drugs. All these lines carry p53 mutations (Table I).
It is possible that the dose of temozolomide used was not
high enough to induce significant effects in these cell lines,
and synergy was not achieved when working with low drug
concentrations in these types of experiments. Conversely,
the expression of the proapoptotic genes BAX and NOXA
was increased in all cell lines. The increase observed in
LN405-TMZR cells was lower compared with that in LN405
cells. This increase in apoptosis may encourage future studies
into this therapeutic combination.

For panobinostat + temozolomide co-treatment, Compusyn
again predicted a highly synergistic response with high Fa
values, except in LN405 cells. Of note, LN405-TMZR cells
appeared to be more sensitive to this combination than LN405
cells, with larger Fa values and a more synergistic response
predicted by Compusyn. The accumulated DNA damage
tolerated by LN405-TMZR cells may reduce the threshold
of response to damage induced by combined treatment with
panobinostat + temozolomide, explaining its greater sensitivity
to this therapeutic combination compared with LN405 cells.

This combination of drugs produced the greatest inhibi-
tion in the formation of colonies on plates in all cell lines,
and also the greatest inhibition in the formation of soft agar
colonies in all cell lines except in LN405-TMZR. A similar
increase in the expression levels of proapoptotic genes was
observed in almost all cell lines, which makes the combina-
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Figure 12. BCL-2 and BCL-XL mRNA expression in cell lines treated for 72 h with panobinostat, temozolomide or a combination of both. Data are presented
as the mean + standard deviation of three independent repeats. All control values were normalized to 1. “P<0.05, “P<0.01, "*P<0.001 vs. control; **P<0.001
vs. panobinostat; "P<0.01, "P<0.001 vs. temozolomide (Tukey's test). PAN, panobinostat; TMZ, temozolomide.

tion of panobinostat + temozolomide a potential candidate for
future research into the development of novel therapies against
glioblastoma.

Combinatorial studies were also conducted to evaluate
the synergy of the DZ-Nep + temozolomide + panobinostat
triple combination. When evaluating the synergy of a group of
=3 drugs, it should be understood that an increase in cellular
effects is not necessarily dependent upon the synergistic
behavior of all the compounds present in the therapeutic
mixture; rather it is enough that two of these compounds are
synergistic to observe a greater effect. To avoid these potential
confusions, it was decided to use the drugs at very low concen-
trations, corresponding to one third of the concentrations used
in the combinatorial experiments of drug pairs. In this range
of concentrations, no drug pair should produce a high Fa.
Therefore, if a high Fa is produced by a triple combination of
drugs, it can be concluded that the synergy was generated by
the three drugs.

The combination of DZ-Nep + panobinostat + temo-
zolomide was found to be highly synergistic, particularly at
the highest concentrations. As a combination that includes
DZ-Nep + temozolomide (the pair of drugs whose synergy is
more questionable), this therapy showed high Fa values and
very low CI indexes.

These triple combinations of drugs may be used as a thera-
peutic cocktail against glioblastoma with clinically relevant

efficacy in future. It is necessary to conduct further in vivo
experiments, however, to support any firmer conclusions
regarding the clinical use of this therapeutic regimen.

If deciding which of the combinations of the different
drugs is more effective, it may be hypothesized, observing the
Cl indices, that the panobinostat + temozolomide combination
was the most synergistic (36 results of synergy), followed by
the combination of DZ-Nep + panobinostat (20 synergistic
results), and then the combination of DZ-Nep + temozolomide
(10 synergistic results). Certainly, the triple treatment was
more synergistic than the double treatments, as it produced
synergy in 25 of the 30 experimental conditions; however, the
experimental conditions for the triple treatment were not as
broad as those used with the combinations of two drugs.

A second question is related to the genotype of the cell
lines. In this sense, the following can be concluded: The
greatest synergistic activity occurred in lines that carried p53
and/or PTEN mutations. When neither p53 nor PTEN were
mutated (in the case of GOS-3), there was limited synergy
in any pharmacological conditions. The DZ-Nep + pano-
binostat combination showed the highest synergy in the
U87MG (mutated PTEN) and MOG-G-CCM (mutated p53)
cell lines. The combination of panobinostat + temozolomide
showed the highest synergy in the U87MG (mutated PTEN)
and in LN405 (mutated PTEN and mutated p53) cell lines.
Finally, the combination of DZ-Nep + temozolomide showed
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the highest synergy in the LN405 cell line (mutated PTEN
and mutated p53). Conversely, the LN405-TMZR cell line,
resistant to temozolomide, and also carrying PTEN and
p53 mutations, did not exhibit similarly high occurrences of
synergy compared with the aforementioned cell lines. When
comparing the response of LN405 and LN405-TMZR to
the different combinations of drugs, it was observed that the
DZ-Nep + temozolomide combination was highly synergistic
in LN405 cells (in five conditions) and less synergistic in
LN405-TMZR (only one condition, with low Fa). The combi-
nation of panobinostat + temozolomide reduced the synergistic
activity in the temozolomide-resistant cells; LN405 produced
three synergistic conditions, and LN405-TMZR produced two
synergistic conditions, although the Fa was higher in one of
the conditions in LN405-TMZR. Finally, the DZ-Nep + pano-
binostat combination presented only one synergistic condition
in both LN405 and LN405-TMZR, although in the latter, the
Fa was greater.

Resistance to temozolomide, a phenomenon induced in the
present study and a relevant to clinical settings (58), is a novel
challenge to be investigated. Therefore, it appears necessary
to conduct further studies in pharmacological synergy with
more cell lines, both sensitive and resistant to temozolomide.
Ideally, the genetic and epigenetic profiles of these cell lines
should be known, in order to determine any possible associa-
tion between the genetic and/or epigenetic status of the cell
lines, and tumor resistance to temozolomide. However, in any
case, it should be emphasized that the present work does not
pretend to introduce these compounds into a clinical setting,
so much as test them together to demonstrate that epigenetic
treatments can synergistically combine with temozolomide
treatment. Although multidrug combinations can theoreti-
cally promote increased cancer cell death, it can also result
in more obvious side effects, such as granulocytopenia and
thrombocytopenia, if applied to the chemotherapy of patients
with glioma (59).

Further in vivo experiments would be of great benefit, but
would go beyond the scope of this manuscript. Indeed, although
assuming that not presenting in vivo data in the present manu-
script is a limitation of the study, from the observed findings,
one can at least determine the highest synergistic combina-
tions for further in vivo studies.

The therapeutic potential of the combination of these three
drugs in glioblastoma is clear, which is of clear benefit, as
current treatments against glioblastoma remain unsatisfactory.
However, the clinical impact of these compounds should be
evaluated with further experiments, including in vivo testing,
cytotoxicity studies and more molecular studies into the
expression of different prognostic markers.
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