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ABSTRACT

Differentiation-inducing factor (DIF) defines a group of chlorinated hexaphenones
that orchestrate stalk-cell differentiation in the slime mold Dictyostelium discoideum
(DD). DIF-1 and 3 have also been reported to have tumor inhibiting properties;
however, the mechanisms that underlie the effects of these compounds remain
poorly defined. Herein, we show that DIF-3 rapidly triggers Ca2* release and a loss
of mitochondrial membrane potential (MMP) in the absence of cytochrome c and
Smac release and without caspase activation. Consistently with these findings, we
also detected no evidence of apoptosis in cells treated with DIF-3 but instead found
that this compound induced autophagy. In addition, DIF-3 promoted mitochondrial
fission in K562 and Hela cells, as assessed by electron and confocal microscopy
analysis. Importantly, DIF-3 mediated the phosphorylation and redistribution of
dynamin-related protein 1 (DRP1) from the cytoplasmic to the microsomal fraction
of K562 cells. Pharmacological inhibition or siRNA silencing of DRP1 not only inhibited
mitochondrial fission but also protected K562 cells from DIF-3-mediated cell death.
Furthermore, DIF-3 potently inhibited the growth of imatinib-sensitive and imatinib-
resistant K562 cells. It also inhibited tumor formation in athymic mice engrafted with
an imatinib-resistant CML cell line. Finally, DIF-3 exhibited a clear selectivity toward
CD34* leukemic cells from CML patients, compared with CD34" cells. In conclusion, we
show that the potent anti-leukemic effect of DIF-3 is mediated through the induction
of mitochondrial fission and caspase-independent cell death. Our findings may have
important therapeutic implications, especially in the treatment of tumors that exhibit
defects in apoptosis regulation.
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INTRODUCTION

Mitochondria are essential cellular organelles
because of their crucial roles in cellular metabolism
and respiration [1-3]. In addition, mitochondria also
act as indispensable regulators of cell death via the
release of cytochrome ¢ and other proapoptotic factors
that are necessary for the induction of apoptosis [4, 5].
Mitochondria are highly dynamic organelles that can
change in shape and size and move to different locations
within the cell, depending on both cellular circumstances
and stimuli [6]. Indeed, mitochondrial morphology is
adjusted and finely regulated through an exquisite balance
between fusion and fission processes [7]. Importantly,
unbalanced mitochondrial dynamics have been
implicated in a number of human pathologies, including
neurodegenerative disorders [8] and cancer [9, 10].

Mitochondrial fusion and fission processes are
orchestrated through the opposite actions of the family
of large GTPase dynamin proteins [11]. In mammalian
cells, mitochondrial fusion is controlled by mitofusins 1
and 2 (MFN1/2) and optic atrophy 1 (OPA1), whereas
fission is driven by dynamin-related protein 1 (DRP1)
[12, 13]. DRP1 is recruited from the cytoplasm to
the mitochondria at the sites of scission [14]. The
activity of DRP1 is regulated by post-translational
modifications. Phosphorylation of DRP1 at Ser®’ by
cyclic AMP-dependent protein kinase (PKA) impairs
DRPI1 translocation to the mitochondria [15], whereas
calcineurin-dependent dephosphorylation of the same
residue enhances its recruitment to the mitochondria
[16]. Importantly, the putative phosphoserine/threonine
phosphatase (PGAMS) in the mitochondrial outer
membrane has recently been reported to play an important
role in the initiation of necrosis by dephosphorylating
DRP1-Ser®®” and promoting DRP1 mitochondrial
translocation [13]. In addition, phosphorylation of DRP1
at Ser®¢ by cyclin-dependent kinase-1 (CDK1) during
mitosis promotes mitochondrial fission [17].

During apoptosis, mitochondria undergo important
morphological alterations, transitioning from an intricate
(tubular) network to punctate fragments. There is also
evidence that mitochondrial fission plays an active role
in apoptosis [18, 19], autophagic cell death [20, 21]
and necroptosis [13]. Indeed, DRP1-induced excessive
mitochondrial fission causes programmed cell death,
and the inhibition of DRP1 by various means delays this
process. Finally Khasatus et al. have recently reported
that mitochondrial fission driven by DRP1 enhances
tumor growth and that DRP1 may be a target of interest
in treating MAP kinase-driven cancer [22]. It appears that
the process of mitochondrial fission may induce cell death
or contribute to cellular proliferation depending on the cell
type and the intensity of the stimulus.

DIF-1 (1-(3,5-dichloro-2, 6-dihydroxy-4-
methoxyphenyl) hexan-1-one) and DIF-3 (1-(3-dichloro-2,

