
Cell death induced by dexamethasone in lymphoid
leukemia is mediated through initiation of autophagy

E Laane1,7,8, K Pokrovskaja Tamm*,1,8, E Buentke1, K Ito2, P Khahariza1, J Oscarsson1, M Corcoran1, A-C Björklund1, K Hultenby3,

J Lundin1, M Heyman4, S Söderhäll4, J Mazur5, A Porwit1, PP Pandolfi2, B Zhivotovsky6, T Panaretakis1,8 and D Grandér1,8

Glucocorticoids are fundamental drugs used in the treatment of lymphoid malignancies with apoptotic cell death as the hitherto
proposed mechanism of action. Recent studies, however, showed that an alternative mode of cell death, autophagy, is involved
in the response to anticancer drugs. The specific role of autophagy and its relationship to apoptosis remains, nevertheless,
controversial: it can either lead to cell survival or can function in cell death. We show that dexamethasone induced autophagy
upstream of apoptosis in acute lymphoblastic leukemia cells. Inhibition of autophagy by siRNA-mediated repression of Beclin 1
expression inhibited apoptosis showing an important role of autophagy in dexamethasone-induced cell death. Dexamethasone
treatment caused an upregulation of promyelocytic leukemia protein, PML, its complex formation with protein kinase B or Akt
and a PML-dependent Akt dephosphorylation. Initiation of autophagy and the onset of apoptosis were both dependent on these
events. PML knockout thymocytes were resistant to dexamethasone-induced death and upregulation of PML correlated with the
ability of dexamethasone to kill primary leukemic cells. Our data reveal key mechanisms of dexamethasone-induced cell death
that may inform the development of improved treatment protocols for lymphoid malignancies.
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Glucocorticoids (GCs) have been used as important thera-

peutic agents in the treatment of acute lymphoblastic

leukemia (ALL) and other lymphoid malignancies for more

than 50 years.1,2 In vivo and ex vivo GC sensitivity is

furthermore a major prognostic factor in childhood ALL.3,4

Despite extensive clinical use and research, the molecular

mechanisms of GC action remain elusive. The effect of GCs

on lymphoid cells is dramatic and includesG1 phase cell cycle

arrest and apoptosis. This induction of apoptosis has also

been proposed to be the main effector mechanism for the

beneficial effects of GC treatment in lymphoid malignancies.5

Evidence is accumulating that non-apoptotic programmed cell

death (PCD), such as mitotic catastrophe, senescence,

necrosis-like PCD and autophagy, may also play a role in

the tumor response to anticancer drugs.6,7 Autophagy is a

well-conserved process, regulating normal cytoplasmic and

organelle turnover, and is characterized by the formation of

autophagosomes: double- or multiple-membrane-surrounded

cytoplasmic vesicles engulfing cytoplasmic organelles such

as mitochondria and endoplasmic reticulum. Subsequently,

autophagosomes fuse with lysosomes and their contents are

degraded by the lysosomal enzymes.6 Although the process

of autophagy was initially described as a survival strategy

in times of nutrient limitation, it may, however, also lead to

PCD, presumably by an excessive activation of this self-

degrading system.6,8

Autophagic vesicle formation is dependent on protein

complexes including Atg6/Beclin16,9 and the class III phos-

phatidylinositol 3-kinase (PI3KIII).10 In contrast, signaling

through the class I PI3K/Akt pathway functions as a negative

upstream regulator of autophagy.11 This pathway is stimu-

lated in the presence of nutrients and growth factors. A recent

study has shown that the PML protein is involved in negative

regulation of PI3K signaling through dephosphorylation of

Akt.12 PML protein forms nuclear bodies or PML oncogenic

domains, PODs; PML and PODs have been implicated in the

negative regulation of cell proliferation, protein degradation

and apoptosis.13,14 Multiple proapoptotic signals have been

shown to be dependent on PML, including caspase-indepen-

dent cell death.15,16 The role of PML in Dex-induced cell

death or in the induction of autophagy has, however, not

been described earlier.

In this study we show that Dex-induced cell death in

lymphoid cells involves induction of autophagy before the

onset of apoptosis and that PML upregulation and Akt

dephosphorylation is required for these processes. GCs are
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important drugs in the treatment of lymphoid leukemias as

well as for the stratification of patients with leukemia. Thus,

the sensitivity to GCs is likely to reflect certain features of

cancer cells such as, for example, expression of resistance

genes. Therefore, revealing novel mechanisms underlying

GC-induced cell death may help uncover reasons for the

sensitivity/resistance to a variety of other drugs and will

facilitate the future design of optimized therapies in lymphoid

malignancies.

