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After 60 years from the first report of an enzymatic phospho-
rylation of proteins, protein kinases are well-established key
signalingmolecules that impact allmajor biological processes
(reviewed in [1, 2]). Protein and lipid kinases fulfill essential
roles in many signaling pathways that regulate normal cell
functions [1–5]. Deregulation of kinase activities leads to a
variety of pathologies ranging from cancer to inflammatory
diseases, diabetes, infectious diseases, cardiovascular disor-
ders, and cell growth and survival [1, 2, 5–11]. A much larger
proportion of additional kinases are present in parasites and
bacterial, fungal, and viral genomes that are susceptible to
exploitation as drug targets [12]. Since many human diseases
result from overactivation of protein and lipid kinases due
to mutations and/or overexpression, this enzyme class rep-
resents an important target for the pharmaceutical industry
[6]. Approximately one-third of all protein targets under
investigation in the pharmaceutical industry are protein
or lipid kinases and to date 33 small molecular weight
kinase inhibitors (SMWKIs) and a handful of therapeu-
tic antibodies have been approved for various indications
mainly in oncology and many more in various stages of
clinical and preclinical development [5]. Kinase inhibitor
drugs, which are in clinical trials, target all stages of signal
transduction from the receptor protein tyrosine kinases that
initiate intracellular signaling, through second-messenger
dependent lipid and protein kinases and protein kinases that

regulate the cell cycle [10, 13]. While treating chronic phase
CML (an almost monogenic disease) with imatinib has been
very successful, the treatment of more advanced cancers
with kinase inhibitors has proven more difficult due to the
heterogeneity of these cancer types as well as due to kinase
inhibitor resistance resulting from selection formutant alleles
and/or upregulation of alternative signaling pathways [5, 10].

In addition, powerful broad-scale protein pathway acti-
vation mapping and phosphoprofiling of protein kinases and
of their specific substrates are contributing to driving the new
concept of precisionmedicine [14–16]. Notable advances have
beenmade in the rational design of small-molecule inhibitors
that target unique kinase conformational forms and binding
sites and have specific kinase selectivity profiles [5, 17–19].

This special issue provides a selection of original articles
focused on kinase targets and therapeutic approaches based
on kinase targeting in different cell systems and pathological
conditions.

Resistance is a major drawback of conventional chemo-
therapy. The understanding of the mechanisms by which
some cancer cells are resistant to ATRA (all-trans-retinoic
acid) is crucial in anticancer drug development and requires
detailed knowledge of the signaling pathways affected by
ATRA. In the paper by R. S. Q. Barceinas et al., the authors
show that, in lung cancer cells, ERK pathway activation is
involved in the transcription-independent effects of ATRA.
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They also found that ERK targeting restores the beneficial
effects of ATRA, suggesting that combined treatments with
ATRA and ERK inhibitors could represent a promising
strategy in lung cancer therapy.

Targeting of pathways aberrantly activated in cancer is a
very powerful approach that has provided promising results,
with several drugs already in clinical trials for a number of
diseases.The work byM. Civallero et al. provides an excellent
example of preclinical testing and comparison of the cyto-
toxicity of two different kinase inhibitors, namely, the pan-
PI3K inhibitor BKM120 and the dual PI3K/mTOR inhibitor
BEZ235, on mantle, follicular, and T-cell lymphomas, in
which the PI3K pathway is known to be hyperactive. They
demonstrated that BKM120 and BEZ235 show high effective-
ness against lymphoma cells in vitro both asmonotherapy and
in combination. Because the outcome of lymphoma patients
is still very poor, in spite of the great advances following
the introduction of monoclonal antibodies based therapy of
lymphoma, the results of this work open a new therapeutic
window for these malignancies.

Along the same lines, the original work byC. Frasson et al.
shows the pivotal role played by the PI3K/Akt pathway in
promoting survival of primary medulloblastoma cells, the
most frequent primitive neuroectodermal tumor in children,
with a dismal prognosis in more than one-third of patients.
In particular, the authors demonstrate that specific targeting
PI3K impairsmedulloblastoma primary cells growth and sur-
vival through the activation of the mitochondrial cell death
program. Remarkably, PI3K signaling suppression seems to
selectively hit the cancer stem cell population, sparing the
most differentiated cellular counterpart. Since cancer stem
cells have been reported to be one of the driving forces of
tumor progression and resistance to therapy, these results
may guide the development of new combinatorial therapeutic
strategies aimed at impairing the survival machinery of both
cancer stem cells and tumor bulk cells.

The acidophilic kinase CK2 has been shown to play
prominent roles in carcinogenesis. In the paper by C. Girardi
et al., the authors analyze two inhibitors of CK2, namely, TDB
and CX-4945. In particular, they compare their efficacy in
terms of persistence of inhibitory effects after their removal.
They find a superiority of TDB compared to CX-4945, and
they conclude that this property is an added value to be
considered when planning new therapies based on CK2
targeting.

Inhibition of CK2 is also the focus of the paper by G.
Cozza et al., where the authors analyze the properties of
quinalizarin, extending its selectivity profile to 140 protein
kinases. Consistent with in silico and in vitro analyses, they
conclude that quinalizarin not only is one of the most selec-
tive inhibitors of CK2 but is also able to discriminate between
the isolated CK2 catalytic subunit and CK2 holoenzyme.

A different aspect of the Akt kinase functions has been
explored by G. Vallejo-Flores and coauthors. Based on the
observation that H. pylori infection is the most important
environmental risk to developing gastric cancer, mainly,
through its virulence factor CagA, they evaluated the capacity
of H. pylori CagA positive and negative strains to alter
nontransformed glandular acini formation. They found that

the Akt and BIM signaling pathway is activated in CagA
positive strains and might thus contribute to its oncogenic
activity through evasion of anoikis.

Overall, this special issue highlights the contribution of
targeting signaling pathways in tumorigenesis and describes
which compounds are more promising in the future for
chemoprevention and anticancer therapy on the basis of their
ability to inhibit specific signaling targets.

Sandra Marmiroli
Doriano Fabbro

Yoshihiko Miyata
Mariaelena Pierobon

Maria Ruzzene
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Many polyphenolic compounds have been reported to inhibit protein kinases, with special reference to CK2, a pleiotropic
serine/threonine kinase, implicated in neoplasia, neurodegenerative disease, and viral infections. In general however these
compounds are not endowed with stringent selectivity. Among them quinalizarin (1,2,5,8-tetrahydroxyanthraquinone) turned out
to be particularly potent (Ki = 0.058 𝜇M) and quite selective as judged by profiling it on a small panel of 70 protein kinases. Here,
by profiling quinalizarin on a larger panel of 140 kinases we reach the conclusion that quinalizarin is one of the most selective
inhibitors of CK2, superior to the first-in-class CK2 inhibitor, CX-4945, now in clinical trials for the treatment of cancer. Moreover
here we show that quinalizarin is able to discriminate between the isolated CK2 catalytic subunit (CK2𝛼) and CK2 holoenzyme
(CK2𝛼

2
𝛽
2
), consistent with in silico and in vitro analyses.

1. Introduction

Quinalizarin (1,2,5,8-tetrahydroxyanthraquinone) is a poly-
phenolic compound originally used in the manufacture of
dyes and pigments. It has been considered a pollutant inwaste
waters frommany textile industries since it is nonbiodegrad-
able and very toxic to aquatic organisms. Quinalizarin is
one of many tetrahydroxyanthraquinone isomers, presenting
an asymmetric chemical structure responsible for peculiar
chemical properties. It works as an acid-base indicator being
orange in neutral/acidic solution, blue in mild base, and
purple in strong base, thus presenting the deprotonation
of one or two hydroxyl groups, respectively [1]. Its colori-
metric properties have been exploited for determination of
different metal ions concentrations thanks to its ability to
form colored chelates. Many examples of this application
have been reported since the early 1950s, for the detection
of boron [2], uranium, molybdenum [3], and aluminium
[4]. More recently, a spectrophotometric method, based
on quinalizarin complexation reaction, has been applied to
manganese and thallium estimation in water and biological
samples [5, 6]. A similar method has also been performed
to obtain the determination of two antiepileptics (gabapentin
and pregabalin) in pharmaceutical formulations [7].

On the other hand, quinalizarin has been exploited in
cancer research, being effective in different types of tumor
cells (breast cancer [8], prostate cancer [9], and leukemia
T cells [10]) and angiogenesis [11]. It has been suggested
as a promising drug prototype against human ganciclovir-
sensitive and ganciclovir-resistant cytomegalovirus [12] and
reported to inhibit growth of HIV on human peripheral
blood mononuclear cells [13, 14]. In 2009 quinalizarin has
been identified as a potent and selective inhibitor of protein
kinase CK2 through a computer aided virtual screening and
biochemical evaluation [10] and demonstrated to be a cell
permeable compound able to inhibit endogenous CK2 in
HEK-293 and Jurkat cells at a concentration <5 𝜇M [10].
Protein kinase CK2 is a Ser/Thr enzyme composed of two
catalytic (𝛼 or 𝛼) and two regulatory (𝛽) subunits, which
phosphorylates an extraordinary number of substrates, at
sites fulfilling S/T-X-X-E/D/pS/pY consensus [15]. CK2 is
involved in many cellular processes, such as gene expression,
differentiation, protein synthesis, and proliferation, but it is
especially considered a global antiapoptotic agent [16–18]. It
regulates the cell death/survival ratio, thus being implicated
in many hallmarks of cancer such as angiogenesis and drug
resistance and it is also overexpressed in cancer cells [17–22]
which are addicted to its activity [23]. Moreover, important
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role of CK2 has been demonstrated in neurodegenerative
diseases and virus/parasites proliferation [17, 24–27]. Given
these premises, it is not surprising that quinalizarin is
effective in many disease models in which CK2 is effectively
implicated, thus confirming CK2 as the principal target of
this molecule. Recently quinalizarin has provided a strong
argument to support the concept that CK2 may represent an
appealing target for prosenescence antitumor strategies [28].
From a molecular point of view a detailed crystallographic
study of the binding mode between quinalizarin and CK2𝛼
subunit has been performed; initially cocrystallyzed with Zea
Mays CK2 at pH 7.5 (PDB code: 3FL5 [10]), later the complex
between quinalizarin and human CK2 was solved at pH 6.5
and 8.5 (PDB codes: 3Q9Z and 3Q9Y, resp. [29]).

Quinalizarin has been demonstrated to be an effective
tool in research; it has promoted the identification of CK2
roles in the regulation of the insulin production on pan-
creatic 𝛽-cells [30], in the decrease of CDC25C level in
different prostate cancer cell lines [9], in the differentiation of
preadipocytes into adipocytes [31], and in the differentiation
of human mesenchymal stem cells [32]. Finally, quinalizarin
was applied as an advantageous tool to study the variation of
the protein expression onone side [33] andphosphoproteome
alteration [33] on another side, using HEK293T cells.

2. Materials and Methods

2.1. Inhibitors. Quinalizarinwas purchased fromACPChem-
icals Inc. and solved in DMSO.

2.2. Protein Kinases. All the recombinant 𝛼, 𝛼, and 𝛽
subunits of CK2 were purified as described in [34, 35]. The
source of all of the other protein kinases used for selectivity
profiling is described in [36].

2.3. In Silico Analysis. The crystal structures of human
and Zea Mays CK2 were retrieved from the PDB (PDB
codes: 3FL5 and 3Q9Z, 3Q9Y, 4MD7, and 3QA0) and
processed in order to remove unwanted ligands and water
molecules. Hydrogen atoms were added to the protein
structure using standard geometries with the MOE program
[37]. Tominimize contacts between hydrogens, the structures
were subjected to Amber99 force-field minimization until
the rms (root mean square) of conjugate gradient was
<0.1 kcal⋅mol−1 ⋅Å−1 (1 Å = 0.1 nm) keeping the heavy atoms
fixed at their crystallographic positions. To strictly validate
the model generated and to calibrate the docking protocol,
a small database of known CK2 inhibitors was built and
a set of docking runs was performed [10, 38]. After the
calibration phase, quinalizarin was docked directly into the
ATP-binding site of different CK2 crystal structures, by using
GOLD suite [39]. Searching is conducted within a user-
specified docking sphere (10 Å from the center of the binding
cleft), using the genetic algorithmprotocol and theGoldScore
scoring function. GOLDperforms a user-specified number of
independent docking runs (50 in our specific case) andwrites
the resulting conformations and their energies in amolecular
database file. Prediction of small molecule-enzyme complex

stability, the quantitative analysis for nonbonded intermolec-
ular interactions (H-bonds, transition metal, water bridges,
hydrophobic and electrostatic interactions), and the RMSD
(Root Mean Square Deviation) were calculated and visu-
alized using several tools implemented in MOE suite [37].
Molecular dynamic (MD) simulations of the final complexes
(parameterized with Amber99) were performed with NAMD
2.10 [40] in order to verify their stability over time; in
particular 100 ns of NPT (1 atm, 300K) MD simulation were
performed after an equilibration phase of 1 ns (positional
restraints were applied on carbon atoms to equilibrate the
solvent around the protein).

2.4. Phosphorylation Assays. Native CK2 purified from rat
liver and recombinant catalytic 𝛼 subunits alone and/or in
combination with 𝛽 subunits (0.5–1 pmol) were incubated for
10min at 37∘C in a final volume of 25 𝜇L containing 50mM
Tris/HCl (pH 7.5), 100mM NaCl, 12mM MgCl

2
, 100 𝜇M

synthetic peptide substrate RRRADDSDDDDD, and 20𝜇M
[𝛾33P-ATP] (500–1000 cpm/pmol). Reaction was stopped
by addition of 5𝜇L of 0.5M orthophosphoric acid before
spotting aliquots onto phosphocellulose filters. Conditions
for the activity assays of all other protein kinases tested in
selectivity experiments are as described or referenced in [36].

2.5. Kinetic Determinations. Initial velocities were deter-
mined at each of the substrate concentrations tested. Km
values were calculated either in the absence or in the presence
of increasing concentrations of inhibitor, from Lineweaver-
Burk double-reciprocal plots of the data. Inhibition con-
stants were then calculated by linear regression analysis of
Km/Vmax against inhibitor concentration plots.

2.6. Selectivity Profiles. Lorentz curves, Gini coefficients, and
hit rates (expressing the percent of kinases inhibited >50% by
a given compound) were calculated from the selectivity data
as described in [41].

3. Results and Discussion

3.1. Quinalizarin is One of theMost Selective Inhibitors of CK2.
Anthraquinones, together with flavonoids and coumarins,
are one of the chemical classes of compounds most exploited
as inhibitors of CK2 [10, 18, 42, 43]. Many compounds
belonging to these chemical classes have been demonstrated
to be potent inhibitors of protein kinase CK2; however most
of them lack selectivity. Identified through a computer aided
virtual screening, quinalizarin proved to be the most active
anthraquinone inhibitor of CK2, with Ki value (52 nM) 3.5
order of magnitude lower than its natural analog emodin
[10]. Moreover, the assay of quinalizarin against a panel of 70
protein kinases disclosed a promising selectivity, since none
of the other kinases was inhibited as drastically as CK2 [10].

A more accurate selectivity profile of quinalizarin at a
concentration of 1𝜇Mhas been now performed by extending
the panel to 140 protein kinases. Interestingly, the selectivity
of quinalizarin appears to be even better than that inferred
from the previous panel (see Table 1). In particular, CK2
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Table 1: Selectivity profiles of quinalizarin on a 140-kinase panel. Residual CK2 activity (determined at 1𝜇M quinalizarin concentration)
is expressed as a percentage of the control activity without inhibitor. Conditions are described or referenced in the experimental section.
Activities <50% of control are bold typed.

Kinase Activity % Kinase Activity % Kinase Activity %
CK2𝛼2𝛽2 10 PKCa 95 TAK1 107
CK2𝛼 42 IRAK4 95 CDK9-Cyclin T1 108
PIM3 62 HIPK3 96 RSK1 108
MLK3 63 JNK3 96 MPSK1 108
CK1𝛿 72 IGF-1R 96 RSK2 108
BRK 72 VEG-FR 96 DDR2 109
PLK1 75 IRAK1 97 EPH-A2 110
MST2 77 MAPKAP-K2 97 MNK1 110
MST4 78 PAK5 97 PKC𝛾 110
CHK2 80 IKKe 97 CHK1 111
MKK1 81 GSK3b 98 OSR1 111
TrkA 81 DYRK1A 98 JNK2 112
PKBb 81 MAPKAP-K3 98 STK33 112
CAMK1 82 MSK1 99 NEK6 112
MKK2 82 AMPK (hum) 99 IKKb 112
ABL 82 SYK 99 EIF2AK3 112
PDK1 83 PDGFRA 99 p38g MAPK 114
MAP4K3 84 LKB1 99 MKK6 114
MLK1 84 p38a MAPK 99 ZAP70 114
PIM1 85 HIPK2 99 p38b MAPK 114
FGF-R1 85 HER4 100 CSK 114
MAP4K5 86 MARK2 100 TTBK1 115
PAK6 87 TTBK2 100 Aurora A 115
TIE2 88 EPH-B2 101 TAO1 115
MNK2 88 TTK 101 MEKK1 115
SIK2 89 ULK2 101 MELK 116
MARK3 89 WNK1 101 SRPK1 117
YES1 89 ERK8 102 EPH-B3 117
GCK 90 PINK 102 PRK2 118
ERK1 90 PKCz 102 PIM2 120
TESK1 90 PAK4 102 IRR 120
PKBa 91 JAK2 102 ASK1 120
DYRK2 91 MARK4 103 p38d MAPK 120
SGK1 91 BRSK1 103 PKA 121
CK1𝛾2 91 PRAK 103 CDK2-Cyclin A 121
S6K1 91 RIPK2 103 Lck 122
CLK2 91 TBK1 103 HIPK1 123
SmMLCK 92 DYRK3 104 BTK 125
JNK1 92 NUAK1 104 EPH-A4 126
ULK1 92 NEK2a 105 TLK1 126
Aurora B 93 SIK3 105 MST3 126
DAPK1 93 ROCK 2 105 IR 128
ERK2 94 MINK1 105 TGFBR1 130
CAMKKb 94 ERK5 106 TSSK1 131
EF2K 94 EPH-B1 106 EPH-B4 132
BRSK2 95 PAK2 106
PKD1 95 MARK1 106
Src 95 PHK 107
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Figure 1: Lorenz curves, Gini coefficients, and hit rates for quinalizarin, TDB [44], CX-4945 [45], CX-5011 [45], and CX-5279 [45]. Detailed
information in Section 2.

holoenzyme displays a residual activity of 10%, consistent
with the data previously acquired (8%, [10]). None of the
other 139 protein kinases displays a residual activity less
than 50%; 132 protein kinases are nearly unaffected by 1𝜇M
quinalizarin, with a residual activity equal to or more than
80%. Only seven protein kinases (PLK1, CK1𝛿, PIM3, MST2,
MST4, MLK3, and BRK) exhibit a residual activity less than
80%; however the second most inhibited kinase (PIM3) still
exhibits 62% residual activity. The remarkable selectivity of
quinalizarin is further highlighted by drawing from the data
of Table 1 the Gini coefficient (0.747) and hit rate (0.007)
denoting a very specific kinase inhibitor. In particular, the
Gini value is higher than those of the TDB (0.553, [44]) and
of the only CK2 inhibitor in clinical trials, CX-4945 (0.615,
[45]), and close to the value calculated for CX-5011 (0.735,
[45]) and CX-5279 (0.755, [45]) (see Figure 1). Furthermore
the hit rate of quinalizarin is the lowest ever calculated for a
CK2 inhibitor, as only 0.7% of the kinase panel considered
(i.e., only CK2) is inhibited more than 50% (Figure 1).

To shed light on the molecular features underlying the
remarkable selectivity of quinalizarin, amultiple alignment of
the human kinome has been performed (Figure 2(a)), high-
lighting the amino acids involved in the quinalizarin bind-
ing motif, according to the crystallographic data available
(PDB codes: 3FL5 [10], 3Q9Z, and 3Q9Y [29]). Quinalizarin
interacts with the ATP-binding cleft by positioning close to
the phosphate binding region. Crucially responsible for this

interaction is the acidic hydroxyl group at position 2 (OH2),
which is able to make a strong interaction with Lys68 and a
conservedwatermolecule (w). Possibly, Lys68 is able to create
a concentrated positive charge into the CK2 phosphodonor
site, promoting the first quinalizarin deprotonation, similar
to the condition occurring inmild base solution.On the other
hand, different hydrophobic interactions ensure the correct
positioning anddirection ofOH2 in particular, with the upper
side of the cleft (Val66 and Val53) and with the bottom side
(Ile174 and Met163). While Val53 is well conserved among
the kinome, Val66 and Ile174 are present only in the 5% and
7% of the kinome, respectively, being generally substituted
with small amino acids like alanine. Met163 position, on the
contrary, is generally occupied by bulkier residues like Leu,
Ile, and Phe and is found as such only in 8% of the kinome.
To sum up, the coexistence of all these hydrophobic residues
inside the ATP-binding cleft is very rare in the human
kinome. Moreover, two other hydrogen bonds contribute
to the quinalizarin binding motif: the first one between
the hydroxyl group in position 5 (OH5) and the carbonyl
backbone of Val116 in the hinge region via a water molecule;
the other one is between the hydroxyl group in position
8 (OH8) and, on one side, His160, and, on the other side,
the backbone carbonyl group of Arg47 from p-loop. Both
Zea mays 𝛼 (pH 7.5) and human 𝛼 (pH 6.5) complexes
with quinalizarin present this particular interaction between
(OH8), His160 (conformation “up”), and Arg47, stabilizing
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Figure 2: (a) Multiple alignment of the human kinome, using ClustalW 2.0. (b) Chemical structure of quinalizarin; atomic positions are
highlighted. (c) Schematic representation of quinalizarin in complex with CK2𝛼 (PDB code: 3Q9Z); the percentage of specific residues in the
kinome has been highlighted. W indicates a conserved water molecule.
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Table 2: IC
50
and Ki values of quinalizarin for CK2𝛼

2
𝛽
2
and CK2𝛼.

CK2𝛼
2
𝛽
2

CK2𝛼
IC
50
(𝜇M) 0.15 ± 0.02 1.35 ± 0.15

Ki (𝜇M) 0.058 ± 0.003 0.675 ± 0.19

Table 3: Residual catalytic activity (determined at 1𝜇Mquinalizarin
concentration) of different CK2 forms.

CK2 form Activity %
CK2𝛼 (Human) 42%
CK2𝛼 (Human) 38%
CK2𝛼 (Zea mays) 33%
CK2𝛼

2
𝛽
2
(Human) 10%

CK2𝛼
2
𝛽
2
(Human) 14%

nCK2 (Rat liver) 6%

p-loop in a close conformation, a unique situation among
all the other CK2 crystal structures. On the contrary, the
quinalizarin/human CK2𝛼 complex at pH 8.5 (PDB code:
3Q9Y) presents the canonical conformation in which p-loop
and His160 do not interact, adopting the common p-loop
“open conformation,” His160 “down.” This pH condition,
however, is far away from both the physiological conditions
and the experimental conditions adopted in vitro. Anyway,
no other protein kinase presents a histidine at position 160;
this feature in conjunction with the unique amino acidic
distributions in the binding cleft supports the conclusion
that quinalizarin binding motif is by itself responsible for the
outstanding selectivity of this inhibitor (Figure 2(b)).

3.2. Quinalizarin Differentiates between CK2 Alpha and
Tetramer. By looking at Table 1, a clear difference between
the residual activity of CK2 alpha and CK2 tetramer can
be observed. In fact the low residual activity value of CK2
tetramer (10%) is replaced by an unexpected high value
in the case of CK2 alpha alone (42%). To confirm these
data IC

50
and Ki values of quinalizarin with respect to

CK2 holoenzyme and CK2𝛼 alone have been determined
(Table 2). IC

50
value of quinalizarin for CK2 holoenzyme

(0.15 𝜇M, close to the value previously published [10]) is
one order of magnitude lower than the value calculated for
CK2𝛼 alone (IC

50
= 1.35 𝜇M) and consistent with the residual

activity disclosed in the kinase panel (Table 1). Likewise also
Ki values are different, 0.058𝜇M and 0.675 𝜇M, respectively
(see Table 2). Even though the mechanism of action of
quinalizarin is ATP competitive in both cases ([10] and data
not shown), the results clearly demonstrate that quinalizarin
is more effective against CK2 tetramer as compared to
CK2𝛼. To extend this information the residual activity of
other CK2 forms has been evaluated at 1𝜇M concentration
of quinalizarin (Table 3). The recombinant human CK2𝛼
denotes a residual activity (38%) nearly identical to the one
calculated for CK2𝛼 (42%) and Zea mays CK2𝛼 (33%); as
expected the residual activity drops to 14% in the case of
the recombinant tetramer CK2𝛼

2
𝛽
2
. Interestingly, also the

native (nCK2) tetrameric enzyme purified from rat liver

displays a negligible residual activity (6%) when treated with
1 𝜇M quinalizarin consistent with the concept that in these
native preparations by far predominant form of CK2 is the
holoenzyme, while the isolated catalytic subunits must be
nearly absent. To try to understand the molecular features
underlying the different inhibitory efficiency of quinalizarin
against CK2 tetramer with respect to CK2𝛼, a two-step
computational study has been performed. Firstly a docking
simulation was performed using CK2 holoenzyme crystal
structure apo form (PDB code: 4MD7, [46]) and CK2𝛼 apo
form (PDB code: 3QA0, [29]) and compared to the crystallo-
graphic pose of quinalizarin (PDB code: 3Q9Z).The docking
and the crystallographic poses were nearly superimposable
(RMSD = 0.35 Å and 0.51 Å, resp.; see Figures 3(a) and 4(a)),
to note that both apo crystal structures present an “open”
conformation of p-loop/His160 (Figures 3(a) and 4(a)), while
the quinalizarin/CK2𝛼 complexes are in the “close” one
(see Section 3.1). Secondly a molecular dynamic simulation
was performed on both docking complexes to study their
conformations over time. After 100 ns of dynamics simulation
the quinalizarin/CK2𝛼 docking complex displays a very
similar conformation as compared to quinalizarin/human
CK2𝛼 crystal structure. In particular, as shown in Figure 3(b),
p-loop conformation dramatically changes from the starting
“open” condition to the “close” one identified in the human
andZeamays crystal structures (PDB codes: 3FL5 and 3Q9Z).
On the other hand, His160 restores the interaction with both
quinalizarin OH8 and the backbone carboxyl group of Arg47
(Figure 3(b)). The distance calculated between His160 and
quinalizarin OH8 is 3.02 Å and towards the carboxyl group
of Arg47 it is 2.98 Å. These values are close to the ones
exhibited in the quinalizarin/human CK2𝛼 crystallographic
structure (3.19 Å and 3.21 Å, resp.). In other words, the
molecular dynamics simulation was able to reproduce the
crystal structure conformation of quinalizarin/humanCK2𝛼,
starting from a completely unrelated CK2𝛼 apo form; this
result strengthens the idea thatCK2𝛼 conformation identified
in complex with quinalizarin is due to the presence of the
inhibitor inside the ATP pocket.

On the contrary, the molecular dynamic simulation
of the quinalizarin/CK2 tetramer complex highlights some
differences in quinalizarin binding motif as compared to
the one observed in the case of CK2𝛼 alone. First of all,
p-loop conformation remains in an “open” state (Figures
4(a) and 4(b)); this condition is probably due to the inter-
actions between the two beta subunits and a few residues
in p-loop, namely, Arg47, Lys49, Lys44, Glu52, and Phe54.
On the other side, His160 assumes the “up” conforma-
tion, interacting directly with quinalizarin OH8, without
the interference of the carboxyl group of Arg47 of p-loop
(Figure 4(b)). Secondly, by comparing the crystal structure
of the quinalizarin/human CK2 complex (PDB: 3Q9Z) and
the quinalizarin/human CK2 tetrameric complex obtained
from the docking/molecular dynamics techniques, we can see
that several amino acids of the binding site are differently
organized aroundquinalizarin (Figures 5(a) and 5(b)). In fact,
while in the case of quinalizarin/CK2 crystallographic com-
plex the p-loop assumes the “close” conformation, in the case
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Figure 3: (a) Superimposition of quinalizarin/CK2𝛼 complex (PDB code: 3Q9Z, orange) and quinalizarin/CK2𝛼 docking complex, from
CK2𝛼 apo form (PDB code: 3QA0, green); (b) superimposition of the described structures after 100 ns of molecular dynamic simulation.
Details about p-loop and His160 conformations are highlighted.

Arg 47

“Close” conformation

“Open” conformation H160 “down”

H160 “up”
P-loop

P-loop

(a)

His160

Arg 47

“Close” conformation

“Open” conformation H160 “up”

H160 “up”
P-loop

P-loop
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Figure 4: (a) Superimposition of quinalizarin/CK2𝛼 complex (PDB code: 3Q9Z, orange) and quinalizarin/CK2 tetramer docking complex,
from CK2 tetrameric apo form (PDB code: 4MD7, green); (b) superimposition of the described structures after 100 ns of molecular dynamic
simulation. Details about p-loop and His160 conformations are highlighted.

of quinalizarin/CK2 tetramer model, the p-loop is sitting
in a planar conformation with respect to the inhibitor,
thus reinforcing the hydrophobic interactions between the
inhibitor and the binding site.Moreover, while the interaction
between Lys68 and the quinalizarin OH2 is conserved in
both cases either in terms of distances or in terms of
directions, His160 interacts more efficiently with quinalizarin
OH8 in the quinalizarin/CK2 tetramer model compared to
the crystallographic complex. In fact, the distance between
His160 and quinalizarin OH8 retrieved from the crystallo-
graphic complex 3Q9Z (3.19 Å) is drastically reduced to 2.5 Å

in the case of quinalizarin/CK2 tetramer model (Figures
5(a) and 5(b)). On the other side, the hinge region of the
quinalizarin/tetrameric complex is arranged 1.5 Å closer to
the inhibitor, thus allowing a direct hydrogen bond between
the carboxyl group of Val116 and quinalizarin (OH5).

