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1 | INTRODUCTION

Acute promyelocytic leukemia (APL) is a subtype of
acute myeloid leukemia, which is associated with the
accumulation of immature promyelocytes in the periph-
eral blood and the bone marrow. Cytogenetically, it is
characterized by chromosomal translocation t(15;17)
(922;921) in the majority of patients. This translocation
leads to the fusion between the retinoic acid receptor-a
(RARa) and promyelocytic leukemia (PML) genes.' Both
RARa and PML play key roles in hematopoiesis, and the
gain-of-function PML-RARa fusion protein prevents the
antiproliferative and proapoptotic effects of PML. This
fusion also recruits histone deacetylases (HDACs) result-
ing in the repression of the differentiating role of retinoic
acid.'”? Therefore, HDAC inhibitors are suggested as
valuable therapeutic agents for this form of leukemia.*

APL needs early diagnosis and treatment because it
can cause severe coagulopathy and life-threatening
bleeding.” Introducing all-trans retinoic acid (ATRA)
and arsenic trioxide (As,O3) for the treatment of APL
patients could dramatically improve their survival rate.
However, despite improvements in the prognosis of the
majority of APL patients, relapse of disease and
resistance to ATRA and/or As,O; are still a critical
problem.®” The overexpression of multidrug resistance
(MDR)-associated proteins including ATP-binding cas-
sette (ABC) membrane transporters (eg, ABCB1 and
ABCC1) in leukemic cells is an important contributor to
chemotherapy resistance.®’

Crocetin, the major carotenoid in saffron, has been shown
to induce significant anticancer effects in the breast, liver,
lung, pancreas, skin, and colorectal cells.' Saffron, a spice
derived from the flower of Crocus sativus, is widely used as a
natural dietary spice and also in the traditional medicine for
centuries.""* The mechanisms underlying the anticancer
effect of carotenoids include antioxidant activity, inhibition of
cell proliferation, induction of apoptosis, stimulation of cell
differentiation, and regulation of retinoid-dependent signal-
ing.">'* Tarantilis reported that crocetin inhibits growth and
induces differentiation of human promyelocytic leukemia

promyelocytic leukemia/retinoic acid receptor-a (PML/RARa) in NB4 and
primary APL cells, and reduced the expression of histone deacetylase 1
(HDAC1I) in all leukemic cells. The results suggested that crocetin can be
considered as a candidate for future preclinical and clinical trials of
complementary APL treatment.

acute promyelocytic leukemia, apoptosis, crocetin, differentiation, multidrug resistance,

tyrosyl-DNA phosphodiesterase 1

(HL60) cell line." Studies have also shown that crocetin is
far less potent genotoxin than ATRA.*® To date, however, no
study had evaluated the antileukemic effect of crocetin in
freshly isolated APL cells and the underlying molecular
mechanisms. In this study we designed a series of
experiments to examine the effects of crocetin on prolifera-
tion, apoptosis, and differentiation of primary APL cells
isolated from newly diagnosed APL patients, as well as in
NB4 (which express PML-RARa) and HL60 (which are null
for PML-RARa) cell lines. It was also aimed to determine
whether antileukemic effects of crocetin are associated with
altering the activity of tyrosyl-DNA phosphodiesterase 1
(TDP1) and HDACT and the expressions of, PML-RARa, and
ABC membrane transporters.

2 | MATERIALS AND METHODS

21 |

High-glucose Roswell Park Memorial Institute (RPMI 1640)
medium and fetal bovine serum (FBS) were purchased from
Gibco (Carlsbad, CA). TRIzol was purchased from Invitrogen
(Carlsbad, CA). Penicillin-streptomycin solution, ATRA,
As,03, propidium iodide (PI), nitro blue tetrazolium (NBT),
phorbol myristate acetate, 7-hydroxy-3H-phenoxazin-3-one-
10-oxide (resazurin; 300 uM of resazurin, 78 uM of methy-
lene blue, 1mM of potassium hexacyanoferrate III, and
1mM of potassium hexacyanoferrate II [all from Sigma-
Aldrich]), and antibody against -actin were obtained from
Sigma-Aldrich (St. Louis, MO). Stock solutions of crocetin
and ATRA were prepared in dimethyl sulfoxide (DMSO).
The solutions were protected from light and stored at —20°C.
Before being added to cells, the stock solutions were diluted
with the culture medium to prepare the working solutions.
The final DMSO concentrations in the treatment and control
groups were all less than 0.1%. The enhanced chemilumi-
nescence (ECL) detection kit and FITC annexin V kit were
obtained from GE Healthcare (Chicago, IL) and BD
Biosciences (Franklin Lakes, NIJ), respectively. Giemsa-
staining solution was purchased from Merck (Darmstadt,
Germany). Human promyelocytic leukemia cell lines, HL60

Chemicals and reagents
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and NB4, were obtained from cell bank of Pasteur Institute
(Tehran, Iran). Human lymphoblastoid TK6 cells were
maintained at Professor Sherif F El-Khamisy lab (Depart-
ment of Molecular Biology and Biotechnology, University of
Sheffield, Sheffield, UK). HRP-conjugated goat anti-rabbit
IgG and antihistone H3 were bought from Bio-Rad
(Hercules, CA) and Abcam (Cambridge, UK), respectively.
Crocetin was kindly provided by School of Pharmacy,
Mashhad University of Medical Sciences, Mashhad, Iran. It
was prepared from crocin (the main water soluble pigment
in saffron stigmas) using acidic hydrolysis and its purity was
evaluated using spectrophotometry, thin layer chromatogra-
phy and high performance liquid chromatography (HPLC),
as described previously.'” Representative HPLC chromato-
gram of purified crocetin was shown in Figure 1. Fluorescein
isothiocyanate-conjugated antibodies against CD14 and
CD33, and phycoerythrin-conjugated antibodies against
CD11b and CD34 were obtained from Novus Biologicals
(Littleton, CO). Real-time PCR Master Mix and cDNA
Synthesis Kit were obtained from Roche Diagnostic (Risch-
Rotkreuz, Switzerland) and Fermentas (Vilnius, Lithuania),
respectively.

