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Abstract We previously demonstrated that arsenic trioxide (ATO) and proteasome inhibitor
MG132 synergistically induced cell death in promonocytic leukaemia cell line U937 but were
antagonistic in Burkitt’s lymphoma cell line Raji. Here we explore the role of autophagy,
expression of BNIP3, and mitochondrial mass, in determining whether ATO and MG132
interaction can be shifted from antagonism to synergism in Raji cells. Treatment with
ATO + MG132 increased the percentage of cells with collapsed mitochondrial membrane
potential (MMP) in U937 cells, but had no effect in Raji cells. Mitochondria were found in
cytoplasmic marginal location in U937 cells but at perinuclear location in Raji cells.
ATO + MG132 increased mitochondrial mass in U937 cells but decreased it in Raji cells,
while autophagy was increased in both cell lines. BNIP3 was expressed in U937 cells at cyto-
plasmic marginal locations and was hardly detected in Raji cells. Histone deacetylase (HDAC)
inhibitor valproic acid (VPA) increased expression of BNIP3 in Raji cells at perinuclear loca-
tions. However antagonism between ATO and MG132 was increased in the presence of low
doses of VPA. Addition of vincristine (VCR) blocked autophagy, while VPA + VCR treat-
ment of Raji cells at sub-cytotoxic doses caused BNIP3 and mitochondria to redistribute to
cytoplasmic peripheral location and increased mitochondrial mass. ATO + MG132 in the
presence of subcytotoxic doses of VPA + VCR caused collapse of MMP in Raji cells, while
al 1113,
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interaction between ATO and MG132 shifted from antagonism to synergism. We conclude
that synergism between ATO and MG132 was attained in Raji cells by disruption of the per-
inuclear mitochondrial cluster, blockage of selective autophagy of mitochondria (mitophagy)
by VCR, increased mitochondrial mass, and upregulation of BNIP3 by VPA.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Arsenic trioxide (ATO) is in clinical use for newly
diagnosed promyelocytic leukaemia (PML) achieving
high efficacy and minimal toxicity in long-term follow-
up [1,2]. The mechanism of ATO-induced cell death is
not completely understood but appears to involve mito-
chondrial disruption, increased production of reactive
oxygen species (ROS), and triggering of intrinsic apop-
tosis [3,4]. ATO was shown to target and eliminate leu-
kaemia initiating stem cells in mouse models via PML
targeting [5]. However the single-agent clinical activity
of ATO in other haematological malignancies has been
limited by the high doses required to induce cell death.
Combination of ATO with other targeted drugs such
as the proteasome inhibitors may sensitise malignant
cells and lower the ATO doses required to achieve cell
death [6].

The Chou–Talalay combination index (CI) method
provides a valuable assessment of cytotoxic drug interac-
tion since it can describe whether a combination of drugs
is synergic (CI < 1), additive (CI = 1) or antagonistic
(CI > 1) over an entire range of cytotoxic effects [7,8].
By using the CI method we have previously demonstrated
that ATO combined with the proteasome inhibitor
MG132 are synergic in the promonocytic leukaemia cell
line U937 and antagonistic in Burkitt’s lymphoma cell
line Raji [9]. It is useful to bring together results of cyto-
toxic drug interaction studies with known mechanistic
models because the latter provide a rationale to target cell
death resistance and the former may conclude on the
pharmacological relevance of the targeted mechanism,
particularly if antagonism is turned into synergism. In
the present study we explored the potential influence of
mechanistic models of cell death already described by
other authors, with the aim of targeting these mecha-
nisms, overcoming resistance and changing the kind of
interaction between ATO and MG132 in Raji cells from
antagonism (CI > 1) to synergism (CI < 1). In particular,
we explored a drug resistant system that appears to
involve the formation of perinuclear mitochondrial clus-
ters [10], the elimination of mitochondria, and the expres-
sion of the Bcl2-family member protein BNIP3, all of
which may be targeted to modify the effect of cytotoxic
drugs [11–13]. BNIP3 is a member of the Bcl2 family of
proteins with a role in response of normal cells to hypoxia
[11,14]. Its role in cancer cells remains controversial since
several studies have demonstrated that overexpression of
BNIP3 induces cell death, while many others demon-
strated a pro-survival role [11,12,14,15]. BNIP3 was
shown to provide survival advantage in cancer cells by
promoting mitochondrial autophagy and eliminating
damaged mitochondria with low membrane potential as
a source of intracellular ROS [11,16,17]. This mechanism
would allow cancer cells to neglect cell death signals
induced by drugs that target the mitochondria
[11,12,14]. In cells having a prominent role of this system
mitochondria and BNIP3 may be localised in proximity
to the nucleus [10,18]. Formation of perinuclear mito-
chondrial clusters requires a functional microtubule net-
work and may be disrupted by microtubule inhibitors
[12,19,20]. Despite its role in this pro-survival mechanism,
BNIP3 was found to mediate hypoxia-induced cell death
[21,22], and arsenic-induced cell death in tumour cells
[23]. Moreover, silencing of the BNIP3 gene by epigenetic
mechanisms was shown to protect cancer cells from
hypoxia or drug-induced cell death; and BNIP3 was pro-
posed as a molecular target for treating a subset of haema-
topoietic tumours through activation of apoptosis by
methyltransferases and histone deacetylase (HDAC)
inhibitors [11,24]. Thus, paradoxically BNIP3 appears
to have a dual role either promoting cell survival or induc-
ing cell death depending on the particular tumour or cell
type, but it is not completely understood what factors
determine whether it has a pro-survival or a pro-death
role [11,14]. In the present study we explored the expres-
sion of BNIP3 in U937 and Raji cells and we evaluated
the role of epigenetic drugs in sensitising Raji cells to
the combination of ATO + MG132. We brought up the
hypothesis that antagonism between MG132 and ATO
in Raji cells (CI > 1) could be reverted to synergism
(CI < 1) by desilencing BNIP3 with epigenetic drugs.
However the sole expression of BNIP3 would not result
in synergism if it happened to be expressed with a pro-sur-
vival role. Thus, our hypothesis included an additional
contribution of the perinuclear mitochondrial cluster
and mitochondrial autophagy to the alleged pro-survival
role of BNIP3. We therefore explored the possibility of
blocking any survival role of BNIP3 by introducing low
doses of the microtubule inhibitor vincristine (VCR).

We found that shifting of antagonism to synergism
between ATO and MG132 in Raji cells was associ-
ated with both upregulation of BNIP3 by low doses
of the HDAC inhibitor valproic acid (VPA) and dis-
ruption of the perinuclear mitochondrial clusters by
VCR.
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2. Materials and methods

2.1. Reagents, cell lines and culture conditions

ATO was a kind gift from Varifarma (Argentina).
Fresh stock solutions of 1 mM ATO were prepared
before every experiment. 5-azacytidine (Mielozitidina)
was kindly provided by Laboratorio LKM (Argentina).
MG-132 was obtained from Calbiochem (San Diego,
CA, United States of America (USA)), and stock solu-
tions were prepared in dimethylsulphoxide (DMSO) at
5 mM stock concentration. Valproic acid was from
Casasco Pharmaceuticals (Argentina) and was prepared
freshly as a 100 mM stock solution in RPMI-1640 med-
ium. Vincristine was kindly provided by Laboratorio
Filaxis (Argentina). RPMI-1640, penicillin, streptomy-
cin, fluorescein-diacetate (FDA), tetramethylrhod-
amine-ethyl-ester (TMRE), propidium iodide (PI),
monodansylcadaverine (MDC), Nonyl-acridine orange
(NAO), MitoTrackerR Red (MTKred), and 40,6-diami-
dino-2-phenylindole (DAPI) were purchased from Invit-
rogen (Buenos Aires, Argentina). U937 cells were
purchased from ECACC and Raji cells were purchased
from ATCC. Both cell lines were grown in RPMI 1640
with 10% heat-inactivated foetal calf serum, at 37 �C
in a 5% CO2 atmosphere. Cells were subcultured at 1:2
ratios every 2–3 days with a viability greater than 95%
(assessed by trypan blue) maintaining cell concentra-
tions between 0.5 and 1.5 � 106/ml.