In conclusion, the data presented provide the clear-cut
demonstration that quinalizarin is one of most selective
inhibitors of protein kinase CK2, with a high Gini coefficient
and the lowest hit rate ever reported. Moreover the ability
of quinalizarin to discriminate between CK2𝛼 and CK2𝛼

2
𝛽
2
,

being more effective against CK2 holoenzyme, has been
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Figure 5: Comparison between the bindingmotif of quinalizarin inside CK2𝛼 crystallographic structure (PDB code: 3Q9Z, orange) and CK2
tetramer (PDB code: 4MD7, green) after 100 ns of molecular dynamic simulation.

disclosed both by in vitro experiments and by in silico
analysis. Given that quinalizarin is cell permeable, the new
information provided in this paper will be relevant also to
cell studies affording a tool for the estimation of different
CK2 forms in the cell and to the identifications of substrates
specifically targeted by either CK2 holoenzyme or its isolated
catalytic subunits.
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We compare the cellular efficacy of two selective and cell permeable inhibitors of the antiapoptotic kinase CK2. One inhibitor, CX-
4945, is already in clinical trials as antitumor drug, while the other, TDB, has been recently successfully employed to demonstrate
the implication of CK2 in cellular (dis)regulation. We found that, upon treatment of cancer cells with these compounds, the extent
of inhibition of endocellular CK2 is initially comparable but becomes significantly different after the inhibitors are removed from
the cellular medium: while in CX-4945 treated cells CK2 activity is restored to control level after 24 h, in the case of TDB it is
still strongly reduced after 4 days from removal. The biological effects of the two inhibitors have been analyzed by performing
clonogenic, spheroid formation, and wound-healing assays: we observed a permanent inhibition of cell survival and migration in
TDB-treated cells even after the inhibitor removal, while in the case of CX-4945 only its maintenance for the whole duration of the
assay insured a persisting effect. We suggest that the superiority of TDB in maintaining kinase activity inhibited and perpetuating
the consequent effects is an added value to be considered when planning new therapies based on CK2 targeting.

1. Introduction

CK2 is a Ser/Thr protein kinase ubiquitously expressed
and constitutively active, which phosphorylates hundreds of
substrates and is involved in different cellular processes [1, 2].
Its activity is especially relevant for cancer cells [3], which
not only express higher amount of CK2 compared to normal
cells, but also rely more on it for their survival, being often
dependent on tumor-specific prosurvival pathways which are
potentiated by CK2 [4]. For these reasons, and despite its
expression also in healthy cells, CK2 is presently considered a
valuable anticancer therapeutic target. Several CK2 inhibitors
have been developed so far [5, 6], but the most promising
results have been obtained with CX-4945. This compound,
initially discovered by Cylene Pharmaceuticals Inc. [7], is
an ATP-competitive inhibitor, which is very selective for
CK2 and is presently the only CK2 inhibitor under clinical
trials in humans for cancer therapy [8, 9]. CX-4945 displays
a very strong efficacy towards CK2 in vitro, with a IC

50

of 1-2 nM [10]. However, when used to treat cancer cells,
the concentrations required to induce apoptosis are not
proportionally low; for example, in one of the initial studies,

published by Pierre and coworkers [8], the calculated Ki for
the CK2 catalytic subunit 𝛼 in vitro was 1 nM, while the
concentrations required to induce 50% cell death (DC

50
)

varied between 1 and 9𝜇M. We found very similar results
in a study on different pairs of apoptosis sensitive/resistant
variants of tumor cell lines [11] (DC

50
2–9𝜇M), and many

other similar examples can be found in the literature, from
where it is evident that CX-4945 is commonly used in the 𝜇M
range to inhibit CK2 in cells.

We have recently developed a compound called TDB,
which is another ATP-competitive CK2 inhibitor with
promising therapeutic features [12]. We found that TDB is
more effective than CX-4945 in inducing cell death. Such
a superiority was not expected, since the IC

50
for CK2 of

TDB (32 nM) is manyfold higher than that of CX-4945. We
therefore performed the present study aimed at analyzing
the cellular efficacy of these two compounds. By comparing
the persistence of CK2 inhibition after their administration
to cells, we found that the effect of TDB on CK2 activity
is more long-lasting than that of CX-4945, with important
consequences on cellular processes affected by CK2, such as
cell survival, proliferation, and migration.
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2. Materials and Methods

2.1. Inhibitors. TDB (previously called K164) was synthesized
as described in [13]. CX-4945 was from AbMole Bioscience.
Inhibitors solution was in made in DMSO.

2.2. Cell Culture and Treatment. All cells were cultured in
an atmosphere containing 5% CO

2
; CEM cells (human T

lymphoblastoid) were maintained in RPMI 1640 medium
(Sigma) and U2OS cells (human osteosarcoma) and HEK-
293T (human embryonic kidney cells) in D-MEM medium
(Sigma); both media were supplemented with 10% (v/v) fetal
calf serum (FCS), 2mM L-glutamine, 100U/mL penicillin,
and 100mg/mL streptomycin. Cell treatments with inhibitors
were performed in the culture medium. Control cells were
treated with equal amounts of the inhibitor solvent, which
never exceeded 0.5% (v/v).

2.3. Cell Transfection. U2OS cells were transfected with Akt1
plasmid (2 𝜇g) [14], using TransIT (Mirus Bio, Madison,
USA) as transfecting agent. After 40 h from the beginning of
the transfection, cells were treated with inhibitors or vehicle
for 24 h. Then the medium was removed and cells were
immediately lysed or cultured for further 24 h in the absence
of inhibitors.

2.4. Cell Lysis and Western Blot Experiments. For lysate
preparation, cells were lysed as described in [15]. Protein con-
centration was determined by the Bradford method. Equal
amounts of proteins were loaded on 11% SDS-PAGE, blotted
on Immobilon-P membranes (Millipore), and processed in
Western blot (WB) with the indicated antibody, detected by
chemiluminescence. Quantitation of the signal was obtained
by chemiluminescence detection on a Kodak Image Station
440MMPROand analysis with theKodak 1D Image software.

2.5. CK2 Activity Assay. CK2 activity in cell lysates was
measured by means of radioactive assays with [𝛾-33P]ATP
towards the specific CK2 substrate peptide CK2-tide, as
described in [16].

2.6. Clonogenic Survival Assays. U2OS cells were plated at
100 cells/well in 6-well plates and allowed to adhere to the
plate for 16 h. Cells were then treated with variable concen-
trations of the inhibitors (or with equal amount of vehicle as
control) in culturemedium. After 24 h, cells were washed and
the medium was replaced by fresh culture medium without
inhibitors. After further 6 days, cells were fixed and stained
with 0.5% crystal violet; images were captured using a Leica
DMI4000 automated inverted microscope equipped with a
Leica DFC300 FX camera.

2.7. 3D Spheroid Formation. U2OS cells were plated at 50%
confluence, allowed to adhere to the plate for 16 h, and
then treated with inhibitors or vehicle for 24 h. After treat-
ment, cells were washed, detached, counted, and seeded at
1000 cells/well in 200𝜇L of culturemedium, in a 96-well plate
with round bottom wells precoated with 50𝜇L of 1% agar
in culture medium [17]. Images were taken from each well

24 h and 96 h later, by means of a Leica DMI4000 automated
inverted microscope equipped with a Leica DFC300 FX
camera.

2.8.Wound-Healing Assays. Wound-healing assays were per-
formed by creating identical wound areas into the cell
monolayer using Ibidi culture-inserts (Ibidi GmbH, Cat.
no. 80209, Munich, Germany). U2OS cells were seeded in
complete culture medium at a density of 3 × 104 cells on each
side of the Ibidi culture-insert, into a 24-well plate. After
attachment, cells were treated for 24 h inhibitors (or vehicle
in the controls); then the culture-insert was detached in order
to form a cell-free gap into the cell monolayer. Each well was
rinsed once with phosphate-buffered saline (PBS) to remove
cell debris and immediately refilled with fresh medium, with
new addition of the inhibitors (samples with “maintained”
treatment) or without (sample with “removed” treatment).
Cells were allowed to migrate for further 48 h. The wound
images were captured at time zero (𝑡 = 0 h), 𝑡 = 24 h,
and 𝑡 = 48 h using a Leica DMI4000 automated inverted
microscope equipped with a Leica DFC300 FX camera.

3. Results

To compare the inhibitory efficacy in cells of the two
compounds, CX-4945 and TDB, we analyzed their effects
on two cell lines, one deriving from a blood tumor (CEM,
T-cell lymphoblastoma) and the other from a solid tumor
(U2OS, osteosarcoma). Their efficacy was quite similar in
inhibiting cellular CK2 (Figure 1). However, based on their
different in vitro IC

50
values towards CK2 (also shown in

Figure 1, box), a much stronger efficacy of CX-4945 was
expectable. Moreover, the ability of TDB to induce cell death
is higher than that of CX-4945 (see DC

50
values in the box

of Figure 1, calculated from [12]), suggesting that TDB has
peculiar features that render it more effective than expected.
We therefore decided to assess whether the permanence of
CK2 inhibition in cells induced by the two compounds was
different. To this purpose, we performed experiments of
cell treatment for 24 h with the inhibitors, followed by cell
washing and replacement of a fresh, inhibitor-free, medium;
lysates from treated cells were then analyzed for CK2 activity.
In this kind of experiments we observed that, in cells treated
with CX-4945, CK2 activity was rapidly restored to control
level, while in the case of TDB the effect was much more
persistent, lasting up to 4 days after the inhibitor removal
(Figure 2(a)). To address this point by a different approach
allowing direct measuring of the endocellular CK2 activity,
we transfected U2OS cells with Akt1, whose Ser129 works
as a reporter of CK2 activity in cells [14, 18]. The results,
shown in Figure 2(b), demonstrated that the phosphorylation
of Akt1 Ser129 is similarly reduced by the two inhibitors
immediately after treatment, while it remains significantly
lower than the control only with TDB in case of inhibitor
removal, thus confirming the more permanent blockage of
the kinase activity by TDB than by CX-4945.

We wondered if the different duration of CK2 inhibition
by CX-4945 and TDBhad consequences on cellular processes
controlled by CK2. To assess this point, we first performed
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Figure 1: Comparison of CX-4945 and TDB efficacy on cellular CK2 activity. CEM or U2OS cells were treated for 4 h with increasing
concentrations of TDB or CX-4945. Then cells were lysed and CK2 activity was assessed from 1-2𝜇g of lysate proteins towards a synthetic
CK2-specific peptide. Activity is shown as percent of control vehicle-treated cells (mean of two independent experiments ± SEM). In the box,
the IC

50
values for CK2 inhibition in the two cell lines are reported, as extrapolated from the curves above; the in vitro IC

50
values for CK2 are

also shown for comparison, as reported in [12] (a) (SEMnever exceeding 10%) and [7] (b). DC
50
values (concentrations required to induce 50%

of cell death in 24 h) are reported as in [12] (a) for HeLa cells, where a direct comparison between the two compounds in inducing cell death
is presented. Statistical significance was calculated using unpaired 𝑡-test between control and treated cells (∗∗∗∗𝑝 ≤ 0.0001; ∗∗∗𝑝 ≤ 0.001;
∗∗
𝑝 ≤ 0.01; ∗𝑝 ≤ 0.05).

clonogenic survival assays in U2OS cells, by seeding cells
in 6-wells plates, treating with increasing concentrations of
CX-4945 or TDB for 24 h, then removing the medium, and
allowing clones to grow for further 6 days in the absence of
the inhibitors. The results, shown in Figure 3, indicate that
TDB is much more effective than CX-4945 in preventing
clone formation and survival. Similar results were obtained
in 3D culture experiments to assess spheroid formation
(Figure 4): we found that TDB-treated cells were much less
prone than vehicle-treated cells to forming spheroids, while
CX-4945 was similarly effective than TDB when assessed at
24 h but has much weaker effect at longer times after the
inhibitor removal.

We then evaluated U2OS cells for their migration activity
in wound-healing assays in the presence of the two com-
pounds. Figure 5 shows that, as expected for CK2 inhibitors
[19–21], both CX-4945 and TDB were able to inhibit cell
motility in 24–48 h assays when cells were constantly exposed
to them (upper part of the figure). By contrast, when the
inhibitors were removed from the medium after a 24 h
treatment (before starting the analysis of cell migration, 𝑡 = 0
in Figure 5), cells migrated significantly less than the control
cells only in the case of TDB (lower part of Figure 5).

All our observations unequivocally indicate that the effect
of TDB persists in the cells more than that of CX-4945,
suggesting more stable binding of the former to the target
kinase.

4. Discussion

Theoretically, the ATP-competitive compounds work as
kinase inhibitors by a reversible mechanism, relying on non-
covalent interactions with the ATP pocket of the kinase. In
the case of both CX-4945 and TDB, this assumption has been
validated by crystallographic studies [10, 12]. Intriguingly,
however, many of them are fully active at 𝜇M concentrations
(or below) even in the cellular environment, where the ATP
concentration, in themM range, would be expected to vanish
their efficacy. This can be explained in terms of affinity,
considering that the Km values of kinases for ATP are in the
𝜇M range, while many inhibitors display Ki values in the low
nM range. The possibility, however, that the occupancy of
the ATP site is stabilized by additional mechanisms should
be also considered. Different inhibitors may display for the
same kinase similar affinity but sharply different dissociation
rates, thus leading to residence times that are strikingly
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Figure 2: Duration of CK2 inhibition after TDB or CX-4945 removal from treated cells. CEM or U2OS cells were treated with TDB or CX-
4945, as indicated, for 24 h. Then cells were washed and the culture medium was replaced with a fresh one devoid of inhibitors. (a) Cells
were cultured for a further time, as indicated, and then lysed. CK2 activity was assessed from 1-2𝜇g of lysate proteins towards a synthetic
CK2-specific peptide. The inhibitor concentration was 3 𝜇M. Activity is shown as percent of control vehicle-treated cells (mean of three
independent experiments ± SEM; statistical significance was calculated using unpaired 𝑡-test between control and treated cells (∗∗∗∗𝑝 ≤
0.0001; ∗∗∗𝑝 ≤ 0.001; ∗∗𝑝 ≤ 0.01; ∗𝑝 ≤ 0.05)). (b) Cells were lysed after the first 24 h of culture in the presence of 10𝜇M inhibitors (upper
blots) or cultured for further 24 h after the inhibitor removal (lower blots). 10𝜇g of lysate proteins was analyzed by WB with the indicated
antibodies. A quantification of the pSer129 (mean of three independent experiments ± SEM) normalized to Akt1 total amount is shown in
the histograms on the right, where 100% values have been assigned to untreated cells of each experimental protocol.
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10𝜇M TDB10𝜇M CX-4945

3𝜇M TDB3𝜇M CX-4945

1𝜇M TDB1𝜇M CX-4945
Control

Figure 3: Effects of CX-4945 and TDB on clone formation and survival. 100 U2OS cells were plated for each well, treated for 24 h with
the indicated inhibitors, and then grown for further 6 days in the absence of the inhibitors. Two representative images are shown for each
condition (2.5x objective, magnification-changer 1.6); at least two separate experiments in triplicate were performed.

variable, from few minutes to several hours. This concept
may also contribute to account for the observation that the
ratio between DC

50
(reflecting in cell efficacy) and IC

50

(measured in vitro) is also very variable depending on the
inhibitor considered. With this in mind we performed this
study, focused on two inhibitors that induce cellular effects at
concentrations that are not proportional to their inhibitory
potency in vitro. One of them, CX-4945, is considered quite
selective for CK2, while the other, TDB, is a dual inhibitor,
targeting also PIM-1, another antiapoptotic kinase, which
is often overexpressed in cancer cells [22]. However, the
observation that TDB is more effective than CX-4945 in
cells cannot be simply explained by the dual nature of TDB,
since the combination of a CK2 and a PIM-1 inhibitor is still
less effective than TDB [12]. Moreover, although CX-4945 is
considered a pure CK2 inhibitor, it reduces PIM-1 activity as
well: its IC

50
for PIM-1 (216 nM [10]) is comparable to that of

TDB (86 nM [12]). Consistently, the residual activity of PIM-1
in the presence of 0.5 𝜇MCX-4945 is only 6% [10], while it is
7% in the presence of 1𝜇M TDB [12]. At the concentrations
used in cells, therefore, it is conceivable that both inhibitors
target PIM-1 besides CK2, suggesting that TDB superiority
should rely on other features, and that it possess a sort of
added value compared to other inhibitors. Here we show that
themost relevant difference is the duration of CK2 inhibition,
since in CX-4945 treated cells CK2 activity is rapidly restored
to basal levels after the removal of the inhibitor, while inTDB-
treated cells the inhibition lasts for several days (Figure 2).
This feature was found in two different cell lines, one from
hematological and one from solid tumor. We can not exclude

that the cellular environment can affect the stability of the
kinase/inhibitor complex in a cell-specific manner. Indeed,
when we performed this kind of experiments on HEK-293T
(nontumor cells), we found that the inhibition by CX-4945
was transient (13 ± 3% of residual CK2 activity after 24 h
treatment with 10 𝜇M CX-4945, 83 ± 0.5% after further 24 h
in the absence of the inhibitor), similarly to what observed
in tumor cells, while the effect of TDB was slightly more
persistent (17.9 ± 0.9% residual activity after 24 h with 10 𝜇M
TDB, 55.5 ± 5.5% after further 24 h in the absence of the
inhibitor), albeit less than in the tumor cells that we analyzed.

For the time being, what we can say is that in our
cancermodels this different property of the two inhibitors has
important consequences on cellular processes. As expected,
in fact, longer persistence of CK2 inhibition is more effective
in reducing the clonogenic survival of tumor cells (Figure 3),
their ability to form spheroids (Figure 4), and their migration
(Figure 5).

The exact reason for the longer inhibition induced by
TDB compared to CX-4945 will deserve future investigation.
Here we hypothesize that a possible difference between the
two compounds could be related to the stability of their com-
plex with CK2, since the experiments have been performed in
conditions of inhibitor removal. However, other possibilities
should be also taken into account. In accordance with our
results, Schwind and colleagues have recently published a
paper [23] where the inhibition by CX-4945 and its effects
on stem cell differentiation were found to decrease from
24 h to 72 h. Since in that case the inhibitor was maintained
in contact with cells for all the length of the experiment,
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Figure 4: Effects of CX-4945 and TDB on spheroid formation. U2OS cells were pretreated for 24 h with the indicated concentrations of
inhibitors and then allowed to form spheroids. Images were taken after 24 h and 96 h. Two separate experiments were performed, with
triplicates of each condition (2.5x objective, magnification-changer 1.6). Two representative images for each condition are shown.

the result would indicate that its effective concentration
decreased, and this could be due to several causes, such as
compound extrusion, subcellular redistribution, ormetabolic
inactivation.

CK2 being considered a valuable therapeutic target [4, 24,
25], our results can be relevant also from a therapeutic point
of view. A part from a chimeric peptide called CIGB-300
[26] which is giving promising results on cervical carcinoma
[27] but whose mechanism of action is still enigmatic [28],
CX-4945 is the only ATP-competitive small inhibitor of CK2
in phase II of clinical trials as anticancer agent [8]. In the
comparison presented here, however, TDB is superior to
CX-4945. Taking also into account that, besides CK2, it
inhibits PIM-1 (a very important and innovative target in
cancer therapy [29–31]), CLK2, and, with lower efficacy, also
DYRK1A [12], we believe that TDB displays good features to
be considered for future clinical experimentation.

In this work we focused on CK2 activity. However, we
cannot exclude that the same persistence of kinase inhibition
by TDB observed on CK2 can also occur on PIM-1 and the
other major targets of TDB. Future studies will be required
to address this point; for the time being, irrespective of
the kinase affected and the molecular mechanism, we can
conclude that survival, proliferation, and migration of tumor
cells are more stably affected by TDB than by CX-4945.

5. Conclusions

In this paper we highlight an important difference between
the two CK2 inhibitors, CX-4945 and TDB, consisting in a
different duration of their effects in cells, which is longer for
TDB.This feature was unpredictable from the in vitro efficacy
of the two inhibitors towards protein kinase CK2, which
instead indicated a superiority of CX-4945. Our findings
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Figure 5: Effects of CX-4945 and TDB on cell migration. Cell migration was assessed by wound-healing assay, seeding U2OS cells in wells
containing an insert, and incubating them for 24 h in the presence of the indicated inhibitor (10𝜇M) or vehicle. Then the insert was removed
(𝑡 = 0) and cells were left to migrate for 48 h, always in the presence of the inhibitors (upper part of the figure, “inhibitors maintained”) or in
their absence (lower part of the figure, “inhibitors removed”). The experiment was performed three times, with each condition in duplicate.
Representative images at 𝑡 = 0, 𝑡 = 24 h, and 𝑡 = 48 h are shown.

suggest that the persistence of cellular effects should be
therefore considered as an additional evaluation element to
be taken into account in investigations on CK2 inhibitors as
potential therapeutic tools.
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Correspondence should be addressed to Ezequiel M. Fuentes-Pananá; empanana@yahoo.com
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H. pylori infection is the most important environmental risk to develop gastric cancer, mainly through its virulence factor CagA. In
vitromodels of CagA function have demonstrated a phosphoprotein activity targeting multiple cellular signaling pathways, while
cagA transgenic mice develop carcinomas of the gastrointestinal tract, supporting oncogenic functions. However, it is still not
completely clear how CagA alters cellular processes associated with carcinogenic events. In this study, we evaluated the capacity
of H. pylori CagA positive and negative strains to alter nontransformed MCF-10A glandular acini formation. We found that CagA
positive strains inhibited lumen formation arguing for an evasion of apoptosis activity of central acini cells. In agreement, CagA
positive strains induced a cell survival activity that correlated with phosphorylation of AKT and of proapoptotic proteins BIM and
BAD.Anoikis is a specific type of apoptosis characterized byAKT and BIM activation and it is themechanism responsible for lumen
formation of MCF-10A acini in vitro and mammary glands in vivo. Anoikis resistance is also a common mechanism of invading
tumor cells. Our data support that CagA positive strains signaling function targets the AKT and BIM signaling pathway and this
could contribute to its oncogenic activity through anoikis evasion.

1. Introduction

Helicobacter pylori (H. pylori) colonizes the human gastric
epithelium and is considered the most important cause of

chronic active gastritis, peptic ulcer, and gastric cancer [1].
The pathogenesis of H. pylori is importantly associated with
the presence of the cag pathogenicity island (cagPAI) and
the cagPAI effector protein, the cytotoxin-associated gene A
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(CagA) [2]. The cagPAI is a segment of DNA of about 40 kb
that encodes a type IV secretion system (T4SS), which is
necessary for CagA translocation into target epithelial cells.
Once inside the cell, CagA is phosphorylated in tyrosine
residues of the EPIYAmotif by host cytoplasmic Src and c-Abl
kinases, and phosphorylated and nonphosphorylated CagA
interact with multiple signaling proteins [3–8].

H. pylori activation of the phosphoinositide 3-kinase
(PI3K) and protein kinase B (PKB/AKT) signaling pathway
has been previously documented in transformed gastric
epithelial cells (AGS cells), although themechanism bywhich
this happens is not fully understood. On one hand, some
studies support CagA phosphorylation dependent and inde-
pendent roles [9–11]. On the other hand, a role for proinflam-
matory outer membrane (OipA) and vacuolating cytotoxin
A (VacA) proteins has been proposed [12, 13], ruling out a
role for the cagPAI [14]. Also, multiple targets downstream
of PI3K/AKT have been documented, including mammalian
target for rapamycin (mTOR), forkhead box O (FoxO)-1 and
-3a ERK mitogen activated kinase, and proapoptotic protein
BAD [15–19]. Concordantly, the consequence of H. pylori
activation of PI3K/AKT is also unclear, with different studies
supporting deregulation of apoptosis, proliferation, or cell
migration.

The use of transformed cells has been essential to under-
stand H. pylori pathogenesis, but it may also contribute
to the conflicting data as many signaling pathways and
cellular processes associated with cell transformation are
already deregulated. CagA-induced proliferation and altered
cell polarity have also been shown in nontransformedMadin-
darby canine kidney epithelial cells (MDCK cells), but CagA’s
signaling has been partially described [20, 21]. It was reported
that CagA disrupts epithelial apical-basolateral polarity in
MDCK cells by interacting with PAR1/MARK kinase, which
prevents atypical protein kinase C- (aPKC-) mediated PAR1
phosphorylation [22]. More definitive evidence of the CagA
oncogenic role comes from transgenic mice, in which CagA
expression induced epithelial hyperplasia, polyp formation,
and adenocarcinomas of the gastrointestinal tract [23, 24].
Also, CagA transgenic expression in zebrafish induced
epithelial cell proliferation and upregulation of cyclin D1,
axin2, and the c-myc ortholog myca [25].

To better understand CagA interactions with cancer-
associated signaling pathways and cellular processes, we
studied CagA activity in a model of nontransformed epithe-
lial cells. The epithelial cell line MCF-10A forms three-
dimensional (3D) acini-like spheroids with a hollow lumen
and an apicobasal orientation when cultured in a simile of
the extracellular matrix (ECM). These characteristics allow
testing mechanisms of cell proliferation, cell survival and
the cytoskeletal structure that yields the polarized spheroid
architecture [26, 27]. Hence, this 3D cellular system has
been previously used to test cellular and viral oncogenes
and has proved useful to decipher mechanisms of transfor-
mation and their targeted cellular signaling pathways [28,
29]. We infected MCF-10A spheroids with CagA positive
and negative H. pylori variants finding that CagA positive
strains caused evasion of apoptosis that was associated with

phosphorylation of AKT, BIM, and BAD, which suggests that
CagA inhibits the anoikis form of apoptosis.

2. Material and Methods

2.1. Helicobacter pylori Strains and Culture. Two CagA posi-
tiveH. pylori strains were used in this study: strain 11637 with
a Western-type CagA (EPIYA ABCCC) that was obtained
from the American Type Culture Collection (ATCC, Manas-
sas, VA, USA No. 43504); and strain NY02-149 with an East-
Asian-type CagA (EPIYA ABD) that was kindly donated by
Dr. Guillermo Perez-Perez from New York University. Two
additional H. pylori CagA negative variants were used as
controls: strain 365A3, which has a partial cagPAI lacking
the effector protein CagA and strain 254 that contains a
nonfunctional cagPAI [30]. The latter will be referred as the
cagPAI negative strain. The two CagA positive strains and
the CagA negative variant are VacA s1/m1, while the cagPAI
negative strain is positive to s1 and negative to the m region
(Data no show). All H. pylori strains were grown on blood
agar (BD, Bioscience, San Jose, CA, USA No. 211037) for 48 h
at 5% CO

2
and 37∘C.

2.2. PCR Assay. DNA was obtained from H. pylori strains
using a Qiagen DNA extraction kit (Qiagen, Hilde, Ger-
many No. 51306) according to the manufacturer protocols.
DNA samples were subjected to PCR with primers cagA-
F1 5-ATGACTAACGAAACTATTGATCAA-3 and cagA-
R7 5-TTAAGATTTTTGGAAACCAC-3 for full-length
cagA amplification and cagA-F5 5-CCCTAGTCGGTA-
ATGGGTTATC-3 and CagA-R7 for EPIYA region ampli-
fication (Figure 1(a)). PCRs for VacA were also performed
with primers VA1F 5-ATGGAAATACAACAAACACAC-3
and VA1R 5-CTGCTTGAATGCGCCAAAC-3 for amplifi-
cation of the S region andVAGF5-CAATCTGTCCAATCA-
AGCGAG-3 and VAGR 5-GCGTCAAAATAATTCCCA-
AGG-3 for the M region.

2.3. Cells Lines and Infection. MCF-10A (CRL-10317) and
AGS (CRL-1739) cells were obtained from theAmerican Type
culture collection (ATCC, Manassas, VA, USA). MCF-10A
cells were grown in DMEM/F12 medium supplemented with
5% horse serum (Invitrogen, Carlsbad, CA, USA- No. 16050-
114), 20 ng/mL of epidermal grown factor (PeproTech, Rocky
Hill, NJ, USA. No AF-100-15), 5 𝜇g/mL hydrocortisone (No
H-0808), 100 ng/mL cholera toxin (C-8052), and 10 𝜇g/mL
insulin (I-1882) (all from Sigma Aldrich Co., St. Louis, MO,
USA). AGS cells were grown in F12 medium supplemented
with 10% fetal bovine serum (Invitrogen, Carlsbad, CA, USA,
No. 16000044). All cultures also contained 100 units/mL
of penicillin and 100 𝜇g/mL of streptomycin (Invitrogen,
Carlsbad, CA, USA, No. 15240).

Infection was carried out with a MOI of 100 in MCF-
10A andAGS cells at 80% subconfluency in nonsupplemented
medium, unless otherwise specified. For proliferation assays
MCF-10A cells were infected at 30% subconfluency in sup-
plemented medium with 3% horse serum and the standard
concentration of the other components. MCF-10A acini were
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Figure 1: CagA is translocated into MCF-10A cells. (a) PCR amplification of the C-terminal variable region. (b) Morphology of AGS and
MCF-10A cells infected with CagA positive strains. (c) IL-8 determination in supernatants of infected cells. (d) Immunofluorescence image
showing H. pylori (green), CagA (red), and nuclei (Blue). Inbox is an optical zoom of an infected cell. (e) Whole lysates from infected MCF-
10A cell were immunoprecipitated with anti-CagA antibodies and immunoblotted against total phosphotyrosine proteins (top panel). The
blots were reprobed with anti-CagA and anti-𝛽-actin antibodies. Statistical analysis by one-way ANOVA followed by the Tukey test (*p ≤
0.05, **p ≤ 0.01 and ***p ≤ 0.001).

formed in matrigel (BD Biosciences, San Jose, CA, USA, No.
354230) following the method reported by Debnath et al.
[27]. 5 × 103 MCF-10A cells were seeded in an 8-well plate
(Lab-Tek Chamber Slide System, Nalge Nunc International,
Rochester, NY, USA,No. 177402) on 40𝜇L of a solidified layer

ofMatrigel. 400𝜇L of culturemediumwas added perwell and
acini were allowed to form for 10–15 days, observing daily at
the optical microscope and changing media every two days.
Acini were grown in same medium as MCF-10A monolayers
but with 2% of matrigel. For infection assays, MCF-10A cells
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were infected with a MOI of 100 in a monolayer for 2 h at
5% CO

2
and 37∘C before recovering the cells and seeding

them in the layer of matrigel. Cells were grown for 10 to
15 days changing medium every other day. Media of days
2, 4, and 6 also contained bacteria at the same MOI. To
inhibit CagA phosphorylation-dependent activity, the PP2
Src kinase inhibitor was added on day 0, 2, 4, and 6 of acini
formation and pictures were taken on day 10.

2.4. Hummingbird Phenotype and IL-8 Analyses. AGS and
MCF-10A cells were plated in six-well plates (Corning Inco-
porated Life Sciences, Tewksbury, MA, USA, No. 3516) at
a concentration of 4 × 105 cells per well and infected with
H. pylori strains for 24 h; supernatants were collected and
cells were fixed with 70%methanol and stained with safranin
(Hycel, D.F, México No. 541) to analyze the hummingbird
phenotype. Levels of IL-8 were determined by an enzyme-
linked immunosorbent assay (ELISA) using a sandwich
ELISA kit (BD, Bioscience, San Jose, CA, USA, No. 555244)
according to the manufacturer’s instructions. Supernatants
were collected and stored at −80∘C.

