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Abstract. Philadelphia chromosome-positive acute
lymphoblastic leukemia (Ph* ALL), is characterized by the
t(9;22)(q34ql1) that generates the BCR-ABL protein with
uncontrolled tyrosine kinase activity. Recently, a connection
between BCR-ABL signaling with NF-kB activation
mediated by CK2 has been hypothesized. Approximately
95% of patients with Ph* ALL have the BCR-ABLp190
isoform, which causes aggressive leukemia with a high rate
of chemotherapy resistance. Therefore, the use of compounds
that could improve the efficacy of chemotherapy drugs is of
particular interest. Curcumin is an active chemical in turmeric
with antineoplastic potential; it regulates protein-kinases by
modulating downstream molecular pathways. The present
study evaluated the effect of curcumin in combination
with the chemotherapeutic drugs vincristine, imatinib and
daunorubicin in the human OP-1 cell line. Several doses of
the chemotherapy drugs were examined, and the effects
were evaluated following 12, 24 and 48 h of exposure. The
interaction between the chemotherapy drugs and curcumin
was determined by the dose-effect curve, which generated
a combination index (CI); these data were represented in
isobolograms. In addition, the individual effect of each drug
was compared with its effect in combination with curcumin
on cell viability, apoptosis degree, NF-kB activation and gene
expression changes. The present study observed that curcumin
potentiates the efficacy of vincristine and imatinib, generating
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an additive/synergistic effect in a dose- and time-dependent
manner. These combinations significantly increased the
apoptosis degree, decreased the activation of NF-kB and
the expression of its regulated genes. Conversely treatment
with daunorubicin + curcumin combination produced an
antagonistic/additive effect in a dose-dependent manner,
and this combination significantly increased the apoptosis
degree. However, this effect seems not to be associated with
NF-«B activity, as no significant changes were observed in its
activation or in the expression of the genes that it regulates.
The results of the present study demonstrate that curcumin
may be used as an adjuvant agent for chemotherapy in patients
with Ph* ALL.

Introduction

Philadelphia chromosome-positive acute lymphoblastic
leukemia (Ph* ALL) has the well-known mutation t(9;22)
(q34ql1) that causes the fusion of BCR and ABLI genes (1).
Ph* frequency is less than 5% in ALL pediatric patients;
although in this subgroup, the BCR-ABL oncogene encodes to
a particular 190 kDa protein (p190) with deregulated tyrosine
kinase activity that confers resistance to drugs and poor prog-
nosis (2). BCR-ABL participates in leukemia initiation and
progression by interacting with several signaling pathways;
one of the most relevant is NF-xB activation (3). NF-xB is a
transcription factor which regulates diverse genes involved in
cell transformation, proliferation, inflammation, angiogenesis,
invasiveness, and survival (4). NF-xB activation dependent of
BCR-ABL signaling is modulated by CK2; this interaction
enhances NF-«B nuclear translocation and transactivation,
which modifies gene expression (5,6).

Vincristine, daunorubicin, and imatinib are some of
the essential chemotherapy drugs for Ph* ALL patients (7).
Vincristine is a cell cycle specific drug that binds to tubulin,
causing depolymerization of microtubules resulting in meta-
phase arrest and apoptosis induction (8). Daunorubicin is an
anthracycline that inhibits topoisomerase II, inducing DNA
damage and apoptosis (9). Imatinib is an essential drug used
in Ph* leukemias as target therapy, due to its inhibitory action
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of BCR-ABL signaling. A significant improvement in patient's
outcome has been reported when standard chemotherapy is
combined with imatinib (10). Despite the advances in treat-
ment, standard chemotherapy effectiveness remains limited;
the cure rate in Ph* ALL pediatric patients using chemotherapy
alone is only 30%, most of them commonly showed a reduced
response and frequently relapse due to adverse reactions,
toxicity or drug resistance development (11). Consequently,
an adequate therapy where standard drugs are combined
with multitarget compounds which develop minimal toxicity
is of particular interest to improve treatment effectiveness.
Curcumin (diferuloylmethane) is a therapeutic component of
turmeric, which is obtained from the rhizome Curcuma longa;
it has been used widely by some Asian countries in cooking
and traditional medicine (12). Curcumin induces apoptosis,
inhibits cellular transformation, proliferation, and invasion
in a variety of cancer models in vitro and in vivo (13). The
study of curcumin has become relevant due to its antitumoral
potential (14). In vitro experiments have shown low toxicity of
curcumin in normal cells (15). Furthermore, no adverse effects
have been observed in clinical trials (16). Recent research had
reported the anti-tumoral properties of curcumin due to the
inhibition of proteins kinases and transcription factors, such
as NF-«xB (17). Besides being involved in the tumoral process,
NF-kB downstream pathways also promote resistance to
chemotherapy drugs, which reduces treatment effective-
ness (18). Different studies showed that curcumin modulates
the expression of several NF-xB regulated genes associated
with tumoral processes, leading to a subsequent suppression
of pro-tumoral pathways (19). According to the previous data,
curcumin is capable to improve treatment efficacy. However,
in human Ph* ALL models, the therapeutic effect of curcumin
and the molecular pathways involved in tumoral suppression
remain unclear.