Results

Dex induces autophagy. We have earlier shown that Dex-

induced cell death in ALL cell lines and primary lymphoblasts

of ALL patients is mediated through the mitochondrial

apoptotic pathway associated with the activation of Bak

and Bax, downregulation of Bcl-2 and Bcl-xL, loss of mito-

chondrial membrane potential (DCm), caspase activation,

loss of propidium iodide (PI) exclusion and exposure of

phosphatidylserine on the plasma membrane.17 Figure 1A

represents a typical analysis of apoptosis induced by Dex in

ALL cell lines: two – sensitive, RS4;11 and SUP-B15, and

one – resistant, Reh cells. As the upstream signaling leading

to apoptosis induced by Dex is largely unknown, we investi-

gated the morphological characteristics of Dex-induced cell

death using electron microscopy.

RS4;11 cells were cultured for 24 and 36 h in the absence or

presence of 100 nM Dex and subjected to electron micro-

scopy (Figure 1B). In Dex-treated cells, vacuoles surrounded

by a double membrane, a characteristic of autophagosomes6

(Figure 1C, arrows), appeared at 24 h post-treatment and

contained membrane structures and/or parts of endoplasmic

reticulum or bulk of cytoplasm. Many of the vesicles were in

close contact with mitochondria (Figure 1C, arrowheads).

Apart from the appearance of autophagosomes, the nucleus

and the cell morphology were initially intact, indicating that the

formation of autophagosomes precedes the execution of cell

death.

Microtubule-associated protein light chain 3, LC3, is now

widely used tomonitor autophagy by studying its translocation

to the autophagosomes and by detecting conversion of LC3-I

to LC3-II, which is the form localized to the autophagosomal

membranes.18,19 RS4;11 cells were transfected with GFP-

LC318 and 24 h later treated with Dex for another 24 h. Dex-

treatment induced GFP-LC3 translocation in B90% of the

GFP-LC3-positive cells from a diffuse cytosolic localization to

a distinct punctate pattern, as did amino-acid starvation, a

known inducer of autophagy (Figure 2a). To measure the total

amounts of LC3-II, which is known to correlate well with the
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Figure 1 Dexamethasone induced apoptosis and autophagy in ALL cell lines. (A) RS4;11, SUP-B15 and Reh cells were left either untreated or treated with 100 nM of Dex
for 48 h, stained for Annexin V/PI and analyzed by flow cytometry. The percentage of RS4;11 and SupB15 cells positive for annexin V staining, PI and active Bak are presented
in the bar charts (n¼ 3). (B) RS4;11 cells were either left untreated (control) or were treated with 100 nM Dex for 24 or 36 h, as indicated. Electron microphotographs were
taken at low (upper panel) or high (lower panel) magnification. Bar¼ 0.5mM (n¼ 2). (C) High resolution electron micrographs. The double membrane-surrounded
autophagosomes (arrows) contain cell components. Many autophagosomes were in close contact with mitochondria (white and black arrowheads). Bar¼ 0.5mM. Control
cells were incubated in culture without Dex for 36 h. No vehicle treatment was required as Dex (Oradexon) is supplied in water solution
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number of autophagosomes,19 we performed immunoblotting

using anti-LC3 antibodies. Dex-treatment of SupB15 and

RS4;11 for 16 and 24 h, respectively, induced a readily

detectable conversion from LC3-I to LC3-II (Figure 2b).