6-dihydroxy-4-methoxyphenyl) hexan-1-one) belong to a
family of morphogens required for stalk-cell differentiation
in DD [23]. DIF-1 and DIF-3 exert potent anti-leukemic
effects in several cancer cell lines, the latter being more
potent than the former [24]. Intensive efforts have been
dedicated to the characterization of the mechanisms of
action of these DIFs [24-27]. Recent studies have shown
that DIF-1 and DIF-3 inhibit proliferation by suppressing
the Wnt/B—catenin signaling pathway via the activation
of glycogen synthase kinase-3f (GSK3p). Importantly
the DIF-1/3-mediated activation of GSK3p and dual-
specificity tyrosine-(Y)-phosphorylation-regulated kinase
1B (DYRK1p) triggers the phosphorylation of cyclin D1
and its degradation via the proteasome pathway, an event
that may partially explain the anti-proliferative effects of
DIFs [28]. Nevertheless, the exact mechanism by which
DIF-1/3 kills tumoral cell lines remains poorly defined.
In the present study, we investigated the mechanism of
action of DIF-3 in vitro and in vivo. We first established
that DIF-3 induced a very rapid loss of mitochondrial
membrane permeabilization (MMP) in the absence
of cytochrome ¢ and Smac release, and accordingly,
DIF-3 failed to efficiently activate caspases and induce
apoptosis. Consistently with these findings, we found that
zVAD-fmk, a pan-caspase inhibitor did not protect cells
from the deleterious effect of DIF-3. Importantly, we
established that DIF-3 promoted the release of calcium
into the cytoplasm and the phosphorylation of DRP1 at
Ser616. DIF-3-mediated DRP1 phosphorylation resulted
in its relocation from the cytoplasm to the mitochondria,
an event that culminated in mitochondrial fission and
cell death. Inhibition of DRP1 with small siRNA or
a pharmacological inhibitor abrogated mitochondrial
fission and conferred protection against DIF-3-mediated
cell death. Finally, we found that DIF-3 promoted tumor
regression in athymic mice transplanted with the imatinib-
resistant K562 CML cell line. We conclude that DIF-
3 exerts its potent anti-leukemic effect on cancer cells
through DRP1-mediated mitochondrial fission and the
induction of cell death.

RESULTS

The anti-leukemic effect of DIF-3 on CML cells
is caspase-independent

Starting with methoxyphenol, we synthetized
different DIF derivatives, including DIF-1 and DIF-3
(Supplementary Figure S1A). A dechlorinated derivative of
DIF-3 and two elongated DIF-1 and DIF-3 molecules were
also produced. All compounds, except 4-methoxyphenol,
were shown to induce a very rapid loss of MMP
(Supplementary Figure S1B) and a reduction in cellular
metabolism at 24 h (Supplementary Figure S1C) at doses in
the low-micromolar range in the K562 CML cell line. Due
to DIF-3’s potent effect and its physiological occurrence
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in Dictyostelium, it was used for all the subsequent
experiments. DIF-3 inhibited cellular metabolism in the
CML cell line K562 with an IC50 of 11.2 uM (Figure 1A
and Supplementary Figure S2A). DIF-3 was also highly
efficient in its effects on a well-characterized imatinib-
resistant variant of K562 cells [29-32]. The inhibition of
cellular metabolism was accompanied by a net decrease
in cell count that was maximal 72 h after the addition of
DIF-3 (Figure 1B). This decrease in cell count reflected
increased cell death, as assessed by propidium iodide
staining (Figure 1C). In addition, DIF-3 efficiently killed
JURL-MKI1 and LAMA-84 cells, confirming the anti-
leukemic potential of this molecule in two other well-
characterized CML cell lines (Supplementary Figure S3).

Importantly, pretreatment of K562 cells with the
pan-caspase inhibitor Z-VAD-fmk failed to affect the
inhibitory effect of DIF-3 on cellular metabolism, strongly
suggesting that DIF-3-mediated cell death is independent
of caspase activity (Figure 1D). Accordingly, DIF-3
exerted only a marginal induction of caspase-3 activity
compared with the effects of imatinib, which is the most
frequently used compound to treat CML and is also known
to be a potent inducer of apoptosis in K562 cells [33]
(Figure 1E).

DIF-3 inhibits the clonogenic potential of K562
cells and exhibits specificity for CD34+ from
CML patients

We next investigated the effect of increasing doses of
DIF-3 on K562 cell colony formation in a methylcellulose
matrix, which reflects the proliferative capacity of the
cell line. As shown in Figure 2A, DIF-3 induced a dose-
dependent inhibition of the number of K562 cell colonies,
with an IC50 of 12.5 uM (Supplementary Figure S2B).
At 20 uM, DIF-3 was as effective as treatment with 1
UM imatinib, which is the leading treatment for CML
patients to inhibit the clonogenic potential of K562 cells.
Importantly, DIF-3 was found to be more effective on
CD34+ cells from a CML patient at diagnosis than on their
CD34- cell counterparts, highlighting the reason for the
potential interest in this molecule as a therapeutic agent
(Figure 2B).

DIF-3 induces rapid mitochondrial fission and
alterations in mitochondria morphology

Electron microscopy images of K562 cells treated
for various times with 20 uM DIF-3 are presented in
Figure 3A. Untreated cells presented a characteristic
network of intact and highly intricate mitochondria
(Figure 3A, upper right panel). Three hours after the
addition of DIF-3, mitochondria exhibited an abnormal
morphology and were present as individual organelles
(Figure 3A, middle right panel). At this time, there
was a clear swelling of the mitochondria. At 6 h, most

mitochondria were characterized by a complete absence of
crests (Figure 3A, lower right panel, indicated by arrows).
At 24 h after DIF-3 addition, no intact mitochondria were
detectable (Figure 3A). Our data clearly show that DIF-
3 interferes with mitochondrial homeostasis and suggest
a role of this differentiating factor in the fusion/fission
processes of mitochondria. To further investigate the role
of DIF-3 in mitochondrial homeostasis, HeLa cells were
treated for various times with this compound. Cells were
next fixed and stained with an anti-HSP60 mAb to analyze
the reorganization of mitochondria following the addition
of DIF-3. In untreated cells, mitochondria were organized
as a characteristic network of highly intricate (tubular)
organelles, as expected from the electron microscopy
images (Figure 3A). Reorganization of the mitochondrial
network was detectable as soon as 1 h after the addition
of DIF-3 (Figure 3B), and a clear individualization of
mitochondria was observed at 3 h (Figure 3B). Finally,
the swelling of individual mitochondria was clearly
detectable 6 h and 24 h after the addition of DIF-3 (Figure
3B and Supplementary Figure S4). Importantly, confocal
microscopy images confirmed the results obtained using
electron microscopy. Collectively, our findings indicate
that DIF-3 triggers mitochondrial fission, both in K562
and HeLa cells.

