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Abstract

Curcumin is extensively investigated as a good chemo-preventive agent in the development
of many cancers and particularly in leukemia, including treatment of chronic myelogenous
leukemia and it has been proposed as an adjuvant for leukemia therapies. Human chronic
myeloid leukemia cells (K562), were treated with 20 uM of curcumin, and we found that a
subpopulation of these cells were arrested and accumulate in the G2/M phase of the cell
cycle. Characterization of this cell subpopulation showed that the arrested cells presented
nuclear morphology changes resembling those described for mitotic catastrophe. Mitotic
cells displayed abnormal chromatin organization, collapse of the mitotic spindle and abnor-
mal chromosome segregation. Then, these cells died in an apoptosis dependent manner
and showed diminution in the protein levels of BCL-2 and XIAP. Moreover, our results
shown that a transient activation of the nuclear factor kB (NFkB) occurred early in these
cells, but decreased after 6 h of the treatment, explaining in part the diminution of the anti-
apoptotic proteins. Additionally, P73 was translocated to the cell nuclei, because the expres-
sion of the C/EBPa, a cognate repressor of the P73 gene, was decreased, suggesting that
apoptosis is trigger by elevation of P73 protein levels acting in concert with the diminution of
the two anti-apoptotic molecules. In summary, curcumin treatment might produce a P73-
dependent apoptotic cell death in chronic myelogenous leukemia cells (K562), which was
triggered by mitotic catastrophe, due to sustained BAX and survivin expression and
impairment of the anti-apoptotic proteins BCL-2 and XIAP.

Introduction

Chronic myeloid leukemia is characterized by the increased growth of myeloid lineage cells
and their accumulation in blood and bone marrow. Approximately 95% of the cases are char-
acterized by clonal expansion of myeloid cells containing the Philadelphia chromosome [1, 2]
which has a translocation of chromosomes 9 and 22 t(9;22), producing a fusion between the
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BCR and ABL genes [3]. The resultant BCR-ABL hybrid protein is a constitutively active tyro-
sine kinase that functions as an oncoprotein; consequently, it activates several important signal
transduction pathways involved in cell growth inhibition of cellular differentiation and pro-
grammed cell death [4]. Although, several tyrosine kinase inhibitors targeting the BCR-ABL
hybrid have been developed and shown to be successful for chronic myeloid leukemia treat-
ment, leukemia cells can become resistant to treatment [5]. This likely due to a small popula-
tion of highly quiescent chronic myelogenous leukemia cells, which are insensitive to the
tyrosine kinase inhibitors and they are believed to be early leukemia progenitor cells [6-8].
However, the precise molecular events resulting in cell resistance to therapeutic drugs have
not been completely elucidated [8, 9].

Although new tyrosine inhibitor derivatives have been reported to have higher efficiencies
in the treatment of chronic myelogenous leukemia; a reduced number of the patients will
progress to the accelerated phase of the disease, the most aggressive illness form, namely blast
crisis [9, 10] and eventually these patients may die. Therefore, the use of some polyphenolic
compounds as supplements or adjuvants for chemotherapy in chronic myelogenous leukemia
and other types of leukemia has been extensively researched, for example, curcumin and its
chemical derivatives.

Curcumin (diferuloylmethane) is a biphenolic compound extracted from rhizomes of Cur-
cuma longa plants; it is the major component of the tumeric spice. Multiple studies have
shown that it has several biological functions, including anti-oxidant, anti-inflammatory and
anti-tumor properties. In the last decade, curcumin has been proposed as adjuvant for leuke-
mia therapies, including treatment of chronic myelogenous leukemia. In fact, curcumin has
shown to inhibit the growth, as well as metastases in several tumor derived cell lines [11]. In
addition, a curcumin derivative induces apoptosis in treatment resistant chronic myelogenous
leukemia [12]. In a previous study, a mouse model of myelogenous progenitor cells with exog-
enous expression of the BCR-ABL chimeric gene in the 32D cells was assessed, and 20 uM of
curcumin produced cell cycle arrest in the G2/M phase, as well as changes in nuclear morphol-
ogy typical of mitotic catastrophe. Cell death occurs in a caspase-dependent manner after mul-
tiple changes, including abnormal chromatin organization, multipolar chromatin segregation
and cytokinesis defects [13]. Mitotic cell death is produced by an apoptosis-dependent or inde-
pendent mechanism [14]. Apoptosis is a type of programmed cell death that plays an impor-
tant role in maintaining cellular homeostasis; it is activated in response to severe DNA
damage, bacterial or viral infections and eventually results in elimination of the damaged cells.
During apoptosis, several cysteine-aspartate proteases, known as pro-caspases, are proteoliti-
cally processed and activated; the activated proteases are named caspases; they target many
proteins involved in maintaining the cell function and integrity [15]. However curcumin has
different effects depending on the cell types and research models [16]. Therefore, we aimed to
investigate whether a human leukemia derived cell line containing the Philadelphia chromo-
some, is affected by curcumin in a similar manner, as the 32D progenitor mouse model.

A human chronic myelogenous leukemia cell line (K562) was treated with 20 uM of curcu-
min, and we found that a subpopulation of these cells were arrested and accumulate in the G2/
M phase of the cell cycle. Further characterization of this cell subpopulation showed that after
18h of the treatment, the arrested cells displayed nuclear morphology changes resembling
those described for mitotic catastrophe. Mitotic cells presented abnormal chromatin organiza-
tion, collapse of the mitotic spindle and abnormal chromosome segregation. Then, cell death
occurred in an apoptosis dependent manner along with a decrease in the levels of B-cell lym-
phoma 2 protein (BCL-2) and X-linked inhibitor of apoptosis protein (XIAP). Notably, expres-
sion levels of the two proteins decreased in a caspase-independent manner. Moreover, our
results also showed that nuclear factor kB (NFxB) classical activation occurs early in the
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treated cells and decreased after 6 h of the treatment, explaining in part the decrease in the
anti-apoptotic proteins. Additionally, P73 was translocated to the cell nuclei, and the expres-
sion of the C/EBPa, a cognate repressor of the P73 activation, was reduced in the curcumin-
treated cells, suggesting that apoptosis is triggered by elevation of the P73 protein acting in
concert with the diminution of the two anti-apoptotic molecules.

Materials and Methods
Cell culture

The chronic myelogenous leukemia K562 cell line was obtained from the American Type Cul-
ture Collection (ATCC®™ CCL-243™). Cells were grown at 37°C and 5% CO, in RPMI supple-
mented with 10% fetal bovine serum, 50 pg/ml streptomycin, 50 U/ml penicillin and 1% (v/v)
non-essential aminoacids, using a humidified incubator. For the experiments, all cells were
grown to a density of 250,000 cells/ml in six-well or twelve-well culture plates and treated with
20 uM curcumin (Sigma Chemical Co, USA) for 12, 18 or 24 h. Control cells were treated with
0.1% Dimethyl sulfoxide (DMSO) from Sigma Chemical Co. The curcumin dosage was chosen
on the basis of dose-response curves. Cell culture media, fetal bovine serum, antibiotics and
molecular biology reagents were purchased from Gibco BRL (Invitrogen, USA). Z-VAD-FMK
was purchased from R&D Systems (Minneapolis, MN, USA).