However, as LC3-II is itself degraded by autophagy, it is

important to compare the levels of LC3-II in the absence or

presence of lysosomal inhibitors.19,20 Incubation of cells with

lysosomal inhibitors that alter the lysosomal pH thus prevent-

ing maturation of autophagic vacuoles,21 monensin or bafilo-

mycin A1 alone, led to the accumulation of autophagosomes,
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Figure 2 Dex induced LC3 conversion, GFP-LC3 translocation and MDC-positive staining in ALL cells. (a) RS4;11 cells were transfected with a GFP-LC3 plasmid before
treatment with Dex for 24 h or amino-acid starvation for 2 h (starv). Note GFP-LC3 translocation from a diffuse to a dotty pattern indicating LC3 recruitment to autophagosome
membranes (n¼ 3). (b) SUP-B15 and RS4;11 cells were treated with 100 nM Dex for 24 h followed by either 10mM monensin (mon) or 100 nM Bafilomycin A1 (bafA1) for
1.5 h (shown only for RS4;11) and total cell lysates were subjected to western blotting using anti-LC3 and Beclin antibodies. The bands’ intensities were quantified using Image
Gauge and presented as ratio between LC3-II and â-actin (n¼ 2). (c) Indicated cell lines were treated with 100 nM Dex for 24 h, stained with MDC and analyzed by flow
cytometry. Bar chart represents an increase in mean fluorescent intensity, MFI, of MDC staining (n¼ 3). (d) MDC or MDC/DAPI staining of RS4 cells as recorded by
microscopy. Amino-acid starvation for 3 h was used to induce autophagy as positive control. (e) MDC staining of 697 ALL cells, primary cells from an ALL patient, primary cells
from two CLL patients (resistant and sensitive to Dex) that were either left untreated (cont) or were treated for indicated times with Dex as described in Materials and Methods
section. The images were recorded on a Zeiss Axioplan-2 microscope and Axiovision software 4.1. A UV filter with excitation 350±50 nm and emission 420 nm was used for
detection of MDC staining (n¼ 3)
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manifested by the appearance of an LC3-II band, indicating

that a certain basal level of autophagy occurs in these

cells (Figure 2b). In the presence of Dex the amount of

LC3-II increased above the levels induced by either inhibitor

alone (Figure 2b, western), as estimated by quantifying the

autophagy-associated LC3-II bands in relation to the total

protein levels (Figure 2b, bar chart). It can be concluded from

this experiment that Dex-induced accumulation of autophago-

somes was a result of an enhanced formation of autophago-

somes and not of a decreased degradation of spontaneously

forming autophagosomes. We next used monodansylcada-

verine, MDC, a dye, which stains autophagolysosomes.20

Although MDC does not specifically stain autophagosomes, it

can be used for quantification of autophagy in some systems

when a correlation with other autophagy markers is estab-

lished.22 Cells were analyzed by flow cytometry (Figure 2c)

and microscopy (Figure 2d). MDC staining increased at 16

and 24 h in Dex-sensitive RS4;11 and SUP-B15 cells but not

in Dex-resistant Reh cells (data not shown and Figure 2c).

Amino acid starvation-induced autophagy as measured by

MDC staining was induced in all cell lines, showing that the

Dex-resistant Reh cells were not deficient in their ability to

undergo autophagy (data not shown). Dex- or amino acid

starvation-induced MDC staining was blocked by 3-MA and

LY294002 as well as by cycloheximide, drugs that inhibit

autophagosome formation20 (data not shown and Figure 4).

Thus, induction of MDC-positive staining by Dex correlated

well with the data obtained by electron microscopy, induction

of LC3 conversion and the LC3 translocation. Therefore, we

concluded that MDC staining can be used in our system to

monitor autophagy. A DNA-damaging agent, doxorubicin that

induced on average 40% of cell death in RS4;11 cells did not

induce MDC-positive staining (data not shown) indicating that

autophagy occurs in response to a specific signal. MDC-

positive vacuoles were also detected after Dex exposure in

another pre-B ALL cell line, 697 and in primary ex vivo

lymphoblasts from two ALL patients (Figure 2e, upper panel).

GCs are important drugs in the treatment of most of lymphoid

malignancies including chronic lymphocytic leukemia, CLL.

CLL is the most common lymphoid malignancy and samples

from CLL patients are readily available for in vitro analysis.

To test whether the autophagic response to Dex is a more

general phenomenon, ex vivo cells from 11 CLL patients were

treated with 10nM of Dex23 and induction of autophagy and

cell death was monitored. Nine out of the 11 CLL samples

were sensitive to Dex-induced apoptosis (data not shown

and Figure 6b–d). Importantly, MDC-positive staining was

detected in nine Dex-sensitive and not in the Dex-resistant

samples (Figure 2e, representative figure for one resistant

and one sensitive sample is shown).

Electron microscopy and LC3 immunoblotting showed that

Dex-induced autophagy occurs before massive apoptosis.