2.2 | Clinical samples

Primary APL cells were obtained from heparinized bone
marrow samples from 15 untreated patients (9 men and 6
women 37 + 3 years old) with newly diagnosed APL at the
Oncology Department of Ghaem Hospital (Mashhad Uni-
versity of Medical Sciences, Iran). Eligibility criteria for newly
diagnosed APL included demonstration of the t(15;17) or
PML/RAR rearrangement,'® and a signed informed consent.
All patients showed >80% of promyelocytic leukemic cells in
bone marrow aspirate. Immunophenotyping was also
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FIGURE 1 Chromatogram of crocetin (20 pg/mL) in acetone
at 440 nm. The composition of mobile phase: methanol-water
(20/80, v/v) for 2 minutes; then, was changed to methanol-water
(70/30, v/v) in 50 minutes; and then changed to 100% methanol in
5 minutes and continued with 100% methanol for 15 minutes

ISRy

performed by flow cytometry for verifying promyelocytes in
AMLM3 patients, mainly CD13, CD33, CD117, and MPO-
positive and HLA-DR-negative blast cells. The APL cells of
bone marrow were isolated under sterile conditions by Ficoll-
Hypaque density-gradient centrifugations. Normal poly-
morph nuclear cells were prepared from bone marrow of
three complete remission APL patients (two men and one
woman 40 + 2 years old) by two consecutive Ficoll-Hypaque
density-gradient centrifugations.”” The normal cells were
more than 97% pure, as judged by morphological examina-
tion of Wright-stained smears. Informed consent was
obtained in accordance with the Declaration of Helsinki,
and all study protocols were approved by the Ethics
Committee of the Mashhad University of Medical Sciences.

2.3 | Cell culture and treatment

Primary APL cells, normal polymorph nuclear cells, NB4
cell line, HL60 cell line, and human lymphoblastoid TK6
cells were grown in RPMI 1640 medium supplemented
with 1 mM of sodium pyruvate, 1% r-glutamine, 20% FBS,
100 U/mL of penicillin, and 100 U/mL of streptomycin at
37°C in a humidified atmosphere containing 5% CO,. The
cells were plated in 96-well plates at the density of
1 x 10* cells/well (for cell proliferation assay) or six-well
plates at the density of 1 x 10° cells/well (for apoptosis
and differentiation assays) and treated for 3 or 5 days
with different concentrations of crocetin (2.5 to 100 uM),
ATRA (0.25 to 10 uM), or As,05 (0.01 to 5uM).' >

2.4 | Cell proliferation assay

Cell proliferation was determined using resazurin reduc-
tion by live cells to resorufin, a highly fluorescent
compound. After treatment of NB4, HL60, primary APL
cells, and normal polymorph nuclear cells with crocetin
(5 to 100 uM), ATRA (0.5 to 10 uM), or As,0; (0.5 to
5 uM), 20 uL of resazurin reagent was added to each well.
After 4 hours, fluorescence intensity was measured by a
fluorescence Victor X5 2030 Multilabel Plate Reader
(PerkinElmer, Shelton, CT) at an excitation wavelength
of 530 nm and an emission wavelength of 590 nm.*

25 |

HL60, NB4, and primary APL cells were treated with
crocetin (5 to 100 uM), ATRA (10 uM), or As,O5 (5 uM)
for 5 days, and then the rate of apoptosis and necrosis
were evaluated using the fluorescent microscopy, sub-G1
cells analysis, and annexin V/PI staining methods, as
described previously. The cell images were photographed
using a fluorescent microscope (Eclipse TS-100, Nikon,
Tokyo, Japan) equipped with Canon camera. The

Apoptosis assay
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quantification sub-G1 cell population and the rate of
apoptosis and necrosis were carried out by FACS Calibur
(BD Biosciences, Franklin Lakes, NJ) flow cytometer
followed by analysis using Flowjo software (TreeStar Inc.,
Ashland, OR).%¢

2.6 | Differentiation assay

Cell differentiation was evaluated by morphological
observation using Giemsa staining, NBT reduction, and
cell surface differentiation antigens expression assays. To
perform NBT assay, the treated HL60, NB4, and primary
APL cells with crocetin (2.5 to 50 uM), ATRA (0.25 to
5 uM), or As,03 (0.01 to 0.1 uM) were washed with PBS
and suspended in NBT solution (2 mg/mL) containing
200 ng/mL of phorbol myristate acetate. After 25 minutes
incubation at 37°C in the dark, cytospin slides were
prepared and stained with Giemsa. Differentiated cells
were recognized by their intracellular reduced dark blue
formazan granules (300 cells were scored for the presence
of the granules).”’

Cell-surface markers of monocytes/granulocytes
(CD11b and CD14) and immature cells (CD33 and
CD34) were evaluated by immunophenotyping analy-
sis.?® The treated HL60, NB4, and primary APL cells
were washed with PBS and incubated with the
antibodies against these markers for 15 minutes.
Then, the cells were subjected to flow cytometric
analysis using FACS Calibur (BD Biosciences) flow
cytometer.

2.7 | Real-time PCR quantification

2.7.1 | Real-time PCR quantification
with Taq-Man probes

The treated HL60, NB4, and primary APL cells with
crocetin (5 to 100 uM), ATRA (1 and 10 uM), or As,0;
(0.05 and 5uM) were subjected to RNA extraction
using TRIzol according to manufacturer’s instruction.
The RNA concentration and purity were determined
using spectrophotometry. Complementary DNA
(cDNA) was synthesized from total RNA (100 ng) of
each sample using cDNA synthesis kit with random
hexamer primer. Primers and probes were designed
using Beacon software (Applied Biosystems; Table 1).
Gene expression changes were measured using Taq-
Man-based real-time PCR Technology by Applied
Biosystems Step One Plus Detection System (ABI).
As a brief, the reaction mixture (20 uL) contained 2 uL
of cDNA (250 to 400ng), 1uL of each primer
(900 nM), 10 uL. of 2x master mix, and 0.4 uL of the
probe (250 nM). The optimized parameters used for
the thermocycler were: short hot-start at 95°C for

TABLE 1 Sequences of primer and probe selected for real-time PCR quantification using Tag-Man probes