Western blot and immunofluorescence assays

Protein extracts for the western blot analysis were prepared using 24 x 10 ¢ cells. Cells were
washed with phosphate-buffered saline (PBS) and lysed in 80-100 pl of lysis buffer (ProteoJet
TM Mammalian Cell Lysis Reagent, K0301; Fermentas) that was supplemented with protease
(Complete, Roche, DE) and phosphatase cocktail inhibitors (Phosphostop, Roche). Extracts
were clarified by centrifugation for 20 min at 16,000 g at 4°C. The protein concentrations were
determined using Bradford protein assay kit (Bio-Rad, USA). Soluble protein extracts (30 ug)
were mixed with an appropriate amount of 2X or 4X Laemmli sample buffer, boiled, separated
by SDS-PAGE and subsequently transferred to polyvinylidene difluoride (PVDF) membranes
(PerkinElmer, USA). Membranes were blocked with 5% nonfat dry milk in Tris-buffered
saline 1X supplemented with 0.1% Tween-20 and probed overnight using an appropriate pri-
mary antibody; 1:1000 dilutions were used for most primary antibodies, except for anti-actin
(1:500) and anti-GAPDH (1:5000). For detection, 1:5000 dilutions of anti-rabbit (Invitrogen,
Thermo Scientific, MA, USA), anti-mouse (Invitrogen) antibodies or anti-goat (Thermo Sci-
entific, MA, USA) conjugated to horseradish peroxidase were used. Finally, the immunocom-
plexes were developed using SuperSignal West Pico or West femto Maximum sensitivity
substrate (Thermo Fisher Scientific, MA USA) with a ChemiDoc (BioRad), imaging capture
system. Most PVDF membranes were stripped and re-probed for actin. Nuclear fractions were
prepared using 4 x 10° cells and nuclear and cytoplasmic proteins extraction kit (NE-PER
from Thermo Fisher Scientific, MA, USA) according to the manufacturer instruction. For
immunofluorescence assays, 2 x 10° cells were grown on cover slips treated with poli-L-lysine
in twelve-well plates with 2.0 ml of RPMI-1640 supplemented with 10% FBS. Cells were har-
vested, washed using 1X PBS then fixed with 4% paraformaldehyde. Cells were stained or
immunodecorated using the following conditions: For mitotic spindle staining, fixed cells
were permeabilized with 1X PBS plus 0.1% Triton X-100 and blocked for 15 min in 1X PBS
supplemented with 0.5% gelatin and 1.5% Fetal bovine serum, followed by incubation for 1h
with anti-a-tubulin (1:500) and 45 min with an anti-mouse antibody coupled to FITC (1:25)
(Jackson Immunoresearch). For caspase-3/p-H3S10 staining, cells were permeabilized with
0.25% Triton X-100 in 1X PBS and blocked 30 min in 1X PBS plus 2% BSA. Slides were
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incubated for 1 h with anti-H3S10p (1:50) and subsequently incubated with anti-rabbit cou-
pled FITC (1:100) (Jackson Immunoresearch, PA, USA). For staining of active caspase-3, cells
were incubated with sulfo-rhodamine coupled caspase-3 inhibitor (Red-DEVD-FMK, Calbio-
chem), in 1:100 dilution in PBS. For actin staining, cells were incubated with 0.06 U of Roda-
mine-Phalloidin (Invitrogen, Carlsbad CA, USA) in PBS. For nuclear staining cells were
incubated with 1 ug/ml 4, 6-diamino-2-fenilindol (DAPI stain, Invitrogen). Slides were
mounted using Vecta Shield (Roche) and visualized in a confocal microscopy, Olympus FV-
300.

Antibodies

Antibodies for survivin (# 2808), BCL-2 (# 2872), XIAP (# 2042), caspase-9 (# 9502), caspase-8
(# 9746), caspase-3 (# 9662), C/EBPa (# 2295), C/EBPP (# 3087) and PARP (# 9542) were pur-
chased from Cell Signaling; anti-BAX (336400) was supplied by Invitrogen, and anti-GAPDH
was provided by Genetex (GTX627408); antibodies for P73 (sc-7957), hnRNPA1 (sc-10029),
p-H3S510 (sc-8656-R) and o-tubulin (sc-32293) were obtained from Santa Cruz Biotechnology.
The antibody against actin was a generous gift from Dr. M. Hernandez, Cinvestav-IPN,
Mexico. Commercial secondary anti-mouse (115-095-008) and anti-rabbit IgG (111-095-003)
conjugated with Fluorescein (FITC) were purchased from Jackson Immunoresearch.

Cell cycle, viability and apoptosis assays

For cell cycle assays, 1 x 10° treated K562 and control cells were fixed overnight at -20°C,
using 70% ethanol solution, then they were recovered and washed with 1X PBS, and incubated
with a 0.2-0.5 mg/mL RNase A for 1 h at 37°C. The cell suspension was supplemented with

10 ug/mL of propidium iodide, incubated on ice for 30 min and the samples were protected
for light. Samples were analyzed using flow cytometry analysis (FACS BD LSR Fortessa, Becton
Dickinson). The relative fluorescence value for 2N DNA indicated G1 cell population and 4N
DNA indicated the G2/M cell population. For the viability assays, K562 cells were stained with
1 pl of the Texas Red fluorescent dye (Aex = 595 nm and Ay, = 615nm) from the LIVE/
DEAD® Fixable Dead Cell Stain (L23102; Invitrogen), as recommended by the manufacturer.
Red-stained cells (2 x 10* cells) were counted using the FL-2 channel, of the FACS Calibur
flow cytometer (Becton Dickinson).

For analysis of apoptosis, DNA ladder fragmentation or TUNEL protocol were used.
Briefly, 5-7 x 10° cells were washed with 1X PBS and pelleted by centrifugation to 1000 g; sub-
sequently, the cells were suspended in lysis buffer (0.2% Triton X-100; 10 mM Tris-HCI, pH
7.4,10 mM EDTA) and incubated for 15min on ice; then the cells were centrifuged at 12000 g
for 20 min and the supernatant was recovered and incubated for 1 h at 37°C with 100 ug/ml of
DNase free RNase A. DNA extraction was performed by adding one equal volume of phenol:
chloroform: isoamyl alcohol (25:24:1), and one step of chloroform:isoamyl alcohol (24:1)
extraction. DNA fragments were pelleted, by adding 300 mM NaCl and 2.5 volumes of 100%
ice-cold ethanol followed by incubation overnight at -20°C and subsequent centrifugation.
Then, the samples were washed with 1 ml of 70% ethanol. DNA was suspended in 1X TE buffer
[17]. Samples were mixed with 6X DNA loading buffer and visualized by 1.5% agarose gel
electrophoresis.