2.2. Cell death and autophagy assessment through flow

cytometry

U937 or Raji cells were decanted in 24-well culture
plates at 0.5 � 106/ml. Serial dilutions of ATO,
MG132, VPA, VCR or drug combinations were added
in triplicate. RPMI was added as untreated control.
All experiments to determine EC50 or CI were con-
ducted considering dose ranges and intervals to cover
the entire effect range (i.e. from no cytotoxic effect to
maximal cytotoxic effect) unless otherwise indicated
[8,9]. The plates were incubated for either 24 h or 72 h
at 37 �C with 5% CO2. To identify dead cells, live non-
autophagic cells and live autophagic cells samples were
labelled with FDA, MDC and PI. Briefly, samples were
incubated at 37 �C in 1 lM FDA in RPMI for 15 min,
50 lM MDC for 10 min, washed three times in phos-
phate buffered saline (PBS) by centrifugation, trans-
ferred to flow cytometry tubes, stained with 1 lM PI,
and immediately run in a Partec PAS III flow cytometer
equipped with a 20 mW 488 argon laser and a 365 nm
100 W UV lamp excitation line (Partec, Germany). A
total of 20,000 cells were analysed for each dose or time
point in triplicate. The MDC, FDA and PI fluorescence
were collected through a 480/15 nm, 535/15 nm and
680/15 bandpass filter respectively. Quadrant analysis
was done with Flomax software (Partec, Germany).
For complementary microscopic observations, cells were
stained for 10 min with 50 lM MDC but without adding
FDA or PI. Samples were washed in PBS and mounted
onto slides for immediate live observation under fluores-
cence microscopy.

2.3. Median-effect and combination index analysis of

cytotoxicity

The detailed procedure of this analysis was described
previously [8,9]. Briefly, for each single or combined
drug treatment the fraction of dead cells Fa, and live
cells Fu = (1 � Fa) was determined by flow cytometry.
By linear regression we obtained the slope and the
intercept of the equation log(Fa/Fu) = m � log(D) �
m � log(Dm) (where Dm is the median dose and D is
the independent variable) to further derive the median
effect formula for each drug as:

D ¼ DmðFa=ð1� FaÞÞ1=m

With this formula we could further estimate the dose D

that induces cytotoxicity in a fraction Fa of cells in a
72 h incubation experiment. For each level of cytotoxic-
ity i, combination index (CI) values CI(i) were then
calculated according to following equation:

CIðiÞ ¼ DacðiÞ=DasðiÞ þDbcðiÞ=DbsðiÞ þ aDacðiÞ
�DbcðiÞ=DasðiÞ �DbsðiÞ

where Dac(i) and Dbc(i) are the doses of drugs a and b
respectively required in the combination a + b to
produce an effect level i.

Das(i) and Dbs(i) are the doses of drug a and b,
respectively, required to produce an effect level i when
used as single drugs. Since we used constant molar ratios
of drugs a and b in the combination assays and we
assumed a conservative mutually non-exclusive interac-
tion where a = 1, the final formula was:

CIðiÞ ¼ DacðiÞ=DasðiÞ þDacðiÞ � R=DbsðiÞ þDacðiÞ � R
�DacðiÞ=DasðiÞDbsðiÞ

where R was the molar ratio of drug b to drug a in the
combined drug assay. Calculations were done with the
software Calcusyn (Biosoft, United Kingdom (UK)),
which implements the above formulas, assisted with
Microsoft Excel spreadsheets to check results, perform
regression analysis and create improved graphs.

2.4. Mitochondrial membrane potential

The mitochondrial transmembrane potential was
evaluated by the potentiometric probe TMRE [25].
Cells were incubated in 0.05 lM TMRE for 20 min at
37 �C. The mitochondrial uncoupling agent carbonyl
cyanide 3-chlorophenylhydrazone (CCCP) (50 lM) was
included as a positive control. DAPI at a 1 lg/ml final
concentration was added as a membrane non-permeant
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dye to label dead cells and simultaneously assess mito-
chondrial membrane potential (MMP) and viability
[26]. Cells were washed once with PBS and 20,000 cells
per sample were analysed in a PAS III flow cytometer
with Blue and UV excitation lines as described above.
Histogram and mean fluorescence analysis was made
with Flomax software.

2.5. Light and fluorescence microscopy

In all cases the slide preparations were observed in an
Olympus BX-51fluorescence microscope equipped with a
100 Watt mercury lamp, a halogen lamp for transmitted
light, U-plan fluorite objectives and three fluorescence fil-
ter cubes (U-MWU2, U-MWB2 and U-MWG2 for ultra-
violet, blue and green excitation light respectively). All
images were acquired with a digital Q-Color 3 Olympus
camera and Image-Pro Plus 6.0 software (Media Cyber-
netics, USA). Image processing was performed with
Image-Pro Plus 6.0. DAPI and MDC fluorescence was
evaluated at excitation wavelength of 330–385 nm (U-
MWU2 filter). Fluorescein (FITC) fluorescence was eval-
uated at excitation wavelength of 450–480 nm (U-MWB2
filter). MitoTrackerR Red (MTKred) fluorescence and
RFP-LC3 fluorescence were evaluated at excitation
wavelength of 510–550 nm (U-MWG2 filter).

2.6. Evaluating mitochondrial cell distribution and

mitochondrial mass with MTKred and NAO

A stock solution of 1 mM MTKred was prepared in
DMSO and further used to label cells by suspending them
at a final concentration of 50 nM during 20 min at 37 �C
in PBS, then washed once in PBS and mounted onto
slides for microscopic observation. An average of 60
images of red fluorescent and phase contrast fields at
1000� magnification per treatment were acquired. To
compute the mitochondrial area the fluorescent MTKred
image of each cell (at 1000� magnification) was sur-
rounded with a contour line (shown in Fig. 1D) with
the automatic segmentation tool provided by the soft-
ware Image-Pro Plus 6.0. The area was computed from
pixels above a threshold fluorescence value without con-
sidering actual fluorescence intensity above the threshold
value. The correct recognition for each cell was verified
by direct observation before computing the mitochon-
drial area. The total area of the same cell was computed
from the corresponding phase contrast image of the same
field. Scoring was conducted at 24 h exposure in samples
treated with 72 h single or combined EC50 doses where
viability remained as high as untreated sample having
no shrinkage or change in forward light scatter (FSC)
versus side light scatter (SSC) bivariate distribution (data
not shown). The area measurements were exported to
Excel spreadsheets and the ratio [area of MTKred-
labelled mitochondria]/[total cell area] computed for
each cell was used as an indicator of the mitochondrial
distribution. Nonyl-acridine orange, a green fluorescent
probe that binds to cardiolipin was used to estimate mito-
chondrial mass by flow cytometry. A 5 mM stock solu-
tion of NAO in ethanol was diluted to 100 nM in PBS
to stain cells during 30 min at 37 �C. The cells were
washed once in PBS and analysed by flow cytometry.

2.7. Immunofluorescence detection of BNIP3

Cells were fixed in 4% formaldehyde in PBS during
30 min at 4 �C. To quench autofluorescence after fixation
they were suspended in 25 mM ammonium chloride in
PBS. Cells were further washed and mounted onto slides,
air dried and permeabilised in methanol at �20 �C dur-
ing 10 min; then washed in PBS and blocked for 1 h in
PBS containing 2% normal rabbit serum, 1% BSA and
0.3% Triton X-100. Preparations were washed and incu-
bated overnight at 4 �C with mouse anti-human BNIP3
(Abcam, Cambridge, UK) diluted 1/200 in PBS with
2% BSA; then washed and incubated with FITC-conju-
gated secondary antibody rabbit anti-mouse IgG (Sigma,
MO, USA) for 1 h at RT. Preparations were washed,
stained with 1 lg/ml DAPI, and observed under a
BX-51 fluorescence microscope. More than 50 images
at 1000� magnification were acquired with equal
exposure time for each treatment (Q-Color 3 Olympus
camera) to compare fluorescence intensity.