2.5. Western Blot and Immunoprecipitation Assays. MCF-
10A cells were infected with H. pylori strains. After 6 h of
infection, cultures were treated with 200 ng/mL gentam-
icin (Invitrogen, Carlsbad, CA, USA, No. 15750-060) for
another hour to eliminate bacteria. Cells were washed 3x
with PBS and lysed with RIPA buffer (No. 20-188) sup-
plemented with a cocktail of protease inhibitors (No. 20-
201) (both from Millipore, MA, USA) and 2mM sodium
orthovanadate (Sigma Aldrich Co., St. Louis, MO, USA,
No. 56508) for 10min on ice. Cell lysates were separated
in 8 or 12% polyacrylamide gels (SDS-PAGE), transferred
into a PVDF membrane (Millipore, Billerica, MA, USA, No.
IPVH00010), and blocked overnight in 2% fat-free dry milk
(for assays of nonphosphorylated proteins) or 5% bovine
serum albumin (BSA) (for phosphorylated proteins) in TBS
containing 0.1% Tween-20. Membranes were probed with
polyclonal anti-CagA antibody (B-300; No. sc-25766) or an
anti-tyrosine-phosphorylated protein antibody (PY99; No.
sc-7020) (both from Santa Cruz Biotechnology) followed
by the secondary antibody (Dako, Cambridge, UK, No.
201609). Blots were developed by chemiluminescence (Mil-
lipore, Billerica, MA, USA, No. WBKLS0100). Immunopre-
cipitations were performed using the anti-CagA antibody,
followed by inmmunoblotting with the anti-CagA or anti-
tyrosine-phosphorylated protein antibodies described above.
Signaling pathways were analyzed after infection of either
cell attached to flasks or growing in suspension, the latter
to promote cell death and better visualize infection-induced
protection. Cells were lysed at 30min and 1, 2, 4, and 6 h after
infection and inmmunoblots were performed as described
above. The antibodies used for the assessment of signal-
ing pathways were AKT (GTX121937), AKT-phosphorylated
(GTX128414), BAD-phosphorylated (GTX50136), and BIM-
phosphorylated (YE0911W) (all from GeneTex, Inc., San
Antonio, Texas); a homemade 𝛽-actin antibody was kindly

donated by Dr. Manuel Hernandez-Hernandez from CIN-
VESTAV.

2.6. Immunofluorescence Assay. 8 × 104 MCF-10A cells were
seeded on coverslips and infected with H. pylori strains for
6 h, fixed with paraformaldehyde (4% in PBS) for 10min,
and permeabilized with 0.2% Triton X-100 in PBS. Samples
were incubated with blocking buffer (10% goat serum, 1%
BSA, 0.2% triton X-100 and 0.05% Tween-20) for 1 h and then
with a 1 : 500 dilution of a monoclonal anti-CagA antibody
for 1 h (abcam, Cambridge, UK, No. ab37351) and with the
secondary antibody anti-mouse-Cy3 for 30min (GenetexNo.
GTX85338). Samples were reincubated with blocking buffer
for 1 h and then with a 1 : 500 dilution of a polyclonal anti-
H. pylori antibody (Dako, Cambridge, UK, No B0471) and
with the secondary antibody anti-rabbit-FITC, each one for
30min (Jackson ImmunoResearch, No. 711-095-152). Cells
were observed using a fluorescence microscope Olympus
BX51 and images were acquired with a digital camera (Came-
dia C4040, Olympus). For immunofluorescence analysis of
3D cultures the acini were fixed in 2% paraformaldehyde
in PBS for 20min at room temperature; cells were then
permeabilized with PBS containing 0.5% Triton X-100 for
10min at 4∘C. After that, the acini were incubated with
blocking buffer (1% BSA, 0.2% Triton X-100, 10% goat serum
in PBS) for 1 h at room temperature and then overnight at 4∘C
with any of the following antibodies: a 1 : 300 dilution of anti-
Ki67 antibody (Genetex, Cambridge, UK, No. GTX76072),
a 1 : 500 dilution of a polyclonal anti-H. pylori antibody,
and a 1 : 200 dilution of a monoclonal anti-CagA antibody
(Abcam, Cambridge, UK, No. ab37351); and then the acini
were incubated with the secondary antibody anti-rabbit-
FITC or anti-mouse FITC (Sigma Aldrich Co., St. Louis, MO,
USA., No. F0257), for 30min. Finally, nuclei were stained
withDAPI and acini were analyzed in a LSM5 Pascal confocal
microscope (Zeiss). Serial confocal cross sections (x-y axis)
were made in MCF-10A acini. See figures for schematic
diagrams overlying each section, which illustrate the relative
position of the optical section with respect to the z-axis.

2.7. Carboxyfluorescein Proliferation Assay. MCF-10A cells
were labeled in a 12-well dishwith 25MmCarboxyfluorescein
(CFSE-Invitrogen, Carlsbad, CA, USA, No. 10023), according
to the manufacturer’s protocol. After labeling, cells were
infected with the H. pylori strains and incubated 3 days at
37∘C with 5% CO

2
. CFSE positive cells were quantified with

BD CellQuest Pro software (BD Bioscience, Sparks, MD)
using a FACS-Calibur flow cytometer (BD Bioscience, San
Jose, CA).

2.8. Apoptosis Resistance Assay. MCF-10A cells were infected
withH. pylori strains ABCCC (MOI = 100) and ABD (MOI =
25) in single-cell suspensions for 4 h with or without 8 𝜇M
of the AKT inhibitor GSK690693 at 37∘C. Cells were then
stained with a KIT containing annexin V and propidium
iodide (Biolegend, SanDiego, CA, USA, No. 235678), accord-
ing to the manufacturer’s protocol. Annexin V and proprium
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iodide positive cells were quantified with the BD CellQuest
Pro software using a FACS-Calibur flow cytometer.

2.9. Statistical Analysis. The statistical differences between
two variables were determined with the Student’s t-test;
differences among three or more continuous variables were
compared by one-way ANOVA, followed by the Tukey test.
Statistical significance was established at p ≤ 0.05.

3. Results

3.1. H. pylori CagA Is Efficiently Translocated into Nontrans-
formed MCF-10A Cells. The two CagA positive H. pylori
strains that were used in our study were able to induce a
hummingbird phenotype and IL-8 secretion in AGS cells, as
previously described [31, 32], which are indirect markers of
CagA translocation into these cells (Figures 1(b) and 1(c)).
AGS and MCF-10A infections with analysis of hummingbird
phenotype and IL-8 secretion were run in parallel through all
experiments to monitor the viability of the H. pylori strains.
To determine if MCF-10A cells were permissive to H. pylori
infection, infected cells were analyzed by immunofluores-
cence and Western blot. The immunofluorescence analysis
showed that H. pylori, regardless of CagA status, adhered to
the cell membrane of MCF-10A, with CagA signal observed
within the cell (Figure 1(d)). Detection of phosphorylated-
CagA confirmed its cellular translocation and activation
(Figure 1(e)). Of note, the CagA-ABD strain showed stronger
intensity of the phosphorylated CagA band and stronger
activity than the CagA-ABCCC strain. These results indi-
cated that MCF-10A cells are permissive for infection/CagA
translocation with H. pylori strains.

3.2. MCF-10A Cells Do Not Increase Proliferation in Response
to H. pylori Infection. In spite of multiple evidence support-
ing increased proliferation rates after H. pylori infection of
transformed cells, infected MCF-10A acini showed normal
size and maintained the spheroid structure (Figures 2(a) and
2(b)). Cells within the acini normally divide until day 7-
8, after which further growth is arrested. To further test
whether CagA translocation affected MCF-10A cell prolifer-
ation, infected acini were stained with an antibody against
the proliferation marker Ki-67. Figure 2(c) shows that both
mock infected and CagA positive infected acini presented a
dimKi-67 signal at day seven and a negative signal by day ten,
suggesting that H. pylori infection did not alter rates of acini
growth. A day four staining is shown as a positive control
for a bright Ki-67 signal. Nonetheless, H. pylori staining
and confocal microscopy analysis of acini grown for 10 days
show bacteria (Figure 2(d)) and CagA (Figure 2(e)) in close
contact with external and central luminal cells, arguing in
favor of sustainedCagA translocation during acini growth. To
confirm that H. pylori does not induce proliferation, CFSE-
labeled MCF-10A cells were infected in monolayer for 3 days
and CFSE fluorescence intensities were analyzed by flow
cytometry (Figure 2(f)). No differences were observed in the
rate of proliferation between cells infectedwithCagApositive
and CagA negative variant strains.

3.3. MCF-10A Cells Evade Apoptosis after Infection with CagA
Positive H. pylori Strains. A consistent observation of MCF-
10A acini infected with CagA positive H. pylori strains was
the lack of a well-formed lumen. To explore the possibility
that CagA induces survival of acini central cells, the number
of nuclei was quantified at day 10 acini. Confocal microscopy
transversal cuts 50% deep in the acini were used for nuclei
count, finding significant differences between CagA positive
H. pylori strains and mock infected acini (Figures 3(a)
and 3(b)). Acini morphogenesis in the presence of the Src
kinases inhibitor PP2 indicated that the survival of the acini
central cells was dependent on phosphorylation of CagA
(Figures 3(c) and 3(d)). MCF-10A cells were also infected in
suspension and apoptosis was determined by Anexin V and
propidium iodide (PI) staining and flow cytometry analysis.
Figures 3(e) and 3(f) show that, after 6 h of suspension,
cells infected with CagA negative variants were mostly dead,
while about 40% of the ones infected with CagA positive
strains remained anexinVandPI negative.Overall, these data
suggest that CagA promotes survival of cells that have lost
substrate or ECM interactions.

3.4. AKT and BIMAre Important Targets during CagA Positive
H. pylori Mediated Evasion of Apoptosis. Anoikis is a form
of apoptosis responsible for death of the acini luminal cells
after loss of ECM interactions. Anoikis resistance in MCF-
10A acini formation and mammary gland development has
been associated with constitutive activity of the PI3K/AKT
signaling pathway and phosphorylation-dependent inacti-
vation of proapoptotic proteins mainly BIM but also BAD
[33]. To evaluate whether CagA-induced activation of AKT
was responsible for the anoikis resistance observed in MCF-
10A acini luminal cells, we first tested AKT phosphorylation
in response to H. pylori infection by Western blot analysis.
MCF-10A cells were infected in single-cell suspensions with
H. pylori strains for 4 h and cell lysates were blotted with
the antiphosphorylated AKT. Figure 4(a) shows the specific
activation of AKT by CagA positive strains. Also, a prefer-
entially increased phosphorylation of BIM over BAD was
observed (Figure 4(a)). We then inhibited AKT activation
reducing the frequency of live MCF-10A cells in suspension
(Figures 4(b) and 4(c)). These results argue in favor of an H.
pylorimechanism of anoikis evasion through CagA-induced
activation of AKT and inhibition of BIM.

4. Discussion

The 3D culture of MCF-10A epithelial cells interacting with
a simile of ECM results in formation of acini-like polarized
structures that recapitulate many of the characteristics of
the in vivo mammary gland architecture. Acini formation
involves programmed grow arrest, anoikis of luminal cells,
and preservation of the cytoskeleton-dependentmorphology,
biological and biological processes that are usually deregu-
lated in cancer cells. Therefore, this system has been exten-
sively used to study cellular and viral oncogenes, including
some unrelated to mammary tissue but whose transforming
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Figure 2: H. pylori does not induce proliferation of MCF-10A cell. MCF-10A cells were 3D cultured and infected with H. pylori strains. (a)
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Figure 3: CagA induces evasion of apoptosis. (a)The nuclei (DAPI positive cells) in the lumen of acini were quantified on day 10. Each point
represents one acini; three fields were counted in three independent experiments. (b) Representative acini showing the typical number of
nuclei positive cells in lumens. (c) The same experiment was carried out in the presence of the Src kinase inhibitor PP2. (d) Representative
acini showing the typical number of nuclei positive cells in lumens after PP2 treatment. (e) MCF-10A cells were infected in suspension with
H. pylori strains and apoptosis was determined by anexin V and propidium iodide (PI) staining. (f) Average percentage of living cell (Anexin
V & PI negative) from three independent experiments. Asterisks denote statistical differences (*p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001). (a) and
(f) One-way ANOVA followed by the Tukey test, and (c) Student’s t-test.
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Figure 4: AKT induced evasion of apoptosis correlates with BIM and BAD phosphorylation. (a) MCF-10A cell lysates were immunoblotted
against AKT, BIM, and BAD and their phosphorylated forms (AKT in Ser473, BAD in Ser136, and BIM in Ser87). A densitometric analysis of
phosphorylated proteins was normalized to the corresponding 𝛽-actin levels. An arbitrary value of 1 was assigned to the highest activity. (b)
MCF-10A cells were infected with H. pylori strains in cell suspension and an AKT inhibitor was added; apoptosis was determined by anexin
V and propidium iodide (PI) staining. (c) Percentage of living cells (Anexin V and PI negative). Representative assay of three independent
experiments is shown. Asterisks denote statistical differences by the Student’s t-test, (*p ≤ 0.05).

mechanisms can be mirrored during acini formation [26, 28,
34–36].

Oncogene expression often results inMCF-10A acini with
solid lumens, similar to the ones observed in this study after
infection with CagA positive H. pylori strains, and this is
considered an indication of resistance to anoikis [37, 38].
Anoikis is a form of apoptosis responsible for death of inner

cell populations that have lost ECM interactions and grow
factor stimulus, forming the hollow ducts in which milk is
transported during mammary gland morphogenesis. MCF-
10A in vitro acini formation has been critical to understand
the in vivo mechanism of anoikis during mammary mor-
phogenesis [26, 27]. Anoikis resistance is very important
during cancer initiation and progression since it ismost likely
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responsible for the survival capacity of tumor cells filling the
luminal glandular space in early carcinomas and of detached
invasive and metastatic tumor cell [39], including gastric
cancer cells [40]. In agreement, bonafide oncoproteins such
as ERBB2 and CFS1R induce resistance to anoikis facilitating
migration and metastasis of malignant cells [41–43].

In this paper we have shown that CagA positive H.
pylori strains activate AKT resulting in evasion of apoptosis,
a finding that correlates with previous reports in AGS
transformed gastric tumor cells [9–11]. AKT is an important
regulator of cell survival. AKT is activated by PI3K leading
to inactivation of various proapoptotic proteins, including
BIM and BAD [19]. AKT phosphorylates BAD in Ser136
and BIM in Ser87 in response to cell-integrin interactions.
PhosphorylatedBADandBIMare then sequestered by the 14-
3-3 complex counteracting its proapoptotic activity [44, 45].
Loss of the AKT activity results in augmented apoptosis
[38, 46], and activating mutations in PI3K and AKT are often
found in gastric tumors [47]. Furthermore, lumen formation
by mammary glands and MCF-10A cells tightly depends on
BIM activity [33, 48].

Several studies also support an increased rate of cell apop-
tosis after H. pylori infection mediated by different bacterial
factors, mainly VacA [49–51], gamma-glutamyl transpepti-
dase [52], the cagPAI [53], and CagA itself [54]. Cancer
precursor gastric lesions, such as atrophic gastritis and
metaplasia, are already characterized by loss of the glandular
structure. These lesions may result from infection-triggered
unbalanced cell apoptosis intimately linked to increased
cellular regeneration to repair the gastric mucosa. CagA may
help to counteract those apoptosis-inducing mechanisms
triggered by bacterial factors or cell death resulting from
chronic inflammation [55, 56].

Our results showed that H. pylori infection does not
increase proliferation of MCF-10A cells during acini or
monolayer growth, which contrasts with previous studies
showing that phosphorylated CagA interacts with GRB2 or
SHP2 activating the Ras/MAPK pathway, leading to cell
scattering and cell proliferation [4, 57]. Other studies support
that H. pylori promote proliferation through upregulating
miR-222 [58]. In addition, zebrafish expressing transgenic
CagA exhibited epithelial cell proliferation with significant
upregulation of genemarkers of proliferationCCND1 and the
c-myc ortholog myca [25]. Similarly, CagA transgenic mice
showed gastric epithelial hyperplasia [23]. We have no clear
explanation for these differences, but we hypothesize that this
may be due to the different genetic background of the cell
lines used in those studies and our study. While in animal
models multiple processes converge during carcinogenesis,
such as inflammation and persistent tissue damage due to
chronic CagA expression.

Studies in nontransformed MDCK cells found that H.
pylori induced loss of cell polarity andmobilization of zonula
occludens-1 (ZO-1) protein with loss of integrity of the
tight junctions [20, 21]. In contrast, we did not observe
gross cytoskeletal changes in infected MCF-10A acini, which
maintained the spheroid structure. Analysis of proteins par-
ticipating in monolayer integrity and cell-to-cell contacts is
needed together with nutrient deprivation studies to better

understand the capacity of H. pylori and CagA to disturb
these processes in MCF-10A acini.

The importance to test H. pylori pathogenicity in cel-
lular models of organogenesis has been highlighted by the
appearance of three recent papers inwhichmouse andhuman
primary gastric organoids are tested for H. pylori infection
and CagA signaling activity [59–61]. Two of those studies
provide evidence of a CagA-induced epithelial to mesenchy-
mal transition (EMT). Interestingly, EMT is importantly
regulated by GSK3𝛽 inhibition of 𝛽-catenin and GSK3𝛽 is
negatively regulated by AKT. These studies and ours place
AKT as an important target of CagA induced carcinogenesis.

5. Conclusion

We found thatH. pylori CagA positive strains induce anoikis
resistance inMCF-10A acini through theAKT signaling path-
way, via phosphorylation and inactivation of proapoptotic
proteins BIM and BAD. This CagA-dependent mechanism
of anoikis resistance may contribute to the H. pylori/CagA
carcinogenic potential. Our results also support the use of
nontransformed cells and in vitro organogenesis in order to
better understand the oncogenic mechanisms involved in H.
pylori associated cancer development.
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Torres-Morales performed the experiments; Adriana Karina
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References

[1] J. Parsonnet, G. D. Friedman, D. P. Vandersteen et al., “Heli-
cobacter pylori infection and the risk of gastric carcinoma,”The
New England Journal of Medicine, vol. 325, no. 16, pp. 1127–1131,
1991.

[2] J. Parsonnet, G. D. Friedman, N. Orentreich, and H. Vogelman,
“Risk for gastric cancer in people with CagA positive or CagA
negative Helicobacter pylori infection,” Gut, vol. 40, no. 3, pp.
297–301, 1997.

[3] H. Higashi, R. Tsutsumi, S. Muto et al., “SHP-2 tyrosine
phosphatase as an intracellular target of Helicobacter pylori
CagA protein,” Science, vol. 295, no. 5555, pp. 683–686, 2002.

[4] H. Mimuro, T. Suzuki, J. Tanaka, M. Asahi, R. Haas, and C.
Sasakawa, “Grb2 is a key mediator of Helicobacter pylori CagA
protein activities,” Molecular Cell, vol. 10, no. 4, pp. 745–755,
2002.

[5] D. Mueller, N. Tegtmeyer, S. Brandt et al., “c-Src and c-Abl
kinases control hierarchic phosphorylation and function of the
CagA effector protein in Western and East Asian Helicobacter
pylori strains,”The Journal of Clinical Investigation, vol. 122, no.
4, pp. 1553–1566, 2012.

[6] M. Suzuki, H. Mimuro, T. Suzuki, M. Park, T. Yamamoto, and
C. Sasakawa, “Interaction of CagA with Crk plays an important
role in Helicobacter pylori-induced loss of gastric epithelial cell
adhesion,” Journal of Experimental Medicine, vol. 202, no. 9, pp.
1235–1247, 2005.

[7] R. Tsutsumi, H. Higashi, M. Higuchi, M. Okada, and M.
Hatakeyama, “Attenuation of Helicobacter pylori CagA⋅SHP-
2 signaling by interaction between CagA and C-terminal Src
kinase,” The Journal of Biological Chemistry, vol. 278, no. 6, pp.
3664–3670, 2003.

[8] M. Selbach, F. E. Paul, S. Brandt et al., “Host cell interactome
of tyrosine-phosphorylated bacterial proteins,” Cell Host and
Microbe, vol. 5, no. 4, pp. 397–403, 2009.

[9] T. A. Nagy, M. R. Frey, F. Yan, D. A. Israel, D. B. Polk, and
R. M. Peek Jr., “Helicobacter pylori regulates cellular migration
and apoptosis by activation of phosphatidylinositol 3-kinase
signaling,” Journal of Infectious Diseases, vol. 199, no. 5, pp. 641–
651, 2009.

[10] F. H. Tabassam, D. Y. Graham, and Y. Yamaoka, “Helicobacter
pylori activate epidermal growth factor receptor- and phos-
phatidylinositol 3-OH kinase-dependent Akt and glycogen
synthase kinase 3𝛽 phosphorylation,”CellularMicrobiology, vol.
11, no. 1, pp. 70–82, 2009.

[11] M. Suzuki, H. Mimuro, K. Kiga et al., “Helicobacter pylori CagA
phosphorylation-independent function in epithelial prolifera-
tion and inflammation,” Cell Host and Microbe, vol. 5, no. 1, pp.
23–34, 2009.

[12] J. Zhang, J. Qian, X. Zhang, and Q. Zou, “Outer membrane
inflammatory protein A, a new virulence factor involved in the
pathogenesis of Helicobacter pylori,”Molecular Biology Reports,
vol. 41, no. 12, pp. 7807–7814, 2014.

[13] M. Nakayama, J. Hisatsune, E. Yamasaki et al., “Helicobacter
pylori VacA-induced inhibition of GSK3 through the PI3K/Akt
signaling pathway,” Journal of Biological Chemistry, vol. 284, no.
3, pp. 1612–1619, 2009.

[14] O. Sokolova,M.Vieth, T.Gnad, P.M. Bozko, andM.Naumanna,
“Helicobacter pylori promotes eukaryotic protein translation by
activating phosphatidylinositol 3 kinase/mTOR,” The Interna-
tional Journal of Biochemistry&Cell Biology, vol. 55, pp. 157–163,
2014.

[15] F. H. Tabassam, D. Y. Graham, and Y. Yamaoka, “Helicobacter
pylori-associated regulation of forkhead transcription factors
FoxO1/3a in human gastric cells,”Helicobacter, vol. 17, no. 3, pp.
193–202, 2012.

[16] Y. Zhu, C. Wang, J. Huang et al., “The Helicobacter pylori
virulence factor CagA promotes Erk1/2-mediated Bad phos-
phorylation in lymphocytes: a mechanism of CagA-inhibited
lymphocyte apoptosis,” Cellular Microbiology, vol. 9, no. 4, pp.
952–961, 2007.

[17] X. J. Qi, G. M. Wildey, and P. H. Howe, “Evidence that Ser87 of
BimEL is phosphorylated byAkt and regulates BimEL apoptotic
function,”The Journal of Biological Chemistry, vol. 281, no. 2, pp.
813–823, 2006.

[18] J. Zha, H. Harada, E. Yang, J. Jockel, and S. J. Korsmeyer, “Serine
phosphorylation of death agonist BAD in response to survival
factor results in binding to 14-3-3 not BCL-X

𝐿
,” Cell, vol. 87, no.

4, pp. 619–628, 1996.
[19] X. Zhang, N. Tang, T. J. Hadden, and A. K. Rishi, “Akt, FoxO

and regulation of apoptosis,” Biochimica et Biophysica Acta—
Molecular Cell Research, vol. 1813, no. 11, pp. 1978–1986, 2011.

[20] F. Bagnoli, L. Buti, L. Tompkins, A. Covacci, andM. R. Amieva,
“Helicobacter pyloriCagA induces a transition frompolarized to
invasive phenotypes inMDCKcells,”Proceedings of theNational
Academy of Sciences of the United States of America, vol. 102, no.
45, pp. 16339–16344, 2005.

[21] S. Tan, L. S. Tompkins, and M. R. Amieva, “Helicobacter pylori
usurps cell polarity to turn the cell surface into a replicative
niche,” PLoS Pathogens, vol. 5, no. 5, Article ID e1000407, 2009.

[22] I. Saadat, H. Higashi, C. Obuse et al., “Helicobacter pylori CagA
targets PAR1/MARK kinase to disrupt epithelial cell polarity,”
Nature, vol. 447, no. 7142, pp. 330–333, 2007.

[23] N. Ohnishi, H. Yuasa, S. Tanaka et al., “Transgenic expres-
sion of Helicobacter pylori CagA induces gastrointestinal and
hematopoietic neoplasms inmouse,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 105, no.
3, pp. 1003–1008, 2008.

[24] M. Miura, N. Ohnishi, S. Tanaka, K. Yanagiya, and M. Hata-
keyama, “Differential oncogenic potential of geographically dis-
tinct Helicobacter pylori CagA isoforms in mice,” International
Journal of Cancer, vol. 125, no. 11, pp. 2497–2504, 2009.

[25] J. T. Neal, T. S. Peterson,M. L. Kent, andK.Guillemin, “H. pylori
virulence factor CagA increases intestinal cell proliferation
by Wnt pathway activation in a transgenic zebrafish model,”
Disease Models andMechanisms, vol. 6, no. 3, pp. 802–810, 2013.

[26] J. Debnath and J. S. Brugge, “Modelling glandular epithelial
cancers in three-dimensional cultures,” Nature Reviews Cancer,
vol. 5, no. 9, pp. 675–688, 2005.

[27] J. Debnath, S. K. Muthuswamy, and J. S. Brugge, “Morphogen-
esis and oncogenesis of MCF-10A mammary epithelial acini
grown in three-dimensional basement membrane cultures,”
Methods, vol. 30, no. 3, pp. 256–268, 2003.

[28] J. Debnath, K. R. Mills, N. L. Collins, M. J. Reginato, S. K.
Muthuswamy, and J. S. Brugge, “The role of apoptosis in creating
and maintaining luminal space within normal and oncogene-
expressingmammary acini,”Cell, vol. 111, no. 1, pp. 29–40, 2002.

[29] E. Katz, M. H. Lareef, J. C. Rassa et al., “MMTV Env encodes
an ITAM responsible for transformation ofmammary epithelial



BioMed Research International 11

cells in three-dimensional culture,”The Journal of Experimental
Medicine, vol. 201, no. 3, pp. 431–439, 2005.

[30] A. Reyes-Leon, J. C. Atherton, R. H. Argent, J. L. Puente, and
J. Torres, “Heterogeneity in the activity of MexicanHelicobacter
pylori strains in gastric epithelial cells and its association with
diversity in the cagA gene,” Infection and Immunity, vol. 75, no.
7, pp. 3445–3454, 2007.

[31] E. D. Segal, J. Cha, J. Lo, S. Falkow, and L. S. Tompkins, “Altered
states: involvement of phosphorylated CagA in the induction of
host cellular growth changes byHelicobacter pylori,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 96, no. 25, pp. 14559–14564, 1999.

[32] S. A. Sharma, M. K. R. Tummuru, M. J. Blaser, and L. D.
Kerr, “Activation of IL-8 gene expression by Helicobacter pylori
is regulated by transcription factor nuclear factor-kappa B in
gastric epithelial cells,”The Journal of Immunology, vol. 160, no.
5, pp. 2401–2407, 1998.

[33] A. A. Mailleux, M. Overholtzer, T. Schmelzle, P. Bouillet, A.
Strasser, and J. S. Brugge, “BIM regulates apoptosis during
mammary ductal morphogenesis, and its absence reveals alter-
native cell death mechanisms,” Developmental Cell, vol. 12, no.
2, pp. 221–234, 2007.

[34] C. Hebner, V. M. Weaver, and J. Debnath, “Modeling morpho-
genesis and oncogenesis in three-dimensional breast epithelial
cultures,” Annual Review of Pathology: Mechanisms of Disease,
vol. 3, pp. 313–339, 2008.

[35] S. M. Grande, G. Bannish, E. M. Fuentes-Panana, E. Katz, and
J. G. Monroe, “Tonic B-cell and viral ITAM signaling: context is
everything,” Immunological Reviews, vol. 218, no. 1, pp. 214–234,
2007.

[36] G. Singhal, E. Leo, S. K. Gadham Setty, Y. Pommier, and B.
Thimmapaya, “Adenovirus E1A oncogene induces rereplication
of cellular DNA and alters DNA replication dynamics,” Journal
of Virology, vol. 87, no. 15, pp. 8767–8778, 2013.

[37] K. K. Haenssen, S. A. Caldwell, K. S. Shahriari et al., “ErbB2
requires integrin 𝛼5 for anoikis resistance via Src regulation of
receptor activity in humanmammary epithelial cells,” Journal of
Cell Science, vol. 123, no. 8, pp. 1373–1382, 2010.

[38] S. J. Isakoff, J. A. Engelman, H. Y. Irie et al., “Breast cancer-
associated PIK3CA mutations are oncogenic in mammary
epithelial cells,” Cancer Research, vol. 65, no. 23, pp. 10992–
11000, 2005.

[39] P. Paoli, E. Giannoni, and P. Chiarugi, “Anoikis molecular
pathways and its role in cancer progression,” Biochimica et
Biophysica Acta, vol. 1833, no. 12, pp. 3481–3498, 2013.

[40] T. Uekita, M. Tanaka, M. Takigahira et al., “CUB-domain-
containing protein 1 regulates peritoneal dissemination of
gastric scirrhous carcinoma,” American Journal of Pathology,
vol. 172, no. 6, pp. 1729–1739, 2008.

[41] S. K. Muthuswamy, D. Li, S. Lelievre, M. J. Bissell, and J. S.
Brugge, “ErbB2, but not ErbB1, reinitiates proliferation and
induces luminal repopulation in epithelial acini,” Nature Cell
Biology, vol. 3, no. 9, pp. 785–792, 2001.

[42] B. M. Kacinski, K. A. Scata, D. Carter et al., “FMS (CSF-1
receptor) and CSF-1 transcripts and protein are expressed by
human breast carcinomas in vivo and in vitro,” Oncogene, vol.
6, no. 6, pp. 941–952, 1991.

[43] T. Schmelzle and M. N. Hall, “TOR, a central controller of cell
growth,” Cell, vol. 103, no. 2, pp. 253–262, 2000.

[44] P. Chiarugi and E. Giannoni, “Anoikis: a necessary death
program for anchorage-dependent cells,” Biochemical Pharma-
cology, vol. 76, no. 11, pp. 1352–1364, 2008.

[45] T. F. Gajewski and C. B. Thompson, “Apoptosis meets signal
transduction: elimination of a BAD influence,” Cell, vol. 87, no.
4, pp. 589–592, 1996.

[46] S. E. Scanga, L. Ruel, R. C. Binari et al., “The conserved
PI3’K/PTEN/AKt signaling pathway regulates both cell size and
survival inDrosophila,” Oncogene, vol. 19, no. 35, pp. 3971–3977,
2000.

[47] K. Wang, S. T. Yuen, J. Xu et al., “Whole-genome sequencing
and comprehensive molecular profiling identify new driver
mutations in gastric cancer,” Nature Genetics, vol. 46, no. 6, pp.
573–582, 2014.

[48] M. J. Reginato, K. R. Mills, J. K. Paulus et al., “Integrins and
EGFR coordinately regulate the pro-apoptotic protein Bim to
prevent anoikis,” Nature Cell Biology, vol. 5, no. 8, pp. 733–740,
2003.

[49] T. L. Cover, U. S. Krishna, D. A. Israel, and R. M. Peek Jr.,
“Induction of gastric epithelial cell apoptosis by Helicobacter
pylori vacuolating cytotoxin,”Cancer Research, vol. 63, no. 5, pp.
951–957, 2003.