Indeed, co-staining using MDC and DAPI showed that

Dex-induced MDC-positive vacuoles were present in cells

with intact nuclei, before the nuclear fragmentation, one of

the hallmarks of apoptosis had occurred (Figure 2d). To

substantiate these data, RS4;11 cells were transfected with

GFP-LC3 and treated with Dex for 24 h. Figure 3a shows that

all the cells with translocated GFP-LC3 have intact, non-

condensed nuclei, thus, providing a confirmation that

autophagy is initiated before apoptosis. We reported earlier

that activated Bax was detected in Dex-induced apoptotic

cells with fragmented nuclei.17 Indeed, cells with MDC-

positive autophagosomes were not Bax-positive, again

indicating that the features of apoptosis are later events in

Dex-induced cell death (Figure 3b). Finally, triple staining for

MDC/Annexin V/TMRE of Dex-treated cells indicated that the

MDC-high cell population consisted of TMRE-positive/Annex-

in V-negative cells (Figure 3c), providing additional evidence

that autophagy precedes the manifestation of apoptosis.

Inhibition of the PI3KIII complex reduces Dex-induced

autophagy and cell death. Inhibitors of the PI3KIII
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were then fixed, stained with DAPI and analyzed by fluorescent microscopy. Arrows
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fold to match the fluorescence intensity of MDC staining. A UV filter with excitation
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staining (n¼ 2). (c) Triple staining of RS4;11 cells with MDC, annexin V and TMRE.
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complex, such as LY294002 and 3-MA, block the formation

of autophagosomes.20,24 Addition of LY294002 before Dex

inhibited Dex-induced autophagosome formation in RS4;11

cells as shown by MDC staining (Figure 4a). Ly294002

was not toxic to the cells and significantly protected from

Dex-induced Annexin V-positivity and caspase-3 activation

(data not shown and Figure 4b). Treatment with 5mM of

3-MA, the most commonly used pharmacological inhibitor

of autophagy, for 3 h completely protected from amino acid

starvation-induced MDC staining and LC3 conversion (data

not shown). Treatment with 3-MA inhibited autophagosome

formation induced by Dex as measured by LC3 conversion

(Figure 4c). 3-MA also significantly protected from Dex-

induced apoptosis in RS4;11 and SUP-B15 cells (Figure 4d,

left and right chart, respectively). Thus, pharmacological

inhibition of autophagy leads to the inhibition of Dex-induced

apoptosis in ALL cell lines.

Beclin 1 is required for initiating the formation of autophagic

vacuoles.25 Beclin 1 protein levels were not affected by

treatment with Dex (Figure 2b). To confirm the role of

autophagy in Dex-induced cell death, RS4;11 cells were

transiently transfected with Beclin 1 siRNA followed by
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treatment with Dex. Beclin 1 siRNA transfection led to a down-

regulation of Beclin 1 protein levels as assessed by western

blotting and immunofluorescense staining (Figure 4e). It was

recently shown that Bcl-2 and Bcl-xL interact with Beclin 1 and

inhibit autophagy.26 Knockdown of Beclin 1 largely inhibited

autophagy as shown by the conversion of LC3-I to LC3-II

but had no effect on the Dex-induced regulation of the Bcl-2

family members Bcl-2 and Bcl-xL (Figure 4f). In the Beclin 1

siRNA-transfected cells, the levels of autophagy measured

by MDC staining were also reduced (Figure 4g) as were the

levels of cell death as measured by PI staining (Figure 4h).

Taken together, these data all support a role for autophagy

in Dex-induced cell death in leukemic cells.

Akt dephosphorylation by Dex is involved in Dex-

induced autophagy and cell death. PI3K/Akt signaling is

a key pathway that negatively regulates autophagy.8,27

Therefore, we investigated Akt phosphorylation status upon

Dex treatment (Figure 5a and b). Strikingly, Dex treatment

caused an almost complete dephosphorylation of Akt after

16 h as assessed by immunoblotting (Figure 5a) and after

24 h as assessed by flow cytometry (Figure 5b).

To investigate the relationship between Dex-induced Akt

inactivation and the induction of autophagy and cell death,

RS4;11 cells were transiently co-transfected with a construct

encoding a constitutively active Akt28 (Akt-DD) and GFP or

GFP alone. Akt-DD protected from Dex-induced autophago-

some formation, as measured by MDC staining in the GFP-

gated cells (Figure 5c). We showed before that Dex-induced

apoptosis is mediated through the activation of Bak, an event

that correlated well with other apoptotic markers such as

loss of mitochondrial membrane potential and re-distribution

of plasma membrane phosphatidyl serines (Annexin V-

positivity).17 Therefore, we used stainings for active Bak to

assess cell death and analyzed the amounts of Bak-positive

cells in the gated GFP-positive population. Akt-DD signifi-

cantly protected from Dex-induced Bak activation (Figure 5d).