2.8. mRNA extraction and semi-quantitative reverse

transcription-polymerase chain reaction (RT-PCR)

Total mRNA from samples (5 � 106 cells) was iso-
lated with TRIZOL according to the protocol recom-
mended by the manufacturer, and RT-PCR was
conducted as described previously [27]. Negative con-
trols for reverse transcription were (1) RNA sample sub-
jected to RT in the absence of enzyme to control for
intrinsic contamination by genomic DNA, and (2)
reverse transcription performed without adding RNA
to control for contamination during the experiment.
Positive control included the use of RNA samples known
to give positive results. cDNA was then amplified using
BNIP3 sense primer 50-CCACCTCGCTCGCAGA-
CACCAC-30 and BNIP3 antisense primer 50-GAGA-
GCAGCAGAGATGGAAGGAAAAC-30 [24]. The
thermal profile used was: denaturing at 94 �C, extension
at 72 �C, annealing at 66 �C (3 cycles), 64 �C (4 cycles),
62 �C (5 cycles), 60 �C (23 cycles), with a total of 35
cycles (product size: 317 bp). To evaluate the relative
expression of the BNIP3 gene, the b-actin gene was also
amplified by 25 cycles (60 s at 94 �C, 60 s at 52 �C and
60 s at 72 �C) followed by a 10 min extension at 72 �C,
using sense primer 5-ATGGATGACGATATCGCT-3
and antisense 5-ATGAGGTAGTCTGTCAGGT-3
(product size: 570 bp). Serial dilutions were used for each
cDNA to ensure that amplification occurred within the
exponential range and that the reaction did not reach
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the plateau. PCR products were separated in 2.5% and
1.5% agarose gel (BNIP3 and actin respectively), stained
with GelRed TM (Biotium-Hayward, USA) and visual-
ised under UV light in a UV-transilluminator (Cole
Palmer Instrumental). Gel images obtained with a digital
camera (Olympus, Camedia, D-510) were subjected to
densitometry analysis using Image Scion software. The
relative abundance of BNIP3 gene transcripts was
determined by dividing the densitometry values of the
PCR product by that of b-actin.

2.9. Cytoplasmic extracts and western blot detection of
BNIP3 and LC3

To prepare protein extracts 2 � 106 cells from each
sample were incubated in 400 ll of hypotonic buffer
(20 mM Tris pH 8.0, 150 mM NaCl, 100 mM NaF,
10% glycerol, 1% Nonidet P-40, 1 mM PMSF, 40 lg/ml
leupeptin, and 20 lg/ml aprotinin) for 30 min at
4 �C. The supernatants were stored at �70 �C until
further use, and protein concentration was determined
by Bradford assay. Equal amounts of protein extracts
(50 lg/lane) in sample buffer (2% SDS, 10% glycerol,
25 mM Tris pH 6.8, 4 M urea, 1% 2-mercapto-ethanol)
were resolved by SDS–polyacrylamide gel electrophore-
sis (12% for BNIP3 and 15% for LC3,) and transferred
onto PVDF-membranes (GE Healthcare, Argentina).
The membrane was blocked overnight at 4 �C in Tris-
buffered saline, containing 2% glycine and 3% non-fat
dried milk. In a next step the membrane was incubated
overnight at 4 �C with specific antibodies to BNIP3
(Abcam, Cambridge, UK), LC3 (Cell Signaling Technol-
ogies), or b-actin (Santa Cruz Biotechnology, CA, USA)
followed by horseradish peroxidase-labelled secondary
antibody for 1.5 h at 37 �C. The reaction was developed
using a chemo-luminescence detection system (Luminol
Reagent, Santa Cruz Biotechnology, Inc.). Densitometry
analysis was carried out using Scion Image software
(Scion Corporation, NIH, Bethesda, MD).
3

Fig. 1. Effect of 72 h cytotoxic doses of arsenic trioxide (ATO) and MG132
mass after 24 h treatment in U937 and Raji cells. (A) Fluorescence of cells la
(TMRE) analysed through histograms to determine the percentage of cells
still having a positive MMP (cells in RN2). To set the limit between the two
complete collapse of MMP, and the histogram obtained was compared with
were obtained to further produce the bar graphs shown in B. (B) MMP sta
Table 1 for the corresponding EC% doses in lg). Bar graphs show the perc
dye 40,6-diamidino-2-phenylindole (DAPI), cells with collapsed MMP, and
were assayed in triplicate and error bars indicate ±SD of the mean value. (C
cells. Polarised mitochondria in U937 cells labelled by TMRE were fou
mitochondria were found clustered in central areas around the nucleus. The
MitoTrackerR Red (MTKred), a probe that binds covalently to mitochond
digital overlay of MTKred fluorescent image and a phase contrast image o
within the cells. Size bar corresponds to 10 lm. (D) MTKred fluorescen
mitochondrial fluorescence and the area of the whole cell, to further comp
graphs show the cumulative frequency distribution, and right panels the m
Kramer’s post test of treatment versus basal comparison after a significant
of a Raji cell surrounded with the segmentation software tool to illustrate
2.10. Assessment of DNA content

Raji cells were treated with a range of doses of ATO
in duplicates and cultured for 72 h in RPMI 10% FBS.
They were washed once in PBS and fixed in ice-cold
70% ethanol for 60 min. Then cells were washed two
times in PBS and stained with 1 lg/ml PI during
30 min at RT. Cellular DNA content was measured
using a PAS III flow cytometer. Twenty thousand events
were acquired for each sample. Results were analysed
using Flomax software. Regions corresponding to G0/G1,
S and G2/M phase were determined in untreated
samples with the cell cycle module of Flomax software.

2.11. Transfection of Raji cells with pRFP-LC3 and

MDC colocalisation analysis

Raji cells were transfected with pRFP-LC3 using
DMRIE-C transfection reagent (Invitrogen, Argentina)
as indicated by the manufacturer. The transfected cells
were incubated for 48 h in RPMI-1640 supplemented
with 10% FBS without antibiotic in 12-well plates, and
further re-suspended in RPMI 10% FBS with antibiotic
and treated with 3 mM VPA or 3 mM VPA + 1 lM
VCR. After 24 h cells were stained with 50 lM MDC
30 min at 37 �C, washed once in RPMI and observed
by fluorescence microscopy equipped with a digital
Q-Color 3 Olympus camera. A replicate sample of trans-
fected cells was kept separately without MDC staining
(Single RFP fluorescence). Another control was made
with non-transfected Raji cells stained with MDC. Exci-
tation with 330–385 nm U-MWU2 filter of these MDC
single-stained cells showed no signal in the red channel.
Excitation with the same UV filter of pRFP-LC3-trans-
fected cells without MDC staining showed no signal in
the blue channel. Thus no crosstalk was found between
the two fluorophores. Fluorescence intensities of images
remained within the response range of the microscope.
Colocalisation analysis was conducted with Image-Pro
on the mitochondrial membrane potential (MMP) and mitochondrial
belled with the potentiometric probe tetramethylrhodamine-ethyl-ester

with collapsed MMP (RN1) and the mean TMRE fluorescence of cells
populations a sample was treated with the uncoupler CCCP to induce

that of untreated cells. Histograms are depicted to illustrate how values
tus of cells treated with 72 h cytotoxic doses and evaluated at 24 h (see
entage of viable cells as determined by exclusion of the non-permeable

the mean fluorescence of cells still having a positive MMP. Samples
) Dissimilar intracellular distribution of mitochondria in U937 and Raji
nd evenly distributed in the cytoplasm, while in Raji cells polarised
dissimilar distribution between U937 and Raji cells was confirmed with
ria and is retained even if MMP collapses. MTKred + PhC indicates a
f the same field to appreciate the relative distribution of mitochondria
t images were used to analyse individual cells and score the area of
ute a ratio of these areas as an indicator of mitochondrial mass. Left
atching Box–Whisker plot and the p-values corresponding to Tukey–

ANOVA test (p < 0.001). The inset shows a MTKred fluorescent image
calculation of mitochondrial area (see Section 2).
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Plus 6.0 software (Media Cybernetics, USA). Blue and
red channel images were processed with green and red
pseudocolour respectively to produce colocalisation
merge images. Correlation analysis and bidimensional
scattergrams of biologically relevant regions of the sam-
ples were performed with Image Pro Plus 6.0.

2.12. Combined staining with MDC and acridine orange

(AO) and colocalisation analysis

For microscopic observations of combined staining
of lysosomes and autophagosomes Raji cells were
stained first with 50 lM MDC in RPMI at 37 �C during
10 min. They were washed in PBS and further stained
with 0.5 lM AO immediately before mounting onto
slides for live observation under fluorescence micros-
copy. Single stained samples were used as controls to
assure there was no crosstalk between the two probes.