DIF-3 inhibits mTOR signaling and induces
autophagy in K562 CML cells

The results illustrated in Figure 3 show that DIF-
3 alters the mitochondrial network and induces a loss of
mitochondrial cristae integrity in K562 cells. To further
characterize the mechanism of action of DIF-3, we next
analyzed the activation of the mTOR pathway. DIF-3
induced the rapid dephosphorylation of mTOR at Ser2481.
Dephosphorylation of mTOR was detected as soon as 15
min after DIF-3 addition and was maximal within 1 h. As
expected, the dephosphorylation of P70S6K at Ser371
and ribosomal protein S6 at Ser235/Ser236 paralleled
that of mTOR. Together, these data clearly demonstrate
that DIF-3 inhibits the mTOR pathway and leads to a
rapid and robust conversion of LC3-I to LC3-II (Figure
4A). Increased autophagy was accompanied by the late
activation of cathepsin B, as previously described using
other pro-autophagic stimuli [34] (Figure 4B).

To confirm that LC3-II accumulation was
concomitant with mitochondrial disorganization, we
used confocal microscopy to analyze HeLa cells that
either were or were not stimulated with DIF-3 and were
then stained with anti-LC3 and anti-HSP60 antibodies.
As expected, we observed LC3-II conversion, as shown
by the appearance of specific dots in the cytoplasm and
a disruption of the mitochondrial network (Figure 4C).
The effect of DIF-3 on the conversion of LC3 was not
accompanied by an increase in autophagic flux, because
no further accumulation of LC3-II was detected in the
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Figure 1: DIF-3 induces caspase-independent cell death. A. K562 and Ima-R cells were incubated for 48 h at 37°C with increasing
concentrations of DIF-3. Cellular metabolism was measured by the XTT assay, as described in the Materiel and Methods section. The
results are means + SD of 3 different measurements performed in triplicate. Error bars = 95% confidence intervals. B. K562 and Ima-R cells
were incubated at 37°C with 20 uM DIF-3. Then, cellular concentrations were evaluated at 24, 48 or 72 h with a cytometer and compared
with the initial concentrations. C. K562 and Ima-R cells were treated as described in Figure 1B, and cells were stained at the indicated
time using propidium iodide to analyze cell death with a cytometer. D. K562 cells were or were not pretreated with 50 uM Z-VAD-fmk and
incubated with 20 uM DIF-3 for 24 and 48 h. Cellular metabolism was measured by using the XTT assay, as described in the Materiel and
Methods section. E. K562 and Ima-R cells were incubated at 37°C with 20 uM DIF-3 at the indicated time or with 1 uM imatinib (as the
positive control). Cells were harvested, washed, and lysed in caspase buffer. Caspase-3 activity was evaluated in quadruplicate using Ac-
DEVD-AMC as a substrate. To allow for the specific assessment of caspase activity, hydrolysis was followed over time in the presence or
the absence of 10 mM Ac-DEVD-CHO. The results are expressed as arbitrary units (a.u.) per mg of proteins and are the means + SD of 4
independent experiments performed in quadruplicate. Error bars = 95% confidence intervals.
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Figure 2: DIF-3 induces inhibition of colony formation in both K562 cell lines and primary CML cells. A. DIF-3,
ranging from 2.5-20 uM, was added to K562 CML cell lines growing in semi-solid methyl cellulose medium (0.5 x 10° cells/ml). Colonies
were detected after 10 days of culture by addition of 1 mg/ml of the MTT reagent and were scored using ImageJ quantification software.
The results are expressed as the number of colony-forming cells per well after drug treatment. The results are the means + SD of 3
different measurements performed in triplicate. Error bars = 95% confidence intervals. B. Various concentrations of DIF-3 were added
to sorted CD34+ or CD34- primary cells from one CML patient collected at diagnosis. Cells (10° cells/ml) were grown in a semi-solid
methylcellulose medium. After ten days in culture, MTT reagent (1 mg/ml) was added to the cell culture and the number of cell colonies
was determined using Image] quantification software.
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Figure 3: DIF-3 rapidly induces morphological changes and alterations in intramitochondrial structures. A. Electron
microscopy images showing ultrastructural features of a representative control cell and the morphological features of autophagy in K562
cells treated with 20 uM DIF-3 for 3, 6 and 24 h. Cells were observed at different magnifications (x 2 500, x 6 000 and x 12 000). M=
mitochondria. B. HeLa cells were incubated at 37°C with 20 uM DIF-3. After 1, 3, 6, or 24 h, cells were fixed, permeabilized, and
successively incubated with anti-HSP60 antibodies and a secondary antibody conjugated to red fluorochrome. The nuclei were stained with
DAPI reagent (5 mg/ml). Antibody localization was visualized via confocal microscopy.
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Figure 4: DIF-3 induces hallmarks of autophagy in K562 cells. A. K562 cells were treated with 20 uM DIF-3 for the indicated
times. Whole-cell lysates were prepared, and the expression of mTor, P70S6 kinase, S6 ribosomal protein and their phosphorylated forms,
as well as LC3-b, were visualized via western blotting. HSP90 was used as a loading control. B. K562 cells were incubated with 20 pM
DIF-3 for the indicated times at 37°C, and cathepsin B activity was evaluated in the presence or absence of CA-074Me, as described in
the Materials and Methods section. The results, expressed as arbitrary units (a.u.) per mg of proteins, are the means + SD of 4 independent
experiments performed in quadruplicate. Error bars = 95% confidence intervals. C. HeLa cells were incubated at 37°C with 20 uM DIF-3.
After 48 h, cells were fixed, permeabilized, and successively incubated with anti-HSP60 and LC3b antibodies and secondary antibodies
conjugated to red or green fluorochromes, respectively. The nuclei were stained with DAPI reagent (5 mg/ml). Antibodies localization was
visualized via confocal microscopy.
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presence of bafilomycin A1, which did induce a strong
accumulation of LC3-II (Supplementary Figure S5) on its
own, thus strengthening our previous results.