For TUNEL assays, K562 cells were stained using an APO-BrdU™ TUNEL Assay Kit
(Molecular Probes, Invitrogen), according to manufacturer recommendations. Briefly, 1 x 10°
cells were fixed with 1% paraformaldehyde for 15 min on ice, centrifuged and incubated over-
night in 70% ethanol at -20°C. Later, the cell pellet was recovered by centrifugation and
washed and the samples were incubated with 50 pl of DNA-labeling solution according to the
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manufacturer’s protocol. Finally, to determinate the DNA content, each sample was suspended
in propidium iodide/RNase A staining buffer and incubated for 30 min at room temperature.
Samples were analyzed with FACS Calibur flow cytometer and at least 10000 events were cap-
tured and analyzed with Summit software (Beckman Coulter, Brea, CA USA).

For Detection of p-H3510 levels, curcumin treated K562 cells and controls were recovered
and fixed with 70% ethanol at -20°C overnight. Then cells centrifuged at 1400 g centrifuga-
tion, permeabilized with PBS plus 0.25% Triton X-100 on ice for 15 min and incubated with
0.5 pg of p-H3S10 antibody diluted in 1X PBS supplemented 1% BSA for 2 h at room tempera-
ture with agitation. Subsequently, the cells were washed with PBS plus 1% bovine serum albu-
min, and incubated with anti-rabbit- coupled to FITC (1:200) for 30 min at room temperature.
To determinate the DNA content, cells were incubated with 0.5 mg/ml of DNase free RNase A
for 30 min at 37°C, and 10 pg/ml of propidium iodide for 15 min at 4°C [18]. For caspase-3
staining, cells were incubated with antibody against p-H3S10 for 1 h, followed by incubation
with anti-rabbit-coupled Alexa 594 (Invitrogen) diluted 1:8000 in 1X PBS, 1% BSA. Finally the
cells were incubated with a sulpho-rhodamine-coupled caspase-3 inhibitor (Red-DEVD-FMK,
Calbiochem) diluted 1:200 in 1X PBS plus 1% bovine serum albumin, for 30 min at 37°C. Sam-
ples were evaluated using BD LSR Fortessa flow cytometer (Becton Dickinson, Franklin Lakes,
NJ, USA), at least 20000 events were captured and analyzed with Summit software (Beckman
Coulter).

Statistical analysis

Results are expressed as means + s.d. of at least three independent experiments. Differences
between control and curcumin treatments were analyzed by one-way analysis of variance fol-
lowed by Tukey’s multiple comparison tests. Differences were considered significant at

P < 0.05. Statistical analysis was done with the GraphPad Prism 5.0 Software (Hearne Scien-
tific, Pty Ltd, Melbourne, Australia).

Results

Previous results in our group indicated that concentrations higher than 15 M curcumin
induce G2/M in a fraction of the K562 cells. These results were consistent with data indicating
that mouse 32D cells, which expressed exogenous BCR-ABL chimeric gene were arrested dur-
ing the G2/M phase after incubation with 20 uM of curcumin [13]. The treatment of the K562
cells with concentrations of 15-20 pM of curcumin resulted in enrichment of a fraction of cells
arrested in G2/M, and at 20 uM of curcumin, higher accumulation of the arrested cells was
observed (Fig 1A). Therefore, to characterize the cell arrest, the K562 cells were incubated for
different time periods (0-24 h) with 20 uM of curcumin, allowing a single round of cell divi-
sion. Then, nuclear alteration or mitotic changes in the treated cells were investigated. To this
end, cells were stained with rhodamine-phalloidin and/or DAPI, subsequently they were ana-
lyzed by fluorescence microscopy; altered or condensed nuclei were manually counted. Fluo-
rescence microscopy showed that approximately 5% of the cells containing multinucleated
chromatin after 24 h of treatment and the number of gigantic cell was not significantly altered
(Fig 1B), suggesting that mitosis was arrested in early stages. The results also indicates, that
cells containing condensed nuclei increased by up to 10-fold (25% of the cells), after 12 to 24h
(Fig 1C), compared with that of the control cells. These results suggested that the arrested cell
population comprise cells entering mitosis, rather than G2 phase. In addition, perturbation of
the actin cortical rings by curcumin was observed, and this effect was most notable after the 12
h of incubation, when the actin fibers were apparently perturbed and thickened. The actin
cytoskeleton network undergoes drastic changes and remodeling during early mitosis; actin
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cells was determined. C) The amplification of these cells clearly showed the condensed chromatin and the actin
cytoskeleton changes due to early mitotic events. Condensed nuclei were considered an indirect measure of mitotic
cells. As a positive control for the enriched G2/M population, K562 cells were treated for 24 h with 100 nM nocodazole
(Noc). IN = interphase nucleus; mN = multinucleated cell.

doi:10.1371/journal.pone.0165971.g001

network is dismantled and remodeled, resulting in the typical round shape of mitotic cells.
Notably, actin fibers were perturbed following 12-18 h of treatment. The actin filaments were
shortened and appeared as punctate dots through all cell cytoplasm. During this time, the cells
containing condensed nuclei increased also presented tick actin cortical rings (Fig 1C). These
results were consistent with the nuclear and cytoplasmic rearrangement occurring in mitosis
and the results confirm that mitotic cells were arrested and accumulated following the curcu-
min treatment.

Differential epigenetic markers are contained in the centromeric and pericentromeric chro-
matin during the chromosome condensation, which occur in the initial phase of mitosis. Phos-
phorylation of Histone 3 (H3) in serine 10 (p-H3S10) is considered as an early mitosis marker;
it is an excellent marker of chromatin condensation and is localized only in pericentromeric
heterochromatin. Phosphorylation of p-H3S10 is detected during late G2 phase and remains
phosphorylated through the mitosis. Thus, to further analyze this cell arrest; the level of p-
H3S10 was measured in vivo using FACS analysis or in vitro using western blot assays. The
results revealed that the p-H3S10 level was increased earlier (after 6 h of treatment), as deter-
mined using western blot or FACS analysis, however, not clear change was observed in the
level of tubulin by western blot analysis (Fig 2A-2C). These data were consistent with our pre-
vious results showed that 35% of K562 cells were arrested in the G2/M, after 6h of the treat-
ment. In addition, to investigate the effect of the curcumin treatment on the tubulin mitotic
spindle, treated K562 cells were stained with DAPI and immunostained with anti a-tubulin;
the results showed that approximately 8% of the cells present mitotic anomalies, i.e. approxi-
mately 25% of the arrested cells. The alterations included monopolar, bipolar and scarcely mul-
tipolar spindles (Fig 2D and 2E). Representative mitotic spindle defects are shown (Fig 2F).