[50] A. Galmiche, J. Rassow, A. Doye et al., “The N-terminal 34 kDa
fragment of Helicobacter pylori vacuolating cytotoxin targets
mitochondria and induces cytochrome c release,” The EMBO
Journal, vol. 19, no. 23, pp. 6361–6370, 2000.

[51] E. Yamasaki, A. Wada, A. Kumatori et al., “Helicobacter pylori
vacuolating cytotoxin induces activation of the proapoptotic
proteins Bax and Bak, leading to cytochrome c release and cell
death, independent of vacuolation,” The Journal of Biological
Chemistry, vol. 281, no. 16, pp. 11250–11259, 2006.

[52] M. Valenzuela, D. Bravo, J. Canales et al., “Helicobacter pylori-
induced loss of survivin and gastric cell viability is attributable
to secreted bacterial gamma-glutamyl transpeptidase activity,”
Journal of Infectious Diseases, vol. 208, no. 7, pp. 1131–1141, 2013.

[53] T. Nagasako, T. Sugiyama, T.Mizushima, Y.Miura,M. Kato, and
M. Asaka, “Up-regulated Smad5 mediates apoptosis of gastric
epithelial cells induced by Helicobacter pylori infection,” The
Journal of Biological Chemistry, vol. 278, no. 7, pp. 4821–4825,
2003.

[54] A. M.Wandler and K. Guillemin, “Transgenic expression of the
Helicobacter pylori virulence factor CagA promotes apoptosis
or tumorigenesis through JNK activation in Drosophila,” PLoS
Pathogens, vol. 8, no. 10, Article ID e1002939, 2012.

[55] H. Mimuro, T. Suzuki, S. Nagai et al., “Helicobacter pylori
dampens gut epithelial self-renewal by inhibiting apoptosis, a
bacterial strategy to enhance colonization of the stomach,” Cell
Host and Microbe, vol. 2, no. 4, pp. 250–263, 2007.

[56] A. Oldani, M. Cormont, V. Hofman et al., “Helicobacter pylori
counteracts the apoptotic action of its VacA toxin by injecting
the CagA protein into gastric epithelial cells,” PLoS Pathogens,
vol. 5, no. 10, Article ID e1000603, 2009.

[57] H. Higashi, A. Nakaya, R. Tsutstumi et al., “Helicobacter
pyloriCagA induces Ras-independent morphogenetic response
through SHP-2 recruitment and activation,” The Journal of
Biological Chemistry, vol. 279, no. 17, pp. 17205–17216, 2004.

[58] N. Li, B. Tang, E.-D. Zhu et al., “IncreasedmiR-222 inH. pylori-
associated gastric cancer correlated with tumor progression by
promoting cancer cell proliferation and targeting RECK,” FEBS
Letters, vol. 586, no. 6, pp. 722–728, 2012.

[59] N. Bertaux-Skeirik, R. Feng, M. A. Schumacher et al., “CD44
plays a functional role in Helicobacter pylori-induced epithelial
cell proliferation,” PLOS Pathogens, vol. 11, no. 2, Article ID
e1004663, 2015.



12 BioMed Research International

[60] P. Schlaermann, B. Toelle, H. Berger et al., “A novel human
gastric primary cell culture system for modelling Helicobacter
pylori infection in vitro,” Gut, 2014.

[61] L. E. Wroblewski, M. B. Piazuelo, R. Chaturvedi et al., “Heli-
cobacter pylori targets cancer-associated apical-junctional con-
stituents in gastroids and gastric epithelial cells,” Gut, vol. 64,
no. 5, pp. 720–730, 2015.



Research Article
Inhibition of PI3K Signalling Selectively Affects
Medulloblastoma Cancer Stem Cells

Chiara Frasson,1,2 Elena Rampazzo,1,2 Benedetta Accordi,2 Giacomo Beggio,3

Francesca Pistollato,2 Giuseppe Basso,2 and Luca Persano1,2
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Medulloblastoma is the most common malignant brain tumor of childhood. Although survival has slowly increased in the past
years, the prognosis of these patients remains unfavourable. In this context, it has been recently shown that the intracellular
signaling pathways activated during embryonic cerebellar development are deregulated in MDB. One of the most important is
PI3K/AKT/mTOR, implicated in cell proliferation, survival, growth, and protein synthesis. Moreover, a fraction of MDB cells has
been shown to posses stemlike features, to express typical neuronal precursormarkers (Nestin and CD133), and to bemaintained by
the hypoxic cerebellar microenvironment.This subpopulation ofMDB cells is considered to be responsible for treatment resistance
and recurrence. In this study, we evaluated the effects of PI3K/AKTpathway inhibition on primary cultures ofMDB and particularly
on the cancer stem cell (CSC) population (CD133+). PI3K inhibition was able to counteract MDB cell growth and to promote
differentiation of stemlike MDB cells. Moreover, PI3K/AKT pathway suppression induced dramatic cell death through activation
of the mitochondrial proapoptotic cascade. Finally, analysis on the stem cells fraction revealed that the MDB CSC population is
more sensitive to PI3K targeting compared to the whole cancerous population and its nonstem cell counterpart.

1. Introduction

Medulloblastoma (MDB) is the most frequent primitive neu-
roectodermal tumor in children. WHO classification of cen-
tral nervous system tumours subdivides MDB into five his-
tological groups: classic, desmoplastic, MDB with extensive
nodularity, anaplastic, and large cellMDB [1]. It has been sug-
gested that these tumours arise from foetal/embryonic tissues
as a consequence of deregulated developmental processes [2,
3]. In this context, recent studies have identified four molec-
ular subtypes of MDB tumours depending on the activation
of specific embryonic developmental pathways which are,
in particular, Wnt subgroup, characterized by somatic muta-
tions occurring in the CTNNB1 gene [4–6], Sonic hedgehog
(SHH) subgroup,mainly characterized by the loss of the SHH
receptor Patched 1 (PTCH1) [4], a third subgroup (named
Group 3) particularly enriched forMYC (c-Myc) gene ampli-
fications, and subgroup four (named Group 4), in which

tumours often possess amplification at the level of MYCN
and CDK6 genes [7, 8]. The Phosphoinositide-3-Kinase
(PI3K)/AKT signalling pathway has often been reported to
be deregulated in MDB, with numerous genetic alterations
involving this network occurring independently of the par-
ticular subtype [8]. Indeed, it has been suggested that many
components of this pathway are involved in MDB prolifera-
tion, chemoresistance, and metastasis [9–11].

We and others previously supported the existence of a
“cancer stem cell” subpopulation (CSC) in brain tumours,
including MDB, expressing phenotypic markers generally
associated to neural stem cells in the developing brain, such
as CD133 and Nestin. These CSCs possess the ability to form
neurosphere in vitro and to be tumorigenic when xenotrans-
planted in recipient mice [12–15]. Moreover, recent studies
highlighted the role of PI3K/AKT/mTOR pathway in the
maintenance and survival of CSCs in solid tumours such as
prostate and breast cancers [16, 17]. A potent and selective
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dual inhibitor of mTORC1/2 and class I PI3-kinases are
able to inhibit proliferation and survival of breast CSCs in
vivo and to markedly reduce their tumor-initiating ability in
limiting dilution assays [18]. For all these considerations, we
hypothesized that PI3K could be a good target in MDB and
particularly MDB CSCs.

In this study, we pharmacologically inhibited PI3K in
primary MDB-derived cells showing that the AKT/mTOR
network is fundamental for themaintenance ofMDBcell pro-
liferation and survival. Moreover, we demonstrated that PI3K
inhibition yielded to MDB cell death by specifically affecting
the CSC population (CD133+), while sparing more differ-
entiated cells, through the activation of the mitochondrial
apoptotic cascade.

2. Materials and Methods

2.1. Isolation and Gas-Controlled Expansion of Cells. Written
informed consent for the donation of tumor brain tis-
sues was obtained from parents prior to tissue acquisition,
under the auspices of the protocol for the acquisition of
human brain tissues obtained from the Ethical Committee
board of the University of Padova and Padova Academic
Hospital. All tissues were acquired following the tenets of
the Declaration of Helsinki. MDB precursors were derived
from 3 tumors taken at surgery (see Supplementary Table 1 in
Supplementary Material available online at http://dx.doi.org/
10.1155/2015/973912); initial pathological review was fol-
lowed by secondary neuropathological review to reconfirm
diagnosis. We dissociated and cultured cells as previously
described [19] (in HAM’S-F12/DME, Euroclone) with addi-
tional BIT9500 (10%, serum substitute, Stem Cell Technolo-
gies) and 20 ng/mL epidermal growth factor (EGF, human
from R&D Systems), in an atmosphere of 2% oxygen, 5%
carbon dioxide, and balanced nitrogen [14]. For continuous
expansion, one-half of the medium was replaced every day
and cultures were passaged every 7–10 days using TrypLE
(Invitrogen). Cells were not cultured formore than 8 passages
in vitro in order to avoid long-term culture related effects.
DAOY, D341, D348, D425, D458, and D556 MDB cell lines
were cultured as described for primary cells in an atmosphere
of 2% oxygen or 20% oxygen, 5% carbon dioxide, and
balanced nitrogen. PI3K/AKT inhibition was obtained by
LY294002 administration to MDB cell media for 24, 48, or
72 hours (h) at 15 𝜇M (Sigma Aldrich). In some experiments,
MDBcell lines have been treated for 24 or 48 hwith LY294002
and then plated in Methocult semisolid medium (Stem Cell
Technologies) at 1000 cells/P12 well.

2.2. Flow Cytometry and Cell Sorting

2.2.1. Annexin/PI Staining. Cells were incubated for 15 min-
utes with Hepes buffer containing anti-Annexin-V-FITC
antibody and Propidium Iodide (PI), following manufac-
turer’s instructions (Human Annexin-V-FLUOS Staining Kit,
Roche). Relative percentages of different subpopulationswere
calculated by considering the entire cell population.

2.2.2. CD133 and CD15 Staining. Cells (2 × 105 cells/mL)
were incubated with antihuman CD133 (clone AC133/2-PE,
1 : 20,Miltenyi Biotec) or antihumanCD15 (FITC conjugated,
1 : 20, Immunotech) as previously described [14]. Viability
was assessed by adding 7-aminoactinomycin-D (7-AAD,
50 ng/mL, BD Bioscience) prior to analysis. Relative percent-
ages of different subpopulations were calculated based on live
gated cells (as indicated by physical parameters, side scatter
and forward scatter, and negativity for 7-AAD). Unlabeled
cells and cells incubated with appropriate isotype control
antibodies were first acquired to ensure labelling specificity.
For both stainings, cells were analyzed on a Cytomics FC500
flow cytometer (Beckman Coulter).

2.2.3. CD133 Cell Sorting. In cell sorting experiments, MDB
cells were analyzed and then sorted on the basis of CD133
expression. A CD133 versus side scatter dot plot revealed the
populations of interest that were sorted: CD133+ and CD133−
cell fractions were selected by setting appropriate sorting
gates as previously described [20].

2.3. Reverse-Phase Protein Arrays (RPPA). Cells were washed
with ice-cold PBS 1X and lysed on ice for 20min in an appro-
priate lysis buffer: TPER Reagent (Pierce), 300mM NaCl,
1mM Na-orthovanadate, 200mM PEFABLOC (AEBSF)
(Roche), 1 𝜇g/mL Aprotinin (Sigma Aldrich), 5mg/mL Pep-
statin A (Sigma Aldrich), and 1mg/mL Leupeptin (Sigma
Aldrich). Cell lysates were then cleared by centrifugation,
and supernatants were collected and assayed for protein con-
centration with the BCA Protein Assay Reagent Kit (Pierce).
Cell lysates were diluted to 1mg/mL in a mixture of 2x Tris-
Glycine SDS SampleBuffer (Invitrogen) plus 5%of𝛽-mercap-
toethanol. Lysates were stored at −80∘C and boiled for 8min
immediately prior to arraying.

Lysates were loaded into a 384-well plate and serially
diluted with lysis buffer into four-point dilution curves. As
positive controls for antibody staining, we added also the
three commercial cell lysates Hela+Pervanadate, A431+EGF,
and Jurkat Apoptotic (BDBiosciences). Samples were printed
in duplicate onto nitrocellulose-coated slides (FAST slides,
Whatman Schleicher & Schuell) with the 2470 Arrayer
(Aushon BioSystems).

One slide was stained with Fast Green FCF dye (Sigma
Aldrich) according to themanufacturer’s instruction, in order
to estimate the total protein amount of each printed sample.
Before antibody staining, the arrays were blocked for 3 h at
room temperature in blocking solution (2 g I-block and 0.1%
Tween-20 in 1 L of PBS 1X). Blocked arrays were stained
with the following primary antibodies on an automated slide
stainer (Dako Autostainer Plus, Dako Cytomation) using
the CSA kit (Dako Cytomation) as described previously
[21]: AKT (S473) (1 : 100), AKT (T308) (1 : 100), PDK1 (S241)
(1 : 100), IRS-1 (S612) (1 : 50), 4EBP1 (S65) (1 : 250), eIF4G
(S1108) (1 : 100), and GSK3𝛼 (S21) (1 : 50) (all from Cell
Signaling Technology). Slides were air-dried and scanned on
Epson Perfection V300 Photo at 600 dpi. For an example of
antibody-stained slides, please see Supplementary Figure 1.

Each antibody was previously subjected to extensive
validation for single-band specificity by Western blot.
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An antibody has been considered validated for RPPA staining
if showing a single band at the right molecular weight in
lysates of control cell lines (not overexpressing cell lysates)
and of tissue specimens similar to that printed on RPPA
slides, extracted with the same lysis buffer.

The TIF images of antibody- and Fast Green FCF-
stained slides were analyzed using Microvigene Software
(VigeneTech Inc.) to extract numeric intensity values from
the array images, as described [21].

2.4. Western Blot. Total protein extracts were isolated in
lysis buffer as previously described [22]. Equal amounts of
proteins (10–20𝜇g) were resolved using SDS-PAGE gels and
transferred to PVDF Hybond-p membrane (GE Healthcare).
Membranes were blocked with I-block (Life Technologies)
for at least 2 hours, under rotation at RT. Membranes were
then incubated overnight at 4∘C under constant shaking with
the following primary antibodies: HIF-1𝛼 (mouse, 1 : 250, BD
Pharmingen), mTOR total, mTOR (S2448), P70S6K total,
P70S6K (T389), AKT total, AKT (T308), AKT (S473), BAX,
PARP, (all rabbit, 1 : 1000, Cell Signaling Technologies), and
𝛽-actin (mouse, 1 : 10000, Sigma Aldrich) as loading control.
Membranes were next incubated with peroxidase-labeled
goat anti-rabbit IgG or goat anti-murine IgG (both 1 : 50.000
in I-block from Sigma Aldrich) for 60min. All membranes
were visualized using ECL Select (GE Healthcare) and
exposed to Hyperfilm MP (GE Healthcare).

2.5. Immunofluorescence and TUNEL Assay. Cells were fixed
in cold 4% formaldehyde for 15min, rinsed, and stored at 4∘C
prior to analysis. Primary antibody staining was performed
with Ki67 (mouse, 1 : 100, Dako), Nestin (mouse, 1 : 200,
Millipore), and 𝛽-III-tubulin (Tuj-1, mouse, 1 : 1000, Cov-
ance). After incubation, cells werewashed and incubatedwith
specie-specific secondary antibodies conjugated to Alexa
dyes (Invitrogen).

Apoptotic DNA fragmentation was analyzed by TUNEL
assay (terminal deoxynucleotidyl transferase-mediateddUTP
nick end labeling) by using the In Situ Cell Death Detection
Kit (Roche Diagnostics) according tomanufacturer’s instruc-
tions.

In all experiments, cell nuclei were counterstained with
DAPI (1 : 10000, Sigma Aldrich), with staining being visual-
ized by epifluorescence (Vico, Nikon) and images compiled
for figures using Adobe Illustrator (Adobe).

2.6. Statistical Analysis. Graphs and statistical analyses were
prepared using Prism 4.00 (Graph Pad). All values are
presented as mean ± standard error of the mean (S.E.M.).
Statistical significance was measured by one-way ANOVA
with Newman-Keuls multiple comparison post Test or 𝑡-test
depending on the comparison: ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and
∗∗∗

𝑃 < 0.001. For all graphs, an asterisk above a bar indicates
a significant difference with control untreated cells or with
another variable as indicated in the corresponding figure
legend.

3. Results

3.1. PI3K Inhibition Counteracts Proliferation and Induces
Apoptosis in MDB Cell Lines. The PI3K/AKT axis has been
recently reported as a critical signalling pathway in the
maintenance of humanMDB tumour growth,metastasis, and
chemoresistance [9–11]. For this reason, we first treatedMDB
cell lines with the PI3K/AKT inhibitor LY294002 for 24 or 48
hours (h) and evaluated the effects on cell proliferation and
apoptosis. PI3K inhibition induced dramatic morphological
changes in DAOY treated MDB cells, promoting cell detach-
ment from the plate and clumps formation (Figure 1(a)).
In parallel with these morphological changes, cell count
significantly decreased starting from 24 h from LY294002
treatment and further diminished after 48 h (Figure 1(b)). To
further confirm these data, we treated with LY294002 also
D341, D348, D425, D458, and D556 MDB cell lines which all
underwent a dramatic reduction of cell number after treat-
ment at the same time points (Supplementary Figure 2(a)).
To give reason of the observed decrease in cell number, we
hypothesized that PI3K/AKT inhibition could promote apop-
tosis in MDB cell lines. To test this hypothesis, we performed
Annexin-V/PI staining onDAOY cells treated for 24 and 48 h
with LY294002 and analyzed them by flow cytometry. PI3K
inhibition mediated by LY294002 was able to dramatically
induce cell death in DAOY MDB cells with almost 80%
of cells positive for Annexin-V after 48 h from treatment
(Figures 1(c) and 1(d)). Accordingly, also D341, D425, D458,
and D556 MDB cell lines all showed a significant increase
of Annexin-V staining after LY294002 treatment at the same
time points (Supplementary Figure 2(b)). In addition, PI3K
inhibition mediated by LY294002 treatment was sufficient
to counteract the clonogenic ability of DAOY, D341, and
D425MDB cell lines as shown in Supplementary Figure 2(c),
confirming the importance of PI3K/AKT in supportingMDB
cell growth. It is of note that D458 and D556 cell lines were
not able to grow as clones; thus they have not been included
in this analysis.

To confirm LY294002 effectiveness in abolishing PI3K/
AKT signalling activation, we treated four MDB cell lines
(D341, D425, D458, and D556) with LY294002 for 24 and
48 h, collected cell lysates, and then performedReverse-Phase
Protein Array (RPPA) analysis for the expression of a series of
PI3K/AKT pathway components. In particular, we evaluated
the phosphorylation status of 4EBP1 (S65), AKT (T308), AKT
(S473), EIF4G (S1108), GSK3𝛼 (S21), IRS1 (S612), and PDK1
(S241), demonstrating a general downmodulation of PI3K
signalling activation in treated MDB cell lines (Figure 1(e)).

3.2. PI3K Inhibition Affects Proliferation of Primary MDB-
Derived Cells. Starting from these preliminary observations
obtained in MDB cell lines, we sought to test the effects of
PI3K/AKT inhibition also in MDB patient-derived primary
cell cultures. As shown in Figure 2(a), PI3K inhibition was
able to strongly impact the cell number of primaryMDB cells
at the same concentration used for treatment of MDB cell
lines. Since primaryMDB cells possess an intrinsic lower pro-
liferation rate than MDB cell lines, we extended the analysis
of the effects exerted by LY294002 treatment until 72 h after
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Figure 1: LY294002 reduces cell proliferation and vitality of MDB cell lines by efficiently inhibiting PI3K/AKT signalling. (a) Representative
images of DAOY MDB cells after 48 h of treatment with 15𝜇M LY294002 (LY) compared to control (DMSO). Original magnification 20x,
white bar: 50 𝜇m. (b) Bar graph reporting Trypan Blue cell counts of DAOY cells after 48 h of 15𝜇M LY294002 treatment. Mean of 3
experiments ± S.E.M. (c, d) Representative dot plot showing Annexin-V/PI staining of DAOY cells after 15 𝜇M LY294002 treatment (c) and
bar graph summarizing Annexin-V/PI analysis derived from 3 independent experiments ± S.E.M (d). (e) Graphs showing relative expression
of the PI3K/AKT signalling components (phosphorylated at specific residues) 4EBP1, AKT, eIF4G, GSK3𝛼, IRS1, and PDK1 as measured by
RPPA. For all graphs, ∗∗𝑃 < 0.01 and ∗∗∗𝑃 < 0.001.

drug exposure. Given the strong effect of LY294002 on cell
count, we sought to confirm the efficacy of LY294002 in
inhibiting PI3K activation by analyzing the phosphorylation
status of its downstream effectors after 24, 48, and 72 h
from treatment. Western blot analysis demonstrated a potent
downmodulation of the PI3K/AKT signalling pathway start-
ing from 24 h from treatment and showed that LY294002 was
able to maintain a general signalling inhibition until 72 h.
In particular, a dramatic inhibition of the phosphorylation
status of the PI3K direct target AKT occurred at both serine
473, particularly relevant for the regulation of cellular stress
response in tumour cells [23], and threonine 308, reported

to be involved in the process of glial differentiation of
neural stem cells [24]. The AKT target mTOR was also
inhibited as shown by a decrease in mTOR phosphorylation
at serine 2448 followed by P70S6K downregulation. Indeed,
P70S6K is a well described mTOR target protein involved in
protein synthesis processes [25]. Surprisingly, we observed
a recovery of AKT phosphorylation at serine 473 after 72 h
of treatment. Starting from this evidence, we compared this
result with RPPA data obtained from MDB cell lines after
72 h of LY294002 treatment and found a general recovery of
PI3K/AKT signalling activation in all cell lines tested at this
prolonged time point (Supplementary Figure 3). However,
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Figure 2: LY294002 inhibits PI3K/AKT signalling and proliferation of MDB patients-derived primary cells. (a) Representative images of
HuTuP33 primary MDB cells at different time points from LY294002 (LY) treatment (15𝜇M). Original magnification 20x, bar: 50 𝜇m. (b)
Western blot analysis performed on FI25 primary MDB cells at different time points from LY294002 treatment (15𝜇M). 𝛽-actin levels have
been used as loading control and protein phosphorylation levels compared to the corresponding total proteins. Similar results have been
obtained also for HuTuP33 and HuTuP49MDB primary cells. (c, d) Representative immunofluorescence images of FI25 cells after LY294002
treatment (15𝜇M) showing a significant decrease of Ki67 (red) expression (c) and relative quantification (d). Original magnification 10x, bar:
50 𝜇m. Similar images were obtained also for HuTuP33 primary MDB cells. Mean of 3 independent experiments ± S.E.M, ∗∗𝑃 < 0.01.
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this apparent paradox has already been reported in LY294002
treated acute myeloid leukemia (AML) cells. Indeed, despite
being effective in lowering PI3K signalling activation in
these cells, after prolonged treatment, LY294002 promoted a
protein network-based feedback mechanism able to reinduce
AKT phosphorylation through the overexpression of RTKs
or IRS-1 stabilization [26].

To further confirm the inhibition of cell growthmediated
by PI3K/AKT pathway downmodulation, we analyzed the
expression of the cell cycle marker Ki67 on LY294002 treated
cells. By immunofluorescence analysis, we found a decrease
in the number of actively cycling cells (Ki67+). Indeed, MDB
treated cells decreased Ki67marker expression, suggesting an
exit from the cell cycle to enter in G

0
phase starting from 48 h

after PI3K inhibition, to be significantly decreased at 72 h after
LY294002 treatment (Figures 2(c) and 2(d)).

3.3. PI3K/AKT Inhibition Induces Apoptosis in Primary MDB-
Derived Cells. To better explore the mechanisms underlying
the strong decrease of MDB cell number, we investigated if
PI3K inhibition could bring primary MDB cells to apoptosis,
as previously shown for MDB cells (Figures 1(c) and 1(d) and
Supplementary Figure 2(b)).

Firstly, wemeasured a progressive, strong, and significant
increase of the Annexin-V+/PI+ positive cells during time, in
particular, after 72 h from PI3K inhibition with LY294002,
compared to control cells (Figure 3(a)).

Cell death induction was accompanied by a dramatic
overexpression of BAX (Figure 3(b) upper line). BAX is
a proapoptotic protein regulated by PI3K/AKT signalling
activation whose translocation to mitochondria activates the
mitochondrial-mediated apoptotic pathway. Indeed, it has
been recently reported that BAX is phosphorylated at serine
184 by AKT and this phosphorylation contributed to the sup-
pression of Bax-mediated death of neutrophils [27]. More-
over, PARP cleavage strongly increased starting from 24 h
from treatment (Figure 3(b) intermediate line), indicative of
the activation of the mitochondrial apoptotic pathway with
release of cytochrome C, caspases activation, and its prote-
olytic cleavage. The role of PARP in the apoptotic cascade
is to promote apoptosis by preventing DNA repair-induced
survival [28]. Thus, to finally confirm the “mitochondrial
apoptosis hypothesis,” we performed TUNEL analysis on
LY294002 treated cells. In line with previous results, as a
consequence of PI3K inhibition, we measured a significant
number of TUNEL+ nuclei at 72 h from LY294002 treatment
(Figures 3(c) and 3(d)). All these data support that PI3K
inhibition strongly induces the activation of the apoptotic
cascade and that this cell death program is mediated by
mitochondrial mechanisms.

3.4. LY294002Treatment PromotesNeuronalDifferentiation of
Primary MDB Cells. Starting from the evidence of reduction
of proliferation and induction of cell death, we then wonder
about the phenotypic identity of the remaining living cells.

We analyzed specific neural markers expression to unveil
the differentiation status of LY294002 treated cells. Immuno-
fluorescence analysis revealed a progressive phenotypical

change in MDB tumour cells after 24, 48, and 72 h treat-
ment. In particular, after 72 h of LY294002 exposure, we
measured an almost complete loss of the neural stem cell
marker, Nestin, with cells acquiring a strong expression of
the neuronal marker, 𝛽-III-tubulin, compared to control cells
(Figures 4(a) and 4(b)). Moreover, an evident reduction
of HIF-1𝛼 expression that we previously described to be a
hypoxia and stem cell marker inMDB [14] occurred as a con-
sequence of PI3K pathway inhibition, as shown by Western
blot analysis in Figure 4(c).

To further decipher the relationship between MDB cell
phenotype and PI3K inhibition, we then analyzed the expres-
sion of the neural stem cell marker CD133, previously shown
to be a suitable marker for brain tumour stem cells, including
MDB [14, 29]. Cytofluorimetric analysis of CD133 expression
evidenced a progressive and significant decrease of the
CD133+ cancer stem cell subpopulation particularly at 48 and
72 h after treatment, compared to control cells (Figure 4(d)).
Another marker, described to be indicative of stemness in
MDB murine models, is CD15 [30]. We found only a poor
expression of CD15 in our human model of MDB-derived
cells (data not shown), thus excluding this marker from
further analyses.

3.5. MDB CSCs Are More Sensitive to PI3K Inhibition-Induced
Cell Death. Since recent studies pointed out theCSC subpop-
ulation in tumours (including brain tumours) as the leading
driver of malignant progression and relapse [31] and previous
results reported in this study clearly showed that PI3K/AKT
downmodulation led to MDB cell growth inhibition, induc-
tion of cell death, and cellular differentiation, we examined
the possible relationship between differentiation and cell
death inMDB primary cells. In this context, we hypothesized
that PI3K/AKT inhibition could preferentially target the stem
cell fraction (CD133+ and/or Nestin+) of MDB cells, thus
provoking their cell death while sparing the more differen-
tiated fraction.

In order to investigate the effects of PI3K inhibitionmedi-
ated by LY294002 specifically in the stem cells compartment,
we sorted primary MDB cells for their expression of CD133
by FACS and then treated them with LY294002 for 24, 48,
and 72 h. As reported in Figure 5(a), CD133+ cells resulted to
be more sensitive to PI3K inhibition compared to the total
MDB cell population, showing a progressive and significant
increase in the Annexin-V+ cell fraction during time. Cell
sorting is a highly stressful procedure which can eventually
interfere with cell survival particularly when analyzing stress
sensitive cells as primary MDB-derived cells [14]. For this
reason, to more accurately measure induction of cell death
in specific cellular populations, we stained MDB primary
cells with both Annexin-V and CD133 antibody, to directly
evaluate the coexpression of these two markers. This analysis
confirmed that CD133+ MDB cells progressively diminished
during time (Figures 4(d) and 5(c)), being more sensitive to
PI3K/AKT inhibition, as shown by a dramatic increase in the
number of CD133+/Annexin-V+ cells (up to 82% after 72 h)
(Figures 5(b)–5(d), orange label). Conversely, the nonstem
CD133− cell fraction did not show any induction of cell
death when compared to control untreated cells at the same
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Figure 3: PI3K/AKT inhibition induces strong apoptosis in MDB primary cells. (a) Bar graph reporting data from Annexin-V/PI analyses
performedonprimaryMDBcells (HuTuP33,HuTuP49, andFI25) after LY294002 (LY) treatment (15 𝜇M). (b)Western blot analysis performed
on FI25 primary MDB cells showing a dramatic induction of the apoptotic process after LY294002 treatment. 𝛽-actin levels have been used
as loading control. (c, d): TUNEL (green) cell death analysis performed on MDB primary cells (FI25 and HuTuP33), showing a significant
increase of cell death after 72 h of LY294002 treatment (c) and relative quantification (d). Original magnification 20x, bar: 50𝜇m. For all
graphs, values are represented as mean of at least 3 independent experiments ± S.E.M. ∗𝑃 < 0.05 and ∗∗∗𝑃 < 0.001.

time points of treatment (Figures 5(b)–5(d), black label). In
summary, this analysis demonstrates that themost aggressive
MDB subpopulation (stem cells) is the preferential target
of PI3K inhibition mediated by LY294002, highlighting the
relevance of PI3K/AKT signalling as therapeutic target for
MDB.

4. Discussion

MDB represents the 20% of pediatric brain tumours, peaking
in incidence between 4 and 7 years [32]. Although prognosis

has significantly improved in the last decades with mul-
timodal therapy which includes surgery, radiotherapy, and
chemotherapy, one-third of patients still succumb to their
disease [33, 34]. Moreover, the outlook for patients with
metastatic or recurrent disease remains poor, with post-
treatment sequelae often resulting in significant long-term
intellectual and/or developmental impairments [35]. For
these reasons, further research is needed to findmore efficient
treatment strategies for prognostically unfavourable patient
groups.