2.13. Combined staining with MDC and MTKred and

colocalisation analysis

For microscopic observations of combined staining
of mitochondria and autophagosomes Raji cells were
stained with MTKred as described above and were fur-
ther incubated with 50 lM MDC in RPMI at 37 �C dur-
ing 10 min, washed once in PBS and mounted onto
slides for live observation under fluorescence micros-
copy. Single stained samples were used as controls to
assure there was no crosstalk between the two probes.

2.14. Combined staining with MTKred and anti-BNIP3

and colocalisation analysis

For microscopic observations of combined staining
of mitochondria and BNIP3 Raji or U937 cells were
stained first with MTKred as described above, washed
Table 1
Cytotoxic doses of arsenic trioxide (ATO) and MG132 in U937 and Raji c

Effect level (EC%) at 72 h ATO (lM) ± SD MG132 (lM) ± SD

U937 cells

EC25 3.93 ± 0.37 1.35 ± 0.08
EC30 4.53 ± 0.38 1.50 ± 0.09
EC40 5.84 ± 0.43 1.80 ± 0.11
EC50 7.37 ± 0.52 2.13 ± 0.14
EC70 11.99 ± 1.06 3.02 ± 0.23
EC80 16.33 ± 1.80 3.78 ± 0.32
EC90 26.00 ± 3.93 5.29 ± 0.55

Raji cells

EC25 6.53 ± 0.28 0.35 ± 0.04
EC30 7.19 ± 0.29 0.50 ± 0.05
EC40 8.50 ± 0.29 0.91 ± 0.08
EC50 9.93 ± 0.30 1.58 ± 0.13
EC70 13.71 ± 0.35 3.52 ± 0.60
EC80 16.84 ± 0.44 5.92 ± 1.19
EC90 22.95 ± 0.75 12.93 ± 3.30

* The complete CI versus effect level functions with 95% confidence int
Fig. 4C and D, respectively.
in PBS and fixed in 4% formaldehyde in PBS during
30 min at 4 �C. Permeabilisation and labelling with anti
BNIP3 and FITC-conjugated antibody was conducted
as described in the above section always protected from
light.

2.15. Statistical analysis

Multiple comparisons were analysed by an ANOVA
test using the Tukey–Kramer post test for differences
between the means of treated groups with basal
untreated group. Data of mitochondrial mass measure-
ments obtained with Image-Pro Plus 6.0 were exported
to and analysed with Graph-Prism 4.0 (GraphPad, San
Diego, CA, USA), to further produce the cumulative
distribution and Box-Whisker plots.

3. Results

3.1. Dissimilar effect of ATO and MG132 on the

mitochondrial membrane potential (MMP) in U937

and Raji cells

We first assessed the effects of ATO and MG132 on
the MMP in U937 and Raji cells.

We previously determined by the median effect and
combination index methods the single and combined
doses of ATO and MG132, required to induce cell death
at 72 h to different levels [9]. Dose values used in this
study with their estimated cytotoxic effect level at 72 h
are presented in Table 1 together with the combination
index (CI). We used these 72 h cytotoxic doses, referred
herein simply as EC%, in assays conducted at 24 h to
explore the differential effect on MMP between cell lines
prior to the occurrence of cell death at 72 h. Calculation
of EC% requires an accurate estimate of cell death to
categorise single cells as dead or alive. This was
ells.

ATO (lM) + MG132 (lM) Combinatory index (CI) ± SD*

1.82 + 0.45 0.80 ± 0.09
2.02 + 0.51 0.78 ± 0.08
2.43 + 0.61 0.75 ± 0.07
2.89 + 0.72 0.73 ± 0.06
4.12 + 1.03 0.68 ± 0.06
5.17 + 1.29 0.66 ± 0.06
7.27 + 1.82 0.62 ± 0.08

5.90 + 0.49 5.70 ± 2.64
6.62 + 0.55 3.91 ± 1.37
8.13 + 0.68 2.26 ± 0.40
9.81 + 0.82 1.59 ± 0.11
14.52 + 1.21 1.18 ± 0.04
18.65 + 1.55 1.15 ± 0.05
27.15 + 2.26 1.19 ± 0.06

ervals and experimental values for U937 and Raji cells are shown in
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accomplished by FDA/PI labelling and flow cytometry
assessment. Determination of EC% is based on cell death
rates and not on cell death phenotype indicators such as
the fraction of cells undergoing DNA degradation. How-
ever, due to the fact that apoptosis rather than passive
necrosis is observed at doses close to EC50, the rate of
cells having late apoptotic phenotype can be often close
to the rate of dead cells obtained with the FDA/PI
method at least within a limited dose range. The amount
of cells having subG1 DNA content after 72 h exposure
to EC20 to EC90 ATO was compared to the amount of
dead cells scored by the FDA/PI method and results are
shown in Supplementary Fig. S1. Both methods were
coincident around the ATO EC50 dose but not at higher
doses such as EC70 or EC90 where the true fraction of
dead cells was underestimated by the fraction of SubG1
cells (Supplementary Fig. S1).

ATO applied at an EC50 dose increased the percent-
age of U937 cells with collapsed MMP evaluated at 24 h,
and lowered the MMP in those cells that still kept a
positive MMP, as indicated by decrease of the mean
fluorescence of TMRE (cells in RN2 region in
Fig. 1A). MG132 at an EC50 dose did not change the
percentage of U937 cells with collapsed MMP when
evaluated at 24 h, while ATO EC25 + MG132 EC25
induced a higher percentage of cells with collapsed
MMP than MG132 EC50 but less than ATO EC50
(Fig. 1B). Even though we used a 72 h EC50 dose, in
most of the samples the viability at 24 h was above
80%, as indicated by the absence of DAPI fluorescence
(Fig. 1B). By contrast, in Raji cells none of the treat-
ments with ATO EC50, MG132 EC50 or ATO
EC25 + MG132 EC25 induced any change in MMP,
either in the percentage of cells with collapsed MMP,
or the level of MMP (Fig. 1B).

In untreated U937 cells, polarised mitochondria
labelled with TMRE were evenly distributed all around
the cytoplasm, and the fluorescence was frequently
observed close to the cell membrane limit (Fig. 1C).
By contrast, in untreated Raji cells polarised mitochon-
dria formed large clusters particularly at inner areas
close to the nucleus, and were rarely seen approaching
the cell membrane edge (Fig. 1C). This differential distri-
bution of mitochondria between untreated U937 cells
and Raji cells was confirmed with the use of MitoTrac-
kerR Red (MTKred) (Fig. 1C).

When U937 cells were treated with ATO EC50 or
ATO EC25 + MG132 EC25 and evaluated at 24 h, the
area of fluorescent mitochondria was increased in MTK-
red-labelled cells, while there was no change in the cell
location of fluorescence compared to untreated cells
(Fig. 1C,D, and Supplementary Fig. S2). The assess-
ment of mitochondrial mass with NAO probe by flow
cytometry, which measures the amount of mitochondria
regardless the polarisation state, showed an increase
over basal levels with all three treatments ATO EC50,
MG132 EC50 and ATO EC25 + MG132 EC25 (Supple-
mentary Fig. S3). In contrast, Raji cells treated with
ATO EC25 + MG132 EC25 showed lower mitochon-
drial fluorescent area, while the fluorescence of MTKred
was found close to the nucleus (Fig. 1 C,D, and Supple-
mentary Fig. S2). In addition, MG132 EC50 signifi-
cantly decreased mitochondrial fluorescent area in Raji
cells compared to basal levels, but not in U937 cells
(Fig. 1D). The assessment with NAO by flow cytometry
showed decreased mitochondrial mass in Raji cells with
all three treatments (ATO, MG132 and ATO + MG132)
when compared to basal levels (Supplementary Fig. S3).