These results likely meaning that curcumin effect occurs during early event of mitosis,
rather than during late mitosis. In contrast, the K562 control cells which were growth with
only the DMSO treatment, presented interphasic normal cells and few mitotic cells (1%) with
very few metaphasic cells. Notably, the percentage of mitotic cells was lower than expected
because up to 50% of these cells were arrested in G2/M after 24h of the treatment (S1 Table).
Thus we hypothesize that these cells died during the mitotic arrest; therefore the level of apo-
ptotic cells was further assessed. When the level of apoptosis death was measured by TUNEL
analysis; the results revealed that around 25% of these cells (the half of arrested cells) were
compromised and presented DNA damage after 24h of the curcumin treatment (Fig 3A and
3B), this observation was supported by the presence of classical apoptotic DNA ladder (Fig
3C). Although, a reduced number of the treated K562 cells died, after 18h of the treatment, cell
death increased lately by 3-fold up to 50% at 24h of the treatment, (Fig 3D and 3E), as mea-
sured by the life and death assay, indicating that the majority of the arrested cells died after the
treatment.

Moreover, cells with condensed chromatin showed active caspase-3 (Fig 4A and 4B); these
de data were also confirmed by confocal microscopy (Fig 4C). The processing of caspases -8,
-9 and -3 was detected after 18 h of treatment, as shown by western blot analysis. Diminution
in the pro-caspase 8 protein level was observed during the first 12 h of the curcumin treatment
(Fig 4D), these data were consistent with the cell subpopulation which was killed early by the
curcumin treatment (Fig 4E). However, the processing of the caspases in the subpopulation
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immunostained using an antibody against a-tubulin (green fluorescence), and the cells with defects in the mitotic spindles were
counted. D) The percentage of cells with monopolar (white bars), bipolar (black bars) and multipolar (gray bars) nuclei were
determined in K562 cells. E) Representative fluorescence images of K562 cells bearing mitotic spindle alterations after 12 h, 18
h and 24 h of curcumin treatment are shown. F) Images of the most representative mitotic spindle alterations are shown. Actin
was used as loading control.

doi:10.1371/journal.pone.0165971.g002

dying during mitotic catastrophe was clearly observed up to 24 h. In addition PARP cleavage
confirmed the activation of the caspase pathway (Fig 4D). All these data suggested that apopto-
sis was triggered by mitotic defects; and apoptosis was likely induced by mitotic catastrophe
mechanisms.

Finally, to further characterize this apoptosis-like cell death of the K562 cells, which died
late after the treatment; the expression of several pro and anti-apoptotic markers was analyzed
by western blot analysis. The BCL-2 protein is increased by expression of the BCR-ABL pro-
tein hybrid, therefore, BCL-2 was one of the markers selected and examined together with
BAX, survivin (BIRC5) and XIAP (BIRC4). The results shown that no expression changes
occurs in BAX protein or survivin protein levels; however, the expression of BCL-2 and XIAP
proteins was impaired by the curcumin treatment (Fig 5A). Moreover, the addition of the pan-
caspase inhibitor Z-VAD-FMLK, did not affected the decrease in the proteins levels of BCL-2 or
XIAP. Conversely, as expected, the 20 kDa protein fragment of the caspase-3 (p20) was accu-
mulated in presence of the pancaspase inhibitor (Fig 5B). Notably, both the BCL-2 and XIAP
genes are transcriptionally regulated by NF«B; thus, the activation of the NFkB pathway was
also investigated; for this purpose, the level of phosphorylation of IxBo at serines 32 and 36
(532 and 36) was monitored. S32 and 36 are phosphorylated by IKK promoting IxB degrada-
tion, which is necessary for activation of the classical NFxB pathway. The results shown that
NFkB was transiently activated early after curcumin treatment, and the phosphorylation level
of $32 & 36 of IxBa: peaks after 6 h. However, the phosphorylation level of IkBa was very low,
following the curcumin treatment for more than 12 h. It was comparable to that presented in
the control cells without curcumin stimulus (Fig 5C), this datum was verified by analyzing the
nuclear level of Rel A transcription factor (S1 Fig). Moreover, since P73 gene is responsible for
the induction of apoptosis in the absence of P53 gene expression (K562 cells lack the wild type
P53 gene) the expression of P73 protein was analyzed in nuclear and cytoplasmic protein frac-
tions of the curcumin-treated cells. The results showed that the level of the P73 protein was
increased in the nuclear fraction after 12 h of treatment, with a concomitant diminution in the
cytoplasmic protein level (Fig 5D). These experiments suggested that the curcumin treatment
promotes the nuclear translocation of the P73 protein in K562 cells. P73 protein can trigger
apoptosis in cells with mitotic defects. To further check this fact, the level of the active caspase-
3 and the fragmentation of its substrate PARP, were analyzed. The results showed a slightly
diminution in the level of the active caspase-3 and PARP processing, after treatment with a
specific P73 antisense RNA (S2 Fig).

Finally, it has been observed that C/EBPa binds to the P73 promoter and suppresses its
transcription; therefore, we hypothesized that the protein levels of C/EBPa would be dimin-
ished by the curcumin treatment. The results revealed that expression of C/EBPo was impaired
by the treatment. Moreover, the results shown a diminution of two isoforms of the C/EBPo.
transcription factor, of 30 and 42 kDa; conversely, the expression level of C/EBP was
increased by the curcumin treatment. Intriguingly, the C/EBP protein was not detected as the
usual proteins of 45 and 49 kDa (Fig 5E); instead, a protein band with an apparent molecular
weight higher than 70 kDa was detected by using the specific commercial antibody. Several
reports have shown C/EBPB sumoylation occurs as a negative regulatory mechanism for cell
proliferation and differentiation; the modified C/EBP proteins range from the 70-90 kDa
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marker and FACS analysis. B) The relative numbers of p-H3S10 positive cells with caspase-3 activity are presented as a histogram. C)
Representative images of the K562 curcumin-treated cells positive for caspase-3 activity using confocal microscopy. D) Processed
caspases-8, -9 and -3 were detected by western blot analysis and E) pro-caspases quantification. Activity was confirmed by cleavage of the
caspase-3 substrate PARP, and its protein fragment of 89 kDa was detected. As positive controls for p-H3S10 and caspase activities, K562
cells were exposed for 24h to 100 nM Nocodazole (Noc) or 1 uM Staurosporine (Staur), respectively; M = medium, D = DMSO.

doi:10.1371/journal.pone.0165971.9004

[19]. Thus, we hypothesized that this protein might be post-transcriptionally modified in the
K562 cells, but this result must be further confirmed. Our data suggested that curcumin treat-
ment produces P73-dependent apoptotic cell death during mitosis and it is triggered by spin-
dle defects and diminution of BCL-2 and XIAP proteins.