Product size, bp

Probe

Reverse primer

Forward primer

Gene

189
150
179
147
205
120

CAGTTGGTTTCTTTTCCTTCTTATCTT

AAGTTCTCCACAATGCTGCC

AGTCGGAGTATCTTCTTC

TAGCGAAACATTGAAAATAC

ABCB1
ABCC1
HDAC1

CTCCCAAGTATTACCAGTG

GGAAGAGCATCAGTAACTAA
CTGCTGCTTATTAAGTTTC

CACAGAACCACCAGTAGACAA

GCGATGACTACATTAAATTC

AGT GCC CAG CCC TCC CTC GC

GCT TGT AGA TGC GGG GTA GAG
TCGCTCACACCAAATCCTT

CCG ATG GCT TCG ACG AGT T

PML-RAR
GUSB

ACTACTCTTGGTATCACGACTACGGG
ACCATCTCGGTCATCAGGATTGCC

GGCTTCTGATACTTCTTATACCA
ACAGTCTCCTTCCATATTCCCAAA

CCTTCCTTCAATCACACTCAGTT

TFRC
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TABLE 2 Sequences of primer selected for real-time PCR quantification using SYBR Green

Gene Forward primer

P53 GGAACTCAAGGATGCCCAG
P21 AACGGCGGCAGACCAGCAT
PTEN AGTAGAGGAGCCGTCAAATC
CASP3 AGAACTGGACTGTGGCATT
CASPY CTTTGTGTCCTACTCTACTTTCC
CASP8 TGTTGGAGGAAAGCAATCTG
PI3K TGCGGAAACTGACGGACGATGA
AKT GCACCTTCATTGGCTACA

BCL2 CCAAGAAAGCAGGAAACC
BAX GCCTCCTCTCCTACTTTG
GAPDH GAAGTCAGGTGGAGCGAGG
BACTIN GCCTTTGCCGATCCGC

Reverse primer

ey R

Product size, bp

CAAGAAGTGGAGAATGTCAGTC 155
GAGACTAAGGCAGAAGATGTAGAGCG 150
ATCAGAGTCAGTGGTGTCAG 109
GCTTGTCGGCATACTGTTT 191
AACAGCATTAGCGACCCTA 151
CCTGGTGTCTGAAGTTCCCT 124
CGGAGCGGAGGTGCCAGAA 162
CCGCTCCGTCTTCATCAG 104
GGATAGCAGCACAGGATT 170
CTCAGCCCATCTTCTTCC 102
TGGGTGGAATCATATTGGAACAT 200
GCCGTAGCCGTTGTCG 90

15 minutes, followed by 40 cycles, each consisting of
denaturing at 95°C for 15 seconds, annealing at 60°C
for 1 minute and extension at 72°C for 20 seconds.
Samples were run in triplicate and the fold difference
of expression in treated and untreated samples were
calculated using the 2722¢ method.?® The expressions
of genes related to differentiation (PML-RARa,
HDAC1), and ABC membrane transporters were
normalized to glucuronidase § (GUSB) and transferrin
receptor (TFRC) as housekeeping genes.

2.7.2 | Real-time PCR quantification
with SYBR Green

After synthesis of cDNA, genes were amplified using
primer and real-time PCR Master Mix by Applied
Biosystems StepOneplus Thermocycler 7900 (Applied
Biosystems, Foster City, CA). The reaction mixture
consisted of 2 uL of cDNA (250 to 400 ng), 1 puL of the
primers (100 pmol), 10 uL. of 2x SYBR Green master
mix (Sigma-Aldrich, St. Louis, MO), 0.4 uL of ROX, and
dH,O to bring the volume to 20 uL. The optimized
parameters used for the thermocycler were: short hot-
start at 95°C for 10 minutes followed by 40 cycles, each
consisting of denaturing at 95°C for 20 seconds,
annealing at 60°C for 30seconds, and extension at
72°C for 20 seconds. As the final step of real-time PCR,
melting curves were incorporated from 60 to 90°C
rising by 0.3°. Samples were run in triplicate and the
fold difference of expression in treated and untreated
samples were calculated using the 2724¢ method.*® The
expressions of genes related to apoptosis pathways
(PI3K, Akt, Bcl2, Bax, p53, p21, PTEN, CASP3, CASPS,
and CASP9) were normalized to GAPDH and §-actin as
housekeeping genes (Table 2).

2.8 |

Following treatment with crocetin (5 and 10 uM), ATRA
(1 uM), or As,0;3 (0.05uM), HL60, NB4, and primary
APL cells were lysed using RIPA buffer. The lysates
were then centrifuged at 18000 g for 1 hour at 4°C to
precipitate the particulates. Then, equal amounts of
total protein extracts were separated by 10% SDS-
polyacrylamide gel and transferred onto nitrocellulose
membranes. After blocking with 2% BSA, the blots were
exposed to antihistone H3 (1:5000 dilution) or B-actin
(1:3000 dilution) for 3 hours at room temperature. Then,
the membranes were incubated with HRP-conjugated
goat anti-rabbit IgG secondary antibody (diluted
1:20000) for 1hour at room temperature. The mem-
branes were visualized using an ECL detection kit. The
reactions were revealed and documented by Gel-Doc
(Syngene, Cambridge, UK). Images were quantified
using NIH Imagel] software (version 1.46, National
Institutes of Health, Bethesda, MD).*°

Western blot analysis

2.9 | TDPI1 fluorescence assay

TDP1 protein was selected on the basis of the
probability of binding of crocetin, given by the Swiss
Target Prediction web interface.®® Human lympho-
blastoid TK6 cells extract was treated with crocetin
(5 to 100 uM). The in vitro TDP1 inhibitory activity of
crocetin was determined using a gel-based 3'-tyrosyl-
DNA phosphodiesterase activity assay. Biochemical
assays were performed in 10 uL of reaction volumes
containing TDP1 reaction buffer (50 mM of Tris HCL
(pH 7.5), 50 mM of KCI, 1 mM of DTT, 10 M of EDTA,
and 100 ug/mL of BSA), cell lysate (15ug, TDP1),
and 50nM of Cy5.5-labeled substrate oligomer
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FIGURE 2 Effects of crocetin on proliferation of leukemic cells. A, HL60 cells, B, NB4 cells, C, primary APL cells, and D, normal
polymorph nuclear cells. The cells were treated for 3 or 5 days with different concentrations of crocetin, all-trans retinoic acid (ATRA), or
arsenic trioxide (As,0s). Cell proliferation was determined using resazurin assay. Data are expressed as the mean + SEM of five independent
experiments performed in triplicate. *P < 0.05, **P < 0.01, ***P < 0.001 versus corresponding untreated control cells (concentration of 0).