In agreement with the above results, silencing
LC3 or ATGS by specific siRNA failed to counteract
the anti-leukemic effect of DIF-3 on K562 cell death
(Supplementary Figure S6), indicating that autophagy is
not involved in this process.

DIF-3 induces MMP, a decrease of ATP
content and an induction of ROS production in
K562 cells

Because DIF-3 triggered rapid alterations of the
mitochondrial network in K562 cells (Figure 3), we
investigated the changes in MMP following stimulation
with this compound. MMP disruption occurred more
rapidly in Ima-R cells compared with their Ima-S
counterparts. Complete membrane depolarization
was achieved 10 min after DIF-3 addition in both
cell lines (Figure 5A). To investigate whether MMP
was connected to a loss of ATP in DIF-3-treated
cells, we next determined the intracellular levels of
ATP in K562 cells treated with various inhibitors of
mitochondrial homeostasis. Oligomycin D, an F1/F0
ATP synthetase inhibitor, decreased the intracellular
level of ATP by 25% at 6 h. An equivalent inhibition
was detected in response to 20 uM DIF-3 (Figure 5B).
The non-metabolizable glucose analogue 2-deoxy-
D-glucose (2-DG) administered on its own reduced
the intracellular ATP level by 33% at the same time,
demonstrating that ATP was generated by glycolysis
and not by oxidative phosphorylation in K562 cells.
When used in combination, DIF-3 exerted an additive
effect with 2-DG but not with oligomycin D, suggesting
that DIF-3 and oligomycin D target the same pathway.
Finally, the three compounds administered together
exerted additive inhibitory effects on intracellular
ATP levels. Importantly, we found that DIF-3 failed to
inhibit the glycolytic flux over the time period tested
(Figure 5C). Taking these new observations into
account, we quantified the reactive oxygen species
(ROS) generated by measuring superoxide production
in the mitochondria (Figure 5D and 5E) and hydrogen
peroxide production in the cytoplasm (Figure 5F and
5@G). DIF-3 induced a rapid and robust production of
ROS into the mitochondria generating ten-fold more
superoxide species at 30 min that in untreated cells.
At the same time, a three-fold increase in hydrogen
peroxide production was detected in DIF-3 treated cells
(Figure 5E and 5G). Finally, inhibition of the basal and
DIF-3-mediated mitochondrial membrane potential
by 10 mM TIRON, a cell permeable ROS scavenger,
failed to strongly affect DIF-3-mediated changes in the
mitochondrial membrane potential, suggesting that the
loss of MMP precedes mitochondrial ROS production
(Supplementary Figure S7).

DIF-3 triggers caspase-independent cell death
involving DRP1

As mentioned previously, DIF-3 triggered a rapid
loss of MMP in K562 cells (Figure 5). Unexpectedly,
this decrease in MMP was not associated with caspase
activation (Figure 1E). Accordingly, neither Smac (Figure
6A) nor cytochrome c redistribution (Supplementary
Figure S8) from the microsomal to the cytoplasmic fraction
was detected in DIF-3-treated K562 CML cells. As shown
by the subcellular fractionation experiment presented in
Figure 6A, DIF-3 induced the phosphorylation of DRP1
and its redistribution from the cytosolic to the microsomal
fraction in as little as 15 min (Figure 6A), an event known
to be associated with increased mitochondrial fission,
which was already suggested by the electron microscopy
images (Figure 3). In addition, the time course of DRP1
phosphorylation and redistribution into the microsomal
fraction was shown to parallel that of the accumulation of
LC3-II. Finally, we confirmed the rapid dephosphorylation
of ribosomal protein S6, thus indicating the inhibition of
the mTOR pathway (Figure 4A) in this experiment. It has
previously been demonstrated that the relocation of DRP1
and its recruitment to the mitochondria is a consequence
of Ca*" influx [16]. We therefore decided to study calcium
release in K562 cells following DIF-3 treatment. As
expected, we found that DIF-3 treatment induced a strong
increase of calcium release into the cytoplasm, with a
maximal intensity at | min (Figure 6B). This rapid release
of Ca?* preceded DRP1 relocation and thus may explain
this phenomenon.

To investigate the role of DRP1 in DIF-3-mediated
cell death, K562 cells were pretreated with 10 uM of
M-divil, a specific DRP1 inhibitor, or were left untreated
[35]. As illustrated in (Figure 6C), M-divil conferred full
protection against the DIF-3-induced decrease in cellular
metabolism. Moreover, knock-out of DRP1 with a specific
siRNA (Figure 6D, lower panel) mimicked the effect of
the pharmacological inhibitor (Figure 6D, upper panel),
supporting the involvement of DRPI in mediating the
effect of DIF-3.