Thus, Dex-induced dephosphorylation of Akt is an upstream

event triggering autophagy and subsequent cell death.

Dex induces PML protein and complex formation with

Akt. The PML protein was shown to be a mediator of nuclear

Akt inactivation.12 Therefore, we studied whether Dex affects

PML expression. PML protein levels were induced in Dex-

sensitive lymphoid cell lines, RS4;11 (Figure 6a), SUP-B15

and 183E95 CLL, but not in the Dex-resistant Reh cells

(not shown). Furthermore, PML was induced in Dex-sensitive

but not in Dex-resistant primary CLL cells (Figure 6b and c).
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Statistical analysis showed a significant correlation between

Dex-induced PML and cell death in primary ex vivo CLL cells

(Figure 6d) further pointing to the importance of PML for

Dex-induced cell death in lymphoid malignant cells. We next

examined whether induction of PML leads to complex

formation with Akt. Indeed, such complexes were first

detected at 12 h, peaked at 16 h and decreased at 24 h of

Dex treatment (Figure 6e). We then took advantage of

a recently developed technique, in situ proximity ligation

assay, PLA,29 to confirm the interaction of PML and Akt

in cells treated with Dex. The method is based on

immunofluorescent staining using antibodies against two

proteins of interest produced in different species; however, in

contrast to a conventional double staining, the detection with

secondary antibodies is based on a molecular technique

where the signal will be amplified and detected only when the

two secondary antibodies are localized in close proximity.29

Furthermore, with the use of the special software, BlobFinder

(www.olink.se), the number of dots in the nucleus or

cytoplasm can be quantified. In control RS4;11 cells, a

limited number of PML and Akt molecules were colocalized

(Figure 6f, red dots in control panel). Sixteen hours of Dex

treatment led to a dramatic increase in the number of dots

showing that Dex induced PML and Akt colocalization

(Figure 6f, Dex 16 h panel). Furthermore, the colocalization

between PML and Akt increased only in the nucleus, and not

in the cytoplasm, showing that the interaction between the

two proteins in response to Dex occurs in the nucleus

(Figure 6f, bar chart).

PML plays an important role in Dex-induced cell death

and Akt dephosporylation. We next evaluated the role of

PML in Dex-induced cell death using thymocytes from PML

knockout mice15 (Figure 7a and b) and the silencing of PML

expression in RS4;11 cells (Figure 7c–f). Mouse thymocytes

WT and null for PML were treated with Dex for 18h and

analyzed for cell death (Figure 7a and b). WT thymocytes

were significantly more sensitive to Dex as compared to

human ALL cells, with 40% dying when 1nM of Dex was

used. The absence of PML significantly decreased cell death

in the range of Dex concentrations between 1 and 100nM

(Figure 7b). This showed that PML is involved in Dex-

induced cell death. Next, RS4;11 cells were transfected with

siRNA against PML yielding B30% reduction in PML protein

levels (Figure 7c). RS4;11 cells transfected with PML siRNA

were partially protected against Dex-induced autophagy as

assessed by MDC staining and GFP-LC3 translocation

(Figure 7d and e). Although western blotting for LC3-II as

measure for autophagy could not be used in these

experiments because of the low transfection efficiency of

these cells, the data suggested that PML is involved in Dex-

induced autophagy in leukemic cells. The RNA interference

with PML expression also partially protected against Dex-

induced cell death as measured by Annexin V staining, in line

with the data on PML–/– thymocytes (Figure 7f). Together,

these data show that PML plays an important role in Dex-

induced cell death. As PML and Akt form complexes and

colocalize in Dex-treated cells (Figure 6e,f), we next

examined the role of PML in Dex-induced Akt

dephosphorylation. Akt phosphorylation status at Thr-308

was assessed by flow cytometry, immunostainings and

western blotting in cells transiently transfected with PML

siRNA (Figures 7c, g and h). Downregulation of PML levels

using siRNA attenuated dephosphorylation of Akt as

compared to lamin siRNA-transfected cells 24 h after Dex

treatment by immunostaining and FACS (Figure 7g, left),

also illustrated by microscopy (Figure 7g, right) and by

western blotting (Figure 7h). These data suggest that PML

plays an important role in the Dex-induced Akt

dephosphorylation.