SEM, standard error of the mean

5'-(Cy5.5) GATCTAAAAGACT (pY)-3’ (Midland
Certified Reagent Company, TX). The reaction pro-
gressed at 37°C for 2 hours and was quenched with
10 uL of loading buffer (44% deionized formamide,
2.25mM of Tris-borate, 0.05mM of EDTA, 0.01%
xylene cyanol, and 1% bromophenol blue). Samples
were then heated at 90°C for 10 minutes before
separation on a 20% urea SequaGel by gel electro-
phoresis at 100V for 30 minutes. Reaction products
were visualized by gel imaging using ChemiDoc MP
Imaging System (Bio-Rad).'’

2.10 | Statistical analysis

Data are presented as the mean + SEM and analyzed by
one-way analysis of variance and Tukey multiple
comparisons post-test. The P-value less than 0.05 was
considered as statistically significant. Statistical analysis
was made using Graph Pad PRISM software (version
6, Graph Pad Software, La Jolla, CA).

3 | RESULTS
3.1 | Crocetin inhibited proliferation of
leukemia cells

As shown in Figure 2, crocetin at concentrations of 50
and 100 uM significantly reduced proliferation of HL60
cells at 3 and 5 days (P <0.001). Such a decrease in
proliferation was seen in NB4 and primary APL cells after
5 days. Similarly, a significant decrease in proliferation
was seen in NB4, HL60, and primary APL cells incubated
for 5 days with 5 and 10 uM of ATRA (P < 0.001) and 1 to
5uM of As,0; (P <0.05). Crocetin had no effect on the
proliferation of normal polymorph nuclear cells at
concentrations of 5 to 100 uM (Figure 2D).

3.2 | Crocetin enhanced apoptosis of
leukemia cells

Figure 3 shows the effects crocetin on sub-G1 population
percent of HL60, NB4, and primary APL cells as
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FIGURE 3 Effects of crocetin on sub-G1 population of PI-stained leukemic cells. The HL60, NB4, and primary APL cells were treated
for 3 or 5 days with crocetin, all-trans retinoic acid (ATRA), or arsenic trioxide (As,O3). A, Representative histogram of the fluorescence
intensity of PI-stained leukemic cells. The sub-G1 region is made by cells with reduced DNA content (apoptotic cells). B, Quantitative

analysis of apoptosis as shown in (A). Data are expressed as the mean + SEM of three independent experiments performed in triplicate.

**P <0.01, ¥**P < 0.001 versus untreated control cells (concentration of 0). SEM, standard error of the mean

evaluated by PI staining. In the presence of 50 and
100 uM of crocetin, the percent of HL60 cells in sub-G1
phase was increased at 3 and 5 days (P < 0.001). Crocetin
also increased the percent of primary APL cells in sub-G1
phase at concentration of 100 uM after 5 days (Figure 3A
and 3B; P<0.01).

Figure 4 shows the effects of crocetin on apoptosis of
leukemic cells as evaluated by annexin V and PI double
staining. Like ATRA and As,0s, crocetin at concentrations of
50 and 100 uM significantly increased the apoptosis rate of
HL60, NB4 and primary APL cells (Figure 4A-C; P < 0.001).

3.3 | Crocetin modulated genes
involved in survival and apoptosis in
leukemia cells

Figure 5 shows the effects of 5 days incubation with
crocetin on the expression of genes involved in survival
(PI3K, Akt, and Bcl2) and apoptosis (p53, p21, PTEN,
Bax, CASP3, CASPS8, and CASP9). In HL60 cells, crocetin
at concentration of 100 uM significantly increased the
expressions of p21, PTEN, CASP3, CASP9, and Bax while
decreased the expression of Akt (P<0.01; Figure 4A).

Similarly, crocetin (100 uM) significantly caused in-
creased p21, p53, PTEN, CASP3, CASPY, and Bax while
decreased Akt expression in NB4 and primary APL cells
(P <0.05 for both, Figure 4B and 4C). The expression of
CASP8 gene did not increase in three leukemic cells upon
treatment with the drugs. As illustrated in Figure 5D, it
was demonstrated that the Bax/Bcl2 ratio was signifi-
cantly increased in HL60, NB4, and primary APL cells
after treatment with crocetin, ATRA, and As,Os.

3.4 | Crocetin-induced differentiation of
leukemia cells

Morphological analysis of the leukemic cells by Giemsa
staining is shown in Figure 6A. Untreated primary APL
cells had promyelocytic characteristics containing a
large nucleus and granules in the cytoplasm. After
treatment with crocetin (less than 10 uM), the cells
began to morphological changes toward having hollow
nuclei and larger zones of clear cytoplasm. After 5 days
of treatment, the granulocytic maturation pattern was
seen in crocetin- and ATRA-treated cells, so that ratio
of nuclei to cytoplasm was decreased and nuclei
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FIGURE 4 Effects of crocetin on apoptosis of leukemic cells as evaluated by annexin V and propidium iodide double-staining. The
HL60, NB4, and primary APL cells were treated for 3 or 5 days with crocetin, all-trans retinoic acid (ATRA), or arsenic trioxide (As,03).
A, Representative fluorescence photomicrographs of the cells treated for 5 days with the tested drugs (bar represents 0.01 mm).

B, Representative histogram of the fluorescence intensity of annexin V and PI double-stained cells after 5 days treatment (x-axis: green
fluorescence of annexin V-FITC showing apoptotic cells; y-axis: red fluorescence of PI showing necrotic cells). C, Quantitative analysis of
apoptosis as shown in (B). Data are expressed as the mean + SEM of three independent experiments performed in triplicate. **P < 0.01,
***P < 0.001 versus untreated control cells (concentration of 0). PI, propidium iodide; SEM, standard error of the mean

demonstrated a range of remodeling from simple
indentations to polylobular nuclei.

In all HL60, NB4, and primary APL cells, com
pared to untreated control cells, crocetin-treated cells
displayed increased NBT reduction ability (the hall-
mark of granulocytic maturation) similar to the
positive control and ATRA-treated cells (Figure 6B
and 6C). The effect of crocetin on NBT reduction
capacity of HL60, NB4, and primary APL cells was
comparable to ATRA and more than that of As,0s;.

Table 3 shows the EC5, values of crocetin, ATRA, and
As,05; in HL60, NB4, and primary APL cells at day
5 incubation.