Due to the effect of curcumin in multiple protein kinases,
we speculate that it can modulate BCR-ABL associated path-
ways, conducting to an increment of treatment efficiency. The
purpose of this study was to evaluate the effect of vincristine,
imatinib, and daunorubicin in combination with curcumin in
the human OP-1 cell line. We determined the effect of the
drugs alone and in combination with curcumin on cell viability,
apoptosis degree, NF-kB activation, and gene expression.

Materials and methods

Reagents. Curcumin was acquired from Sigma-Aldrich
(St. Louis, MO., USA). Vincristine, imatinib, and daunorubicin
were provided by PiSa Farmacéutica (Guadalajara, México).
Curcumin was dissolved in DMSO at a concentration of 10 uM
and stored at -20°C. Chemotherapeutic drugs were dissolved in
distilled water at a stock concentration, aliquoted and stored at
-20°C. Each stock solution was diluted in culture medium to
the final concentration before use.

Cell culture and treatment. OP-1 human cell line (RRID:
CVCL_DG77) was gently provided by St. Jude Children's
Research Hospital (Memphis, TN, USA), it was cultured in
RPMI 1640 medium supplemented with 2 mM Glutamine,
100 U/ml penicillin-100 g/ml streptomycin and 15% FBS
(Thermo Fisher Scientific, Inc., Waltham, MA, USA) in a
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humidified incubator at 37°C with an atmosphere of 5% CO,.
Afterward, 1x10° OP-1 cells were treated at 12, 24 and 48 h
with chemotherapy drugs alone and in combination with
curcumin at concentration ranges of; curcumin (5-30 uM),
vincristine (0.5-4 ug/ml), imatinib (0.5-5 yM), and dauno-
rubicin (0.2-3 pg/ml), DMSO was used as the vehicle. Each
evaluation was performed in triplicate, and the quality criteria
for the experiments validation included coefficients of varia-
tion smaller than 10%.

Viability assay. To determine the cytotoxic effect of curcumin
and chemotherapy drugs combination 7 ADD assay (Beckman
Coulter, Inc., Brea, CA, USA) was performed. After the
exposure to experimental treatments, cells were washed
with PBS, centrifuged at 100 x g for 1 min and resuspended
in PBS at a concentration of 1x10° cells/ml. Next, 100 pl of
the solution was transferred to cytometry tubes and, 15 ul of
anti-CD45/anti-CD19 and 100 pul of 7-ADD were added to
each tube, homogenized and incubated for 20 min at room
temperature in the dark. Subsequently, cells were resuspended
in PBS. Briefly, 20,000 events were acquired in Gallios 10 Flow
Cytometer (Beckman Coulter, Inc.) and analyzed in Flowing
Software (Cell Imaging Core, FIN). Cells with 7ADD posi-
tive stain were considered non-viable, while live viable cells
did not show 7ADD stain. Unstained cells were used as assay
controls to exclude cell debris and auto-fluorescence. The IC50
of each drug was obtained from the dose-response curve using
Compusyn software 1.0 (Combosyn Inc., Paramus, NJ, USA).

Apoptosis assay. To evaluate apoptosis, FITC Annexin
V/Propidium Iodide Apoptosis Detection Kit (Pharmigen
BD, Biosciences, San Jose CA, USA) was used. After experi-
mental treatments exposure, cells were washed with cold PBS
and resuspended in 1X Binding Buffer at a concentration
of 1x10° cells/ml. 100 ul of the solution was transferred to
cytometry tubes and, 5 ul of Annexin V FITC and 5 ul of
Propidium Iodide (PI) were added, 15 1 anti-CD45/anti-CD19
were also used to select cell population, briefly, cells were
homogenized with vortex, and incubated at room temperature
for 15 min in the dark. Then 400 pl of 1X Binding Buffer
was added. 20,000 cells were analyzed in Gallios 10 flow
cytometer (Beckman Coulter, Inc) and data were interpreted
in Flowing Software (Cell Imaging Core, Turku, Finland).
The assay was evaluated according to the next criteria:
Annexin V(-)/PI(-)=live-viable cells; Annexin V(+)/PI(-)=early
apoptosis stage; Annexin V(+)/PI(+)=late apoptosis stage;
Annexin V(-)/PI(+)=necrotic cells. Untreated cells stimulated
with 1 mM Camptotepcin (5 h, 37°C) were used as positive
controls; untreated and unstimulated cells were used as nega-
tive controls; unstained cells, unstained treated with curcumin
cells, stained cells with Annexin V alone and stained with PI
alone were used as compensation controls.