To determine whether the antiproliferative effect
of DIF-3 was reversible, K562 cells were treated for 3
or 24 h with a maximally effective dose of DIF-3 (20
uM). They were then washed, and the reversibility of the
DIF-3 effect on MMP was analyzed. All cells exhibited a
complete abolition of MMP after 3 or 24 h of treatment
(Figure ©6E, left panel). Cells were then washed
and grown in culture medium. After a 1-h relapse,
cells treated with DIF-3 for 3 h exhibited a complete
restoration of MMP. Conversely, only 60% of the cells
treated with DIF-3 for 24 h were found to have restored
their MMP (Figure 6E, middle panel). After a 24-h
relapse, 90% of the cells treated with DIF-3 for 3 h and
20% of the cells treated with DIF-3 for 24 h exhibited
normal MMPs (Figure 6E, right panel). This experiment
shows that the effect of DIF-3 on mitochondrial function
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Figure 5: Effects of DIF-3 treatment on mitochondrial function. A. K562 and Ima-R cells were loaded with TMRE and then
stimulated with 20 uM DIF-3. Then, TMRE fluorescence was monitored with a cytometer at 2, 4, 6, 8 and 10 min. B. K562 cells were
treated for 6 h with 20 pM DIF-3, 10 mM 2-DG, and 10 ng/ml oligomycin D. Compounds were added alone or in combination with each
other. Then, intracellular ATP content was evaluated with a luciferase assay (ATPlite, Perkin Elmer). C. K562 cells were treated for 6 h
with DIF-3 20 uM, and glycolytic rates were evaluated by quantifying of the conversion of {5-*H}-D-glucose to *H20, as described in the
Materials and Methods section. D. K562 cells were loaded with MitosoxRed, stimulated with 20 pM DIF-3 and mitochondrial reactive
oxygen species were quantified at 0.5, 4, 10 and 30 min post-treatment. E. Histograms represent the means + SEM of mitochondrial reactive
oxygen species content. F. K562 cells were loaded with DCF-DA and stimulated with 20 pM DIF-3 for 30 min. Cellular reactive oxygen
species were quantified with a cytometer. G. Histograms represent the means + SEM of cellular reactive oxygen species content.
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flux values are expressed as the median fluorescence intensity (MFI, in arbitrary units) and represent the mean of 3 independent experiments
performed in duplicate. C. K562 cells were incubated with 20 pM DIF-3 alone or were preincubated with 10 pM M-divil and then treated
with DIF-3. After 48 h, cellular metabolism was measured by using the XTT assay, as described in the Materials and Methods section. D.
K562 cells were transfected with control or DRP1 siRNA and, 48 h later, were treated with 20 pM DIF-3 for another 48 h. Finally, cellular
metabolism was measured by using the XTT assay. E. K562 cells were incubated with 20 uM DIF-3 for 3 or 24 h. Cells incubated with
DIF-3 and untreated cells were washed, plated in fresh medium for 1 or 24 h, loaded with TMRE and then analyzed with a cytometer. The
results are expressed in arbitrary units as the median fluorescence intensity. F. K562 cells were or were not incubated with 20 uM DIF-3
for 24, 48 or 72 h. Then, cells were washed and 103 cells were placed in a methylcellulose matrix. After 10 days, the colonies were stained
with MTT, counted and imaged (lower panel). Histograms represent the means + SEM of colonies formed after the indicated treatment
time (upper panel).
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is fully reversible during the first 3 h of DIF-3 treatment.
After a longer treatment period, the effects of DIF-3
became irreversible and led to growth inhibition and
finally cell death.

Finally, we analyzed the potential of K562 cells to
form colonies after increasing DIF-3 treatment durations
(24 h, 48 h and 72 h) (Figure 6F). Cells were stimulated for
the indicated times, washed and grown in methylcellulose
medium for 7 days. The coloration of colonies indicated
that treatment with DIF-3 for 24 h, 48 h and 72 h strikingly
reduced the clonogenic potential of K562 cells by 60%,
85% and 95%, respectively.

DIF-3 inhibits the growth of imatinib-resistant
K562 cells in xenografted mice

Tumor cells frequently harbor defects in apoptosis
and are thus less sensitive to apoptosis-inducing agents.
In this context, the mode of cell death induced by DIF-
3 could be used to circumvent resistance to apoptosis in
cancer cells. To validate the effect of DIF-3 in vivo, we
implanted human Ima-R K562 CML cells in the flanks
of athymic mice. Mice were separated in two groups,
one receiving a vehicle and the other receiving 1 mg/kg
of DIF-3 five days a week. DIF-3 treatment was found
to reduce the level of photon emission from tumors by
approximately ten-fold relative to that of untreated
tumors. Although the effect of DIF-3 was observed on all

treatment days, it was clearly significant at day 18 (Figure
7). At this time point, the inhibition of tumor growth was
close to 90%.

DISCUSSION

In this study, we show that the potent anti-leukemic
effect of differentiation-inducing factor 3 (DIF-3) observed
in vitro and in vivo involves impaired mitochondrial
function. Indeed, DIF-3 triggered a rapid rise in
intracellular Ca** followed by loss of MMP and an increase
in mitochondrial and cytoplasmic reactive oxygen species
(ROS) production in K562 cells, without any evidence of
cytochrome ¢ or Smac release or caspase activation. The
DIF-3-induced calcium release was correlated with an
increase in the phosphorylation of DRP1 on threonine 616
and its translocation from the cytosolic to the microsomal
fraction. Consequently, DIF-3 promoted mitochondrial
fission, as assessed by confocal microscopy. All of these
events culminated in caspase-independent cell death, as
demonstrated by the lack of protection by the pan-caspase
inhibitor zZVAD-fmk from a DIF-3-mediated decrease in
cellular metabolism and colony formation. Interestingly,
phosphorylation of DRP1 on Ser616 has previously been
reported to be a key mechanism regulating mitochondrial
fission [7, 22, 35-37].