Discussion

Although GCs have been used in the treatment of lymphoid

malignancies for more than 50 years, the actual mechanisms

behind the induction of cell death have remained unclear. In

this study we show that the GC Dex induces autophagy in

lymphoid leukemia cells and that this induction plays an

essential role in the process of cell death.

The identification of autophagy as a critical element in the

action of GC was unexpected and, therefore, several

experimental procedures were undertaken to validate this

finding. The formation of the autophagic vesicles was shown

by three independent approaches: electronmicroscopy, LC3-I

to LC3-II conversion by western blotting and LC3 transloca-

tion to vacuoles inGFP-LC3-transfected cells as well asMDC-

stainings, which correlated well with the other autophagy

markers. Furthermore, Dex treatment in the presence of

lysosomal inhibitors led to an increased LC3-II conversion

indicating that Dex enhanced formation of autophagosomes

rather than decreased the rate of degradation of these

transient vesicles. As we and others have shown that Dex

induces a mitochondria-dependent apoptosis,17 the important

question arises: what is the connection between autophagy

Figure 6 Dex induces PML protein and a complex formation with Akt. (a) RS4;11 cells were treated with 100 nM of Dex for 36 h, stained with an antibody against PML and
analyzed by flow cytometry. Gray filled histogram: control; black solid line: Dex-treated cells. The chart represents the number of cells with ‘high PML’ in the M1 gate (n¼ 3).
(b, c) Ex vivomononuclear cells from two CLL patients: sensitive (b) and resistant (c) were treated with 10mM Dex for 24 h and cell death was assessed by Annexin V/TMRE
staining. The number of cells with ‘high’ PML in the gate M1 in (b) increased from 19 to 39% (n¼ 2). (d) Correlation of PML induction with cell death in primary CLL cells. Cells
from nine patients sensitive ex vivo to Dex-induced cell death and from two resistant patients were analyzed for the induction of PML protein levels by Dex as exemplified in
(b, c). Statistical analysis was carried out using Pearsons correlation r¼ 0.85 (P-value significant at 0.01 level). (e) Dex-induced complex formation between PML and Akt.
RS4;11 cells were treated for the indicated time points and proteins were immunoprecipitated (IP) using anti-PML mAbs. Immune complexes were separated on PAGE and
blotted with anti-Akt antibodies. Inputs correspond to 2% of total proteins used for IP. Lane 5 – negative control for IP with unrelated mAb (n¼ 2). (f) Control and 100 nM Dex-
treated for 16 h RS4;11 cells were cytospun on glass slides, stained with anti-PML and anti-Akt antibodies and detected using proximity ligation assay, PLA, as described in
Materials and Methods section. Six Z-stack images were captured on a Zeiss Axioplan-2 microscope and Axiovision software 4.1. and processed through inverse filter
deconvolution and extended focus, thus representing a two-dimensional illustration of the summary of all dots in each cell. BlobFinder software was used for the quantification
(n¼ 3) (chart)
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and apoptosis during Dex-induced cell death. We observed

that the formation of autophagosomes occurred early in the

sequence of Dex-induced events, before Bak activation, loss

of mitochondrial membrane potential and nuclear fragmenta-

tion. Furthermore, chemical and genetic inhibition of autop-

hagosome formation led to a decrease in the apoptotic
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parameters, showing that Dex-induced autophagy not only