NF-kB detection. To determine the activation/transactivation
potential of NF-«xB after treatment; phosphorylated p65
subunit was analyzed using the Phospho-Epitopes Exposure
kit (Beckman Coulter, Inc) and anti-NF-xB p65pS529-PE
(Miltenyi Biotec GmbH, Bergisch Gladback, Germany). After
experimental treatments, cells were fixed with PerFix Fixative
Reagent an incubated for 10 min at room temperature. Next,
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cells were permeabilized using Perfix Permeabilizing reagent
for 5 min at 37°C in a water bath. Thereafter, a premixed of
50 ul staining reagent, 2 ul anti-NF-kB p65pS529-PE (dilution
1:50), 15 ul anti-CD45/anti-CD19 were added to each tube and
immediately incubated at room temperature for 30 min in the
dark. Once the incubation time has passed, cells were washed
with 3 ml 1X wash reagent, centrifuged at 300 x g for 5 min
and the supernatant was completely discarded by aspiration.
The cells pellet was resuspended in 0.5 ml of the 1X wash
reagent. Data acquisition was carried out in Gallios 10 Flow
Cytometer (Beckman Coulter, Inc) considering 20,000 events
and analyzed in Flowing Software (Cell Imaging Core, FIN).
Stained cells with anti-NF-kBp65 were considered active.
To calculate the activation percentage of NF-xB, a negative
control absent from the anti-NF-«kBp65 was used; cells stimu-
lated with TNF were considered as positive control.

Gene expression. Changes in the expression of BCR-ABLI
and genes regulated by NF-xB were evaluated. Genes were
selected considering its particular role in ALL processes as
described below: Proliferation, CCNDI, TNF, and MYC;
antiapoptosis BCL2, BIRCS, and PTGS; invasivity ALOX,
NOS2, and VEGFA; drug resistance MDR1; NF-«B inhibitor
NFKBIA. After treatment, the cells were washed with PBS and
centrifuged at 100 x g for 2 min at room temperature, next
RNA isolation was performed using TRIzol® Reagent (Thermo
Fisher Scientific,Inc.) according to manufacturer's instructions.
Isolated RNA was treated with DNasel amplification grade
(Thermo Fisher Scientific, Inc.) and reverse transcription PCR
(RT-PCR) was performed using 1 pg total RNA and the High
Capacity cDNA Reverse Transcription kit (Thermo Fisher
Scientific, Inc.) in a GeneAmp PCR System 9700 thermal
cycler (Thermo Fisher Scientific, Inc.) with the following
conditions 25°C/25 min, 37°C/120 min, 85°C/5 min, and infi-
nite hold at 4°C. Real-Time quantitative PCR (QRT-PCR) was
performed using 1 pl of cDNA, TagMan® Gene Expression
Master Mix and TagMan® Gene Expression Assays with FAM
MGB fluorophore-quencher system for each gene (Thermo
Fisher Scientific, Inc.), the experimental samples were evalu-
ated in duplicate. The next TagMan assays were used in this
study: BCRABL1, Hs03024844_ft; CCND1, Hs00765553_ml;
TNF, Hs99999043_ml; MYC, Hs00153408_m1; BCL2,
Hs00608023_m1; BIRCS5, Hs00153353_ml; PTGS2,
Hs00153133_ml1; ALOX5, Hs01095330_ml1; NOS2,
Hs01075529_ml1; VEGFA, Hs00900055_ml;
MDRI, Hs00184500_m1; NFKBIA, Hs00153283_m1; GUSB,
Hs00939627_m1; cat. no. 4331182 (Thermo Fisher Scientific,
Inc.). qRT-PCR was performed in a 7900 HT Fast Real-Time
PCR System linked to SDS 2.4 software (Thermo Fisher
Scientific, Inc.), cycling conditions were: 50°C/2 min,
95°C/10 min, 95°C/15 sec and 60°C/1 min (40 cycles). Gene
expression was calculated by relative quantification using the
224 method (20), B-glucuronidase (GUSB) housekeeping
gene was evaluated as constitutive control and chemotherapy
drugs alone groups as a calibrator.

Combinations analysis. Interaction effect of the chemotherapy
drugs and curcumin was evaluated by the isobologram method
using the Compusyn Software (Compusyn, Inc. Paramus, NIJ,
USA). The combination index (CI) of each treatment was
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calculated according to the Chou & Talalay's median effect
equation, based on the dose-effect curve for experimental
combination and their respective IC50 (21). The CI value
indicates the interaction of treatment combinations as follows:
CI<0.9, synergism; CI between 0.9-1.1, additive; CI>1.1, antag-
onism. Dose reduction index (DRI) was calculated according
to the CI of each combination treatment, DRI indicates the
level that a drug can be reduced and will continue producing
a similar individual effect in a synergistic combination (22).