Accordingly, we show here that the pharmacological
inhibition of DRP1 by M-divil or the depletion of DRP1
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Figure 7: DIF-3 inhibits tumor growth in nude mice. Cells (5 x 10°) from ImaR-K562 leukemic cell lines were implanted in both
flanks of nude mice. After tumors were established, animals received a daily intraperitoneal injection of either DIF-3 (1 mg/kg body weight
in PBS) or the PBS vehicle as a control. The results are expressed as the increase in tumor size as a function of time. The number of tumors
found was 14 and 10 for mice treated with the control medium and DIF-3-containing medium, respectively.
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by specific siRNA dampened DIF-3’s effect on cellular
metabolism, confirming the importance of DRP1 and
mitochondrial fission in the effect of DIF-3. Previous
studied have shown a direct interaction between DRP1
and AMPK, and AMPK silencing has also been shown
to significantly reduce DRP1 phosphorylation and
mitochondrial fission [38]. In this context, it would be
interesting in future experiments to investigate whether
DIF-3 is able to increase the interaction between DRP1
and AMPK.

Of note, it has recently been shown, using DIF-
3 modified fluorescent probes, that mitochondria are
the target organelles of the DIF-3 effect and that DIF-3
derivatives disturb mitochondrial activity and promote
mitochondrial O, consumption [39]. These findings
strongly suggest that DIF-like molecules suppress cell
growth and induce cell death, at least in part, by acting
as mitochondrial uncouplers. In the present study, we
confirmed and extended these findings by demonstrating
that DIF-3 is able to induce MMP dissipation within
minutes of stimulation, suggesting a direct effect of
DIF-3 on mitochondria. We also demonstrated that the
alkyl chain on position 1 of DIF-3 is essential for its
anti-leukemic effect and therefore may interact with the
mitochondrial membrane.

Another study performed on hematopoietic cells
showed that following CD47-triggering, B-cell chronic
lymphocytic leukemia (B-CLL) cells are efficiently killed
by a caspase-independent process called necrotic cell
death or type III cell death [40]. Although CD47-mediated
cell death was also accompanied by the translocation of
DRP1 from the cytosol to the mitochondria, as is the case
for DIF-3-mediated cell death, we do not know at present
whether the cell death induced by both agents is similar.
The prerequisite for the induction of type III cell death in
mammalian cells is not known, and the nature and exact
mechanisms involved are also unclear. Recent studies by
Barbier et al. aimed at deciphering the hallmarks of type
III cell death have led to the conclusions that targeting
type III cell death may be an interesting option in treating
cells that exhibit defects in type I cell death (apoptosis).

One of the most striking effects of DIF-3 was a
rapid induction of LC3-II conversion, which is indicative
of an increase in autophagy. However, the inhibition
of ATG proteins or the pharmacological inhibition
of autophagy using 3-methyl adenine, bafilomycin
Al or chloroquine, failed to modulate the effect of
DIF-3 on cell death, suggesting that autophagy is not
directly involved in the anti-leukemic effect of DIF-3.
Importantly, carbonyl cyanide m-chlorophenylhydrazone
(CCCP), a mitochondrial uncoupler, has recently been
reported to mediate parkin-dependent mitophagy [41,
42]. Moreover, another recent study has established that
CCCP promotes mitophagy via ULK1 phosphorylation
and activation [43]. Here, we established that DIF-3 failed
to induce ULK 1 phosphorylation at Ser555 and activation
(Supplementary Figure S9). Thus, upon DIF-3 stimulation,

autophagy might occur to restore cellular ATP production
or as a mechanism to eliminate swollen mitochondria,
independently of the regulation of cell death.

In this study we also aimed at investigating the early
signaling events associated with the DIF-3 effect. One of
the more striking effects of DIF-3 was the observation
that this compound triggered rapid dephosphorylation and
inhibition of the mTOR pathway, leading to a complete
inhibition of P70S6K and S6 protein phosphorylation. It
has previously been reported that ROS production leads
to mTOR pathway dephosphorylation [44] in a neuronal
model, suggesting that the increase of ROS production
induced by DIF-3 treatment may be responsible for the
effect of DIF-3 in a CML model as well. Inhibition of
mTOR could thus explain the pro-autophagic effect of
DIF-3 in imatinib-sensitive and resistant K562 cells. The
unique ability of DIF-3 to inhibit the mTOR pathway
and to induce non-apoptotic cell death is potentially of
great interest in cancer therapy because cancer cells often
display defects in apoptosis, and targeting other modes of
cell death could contribute to eradicating tumor cells.

Finally, the observation that DIF-3 was similarly
effective in Ima-S and Ima-R K562 cell lines is of great
interest because targeting non-apoptotic cell death may
be an interesting option in treating tumor cells that have
an apoptotic defect, as has recently been suggested [40].
Another important finding of our study is the fact that
DIF-3 exerted potent anti-leukemic effects in vivo in a
mouse model of Ima-R K562 cell xenotransplantation. DIF
derivatives have previously been reported to exhibit potent
anti-tumoral effects in vitro and in vivo in different types of
cancer [24, 28, 45, 46]. Here, we show that DIF-3 efficiently
eliminates Ima-R K562 cells in vitro and that it exhibits
potent anti-leukemic effects in vivo. Potentially of greater
interest, we also established that DIF-3 preferentially
eradicates CD34" CML cells relative to its effect on
CD34 cells, indicating a better selectivity for leukemic
than normal myeloid precursors. These results confirm
that mitochondrial targeting may constitute an effective
strategy for eradicating leukemia stem cells [5] [47]. To
the best of our knowledge, DIF-3 or its derivatives have
not been evaluated in clinical studies, but its mechanism
of action and greater specificity toward leukemic cells, at
least in CML cells, warrants further investigation for it use
in treating this hematopoietic malignancy.