Discussion

Curcumin a biphenolic compound used in Asia as a spice is also a natural chemo-preventive
agent for cancer and other diseases [20]. It has been shown to inhibit cell proliferation, cell sur-
vival and the production of several cytokines by altering the function of numerous important
regulatory pathways, such as NFkB [21] and the transcription factor NRE2X*P' [22]. More-
over, Curcumin targets several different proteins and inhibit the activity of various kinases in
vitro [23], as well as the activity of histone acetyl transferases [24], therefore, curcumin alters
different signaling pathways and also effects epigenetic control of gene expression [25]. Finally,
curcumin has been reported to enhance the immune response against cancer cells [26].

Despite extensive studies, the mechanism underlying anti-cancer effects of curcumin are
still poorly understood. Several research groups have suggested that curcumin induces cell
death in cancer and leukemia chemotherapy-resistant cells; however, the mechanisms by
which curcumin induces cell death appear to be different and dose-dependent in various cell
types [27]. Curcumin is considered as a potent inducer of apoptosis in cancer cells, mainly by
arresting cells in G1 or G2 phase [28-30], but the underlying mechanisms are still unclear.
Therefore, a more detailed analysis of the effect of curcumin in cancer and leukemia cells is
required for a better understanding of its anti-oncogenic potential.

Curcumin has been reported to disrupt the mitotic spindle structure in different research
models such as MCF-7 cells (31) or using mouse 32D progenitor cells transfected with the
BCR-ABL chimerical cDNA (13). However, in various cell models, curcumin appeared to have
different effects on mitosis. In the MCEF-7 cells, the treatment with 10 or 20 uM of curcumin
causes cell arrest in the G2/M phase; moreover, cells were arrested in the M phase during the
first 24-48 h of treatment; the arrested cells had monopolar mitotic spindles which impaired
normal chromosome segregation. However, these cells eventually exited the arrest and pro-
duce daughter cells with multiple micronuclei, instead of normal daughter cells [31]. Mouse
progenitor 32D cells transfected with the BCR-ABL chimerical cDNA were used as a chronic
myelogenous leukemia progenitor model and were also arrested in the G2/M phase after 18 or
24 h of treatment with curcumin 20pM. The transfected 32D cells were arrested in the M
phase and triggering apoptosis.

These cells also had decreased expression of cyclin D2 and cyclin B1 as well as attenuated
survivin (BIRC5) expression and mislocalization of Aurora kinase B, the partner of the survi-
vin in the chromosomal passenger complex. These results suggest that apoptosis was triggered
by mitotic catastrophe and authors suggest that survivin is a new target of curcumin [13].
However, it is important to note that these two models conserve intact the expression of the
P53 protein.

Using a human chronic myelogenous leukemia cell line (K562), we previously observed
that after 24 h of treatment with 20 uM of curcumin, one subpopulation of these cells (60%)
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Fig 5. Apoptosis is produced by activation of P73. A) Impairment of the expression of the anti-apoptotic proteins BCL-2 and XIAP is shown. B)
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doi:10.1371/journal.pone.0165971.9005

underwent early apoptosis, but other subpopulation was arrested and accumulated in the G2/
M phase of the cell cycle; suggesting that K562 cells contain different cell populations, which
differentially trigger programmed cell death. In the surviving cells (40%), approximately half
were arrested in G2/M phase. The arrested cells underwent apoptosis until 18 h of the
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treatment, and cells death peaked after 24 h. These data was confirmed because caspases-3 and
-8 were detected in its active form, after 18 h of the treatment. Notably, caspase-9 was activated
earlier, suggesting that apoptosis was triggered by the intrinsic mechanism. The arrested cells
showed alterations in the mitotic apparatus, and mitotic spindles collapse in a few cells, but
monopolar mitotic cells and micronuclei were also detected, suggesting that spindle collapse
occurred in prometaphase. It is possible that a few surviving cells accumulates chromosome
alterations, however experiments did not progress past 24 h, to ensure that there was only one
cell division, and therefore, no accumulation of chromosome segregation anomalies were
observed. Thus, this point should be addressed in the future, because only 50% of the treated
cells were dead at 24h.

Our research model differs from the mouse progenitor model using 32D cells transfected
with BCR-ABL, because no impairment of cyclin Bl in the curcumin-treated K562 cells was
observed. In addition, no changes in survivin protein levels were observed. Notably, survivin is
phosphorylated early in promethapase by the mitotic kinase CDK1, and is stabilized in the
Chromosomal Passenger Complex; this protects survivin from proteasomal degradation until
metaphase [32] and likely preserves its apoptotic role during early mitosis failure. Our data
showed mitotic alterations similar to those of the MCF7 cells treated with 20 uM curcumin
[31], but not those of the mouse 32D cells, although, MCEF?7 lacks of the expression of the
BCR-ABL fused gene. All those results suggested that the curcumin effects are independent of
the expression of the BCR-ABL hybrid protein, as was previously found in the cells 32D
model. Interestingly, the K562 cells have a disrupted expression of the P53 gene [33], whereas
MCF?7 cells and progenitor mouse cells 32D cells have a wild type P53. Thus, some of the dif-
ferences in the response might be due to lack of wild type p53 protein expression.

Because some K562 cells died after long exposure to curcumin, we characterized this sub-
population by using molecular and cellular tools. Under this conditions, up to 50% of the sur-
viving cells were arrested in the G2/M phase. The analysis of the curcumin-arrested cells by
using rodhamine-phalloidine and confocal microscopy showed mitotic cells with thickening
of the actin cortical ring; this remodeling of actomyosin fibers is typically observed during nor-
mal mitosis [34]. In addition, using specific antibodies against tubulin, we observed that
approximately 8% of the arrested cells showed altered chromatid separation and different
mitotic defects. After, 18 h of treatment caspases activities were detected by using fluorescent
substrates; and caspase-3 activity was confirmed by PARP cleavage and apoptosis was con-
firmed by DNA fragmentation or formation of DNA ladder. Additionally, active caspase-3 was
observed in mitotic cells, as shown by co-localization of the active caspase-3 and a mitotic
marker (p-H3S10). Apoptosis was produced by increased expression of nuclear P73 and a
transitory activation of the NF«B activity that was incapable to sustain the expression level of
the anti-apoptotic proteins, BCL-2 [35] and XIAP [36]. In addition, it was previously reported
that a novel amonafide analogue (an isoquinoline derivative) activates the E2F1/P73 pathway
in K562 cells, which were arrested in G2/M and underwent apoptosis [37]. The increased
expression of P73 was produced by impairment of the C/EBPo. expression, which is consistent
with previous reports, where it was observed that C/EBPa bound to promoter of P73 and sup-
pressed its transcription [38]. Therefore, the protein level of C/EBPa is diminished in condi-
tions when P73 is expressed (see schematic representation in Fig 6). Notably, that was
previously reported that shikonine a natural naphtoquinone produces an increase in P73 pro-
tein level concomitant with the diminution of BCL-2 protein level, in MCF7 and HeLa cells
[39]. Finally, the nuclear expression of the P73 in K562 cells is important because this gene is
responsible for the induction of apoptosis in the absence of P53 [40]; K562 cells lacks the wild
type P53 gene; thus, the expression and activation of the P73 protein acts as regulator of apo-
ptosis, similar to P53.
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doi:10.1371/journal.pone.0165971.9006