Statistical analysis. Significant differences were analyzed
using the SPSS Software (SPSS, Inc., Chicago, IL, USA).
Data were reported as the mean value + standard deviation.
Comparison between groups was statistically evaluated using
one-way ANOVA. When intragroup variance was similar
Tukey's test was performed, Dunnett's T3 was used when the
variance was different. P<0.05 was considered to indicate a
statistically significant difference.

Results

Cytotoxic effect of treatments. The cytotoxic effect of imatinib,
vincristine, and daunorubicin alone and in combination with
curcumin in OP-1 cell line was determined by the 7ADD assay.
After 12, 24 and 48 h of treatment, ICs, values for the chemo-
therapy drugs, were respectively as follows: curcumin, 24.6,
21.5 and 14.7 uM; vincristine, 4, 3.4 and 3 ug/ml; imatinib,
4.2,3.2 and 2.4 uM; daunorubicin, 2.4,2.4 and 2.3 yg/ml. This
data showed that curcumin, vincristine, and imatinib induce
cytotoxicity to OP-1 cell line in a dose-and time-dependent
manner (P<0.05), while daunorubicin showed cytotoxic effect
just in a dose-dependent manner (P<0.05; Fig. 1). According to
these results and in-vitro assays parameters, three concentra-
tions of each chemotherapy drug were selected and combined
with 10 yM of curcumin for similar treatment. The cytotoxic
effect was found to be greater for each combination compared
to individual chemotherapy drugs effect (P<0.05; Fig. 2).

Evaluation of treatment interaction. To evaluate the effect
of combined treatments, combination index (CI) values were
generated from the ICs, ratio of individual drugs and its
combination with curcumin; CI values indicate the interaction
degree between curcumin with chemotherapy drugs. This data
was represented in normalized isobolograms and fractional
affected-combination index plots (Fa-CI) using Compusyn
Software 1.0 (Combosyn Inc., Paramus, NJ, USA).

The combination of vincristine with 10 gM curcumin
at 12 h, showed a dose-dependent pattern; 1 ug/ml vincris-
tine + curcumin exerted a nearly additive effect, while 2
and 2.5 pg/ml vincristine + curcumin yielded slight and
moderate synergism respectively. Similarly, combinations
at 24 h treatment, exhibit a dose-dependent pattern; 1 yg/ml
vincristine + curcumin resulted in a nearly additive effect,
however, 2 and 2.5 pg/ml vincristine + curcumin effects were
enhanced, pointing to moderate synergism and complete
synergism respectively. At 48 h treatment, the effects
significantly increase compared to 12 and 24 h, and showed a
dose-dependent pattern as well; all vincristine doses showed a
synergistic effect; 1,2 and 2.5 pg/ml of vincristine + curcumin
had a slight, moderate and complete synergism respectively. In
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Figure 1. Cytotoxic effect of individual treatments. Different doses of (A) curcumin, (B) vincristine, (C) imatinib and (D) daunorubicin were evaluated with
7 ADD assay at 12, 24 and 48 h exposition to determine cell viability. “P<0.05 vs. controls (values under 80%).
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Figure 2. Chemotherapy drugs + curcumin effect on cell viability. OP-1 cells were exposed to different doses of each chemotherapy drug alone and in combina-
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Table I. Chemotherapy drugs/curcumin combination treatments interaction analysis.