3.2. ATO and MG132 induced autophagy in Raji and

U937 cells

Under specific circumstances such as hypoxia,
autophagy may contribute to eliminate mitochondria
with low MMP and decrease mitochondrial mass [28].
Thus we explored the presence of basal autophagy in
Raji and U937 cells and the potential changes induced
at 24 h by ATO EC50, MG132 EC50 and ATO
EC25 + MG132 EC25. Both Raji and U937 cells
showed basal autophagy as detected by the presence of
LC3II by western blot (Fig. 2A). LC3II was increased
after treatment with MG132 EC50, ATO EC50 and
MG132 EC25 + ATO EC25 (Fig. 2A). The changes in
LC3 levels after inhibition of autophagic flux are shown
in Fig. S13A. The size, number, and cellular distribution
of autophagosomes, as identified by MDC staining and
fluorescence microscopy, were different between cell
lines. Raji cells had larger dot-like autophagosome
images and stronger fluorescence than U937 cells
(Fig. 2B). However, there was a wide range of fluores-
cence intensities and dot sizes among cells, from strong
fluorescence with many large dots to almost non-fluores-
cent cells. Thus autophagy as detected at the single cell
level by this method was variable, while the western blot
method showed an average measure due to the fact that
the sample is reduced to a homogenate and normalised
to protein content. Therefore, to further quantify
changes in MDC-stained cells we used UV-excited flow
cytometry as a high throughput method. We first con-
firmed that Rapamycin, a well known inducer of
autophagy, was detected in a dose-dependent manner
by this method (Fig. 2C and D). Since autophagy is con-
sidered a dynamic process where autophagosomes are
continuously formed and eliminated by fusion with lyso-
somes, we further evaluated blockage of autophagic flux
by VCR (Fig. 2D). VCR like other vinca alkaloids are
known to prevent the fusion of autophagosomes with
lysosomes, thus increasing the amount of MDC-stained
autophagosomes in Rapamycin-treated cells after a
short incubation time [29]. Changes in autophagic
flux in Rapamycin-treated cells as detected by LC3
and western blot are also shown in Fig. S13B.
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These assays proved that the percentage of cells with
MDC-positive staining obtained from 20,000 scored
cells in triplicate by UV excited flow cytometry was an
indicator of the level of autophagy (Fig. 2D). MDC
did not stain lysosomes or late acidic autophagolyso-
somes but only early and intermediate autophagosomes.
In a combined staining with MDC and AO, a probe that
stains red fluorescent acid vesicles, the majority of MDC
stained vesicles and AO-stained vesicles did not colocal-
ise (Supplementary Fig. S4).

We further confirmed by flow cytometry of MDC-
labelled cells that ATO increased autophagy in Raji cells
evaluated at 24 h over the range EC05 to EC90 of 72 h
cytotoxic doses (Fig. 2E). However, when evaluated at
72 h, only samples treated with cytotoxic doses of ATO
at EC40 or below retain autophagic levels above that
of untreated cells (Fig. 2E). In fact, above the peak value
observed at EC30 there was a clear inverse relationship
between the EC% dose and autophagy, meaning that
the more dead cells were found in the sample the less
the chance that autophagy would be detected in the
remaining live cells (Fig. 2E). We next confirmed that
the combination ATO + MG132 increased the percent-
age of MDC-positive cells in Raji and U937 cells, after
24 h incubation with 72 h cytotoxic doses (EC30, EC50
and EC80). Again viability remained high at 24 h even
though these doses would have caused cell death at
72 h (Fig. 2F). Thus the combination MG132 + ATO
increased autophagy in both cell lines even though it
proved to be synergic in U937 cells and antagonistic in
Raji, ruling out the possibility that changes in autophagy
levels could self explain the opposed kind of interaction
that ATO and MG132 had in the two cell lines.
3.3. Differential expression of BNIP3 in U937 cells and

Raji cells

BNIP3 protein was easily detected by immunofluo-
rescence in U937 cells with an even distribution all
3

Fig. 2. Basal and drug-induced autophagy in U937 and Raji cells. (A) West
(basal), and cells treated with single and combined arsenic trioxide (ATO) a
expression and results of densitometry analysis are shown below. The co
Untreated Raji and U937 cells stained with monodansylcadaverine (MDC
showed dim fluorescent small dots (L), and even other cells showed no d
fluorescent and phase contrast images to appreciate the cellular distribution
autophagy and cell death by flow cytometry after 24 h of Rapamycin treatm
the bar graphs shown in panels below. The quadrant analysis of MDC ve
membrane damage), and that of FDA versus PI in the bottom row (live ce
showing the percentage of MDC positive cells (i.e. having abundant autop
Rapamycin after 24 h incubation, and percentage of dead cells (PI positive
triplicate and error bars indicate ±SD of the mean value. The lower bar
0.25 lM Rapamycin for 24 h, and the changes that occurred after the addit
early increase in autophagosomes (owing to inhibition of late fusion of au
decrease. (E) Raji cells treated with increasing doses of ATO (EC0 to EC90)
72 h (graph below). The corresponding lM values of EC% doses are shown
treated with increasing 72 h cytotoxic doses of ATO + MG132 and evalua
around the cytoplasm (Fig. 3A). By contrast it was
hardly detected in Raji cells since fluorescence intensity
was slightly above that of negative controls (Fig. 3A).
BNIP3 was also detected at the mRNA level in
untreated U937 cells by conventional RT-PCR
(Fig. 3B). U937 cells treated with 72 h cytotoxic doses
and evaluated at 24 h showed increased BNIP3 mRNA
with MG132 EC50, and a slight decrease with ATO
EC50 and MG132 EC25 + ATO EC25 (Fig. 3B).
Instead, BNIP3 mRNA was barely detected in Raji cells
and no change was detected with MG132 EC50, ATO
EC50 or MG132 EC25 + ATO EC25 (Fig. 3B).
3.4. VPA upregulated BNIP3 in Raji cells

We found a clear upregulation of BNIP3 mRNA by
1 lM 5-azacytidine (Fig. 3B). In addition, the HDAC
inhibitor VPA had a similar BNIP3 mRNA upregulat-
ing effect in Raji cells at 2, 3, and 4 mM dose (Fig. 3B
and Fig. S14). VPA also appeared to increase BNIP3
mRNA in U937 cells using the same dose range
(Fig. 3B). Raji cells exposed to 3 mM VPA for 24 h
together with MG132 at EC30, EC40 and EC50 doses
showed increased BNIP3 mRNA (Fig. 3B). Raji cells
treated with 3 mM VPA for 24 h also showed increased
BNIP3 protein when evaluated by immunofluorescence
(Fig. 3C). However, BNIP3 was found mostly with
uneven cellular distribution, close to the nucleus and
apart from the peripheral areas of the cytoplasm, con-
trasting to the uniform cytoplasmic distribution that
we observed in untreated and VPA-treated U937 cells
(Fig. 3C). We further confirmed that VPA increased
the expression of BNIP3 in Raji cells by western blot
(Fig. 3D).

We wanted to use VPA as a sensitising drug without
contributing itself to cytotoxicity but to an upregulation
of BNIP3 that could potentiate ATO + MG132 treat-
ment. Therefore, we conducted cytotoxicity assays at
72 h (scored by labelling with FDA/PI and flow
ern blot image showing expression of LC3I and LC3II in untreated cells
nd MG132 for 24 h with 72 h cytotoxic doses. The corresponding actin
rresponding EC% doses expressed in lM are detailed in Table 1. (B)
). Some cells showed high fluorescent large dots (H), some other cells
etectable fluorescence (ND). MDC + PhC indicates digitally overlaid
of autophagosomes. Size bar = 10 lm. (C) Simultaneous assessment of
ent. Plots correspond to three representative samples used to produce

rsus propidium iodide (PI) is shown in the top row (autophagy versus
lls having metabolic activity versus membrane damage). (D) Bar graph
hagosomes) among live Raji cells (PI negative) at increasing doses of

) at 24 h with increasing doses of Rapamycin. Samples were assayed in
graph shows the percentage of MDC-positive Raji cells treated with
ion of 1 lM vincristine (VCR) to block autophagic flow. There was an
tophagosomes and lysosomes) followed by a progressive time-related
and evaluated for autophagy and cell death at 24 h (graph on top), and
in Table 1. (F) U937 cells (graph on top) and Raji cells (graph below)

ted at 24 h for autophagy and cell death.