Since alterations in the activation status of PI3K/AKT
pathway have been described to dramatically impact cancer
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Figure 4: PI3K/AKT inhibition promotes neuronal differentiation of MDB primary cells. (a, b): representative images (FI25) (a) and relative
quantification (FI25 and HuTuP33) (b) of percentages of cells positive for Nestin (green) and/or 𝛽III-tubulin (red) at different time points
from LY294002 (LY) treatment. Original magnification 20x, bar: 20𝜇m. (c) Western blot analysis reporting HIF-1𝛼 levels after PI3K/AKT
inhibition mediated by LY294002. (d) Bar graph showing CD133+ cells decrease after LY294002 treatment (HuTuP33, HuTuP49, and FI25).
For all graphs, mean of 3 independent experiments ± S.E.M. ∗∗𝑃 < 0.01.

cell proliferation, migration, and, in general, its aggressive-
ness [32], in this study, we evaluated the effects mediated by
the specific inhibition of this signalling in both MDB cell
lines and patient-derived primary cultures. Hartmann et al.
demonstrated that cell proliferation was clearly correlated to
AKT phosphorylation (S473) in a series of MDB tumours
while adjacent normal cerebellar tissues were characterized
by lower levels of AKT activation [11]. Moreover, PI3K/AKT
axis is able to enhance the intracellular signalling of SHH
in neural precursors [36] and MDB-derived cells, in which
it has often been found to be deregulated [4, 37, 38]. Here,
we demonstrated that PI3K inhibitor LY294002 is able to
suppress PI3K/AKT signalling, thus counteracting MDB
cell proliferation and inducing mitochondrial cell death in
primary MDB-derived cells.

As described also for other brain tumours, the “stem cells
origin” of cancer cells has been proposed also for MDB [15,
39]. In particular, a great similarity between stem cells resid-
ing in the ventricular zone of the fourth ventricle, external
granule layers progenitor cells, and MDB-derived cells has
recently been reported [39, 40]. In addition, other cerebellar
precursors have been described to potentially give rise to
MDB tumours in particular conditions. Lee et al. charac-
terized a population of CD133+ stem cells concentrated in
the white matter of the normal postnatal cerebellum [41].

Indeed, other authors identified novel precursors in the upper
rhombic lip capable of generating Pax6/Tbr2/Tbr1 andMath1
expressing cells in the deep cerebellar white matter [42, 43].
It is of note that these markers have often been found to be
expressed in different MDB subtypes [44, 45].

In the recent years, the so-called CSCs are becoming
the most attractive target for experimental therapies. Indeed,
CSCs have been described not only to be responsible for
tumors progression but also (in particular for brain tumour
CSCs) to be able to circumvent standard chemoradiotherapy,
causing relapse. In line with these considerations, it has been
previously reported that one of the leading pathways involved
in the regulation of embryonic stem cell differentiation and
resistance of MDB CSCs to therapy is PI3K/AKT signalling
[46, 47]. Accordingly, Ehrhardt et al. recently demonstrated
that PI3K inhibition had antiproliferative and proapoptotic
effects in MDB cell lines. Moreover, they showed that PI3K
inhibition is able to attenuate the migratory capacity of MDB
cells lines and to target the stemlike subpopulations express-
ing the stem cell marker CD133 [48].

Importantly, here we demonstrated that PI3K inhibition
is able to selectively target the CSC subpopulation (CD133+)
also inMDB primary cells, sparing its most differentiated cel-
lular counterpart. Moreover, since we found strong neuronal
differentiation associated with PI3K inhibition (Figure 4), we
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Figure 5: PI3K/AKT inhibition induces significant cell death selectively in CD133+ MDB primary cells. (a) Bar graph comparing LY294002-
(LY-) induced cell death between CD133+ MDB primary cells (sorted) and the total cell population by Annexin-V staining. CD133+ cells
demonstrate a significant (∗𝑃 < 0.05) increase of apoptosis levels. (b–d) Cytofluorimetric analysis of MDB primary cells showing CD133+ cell
subpopulation (orange label) is more sensitive to LY294002 treatment than CD133− cells (black label) as shown by Annexin-V staining in (d).
Representative dot plots are reported for cytofluorimetric analysis of HuTuP33MDB cells. For all graphs, mean of 3 independent experiments
± S.E.M. ∗𝑃 < 0.05 in the comparison with control cells.

hypothesized that these differentiated cells could be nonstem
cells (CD133−) which, being insensitive to PI3K inhibition
(Figure 5), had escaped treatment.

Since only CD133+ cells were capable of generating MDB
xenografts phenotypically identical to the original human
tumors [15], these cells should be the primary target of ther-
apy, in particular, by combination strategies. In addition, Ong
et al. demonstrated that high expression of CD133 is associ-
ated with resistance of CSCs to 5-FU-based chemotherapy as
well as with a significant worse survival in a colon cancer
model [49]. As a result, we recently demonstrated that a
specific targeting of the stem cell compartment in brain
tumours can boost standard chemotherapy efficacy [50].

These considerations underline the importance of designing
new combinatorial therapeutic strategies aimed to impair
both the survival machinery of CSCs and tumour bulk cells.

Our results are particularly relevant for their possible
impact on the future development of CSC-targeted therapies,
with the final aim of halting the relevant pathways involved
in their survival.

5. Conclusions

In conclusion, in this study, we demonstrate that PI3K
signalling is one of the most critical pathways sustaining
MDB cell growth and survival. Indeed, suppression of PI3K
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activation mediated by the inhibitor LY294002 is able to
dramatically impact MDB cell proliferation and to induce
the activation of the mitochondrial cell death program.
CSCs have been reported to be one of the driving forces of
tumour progression and resistance to therapy, also in MDB.
For this reason, we evaluated the effects mediated by PI3K
inhibition also inMDBCSCs identified by CD133 expression.
Surprisingly, we found CD133+ MDB cells to be more sen-
sitive to PI3K signalling suppression rather than the entire
MDB cell population or their CD133− counterpart. These
results support once again the hypothesis that a CSC-targeted
treatment should strongly counteract the aggressive features
of cancerous cells. Indeed, if CSCs are the key feeders of the
bulk cancerous population in a tumour, their sparing during
treatment would inevitably bring to recurrence. Therefore,
the future development ofmore effective treatments forMDB
would necessarily take into account the effects exerted to
these stemlike populations and the possible design of CSC-
tailored therapeutic strategies.
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All-trans retinoic acid (ATRA) has been used as an antineoplastic because of its ability to promote proliferation, inhibition, and
differentiation, primarily in leukemia; however, in other types of cancer, such as lung cancer, treatment with ATRA is restricted
because not all the patients experience the same results. The ERK signaling pathway is dysregulated in cancer cells, including lung
cancer, and this dysregulation promotes proliferation and cell invasion. In this study, we demonstrate that treatment with ATRA can
activate the ERK signaling pathway by a transcription-independent mechanism through a signaling cascade that involves RAR𝛼
and PI3K, promoting growth, survival, and migration in lung cancer cells. Until now, this mechanism was unknown in lung cancer
cells.The inhibition of the ERK signaling pathway restores the beneficial effects of ATRA, reduces proliferation, increases apoptosis,
and blocks the cell migration process in lung cancer cells. In conclusion, our results suggest that the combination of ATRA with
ERK inhibitor in clinical trials for lung cancer is warranted.

1. Introduction

Lung cancer is the second most common cancer and is the
leading cause of cancer mortality worldwide for both men
and women [1]. It is estimated that lung cancer accounts
for 1.6 million newly registered cases of cancer and for
1.37 million cancer deaths annually [2]. Most patients will
present with incurable disease with a poor life expectancy
after standard therapy treatments [3]. In recent years, new
treatments with novel actionmechanisms have been explored

for advanced lung cancer, including retinoid administration
[4]. All-trans retinoic acid (ATRA) is a retinoid and a
promising agent in the treatment of cancer due to its ability to
inhibit proliferation and induce apoptosis inmany in vivo and
in vitro assays on tumor cells [5]. ATRA is frequently used as
differentiation inductor both in leukemia and in solid tumors
such as neuroblastoma [6]. The biological effects of ATRA
are achieved through binding to RAR nuclear receptors [7].
RAR can form heterodimers with other nuclear receptor
types including RXR; this association is needed to enable
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the protein complexes to bind to retinoic acid responsive
elements (RARE) located in the promoters of their target
genes and to induce transcription [8]. There is also evidence
that ATRA can activate survival pathways, which are mecha-
nisms that enable cancer cells to become resistant to ATRA
treatment. ATRA may also directly regulate the activation
of some kinase signaling pathways by so-called nongenomic
mechanisms, which do not involve a transcriptional response
[9], such as retinoylation [10].

We previously reported that activation of Akt blocks the
transcriptional effects of ATRA, promotes invasion and cell
survival, and confers resistance to retinoic acid treatment in
lung cancer cells [11]. We proposed that survival pathway
activation in response to retinoid treatment might be a
resistance mechanism of lung cancer cells. The short-term
activation of other signaling pathways by ATRA has also
been reported. In PC12 and bronchial epithelial cells, there
have been reports that ATRA activated ERK within the first
30 minutes after treatment by a mechanism independent of
RARs function [12]. However, in neuroblastoma cells, ERK
activation involves retinoid binding to RAR and activation
of PI3K independent of gene transcription [13]. In neurons,
ATRA triggers the activation of ERK within 10 minutes
and is mediated by an RAR-dependent mechanism [14].
Contrary, ATRAmediated ERK inactivation in human scleral
fibroblasts [15]. Therefore, activation or inhibition of ERK by
ATRA is dependent on the cellular context and tissue type.
In this report, we demonstrated that ATRA activates ERK
signaling in the A549 cell line by a mechanism independent
of gene transcription. ERK activation promotes cell survival
and migration, blocking the anticancer effect of ATRA. Such
activation results in the development of retinoids resistance
in the lung cancer cells.

2. Materials and Methods

2.1. Cell Lines and Treatments. A549 cells were routinely
grown in DMEM/F12 medium supplemented with 10% fetal
bovine serum (FBS), 100 IU/mL penicillin, and 100 𝜇g/mL
streptomycin at 37∘C in a 5% CO

2
atmosphere. ATRA,

the PI3K kinase inhibitor (wortmannin), and the RAR𝛼
antagonist (Ro 41-5253) were purchased from Sigma-Aldrich,
Inc. (St. Louis, MO, USA). The MEK inhibitor (PD98059)
was purchased from Enzo Life Science, Inc. (Farmingdale,
NY, USA), and the pan-RAR-antagonist (AGN193109) was
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA, USA). The different compounds were dissolved in
dimethyl sulfoxide and added to the culture medium at the
indicated concentrations.

2.2. Western Blot. Whole-cell extracts were obtained by lysis
of the A549 cells in lysis buffer [20mM Tris–HCl (pH 7.5),
1mM EDTA, 150mM NaCl, 1% Triton X-100, 1mM NaVO

3
,

1 mM NaF, 10mM 𝛽-glycerophosphate, 1mM phenylmethyl-
sulfonyl fluoride, and 1.2mg/mL cOmplete Lysis-M (Roche,
Mannheim Germany) protease inhibitor cocktail]. The pro-
tein extracts were forced through a 22-gauge needle 10
times and centrifuged for 10min at 14,000 rpm at 4∘C, and

the protein concentration was determined by the Pierce
BCA Protein Assay kit (Thermo Fisher Scientific, Waltham,
MA, USA). Approximately 25 𝜇g of protein was separated
by 10% SDS-PAGE and transferred to nitrocellulose mem-
branes and then incubated with the following primary anti-
bodies: anti-phospho-Akt (sc-7985-R; Santa Cruz Biotech-
nology), anti-Akt (P-2482; Sigma-Aldrich), anti-phospho-
ERK1/2 [pTpY185/187], (44-680G;Thermo Fisher Scientific),
anti-ERK1/2 (sc-135900; Santa Cruz Biotechnology), and
antiactin (sc-1616; Santa Cruz Biotechnology). Immunode-
tection was performed using a chemiluminescent substrate
system (EMDMillipore Immobilon Western). Densitometry
analysis was performed using the software ImageJ version
1.45 (National Institute of Health, USA).

2.3. Scratch-Wound Assays. A549 cells were grown to con-
fluence on 30mm culture dishes. The cells were starved
for 24 h in DMEM/F12 without FBS and treated for 2 h
with 12 𝜇M mitomycin C to inhibit proliferation during
the experiment. After starvation, the cells were scratch-
wounded using a sterile 200 𝜇L pipette tip, washed twice
with phosphate buffered saline (PBS) to remove suspended
cells, and refed with DMEM/F12 in the presence of 5𝜇M of
ATRA with or without 25 𝜇M of PD98059 for 48 h. Then,
the cells were fixed with 4% paraformaldehyde in PBS for 15
minutes at room temperature, washed two times with PBS,
and stained with 0.2% crystal violet for 15 minutes.The plates
were left to dry for a day after washing with distilled water.
To visualize the progress of cell migration into the wound,
images were acquired with an Axiovert 40 CFL fluorescence
microscope (Carl Zeiss AG, Oberkochen, Germany) using a
40x objective.

2.4. Quantification of Wound Size. The software ImageJ ver-
sion 1.45 was used to document the width of the remaining
gap at the end of 48 h. Each wound was measured five times,
and the average was taken. Each experimental condition was
repeated three times.

2.5. TUNEL Assay. Detection of apoptosis was performed
using the DeadEndColorimetric TUNEL assay kit (Promega,
Madison, WI, USA) according to the manufacturer’s instruc-
tions. Briefly, A549 cells were grown on coverslips precoated
with poly-L-lysine and were serum-starved and treated or
nontreated (NT) for 48 h with 5𝜇Mof ATRAwith or without
25 𝜇M of PD98059. After treatment, the cells were fixed
with 4% paraformaldehyde in PBS and permeabilized with
0.2% Triton X-100 in PBS. The cells were incubated with
recombinant terminal deoxynucleotidyl transferase (rTdT)
and biotinylated nucleotides. Endogenous peroxidases were
blocked with 0.3% hydrogen peroxide in PBS. The cells were
incubatedwith streptavidin-HRP,which binds to biotinylated
nucleotides incorporated at the 3-OH DNA ends present in
apoptotic cells. Streptavidin-HRP-labeled cells were detected
by hydrogen peroxide and diaminobenzidine.

2.6. Proliferation Assay. A549 cells were seeded in a 96-
well plate at a concentration of 10,000 cells/well in 100𝜇L
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of DMEM/F12. The cells were treated for 48 h with 5 𝜇M of
ATRA with or without 25 𝜇M of PD98059. Cell proliferation
was measured using the 5-bromo-2-deoxyuridine (BrdU)
enzyme-linked immunosorbent assay (Roche) according to
the manufacturer’s instructions. For the last 2 h of the
48 h treatment period, the cells were pulsed with BrdU.
Absorbance at 370 and 492 nm was measured in an Infinite
M1000 plate reader (Tecan Group Ltd., Männedorf, Switzer-
land).

2.7. Statistical Analysis. The statistical significances of the
differences among the data were determined by analysis
of variance and the Newman-Keuls test or 𝑡-test, using
GraphPad Prism 5.0 software (San Diego, CA, USA) when
appropriate. 𝑃 < 0.05 was considered statistically significant.
Values are presented as the means ± SEM.

3. Results

3.1. ATRA Promotes ERK Activation by a Transcription-
Independent Mechanism in Lung Adenocarcinoma Cell Line
A549. We investigated the effects of ATRA on the regula-
tion of the ERK pathway at different times in the ATRA-
resistant A549 cell line. Our results show that treatment
with ATRA caused a rapid phosphorylation of ERK, with a
maximum effect at 5 and 15min and a decline after 60min
(Figure 1). To confirm that ATRA promotes ERK activation
by transcription-independent mechanism, we explored the
effect of the pharmacologic inhibition of RARs. We used the
selective RAR𝛼 antagonist Ro 41-5253, which binds RAR𝛼
and prevents the transcriptional activation of RAR𝛼 target
genes [16] and AGN193109, a pan-retinoic acid receptor
antagonist [17]. The results show that pretreatment with
the inhibitors and treatment with ATRA for 15 minutes
did not prevent ERK activation (Figure 2), which confirms
that the activation of ERK is a transcription-independent
mechanism. Interestingly, treatment with Ro 41-5253 alone or
in combination with ATRA increases ERK phosphorylation.

3.2. PI3K Downregulates ERK Activation through the
ATRA/RAR𝛼 Signaling Complex. Several feedback systems
have been described in which inhibition of an intracellular
pathway leads to activation of a parallel signaling pathway
[18]. Previous results in our laboratory showed that ATRA
promotes the formation of a signaling complex at the plasma
membrane in a RAR𝛼-dependent manner and activates
the PI3K signaling pathway in the A549 cell line. Because
ATRA promotes ERK activation in the same cell line and the
activation of ERK is dependent on RAR𝛼, we suspected that
the ATRA/RAR𝛼 signaling complex at the plasmamembrane
might be modulating ERK phosphorylation through PI3K
activation. To determine whether PI3K modulates ERK, we
used an inhibitor of PI3K (wortmannin) in ATRA-treated
cells at different times. Our results show that treatment with
the PI3K inhibitor alone or in combination with ATRA
increased the activation of ERK (Figure 3), suggesting
that there is a crosstalk in these signaling pathways and
PI3K negatively regulates ERK phosphorylation through

Antiactin
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A549WB:

Anti-p-ERK 1/2

Anti-ERK 1/2
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Figure 1: ATRA activates the ERK pathway through nongenomic
mechanisms in A549 cells. A549 cells were serum-starved for 18 h,
treated or nontreated (NT) with 5 𝜇M of ATRA for the times
indicated. The phosphorylated form of ERK and total proteins were
detected by western blot using specific antibodies.

the ATRA/RAR𝛼 signaling complex. The effectiveness of the
wortmannin treatment was evaluated by testing its ability
to counteract the phosphorylation of Akt in A549 cells.
As expected, wortmannin prevented Akt phosphorylation
(Figure 3).

3.3. The ERK Inhibitor Combined with ATRA Decreased
Cell Proliferation. To examine the effect of ERK on cell
proliferation induced by ATRA, A549 cells were treated
for 48 h with ATRA and the pharmacological inhibitor of
MEK-ERK, PD98059. As we reported previously, ATRA does
not induce significant changes in proliferation. PD98059
treatment alone exerts no significant inhibitory effect on cell
proliferation (Figure 4). However, the combination of ATRA
with PD98059 decreases proliferation by 50%. These results
suggest that activation of ERK is involved in blocking the clas-
sical antiproliferative effects of ATRA in the A549 cell line.

3.4. ATRA Promotes Cell Survival through the ERK Signaling
Pathway. Because ERK activity can promote cell survival
[19], we tested whether activation of ERKmediated by ATRA
is involved in survival. A549 cells were pretreated with the
MEK-ERK inhibitor PD98059 and subsequently with ATRA
for 48 h. Our results show an antiapoptotic effect mediated
by ATRA, which can be avoided using the ATRA/PD98059
combination (Figure 5). These results indicate that ERK
activation is also involved in the resistance to apoptosis of
lung cancer cells treated with ATRA. Interestingly, treatment
with PD98059 prevented Akt phosphorylation (Additional
file 1: Figure S1 in the Supplementary Material available
online at http://dx.doi.org/10.1155/2015/404368) suggesting
that inhibition of MEK is enough to prevent the PI3K/Akt
and ERK activation. Until now, any report had showed
the involvement of MEK in the inhibition of the PI3K/Akt
pathway in lung cancer cells.

3.5. ATRA Promotes Cell Migration by Activating ERK Sig-
naling. The ERK signaling pathway has been previously
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Figure 2: Effect of AGN193109 and Ro 41-5253 inhibitors on ATRA-
induced ERK activation. A549 cells were serum-starved for 18 h,
treated or nontreated (NT) with 5𝜇Mof ATRA for 15 minutes. Cells
were preincubated for 1 h with 10 𝜇M of AGN193109 or 20𝜇M of Ro
41-5253 alone or in combination with ATRA. The phosphorylated
form of ERK was detected by western blot using specific antibodies.
𝛽-Actin was used as the loading control. The graph represents the
densitometric values of ERK phosphorylation in three independent
experiments (means ± SEM, ∗∗∗𝑃 < 0.0001; ∗∗∗∗𝑃 < 0.00001
compared with NT cells, analysis of variance and Newman-Keuls
test).

implicated in cell migration. To determine the functional
consequences of ERK activation by ATRA, we used an in
vitro scratch wound-healing assay in the presence of the
ERK inhibitor PD98059. The cells treated with ATRA healed
more of the wounded area than the cells in the control
condition (Figure 6), and these results demonstrate that
ATRA promotes migration in A549 cells. However, when the
cells were pretreated with the ERK inhibitor, the cells showed
significant delays in wound closure induced by ATRA.

4. Discussion

The ERK signaling cascade is important in the regulation of
diverse biological functions including cell survival, motility,
and proliferation [20]. Aberrant activation of kinases in this
pathway is frequently reported in human cancer. In this
report, we show evidence of ERK phosphorylation within 5–
15 minutes of ATRA treatment in A549 lung cancer cells,
which serves as ameasurable response of nongenomic activa-
tion. ATRA-induced ERK activation in lung cancer cells may
bemediated via RAR𝛼 and PI3K. Extensive evidence suggests
that RAR𝛼 associated with the plasma membrane facilitates
the ATRA activation of kinase pathways. The existence of
rapid, nongenomic ATRA signaling is incontrovertible and
has been reported in various cell types, such as PC12,
bronchial epithelial cells [12], and Sertoli cells [21]. To support
our results, we used specific antagonists (AGN 193109 and Ro
41-5253) that prevent the expression of ATRA target genes but
that do not prevent ERK activation byATRA, which is consis-
tentwith other reports using a different antagonist in tracheo-
bronchial cells [12]. Moreover, we observed that the RAR𝛼
antagonist (Ro 41-5253) increased ERK phosphorylation. It
has been shown that Ro 41-5253 induces conformational
change in RAR𝛼, and this structural alteration decreases the
interaction with other transcription factors [22]; this could
mean that antagonist-induced conformational changes cause
an increase in the affinity to components of the ERK pathway.

How ATRA activates ERK in lung cancer cells is still
unknown; there are reports that demonstrate that RAR𝛼
mediates the rapid effects of ATRA in neuronal cells because
it is present in membranes and activates ERK through the
activation of the PI3K/Akt pathway [13]. RAR𝛼 localized in
lipid rafts interacts with G𝛼q proteins and activates Rho-
GTPases, p38MAPK, andMSK1 [23]. Another report showed
that RAR𝛾 is present in cytoplasm and is involved in the
nongenomic effects of ATRA in association with Src in the
activation of ERK in neuronal cells [24]. Besides, ERK2
directly interacts with and phosphorylates RAR 𝛽2 in PC12
cells [25]. Another mechanism for the activation of ERK by
ATRAmight be related to its lipophilic nature; retinoids bind
to regulatory domain of cRaf and PKC isoforms, modulating
its activity [26]. These results indicate that different types of
RARmay be involved in ERKactivation depending on the cell
type and the ability of ATRA to interact with protein targets
in plasmamembrane and cytosolmay depend on its chemical
structure and the affinity for certain domains. Nevertheless
more investigation is needed to clarify the transcription-
independent mechanism of ERK activation by ATRA. In a
previous report, we demonstrated that, in lung cancer, RAR𝛼
is responsible for mediating the nongenomic effects of ATRA
by forming a signaling complex that is able to activate PI3K
within the first few minutes after treatment with ATRA. To
investigate whether RAR𝛼 and PI3K are also involved in ERK
activation by ATRA, we used a PI3K inhibitor (wortmannin),
and we observed that PI3K activation by ATRA downregu-
lated ERK activation within the first few minutes after the
ATRA treatment and wortmannin had an enhancing effects
on the ERK phosphorylation. The inhibition of PI3K with
wortmannin has been shown to block activation of MAP
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kinase in some but not all cells, and the inhibition of the
MAP kinase pathway by wortmannin is cell type- and ligand-
specific [27]. Consistent with our results, other groups have
shown that inhibition of the PI3K/Akt/mTORC1 pathway
leads to activation of the Ras/MEK/ERK signaling cascade
in lung cancer cells, and this is dictated by the K-Ras and
c-Met status and the protein phosphatase activity [28]. In
addition, other groups have shown that inhibitors of signaling
pathways such as PI3K, AKT, and mTOR actually lead to
activation of MEK/ERK signaling in many cancer types
[29, 30]. Recent reports showed that PI3K inhibitors induce

increase ERK phosphorylation in a dose-dependent manner
in breast cancer cells in which the activation of HER family
receptors is involved in the ERK signaling. Moreover, block
PI3K highlights the role of RAS/RAF/MEK/ERK pathway as
an escape mechanism which is activated in response to PI3K
inhibition. Mutations of RAS and RAF family members are
frequently found in human tumors and they are responsible
for promoting resistance to PI3K inhibitors; this effect is
reverted by the combination of MEK and PI3K inhibitors
in mouse models of mutated KRAS lung cancer resulting
in synergistic tumor shrinkage [31]. On the other hand, it
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Figure 4: ERK activation is associated with proliferation on ATRA-
resistant lung cancer cells. A549 cells were serum-starved and
treated or nontreated (NT) with 5𝜇M of ATRA alone or in
combination with 25𝜇M of PD98059 for 48 h. The proliferative
effect was assessed by BrdU labeling according to themanufacturer’s
instructions. The graph shows the results of three independent
experiments (means ± SEM, ∗𝑃 < 0.05; ∗∗∗𝑃 < 0.0001 compared
with NT cells, analysis of variance, and Newman-Keuls test).

has been reported that MEK inhibition leads to PI3K/Akt
activation; Turke et al. demonstrated that this interplay
is through a negative feedback on ErbB receptors; in the
presence of a MEK inhibitor, ERK is inhibited and the T669
of EGFR a MAPK target site is blocked, increasing EGFR
and ErbB3 tyrosine phosphorylation and upregulating the
PI3K/Akt activation in lung cancer cells [18]. Our results
showed a crosstalk between PI3K/Akt and ERK since treat-
ment with wortmannin and ATRA was able to increase the
ERK phosphorylation and conversely the MEK inhibitor
avoids the AKT phosphorylation in lung cancer cells. There
are no reports about RAR𝛼 participation in nongenomic
ERK activation by ATRA, and our results demonstrate that
PI3K activation downregulates ERK activation through the
ATRA/RAR𝛼 signaling complex, which is responsible for
mediating the rapid effects in lung cancer cells.

To determinate whether ATRA has an effect on cell
proliferation through ERK activation in lung cancer cells,
we evaluated proliferation in cells treated with ATRA for 48
hours. Our results show that treatment with ATRA does not
have an inhibitory effect in this cell line, which is consistent
with other reports that ATRA does not exert an inhibitory
effect in some lines that are resistant to the treatment [32,
33]. However, we were able to demonstrate that a combined

treatment of ATRA with the MEK inhibitor decreased cell
proliferation by 50 percent, which suggests that inhibition of
the MAPK pathway is a key point for the promotion of the
inhibitory effect of ATRA on cell proliferation.

Cell survival is another important process regulated by
the ERK pathway. In a previous study, we demonstrated
that treatment with ATRA results in a tendency to promote
survival in the A549 cell line; interestingly, our results suggest
that the ERK pathway is involved in cell survival mediated
by ATRA. The addition of the MEK inhibitor counteracts
the survival mechanism mediated by ATRA, increasing the
number of apoptotic cells. The action of the MEK inhibitor
involves promoting cell cycle arrest; increasing the percentage
of cells in G1 phase, an indicator of apoptosis; and decreasing
the expression of cyclin E, cyclin D1, and pro-caspase 3
[34, 35]. These mechanisms might be responsible for our
results; we observed an increase in the number of apoptotic
cells with the MEK inhibitor alone, and we observed an even
higher number when we used the combination treatment
with ATRA. This result shows that ATRA is effective in
promoting apoptosis when the ERK pathway is inhibited.

The functional effect of ATRA on cell migration and the
molecular mechanism to promote it are unknown. We eval-
uated whether the ERK signaling pathway could participate
in this process, and our results showed that treating cells
with ATRA for 48 hours promotes cell migration in lung
cancer cells, which suggests that ATRA induces cytoskeletal
reorganization in the cells to facilitate migration through
an ERK-dependent mechanism. This behavior had not been
previously demonstrated, although some reports indicate that
retinoids are involved in the expression of metalloproteases
[36], which would help degrade the extracellular matrix of
the cells to facilitate migration to and invasion of other
tissues. Our results strongly suggest that MEK-ERK pathway
inhibition may be able to halt the migration process and
that the ERK pathway may mediate the effects of ATRA
on migration. In 2005 and 2013, it was shown that retinoic
acid activates the PI3K pathway, causing Rac1 activation,
suggesting that the activation of PI3K and Rac1 also regulates
MAPK activation [11, 37]. Rac1 has been implicated in the reg-
ulation of cell migration, inducing reorganization of the actin
cytoskeleton to form membrane ruffles in fibroblasts and
regulating the expression of several matrix metalloproteases
[38]. Our results suggest that treatment with ATRA promotes
migration in lung cancer cells mediated by activation of the
ERK signaling pathway.

Our results propose using MAPK inhibitors combined
with ATRA to reverse the resistance to ATRA in lung
cancer cells, thereby inhibiting cell proliferation, promoting
apoptosis, and avoiding the cell migration process caused by
ATRA.

5. Conclusions

ATRA activates the ERK signaling pathway by a tran-
scription-independent mechanism, and this mechanism
involves the RAR𝛼 receptor signaling pathway and PI3K
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Figure 5: Pharmacologic inhibition ofMEK-ERK in combinationwith ATRApromotes apoptosis. A549 cells were serum-starved and treated
or nontreated (NT) with 5𝜇Mof ATRA alone or in combination with 25 𝜇Mof PD98059 for 48 h. Cells irradiated with 20 J/m2 of UV light for
2min were used as a positive control for apoptosis (+). DNA fragmentation was detected by TUNEL. The apoptotic cells are stained brown.
Percentages of TUNEL-positive nuclei were quantified by counting 50 cells from five randommicroscopic fields (means ± SEM, ∗∗𝑃 < 0.001;
∗∗∗

𝑃 < 0.0001 compared with NT cells, analysis of variance, and Newman-Keuls test).

downregulation of ERK activation. ATRA promotes cell
survival and migration through activation of the ERK path-
way in lung adenocarcinoma cells; in contrast, inhibition
of the ERK pathway in combination with ATRA decreased
cell proliferation. The use of a combination treatment of
ATRA and inhibitor of ERK could potentially be used as
a treatment to reduce proliferation, promote apoptosis, and

prevent the process of cell migration induced by ATRA in
patients with lung cancer.
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Hepatocellular carcinoma (HCC) is one of the most common cancers worldwide and most current therapies are of limited efficacy.
Trigonella foenum (Fenugreek) is a traditional herbal plant with antitumor activity, although the mechanisms of its activity remain
unclear. Herein, a crude methanol extract was prepared from Fenugreek seeds (FCE) and its anticancer mechanism was evaluated,
using HepG2 cell line. Growth-inhibitory effect and apoptosis induction of HepG2 cells were evidenced by MTT assay, cell
morphology alteration, apoptosis enzyme-linked immunosorbent assay, flow cytometric analysis, caspase-3 activity, and expression
of p53, proapoptotic protein, Bax, and proliferating cell nuclear antigen (PCNA) after (100∼500𝜇g/mL) FCE treatment for 48 h.
Furthermore, FCE was analyzed by Chromatography-Mass Spectrometry (GC/MS). Our results revealed that FCE treatment for
48 h showed a cytotoxic effect and apoptosis induction in a dose-dependent manner that was mediated by upregulation of p53, Bax,
PCNA, and caspase-3 activation in HepG2 cells. GC-MS analysis of FCE showed the presence of fourteen bioactive compounds
such as Terpenoids and Flavonoids, including twomain constituents with anticancer activity, Squalene andNaringenin (27.71% and
24.05%), respectively. Our data introduced FCE as a promising nontoxic herbal with therapeutic potential to induce apoptosis in
HepG2 cells through p53, Bax, and PCNA upregulation in caspase-3 dependent manner.