DRI
Exposition
Combination treatment time Fa CI Interaction degree Chemoterapy drug ~ Curcumin
Vincristine 1 pg/ml +curcumin 12h 074 109  Nearly additive 39 1.1
Vincristine 2 pg/ml +curcumin 12h 056 0.87  Slight synergism 2.5 2.1
Vincristine 2.5 pg/ml +curcumin 12h 044 0.73  Moderate synergism 24 2.9
Vincristine 1 yg/ml +curcumin 24 h 0.68 1.02  Nearly additive 42 1.3
Vincristine 2 yg/ml +curcumin 24 h 047 0.77  Moderate synergism 3.1 22
Vincristine 2.5 pg/ml +curcumin 24 h 036 0.66  Synergism 3.1 29
Vincristine 1 pg/ml +curcumin 48 h 0.57 0.88 Slight synergism 6.7 14
Vincristine 2 pg/ml +curcumin 48 h 040 0.76  Moderate synergism 3.6 20
Vincristine 2.5 pg/ml +curcumin 48 h 029 0.64  Synergism 3.6 2.7
Imatinib 1 M +curcumin 12h 0.65 095  Nearly additive 2.6 1.5
Imatinib 2 yM +curcumin 12h 052 0.80  Moderate synergism 2.7 23
Imatinib 3 yM +curcumin 12h 038 0.79  Moderate synergism 1.9 35
Imatinib 1 gM +curcumin 24 h 0.57 0.90 Slight synergism 32 1.7
Imatinib 2 M +curcumin 24 h 041 0.73  Moderate synergism 29 2.5
Imatinib 3 M +curcumin 24 h 024 0.62  Synergism 2.5 4.1
Imatinib 1 M +curcumin 48 h 043 0.80  Moderate synergism 35 19
Imatinib 2 yM +curcumin 48 h 028 0.66  Synergism 33 2.7
Imatinib 3 yM +curcumin 48 h 0.15 0.58 Synergism 2.8 4.3
Daunorubicin 0.5 pg/ml +curcumin 12h 0.76 144  Moderate antagonism NA NA
Daunorubicin 1 gg/ml +curcumin 12h 0.66 1.22  Sligth antagonism 1.6 1.5
Daunorubicin 2 yg/ml +curcumin 12h 051 1.02  Nearly additive 1.6 24
Daunorubicin 0.5x¢g/ml +curcumin 24 h 0.74 140  Moderate antagonism NA NA
Daunorubicin 1 pg/ml +curcumin 24 h 0.60 1.10  Nearly additive 20 1.6
Daunorubicin 2 pg/ml +curcumin 24 h 046 097  Nearly additive 19 22
Daunorubicin 0.5 pg/ml +curcumin 48 h 0.69 1.37  Moderate antagonism NA NA
Daunorubicin 1 gg/ml +curcumin 48 h 054 106  Nearly additive 2.6 1.5
Daunorubicin 2 yg/ml +curcumin 48 h 041 093  Nearly additive 23 19

OP-1 cell line was treated with different doses of chemotherapy drugs combined with 10 #M curcumin at different exposition times. Compusyn
software 1.0 (Combosyn Inc., Paramus, NJ, USA) was used to calculate combination index (CI), fractional affected (Fa) and dose reduction
index (DRI) parameters for each combination treatment. Interaction degree was assigned according to CI values indications (<0.1, very strong
synergism; 0.1-0.3, strong synergism; 0.3-0.7, synergism; 0.7-0.85, moderate synergism; 0.85-0.9, slight synergism; 0.9-1.1, nearly additive;
1.1-1.2; slight antagonism; 1.2-1.45, moderate antagonism; 1.45-3.3, antagonism; 3.3-10, strong antagonism; >10, strong antagonism). NA,
not applicable.

general, the combination of vincristine + curcumin produces
a more potent effect than each agent alone; this combination
exhibited a dose-and time-dependent pattern, shifting from
nearly additive interaction to synergism (Table I; Fig. 3).
Imatinib + 10 xM curcumin at 12 h produces the next results;
1 yMimatinib + curcumin exhibit a nearly additive effect, whereas
2 and 3 yM imatinib + curcumin showed a moderate synergism.
Imatinib + 10 M curcumin at 24 h exposition produces syner-
gistic effects at different degrees; 1 xM imatinib + curcumin,
slight synergism; 2 xM imatinib + curcumin, moderate synergism;
3 uM imatinib + curcumin, synergism. Imatinib + curcumin
after the 48 h exposition also generates a synergistic effect in all
combinations; 1 #M imatinib + curcumin showed a moderate
synergism, while 2 and 3 ¥M imatinib + curcumin produced a
complete synergism effect. In general, imatinib + curcumin effect

was synergistic and increases in a dose-and time-dependent
manner (Table I; Fig. 4).

The combination of daunorubicin with 10 M curcumin
resulted in a moderate antagonism effect when 0.5 yg/ml dauno-
rubicin was used at all exposition times. Combination of 1 yg/ml
daunorubicin + curcumin generated a slight antagonism at 12 h,
while the rest of the combinations produced a nearly additive
effect. Although, 2 ug/ml daunorubicin + curcumin produces a
nearly additive effect at all exposition times. According to these
results, daunorubicin + curcumin treatment showed an additive
effect only at doses greater than 1 pg/ml daunorubicin and
exposed for more than 24 h (Table I; Fig. 5).

Experimental induction of apoptosis. In order to evaluate
the apoptosis degree induced by chemotherapy drugs
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Figure 3. Analysis of vincristine + curcumin interaction. Combination indexes between vincristine + curcumin experiments in OP-1 cells are represented in
normalized isobolograms at (A) 12 h, (C) 24 h, and (E) 48 h treatment exposition, the diagonal line represents additive effect, values below diagonal line indi-
cates synergism, and values above diagonal line indicate antagonism. Additionally, fractional affected-combination index plots (Fa-CI) at (B) 12 h, (D) 24 h
and (F) 48 h are presented, the horizontal line indicates additive effect, values below the line indicate synergism, and values above the line indicate antagonism.