lies upstream of apoptosis but is also required for the latter to

occur. The relation between autophagy and apoptosis is

complex.8,26 The ongoing debate in the literature regarding

the biological outcome of autophagy triggered by anticancer

agents includes apparently conflicting data pointing to both a

prosurvival role of autophagy and to autophagy as a cell death

mechanism.6,30 Several of our current findings indicate that

autophagy plays a crucial role in Dex-induced cell death in

ALL cells. First, siRNA knockdown of Beclin 1 expression, a

key regulator of autophagy,25 led to a decrease of both

autophagy and cell death, pointing at the importance of

autophagy in Dex-induced cell death. Second, inhibition of

autophagy by the pharmacological inhibitors of PI3KIII led to a

significant decrease of the hallmarks of apoptosis. 3-MA and

Ly294002 block not only PI3KIII, that is a positive regulator of

autophagy, but also PI3KI that through Akt and mTOR is a

negative regulator of autophagy. However, the overall effect

of these inhibitors is typically to block autophagy, because the

class III enzymes act downstream of the class I enzymes.20 In

addition, Dex potently inhibited Akt phosphorylation in ALL

cells (see below); and rapamycin, an mTOR inhibitor, did

not increase the level of autophagy or apoptosis induced by

Dex (data not shown) suggesting that the same pathway is

affected by Dex and the inhibitors of PI3KI/mTOR. Although

it remains unclear exactly what governs the molecular

switch between autophagy and apoptosis in the process of

Dex-induced cell death, many of the proteins that were

shown to regulate both autophagy and apoptosis are possible

candidates8 including cleavage of Atg5, a protein required for

autophagosome formation, whose cleaved form can induce

cytochrome c release and apoptosis.31 Thus, this study is

the first to suggest a crucial importance of the process of

autophagy for GC-induced cell death in human leukemic cells.

It is noteworthy that another steroid hormone, ecdysone, has

been shown to mediate development-associated cell death

through autophagy during tissue remodeling in insect meta-

morphosis that is also associated with repression of PI3KI

signaling.32 A recent publication, however, argues that

autophagy induced by Dex in a mouse T cell leukemia cell

line transfected with Bcl-2 has a protective effect on

Dex-induced cells death.33 This contradiction might be a

result of a differential, cell type-specific response to Dex.

Interestingly, in the presence of caspase inhibitors, the

autophagic features were preserved, suggesting that auto-

phagy induced by Dex occurs upstream of apoptosis.33

We have also attempted to address the important question

of what are the signals delivered by Dex that trigger

autophagy? An earlier study by our group has shown that

Dex-treatment causes downregulation of the antiapoptotic

Bcl-2 family members Bcl-2 and Bcl-XL at the mRNA level.17

Bcl-2 and Bcl-XL have been found to interact with Beclin 1,

and downregulation of Bcl-2 was also found to trigger

autophagy.34 Thus, the effect of Dex on Bcl-2 and Bcl-XL

might presumably contribute to the induction of auto-

phagy in human ALL cells. Another mechanism underlying

induction of autophagy and supported by our findings in this

study is the dephosphorylation of Akt. Akt is not only a well-

known inhibitor of apoptotic cell death, but it is also a major

negative regulator of autophagy.8,27,30 Thus, inhibition of Akt

might lead to the release of the break on autophagy and

thereby initiate the autophagic process. Protection from Dex-

induced autophagy by overexpression of a constitutively

active Akt (Akt-DD) in our study confirmed this notion.

Interestingly, although using very high concentrations of

Dex, it was shown that Dex-treatment led to a nearly complete

Akt dephosphorylation in a chondrocytic cell line.35 Although

this was associated with apoptosis, it would be important

to establish whether autophagy is induced by Dex in that

system.

A question was next addressed of what underlies the

mechanism of Dex-induced Akt inactivation. PML was

recently shown to inactivate pAkt in the nucleus by specifically

recruiting the Akt phosphatase PP2a and pAkt into the PODs,

and PML loss lead to an increase in pAkt in vivo.12We found in

this study that Dex treatment lead to the complex formation

between Akt and PML and their colocalization in the nucleus.

Furthermore, the dephosphorylation of Akt by Dex treatment

was dependent on the PML protein. PMLwas also required for

Dex-induced apoptosis in normal and malignant lymphoid

cells. Although showed on a limited number of patient

samples, induction of PML significantly correlated with

sensitivity to Dex, further strengthening the role of PML in

Dex-induced cell death. Finally, our data suggest that PML is

involved in the induction of autophagy by Dex in ALL cells.

Taken together, our results provide a strong evidence for an

important role of PML in Dex-induced cell death.

In conclusion, this study has identified that Dex-induced cell

death is mediated through a PML and Akt-dependent

activation of autophagy, which lies upstream of mitochondrial

dysfunction and subsequent cell death. The identification of

intracellular pathways critical for the efficacy of current

chemotherapeutic treatments is one of the key objectives of

current antitumor research. Thus, current findings may pave

the way for future optimized use of GCs in the treatment of

lymphoid malignancies.