MATERIALS AND METHODS

Cell cultures

The human CML K562, cell line was provided by
ATCC and was grown in RPMI 1630 medium (Lonza,
Walkersville, MD, USA) in the presence of 5% FCS. Human
HeLa cervical carcinoma cell line was grown in DMEM
(Lonza) in the presence of 10% FCS. All cell cultures were
grown at 37°C under 5% CO2, 50 units/ml penicillin and 50
mg/ml streptomycin to minimize contamination.
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Isolation of bone marrow patient primary

Blood samples were collected from patients newly
diagnosed for CML as part of an institutionally approved
cellular sample collection protocol. Informed consent
has been obtained according to institutional guidelines.
Mononuclear cells were isolated from blood samples by
density centrifugation (Ficoll-PaqueTM Plus), washed
with PBS, 5% SVF, 2 mM EDTA and resuspended in
cell culture medium (IMDM, 10% fetal bovine serum)
and incubated overnight at 37°C in a 5% CO2 incubator
before CD34+ cells isolation. CML cells were labelled
with CD34 microbeads isolated by magnetic positive
selection (StemSepTM Human CD34 Selection Kit;
StemCell, Vancouver, BC, Canada). Purity was estimated
to At least 90% by FACS analysis. Experiments were
performed using a StemSpanR SFEM medium (StemCell,
Vancouver, BC, Canada) supplemented with 100 ng/ml
human recombinant SCF, FLT3-L and 20 ng/ml human
recombinant IL-3, IL-6 and G-CSF (Peprotech, Rocky
Hill, NJ, USA).

Reagents

Sodium fluoride and orthovanadate,
phenylmethylsulfonyl fluoride, aprotinin and leupeptin
were purchased from Sigma (Saint-Louis, MO, USA).
Anti-phospho-mTor, anti-mTor, anti-phospho-P70S6kinase
(thr389), anti-P70S6kinase, anti-phospho-S6 Ribosomal
Protein (ser235-236), anti-S6 Ribosomal Protein, anti-
LC3-b, anti-phospho-DRP1 (ser616) and HRP conjugated
anti-rabbit antibodies were from Cell Signaling
Technology (Beverly, MA, USA). Anti-Hsp60, anti-Hsp90
and anti-DRP1 antibodies were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Anti-Smac
antibody was purchased from RnD systems (Minneapolis,
MN, USA). HRP-conjugated anti-mouse and anti-goat
antibodies were from Dakopatts (Glostrup, Denmark).

Cell metabolism assay

K562 cells (20.10% cells/100ml) were incubated
in a 96-well plate with indicated concentration of
STS for 6 h. About 50 ml of XTT reagent (sodium
3’-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis  (4—
methoxy—6—nitro) benzene sulfonic acid hydrate) (MPP)
(Roche diagnostics, Indianapolis, IN, USA) was added to
each well as described previously. The absorbance of the
formazan product, reflecting cell viability, was measured
at 490 nm. Each assay was performed in quadruplicate.

Cell death assays

After DIF-3 stimulation, K562 cells were stained
with propidium iodide (Sigma, Saint-Louis, MO, USA).
Then, staining cells were analyzed by flow cytometry.

Colony formation assays

DIF-3 was added to K562 cell lines or primary cells
(10° CD34+ or CD34- cells/ml) growing in semisolid
methylcellulose medium. Metho-Cult H4100 or H4236
were used for cell lines and primary CD34+ cells
respectively (StemCell Technologies Inc., Vancouver,
Canada). Colonies were detected after 10 days of culture
by adding 1 mg/ml of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) reagent and were
scored by Image J quantification software (U.S. National
Institutes of Health, Bethesda, MD, USA).

Electron microscopy

K562 cell pellets were collected, fixed with 1.6%
glutaraldehyde, post-fixed in 1% OsO4, dehydrated in
alcohol series, and embedded in epoxy resin. Thin sections
were contrasted with uranyl acetate and lead citrate.
Preparations were observed either with a Philips CM12
electron microscope operating at 80 kV (FEI, Eindhoven,
The Netherlands) or with a Jeol 1400 (Tokyo, Japan)
mounted with CCD cameras (Morada, Olympus SIS,
Germany). Samples were analysed with Jeol 1200 XII
Philipps electron microscope.

Immunofluorescence analysis

HeLa cells were treated with 20 uM DIF-3. At
indicated time, cells were fixed with 3% paraformaldehyde
in PBS for 10 min, washed with PBS three times and
permeabilized with 0.1% Triton X-100 in PBS for 2 min.
After another washing with PBS, cells were incubated
with anti-HSP60 antibody diluted in PBS, 1% BSA at
RT for 1 h. Then cells were washed and incubated with
secondary anti-goat antibody. Finally, DAPI was used to
label the nuclei and slides containing cells were mounted
and analyzed under a confocal microscope (ZEISS
LSM510 META, Zeiss, Oberkochen, Germany).