Each point represents the mean value of triplicated experiments.

alone compared to chemotherapy drugs + curcumin in
OP-1 cells; FITC Annexin V/PI assay was performed.
Vincristine + curcumin combinations induced a signifi-
cant increment of apoptotic cells compared to both agents
alone (P<0.05). An early apoptotic stage was principally
observed in this combination at 12 h, whereas at 24
and 48 h exposition, late apoptotic cells stage showed a
significant increase (P<0.05; Fig. 6). The combination of
imatinib + curcumin produced a significative increase on
apoptosis,compared to each agent alone (P<0.05); the apop-
tosis degree increments significantly from early apoptosis
to late apoptosis in a dose-dependent manner (P<0.05),
3 uM Imatinib + curcumin induced a high percentage of

late apoptosis in all exposition times; moreover, necrotic
cells significantly increase in the combination compared to
controls at 48 h (P<0.05; Fig. 7). Daunorubicin + curcumin
combination showed a significant increase in apoptosis
than daunorubicin alone using 1 and 2 pg/ml daunoru-
bicin + curcumin (P<0.05), this increment did not change
due to exposition time (Fig. 8).

NF-kB activity after treatment. To determine the
activation/transactivation potential of NF-kB in OP-1
cells after exposition to chemotherapy drugs alone and in
combination with curcumin, phosphorylated p65 subunit in
ser529 was evaluated. 10 yM curcumin significantly reduced
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Figure 4. Analysis of imatinib + curcumin interaction. Combination indexes between imatinib + curcumin experiments in OP-1 cells are represented in
normalized isobolograms at (A) 12 h (C) 24 h and (E) 48 h treatment exposition, the diagonal line represents additive effect, values below diagonal line indi-
cates synergism, and values above diagonal line indicates antagonism. Additionally, fractional affected-combination index plots (Fa-CI) at (B) 12 h (D) 24 h
and (F) 48 h are presented, the horizontal line indicates additive effect, values below the line indicate synergism, and values above the line indicate antagonism.

Each point represents mean value of triplicated experiments.

NF-«B activity at 24 and 48 h in all experiments (P<0.05),
while individual treatment of vincristine showed a higher
NF-kB activity compared to control groups; this incre-
ment was not statistically significant and it did not change
with dose or exposition time increments. Combination of
1 pug/ml of vincristine + curcumin decreased the NF-xB
activity compared to vincristine alone at 24 and 48 h,
these changes were statistically significative in a dose-and
time-dependent manner (P<0.05). In all experiments, 2 and
2.5 ug/ml vincristine + curcumin reduced the NF-kB activity
compared to vincristine alone in a dose-and time-dependent

manner (P<0.01; Fig. 9). Imatinib alone treatment signifi-
cantly reduced NF-kB activity in a dose-and time-dependent
manner (P<0.05), the combination of imatinib + curcumin
compared to imatinib alone showed a significantly reduced
activity of NF-kB in all experiments, these changes exhibit
a dose-and time-dependent pattern (P<0.05-0.01; Fig. 10).
Daunorubicin alone treatment increased NF-kB activity
compared to control groups, although this increment was not
significative. As well, daunorubicin + curcumin treatment
did not produce any significative change of NF-«kB activity
(Fig. 11).
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Figure 5. Analysis of daunorubicin + curcumin interaction. Combination indexes between daunorubicin + curcumin experiments in OP-1 cells are represented
in normalized isobolograms at (A) 12 h (C) 24 h and (E) 48 h treatment exposition, the diagonal line represents additive effect, values below diagonal line
indicates synergism, and values above diagonal line indicates antagonism. Additionally, fractional affected-combination index plots (Fa-CI) at (B) 12 h
(D) 24 h and (F) 48 h are presented, the horizontal line indicates additive effect, values below the line indicate synergism, and values above the line indicate

antagonism. Each point represents mean value of triplicated experiments.

Expression of BCR-ABLI fusion gene in experimental
conditions. BCR-ABLI gene was detected in OP-1 cell line
and its expression level was measured after each experi-
mental treatment. Relative gene expression level significantly
decreased only in imatinib-treated cells in a dose and
time-dependent manner. Vincristine and daunorubicin did not
induce any change in BCR-ABLI expression level compared
to controls. As well no significant differences were observed
when each chemotherapy drug was combined with curcumin
(Fig. 12).

Effect of combination treatments on the expression of NF-kB
regulated genes. Gene expression was evaluated in OP-1
cells after the exposition to chemotherapy drugs alone as the
calibrator and chemotherapy drugs + curcumin as the target
group.