3.5 | Crocetin increased the expressions
of granulocyte and monocyte surface
membrane markers in leukemia cells

Flow cytometric analysis of the expressions of cell-
surface markers associated with monocytic-granulocytic
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FIGURE 5 Effects of crocetin on the expression of apoptotic and antiapoptotic genes in leukemic cells. The HL60, NB4, and primary
acute promyelocytic leukemia (APL) cells were treated for 5 days with crocetin, all-trans retinoic acid (ATRA), or arsenic trioxide (As,03),
and the expression of apoptotic (P53, P21, PTEN, CASP3, CASP9, CASPS8, and Bax) and antiapoptotic (PI3K, AKT, and Bcl2) genes were

determined by real-time PCR. A, HL60 cells, B, NB4 cells, C, primary APL cells, and D, Ratio of Bax/Bcl2 in the cells treated with crocetin,
ATRA, and As,03. Data are expressed as the mean + SEM of three independent experiments performed in triplicate. *P < 0.05, **P < 0.01,

***P < 0.001 versus nontreated control cells

differentiations is shown in Figure 7A. In comparison
with control cells, the numbers of CD11b positive
cells were increased significantly after 3 and 5 days
treatment with 10 uM of crocetin, 1 uM of ATRA, and
0.05 uM of As,05 (P < 0.001). Similar results were found
regarding the expression of CD14 in the HL60, NB4,
and primary APL cells treated with 10 uM of crocetin,
1 uM of ATRA, and 0.05uM of As,0;. On the other
hand, the expressions of immature cells CD markers
(CD33 and CD34) were significantly decreased during
5 days treatment with crocetin in all leukemic cells
(Figure 7B).

3.6 | Crocetin decreased the expressions
of PML-RARa and HDAC1 genes in
leukemia cells

Figure 8 shows that 5 days treatment with 10 uM of
crocetin, 1uM of ATRA, and 0.05uM of As,0;
significantly decreased the expressions of PML-RARa
gene (P <0.001) in NB4 and primary APL cells. It is
noteworthy to mention that HL60 cells were checked

for PML-RARa expression and found to be null. Also,
crocetin and ATRA significantly reduced the expres-
sion of HDACI1 gene in all NB4, HL60, and primary
APL cells when compared to untreated control cells
(P <0.001). To further assess the effect of crocetin on
HDAC]1, the level of its substrate, histone H3K4ac
(acetyl-H;K,), was evaluated by Western blot analysis.
The levels of acetyl-H;K, protein were significantly
increased in all NB4, HL60, and primary APL cells
treated with 10uM of crocetin, with respect to
untreated control cells (P <0.05), confirming the
inhibitory effect of crocetin on HDACI1. A similar
increased was also observed in the cells incubated with
1 uM of ATRA (Figure 8C).

3.7 | Crocetin decreased the expression
of MDR genes in leukemia cells

Real-time PCR assay showed that 5 days incubation
with crocetin (100 uM) decreased the expressions of
ABCB1 and ABCC1 genes in all HL60, NB4, and
primary APL cells (Figure 9). The effect was found to
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FIGURE 6 Effects of crocetin on granulocytic morphology and differentiation of leukemic cells as determined by Giemsa staining and
nitro blue tetrazolium (NBT) assays, respectively. A, The HL60, NB4, and primary acute promyelocytic leukemia (APL) cells were treated for
5 days with crocetin, all-trans retinoic acid (ATRA), or arsenic trioxide (As,053). Control APL cells show promyelocytes characteristic with
cytoplasmic granules. Arrows in the treated cells demonstrate polymorphonuclear morphology of granulocyte (bar represents 0.01 mm).
B, Representative photomicrographs of the NBT stained HL60, NB4, and primary APL cells treated 5 days with crocetin, ATRA, or As,0s.
Arrows showed dark blue formazan deposits in the differentiated cells (bar represents 0.01 mm). C, Quantitative analysis of differentiated
cells as shown in (B). A minimum of 300 cells were scored. Results are means + SEM of three independent experiments performed in
triplicate. **P < 0.01, ***P < 0.001 versus untreated control cells (concentration of 0). SEM, standard error of the mean

be concentration-dependent. On the contrary, no 3.8 | Crocetin inhibited TDP1 activity in
significant decrease in ABCB1 and ABCC1 expressions  TK6 cells

were observed in the cells treated with 5 uM of As,Os.
Also, ATRA had no effect on ABCC1 expression, and
only significantly decreased the ABCB1 expression in
NB4 cells (P <0.05).

Whole cell extracts were generated from TK6 cells and
then incubated with crocetin (5 to 100 uM) and enzyme
activity determined by TDP1 fluorescence assay.’” As
shown in Figure 10, the TDP1 activity was inhibited in
TK6 cells at high concentrations (50 and 100) of

TABLE 3 ECs, values of crocetin, ATRA, and As,0; against crocetin.
HL60, NB4, and primary APL cells at 5 d
Cell lines 4 | DISCUSSION AND
Primary APL CONCLUSION
Treatments, uM NB4 cells HL60 cells cells .
Introducing ATRA and As,O; for the treatment of APL
ATRA 0.32+0.04 0.46+0.03 0.21+0.05 L . .
could significantly increase the survival rate of the
Crocetin 330+£02 7.05+0.3 2.70£0.1 . . .
leukemic patients. However, resistance to these drugs
As,05 0.14+0.03 0.26+0.09 0.11+0.03

and their toxicity are major problems in the treatment of
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FIGURE 7 Effects of crocetin on the expression of cell-surface markers associated with differentiation of leukemic cells. A, Flow
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experiments. *P < 0.05, ***P < 0.001 versus corresponding untreated control cells. SEM, standard error of the mean

APL.%” In the recent years, natural compounds are major
subjects for investigating the anticancer drugs with low
toxicity and high efficacy.**>° Currently, some of the
plant-derived compounds are widely used for chemother-
apy of cancerous patients. For example, taxol analogs,
vinca alkaloids (vincristine and vinblastine), and podo-
phyllotoxin analogs have played an important role in the
treatment of cancer patients. The presence of several
documents related to the antitumor action of crocetin
encouraged us to test whether it had antileukemic effect
in freshly isolated human APL cells and to reveal the
underlying mechanisms. Our data showed that crocetin
decreased proliferation, induced apoptosis, and promoted

differentiation in the isolated cells and also promyelocytic
leukemia cells via inhibition of MDR/TDP1 and
PML-RARa/HDACI.

Uncontrolled cell proliferation is the main feature of
APL cells which is the result of t(15;17)(q22;q21)
translocation and formation of PML-RARa protein,
which prevents the antiproliferative and proapoptotic
actions of PML."* PML-RAR« fusion protein recruits the
nuclear corepressor (N-CoR)-histone deacetylase com-
plex through the RARa CoR box. At a pharmacological
dose of RA, PML-RARa releases the HDAC complex and
activates transcription, thus mimicking RARa.*® Mole-
cular monitoring for residual leukemia by quantitative



MORADZADEH ET AL.