Fig. 3. Differential expression of BNIP3 in U937 and Raji cells. (A) Immunofluorescence detection of BNIP3 using a primary anti-BNIP3 Ab and a
FITC-conjugated secondary Ab. Anti-BNIP3 + 40,6-diamidino-2-phenylindole (DAPI) refers to digital overlay of a green fluorescent image with
the DAPI fluorescence image of the same field to appreciate the relative distribution of BNIP3 around cytoplasmic and nuclear areas. Non-specific
fluorescence detected by FITC-conjugated secondary antibody in Raji cells without primary anti-BNIP3 is also shown. Expression of BNIP3 in
untreated Raji cells was slightly above non-specific fluorescence. Size bar = 10 lm. (B) Differential expression of BNIP3 mRNA evaluated by
conventional RT-PCR of the 317 bp product in basal and drug-treated U937 and Raji cells. The corresponding lM values of EC% doses are shown
in Table 1. b-actin served as an internal control for the integrity of the cDNA. Bar graphs indicate the corresponding densitometry values obtained.
BNIP3 mRNA was upregulated by 5 lM-azacytidine and 2–4 mM valproic acid (VPA) in Raji cells, while MG132 increased BNIP3 mRNA in the
presence of 3 mM VPA. (C) Raji cells treated with 3 mM VPA for 24 h and labelled with anti-BNIP3 showed increased fluorescence. Digitally
overlaid DAPI-fluorescence image shows that cellular distribution of upregulated BNIP3 often included the central nuclear areas (white arrow),
while adjacent cells kept marginal areas free of fluorescent label (dotted line arrow showing dark spaces between adjacent cells). VPA-treated U937
cells continued to show a peripheral cytoplasmic distribution of BNIP3 separated from the nuclear area. Size bar = 10 lm. (D) Western blot
confirmed a dose dependent increase of 60 kDa dimer and 30 kDa monomer of BNIP3 protein in VPA-treated Raji cells. Lanes correspond to the
same membrane. The lanes omitted in between indicated by the dotted lines correspond to the same evaluation in nuclear fractions. The complete
image is shown in Supplementary Fig. S5.
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cytometry) spanning a dose range of VPA to obtain the
parameters of a dose–effect equation by the median
effect method [8]. The resulting EC50 doses of VPA at
72 h were 6.22 mM and 4.20 mM for Raji cells and
U937 cells respectively (Fig. 4A). In addition, we
observed that VPA had no cytotoxic effect in Raji cells
over the range 1–3 mM and increased autophagy within
the range 2–4 mM, as indicated by percentage of MDC-
positive cells scored by UV-excited flow cytometry
(Fig. 4B). By contrast, autophagy was suppressed within
the cytotoxic dose range (Fig. 4B).

3.5. VPA did not sensitise Raji cells to ATO + MG132

cytotoxicity

Our first hypothesis was that subcytotoxic doses of
VPA would act epigenetically to upregulate BNIP3 in
Raji cells and would cause ATO to synergise with



Fig. 4. The influence of VPA on the cytotoxic efficacy of arsenic trioxide (ATO) and MG132. (A) Plot of the dose–effect equation and EC50
calculation for valproic acid (VPA) in Raji and U937 cells. (B) Evaluation of autophagy (hatched bars) and cell death (grey bars) in Raji cells
treated with increasing doses of VPA and evaluated at 72 h. Samples were assayed in triplicate and error bars indicate ±SD of the mean value. (C)
Combination index (CI) function plot versus 72 h cytotoxic effect level showing synergism between ATO and MG132 in U937 cells (fixed ratio 4:1).
(D) Combination index as a function of 72 h cytotoxic effect level corresponding to Raji cells treated with spanning doses of ATO + MG132 (fixed
ratio 4:1) in the presence of 3 mM VPA (top graph) or without VPA (bottom graph). (E) CI function plot showing that VPA and ATO (fixed ratio
600:1) were exceedingly antagonistic in Raji cells (top graph), and strongly synergistic in U937 cells (bottom graph).
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MG132 over the cell death effect as we have previously
observed in U937 cells (Table 1 and Fig. 4C) [9]. How-
ever this hypothesis proved to be wrong in this case since
the combination ATO + MG132 in the presence of sub-
lethal 3 mM VPA was still antagonistic over the whole
effect range (Fig. 4D). In fact, antagonism was increased
from a lower bound of CI > 1.16 attained at EC80% to a
lower bound of CI > 1.91 attained at EC70%. In
addition, we found that VPA and ATO were synergic
in U937 cells but exceedingly antagonistic in Raji cells,
since VPA treatment almost abolished ATO-induced
cytotoxicity (Fig. 4E). Thus, constitutive down-regula-
tion of BNIP3 could not explain the antagonistic inter-
action of ATO and MG132 in Raji cells. This
remarkable increase of antagonism indicates that the
potency of single drugs was strongly depreciated when



Fig. 5. The cellular distribution of valproic acid (VPA)-induced BNIP3 is modified by vincristine (VCR) treatment in Raji cells. (A) Representative
dot plots corresponding to three colour flow cytometry of VCR-treated cells conducted to assess autophagy and cell death at 72 h. (B) Assessment
of cytotoxicity of VCR at 72 h spanning doses from 5 nM to 2 lM. No cytotoxic effect was observed, and autophagy was blocked within the higher
dose range (0.5 lM–2 lM). Samples were assayed in triplicate and error bars indicate ±SD of the mean value. (C) Immunofluorescence detection of
BNIP3 in Raji and U937 cells treated with 3 mM VPA and 1 lM VCR for 24 h. Cellular distribution of BNIP3 changed to more marginal
cytoplasmic locations in Raji cells. Fluorescent label often included marginal edges in adjacent cells (doted line arrow showing there are no dark
spaces between adjacent cells). Distribution of BNIP3 in U937 cells showed no changes as compared to VPA-treatment alone (show in Fig. 3C).
Size bar = 10 lm. (D) Western blot showing increased BNIP3 protein expression in cells treated with 3 mM VPA + 1 lM VCR particularly in Raji
cells but also in U937 cells.
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added in combination. Apart from the formal calcula-
tion of the CI index this lack of potency can be illus-
trated straightforward through the very low levels of
cytotoxicity obtained at the experimental dose–effect
values used to calculate the CI (shown in black dots in
Fig. 4E). Some of these values are shown re-plotted as
a dose–effect bar graph in Supplementary Fig. S6.
3.6. VCR inhibits autophagy in Raji cells at 72h without

having any effect on cell viability

VCR had no cytotoxic effect at 72 h in Raji cells
within the range 0.005 lM to 2 lM (Fig. 5A and B).
In addition, VCR at doses above 0.5 lM almost abol-
ished autophagy in Raji cells evaluated at 72 h, probably
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owing to the long-term complete blockage of autophagic
flow (Fig. 5A and B).

Viability in VCR-treated cells remained as high as
untreated cells even though autophagy was completely
abolished. This result demonstrates that autophagy itself
does not provide a cell survival response because chem-
ical inhibition of autophagy attained by VCR treatment
had no effect on cell death. Cells treated for 24 h with
VPA 3 mM + VCR 1 lM and analysed by fluorescence
microscopy showed a redistribution of MDC-stained
autophagosomes and AO stained lysosomes apart from
the nuclear area and towards the cell edges (Supplemen-
tary Fig. S4). At 72 h Raji cells treated with VPA
3 mM + VCR 1 lM showed no MDC-stained auto-
phagosomes through fluorescence microscopy but lyso-
somes were still detected by AO stain in accordance
with inhibition of autophagy detected by flow cytometry
(Supplementary Fig. S4). A comparable chemical inhibi-
tion of autophagy was attained with 10 mM 3MA in just
4 h as detected by flow cytometry of MDC-stained cells
in agreement with 3MA inhibiting the formation of
autophagosomes without having any effect on cell via-
bility (Supplementary Fig. S7). Chemical inhibition of
3MA for 24 h and 72 h had no effect in cell viability as
was the case with chemical inhibition with 1uM VCR
(Supplementary Fig. S7).
3.7. VPA and VCR co-treatment changed the cellular

location of BNIP3 in Raji cells

When Raji cells were exposed simultaneously to sub-
cytotoxic doses of VPA and VCR (3 mM and 1 lM,
respectively) for 24 h, and further stained for BNIP3
protein by immunofluorescence, the cellular distribution
shifted from a predominantly perinuclear location to a
distribution all over the cytoplasm, including the most
peripheral areas and cell edges (Fig. 5C). Thus it resem-
bled the cellular distribution of BNIP3 that we observed
in untreated U937 cells, 3 mM VPA-treated U937 cells
and even 3 mM VPA + 1 lM VCR-treated U937 cells
(Figs. 3A, C and 5C respectively).
3.8. VPA and VCR co-treatment changed cellular