1. Introduction

Hepatocellular carcinoma (HCC) is the sixth most common
cancer worldwide, accounting for 9.1% of all cancers and
an estimated incidence of 746,000 new cases every year. It
is considered to be the third cause of cancer related deaths
(692,000 cases). The highest incidence rates of HCC (around
85% of cases) are present in East Asia and sub-Saharan Africa
[1].The prognosis for liver cancer is very poor (overall ratio of
mortality to incidence of 0.95), and as such the geographical
patterns in incidence and mortality are similar.

In Egypt, there is a growing incidence of HCC (10–
120/100,000) [2], which represents the leading cause of death
from all other cancer sites [3]. HCC has nearly doubled

over the last decade among patients with chronic liver
disease (CLD) [4]. HBV and HCV infections are the most
important risk factors associated with progression from
chronic hepatitis to cirrhosis and, eventually, to HCC. In
spite of the advances made in HCC diagnosis treatment,
intervention strategies are still badly warranted, including
chemopreventive agents that act on the earlymolecular events
of cancer initiation by preventing, delaying, or reversing
epithelial-mesenchymal transition, as well as those that act
as therapeutic agents for cancer progression [5, 6]. Using
chemopreventive agents that have low toxicity and high
efficiency in inhibiting tumor growth and are involved in
decrease of carcinogenic agents effects is very promising
target for cancer therapy [7].
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Recently, increasing attention has been focused to iden-
tify the naturally occurring anticancer agents, particularly
those present in dietary and medicinal plants due to their
bioactive substances [8, 9].Most of these bioactive substances
exert their cancer chemotherapeutic activity by modulating
signal transduction pathways that are involved in cell cycle
progression, proliferation, and triggering apoptotic cell death.
In addition, induction of tumor suppressor genes in tumor
cells has become promising therapeutic indicator for tumor
treatment response in employing a plant derived-bioactive
substance to decrease breast cancer mortality.

In many developed countries herbal medicines are
achieving attractiveness as alternative and courtesy therapies
[10]. Some of the plants are used as food or medicine. These
plants display varied kinds of biological and pharmacological
activities. Fenugreek (Trigonella foenum-graecum L.) is a
legume crop that is used as a spice in cooking and in small
quantities is categorized as “Generally Recognized as Safe”
by the U.S. Food and Drug Administration [11]. Due to
its amazing therapeutic and medical properties it is one
of the oldest medicinal plants known and has long been
recognized as a traditional medicine in different parts of the
world and in Egypt as well [12, 13]. Recent reports showed
that the seeds of the plant have been used as an old-style
medicine for abundant circumstances, because it contains
different active chemical constituents, including steroidal
sapogenins [14], dietary fiber [13], galactomannans [15],
antioxidants, and amino acids such as 4-hydroxyisoleucine,
which possess antidiabetic [16], hypocholesterolemic, and
hypoglycemic properties [17] that show a potential treatment
as antileukemic, antipyretic [18], and antifertility activity [19],
obesity, diabetes, and cancer treatment [20, 21].

Flavonoids have high pharmacological action and exces-
sive anxiety in these constituents has been stimulated by
the prospective health benefits arising from the antioxidant
activity of these polyphenolic compounds [22]. The seed
extract contains another bioactive compound, which is called
diosgenin that induces apoptosis in HT-29 human colon
cancer cells [23]; besides it plays a role in osteoclastogenesis,
invasion, and proliferation inhibition through the downreg-
ulation of Akt, I kappa B kinase activation, and NF kappa B-
regulated gene expression in tumor cells [24]. Furthermore,
some constituent of alkaloids, “trigonelline,” has a potential
role in cancer treatment [25]. Another active agent identified
in Fenugreek is Protodioscin, which induces apoptosis in the
leukemic cell line HL-60 [26].

The prototypic molecular change associated with cancer
is mutation of tumor suppressor p53, which is inactivated
in 50% of human cancers [27]. The p53 protein is a key
regulator of cell cycle arrest and apoptosis and is controlled
by a complex network of posttranslational modifications that
regulate its activity, stability, and molecular interactions [28].
In HCC, p53 mutation occurs late in hepatocarcinogenesis
[29]. However, the relationship between p53WT expres-
sion and differentiation grade has not been well described.
Intervention to restore wild type p53 activity is an alterna-
tive approach for HCC treatment. Recently, many studies
from our laboratory and others focused on p53 role in

the pathogenesis and development, diagnosis and treatment,
and therapeutic effects and prognosis of HCC [30–32].

Proliferating cell nuclear antigen (PCNA), an essential
regulator of the cell cycle, is a 36 kDa molecule, which is
highly conserved among species. PCNA is an evolutionally
well-conserved protein found in all eukaryotic species from
yeast to humans, as well as in archaea. Its functions are related
to vital cellular processes such as DNA replication, chromatin
remodeling, DNA repair, sister chromatid cohesion, and cell
cycle control [33]. PCNA role and interactions are modulated
by posttranslational regulation, whose exact mechanisms are
controversial and not completely understood. Many reports
showed posttranslational regulation of PCNA modifications,
including [34] phosphorylation, acetylation [35, 36], and
methyl esterification [37]. In addition, PCNA is important to
determine its role in proliferative activity in different tumors
including HCC [38].

The present study was aimed at evaluating the therapeutic
effect of Fenugreek crude extract (FCE) against immortalized
HCC cell line, HepG2. In addition, we focused on the role of
FCE on p53, Bax, and PCNA protein expression levels as one
of the key proteins involved in apoptosis induction in HepG2
cell line.

2. Materials and Methods

2.1. Plant Material and Extraction Procedure. Trigonella
foenum-graecum seeds were bought fresh from local market,
Alexandria, Egypt, and the purity and quality of the seeds
were investigated by Drs. M. M. Ibrahim and G. A. El-
Gaaly who are experts in this field. The air-dried seeds were
ground multiple times with an electric grinder. 15 gm of the
power-driven seedswasweighted, transferred to flask, treated
with the methanol until the powder was fully immersed,
and refluxed for 24 h at 50∘C. The resulting supernatant was
filtered and evaporated. The seed residue was soaked and
refluxed with 1 liter each of hexane, petroleum ether, ethyl
acetate, and chloroform, respectively. The resulting filtered
supernatants were combined and evaporated.

2.2. GC-MS Analysis. The GC-MS analysis was carried out
using a Clarus 500 PerkinElmer (Auto system XL) Gas Chro-
matograph equipped and coupled to a mass detector Turbo
Mass Gold, PerkinElmer Turbo Mass 5.1 spectrometer with
an Elite-1 (100% dimethylpolysiloxane), 30m× 0.25mm ID×
1 𝜇m of capillary column.The instrument was set to an initial
temperature of 110∘C and maintained at this temperature
for 2min. At the end of this period, the oven temperature
was rose up to 280∘C, at the rate of an increase of 5∘C/min,
and maintained for 9min. Injection port temperature was
ensured as 250∘C and helium flow rate as one mL/min. The
ionization voltage was 70 eV. The samples were injected in
split mode as 10 : 1. Mass spectral scan range was set at 45–
450 (m/z).

2.3. Identification of Phytocompounds of FCE. Using the
database of Wiley 275 L. library and comparing the spectrum
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obtained through GC-MS compounds present in the plants
sample were identified. Interpretation on mass-spectrum
GC-MS was conducted using the database of Wiley 275 L.
The spectrum of the unknown components was compared
with the spectrum of known components stored in theWiley
25 L. library. The name, molecular weight, and structure of
the components of the test materials were ascertained.

2.4. Cell Culture. HepG2 cells were obtained from Amer-
ican Type Culture Collection (Rockville, MD, USA) and
maintained in Dulbecco’s modified essential media (DMEM,
Gibco) supplemented with 10% Fetal Bovine Serum (FBS),
100 Units/mL penicillin, and 100𝜇g/mL streptomycin at 37∘C
in a 5% CO

2
atmosphere.

2.5. Cell Cytotoxicity (MTT Assay) of HepG2 Cell Line.
HepG2 cells were cultured as described above till mid-log
phase. Cells were harvested and resuspended in growth
media to make a stock cell suspension containing 20,000
cells/mL. 100𝜇L of this stock cell suspension was added to
the wells of a 96-well plate. The cells were allowed to attach
and grow for 24 h.The crude extract was weighed and diluted
with DMSO to make a 100mg/mL stock solution. This stock
solution was further diluted with culture media to make
a secondary working solution. The working solution was
added to the wells such that final concentrations of range
0∼2000𝜇g/mL of FCE were obtained. Each experiment was
performed in triplicate in parallel for each concentration.
Controls were performed in which only culture media and
DMSO were added. The cells were then incubated at 37∘C in
a 5% CO

2
, 95% air atmosphere. After 72 h of incubation, the

culturemediumwas removed and the cells werewashed twice
with phosphate buffered saline (PBS).Then 20𝜇L of 5mg/mL
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] was added to each well. The cells were further
incubated at 37∘C for 4 h.The supernatant was discarded and
100 𝜇L of DMSO was added to each well. The mixture was
shaken on a microvibrator for 5min and the absorbance was
measured at 570 nm (𝐴) that served as a measure of cell via-
bility. Inhibition ratio (𝐼%)was calculated using the following
equation: Formula 𝐼% = (𝐴control − 𝐴 treated)/𝐴control × 100.

2.6. Morphological Analysis. Morphological observation of
HepG2 cells treated with FCE was done to determine the
changes induced by treatment. All the cells were exposed
to increasing concentrations (100∼500𝜇g/mL range) of FCE
for 48 h and cell images were taken using an inverted phase
contrast microscope at 200x magnification.

2.7. Apoptosis Enzyme-Linked Immunosorbent Assay. Cells
were seeded at a density of 2 × 104/well in a 96-well plate and
incubated for 24 h. Media were changed to media containing
the tested extract (100∼500𝜇g/mL range) dose. Cells were
then incubated for extra 24 h.AnELISA assaywas performed,
using Cell Death Detection ELISAPLUS kit (cat. number
11774425001) (Roche-Applied Science, Indianapolis, USA)
thatmeasures histone release from fragmentedDNA in apop-
totic cells. The assay is based on the quantitative “sandwich

enzyme immunoassay” principle using mouse monoclonal
antibodies directed against DNA and histones. This allows
the specific determination of mono- and oligonucleosomes
in the cytoplasmic fraction of cell lysates. Cells were lysed
with 200𝜇L lysis buffer for 30min at room temperature.
The lysate was subjected to centrifugation for 10min and
200𝜇L of supernatant was collected, of which 20𝜇L was
incubated with anti-histone biotin and anti-DNA peroxidase
at room temperature for 2 h. After washing with incubation
buffer three times, 100 𝜇L of substrate solution (2,2-azino-
di(3-ethylbenzthiazoline-sulphuric acid)) was added to each
well and incubated for 15–20min at room temperature. The
absorbance was measured using an ELISA reader (Jenway
Spectrophotometer, UK). Each assay was done in triplicate
and standard deviation was determined.

2.8. Flow Cytometric Analysis. Cells were seeded at a density
of 3–5 × 105/10-cm2 plate and incubated for 24 before
treatment. Media were changed to media containing 100∼
500𝜇g/mL range of FCE for 48 h. Cells were harvested by
trypsinization, washed with PBS, and fixed with ice-cold 70%
ethanol while vortexing. Finally, the cells were washed and
resuspended in PBS containing 5 𝜇g/mL RNase-A (Sigma, St.
Louis,MO,USA) and 50 𝜇g/mL propidium iodide (Sigma, St.
Louis, MO, USA) for cell cycle analysis. Cell cycle analysis
was performed, using FACScan Flow Cytometer (Becton
Dickson) according to the manufacturer’s protocol.

2.9. Caspase-3 Activity. Caspase-3 activity was assayed
according to manufacturer’s protocol of colorimetric assay
kit (BioVision, Inc., CA, USA) that provides a quick and
efficient detection of caspase-3 activity in cell lysates and in
purified preparations of caspase-3. 5 × 106 cells were treated
with or without 100∼500𝜇g/mL FCE and lysed in 100 𝜇L
lysis buffer containing 10mM HEPES (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid), pH 7.4, 2mM EDTA,
0.1% CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-
1-propanesulfonic acid, 5mM, 350 𝜇g/mL PMSF (phenyl-
methanesulfonylfluoride or phenylmethylsulfonyl fluoride),
and 5mMDTT (Dithiothreitol). Cells were homogenized by
three cycles of freezing and thawing and then centrifuged to
remove the cellular debris. Each samplewas then incubated in
buffer containing 10mM HEPES, pH 7.4, 2mM EDTA, 0.1%
CHAPS, and 5mM EDTA supplemented with its substrate
(Ac-Asp-Glu-Val-Asp-AFC) Ac-DEVD-AFC for 1 h at room
temperature and then reaction was stopped with 1N HCl.
OD405 was measured using a spectrophotometer (Jenway
Spectrophotometer, UK). Each assay was done in triplicate
and standard deviation was determined.

2.10. Western Blotting Analysis. Cells were plated in 6-well
dishes for western blotting analysis. Cells were lysed with a
1% NP-40 containing buffer supplemented with a 1x cocktail
of protease inhibitors (Complete Mini, Roche, Mannheim,
Germany) and phosphatase inhibitors (phosphatase inhibitor
cocktail I and II, Sigma) at 4∘C for 30min. Lysates were
centrifuged at 10,000 g at 4∘C for 15min and supernatants
collected. The protein concentration of the supernatant was
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Figure 1: Effect of Fenugreek seed crude extract (FCE) on cell
viability of HepG2 cells. MTT assay was performed to detect the
living cells as described under Section 2. Each data point is an
average of results from three independent experiments performed
in triplicate and presented as M ± SD.

determined using the BCA assay (Pierce, Rockford, IL).
Samples were mixed in a ratio of 1 : 2 in Laemmli buffer
and denatured by heating at 98∘C for 5min. Forty 𝜇g of
protein was separated on 10% Tris-SDS-PAGE gels (Bio-Rad
Laboratories, Hercules, CA, USA) at 100V for 1 h. For west-
ern blotting, the separated proteins were electrophoretically
transferred onto polyvinylidene difluoride membranes (Bio-
Rad Laboratories, Hercules, CA, USA) at 380mA for 1 h.
Western blot analysis was carried out using specific primary
antibodies for p53 and Bax (Santa Cruz Biotechnology, CA,
USA) and PCNA and anti-poly(ADP-ribose) polymerase
(Cell Signaling Technology, Beverly, MA, USA) antibodies.
The expression of 𝛽-actin (Sigma-Aldrich, St. Louis, MO,
USA)was used as a normalization control for protein loading.
The membranes were blocked with TBS plus 5% nonfat
milk (20mM Tris-HCl, pH 7.6, 137mM NaCl) followed by
incubation overnight with primary antibodies diluted in
blocking solution for antibodies (1–1000). This was followed
by incubation again for 1 h in the appropriate horseradish
peroxidase-conjugated secondary antibodies (Santa Cruz
Biotechnology, CA, USA). For detection, an ECL kit was used
according to the manufacturer’s instructions (Amersham,
Buckinghamshire, UK). The corresponding relative density
of p53 and PCNA bands was calculated by Quantity One
software.

3. Results

3.1. Effects of FCE on the Inhibition of HepG2Cell Proliferation.
Exponentially growing HepG2 cell line was cultured contin-
uously in the absence or presence of different concentrations
of FCE. The effects of tested FCE on cell growth were
assessed by the MTT assay after 48 h of incubation with
FCE as described under Section 2. The concentration of 50%
inhibition ofHepG2 cell viability was calculated as IC

50
, using

a Semilogarithmic plotting of the % of cell viability versus
concentration of the tested extract. The (IC

50
= 1000 𝜇g/mL)

dose of FCE showed a significant decrease in cell survival of
HepG2 cells compared to control group at 48 h (Figure 1).
As shown in Figure 1, treatment by concentrations range

Control

1/10 IC50

1/2 IC50

Figure 2: Fenugreek seed crude extract (FCE) induced changes in
HepG-2 cell line morphology. The results revealed that the control
cells showed a typical polygonal and intact appearance, whereas the
100∼500 𝜇g/mL range of FCE-treated cells displayed morphological
changes with preapoptotic characteristics. Representative data from
three independent experiments are shown, using inverted phase
contrast microscope at 200x magnification.

of 0∼2000𝜇g/mL for 48 h of FCE showed a significant
dose-dependent cytotoxic effects on HepG2 cell line with
complete elimination of all cells at a dose over 1000 𝜇g/mL
(Figure 1). Our data showed that FCE significantly decreases
HepG2 cell viability in dose-dependent manner. Significant
decrease of cell viability was observed at 100 𝜇g/mL and above
concentrations of FCE compared to control untreated group
(𝑃 < 0.01, unpaired 𝑡-test).

3.2. Morphological Changes. The morphological changes
observed in HepG2 treated with or without FCE treatment
for 48 h are shown in Figure 2. Morphological alterations of
HepG2 cell line after (100∼500𝜇g/mL) FCE treatment for
48 h were observed under phase contrast inverted micro-
scope. The cells indicated the most prominent effects after
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Figure 3: (a) Apoptosis enzyme-linked immunosorbent assay, ELISA. Apoptosis detection assay was applied to detect apoptosis induction
in HepG2 cells after treatment with FCE. Cells were treated with (100∼500𝜇g/mL range) FCE for 48 h. Cells without drug treatment were
used as controls. ∗𝑃 < 0.05 as compared to the untreated controls, using the unpaired Student 𝑡-test. Each data point is an average of three
independent experiments and is expressed as M ± SD. (b) Flow cytometric analysis of HepG2 cells after treatment with or without Fenugreek
seed crude extract (FCE). Cell cycle analysis shows % of cell cycle phases of HepG2 cell line treated with or without 100∼500𝜇g/mL range of
FCE for 48 h. ∗𝑃 < 0.05 as compared to the untreated controls, using the unpaired Student 𝑡-test. Each data point was an average of results
from three independent experiments performed in triplicate and presented as M ± SD.

FCE treatment starting at 24 h∼48 h. Changes in morphol-
ogy were found in concentration-dependent manner. Cells
exposed to concentration range of 100∼500 𝜇g/mL of FCE
for 48 h altered the normal morphology of the cells and cell
adhesion capacity in comparison to control (Figure 2). The
effect of FCE on treated cells started at 100 𝜇g/mL in which
the cells lost their typical morphology and appeared smaller
in size, shrunken, and rounded. Furthermore, treatment of
the cells with the same concentrations for 72 h killed most of
the cells (data not shown).

3.3. Apoptosis Enzyme-Linked Immunosorbent Assay, ELISA.
Our data indicated that FCE significantly decreased cell
viability compared to control cells as shown in Figure 1.
It is possible that the decrease in cell viability by FCE
treatment as determined byMTT assay could be due to either
cell growth arrest or cell death. Understanding the molec-
ular mechanism associated with hepatocellular carcinoma
improves screening and treatment of the disease [39]. To
investigate if the decrease in cells viability could be due to
apoptosis induction, apoptotic assay, using ELISA technique,
was performed, which detected histone release from apop-
totic cells (Figure 3(a)). HepG2 cells were treated with (100∼
500𝜇g/mL) FCE and induced apoptosis was determined
as indicated by histone release according to manufacturer’s
protocol compared to untreated, control cells; more details
are under Section 2. In addition, cell death was assayed by

Trypan blue staining, which determines membrane integrity
(data not shown). FCE-induced cell death was a relatively
late event, starting after 48 h of treatment with treatment
by (100∼500𝜇g/mL) FCE. The number of both the Trypan
blue-dead cells and the condensed and fragmented nuclei
increased with increasing FCE concentration, confirming
that FCE-induced cell death was due to apoptosis induction
inHepG2 cells. Furthermore, we performed cell cycle analysis
to examine and confirm the effect of FCE treatment on
apoptosis induction in HepG2 cells for 48 h (Figure 3(b)).
Consistent with the results of ELISA, cells were treated
with or without (100∼500𝜇g/mL) FCE for 48 h. Our data
revealed that a significant increase in apoptotic HepG2 cells
at sub-G1 was detected by flow cytometry analysis and the
ratio was ∼34.9 and 49.1%, respectively, compared to the
untreated control cells. Flow cytometry analysis also showed
a significant increase in G1 phase through arresting cells by
ratio of ∼53.3 and 65%, respectively, compared to untreated
cells as shown in Figure 3(b), indicating that FCE significantly
induced apoptosis in HepG2 cells. Induced apoptosis by
500𝜇g/mL FCE treatment showed more significant effects
compared to 100 𝜇g/mL FCE treatment.

3.4. Caspase-3 Activity. One of the key events in apoptosis
is the activation of a cascade of intracellular cysteine pro-
teases known as caspases [40]. On proteolytic activation by
upstream caspases, caspase-3 is able to cleave a variety of
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Figure 4: Effect of Fenugreek seed crude extract (FCE) on caspase-3
activity (as indicated by (DEVD-pNA) cleavage) of HepG2 cells. Cells
were treated with or without 100∼500 𝜇g/mL range of FCE for 48 h.
Cells without drug treatment were used as controls. ∗𝑃 < 0.05 as
compared to the untreated controls, using the unpaired Student 𝑡-
test. Each data point is an average of three independent experiments
and is expressed as M ± SD. More details are under Section 2.

substrates, including poly(ADP-ribose) polymerase (PARP).
The cleavage of various substrates contributes to the typical
morphological and biochemical features observed in apop-
tosis. Because of the diversity of its substrates, caspase-3
is thought to be a general mediator of physiological and
stress-induced apoptosis [41, 42]. To investigate if the FCE
could be able to activate caspase-3 in treated HepG2 cells,
caspase-3 activity was assayed according to manufacturer’s
protocol (more details are under Section 2) (Figure 4). Our
data indicated that the FCE showed a significant increase in
caspase-3 activity in treated HepG2 cells if compared with
untreated cells after 48 h. As shown in Figure 4, the FCE
at the apoptosis-inducing concentration (100∼500𝜇g/mL)
dose strongly stimulated caspase-3-like activity in HepG2
cells. These results confirmed that FCE-induced apoptosis of
HepG2 cells was in a caspase-dependent manner.

3.5. Western Blot Analysis. To investigate the intracellular
mechanism for the observed increase in apoptosis in FCE-
treated HepG2 cells, the protein expression levels of the
p53, Bax as a well-known tumor suppressor protein and
proliferating cell nuclear antigen (PCNA), an essential reg-
ulator of the cell cycle, were examined. The p53 tumor
suppressor protein is a key regulator of cell cycle arrest
and of apoptosis. During DNA damage, the p53 is normally
activated and accumulated to exert its DNA-binding activity
for the regulation of different genes that are involved in
cell cycle regulation and apoptosis induction. To understand
the mechanism behind the decreased cell viability after FCE
treatment, we examined the p53 protein expression for differ-
ent time intervals. Western blot data showed that p53 protein
expression was upregulated after (500 𝜇g/mL) FCE treatment
for 48 h compared to untreated control cells (Figure 5(a)) and
this expressionwas sustained till 72 h of treatment, suggesting
that FCE treatment triggered p53 protein expression and
induced apoptosis in HepG2 cells.

As PCNA is known to be a key regulator of cell cycle
progression, we investigated the protein expression levels
of PCNA with or without (500 𝜇g/mL) FCE treatment for
different time intervals. The PCNA serves as a cofactor for
DNA polymerase delta in S-phase and is involved in DNA
repair during DNA synthesis [14, 43]. The temporal pattern
of PCNA protein expression was upregulated and that is
consistent with p53 expression pattern after (500𝜇g/mL) FCE
treatment for 48 and 72 h compared to untreated control
cells (Figure 5(a)). PCNA was found valuable in studying the
proliferative activity in different tumors including HCC [17,
34].Our data give clear evidence that the proliferation activity
and apoptosis induction are altered by FCE treatment in
HepG2 cell line. Furthermore, western blot analysis showed
that the occurrence of apoptosis was confirmed by cleavage
of poly(ADP-ribose) polymerase most notably at 48 h after
(100, 500 𝜇g/mL) FCE treatment, which is consistent with
induced significant growth inhibition (Figure 5(b); upper
panel).

One of proapoptotic genes is the Bax gene that has been
found to be a transcriptional target of p53, which was also
determined by western blot analysis. Our data indicated
that (100, 500 𝜇g/mL) FCE treatment for 48 h upregulated
Bax expression by 3.1- and 3.3-fold, respectively, compared
to control cells (Figure 5(b), lower panel). Taken together,
our data indicated that FCE treatment induced apoptosis
in HepG2 cells via arresting cells in G1 phase of cell cycle,
upregulating p53 and proapoptotic gene, Bax, and expression
levels, and increasing caspase-3 activity.

3.6. GC-MSAnalytical Data. GC-MS analysis of the bioactive
constituents of the methanol extracted Trigonella foenum-
graecum seeds (FCE) clearly showed the presence of fourteen
compounds and their chromatogram is shown in Figure 6.
Major peaks were determined in GC-MS chromatogram
of FCE and their corresponding components. The active
principles with their retention time (RT), molecular formula,
molecular weight (MW), and concentration (peak area %)
are presented in Table 1. From the above study it may be
concluded that Trigonella foenum-graecum extract contains
many important phytochemicals, such as Flavonoids and
Terpenoids, which play an effective role as pharmaceutical
anticancer agents.

4. Discussion

Despite the combined efforts of governments and scientists
worldwide, there is constant increase in the incidence of
hepatocellular carcinoma during the last two decades [44].
Successful HCC treatment requires an adequate therapeutic
index reflecting the treatment’s specific effects on target
cells and its lack of clinically significant effects on the host.
Fenugreek is commonly used as a spice in food preparations
due to the strong flavor and aroma and is used in traditional
medicines as leads for therapeutic drug development inmod-
ern medicine. Pharmacological features of Fenugreek seed
are known such as hypoglycaemic, hypercholesterolaemic,
gastroprotective, and hepatoprotective activity [45, 46] and
antioxidant properties against experimental cataract [47].
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Table 1: Total ionic chromatogram (GC-MS) ofmethanol extract of Trigonella foenum-graecum, Fenugreek, obtained with 70 eV, using Elite-1
fused silica capillary column with helium gas as the carrier.

PK RT Peak area Name of the compound Molecular formula Molecular weight Category of the compound
1 2.98 24.05 Naringenin C15H12O5 272 Flavonoids
2 3.29 6.62 Obtusifolin (anthraquinone) C5N11N 85 Glycosides
3 3.38 6.98 Tricin C17N14O7 330 Flavonoids
4 6.66 1.87 Vitexin C21H20O10 432 Flavonoids
5 9.91 3.06 Quercetin C15H10O7 330 Flavonoids
6 12.69 3.04 Limonene C10H16 136 Terpenoids
7 15.16 2.33 Heptanoic acid C9H18O2 158 Bisphenol
8 17.40 3.51 Tricine C6H13NO5 179 Flavonoids
9 17.87 6.77 Kaempferol C10H16O 152 Flavonoids
10 18.32 4.04 𝛾-Terpinene C12H16 132 Terpenoids
11 19.13 3.51 Carvone C10H14O 152 Terpenoids
12 19.42 4.09 1-Tridecyne C13H24 180 Flavonoids
13 24.94 27.71 Squalene C30H50 410 Terpenoids
14 31.84 2.42 𝛼-Linolenic acid C19H32O2 292 Fatty acids

0 24 48 72

Time (h)

p53

PCNA

𝛽-actin

− + + +FCE
(𝜇g/mL)

(a)

Full-length

Cleaved PARP

Bax

0 100 500FCE

𝛽-actin

(𝜇g/mL)

PARP

(b)

Figure 5: (a) Fenugreek seed crude extract (FCE)upregulated p53 andPCNAexpression levels inHepG-2 cells line, usingwestern blot analysis.
Cells were treated with or without (500𝜇g/mL) FCE for different time intervals. Our data showed a significant increase in p53 and PCNA
protein expression, respectively. Blots were normalized for total protein loading. Representative data from three independent experiments are
shown. (b) Apoptosis indicated by poly(ADP-ribose) polymerase (PARP) cleavage. Western blot analysis for poly(ADP-ribose) polymerase
(upper panel) and Bax protein expression (lower panel). Cells were treated with or without 100–500𝜇g/mL range of Fenugreek seed crude
extract, FCE, for 48 h. Blots were normalized for total protein loading.

In the present study, HepG2 cell line was selected to
investigate the cytotoxicity effect of FCE on HCC. Herein,
we demonstrated the cytotoxicity effect of FCE by measuring
the percentage of cell mortality that was calculated by
MTT assay and apoptosis induction in the HepG2 cells at
different time intervals of treatment. Our data showed that
FCE significantly reduced the viability of HepG2 cells in
a concentration-dependent manner. The highest decrease
in the cell viability of HepG2 cells was in treated cells by

the 1/2 IC
50

for 48 h. Our data agreed with the previous
findings where they found difference in the sensitivity of the
cell lines [48]. The reduction in percentage of cell viability
after 48 h of treatment showed potent cytotoxic effects on
HepG2 cells with FCE treatment and this effect sustained for
72 h. Our results are also in well correlation with the previous
findings in which the extract was found more cytotoxic to
cancerous cells than normal cells [49] due to the sensitivity
of cancerous cells towards the death flavanoids [50]. The
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Figure 6: GC-MS chromatogram of methanol extract of Trigonella
foenum-graecum, Fenugreek, FCE.

morphological changes in the HepG2 cells were observed
more prominent in treated cells showing extensive blebbing
and vacuolation, suggesting autophagic mechanism of cell
death [51]. At 48 h of FCE treatment, HepG2 cells began
to display apoptotic morphology, including shrinkage, DNA
condensations, nuclear and plasma membrane convulsion,
enucleation and apoptotic bodies formation, which can be
seen as small masses, and nuclear fragmentation.