L

{A:’ B NS e (B:l B HLs0 cells
B NB4celis
% B Primary APL celly
1.2 12 BB Primary APL cells
104 o Nombrenbd e gl LD Nomtreated sample
&
g E
= E 08
- '
= =
o =R
49 =
= =
- =
-4 - 04
[ =
= =
-
& 0z
L

g 10 50 oo ATRA  As,Oy A0 100 ATRA Asyly
- (Tpd)  (LEE ph Crocetin (M) i1 uhn (0,05 M)
Crecetin (M)
(C) T el D) ..
Control A e 8 3 0 ATy ; - [
£ e W N il
17KD — — syl BN p— 5 0 LI BB Frimacy AV o
«
&4 LY A
B e et o
— B | — - Aoyl 1K :
' NEd ol 2 e
- D Wy G S - Z
t os
— — - - ‘ Aaweyl HEKA - . TR p—
Primary APL colls

| G S SR o

ATRA
LR

A0,
(008 )

Crrocetin M)
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analysis of the bands as shown in (C). Results are mean + SEM of three different experiments. *P < 0.05, **P < 0.01, and ***P < 0.001 versus

untreated control cells. SEM, standard error of the mean

RT-PCR technique has now provided important informa-
tion about the effectiveness of treatment and the risk of
recurrent disease as shown by minimal residual disease
analysis in the APL patients.>* Crocetin was able to
decrease the proliferation rate of APL cells and this effect
is consistent with previous reports on growing inhibitory
property of crocetin against various cancerous cells."
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FIGURE 9 Effects of crocetin on the expression of ATP-binding

Although the ICs, values of crocetin for all HL60, NB4,
and primary APL cells were higher than ATRA and
As,0s, its antiproliferative effect was observed at the
concentrations, which had no obvious toxic effect on
normal polymorph nuclear cells, suggesting specificity
for leukemic cells. Results of PI and annexin V staining
indicated that, similar to ATRA and As,O;, the
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HL60, NB4, and primary APL cells were treated for 5 days with crocetin, all-trans retinoic acid (ATRA), or arsenic trioxide (As,03) and the
expressions ABCB1 (A) and ABCC1 (B) genes were determined by real-time PCR. Results are mean + SEM of three different experiments.

*P < 0.05, *P < 0.01, and ***P < 0.001 versus untreated control. SEM,

standard error of the mean
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FIGURE 10 Effects of crocetin on TDP1 activity in human
lymphoblastoid cells (TK6). TK6 cells were treated with crocetin
(5 to 100 uM) for 5 days. Reaction mixture was fractionated on

denaturing PAGE. Arrows point at the position of substrate (PY)
and cleaved product (P). TDP1, tyrosyl-DNA phosphodiesterase 1

antiproliferative effect of crocetin was associated with
increased
sub-G1 population and enhanced of apoptosis.
Apoptosis can be initiated by two main signaling
pathways, known as extrinsic and intrinsic pathways.
The former is triggered by binding of Fas and other
plasma membrane death receptors with their ligands,
which activate caspase 8 and then induces apoptosis via
stimulating caspase 3. The latter pathway is initiated by
several intracellular signals including calcium, reactive
oxygen species, hypoxia and chemotherapeutics. These
signals lead to the release of cytochrome c from
mitochondria into the cytosol which recruits pro-
caspase-9 and Apaf-1 to stimulate a caspase 9/3 signaling
cascade leading to DNA fragmentation and apoptosis.*”®
The ratios of proapoptotic and antiapoptotic proteins of
Bcl2 family, most importantly Bax/Bcl2 ratio, control the
resistance or sensitivity of cells to apoptotic stimuli.*®**°
Also, the tumor suppressor p53 governs apoptosis by
increasing the expression of several proapoptotic proteins
involved in intrinsic pathway (eg, Bax and BID) and by
upregulating membrane death receptors (eg, Fas and
DRS5). The p21, a cyclin-dependent kinase inhibitor, is a
major effector of p53 and leads to cell cycle arrest in the
G1 phase and prevents cell proliferation in response to
oncogenes, cell stress, and DNA damage.*’*** On the
other hand, activation of prosurvival pathways such as
PI3K/Akt signaling cascade help cells to resist against
apoptosis triggers. Some tumor suppressors like PTEN
block the PI3K/Akt signaling pathway, resulting in
inhibition of cell growth and apoptosis. In the present
work, results of real-time PCR showed that crocetin
(at 100 uM), similar to ATRA and As,0s, could increase
the expression of proapoptotic gene Bax and decreased
the expression of antiapoptotic genes Akt and Bcl2 in
primary APL cells. In all HL60, NB4, and primary APL
cells, the expressions of CASP3, CASP9, and Bax/Bcl2
ratio were significantly increased after treatment with
crocetin. These data suggest that crocetin induces its

ey KRR

antiproliferative and proapoptotic effects on the leukemic
cells by inhibiting Akt-mediated prosurvival cascade and
by stimulating intrinsic pathway of apoptosis.

Tyrosyl-DNA phosphodiesterase I (TDP1) belongs to the
phospholipase D superfamily of phospholipids hydrolyzing
enzymes*' and participates in the repair of a variety of
3’ adducts/base damages of DNA. It is well documented
that inhibition of TDP1 decreases cell survival signals and
promotes apoptosis in a variety of cancerous cells. There-
fore, proapoptotic effects of crocetin may be also mediated
through TDP1 inhibition.**

Failure to differentiate is one of the main character-
istics of the promyelocytes in APL patients.** Results of
Giemsa staining and NBT assay showed that crocetin,
like ATRA and As,0;, induces morphological changes in
leukemic cells toward granulocytic pattern, and increases
their NBT reduction ability, which is a hallmark of
granulocytic maturation. Also, in all HL60, NB4, and
primary APL cells, crocetin increased the number of
differentiated cells expressing CD11b and CD14, and
reduced the number of immature cells expressing CD34
or CD33. In comparison to its antiapoptotic property,
prodifferentiating action of crocetin was observed at
lower concentrations suggesting that effects of this
carotenoid depend on its concentration: at concentrations
of >50 uM induces apoptosis in leukemic cells and at
concentrations of <10 pM induces their differentiation to
granulocytes. The inhibitory effect of crocetin on the level
of PML-RAR«a expression may describe the prodifferen-
tiating action of crocetin on NB4 and primary APL cells.
It is well known that fusions between PML and RAR
recruit HDACs resulting in the suppression of differ-
entiation-related genes.>** In agreement with this, our
data showed that treatment with crocetin and ATRA
reduced the expression of HDACI1 in the leukemic cells.
Interestingly, crocetin was able to induce differentiation
in HL60, which is PML-RARa null cells, suggesting that
the HDACI1 inhibition could be the major mechanism
responsible for myeloid differentiation in such cells.