Western blots

K562 cells were lysed at 4°C in lysis buffer.
Lysates were centrifuged at 10 000g for 10 min at 4°C
and supernatants were supplemented with concentrated
SDS sample buffer. A total of 30 mg of protein were
separated on 12% polyacrylamide gel and transferred
onto polyvinylidene difluoride (PVDF) membrane
(Immobilon-P, Millipore, Bedford, MA, USA). After
blocking non-specific binding sites, the membranes were
incubated with specific antibodies, washed three times and
finally incubated with HRP-conjugated antibody for 1 h
at room temperature. Immunoblots were revealed using
the enhanced chemiluminescence detection kit (Amersham
Biosciences, Uppsala, Sweden).
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Measurement of cathepsin B activity

After stimulation, cells were lysed for 30 min at
4°C in lysis buffer (0.4 M Na Phosphate PH 6, 150 mM
NaCl, 4 mM EDTA, | mM PMSF, 10 mg/ml aprotinin and
1% Triton X-100) and lysates were cleared at 10000 g for
15 min at 4°C. Each assay was performed with 50 pg of
protein prepared from control or stimulated cells. Cellular
extracts were incubated with 60 uM of z-RR-AMC as
substrate in the presence or absence of 1 uM Ca074-Me
at 37°C. CB activity was measured by following emission
at 460 nm (excitation at 390 nm). Each experiment was
performed in quadruplicates and repeated at least three
times. The specific cathepsin activity was expressed in
arbitrary unit per mg of protein.

MMP assay

Mitochondrial membrane potential in living cells
was analyzed using TMRE (tetramethylrhodamine-ethyl
ester) (Sigma, Saint-Louis, MO, USA) to label active
mitochondria. Briefly, cells were incubated with TMRE at
37°C for 30 min and directly analyzed by flow cytometry.
TMRE is a cell permeant, positively charged, red-orange
dye that readily accumulates in active mitochondria due
to their relative negative charge. Depolarized or inactive
mitochondria have decreased membrane potential and fail
to sequester TMRE.

Intracellular ATP assay

Intracellular ATP level was measured using
luminescence ATP detection assay (ATPlite, PerkinElmer,
USA) according to manufacturer's instructions. Data were
reported as arbitrary luminometric units, measured with
the microplate reader Wallac Victor multilabel counter and
normalized to total protein content.

Evaluation of the glycolytic rate

1.10%cells were incubated in 0.5 ml of fresh
medium containing 5uCi of [5-*H] glucose (10-20 Ci/
mmol; PerkinElmer Life Sciences) for 1 h at 37 °C.
The reaction was stopped by adding an equal volume
of 0.2 N HCI1.*H20 was separated from [5-*H] glucose
by diffusion in an airtight container for 72 h. Diffused
and undiffused tritium was measured using a 1900TR
liquid scintillation analyzer (Packard) and compared
with controls of [5-*H] glucose only and *H20 only to
determine the rate of glycolysis.

Cellular subfractionation

Cells were washed with wash buffer (proteoExtract
Subcellular Proteome Extraction KIT, Calbiochem,
La Jolla, CA, USA). Then, cells were pelleted by
centrifugation (10 min at 300 g). The wash buffer was

aspirated and discarded and Extraction Buffer I was
added to extract cytosolic fraction. Cells were incubated
for 10min at 4 °C under gentle agitation, centrifugated for
10 min at 800g. The supernatant contains the cytoplasmic
fraction. Extraction Buffer II was added to the pellet
and cells were incubated for 30 min at 4°C under gentle
agitation. Then, cells were centrifugated for 10 min at
5500xg and the supernatant containing the microsomal
fraction was collected.

This crude microsomal fraction contains the
plasma membrane, mitochondria, endoplasmic reticulum,
Golgi apparatus and lysosomes. A total of 30 mg of
cytosolic, microsomal fractions were separated on 15%
polyacrylamide gel and transferred onto PVDF membrane
(Chemicon, Millipore, Billerica, MA, USA). After
blocking non-specific-binding sites in saturation buffer,
the membranes were incubated with specific antibodies.

Tumor regression experiments in nude mice

Female Nude NMRI Mice (Janvier, Le Genest
Saint Ile, France) were randomized into two experimental
groups, each containing 7 and 5 animals respectively.
Animals in both groups received a 200ul injection
of 5.10° ImaR-K562 leukemia cells on both flanks.
When tumors reached 100 mm?, animals were injected
intraperitoneally with vehicle (PBS) or DIF-3 at dose level
of 1 mg/kg body weight. The growth of leukemic cells
composing the tumor was visualized every 5 days in the
animal after intraperitoneal injection of 30 mg/kg luciferin
(Caliper Life Sciences) by bioluminescence imaging using
a Photon Imager (Biospace Lab).

Calcium flux assay

K562 cells were loaded using a Fluo-4 Direct
Calcium Assay Kit according to the manufacturer’s
instructions (Molecular Probes, F10471). Calcium release
was analyzed by flow cytometry.

Measurements of mitochondrial ROS levels

Mitochondrial ROS levels were measured by
MitosoxRed fluorescence (Molecular Probes, Eugene,
USA). K562 cells were incubated in presence of 5 uM
MitosoxRed for 10 min at 37°C. Relative MitosoxRed
fluorescence was measured using a flow cytometer.
Results were expressed in arbitrary fluorescence units.

Measurements of intracellular ROS levels

Intracellular ROS levels were measured by DCF-
DA fluorescence (Sigma, Saint-Louis, MO, USA). K562
cells were incubated in presence of 20 uM DCF-DA for
30 min at 37°C. Relative DCF-DA fluorescence was
measured using a flow cytometer. Results were expressed
in arbitrary fluorescence units.
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Statistical analysis

All data are presented as the mean + SD of at
least three independent determinations. P-values were
determined using the Prism V5.0b software (GraphPad,
La Jolla, CA, USA). Unless stated otherwise in the figure
legend, comparisons of the different groups were made
with the one-way ANOVA test with Bonferroni correction.
P-values of 0.05 (*), 0.01 (**) and 0.001 (***) were
considered statistically significant.
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