In the evaluation of vincristine + curcumin compared to
vincristine alone treatments, following results are reported;
at 12 h exposition BCL2, PTGS, ALOX, VEGFA signifi-
cantly reduce its expression, while NFKBIA increment it;
these changes showed a dose-dependent pattern (P<0.05). At
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the 24 h exposition, a decrease in the expression of BIRCS,
CCNDI, MYC, BCL2, PTGS2, ALOX, NOS2, and VEGFA in
a dose-dependent manner is observed, as well TNF showed an
expression decrement, but it was not dependent of vincristine
dose (P<0.05). Similarly to 12 h experiments, NFKBIA showed
an increased expression in a dose-dependent manner at 24 h
(P<0.05). When experiments were performed at 48 h exposi-
tion MDRI showed a downregulated expression not associated
to vincristine dose (P<0.01), NFKBIA continues showing a
dose-dependent overexpression (P<0.01), and the expression
of all other genes significantly decreased in a dose-dependent
manner (P<0.01). In general, vincristine + curcumin modulated
expression of selected genes in a dose-and time-dependent
manner (Fig. 13).

Imatinib + curcumin compared to imatinib alone treatment
effect on genes expression is reported below: At 12 h exposi-
tion TNF, BIRC5, MYC, BCL2, PTGS2, ALOX, and NOS2
were significantly downregulated in a dose-dependent manner

(P<0.05), VEGFA showed a significant decrement of gene
expression that was not related to imatinib dose (P<0.05), while
NFKBIA was overexpressed according to imatinib dose incre-
ment (P<0.05). After 24 h of exposure, MDRI and NFKBIA
showed a dose-dependent significant overexpression (P<0.05),
but NFKBIA overexpression was smaller compared to 12 h
exposure. The rest of the evaluated genes showed a significant
expression reduction in a dose-and time dependent manner
(P<0.05). The 48 h evaluation showed a significant decrease
of MDRI expression in a dose-and time dependent-manner
(P<0.01), NFKBIA was overexpressed just at 3 yM imatinib
(P<0.05), in all the rest of the evaluated genes the expression
was downregulated in a dose-dependent manner (P<0.01). In
general, imatinib combined with curcumin produce changes
in the expression of evaluated genes in a dose-and time-depen-
dent manner (Fig. 14).

Daunorubicin + curcumin treatment effect compared to
daunorubicin alone, showed the next results: the 12 h evaluation
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resulted in a significant decrease of PTGS and ALOX expres-
sion at 1 and 1-2 yg/ml respectively (P<0.05), while NFKBIA
showed an overexpression only in treatment with 1 zzg/ml dauno-
rubicin + curcumin (P<0.05). Similarly, experiments at 24 and
48 h treatment exposition only showed significant decrement
of expression in PTGS and ALOX in a dose-dependent manner
(P<0.05), while NFKBIA was significantly overexpressed
according to daunorubicin dose increment (P<0.05; Fig. 15).

Discussion

In the current study, the effect of curcumin in combination
with chemotherapeutic drugs in OP-1 cell line was investi-
gated. Curcumin antitumoral properties have been evaluated
in different types of cancer cells (23), and a vital role in
NF-«B activity modulation has been reported (24). Our results
show that curcumin potentiates the anti-leukemia effect of

vincristine and imatinib in a dose and time-dependent manner,
while curcumin + daunorubicin effect did not significantly
change. The decrease in NF-«xB activity caused by the experi-
mental treatments was associated with the anti-leukemia effect
increment. We could not find any evaluation performed in a
Ph* ALL model, similar to those made in this study.

The results revealed that each tested agent induces cyto-
toxicity and its combination with curcumin increment it
significantly. Previously, this cytotoxic effect was reported in
ALL, considering only the dose of the drugs (25-28) but not
the exposition of time as we did.

Vincristine + curcumin combination produce an effect in
the range of nearly additive to synergistic. We did not find any
other report of this interaction in a Ph* ALL model, but we
suggest that curcumin could prolong cellular accumulation of
vincristine in cancer cells (29), increasing the anti-leukemia
effect. Similarly, imatinib + curcumin exhibit an interaction
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effect varying from nearly additive to synergistic. Previously,
was demonstrated the efficacy of this combination in
ALL (25) cells in vitro and in vivo, but they did not perform
interaction analysis as we did. In daunorubicin + curcumin
combination, interaction response from moderate antagonistic
to nearly additive was observed. We suppose that daunorubicin
anti-leukemia activities strongly coincide with those generated
by curcumin (30) so that an enhancing effect is not produced,
and instead an antagonistic/additive effect is observed. Again,
previous reports of this interaction in Ph* ALL model are not
available.