Leukemic cells often express high levels of MDR-
associated proteins such as ABCB1 and ABCC1, which is
a challenge to the successful treatment of some patients
with ATRA and/or As,03.%° Overexpressions of ABCB1
and ABCC1 have also been shown following chronic use
of As,0; in other cancers such as liver and gastric
tumors.*® Here, we have shown that crocetin at low
concentrations is able to decrease the expression of
ABCBI1 and ABCC1 in all HL60, NB4, and primary APL
cells, while ATRA and As,0; failed to show such
meaningful effects. This effect is in agreement with
previous findings of Mahdizadeh et al,** who showed that
crocin, another carotenoid from saffron, decreased
ABCB1 and ABCC2 genes expressions at the mRNA
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level in ovarian cancer cell line, and supports the view
that crocetin may suppress drug resistance via down
regulation of ABC transporters.

In conclusion, the present results demonstrated that
crocetin has antiproliferative, proapoptotic, and prodiffer-
entiating effects on human leukemia cells by inhibiting
Akt-mediated prosurvival cascades, increasing intracellu-
lar Bax/Bcl2 ratio, and decreasing TDP1 enzyme activity
and the expressions of PML-RARa, HDAC1, and MDR-
associated proteins. These findings suggest that crocetin
may be considered as a candidate for future preclinical and
clinical trials of complementary APL treatment.

CONFLICTS OF INTEREST

The authors declare that there are no conflicts of interest.

ORCID

Maliheh Moradzadeh
6094-8712
Hamid Reza Sadeghnia
3228-6897

http://orcid.org/0000-0002-

http://orcid.org/0000-0002-

REFERENCES

1. Adams J, Nassiri M. Acute promyelocytic leukemia: a review
and discussion of variant translocations. Arch Pathol Lab Med.
2015;139:1308-1313.

2. Lo-Coco F, Hasan SK. Understanding the molecular pathogen-
esis of acute promyelocytic leukemia. Best Pract Res Clin
Haematol. 2014;27:3-9.

3. Minucci S, Nervi C, Coco FL, Pelicci PG. Histone deacetylases:
a common molecular target for differentiation treatment of
acute myeloid leukemias? Oncogene. 2001;20:20-3115.

4. Pitha-Rowe I, Petty WJ, Kitareewan S, Dmitrovsky E. Retinoid
target genes in acute promyelocytic leukemia. Leukemia.
2003;17:1723-1730.

5. Breccia M, Coco FL. Thrombo-hemorrhagic deaths in acute
promyelocytic leukemia. Thromb Res. 2014;133:5112-S116.

6. Lengfelder E, Hofmann WK, Nowak D. Impact of arsenic
trioxide in the treatment of acute promyelocytic leukemia.
Leukemia. 2012;26:433-442.

7. Tomita A, Kiyoi H, Naoe T. Mechanisms of action and
resistance to all-trans retinoic acid (ATRA) and arsenic trioxide
(As203) in acute promyelocytic leukemia. Int J Hematol.
2013;97:717-725.

8. Pallis M, Turzanski J, Higashi Y, Russell N. P-glycoprotein in
acute myeloid leukaemia: therapeutic implications of its
association with both a multidrug-resistant and an apoptosis-
resistant phenotype. Leukemia Lymphoma. 2002;43:1221-1228.

9. Shaffer BC, Gillet J-P, Patel C, Baer MR, Bates SE, Gottesman
MM. Drug resistance: still a daunting challenge to the
successful treatment of AML. Drug Resist Updat. 2012;15:62-69.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

G Gutheil W, Reed G, Ray A, Anant S, Dhar A. Crocetin: an
agent derived from saffron for prevention and therapy for
cancer. Curr Pharm Biotechnol. 2012;13:173-179.

Agnihotri V, Aperito J. Crocus Sativus Linn: an informative
review. Aperito J Adv Plant Biol. 2015;1:1-29.

Moradzadeh M, Sadeghnia HR, Tabarraei A, Sahebkar A. Anti-
tumor effects of crocetin and related molecular targets. J Cell
Physiol. 2017;233:2170-2182.

Bolhassani A, Khavari A, Bathaie SZ. Saffron and natural
carotenoids: Biochemical activities and anti-tumor effects.
Biochim Biophys Acta. 2014;1845:20-30.

Yan G, Graham K, Lanza-Jacoby S. Curcumin enhances the
anticancer effects of trichostatin a in breast cancer cells. Mol
Carcinog. 2013;52:404-411.

Tarantilis PA, Morjani H, Polissiou M, Manfait M. Inhibition of
growth and induction of differentiation of promyelocytic
leukemia (HL-60) by carotenoids from Crocus Sativus L.
Anticancer Res. 1994;14:1913-1918.

Martin G, Goh E, Neff AW. Evaluation of the developmental
toxicity of crocetin on Xenopus. Food Chem Toxicol.
2002;40:959-964.

Elsayed W, El-Shafie L, Hassan MK, Farag MA, El-Khamisy
SF. Isoeugenol is a selective potentiator of camptothecin
cytotoxicity in vertebrate cells lacking TDP1. Sci Rep.
2016;6:6.

Dohner H, Estey EH, Amadori S, et al. Diagnosis and
management of acute myeloid leukemia in adults: recommen-
dations from an international expert panel, on behalf of the
European LeukemiaNet. Blood. 2010;115:453-474.

Rebecchi IMM, Ferreira Novo N, Julian Y, Campa A.
Oxidative metabolism and release of myeloperoxidase from
polymorphonuclear leukocytes obtained from blood sedi-
mentation in a ficoll-hypaque gradient. Cell Biochem Funct.
2000;18:127-132.

Gianni M, Ponzanelli I, Mologni L, et al. Retinoid-dependent
growth inhibition, differentiation and apoptosis in acute
promyelocytic leukemia cells. Expression and activation of
caspases. Cell Death Differ. 2000;7:447-460.