Modulation of the p53 gene is frequently a genetic
change in different human cancers. Over 50% of all human
malignancies contain mutations of p53 gene [27]. p53 has
been reported to play a role in transcriptional activator to
induce the transcription of many genes, including apoptosis-
related genes. One of proapoptotic genes is Bax gene that has
been found to be a transcriptional target of p53 and could
be upregulated in response to a variety of p53-dependent
apoptosis triggers [52]. Our data demonstrates that HepG2
cells treated by FCE showed a significant increase in the
protein expression levels of p53 and Bax after 48 h, suggesting
that Bax could be a transcriptional target of upregulated p53
which in turn could be responsible for inhibition of cell
viability, apoptosis induction, and regulation of cell cycle
related p53 genes. Previous studies also showed that dios-
genin, one of the FCE active ingredients, induced apoptosis
in HT-29 human colon cancer cells [23]. Furthermore, it was
reported that the antiproliferative effect of diosgenin through
activation of p53 could be by releasing of apoptosis-inducing
factor (AIF) and modulation of caspase-3 activity in different
human cancer cells [52].

In prostate cancer cells, PC-3, a cell line expressing
wild type p53, FCE induced p21 expression that correlated
with a cytotoxic response, suggesting a proapoptotic role
for induced p21 [53]. In contrast, FCE effects are varied
in different cell lines. For instance, in the mutant p53
expressing cell lines, HepG3, FCE downregulated p53 expres-
sion [54]. Furthermore, consistent with GC-MS analysis of
the bioactive constituents of the methanolic extract of FCE,
it was reported that FCE-induced apoptosis was mediated
by the death receptor pathway, suggesting presence of some
phytocompounds in FCE extract [55]. HepG2 cells express a

wild type and an inducible p53 activity, as well documented
previously [56], which in turn could explain the involvement
of wild type upregulation in the FCE-induced apoptosis in
HepG2 cell line.

Proliferating cell nuclear antigen (PCNA) is a 36 kDa
protein involved in several cellular mechanisms, including
DNA synthesis and repair, cell cycle regulation, and apop-
tosis. An alteration in PCNA structure might contribute to
DNA-damage accumulation in cancer cells.The present study
was aimed at evaluating the PCNA expression pattern in
HCC cell line, HepG2, after FCE treatment for different time
intervals.Our data showed that PCNAprotein expressionwas
significantly increased with FCE treatment for 48 and 72 h,
respectively. The PCNA upregulation data was consistent
with p53 upregulation pattern for the same period of treat-
ment. Both by p53-dependent and -independent regulations,
PCNA interacts with multiple proteins that play a key role
in DNA synthesis and repair, cell cycle regulation, chromatin
remodeling, and apoptosis [57].

Alterations of p53 protein have been observed during
hepatocarcinogenesis [58], and the overexpression of p53 cor-
relates with a high level of proliferation of cell nuclear antigen
(PCNA), HCC dedifferentiation, and advanced HCC stages
[59]. Our data showed that the treatment of HepG2 with 1/2
IC
50
of FCE (500 g/mL) for 24 and 72 h exhibited an upregu-

lation in the expression of both p53 and PCNA compared to
the untreated control. It was expected that PCNA expression
would rather be downregulated with the upregulation of
p53. However, very recently, in agreement with our data,
the naturally occurring selenomethionine (SeMet) upregu-
lated the expression of p53 and PCNA and induced base
excision repair (BER) activity. The distinct chemopreventive
mechanism is p53-dependent and involves the binding of
Gadd45a and two BER-mediated repair proteins, PCNA
and apurinic/apyrimidinic endonuclease (APE1/Ref-1) [60].
Furthermore, it was reported that PCNA gene is induced
by p53, while PCNA protein interacts with p53-controlled
proteins Gadd45, MyD118, CR6, and p21, in the process of
deciding cell fate [61]. The binding partner of Gadd45a can
decide the activity that mediates, in other words, the binding
of PCNA and p21WAF1/CIP1 or Cdc2 to Gadd45a can mediate
DNA repair or cell cycle arrest, respectively. In addition,
the possibility that p53 may be involved in the induction
of human PCNA was reported earlier; the human PCNA
promoter has a p53 binding site and is transactivated by
wild type p53 which in turn leads to DNA repair [62]. In
contrast, if PCNA is slightly upregulated in cell, apoptosis also
occurs [63]. The dual role of PCNA in HepG2 cells could be
explained by the presence of acidic and basic PCNA isoforms,
according to previous reports [64, 65].The isoforms having a
basic pI were exclusively found inmalignant cells.The PCNA
basic isoforms, exclusively detected in hepatic malignant
samples, may represent a new signature for neoplastic liver
cells compared to cirrhotic tissues. This finding revealed that
PCNA is differently expressed in HCC, in terms of structure,
isoforms, and posttranslational modifications, implicating a
role for PCNA functional alterations in hepatocarcinogenesis
process.
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4.1. GC-MSAnalytical Data. GC-MS analysis of the bioactive
constituents of the methanolic extract of FCE clearly showed
the presence of fourteen bioactive compounds. Our results
revealed that Squalene and Naringenin were detected as the
two main components in the methanol extract of 27.71%
and 24.05%, respectively. In addition, the rest of components
were ranged among 1.87% for butane-2,3-diol, 6.98% for 2-
propen-1-amine, N-ethyl- and aziridine, and 1,2,3-trimethyl-
trans (6.62%). Our results also reveal the presence of several
fatty acids; in addition to many Flavonoids compounds
were identified in GC-MS analysis of the Trigonella foenum
seeds, including major components such as Tricin and its
derivatives.Many compounds fromourGC-MS analysis have
anticancer activity such as Naringenin and Squalene.

Naringenin, a flavonoid that is present in high concen-
trations in grapefruits and citrus fruits, has a wide spectrum
of pharmacological activities, including anticancer activity in
primary tumor prevention [66, 67]. Furthermore, Squalene
and Quercetin appear to influence several biochemical and
physiological activities, which are intriguing for the treatment
of cancer. Quercetin modulates the pathway toward sup-
pression of lymphoma by downregulating PI3K-AKT1 and
upregulating p53 pathways aswell as by glycolyticmetabolism
[68].

5. Conclusion

GC-MS analysis of methanol extract of Trigonella foenum-
graecum, Fenugreek seed crude extract (FCE), contains many
important phytochemical, such as several fatty acids, in
addition to many Flavonoids compounds, Tricin and its
derivatives. Many other major compounds from our GC-
MS analysis have anticancer activity such as Naringenin,
Quercetin, and Squalene.

The mechanism of FCE-induced cell death was via
inhibiting HepG2 cell viability and inducing apoptosis. FCE
enhances apoptosis induction in HepG2 cell in p53, Bax
and PCNA-dependent pathway, and G1 phase arrest that was
confirmed by cell cycle analysis. Despite the finding of p53
involvement in FCE cell viability inhibition and apoptosis
induction, the exact downstream target of p53 is unclear,
which requires further investigation. However, we suggest
that induction of p53, Bax, and PCNA-dependent pathway
whichmediated apoptosis with caspase-3 activation is, at least
in part, a possible explanation for the anti-liver-carcinogenic
effect of FCE which in turn might be a potential strategy for
HCC treatment.
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Non-Hodgkin lymphomas encompass a heterogeneous group of cancers, with 85–90% arising from B lymphocytes and the
remainder deriving from T lymphocytes or NK lymphocytes. These tumors are molecularly and clinically heterogeneous, showing
dramatically different responses and outcomes with standard therapies. Deregulated PI3K signaling is linked to oncogenesis
and disease progression in hematologic malignancies and in a variety of solid tumors and apparently enhances resistance to
antineoplastic therapy, resulting in a poor prognosis. Here, we have evaluated and compared the effects of the pan-PI3K inhibitor
BKM120 and the dual PI3K/mTOR inhibitor BEZ235 onmantle, follicular, and T-cell lymphomas. Our results suggest that BKM120
and BEZ235 can effectively inhibit lymphoma cell proliferation by causing cell cycle arrest and can lead to cell death by inducing
apoptosis and autophagy mediated by ROS accumulation. Despite great advances in lymphoma therapy after the introduction
of monoclonal antibodies, many patients still die from disease progression. Therefore, novel treatment approaches are needed.
BKM120 and BEZ235 alone and in combination are very effective against lymphoma cells in vitro. If further studies confirm their
effectiveness in animal models, they may be promising candidates for development as new drugs.

1. Introduction

The phosphatidylinositol 3-kinase [PI3K] signaling path-
way plays important roles in many physiological functions,
including cell cycle progression, differentiation, survival,
motility, apoptosis, autophagy, and protein synthesis [1–4].
PI3K activation leads to phosphorylation of AKT onThr308,
which in turn activates the mammalian target of rapamycin
(mTOR), a distal element of the PI3K/AKT/mTOR pathway
[5]. mTOR is a serine/threonine kinase that encompasses
two distinct complexes—mTORC1 andmTORC2—that differ
structurally and in substrate specificity and functionally [6].
mTORC1 induces cell growth in response to nutrients and
growth factors by regulating the translational regulators S6K1
and 4E-BP1. mTORC2 mediates cell proliferation and sur-
vival by phosphorylating AKT on Ser473, facilitating its full
activation [7–10]. The PI3K/Akt/mTOR pathway integrates
survival signals from extracellular and intracellular stimuli to
promote cell growth and inhibit cell death [11]. This pathway

is also involved in regulating autophagy, the ubiquitous and
evolutionarily conserved process through which cytosolic
components are degraded via lysosomes, helping cells to
survive various forms of stress [12]. There remains some
debate regarding the precise role that autophagy plays in
cancer development, disease progression, and response to
anticancer therapies [13]. In contrast to apoptosis, autophagy
is initially a survival mechanism triggered when cells are
exposed to metabolic stresses. However, recent studies indi-
cate that autophagy and apoptosis are actually interconnected
processes [14].

Deregulated PI3K signaling is linked to oncogenesis
and disease progression in a variety of solid tumors and
hematologic malignancies, apparently enhancing resistance
to antineoplastic therapy and resulting in poor prognosis
[15]. PI3K discovery and subsequent mapping of the signal-
ing pathway heralded intense efforts to develop inhibitors
targeting the pathway components [16–18]. A number of
PI3K/AKT/mTOR signaling inhibitors have been developed
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that selectively interfere with different pathway components
and thus exert different biological effects. However, the initial
enthusiasm for using PI3K, Akt, or mTOR inhibitors as
antineoplastic agents has been tempered by observations that
such inhibition typically promotes growth arrest rather than
cell death in solid tumors [19].

BKM120 and BEZ235 are synthetic small molecules of
the imidazoquinolines class, which show preclinical activity
against a range of solid and hematological malignancies.
BKM120 is an oral pan-class I PI3-kinase inhibitor belonging
to the 2,6-diporpholino pyrimidine derivatives. It selectively
inhibits PI3K 𝛼, 𝛽, 𝛾, and 𝛿, as well as mutated PI3K
(H1047R, E542K, and E545K). BKM120 reportedly inhibits
phosphorylation of the PI3K downstream target Akt and
exhibits antiproliferative activity in several cancer cell lines
[20–22]. BKM120 shows preclinical activity in distinct malig-
nancies and is currently being tested in a number of clinical
trials (ClinicalTrials.gov, U.S. National Institutes of Health,
Bethesda, MD, USA: http://clinicaltrials.gov/). BEZ235 is a
dual class I PI3K/mTOR inhibitor that competes at its ATP-
binding site [23–25]. Increasing evidence demonstrates that
BEZ235 effectively and specifically reverses hyperactivation
of the PI3K/mTOR pathway, thus exerting potent antiprolif-
erative and antitumor activities in a broad range of cancer
cell lines and experimental tumors. It is currently undergoing
phase I evaluation in acute leukemia [NCT01756118] [26, 27].

Promising preclinical and clinical data support the ratio-
nale for therapeutic use of PI3K/Akt/mTOR inhibitors in
lymphoma treatment [28] and, crucially, these inhibitors are
well tolerated. However, despite the progress in pharmaco-
logical targeting of PI3K signaling, several important issues
must be considered. The considerable plasticity within the
PI3K signaling pathwaymakes it unlikely that PI3K inhibitors
will provide a universal therapy across the range of diseases in
which PI3K has been implicated. Non-Hodgkin lymphomas
encompass a heterogeneous group of cancers, with 85–90%
arising from B lymphocytes and the remainder deriving
from T or NK lymphocytes. These tumors are molecularly
and clinically heterogeneous, showing dramatically different
responses and outcomes with standard therapies.

The present study aimed at investigating the effects
of BKM120 and BEZ235 on mantle, follicular, and T-cell
lymphoma cell lines and patients’ cells.We evaluated possible
new targets and potential strategies for enhancing the anti-
cancer efficacy of these two compounds.

2. Material and Methods

2.1. Cell Lines. The cutaneous T-cell lymphoma cell
line HUT78 and the mantle cell lymphoma cell line
GRANTA519 were purchased from Deutsche Sammlung
von Mikroorganismen und Zellkulturen GmbH and were
characterized as specified (https://www.dsmz.de/research/
human-and-animal-cell-lines.html). The B-cell lymphoma
cell line WSU-NHL was kindly provided by Dr. M. Introna
(Ospedale Riuniti, Bergamo, Italia). All cell lines were
cultured in RPMI-1640 supplemented with 10% fetal bovine
serum (FBS), 2mM L-glutamine, and 100U/mL penicillin

and streptomycin (all purchased from Euroclone). Cells in
logarithmic growth phase were used for experiments.

2.2. Patient Samples. Peripheral blood mononuclear cells
(PBMCs) were obtained from three patients with mantle
cell lymphoma, four patients with follicular lymphoma, two
patients with T-cell lymphoma, and four authors of the paper
who volunteered. All donors gave their informed consent,
and this study protocol was approved by the local ethics
committee of University of Modena and Reggio Emilia.

2.3. Drugs. BKM120 was a gift from Novartis Pharma.
BEZ235 and everolimus were purchased from Selleck Chem-
icals. Chloroquine, paclitaxel, and nocodazole were pur-
chased from Sigma Aldrich (St. Louis, MO, USA). BKM120,
BEZ235, everolimus, and paclitaxel were each dissolved in
dimethylsulfoxide (DMSO; Euroclone) to create 10−2Mstock
solutions that were stored at −80∘C. The stock solutions
were further diluted with cell culture medium to appropriate
concentrations before use.Themaximum final concentration
of DMSO (<0.1%) did not affect cell proliferation and did not
induce cytotoxicity on the tested cell lines and primary cells
(data not shown).

2.4. Assessment of Viability and Cell Proliferation. Cell lines
were treated with increasing concentrations of drugs for
24 and 48 h. Viability was assessed by exclusion assay with
0.2% Trypan Blue (Euroclone), and cell proliferation was
monitored by MTT assay (CellTiter nonradioactive cell pro-
liferation assay; Promega) as previously described [29]. The
drug concentration required for 50% inhibition of cell prolif-
eration (IC

50

) was evaluated with Calcusyn software (Biosoft,
Cambridge, UK) applying the median-effect method [30].

2.5. Annexin IV Binding Assay for Apoptosis. Apoptosis was
quantified using an annexin/propidium iodide (PI) binding
assay following the manufacturer’s instructions (Miltenyi
Biotec). Eventswere acquired using a FACSCalibur cytometer
(BectonDickinson) and then analyzed using FlowJo Software
(Tree Star, Ashland, OR, USA).

2.6. Caspase-3 Activity Assay. Caspase-3 activity was mea-
sured using a colorimetric substrate for caspase-3 (CPP32)
(Enzo Life Sciences) with a sequence based on poly(ADP
ribose) polymerase (PARP) cleavage site Asp216 for caspase-
3. The full-length and the cleaved procaspase-3 were incu-
bated with the substrate for the indicated times, and the
cleavage rate was colorimetrically monitored at 405 nm.

2.7. Autophagy Detection. To measure autophagy in cell
lysates, we used the quantitative immunometric detection
method provided by the p62 (sequestosome 1) ELISA kit,
following the manufacturer’s instructions (Enzo Life Science,
Farmingdale, NY, USA).

2.8. Cell Cycle Analysis. Cell cycle analysis was performed
using propidium iodide (PI) staining (Miltenyi Biotec) and
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a FACSCalibur cytometer. The percentages of cells in the
subG1/G0 (dead cells), G1/G0, S, and G2/M phases were
calculated using Modfit LT software (Verity Software House,
Topsham, ME, USA).

2.9. Analysis of Tubulin Expression. Cells were seeded at
100,000 cells/well in 24-well plates in RPMI-1640 with
10% FBS, 100 𝜇g/mL penicillin, 100U/mL streptomycin, and
drugs at the indicated concentrations. After incubation for
different time durations, the cells were resuspended in
0.5mL microtubule-stabilizing buffer (80mM Pipes, 1mM
MgCl

2

, 5mM EDTA, and 0.5% Triton X-100) containing
0.5% glutaraldehyde at pH 6.8. After a 10min incubation at
room temperature, glutaraldehyde was quenched by addition
of 0.5mL of 0.25M glycine solution in PBS. Cells were
then spun at 1000 g for 7min, resuspended in 20𝜇L of
50𝜇g/mL RNase A in antibody diluting solution (Ab-Dil;
PBS, 0.2% Triton X-100, 2% bovine serum albumin, and 0.1%
NaN
3

; pH 7.4), and incubated overnight at 4∘C. The next
day, the cells were incubated with 𝛼-tubulin (1 : 50) in Ab-
Dil for 3 h at room temperature and then with anti-rabbit
IgG1-FITC. Finally, the cells were further diluted in 500 𝜇L
FACS buffer (PBS, 2% BSA, and 0.1% sodium azide; pH 7.2)
followed immediately by flow cytometry analysis. For each
sample, the mean fluorescence intensity was recorded using a
FACSCalibur cytometer and analyzed using FlowJo Software.
Tubulin levels were determined based on the geometricmean
of the antibody/FITC fluorescence and were normalized to a
value of 100 for the vehicle control. All of the abovementioned
reagents were purchased from Sigma Aldrich.

2.10. Western Blot Analysis. After drug treatments, the cell
lines were harvested and lysed using the Mammalian Cell
Extraction Kit (BioVision, Milpitas, CA, USA) following the
manufacturer’s instructions. Proteins (100 𝜇g/lane) were elec-
trophoresed on 4–20%SDS-polyacrylamide gradient gels and
transferred to nitrocellulose membranes (Bio-Rad Laborato-
ries, Hercules, CA, USA). Membranes were immunoblotted
with the following primary antibodies: total AKT, p-AKT (ser
473), total p70S6, p-p70S6 (Thr421/Ser424), total m-TOR, p-
m-TOR (ser 2448), total EBP1, p-EBP1 (Thr37/46), cyclin D,
cyclin E, cyclin A, p-21 (Waf1/Cip1), p-27 (Thr187), Aurora
A, p-BAD (Ser112), PUMA, BIM, MCL, BCL-XL, BCL-2,
caspase-3 (Asp175), caspase-9 (Asp353), caspase-8 (Asp391),
PARP, and LC3. All of the abovementioned antibodies were
diluted 1 : 1000 and purchased from Cell Signaling Technol-
ogy (Danvers, MA, USA). Then, the membranes were incu-
bated with species-specific horseradish peroxidase- (HRP-)
conjugated secondary antibody (1 : 500) from Cell Signal-
ing Technology. Blots were developed using SuperSignal
West Pico Chemiluminescent Substrate (Thermo Scientific,
Rockford, IL, USA). Images were acquired by Chemidoc
XRS+ and analyzed using Image Lab Software v.3.0 (Bio-Rad
Laboratories).

2.11. Measurement of Reactive Oxygen Species (ROS) Pro-
duction. To determine ROS production, cells were incu-
bated with 20𝜇M/L 2,7-dichlorodihydrofluorescein diac-
etate (DCFH-DA) (Sigma Aldrich) in complete medium for

30 minutes at 37∘C. The extent of ROS generation was mea-
sured by quantifying the fluorescence with a FACSCalibur
cytometer (Becton Dickinson), and these data were analyzed
using FlowJo Software (Tree Star).

2.12. Combination Study. Cell lines were seeded at 5 ×
104 cells per well in 96-well plates. Each experiment was
performed in triplicate. Cells were cultured in the absence
or presence of drugs, individually or in combination, at
concentrations below the IC

50

. The inhibitory effects of
drug combination treatments were determined using the
MTT assay as described above. Drug interactions were
assessed using multiple effect analysis, based on the method
described by Chou-Talalay in which a combination index
(CI) of <1 indicates synergism, 1 indicates additive effects,
and >1 indicates antagonism [31].The data were processed by
isobologram analysis using Stata 8.2.

2.13. Statistical Analysis. All experimentswere independently
repeated three times, with multiple replicates within each
run. Data are expressed as mean ± standard error. Statistical
differences between control and drug-treated cells were ana-
lyzed by one-way ANOVA and by two-tailed Student’s test.
Data were analyzed using the Stata 8.2/SE package (StataCorp
LP, College Station, TX, USA). Correlation coefficients (r)
and the statistical significance of differences between cohorts
were determined using Prism’s correlation analysis based on
two-tailed 𝑝 values (GraphPad Software, USA), with 𝑝 values
of <0.01 considered statistically significant.

3. Results

3.1. Growth Inhibition. To determine the IC
50

values and the
effects of the drugs on cell viability, lymphoma cell lines
were cultured with increasing concentrations of BKM120
(0.5–15𝜇M) and BEZ235 (0.5–50 nM) for 24 and 48 hours.
Table 1 shows the IC

50

values obtained for BKM120 and
BEZ235 in HUT78, GRANTA519, and WSU-NHL cell lines.
Results were obtained from three independent experiments
performed in triplicate. We also evaluated the drugs’ effects
on PBMCs from three patients with mantle cell lymphoma,
four patients with follicular lymphoma, two patients with
T-cell lymphoma, and four healthy donors (Figure 1). We
observed that BKM120 and BEZ235 each significantly and
dose-dependently decreased the percentage of viable PBMCs
from patients with lymphoma but had minimal or no cyto-
toxic effect on PBMCs from healthy donors. We treated the
cells for only 24 hours because 48 hours of treatment was too
toxic (data not shown).

3.2. Cell Cycle. We employed flow cytometric analysis to
determine whether 24 hours of treatment with the IC

50

of
BKM120 and BEZ235 led to cell cycle progression defects
(Figure 2). To investigate the effects of drugs on cell cycle-
related proteins, we used western blot analysis to evaluate
the expressions of cyclin A, cyclin D, cyclin E, p21, and
p27 (Figure 3). BKM120 induced a dose-dependent increase
of G2 phase with downregulation of cyclin D and cyclin E
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Figure 1: Antiproliferative effects of BKM120 and BEZ235 on
PBMCs from three patients with mantle cell lymphoma (MCL),
four patients with follicular cell lymphoma (FCL), two patients
with T-cell lymphoma (TCL), and four healthy donors. Cells were
treated with BKM120 (5𝜇M and 15𝜇M) and BEZ235 (20 nM and
40 nM) for 24 hours. Viability was assessed using 0.2% Trypan Blue
exclusion. Values represent mean ± SD and were obtained from
three independent experiments performed in triplicate. ∗𝑝 < 0.01
compared with control.

Table 1: Mean IC
50

values and 95% confidence intervals (CI) in
lymphoma cell lines treated with BKM120 (0.5–15 𝜇M) and BEZ235
(0.5–50 nM) for 24 and 48 hours. IC

50

values were calculated
using MTT assay and are based on three independent experiments
performed in triplicate.

(a)

BKM120 (𝜇M) IC
50

24 h IC
50

48 h

HUT78 15.1 4.8
(IC
95%: 14.8–15.4) (IC

95%: 4.6–5.1)

GRANTA519 12.4 3.9
(IC
95%: 12.1–12.7) (IC

95%: 3.4–4.2)

WSU-NHL 14.8 4.1
(IC
95%: 14.4–15.5) (IC

95%: 3.8–4.6)

(b)

BEZ235 (nM) IC
50

24 h IC
50

48 h

HUT78 41.6 21.1
(IC
95%: 41.3–41.9) (IC

95%: 20.9–22.4)

GRANTA519 45.1 25.3
(IC
95%: 44.8–46.2) (IC

95%: 25.2–25.5)

WSU-NHL 39.2 18.5
(IC
95%: 39.01–39.5) (IC

95%: 18.2–18.8)

and upregulation of cyclin A, p21, and p27. On the other
hand, BEZ235 induced an increase of G0/G1 phase, with
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Figure 2: Cell cycle profiles of HUT78, GRANTA519, and WSU-
NHL cells after 24 hours of treatment with the IC

50

of BKM120
and BEZ235. Data are expressed as mean ± SD, obtained from
three independent experiments performed in triplicate. ∗𝑝 < 0.01
compared with control.

downregulation of cyclin A and upregulation of cyclin D,
cyclin E, p21, and p27.

Immunoblotting revealed that all tested cell lines
expressed Aurora A kinase protein, which regulates cell-
cycle checkpoints and cell cycle regulatory molecules
(Figure 4) [32]. We next determined whether BKM120 and
BEZ235 inhibited Aurora A kinase expression in lymphoma
cell lines. To determine the compounds’ inhibitory effects
on the mitotic cell population, we first synchronized
cell division in lymphoma cell lines by treatment with
nocodazole (1 𝜇M) for 12 hours. The cells were then washed
and treated with BKM120 and BEZ235 for 24 h. Aurora A
kinase phosphorylation was measured by western blotting.
Decreased Aurora A kinase expression was observed in all
cell lines treated with BKM120, compared with in the DMSO
and nocodazole-treated cells.

3.3. Drug-Cell Correlations for Tubulin Assembly, Cycle Arrest,
and Cell Viability. Our findings indicated that BKM120
induced cell cycle arrest in G2, while BEZ235 induced arrest
in G1. By further analyzing intracellular tubulin polymer-
ization kinetics, cell cycle G2 population arrest, and cell
viability in dose response mode, we obtained a comprehen-
sive understanding of the drugs’ intracellular mechanisms
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of action at a molecular level. We utilized a cytometric-
based technique that allows direct quantitative evaluation
of tubulin/microtubule dynamics without interference from
microtubule-associated proteins or other complicating fac-
tors [33], thus enabling facile comparison of compounds that
affect tubulin polymerization.

HUT78, GRANTA519, and WSU-NHL were treated for
24 hours with increasing BKM120 concentrations along with
the microtubule destabilizer nocodazole (1𝜇M) and the

microtubule stabilizer paclitaxel (100 nM). This was followed
by whole cell-based qualitative measurement of tubulin poly-
merization using alpha-tubulin staining. Figure 5(a) shows
that BKM120 induced concentration-dependent progressive
induction of G2 arrest in HUT78 cells. Nocodazole and pacli-
taxel increased the G2 cell population arrest. In Figure 5(b),
the fluorescence reflecting cell tubulin assembly revealed
similar kinetics, as G2 cell population arrest was observed
after treatment with increasing concentrations of BKM120
and after treatment with the tubulin stabilizer paclitaxel.
Nocodazole had the opposite effect, as treatment with this
tubulin destabilizer clearly decreased tubulin polymerization.
Our results showed a positive correlation (𝑟 > 0.7) between
G2 cell population and tubulin assembly following treatment
with increasing doses of BKM120. Figure 5(c) shows a strong
negative correlation between tubulin assembly and cell via-
bility (𝑟 = −0.951). Comparable results were obtained with
GRANTA519 and WSU-NHL (data not shown).

HUT78 cells treated with increasing doses of BEZ235
showed a decrease in the G2 population, accompanied by a
parallel but very modest action on tubulin polymerization,
represented by a negative correlation index (𝑟 = −0.89)
(Figures 5(d) and 5(e)). Cell viability decreased in a dose-
dependent manner, which was not correlated with tubulin
assembly (𝑟 = −0.97) (Figure 5(f)). Comparable results
were obtained with GRANTA519 and WSU-NHL (data not
shown).

3.4. Signaling Pathways. To evaluate the effects of BKM120
and BEZ235 on PI3K/AKT/mTOR signaling, we analyzed the
phosphorylation status of Akt and some downstream targets
(including mTOR, 4EBP1, and p70S6kinase) in lymphoma
cell lines treated for 24 h with the IC

50

of these drugs. BEZ235
evidently reduced the expressions of PI3K/AKT/mTORpath-
way components in all cell lines (Figure 6). In the same
cellular lysates, we also evaluated the total expressions of the
corresponding proteins (data not shown).
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Figure 5: HUT78 cells were treated for 24 hours with increasing concentrations of BKM120 and BEZ235 as well as with the microtubule
destabilizer nocodazole (1 𝜇M) and the microtubule stabilizer paclitaxel (100 nM). Representative data from analyses of cell cycle arrest in
G2 (a), tubulin polymerization (b), and cell viability (c) after BKM120 treatment. Representative data from analyses of cell cycle arrest in G2
(d), tubulin polymerization (e), and cell viability (f) after BEZ235 treatment. Data are expressed as mean ± SD and were obtained from three
independent experiments performed in triplicate (Nocod = nocodazole; Paclitax = paclitaxel) ∗𝑝 < 0.01 compared with control.
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3.5. Apoptosis. We next examined the functional effects of
BKM120 and BEZ235 on apoptosis in lymphoma cell lines.
Cells were treated with the IC

50

of BKM120 and BEZ235 for
24 h and 48 h. Apoptotic cells were quantified using annexin
IV/PI staining. Both drugs induced significantly increased
apoptosis even at only 24 hours (𝑝 < 0.01) (Figure 7).

After flow cytometric analysis, we further attempted
to define the mechanisms by which BKM120 and BEZ235
induced apoptosis. We demonstrated that 24 hours of treat-
ment with either compound at IC

50

induced apoptosis via
both intrinsic and extrinsic apoptotic pathways, as demon-
strated by caspase-3, caspase-8, caspase-9, and PARP cleavage
(Figure 8). To confirm that apoptosis wasmediated by activa-
tion of these caspases, we cultured the three cell lines in the
presence of the broad caspase inhibitor ZVAD-fmk. Notably,
NVP-BEZ235 induces cleavage of PARP+ zvad-fmk (data not
shown).

To further analyze the mechanism of apoptosis induced
by BKM120 and BEZ235 inhibition, we measured the expres-
sions of pro- and antiapoptoticmembers of the BCL-2 family,
both before and after treatment with these two compounds.
In all tested lymphoma lines, drug treatment led to increases
of the proapoptotic proteins (Bim, Bad, and PUMA) and
downregulation of the antiapoptotic proteins (BCL-XL and
MCL-1) (Figure 9). BCL-2 expression resulted minimally
affected by BKM120 and BEZ235 treatment.

3.6. Autophagy in LymphomaCells. Aside from its role in reg-
ulating cell growth and proliferation, the PI3K/AKT/mTOR

pathway also participates in autophagy signaling. Therefore,
we investigated whether BKM120, BEZ235, and everolimus
induced autophagy. Everolimus is an mTOR inhibitor and
therefore an autophagy activator [34, 35]. To do this, we
treated all cell lines for 24 hwith the IC

50

of BKM120, BEZ235,
and everolimus, both alone and in combination with the
autophagy inhibitor chloroquine (CQ) and the inhibitor of
autophagosome-lysosome fusion nocodazole [36]. We used
the p62 ELISA kit to evaluate the amounts of p62 protein
(which accumulates when autophagy is inhibited) in cell
lysates, thus allowing quantitative comparison of howHUT78
cells were impacted by the various treatments (Figure 10(a)).
BKM120, BEZ235, and everolimus induced autophagy com-
parable to that which occurs under nutrient deprivation
conditions. In the same samples used to study autophagy, we
also evaluated cellular apoptosis (Figure 10(b)). BKM120 and
BEZ235 alone increased annexin-positive cells, suggesting
that the two drugs induced both apoptosis and autophagy.
CQ and nocodazole alone inhibited autophagy and did
not induce apoptosis, but their cooperative interaction with
BKM120 and BEZ235 triggered apoptosis, as confirmed by
annexin IV/PI staining. Everolimus induced autophagy but
did not induce substantial apoptosis. Comparable results
were obtained with GRANTA519 and WSU-NHL (data not
shown).