In summary, curcumin treatment might produce a P73-dependent apoptotic cell death in
chronic myelogenous leukemia cells (K562), which was triggered by mitotic catastrophe, due
to sustained BAX and survivin expression and impairment of the anti-apoptotic proteins BCL-
2 and XIAP.

Supporting Information

S1 Fig. Active Rel A (NFKB p65), is diminished in nuclear compartment after 12 h of the
curcumin treatment. The level of NFxB p65/Rel A was investigated in cytoplasm and nuclear
of the K652 cells treated with 20 M curcumin during 6 or 12 h, using western blot analysis.
The level of hnRNPA1 and GAPDH proteins was analyzed as control for the purity of the
nuclear and cytoplasmic fractions.

(TIF)

S2 Fig. Apoptosis cell death induced by P73 during mitotic catastrophe. A) diminution of
BIM mRNA level in K562 after curcumin treatment as analyzed by RT-PCR. Cells were incu-
bated with 20uM curcumin for 12, 18 or 24 h; then harvested and total RNA was isolated and
use for first strand cDNA synthesis. B) Level of P73 protein of K562 cells transfected with 50

nM of Ctrl siRNA-A (sc-37007) or 50 nM P73 siRNA (sc-36167); cells were harvested after 24
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h post-transfection, lysed and analyzed by western blot by using specific P73 antibody or. C)
or specific antibodies against active caspases-9 and -3 or PARP, the 89 kDa cleaved fragment
of PARP (Asp 214) is also shown. Actin was used as loading control.

(TIF)

S1 Table. Comparation of the percentage of K562 cells arrested in G2/M phase of the cell
cycle or killed after treatment with 20 uM or 30 uM curcumin.
(TIF)

Acknowledgments

We are grateful to Victor Manuel Ortiz Santiago and M. Sc. Victor Hugo Rosales for expert
technical assistance.

Author Contributions
Conceptualization: NVS EJC MMC.

Data curation: MMC LAL RBM NVS EJC.
Formal analysis: NVS EJC MMC LCB LO.
Funding acquisition: NVS EJC.

Investigation: MMC RBM NVS EJC LAL.
Methodology: MMC RBM LAL.

Project administration: NVS EJC LCB MAMR.
Resources: NVS EJC MMC LO LCB MAMR.
Supervision: NVS E]C.

Validation: MMC NVS EJC RBM.
Visualization: NVS EJC.

Writing - original draft: NVS EJC MMC LCB.
Writing - review & editing: NVS EJC MMC MAMR LCB.

References

1. Rumpold H, Webersinke G. Molecular Pathogenesis of Philadelphia-Positive Chronic Myeloid Leuke-
mia—is it all BCR-ABL?. Curr Cancer Drug Targets. 2011; 11: 3—-19. PMID: 21062244

2. Polishchuk L.A, Telegeev G.D. Role of the hybrid Ber/Abl kinase in the pathogenesis of chronic myeloid
leukemia lacking C-Abl and CXCR4 proteins. Exp Oncol. 2014; 36: 138—143. PMID: 25265345

3. Rowley J.D. Letter: A new consistent chromosomal abnormality in chronic myelogenous leukaemia
identified by quinacrine fluorescence and Giemsa staining. Nature. 1973; 243: 290-293. PMID:
4126434

4. Chereda B, Melo J.V. Natural course and biology of CML. Ann Hematol. 2015; 94: S107-S121. doi: 10.
1007/s00277-015-2325-z PMID: 25814077

5. Graham S.M, Jgrgensen H.G, Allan E, Pearson C, Alcorn M.J, Richmond L, et al. Primitive, quiescent,
Philadelphia-positive stem cells from patients with chronic myeloid leukemia are insensitive to STI571
in vitro. Blood. 2002; 99: 319-325. PMID: 11756187

6. Copland M, Hamiltonm A, Elrick L.J, Baird J.W, Allan E.K, Jordanides N, et al. Dasatinib (BMS-354825)
targets an earlier progenitor population than imatinib in primary CML but does not eliminate the quies-
cent fraction. Blood. 2006; 107: 4532—4539. doi: 10.1182/blood-2005-07-2947 PMID: 16469872

PLOS ONE | DOI:10.1371/journal.pone.0165971 November 10, 2016 16/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0165971.s003
http://www.ncbi.nlm.nih.gov/pubmed/21062244
http://www.ncbi.nlm.nih.gov/pubmed/25265345
http://www.ncbi.nlm.nih.gov/pubmed/4126434
http://dx.doi.org/10.1007/s00277-015-2325-z
http://dx.doi.org/10.1007/s00277-015-2325-z
http://www.ncbi.nlm.nih.gov/pubmed/25814077
http://www.ncbi.nlm.nih.gov/pubmed/11756187
http://dx.doi.org/10.1182/blood-2005-07-2947
http://www.ncbi.nlm.nih.gov/pubmed/16469872

@° PLOS | ONE

Curcumin Induces G2/M Arrest and Apoptosis in Chronic Myeloid Leukemia K562 Cells

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Konig H, Holyoake T.L, Bhatia R. Effective and selective inhibition of chronic myeloid leukemia primitive
hematopoietic progenitors by the dual Src/Abl kinase inhibitor SKI-606. Blood. 2008; 111: 2329-2338.
doi: 10.1182/blood-2007-05-092056 PMID: 18056843

Chen M, Gallipoli P, DeGeer D, Sloma |, Forrest D.L, Chan M, et al. Targeting primitive chronic myeloid
leukemia cells by effective inhibition of a new AHI-1-BCR-ABL-JAK2 complex. J Natl Cancer Inst. 2013;
105: 405—423. doi: 10.1093/jnci/djt006 PMID: 23446755

SauBele S, Silver R.T. Management of chronic myeloid leukemia in blast crisis. Ann Hematol. 2015;
94: S159-165. doi: 10.1007/s00277-015-2324-0 PMID: 25814082