Jing Y, Hellinger N, Xia L, et al. Benzodithiophenes induce
differentiation and apoptosis in human leukemia cells. Cancer
Res. 2005;65:7847-7855.

Shao W, Fanelli M, Ferrara FF, et al. Arsenic trioxide as an
inducer of apoptosis and loss of PML/RARa protein in acute
promyelocytic J Natl Inst.
1998;90:124-133.

Chen G-Q, Shi X-G, Tang W, et al. Use of arsenic trioxide
(As203) in the treatment of acute promyelocytic leukemia
(APL): 1. As203 exerts dose-dependent dual effects on APL
cells. Blood. 1997;89:3345-3353.

Davison K, Mann KK, Waxman S, Miller WH. JNK
activation is a mediator of arsenic trioxide-induced apop-
tosis in acute promyelocytic Blood.
2004;103:3496-3502.

Mashkani B, Tanipour MH, Saadatmandzadeh M, Ashman LK,
Griffith R. FMS-like tyrosine kinase 3 (FLT3) inhibitors:
Molecular docking and experimental studies. Eur J Pharmacol.
2016;776:156-166.

leukemia cells. Cancer

leukemia cells.


http://orcid.org/0000-0002-6094-8712
http://orcid.org/0000-0002-6094-8712
http://orcid.org/0000-0002-3228-6897
http://orcid.org/0000-0002-3228-6897

MORADZADEH ET AL.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Rangarajan P, Subramaniam D, Paul S, et al. Crocetinic acid
inhibits hedgehog signaling to inhibit pancreatic cancer stem
cells. Oncotarget. 2015;6:27661.

Gupta K, Stefan T, Ignatz-Hoover J, et al. GSK-3 inhibition
sensitizes acute myeloid leukemia cells to 1, 25D-mediated
differentiation. Cancer Res. 2016;76:2743-2753.

Orfao A, Ortuiio F, de Santiago M, Lopez A, San Miguel J.
Immunophenotyping of acute leukemias and myelodysplastic
syndromes. Cytometry Part A. 2004;58:62-71.

Fleige S, Walf V, Huch S, Prgomet C, Sehm J, Pfaffl MW.
Relative quantification. Real-time PCR. 2006;63:63-82.

Dhar A, Mehta S, Dhar G, et al. Crocetin inhibits pancreatic
cancer cell proliferation and tumor progression in a xenograft
mouse model. Mol Cancer Ther. 2009;8:315-323.

Karthick T, Tandon P. Computational approaches to find the
active binding sites of biological targets against busulfan. J Mol
Model. 2016;22:1-9.

Meisenberg C, Ashour ME, El-Shafie L, et al. Epigenetic changes
in histone acetylation underpin resistance to the topoisomerase I
inhibitor irinotecan. Nucleic Acids Res. 2016:gkw1026.

Kashafi E, Moradzadeh M, Mohamadkhani A, Erfanian S.
Kaempferol increases apoptosis in human cervical cancer HeLa
cells via PI3K/AKT and telomerase pathways. Biomed Phar-
macother. 2017;89:573-577.

Moradzadeh M, Roustazadeh A, Tabarraei A, Erfanian S,
Sahebkar A. Epigallocatechin-3-gallate enhances differentia-
tion of acute promyelocytic leukemia cells via inhibition of
PML-RARa and HDAC1. Phytother Res. 2018;32:471-479.
Moradzadeh M, Tabarraei A, Sadeghnia HR, et al. Kaempferol
increases apoptosis in human acute promyelocytic leukemia
cells and inhibits multidrug resistance genes. J Cell Biochem.
2018b;119:2288-2297.

Kumar S, Yedjou CG, Tchounwou PB. Arsenic trioxide induces
oxidative stress, DNA damage, and mitochondrial pathway of
apoptosis in human leukemia (HL-60) cells. J Exp Clin Cancer
Res. 2014;33:1.

Indran IR, Tufo G, Pervaiz S, Brenner C. Recent advances in
apoptosis, mitochondria and drug resistance in cancer cells.
Biochim Biophys Acta. 2011;1807:735-745.

S ey SRR

38.

39.

40.

41.

42.

43.

44.

45.

46.

Ouyang L, Shi Z, Zhao S, et al. Programmed cell death
pathways in cancer: a review of apoptosis, autophagy and
programmed necrosis. Cell Proliferation. 2012;45:487-498.

K Kontos C, Christodoulou M-I, Scorilas A. Apoptosis-related
BCL2-family members: Key players in chemotherapy. Anti-
Cancer Agents Med Chem. 2014;14:353-374.

Zlotorynski E. Tumour suppressors: The dark side of p21. Nat
Rev Cancer. 2016;16:481-481.

Walker S, Meisenberg C, Bibby RA, et al. Development of an
oligonucleotide-based fluorescence assay for the identification
of tyrosyl-DNA phosphodiesterase 1 (TDP1) inhibitors. Anal
Biochem. 2014;454:17-22.

Katyal S, El-Khamisy SF, Russell HR, et al. TDP1 facilitates
chromosomal single-strand break repair in neurons and is
neuroprotective in vivo. EMBO J. 2007;26:4720-4731.

Petrie K, Zelent A, Waxman S. Differentiation therapy of acute
myeloid leukemia: past, present and future. Curr Opin
Hematol. 2009;16:84-91.

Kretsovali A, Hadjimichael C, Charmpilas N. Histone deace-
tylase inhibitors in cell pluripotency, differentiation, and
reprogramming. Stem Cells Int. 2012;2012:2012-10.

Chen X, Zhang M, Liu L-X. The overexpression of multidrug
resistance-associated proteins and gankyrin contribute to
arsenic trioxide resistance in liver and gastric cancer cells.
Oncol Rep. 2009;22:73-80.

Mahdizadeh S, Karimi G, Behravan J, Arabzadeh S, Lage H,
Kalalinia F. Crocin suppresses multidrug resistance in MRP
overexpressing ovarian cancer cell line. DARU J Pharm Sci.
2016;24:17.

How to cite this article: Moradzadeh M,
Ghorbani A, Erfanian S, et al. Study of the
mechanisms of crocetin-induced differentiation
and apoptosis in human acute promyelocytic
leukemia cells. J Cell Biochem. 2018;1-15.
https://doi.org/10.1002/jcb.27489



https://doi.org/10.1002/jcb.27489