location of mitochondria and increased mitochondrial

mass

When stained with MTKred Raji cells treated with
3 mM VPA still showed mitochondria clustered around
the nuclear area (Fig. 6A). In addition, these 3 mM
VPA-treated cells showed a smaller area of fluorescent
mitochondria than untreated cells (Fig. 6B). However,
treating Raji cells with a combination of 3 mM
VPA + 1 lM VCR caused a distribution of mitochon-
dria apart from the nucleus and all around the cyto-
plasm, even approaching the edges defined by the cell
membrane (Fig. 6A). This distribution of mitochondria
observed in Raji cells resembled that of untreated U937
cells, 3 mM VPA-treated U937 cells, and 3 mM
VPA + 1 lM VCR-treated U937 cells (Figs. 3A, 3C
and 6A). In addition the area of fluorescent mitochon-
dria in Raji cells treated with 3 mM VPA + 1 lM VCR
was increased (Fig. 6B). The area of fluorescent mito-
chondria was not modified in U937 cells by 3 mM VPA
but was increased by 3 mM VPA + 1 lM VCR (Fig. 6B).

Mitochondrial mass was increased in Raji and U937
cells by VPA and even more by VPA + VCR as detected
by NAO probe and flow cytometry (Supplementary
Fig. S8). When cells were stained with both MDC and
MTKred and analysed by fluorescence microscopy, the
colocalisation between the two fluorophores was
increased in samples treated with 3 mM VPA + 1 lM
VCR as compared to 3 mM VPA alone (Supplementary
Fig. S9). When simultaneously stained with MTKred
and anti-BNIP3 Raji cells treated with VPA or
VPA + VCR showed colocalisation of mitochondria
and BNIP3 label and the same resulted for untreated
and VPA-treated U937 cells (Supplementary Fig. S10).
Changes in autophagosome abundance and distribution
caused by VPA and VPA + VCR were also noted in
Raji cells transfected with pRFP-LC3. Treatment with
3 mM VPA caused dot-like fluorescent patterns, partic-
ularly in areas around the nucleus, which colocalised
with MDC fluorescence. Treatment with 3 mM
VPA + 1 lM VCR caused fluorescent dots to distribute
more towards the cell edges (Supplementary Fig. S11).

3.9. VPA and VCR co-treatment sensitised Raji cells to a

loss of MMP inflicted by ATO+MG132

We next evaluated again the changes in MMP occur-
ring at 24 h with doses of ATO and MG132 known to
cause cytotoxicity at 72 h but now with 3 mM VPA
and 1 lM VCR. In the presence of 3 mM VPA alone
Raji cells treated with ATO EC50, MG132 EC50 and
ATO EC25 + MG132 EC25, the percentage of cells with
collapsed MMP was low and comparable to that of
treatments without 3 mM VPA (shown in Fig. 1B),
while MMP was kept high in the remaining cells, and
even above the basal level in the case of MG132 EC50
(Fig. 7A). However, in the presence of both 3 mM
VPA and 1 lM VCR all three treatments ATO EC50,
MG132 EC50, and ATO EC25 + MG132 EC25
increased the percentage of cells with collapsed MMP,
and lowered the potential in those cells that still kept a
positive MMP (Fig. 7A).

3.10. MG132 and ATO were synergic in Raji cells treated

with subcytotoxic VPA+VCR

We finally assessed the combination ATO + MG132
at doses spanning the whole cytotoxic effect range in
Raji cells in the presence of 3 mM VPA and 1 lM
VCR. Under this condition the combination



Fig. 6. The cellular distribution of mitochondria is modified by vincristine (VCR) treatment in Raji cells but not in U937 cells. (A) Cellular
distribution of mitochondria in cells treated with 3 mM valproic acid (VPA) alone or 3 mM VPA + 1 lM VCR after 24 h. Distribution of
mitochondria changed with 3 mM VPA + 1 lM VCR (but not with VPA alone) from central location over the nucleus to a peripheral cytoplasmic
location. Size bar = 10 lm. (B) 3 mM VPA + 1 lM VCR treatment increased mitochondrial mass in both cell lines, while 3 mM VPA alone
reduced slightly the mitochondrial mass in Raji cells. Data were obtained as previously described in Fig. 1. Box–Whisker plots show median,
quartiles, and extreme values together with the level of significance of the p-value in Tukey–Kramer’s post test for differences between treatment
and basal (following a significant ANOVA test with p < 0.001).
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ATO + MG132 shifted from an antagonistic kind of
interaction to a synergistic one particularly at mid to
high effect doses (CI < 1 attained at effects levels above
EC50) resembling the results previously achieved in
U937 cells (Fig. 7B, Fig. 4C). By contrast, the combina-
tion ATO + MG132 was still antagonistic when only
1 lM VCR was present, achieving a lower bound of
CI > 1.09 at EC75% (Supplementary Fig. S12). Neither
ATO + MG132 + 1 lM VCR nor 1 lM VCR alone
upregulated BNIP 3mRNA (Supplementary Fig. S12b).

4. Discussion

The aim of this study was to target potential mecha-
nisms of resistance to the combination of ATO with
MG132 in Raji cells in order to completely change the
kind of interaction of these two cytotoxic drugs from
antagonism to synergism.

MG132 is a peptide aldehyde that inhibits mainly
chemotrypsin-like activity of the 26S proteasome by
covalently binding to the active site of the b5 subunit
[30–32]. MG132 has the same target as Bortezomib
and new generation proteasome inhibitors. Mutations
in the highly conserved Bortezomib pocket binding of
b5 subunit cause cross-resistance with MG132 [33].
Another cause of resistance to Bortezomib, MG132
and new generations of proteasome inhibitors is the
presence of alternate methods of protein degradation
such as autophagy [34]. The ubiquitin proteasome sys-
tem and autophagy may be functionally coupled since



Fig. 7. Synergism between arsenic trioxide (ATO) and MG132 in Raji
cells with low doses of valproic acid (VPA) and vincristine (VCR). (A)
The top graph (VPA) shows that a subcytotoxic dose of 3 mM VPA
alone in Raji cells had no sensitising effect on mitochondrial membrane
potential (MMP) collapse or low MMP. The graph below
(VPA + VCR) shows that the addition of 3 mM VPA together with
1 lM VCR had a strong sensitising effect increasing the percentage of
cells with collapsed MMP and causing decreased mean TMRE
fluorescence, particularly with ATO EC50 and ATO EC25 + MG132
EC25 (RN2 refers to the region of cells with polarised mitochondria as
illustrated in Fig. 1A). The percentage of viable cells as detected by
exclusion of the non-permeable dye DAPI is shown in hatched bars (left
axis) Samples were assayed in triplicate and error bars indicate ±SD of
the mean value. (B) Combinatory index (CI) as a function of cytotoxic
effect level (dark line) with 95% confidence level intervals (dotted lines)
and experimental values (black dots) showing that ATO + MG132
(fixed molar ratio 4:1) became a synergic combination (CI < 1) in the
presence of subcytotoxic doses of 3 mM VPA and 1 lM VCR.
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proteasome inhibition activates autophagy and suppres-
sion of autophagy promotes the accumulation of poly-
ubiquitinated protein aggregates.[35]. ATO is known
to target the mitochondria, increasing intracellular
ROS, and triggering intrinsic apoptosis [3,4]. In several
models it was shown that ATO induces autophagy,
and inhibition of autophagy may result in reversal of
effects on leukaemic cells [36,37]. Our study showed that
the combination ATO + MG132 increased autophagy
in U937 and Raji cells at 24 h using 72 h cytotoxic doses,
while BNIP3 was found to be expressed constitutively in
U937 cells but not in Raji cells. ATO has been shown to
induce cell death through an autophagic mechanism
mediated by BNIP3 in malignant glioma cells [23].
Hypoxia-induced cell death is also mediated by autoph-
agy through BNIP3 in glioma and breast cancer cells
[21], and a cDNA microarray analysis showed that
ATO upregulates several genes involved in response to
hypoxia [23]. It was suggested that ATO may induce a
hypoxic status in tumour cells, where BNIP3 is subse-
quently upregulated, leading to autophagic cell death
[23]. In agreement with our finding in U937 cells, BNIP3
is overexpressed in several types of cancer and is associ-
ated with poor prognosis [38–40].