Rudiger H. How | treat CML blast crisis blood. Blood. 2012; 120: 737—747. doi: 10.1182/blood-2012-03-
380147 PMID: 22653972

Zhou Q, Bennett L.L, Zhou S. The Multifaceted Ability of Naturally Occurring Polyphenols against Meta-
static Cancer. Clin Exp Pharmacol Physiol. 2016; 43: 394—409. doi: 10.1111/1440-1681.12546 PMID:
26773801

WuL.X,WuY, ChenR.J, LiuY, Huang L.S, Lou L.G, et al. Curcumin derivative C817 inhibits prolifera-
tion of imatinib-resistant chronic myeloid leukemia cells with wild-type or mutant Ber-Abl in vitro. Acta
Pharmacol Sin. 2014; 35: 401-409. doi: 10.1038/aps.2013.180 PMID: 24487968

Wolanin K, Magalska A, Mosieniak G, Klinger R, McKenna S, Vejda S, et al. Curcumin affects compo-
nents of the chromosomal passenger complex and induces mitotic catastrophe in apoptosis-resistant
Bcer-Abl-expressing cells. Mol Cancer Res. 2006; 4: 457—-469. doi: 10.1158/1541-7786.MCR-05-0172
PMID: 16849521

Vakifahmetoglu H, Olsson M, Zhivotovsky B. Death through a tragedy: mitotic catastrophe. Cell Death
Differ. 2008; 15: 1153—1162. doi: 10.1038/cdd.2008.47 PMID: 18404154

Chowdhury |, Tharakan B, Bhat GK. Caspases—an update. Comp Biochem Physiol B Biochem Mol
Biol. 2008; 151: 10-27. doi: 10.1016/j.cbpb.2008.05.010 PMID: 18602321

Syng-Ai C, Kumari A.L, Khar A. Effect of curcumin on normal and tumor cells: role of glutathione and
bcl-2. Mol Cancer Ther. 2004; 3: 1101-1108. PMID: 15367704

Matassov D, Kagan T, Leblanc J, Sikorska M, Zakeri Z. Measurement of Apoptosis by DNA Fragmenta-
tion. In: Brady H.J.M, editor. Methods in Molecular Biology: Apoptosis Methods and Protocols. Humana
Press Inc., Totowa, NJ; 2004. pp. 1-17.

Taylor W.R. FACS-Based Detection of Phosphorylated Histone H3 for the Quantitation of Mitotic Cells.
In: Schénthal A. H., editor. Methods in Molecular Biology: Checkpoint Controls and Cancer. Humana
Press Inc., Totowa, NJ; 2004. pp. 293—299.

Berberich-Siebelt F, Berberich |, Andrulis M, Santner-Nanan B, Jha M.K, Klein-Hessling S, et al.
SUMOylation interferes with CCAAT/enhancer-binding protein beta-mediated c-myc repression, but
not IL-4 activation in T cells. Immunol. 2006; 176: 4843—4851.

Ara S.A, Mudda J.A, Lingappa A, Rao P. Research on curcumin: A meta-analysis of potentially malignant
disorders. J Cancer Res Ther. 2016; 12: 175-181. doi: 10.4103/0973-1482.171370 PMID: 27072233

Jobin C, Bradham C.A, Russo M.P, Juma B, Narula A.S, Brenner D.A, et al. Curcumin blocks cytokine-
mediated NF-kappa B activation and proinflammatory gene expression by inhibiting inhibitory factor I-
kappa B kinase activity. J Immunol. 1999; 163: 3474-3483. PMID: 10477620

LiW, PungD, SuZ.Y, Guo Y, Zhang C, Yang A.Y, et al. Epigenetics Reactivation of Nrf2 in Prostate
TRAMP C1 Cells by Curcumin Analogue FN1. Chem Res Toxicol. 2016; 29: 694—703. doi: 10.1021/
acs.chemrestox.6b00016 PMID: 26991801

Kinase Profiling Inhibitor Database. Available: http://www.kinase-screen.mrc.ac.uk/screening-
compounds/341054.

Cui L, Miao J, Cui L. Cytotoxic effect of curcumin on malaria parasite Plasmodium falciparum: inhibition
of histone acetylation and generation of reactive oxygen species. Antimicrob Agents Chemother. 2007;
51: 488-494. doi: 10.1128/AAC.01238-06 PMID: 17145789

Boyanapalli S.S, Tony Kong A.N. “Curcumin, the King of Spices”: Epigenetic Regulatory Mechanisms
in the Prevention of Cancer, Neurological, and Inflammatory Diseases. Curr Pharmacol Rep. 2015; 1:
129-139. doi: 10.1007/s40495-015-0018-x PMID: 26457241

Bose S, Panda A.K, Mukherjee S, Sa G. Curcumin and tumor immune-editing: resurrecting the immune
system. Cell Div. 2015 Oct 12. doi: 10.1186/s13008-015-0012-z PMID: 26464579

Shishodia S, Amin H.M, Lai R, Aggarwal B.B. Curcumin (diferuloylmethane) inhibits constitutive NF-
kappaB activation, induces G1/S arrest, suppresses proliferation, and induces apoptosis in mantle cell
lymphoma. Biochem Pharmacol. 2005; 70: 700-713. doi: 10.1016/j.bcp.2005.04.043 PMID: 16023083

Rajitha B, Belalcazar A, Nagaraju G.P, Shaib W.L, Snyder J.P, Shoji M, et al. Inhibition of NF-kB trans-
location by curcumin analogs induces G0/G1 arrest and downregulates thymidylate synthase in colo-
rectal cancer. Cancer Lett. 2016; 373: 227-233. doi: 10.1016/j.canlet.2016.01.052 PMID: 26850372