As a marker of autophagy, we also monitored lipidation
of LC3II by performing western blotting in all cell lines
following treatment with BKM120, BEZ235, and everolimus
alone and in combination with CQ (data not shown). We
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Figure 7: Cell lines were treated for 24 and 48 h with BKM120 and
BEZ235 at IC

50

. Apoptotic cells were quantified using annexin IV/PI
staining. Each compound dose- and time-dependently induced
increased apoptosis, evidenced by annexin IV positive cells. Results
represent the mean ± SD obtained from three independent experi-
ments. ∗𝑝 < 0.01 compared with control.

also quantitatively determined p62 expression and apop-
tosis (based on caspase-3 expression) in patients’ cells. In
PBMCs from patients and donors, we evaluated the effects
of BKM120, BEZ235, and everolimus both alone and in
combination with CQ (Figures 11(a) and 11(b)). As observed
in the cell lines, BKM120 and BEZ235 induced autophagy and
apoptosis in the patient and donor cells. Everolimus caused
autophagy but did not induce substantial apoptosis. CQ
inhibited autophagy and did not induce substantial apoptosis.

3.7. ROS Expression. Autophagy and apoptosis have been
shown to be regulated by numerous aspects of glucose
metabolism and can also be activated by mitochondrial
dysfunction and oxidative stress [37]. Here we monitored
the generation of reactive oxygen species in cells during

treatment with BKM120 and BEZ235 alone and in com-
bination with CQ. Our results showed that BKM120 and
BEZ235 alone each induced a higher percentage of cells with
ROS generation. This induction was enhanced when these
drugs were combined with CQ. Coadministration of the
antioxidant N-acetyl cysteine (NAC) blocked the increased
ROS generation (Figure 12).

3.8. Combination Study. To determine if this combination
was additive or synergistic, the interaction between BKM120
and BEZ235 in combination with CQ was investigated apply-
ing isobologram analysis based on the Chou-Talalay method.
This analysis was performed using STACorp 8.2 software.We
found that the interaction between BKM120 and CQ showed
moderate synergism (0.5 < CI > 1), while the combination of
BEZ235 and CQ was highly synergistic (CI index < 0.5).

4. Discussion

PI3K inhibitors that are currently under development are
grouped based on their specificity—including pure PI3K
inhibitors, compounds that block both PI3K andmTOR (dual
inhibitors), pure catalytic mTOR inhibitors, and inhibitors
that block Akt. However, it remains unclear which of these
inhibitor types is more clinically effective. Numerous PI3K-
targeted compounds, many of which are dual PI3K and
mTOR inhibitors, are currently being tested in clinical trials
[38, 39].

Here, we evaluated and compared the effects of the pan-
PI3K inhibitor BKM120 and the dual PI3K/mTOR inhibitor
BEZ235 on mantle, follicular, and T-cell lymphomas. Both
drugs effectively induced cytotoxicity in lymphoma cell
lines and patients’ cells. BKM120 and BEZ235 each blocked
the PI3K/Akt/mTOR pathway and the downstream targets
p90RSK and pEBP1, resulting in growth arrest. Our findings
highlight an interesting difference in the actions of the two
drugs with regard to blocking the cell cycle. Treatment with
BKM120 led to a moderate amount of cell cycle arrest in
the G2-M phase in the tested cell lines. In contrast, BEZ235
treatment resulted in substantial dose-dependent accumula-
tion in the G0-G1 phase of the cell cycle. These results were
in agreement with the measured expression levels of cyclins
A, D, and E and the cycle regulators p21 and p27. The two
inhibitors’ different roles in regulating the cell cycle could be
related to their actions onAuroraAkinase expression.Aurora
A kinase belongs to a family of mitotic serine/threonine
kinases that are implicated in important processes during
mitosis andmeiosis [40, 41]. Treatment of our lymphoma cells
with BEZ235 led to a decrease in Aurora A expression, while
BKM120 did not alterAuroraAkinase expression, supporting
a possible key role of this kinase in cell cycle control.

Since BKM120 and BEZ235 showed different roles in
regulating cell cycle blockade, we hypothesized that the two
inhibitors could interfere with microtubule dynamics of the
normal polymerization/depolymerization cycle, resulting in
cell cycle arrest. Microtubule stabilizers (such as paclitaxel
and derivate) and destabilizers (such as nocodazole) activate
the spindle assembly checkpoint, leading to cell arrest in
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mitosis and subsequent cell killing [42]. Our analysis of tubu-
lin expression in lymphoma cell lines revealed that BKM120
acted as a microtubule stabilizer, with an effect similar to
paclitaxel. In contrast, BEZ235 exhibited an action similar
to that of the microtubule destabilizer nocodazole. Further
structural studies are needed to elucidate how BKM120 and
BEZ235 bind to tubulin.

The PI3k/AKT/mTOR pathway plays important roles in
apoptosis and autophagy. When assessing whether BEZ235-
and BKM120-induced cell deathwasmediated through apop-
tosis, we noticed the cleavage of caspases 3, 8, and 9, suggest-
ing activation of both the intrinsic and extrinsic pathways.
Indeed, we observed that apoptotic events were sustained by
upregulation of proapoptotic factors (e.g., BIM, BAD, and
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PUMA) andwe detected downregulation of the antiapoptotic
factors MCL-1 and BCL-XL. Our results highlight a very
interesting relationship between apoptosis and autophagy.
BKM120 and BEZ235 treatments induced autophagy while
triggering apoptosis. Autophagic machinery-targeted agents
are emerging as promising tools for lymphoma treatment,
and autophagy induction has emerged as a new potential
therapeutic avenue to circumvent cancer cells’ resistance
to cell death [43–45]. However, not all inhibitors of PI3K-
Akt-mTOR signaling synergize with autophagy inhibitors.
The allosteric mTORC1 inhibitor rapamycin does not induce
apoptosis in conjunction with autophagy blockade, due to
feedback-activation of Akt [46].

To better understand the effectiveness of drugs on
autophagocytosis, we treated all lymphoma cell lines with
BKM120, BEZ235, and the rapamycin derivate everolimus,
both alone and in combination with the autophagy inhibitor
chloroquine. Chloroquine is widely used as an effective and

safe antimalarial and antirheumatoid agent. Accumulating
lines of evidence suggest that CQ can effectively sensitize cells
to the effects of conventional cancer therapies (e.g., ionizing
radiation and chemotherapeutic agents) in a cancer-specific
manner, enhancing the treatment efficacy [47]. Our results
showed that both BKM120 and BEZ235 in combination
with CQ cooperated to trigger apoptosis in lymphoma cells.
The potency of these cotreatments was underscored by
the calculated combination index, demonstrating that both
compounds cooperated synergistically.

Accumulating evidence suggests that cancer cells are
under increased oxidative stress and therefore more vul-
nerable to damage by ROS insults induced by exogenous
agents [48]. Reactive oxygen species (ROS) are generated as
by-products of normal physiological processes. The rate of
mitochondrial ROS production can vary depending on cell
physiopathological conditions. However, in any case, only
some ROS produced within mitochondria are released in
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the cytosol [37]. A moderate ROS increase can promote
cell proliferation and differentiation, whereas excessive ROS
can interfere with cellular signaling pathways by causing
oxidative damage to lipids, proteins, and DNA [49]. Our
results showed that both BKM120 and BEZ235 alone induced
a higher percentage of lymphoma cells with ROS generation,
and this increase was enhanced when these drugs were
combined with CQ.We also studied phagocytosis in patients’
cells and the results were comparable to those obtained in the
cell lines. Finally, we did not observe differences between the
different lymphoma types. In conclusion, our results suggest
that BKM120 and BEZ235 can effectively inhibit lymphoma
cell proliferation by causing cell cycle arrest and can lead to
cell death by inducing apoptosis and autophagy mediated by
ROS accumulation.

5. Conclusions

Despite great advances in lymphoma therapy following the
introduction of monoclonal antibodies, many patients still
die from disease progression. Therefore, novel treatment
approaches are needed. BKM120 and BEZ235 alone and
in combination show high effectiveness against lymphoma
cells in vitro. If future studies confirm their effectiveness in
animal models, these drugs may be promising candidates for
development as new drugs.
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Standard treatment for glioblastoma comprises surgical resection, chemotherapy with temozolomide, and radiotherapy. Never-
theless, majority of glioblastoma patients have recurrence from resistance to the cytotoxic conventional therapies. We examined
combinational effects of KML001, an arsenic compound targeting telomeres of chromosomes with temozolomide or irradiation, in
glioblastoma cell lines and xenograft models, to overcome the therapeutic limitation of chemoradiation therapy for glioblastoma.
AlthoughKML001 alone showed little effects on in vitro survival of glioblastoma cells, cell death by in vitro temozolomide treatment
or irradiation was synergistically potentiated by combination with KML001. Since phosphorylated 𝛾-H2AX, cleaved casepase-3,
and cleaved PARP were dramatically increased by KML001, the synergistic effects would be mediated by increased DNA damage
and subsequent tumor cell apoptosis. Combinatorial effects of KML001 were observed not only in chemo- and radiosensitive
glioblastoma cell line, U87MG, but also in the resistant cell line, U251MG. In the U87MG glioblastoma xenograft models, KML001
did not have systemic toxicity but showed synergistic therapeutic effects in combinationwith temozolomide or irradiation to reduce
tumor volumes significantly. These data indicated that KML001 could be a candidate sensitizer to potentiate therapeutic effects of
conventional cytotoxic treatment for glioblastoma.

1. Introduction

Glioblastoma (GBM) is the most malignant form of primary
brain tumors, which shows aggressive cancer cell prolifer-
ation, strong invasive capacity into adjacent normal brain
tissue, and massive angiogenesis [1]. The current standard

therapies for GBM patients are the concomitant fraction-
ated radiotherapy and chemotherapy with DNA methylating
agent, temozolomide (TMZ), following surgical removal.
Nevertheless, median survival of GBM patients is known
to be about 4 months without therapy and 15 months with
standard therapies [2].
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TMZ has the ability to alkylate/methylate DNA, which
mostly occurs at the N7 or O6 position of guanine residues.
The methylation leads to DNA strand breaks and triggers
apoptotic tumor cell death. Radiation treatment also inducts
DNA double strand breakage in cancer cells and thus blocks
their ability to proliferate further [3, 4]. However, chemother-
apy and radiotherapy have been known to provoke various
resistance mechanisms in which DNA repair may play a role
[5–9].The increasedDNA repair protein,O6-methylguanine-
DNA methyltransferase (MGMT), is correlated with TMZ
resistance in GBM [10, 11]. Loss of MSH6, a DNA mismatch
repair protein, is also found in the recurrence of temozolo-
mide + ionizing radiation treated GBMs [12]. The disrup-
tion of Rad51-mediated homology-directed repair (HDR) or
prevention of G2 checkpoint activation selectively sensitized
GBM cells to radiation [13]. Therefore, the resistance to these
TMZ and radiation therapies might be overcome through
additional irreparable DNA damage.

Various combination strategies to overcome radiotherapy
and/or TMZ chemotherapy resistance in GBM have been
examined [14–16]. Some of arsenic compounds, especially,
that have been used as effective chemotherapeutic agents
in various solid tumors could be viable candidates [17–19].
Among them, sodiummeta-arsenite, KML001, is a telomere-
targeting agent, which has entered phase I clinical trials
of advanced non-small cell lung cancer and other plat-
inum responsive malignancies in ClinicalTrials.gov. KML001
directly targets telomeres of chromosomes and then provokes
activation of the DNA damage signaling and rapid telomere
erosion in prostate cancer cells [20]. In addition, this agent
has shown synergistic antitumor activities at combination
treatment with irinotecan in various tumor models [21–23].
Since KML001 enhances DNA damage and cell apoptosis,
the resistance to TMZ chemotherapy and radiotherapy of
GBM could be overcome through additional DNA damage
by KML001.

Here, we reported the synergistic efficacy of a telomere
targeting agent, KML001, combined with TMZ or radiation,
which provided a candidate solution for unmet needs of
conventional therapies for GBM.

2. Materials and Methods

2.1. Cell Culture and Reagents. The human GBM cell lines
U251MG and U138MG (American Type Culture Collection,
ATCC, Manassas) were cultured in Dulbecco’s modified
essential medium (DMEM) and U87MG and U373MG
(American Type Culture Collection, ATCC, Manassas) were
cultured in Eagle’s minimal essential medium (MEM). All
mediums were supplemented with 10% fetal bovine serum
(FBS, Gibco, USA), penicillin (100 units/mL, Gibco), and
streptomycin (100 𝜇g/mL, Gibco). These cells were main-
tained at 37∘C in an incubator flushed continuously with 5%
CO
2
.
KML001 (Sodium meta-arsenite) was purchased from

Sigma-Aldrich (USA) and 100mmol/L stock solutions were
prepared in 1X phosphate buffered saline (PBS, Gibco).
Working concentrations were freshly prepared daily by

diluting the stock with PBS. Temozolomide was purchased
by Sigma-Aldrich and dissolved in 10% dimethyl sulphoxide
(DMSO, Sigma-Aldrich).

2.2. Colony Formation Assay. U251MG, U373MG, and
U138MG (100 cells/2mL medium) were seeded in 6-well
plates and U87MG was seeded in 100mm culture dishes
(1,000 cells/10mLmedium). After 24 hours, cells were treated
with KML001 (0.01, 0.01, 4, 8, 10, and 100𝜇M), temozolomide
(10 and 20𝜇M), or Irradiation (1, 2, 3, and 4Gy). After incu-
bation for 10 days, all cells were fixedwith 100%methanol and
stained with 0.01% or 0.125% crystal violet (Sigma-Aldrich).
Colonies containing more than 50 cells were counted as a
representative of clonogenic cells. The survival fraction was
calculated using the following formula: ((number of colonies
formed after treatment)/(number of cells seeded × plating
efficiency)), where plating efficiency is the number of colonies
to the number of seeded cells [24].

2.3. Western Blotting Analysis. Cells were treated with
KML001 (5 or 10 𝜇M) or temozolomide (100, 200 or 400 𝜇M)
or Irradiation (3, 6 or 9Gy) for 48 hours. All cells were lysed in
NP40 lysis buffer (50mM Tris, pH 7.4, 250mM NaCl, 5mM
EDTA, 50mM NaF, 1mM Na

3
VO
4
, 1% Nonidet P40, 0.02%

NaN
3
) adding protease inhibitor cocktail tablets (Sigma-

Aldrich) and phenylmethanesulfonyl fluoride (PMSF, Sigma-
Aldrich). After quantitative analysis, the equal amounts of
proteins were used for western blotting. Apoptotic pathway
proteins were confirmed using rabbit monoclonal cleaved
PARP antibody (1 : 1,000; Cell Signaling Technology, USA)
and rabbit monoclonal caspase-3 antibody (1 : 1,000; Cell
Signaling Technology). Loading control was used mouse
monoclonal 𝛽-actin antibody (1 : 5,000; Santa Cruz Biotech-
nology, USA). Antibodies were visualized with horseradish
peroxidase-conjugated secondary antibodies (Santa Cruz
Biotechnology) and the Amersham ECL Prime Western
Blotting Detection Reagent (GE Healthcare, UK).

2.4. Immunocytochemistry. For immunocytochemistry (ICC)
analysis, both U251MG and U87MG cells (3 × 103 cells/well)
were cultured on Nunc Lab-Tek II Chamber Slide System
(Thermo Scientific, USA). The cells were washed three times
with cold 1X PBS and fixed by 4% paraformaldehyde for 10
minutes. The fixed cells were permeabilizated in 0.5% Triton
X-100 for 10 minutes and blocked with 1% bovine serum
albumin (BSA, Santa Cruz Biotechnology) for 1 hour at room
temperature and then incubated with primary antibodies
𝛾-H2AX (Upstate/Millipore, USA) at room temperature for
1 hour. Continuously, the cells were incubated with Alexa-
flour 488 dye-conjugated secondary antibodies (Invitrogen,
USA) for 1 hour at room temperature.These cells were stained
with 4, 6-diamidino-2-phenylindole (DAPI, Invitrogen) for
nuclear detection and viewed using a confocal laser scanning
microscopy (Carl-Zeiss, Germany).

2.5. Xenograft Tumor Model. For efficacy test of KML001,
temozolomide and Irradiation in vivo, we established the
orthotopic xenograft models by intracranial injection using
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Figure 1: Clonogenic survival of GBM cells was significantly decreased by the combination of KML001 and TMZ or irradiation. GBM cells
were seeded at 100/dish density in culture dishes and incubated for 10 days with indicated treatment. Survival fraction was demonstrated. (a)
U251MG, combination with KML001 and TMZ, (b) U87MG, combination with KML001 and TMZ, (c) U251MG, combination with KML001
and irradiation, and (d) U87MG, combination with KML001 and irradiation.

6-week-old female athymic nudemice. To establish the ortho-
topic xenograft models, U87MG cells (2 × 105/5 𝜇L Hank’s
balanced salt solution (HBSS), Gibco) were stereotypically
injected into the left striata of mice (coordinate; AP +0.5, ML
+1.7, DV −3.2mm from Bregma). Each group had eight mice,
and mice were medicated by KML001 (5mg/kg for every day
via per oral) at 1 day after tumor cells injection. Temozolo-
mide (2mg/kg × 5 via per oral) and whole brain irradiation
(2Gy× 5) exposed at 18 days to 22 days after tumor cells injec-
tion. All animals were sacrificed at 28 days, median survival
of the orthotopic xenograftmodel usingU87MG cells. Tumor
diameter was measured using vernier caliper and tumor

volume determined by calculating the volume of an ellipsoid
using the formula: (length× (width)2 × 0.5). Aftermice sacri-
fice, the data of tumor diameter measurement were excluded
in the case that cells had leaked through to cerebral ventricles.

2.6. Statistics Analysis. The results were expressed as mean
values ± standard deviation (S.D) or standard effort (S.E).
Statistical comparisons were analyzed by one-way analysis of
variance (ANOVA) followed by the least significant difference
(LSD) test. A significant level of𝑃 < 0.05was used for all tests.
SPSS-PASW statics software version 18.0 was used for all the
statistical analyses.
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Figure 2: Clonogenic survival of GBM cells was also significantly decreased by the combination with KML001 and TMZ or irradiation in
various GBM cells. GBM cells were seeded at 100/dish density in culture dishes and incubated for 10 days with indicated treatment. Survival
fraction was demonstrated. (a) U373MG, combination with KML001 and TMZ, (b) U138MG, combination with KML001 and TMZ, (c)
U373MG, combination with KML001 and irradiation, and (d) U138MG, combination with KML001 and irradiation.

3. Results and Discussion

3.1. Survival of GBMCells Was Significantly Inhibited by Com-
bination Treatments with KML001 and TMZ or Irradiation.
We performed cell colony formation assay to determine
whether the combination treatments with KML001 and TMZ
or irradiation decreased GBM cell survival and increased
drug sensitivity. This assay is an in vitro clonogenicity test
based on the ability of a single cell to grow into a colony;
it permits evaluation of the oncogenic potential of a single
cell [25]. In the colony formation assay, numbers of colonies
rather than total cell numbers were compared. Therefore,
proliferation rate would make little effects on the results of

the assay, although GBM cell lines showed different prolifer-
ation rates (Supplementary Figure 1 in Supplementary Mate-
rial available online at http://dx.doi.org/10.1155/2014/747415).
Moreover, differential cell proliferation prior to the treat-
ments would not affect the results since GBM cells hardly
proliferated within 24 hours after seeding (Supplementary
Figure 1).

As a result, we identified that KML001 significantly
increased sensitivities of both U251MG and U87MG GBM
cells to TMZ and irradiation in a dose dependent manner
(Figure 1). In U251MG GBM cells, 8𝜇M KML001 decreased
cell survival 3.8-fold at 20𝜇M TMZ and 3.6-fold at 4Gy
irradiation (Figures 1(a) and 1(c)). In U87MG GBM cells,
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Figure 3: DNA damage and apoptosis were enhanced by in vitro combination treatment of KML001 and TMZ. (a) Phosphorylated 𝛾-H2AX
was detected by immunocytochemistry after 40 minutes treatment with 200𝜇M TMZ and KML001 [10 𝜇M (for U251MG) or 5𝜇M (for
U87MG)]. DAPI (blue) = nuclei. (b, c) U251MG (b) and U87MG (c) cells were treated in vitro as indicated for 48 hours. Western blot analysis
for PARP, cleaved PARP, or cleaved caspase-3 was performed. 𝛽-actin = loading control.

0.1 𝜇M KML001 decreased cell survival 6.7-fold at 20 𝜇M
TMZ and 5.0-fold at 4Gy irradiation (Figures 1(b) and 1(d)).
OtherGBMcell lines such asU373MG (Figures 2(a) and 2(c))
and U138MG (Figures 2(b) and 2(d)) also showed similar
synergistic effects of KML001.

GBM is one of the most resistant tumors to conventional
cytotoxic therapies, which results in minimal survival benefit
from standard chemotherapy and radiotherapy. To over-
come resistance, current studies concentrate on combinations
with other agents and on development of novel molecular-
targeting agents [14–16]. Previously, the anticancer efficacy
of KML001 in combination with irinotecan was evaluated
by Moon et al. [21]. They showed that vascular disrupting
properties and DNA damage effects at the telomeres of
chromosome of KML001 were involved in the enhanced
anticancer activity of irinotecan [21]. We also observed that
KML001 significantly enhanced in vitro sensitivity of TMZ
and irradiation in 4 independent GBM cell lines. These

results suggested that KML001 could acts as a chemo- and
radiosensitizer in GBM.

On the other hand, we also recognized that U87MG cell
line showed sensitive response to both TMZ and irradiation,
while the U251MG cell line was resistant. Therefore, we
further evaluated the differential changes in DNA damage
and apoptosis signaling in vitro and tumor growth of chemo-
and radioresistant U251MG cells, compared with those of
chemo- and radiosensitive U87MG cells, in vivo.

3.2. DNA Damage and Cell Apoptosis Induced by TMZ or
IrradiationWere Enhanced by KML001. TMZ and irradiation
lead to cancer cell apoptosis through DNA mismatch-repair
[10, 11] and DNA double strand break (DSB) events [3]. Pre-
viously, many studies focused on the explanation for mecha-
nisms of the phosphorylated 𝛾-H2AX inDNAdamage signal-
ing and repair [26–28]. Notably examination of 𝛾-H2AX foci
formation is a powerful tool to measure DNADSB formation
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Figure 4: DNA damage and apoptosis were enhanced by the in vitro combination treatment of KML001 and irradiation. (a) Phosphorylated
𝛾-H2AX was detected by immunocytochemistry after 40 minutes treatment with 3Gy irradiation and KML001 10 𝜇M (for U251MG) or 5𝜇M
(for U87MG). DAPI (blue) = nuclei. (b, c) U251MG (b) and U87MG (c) cells were treated in vitro as indicated for 48 hours. Western blot
analysis against PARP, cleaved PARP, or cleaved caspase-3 was performed. 𝛽-actin = loading control.

and cellular response to genomic damage [28]. In addition,
caspase-3 is frequently activated by death protease to catalyze
the specific cleavage of many key cellular apoptosis-inducing
proteins including PARP [29, 30]. Therefore, to elucidate
the combination mechanism of KML001 in GBM cells, we
analyzed phosphorylated 𝛾-H2AX formation and caspase-
3/PARP cleavage in response to the combination treatments.

Phosphorylated 𝛾-H2AX a DNA DSB marker was
detected in the KML001 and TMZ combination group in
both TMZ-resistant U251MG and sensitive U87MG cell lines,
while the KML001 or TMZ single treatments showed little
phosphorylated 𝛾-H2AX by immunocytochemistry (Fig-
ure 3(a)). Moreover, 10 𝜇M KML001 combination dramat-
ically enhanced the protein expression of cleaved PARP
and caspase-3 at 200 and 400𝜇M TMZ treatment in TMZ-
resistant U251MG cells (Figure 3(b)). In TMZ-sensitive
U87MG cells, cleaved PARP and caspase-3 were hardly

observed by TMZ singe treatment. In contrast, 5𝜇MKML001
combined with 400𝜇M TMZ strikingly increased cleaved
PARP level, while TMZ provoked a dose-dependent increase
in cleaved caspase-3 upon combination with 5 𝜇M KML001
(Figure 3(c)).

Next, we performed the same experiments with the
combination of KML001 with irradiation. In both radiation-
resistance U251 MG and sensitive U87MG, the phosphory-
lated 𝛾-H2AXwas dramatically increased by the combination
treatment of KML001 and 3Gy irradiation, compared with
the control or single treatments (Figure 4(a)). In common
with the combination treatment with KML001 and TMZ,
KML001 increased the protein expression of the apoptotic
marker proteins, cleaved PARP and caspase-3 at 3Gy irradia-
tion in U251MG cells (Figure 4(b)). In U87MG cells, KML001
also dramatically potentiated the irradiation dose-dependent
increase in cleaved PARP and caspase-3 (Figure 4(c)).
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Figure 5: KML001 showed little in vivo systemic toxicity in the U87MG GBM orthotopic xenograft models. KML001 (2.5 or 5mg/kg) was
orally administrated into U87MG orthotopic xenograft models every day from 1 day after tumor cell implantation. (a) Body weight was
measured twice a week until 20 days after tumor cell implantation. (b)The level of AST and ALT was analyzed in mice serum on the 20th day
after tumor cell implantation.

Arsenic based pharmaceuticals have been reported to
inhibit viability of pancreatic cancer stem cells [22]. Accord-
ingly, the combination treatments with low dose gemcita-
bine synergistically inhibited tumorigenesis of pancreatic
xenograft model [22]. The combination treatment with
arsenic compounds and cytotoxic agents synergistically
enhanced DNA damage and cell apoptosis [23]. Recently,
trivalent arsenical KML001 was also reported to induce the
ROS-associated DNA damage via direct biding to telomeric
sequences in prostate cancer cells [20]. Binding with telom-
eric sequences is enhanced when cells have short telomeres,
which results in cancer cell specific effects of KML001;
cancer cells have shorter telomeres than somatic cells such
as astrocytes [20, 31]. Although the activity and/or mutation
status of telomerase reverse transcriptase (TERT) couldmake
influences on the length of telomere, KML001 has little effect
on telomerase activity [20]. Moreover, KML001 provoked
apoptosis of TERT-low leukemia cells [32]. Therefore, cyto-
toxic activities of KML001 would be directly affected by

the telomere length, not by the mutation status, expression,
and/or activities of TERT in cancer cells.

To conclude in this study, we identified that KML001
combined with TMZ or irradiation potentiated DNA damage
and subsequent GBM cell apoptosis. Since KML001 induced
therapeutic sensitivity to TMZ and irradiation in the chemo-
and radioresistant cell, U251MG, as well as the chemo-
and radiosensitive cell, U87MG, KML001 would have broad
therapeutic indications for GBM.

3.3. KML001 Combined with TMZ or Irradiation Synergis-
tically Decreased Tumor Volume in U87MG GBM Ortho-
topic Xenograft Models. We employed U87MG orthotopic
xenograft models to confirm the in vitro combinational
treatment result of KML001, in vivo. Firstly, we testedwhether
KML001 had in vivo toxicity by measuring body weight and
liver enzyme (AST and ALT) level changes in the orthotopic
model. KML001 treatment resulted in no change in body
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Figure 6: Tumor volume of U87MG xenograft tumors was significantly reduced by the combination treatment with KML001 and TMZ or
irradiation. The orthotopic xenograft models were treated with normal saline (control, every day from 1 day after tumor cell implantation),
KML001 (5mg/kg, every day from 1 day after tumor cell implantation), TMZ (2mg/kg, 5 times daily from 18th to 22nd day after tumor cell
implantation), irradiation (2Gy, 5 times daily from 18th to 22nd day after tumor cell implantation), or KML001 + TMZ or irradiation. Tumor
volume (length × (width)2 × 0.5) was analyzed on the 28th day after tumor cell implantation. (b and d) Data represent mean ± standard
deviation. ∗𝑃 < 0.05.

weight nor in levels of AST and ALT, validating low in vivo
toxicity (Figure 5).

The U87MG orthotopic xenograft models were treated
with (1) control (normal saline, every day from 1 day after
tumor cell implantation), (2) KML001 (5mg/kg, every day
from 1 day after tumor cell implantation), (3) TMZ (2mg/kg,
5 times daily from 18th to 22nd day after tumor cell implan-
tation) or irradiation (2Gy, 5 times daily from 18th to 22nd
day after tumor cell implantation), or (4) KML001 + TMZ or
irradiation. Tumor volumewas analyzed on the 28th day after
tumor cell implantation. The combination treatment with
KML001 and TMZ significantly decreased xenograft tumor
volume, while the single treatments of KML001 or TMZ
slightly decreased tumors size (Figure 6(a)).The combination
treatment with KML001 and TMZ decreased tumor volume
2.4- and 2.0-fold compared with KML001 and TMZ single
therapy, respectively (Figure 6(b)). Similarly, the combination

treatment with KML001 and irradiation reduced tumor
volume significantly (Figure 6(c)). Although irradiation
showedno effects (Figure 6(c) bottomand left),tumor volume
decreased 1.8-fold by the combination therapy comparedwith
KML001 single treatment (Figure 6(d)).

According to a previous report, the treatment with TMZ
caused a substantial growth delay of U87MG xenografts
tumor, while irradiation did not affect tumor growth [33].
Here, we also confirmed that TMZ had higher anticancer
effects than irradiation in U87MG xenografts. Furthermore,
we identified that KML001 not only potentiated antitumor
effects of TMZ against U87MG xenograft tumors but also
reversed in vivo resistance of U87MG cells to irradiation.
Although tumor volume decreased by single treatments
of TMZ or KML001, they were not statically significant.
Only xenograft tumors were significantly reduced by the
combination treatment with KML001 and TMZ (𝑃 = 0.001)
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or irradiation (𝑃 = 0.047) compared with the nontreatment
group.

4. Conclusions

In this study, we demonstrated that KML001 potentiated
antitumor effects of conventional cytotoxic treatment for
GBM: TMZ chemotherapy and radiotherapy in vitro and
in vivo. These synergistic effects could be mediated by
increased DNA damage, which would further provoke GBM
cell apoptosis. Since KML001 alone did not show any in vivo
systemic toxicities, KML001 could be a viable candidate for a
combinational sensitizer in GBM treatment.
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