By contrast we found that Raji cells had a very low
expression of BNIP3 at the mRNA and protein levels.
Downregulation of BNIP3 may result in a failure of
tumour cells to undergo cell death and is associated with
a chemoresistant phenotype and decreased patient sur-
vival [41–43]. Samples from patients with multiple mye-
loma were found methylated at the BNIP3 promoter
and methylation was significantly correlated with poor
patient survival rates [44]. Our results showed that
HDAC inhibitor VPA upregulated BNIP3 in Raji cells.
Silencing BNIP3 expression was proposed to be selected
for by cancer cells to evade death signals induced by
hypoxia or chemotherapeutic drugs [14,41,45]. Having
found that ATO + MG132 increased autophagy in both
cell lines and that BNIP3 was expressed in U937 cells,
we assumed that resistance of Raji cells to
ATO + MG132 could reside in the epigenetic silencing
of BNIP3. Thus we thought that the addition of a
VPA dose, high enough to upregulate BNIP3 but still
without any cytotoxic effect, would enable the pro-death
role of BNIP3 to be triggered by ATO + MG132 and
the pharmacological interaction would turn into syner-
gism. However the strong antagonism that we observed
between ATO and MG132 in the presence of low doses
of VPA led us to consider that upregulation of BNIP3 in
Raji cells was exerting a protective role against ATO. A
previous study found that autophagy protected against
BNIP3-mediated cell death in HL-1 cells [46], while
BNIP3-induced autophagy during hypoxia was demon-
strated as a survival mechanism in several tumour cell
lines [47]. The death function of BNIP3 in a hypoxic
tumour environment was questioned in other studies
finding that rapid and full induction of BNIP3 could
instead protect from cell death through an autophagic
process [17]. Moreover, it was proposed that BNIP3 is
a pro-autophagic protein with a strictly pro-survival role
that is required for the optimal induction of autophagy
in hypoxia [16].
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In our study we noted that BNIP3 distribution in
VPA-treated Raji cells was restricted to nuclear and per-
inuclear areas. This was in clear contrast to the distribu-
tion of BNIP3 and mitochondria in U937 cells. It was
previously shown that nuclear localisation of BNIP3
negates its pro-cell death function [48].

Our study showed that 72 h cytotoxic doses of ATO
and MG132 had no effect on MMP at 24 h in Raji cells,
contrasting the effect that they had in U937 cells.

Moreover, single treatment with VPA upregulated
BNIP3, while MG132 only in the presence of VPA con-
tributed to upregulate BNIP3 mRNA in Raji cells, yet
VPA treatment caused no change over basal MMP or
even increased MMP over basal levels when combined
with MG132 as shown in Fig. 7. However, most studies
coincide in that BNIP3 is primarily localised to the mito-
chondria, and induces loss of MMP and cell death
[49–51]. And in fact this was consistent with our results
in constitutive BNIP3-positive U937 cells but not with
VPA-treated BNIP3-positve Raji cells.

Recent studies have shown that fragmented mito-
chondria with low MMP aggregate in the perinuclear
region where they are removed by selective autophagy
[19,20,52]. Selective removal of mitochondria by
autophagy, often called mitophagy may occur indepen-
dently of general autophagy to specifically remove dam-
aged or excessive organelles and even under nutrient-
rich conditions [53].

Transport of mitochondria to the perinuclear region
for elimination is dependent on the microtubule network
and treatment of cells with microtubule destabilising
agents inhibits perinuclear mitochondrial aggregation
and mitophagy [19,20]. It was suggested that transport
of mitochondria via the microtubules to the perinuclear
region is an essential step in the mitochondrial degrada-
tion pathway [12]. VCR as other vinca alkaloids also
blocks the fusion of autophagosomes and lysosomes
thus halting autophagic flux [29]. The treatment with
VCR changed the cellular distribution of VPA-induced
BNIP3 and mitochondria. In addition autophagosomes
colocalised with mitochondria, while mitochondrial
mass was increased and MMP was decreased. So we
conclude that VCR caused a blockage of mitophagic
flux and an accumulation of damaged mitochondria
[13,54]. At this point our results had been partially rec-
onciled with the paradigm stating that BNIP3 induces
loss of MMP and cell death [49–51].

The complete reconciliation with the paradigm stat-
ing that BNIP3 induces mitochondrial dysfunction and
cell death [49–51] came only after finding that the kind
of interaction between ATO and MG132 shifted from
antagonism (CI > 1) to synergism (CI < 1) in the pres-
ence of a low dose of VPA that upregulated BNIP3,
and a low dose of VCR that blocked mitophagic flux.
Antagonism between ATO + MG132 was not modified
by adding only a low dose of VCR where BNIP3 was
not upregulated. So the requirement for BNIP3 to exert
its pro-death effect in Raji cells could be its sustained
location at the mitochondria through blockage of mito-
phagic flux. The persistence of this situation would lead
to an increasing load of damaged mitochondria. How-
ever our results are also in agreement with BNIP3 being
part of a pro-survival resistance mechanism that elimi-
nates mitochondria through mitophagy [55,56] and con-
tributes to reduce the potential stress that outcomes
from damaged mitochondria. Thus, shifting the kind
of cytotoxic interaction between ATO and MG132 from
antagonism to synergism in Raji cells required overcom-
ing a resistance system that involved BNIP3, the micro-
tubule transport network and selective autophagy of
mitochondria (mitophagy).

Our main conclusion is that reverting epigenetic
silencing of BNIP3 can result in improved mitophagy
and increased tolerance to mitochondrial damage thus
lowering the efficacy of drugs that target the mitochon-
dria, increase ROS and reduce MMP as is the case of
ATO. Under this situation epigenetic drugs will increase
tumour cell survival. However, this system depends
heavily on the microtubule network to transport and
eliminate mitochondria, and microtubule destabilising
agents will block mitophagy.

The resistance system we describe in this study may
not be restricted to Burkitt’s lymphoma cells but may
appear in several types of tumour cells. Moreover, it
could be present in some patients and absent in others
with a same disease and may explain differences in treat-
ment response outcome. In Fig. S15 we show results
from a combination analysis identical to the one pre-
sented in this study conducted in pathological cells
obtained from peripheral blood of a patient diagnosed
with adult T-cell leukaemia-lymphoma associated to
HTLV-1 infection that was in best supportive care for
several weeks after a poor response to Peg-Interferon
alpha-2b. The analysis showed that ATO + MG132
was antagonistic but could be turned into synergism
by low doses of VPA and VCR. In cells from this partic-
ular patient the EC50 of ATO and MG132 was reduced
more than 10 times in the presence of VPA + VCR
(Fig. S15).

In a second case shown in Fig. S16, ATO and VPA
were evaluated in circulating blast cells obtained from
a patient diagnosed with acute myeloid leukaemia corre-
sponding to M6 FAB classification (erythroleukaemia).
The combined drugs were synergic as was the case in
promonocytic cell line U937 shown in Fig. 4E. The addi-
tion of 1 lM VCR as single drug did not induce cytotox-
icity above basal levels but increased synergism when
added to combined ATO + VPA (Fig. S16).

Our findings may have potential contributions to
hypomethylating and HDAC based therapies. At pres-
ent, the mechanism of resistance and failure to hypome-
thylating agents either as single agents or combined with
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HDACs is not understood and it is difficult to develop
targeted interventions for these patients. In addition
there are no predictors of response to hypomethylating
drugs [57]. Our study introduces the concept that
increased mitophagic flux is a possible explanation to
failure of hypomethylating and HDAC based therapies.
Similarly, our results suggest that in some cases
increased mitophagic flux can explain resistance to pro-
teasome inhibitors [58]. In addition our study introduces
several potential biomarkers of effect that could become
predictors of response. These biomarkers include the
kind of interaction between ATO and a proteasome
inhibitor over cytotoxic effect, changes in BNIP3 expres-
sion induced by epigenetic drugs, basal mitophagic flux
and changes in mitophagic flux induced by drugs such as
VCR and VPA together with its impact on MMP and
intracellular ROS production. All these biomarkers
can be evaluated in xenograft animal models and
tumour cells obtained from patients.
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