PLOS ONE | DOI:10.1371/journal.pone.0165971

November 10, 2016 17/18


http://dx.doi.org/10.1182/blood-2007-05-092056
http://www.ncbi.nlm.nih.gov/pubmed/18056843
http://dx.doi.org/10.1093/jnci/djt006
http://www.ncbi.nlm.nih.gov/pubmed/23446755
http://dx.doi.org/10.1007/s00277-015-2324-0
http://www.ncbi.nlm.nih.gov/pubmed/25814082
http://dx.doi.org/10.1182/blood-2012-03-380147
http://dx.doi.org/10.1182/blood-2012-03-380147
http://www.ncbi.nlm.nih.gov/pubmed/22653972
http://dx.doi.org/10.1111/1440-1681.12546
http://www.ncbi.nlm.nih.gov/pubmed/26773801
http://dx.doi.org/10.1038/aps.2013.180
http://www.ncbi.nlm.nih.gov/pubmed/24487968
http://dx.doi.org/10.1158/1541-7786.MCR-05-0172
http://www.ncbi.nlm.nih.gov/pubmed/16849521
http://dx.doi.org/10.1038/cdd.2008.47
http://www.ncbi.nlm.nih.gov/pubmed/18404154
http://dx.doi.org/10.1016/j.cbpb.2008.05.010
http://www.ncbi.nlm.nih.gov/pubmed/18602321
http://www.ncbi.nlm.nih.gov/pubmed/15367704
http://dx.doi.org/10.4103/0973-1482.171370
http://www.ncbi.nlm.nih.gov/pubmed/27072233
http://www.ncbi.nlm.nih.gov/pubmed/10477620
http://dx.doi.org/10.1021/acs.chemrestox.6b00016
http://dx.doi.org/10.1021/acs.chemrestox.6b00016
http://www.ncbi.nlm.nih.gov/pubmed/26991801
http://www.kinase-screen.mrc.ac.uk/screening-compounds/341054
http://www.kinase-screen.mrc.ac.uk/screening-compounds/341054
http://dx.doi.org/10.1128/AAC.01238-06
http://www.ncbi.nlm.nih.gov/pubmed/17145789
http://dx.doi.org/10.1007/s40495-015-0018-x
http://www.ncbi.nlm.nih.gov/pubmed/26457241
http://dx.doi.org/10.1186/s13008-015-0012-z
http://www.ncbi.nlm.nih.gov/pubmed/26464579
http://dx.doi.org/10.1016/j.bcp.2005.04.043
http://www.ncbi.nlm.nih.gov/pubmed/16023083
http://dx.doi.org/10.1016/j.canlet.2016.01.052
http://www.ncbi.nlm.nih.gov/pubmed/26850372

@° PLOS | ONE

Curcumin Induces G2/M Arrest and Apoptosis in Chronic Myeloid Leukemia K562 Cells

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Xia Y.Q, Wei X.Y, Li W.L, Kanchana K, Xu C.C, Chen D.H, et al. Curcumin analogue A501 induces G2/
M arrest and apoptosis in non-small cell lung cancer cells. Asian Pac J Cancer Prev. 2014; 15: 6893—
6898. PMID: 25169542

LiY, Zhang L.P, Dai F, Yan W.J, Wang H.B, Tu Z.S, et al. Hexamethoxylated Monocarbonyl Analogues
of Curcumin Cause G2/M Cell Cycle Arrest in NCI-H460 Cells via Michael Acceptor-Dependent Redox
Intervention. J Agric Food Chem. 2015; 63: 7731-7742. doi: 10.1021/acs.jafc.5b02011 PMID:
26255837

Banerjee M, Singh P, Panda D. Curcumin suppresses the dynamic instability of microtubules, activates
the mitotic checkpoint and induces apoptosis in MCF-7 cells. FEBS J. 2010; 277: 3437—-3448. doi: 10.
1111/j.1742-4658.2010.07750.x PMID: 20646066

O’Connor D.S, Wall N.R, Porter A.C, Altieri D.C. A p34(cdc?2) survival checkpoint in cancer. Cancer
Cell. 2002; 2: 43-54. PMID: 12150824

Law J.C, Ritke M.K, Yalowich J.C, Leder G.H, Ferrell R.E. Mutational inactivation of the p53 gene in the
human erythroid leukemic K562 cell line. Leuk Res. 1993; 17: 1045—-1050. PMID: 8246608

Mitsushima M, Aoki K, Ebisuya M, Matsumura S, Yamamoto T, Matsuda M, et al. Revolving movement
of a dynamic cluster of actin filaments during mitosis. J Cell Biol. 2010; 191: 453-462. doi: 10.1083/jcb.
201007136 PMID: 20974812

Karin M, Lin A. NF-kappaB at the crossroads of life and death. Nat Immunol. 2002; 3: 221-227. doi: 10.
1038/ni0302-221 PMID: 11875461

Braeuer S.J, Buneker C, Mohr A, Zwacka R.M. Constitutively activated nuclear factor-kappaB, but not
induced NF-kappaB, leads to TRAIL resistance by up-regulation of X-linked inhibitor of apoptosis pro-
tein in human cancer cells. Mol. Cancer Res. 2006; 4: 715-728 doi: 10.1158/1541-7786.MCR-05-0231
PMID: 17050666

LiY, Shao J, ShenK, Xu Y, Liu J, Quian X. E2F1-Dependent Pathways are involved in Amonafide Ana-
logue 7-d-Induced DNA Damage, G2/M Arrest, and Apoptosis in p53 -Deficient K562 Cells. J Cellular
Biochem. 2012; 113: 3165-3177.

Marabese M, Vikhanskaya F, Rainelli C, Sakai T, Broggini M. DNA damage induces transcriptional acti-
vation of p73 by removing C-EBP alpha repression on E2F1. Nucleic Acids Res. 2003; 31: 6624—-6632.
doi: 10.1093/nar/gkg869 PMID: 14602923

Jang S.Y, Hong D, Jeong S.Y, Kim J.H. Shikonin causes apoptosis by up-regulating p73 and down-reg-
ulating ICBP90 in human cancer cells. Biochem Biophys Res Commun. 2015; 465: 71-76. doi: 10.
1016/j.bbrc.2015.07.131 PMID: 26235879

Rufini A, Agostini M, Grespi F, Tomasini R, Sayan B.S, Niklison-Chirou M.V, et al. p73in Cancer.
Genes & Cancer. 2011; 2: 491-502.

PLOS ONE | DOI:10.1371/journal.pone.0165971

November 10, 2016 18/18


http://www.ncbi.nlm.nih.gov/pubmed/25169542
http://dx.doi.org/10.1021/acs.jafc.5b02011
http://www.ncbi.nlm.nih.gov/pubmed/26255837
http://dx.doi.org/10.1111/j.1742-4658.2010.07750.x
http://dx.doi.org/10.1111/j.1742-4658.2010.07750.x
http://www.ncbi.nlm.nih.gov/pubmed/20646066
http://www.ncbi.nlm.nih.gov/pubmed/12150824
http://www.ncbi.nlm.nih.gov/pubmed/8246608
http://dx.doi.org/10.1083/jcb.201007136
http://dx.doi.org/10.1083/jcb.201007136
http://www.ncbi.nlm.nih.gov/pubmed/20974812
http://dx.doi.org/10.1038/ni0302-221
http://dx.doi.org/10.1038/ni0302-221
http://www.ncbi.nlm.nih.gov/pubmed/11875461
http://dx.doi.org/10.1158/1541-7786.MCR-05-0231
http://www.ncbi.nlm.nih.gov/pubmed/17050666
http://dx.doi.org/10.1093/nar/gkg869
http://www.ncbi.nlm.nih.gov/pubmed/14602923
http://dx.doi.org/10.1016/j.bbrc.2015.07.131
http://dx.doi.org/10.1016/j.bbrc.2015.07.131
http://www.ncbi.nlm.nih.gov/pubmed/26235879