Our results reveal a significant apoptosis induction
increment produced by chemotherapeutic drugs + curcumin
compared to each individual agent. In agreement with our
study, Guo et al (2015) reported an apoptosis increase using
1 M imatinib + curcumin (25). However, they did not eval-
uate the drug dose and exposition time effect. Furthermore,

we report for the first time a pro-apoptotic effect of vincris-
tine/daunorubicin + curcumin in a Ph* ALL model using
Annexin V/PI staining. Previously, caspase-3 activation was
measured to report that the combination of vincristine/dauno-
rubicin with curcumin augments apoptosis in REH cells (28).

Considering that curcumin is involved in the suppression
of NF-xB activity by inhibiting different kinases, Ser529p65
phosphorylation was evaluated. OP-1 cells treated with
vincristine + curcumin exhibit a decrease in NF-xB activa-
tion compared to vincristine alone. Pimentel-Gutiérrez et al
(2016) reported an increment of NF-kB activation in REH
cells treated with vincristine (28), but unlike our study, they
evaluated the Ser536p65 phosphorylation, that is not associated
with the BCR-ABL activity. We suggest that the NF-«xB activity
decrease observed in our results is principally due to curcumin
activity and exposition time; this can be explained by the find-
ings reported in Das & White study (1997), where they also
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observed NF-«B activation (31). Imatinib + curcumin induce a
significant decrease in NF-«xB activation compared to imatinib
alone. Our results are in accordance with the data reported by
Demiray et al in adenoid cystic carcinoma (32). We could not
find any study which evaluates the imatinib + curcumin effect on
NF-«B activity in a Ph* ALL model. Daunorubicin + curcumin
did not produce any significant change in NF-xB activities
compared to daunorubicin alone; thus we suggest curcumin
activities could be masked by daunorubicin functions.

The BCR-ABLI gene expression level is a gold standard
tool used in diagnosis and follow-up of pediatric patients (6).

We performed such measurement in each OP-1 cells experi-
mental conditions that result as expected: a higher level of
expression in untreated cells and decreased gene expression
only in imatinib-treated cells. Clearly, curcumin did not
induce significant changes in BCR-ABLI gene expression,
but its addition provided increased treatment effectivity
based on evidence obtained from NF-kB activation due
to BCR-ABL presence, as well as the rest of biological
parameters measured (NF-xB regulated genes expression,
proliferation, and apoptosis). These explain the synergistic
effect of imatinib + curcumin combination, and its difference
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with vincristine or daunorubicin combination treatments.
This information is described in an integrated proposal
diagram in Fig. 16.

Vincristine/imatinib + curcumin induce significant
decrease in the expression of CCNDI, TNF, MYC, BCL2,
BIRCS, PTGS, ALOX, NOS2, VEGFA, and MDRI genes; these
decreases are explained due to the NF-kB activity inhibition.
As well, both combinations induce NFKBIA overexpression; we
proposed that while NF-«kB activity decreases the NKBIA gene,

increments its molecular activity. Daunorubicin + curcumin
induces only significant downregulation of ALOX and PTGS
genes and overexpression of NFKBIA gene; according to the
NF-«xB activity status in this combination, we suggest that
these changes could be associated only to curcumin effect.

In conclusion, curcumin potentiates the anti-leukemia
effect of vincristine and imatinib in a dose-and time-dependent
manner. Otherwise, the combination of curcumin with
daunorubicin did not produce any improvement (Fig. 16).
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Figure 15. Effect of daunorubicin + curcumin on NF-«B regulated genes. Expression of selected genes was evaluated after OP-1 cells were exposed to different
doses of daunorubicin alone and daunorubicin + curcumin for (A) 12 h, (B) 24 h, and (C) 48 h. Relative gene expression is represented as fold-change. Values
below/above () are significant changes (P<0.05), values between (*) are not significant.
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Figure 16. Proposed diagram of the experimental study. (A) Biological mechanisms of leukemogenesis mediated by BCR-ABLI and NF-«xB in OP-1 cells are
shown. (B) Daunorubicin + curcumin combination treatment effects in OP-1 cells. (C) Vincristine + curcumin combination treatment effects in OP-1 cells.
(D) imatinib + curcumin combination treatment effects in OP-1 cells.

The described results are of clinical importance and suggest  efficacy could be potentiated in Ph* ALL with bad prognosis
that curcumin could be a promising agent. The treatment by combining these drugs with curcumin. Further studies are
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necessary to evaluate curcumin effect in combination with
more chemotherapy drugs of ALL standard scheme. Finally,
further studies are necessary to assess if the anti-leukemia
effect of chemotherapy drugs-curcumin interactions would be
observed in alternative fusion-genes cell line models related
to leukemia.
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