Figure 7 PML is required for Dex-induced cell death, Akt dephosphorylation and autophagy. (a) Loss of PML suppresses Dex-induced apoptosis in primary mouse
thymocytes. Cells from wild-type and pml–/– mice were cultured with the indicated dose of Dex for 18 h, stained with Annexin V/PI and analyzed by flow cytometry. (b) Bar
chart from wild-type and pml–/–mice data in (a) (n¼ 3). (c–f) Cells were transfected with siRNA against PML or Lamin and treated with 100 nM Dex for 24 h (n¼ 2). (c) PML
protein levels were assessed by flow cytometry. Black dashed line – negative control; black solid line – PML siRNA; gray histogram – Lamin siRNA (n¼ 2). (d) Autophagy was
assessed by MDC staining and flow cytometry as in Figure 2c, MFI – mean fluorescence intensity (n¼ 2). (e) Cells were co-transfected with GFP-LC3 and siRNA against
Lamin or PML and GFP-LC3 translocation was monitored by microscopy (n¼ 2). (f) Cell death in transfected with siRNA against PML or Lamin and treated with 100 nM Dex
RS4;11 cells was assessed by Annexin V staining and evaluated as a ratio between Annexin V positive Dex-treated cells to the corresponding controls. Mean of two
independent experiments is shown. (g–h) Akt phosphorylation at Thr 308 was evaluated in the untreated (control) and Dex-treated for 24 h RS4;11 cells transfected with
siRNA against PML or Lamin, by immunostaining and flow cytometry (n¼ 2) (g, left: Gray histogram: untreated PML siRNA-transfected cells; black fine line: untreated Lamin
siRNA-transfected cells; black bold line: Dex-treated Lamin siRNA-transfected cells; black dashed line: Dex-treated PML siRNA-transfected cells), microscopy (g, right:
p-Thr308-Akt-red; nuclei - blue) and by immunoblotting (h). Chart represents quantification of p-Thr308-Akt band intensity in relation to the total protein levels
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Materials and Methods
Patients. The study included leukemic cells from two precursor-B ALL patients (2
boys, 13 and 16 years old), who were treated according to the NOPHO-ALL 2000
protocol,36,37 and from 11 patients (5 males, 6 females) with CLL for whom the
median age was 77 (50–85) years. The diagnosis was established according to
the World Health Organization classification.38 All patients or their parents were
informed of the investigative nature of this study, and informed consent was

obtained from each patient/parent in accordance with the local ethical committee
requirements (Stockholm, Sweden).

Statistical analysis. The statistical analysis for paired data was performed by
Student’s t-test. Spearman rank correlation (r) was used to investigate correlations
between Dex-induced PML induction and cell death. P-values o.05 were
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considered significant. All reported P-values are two-sided. All calculations were
performed using the SPSS 12.0 (SPSS, Chicago, IL, USA) software.

Isolation and culture of primary cells . Mononuclear cells were isolated
from bone marrow (ALL) or from peripheral blood (CLL) by centrifugation on a Ficoll/
Hypaque (Lymphoprep, Oslo, Norway) gradient and cryo-preserved in liquid
nitrogen. Leukemic cells were cultured at a cell concentration of 2.5� 106/ml
in RPMI 1640 culture medium supplemented with 10% heat-inactivated fetal
bovine serum, 2mM L-glutamine, 50mg/ml streptomycin, 50mg/ml penicillin
(GIBCO) and maintained in a humidified incubator in 5% CO2 at 371C. Single
cell suspensions of thymocytes derived from 4- to 5-week-old wild-type or pml�/�
mice15 were maintained in RPMI 1640 medium supplemented with glutamine,
penicillin, and streptomycin and containing 10% FBS and 50mM 2-
mercaptoethanol.

Cell lines, culture conditions and treatment. Four pre-B ALL cell
lines, RS4;11 (ATCC, no.: CRL-1873, Manassas, USA), 697 (M Björkholm,
Karolinska Institute, Sweden), Reh (ATCC) and SUP-B15 (German Collection of
Microorganisms and Cell Cultures/DSMZ, no.: ACC 389, Germany) and 183E95
CLL cells (A Rosen, University of Linkoping, Sweden) were cultured in RPMI
1640 medium (GIBCO) (containing 25mM Hepes for the RS4;11, 697 and
SUP-B15 cell lines), supplemented with 10% (v/v) heat-inactivated fetal bovine
serum, 2 mM L-glutamine, 50mg/ml streptomycin and penicillin (GIBCO) and
maintained in a humidified incubator in 5% CO2 at 371C. A quantatity of 200 nM
of Dex (Oradexon 5mg/ml water solution, Oy Organon AB, Finland) was used
for ALL samples, and 100 nM (1 : 100 000 dilution) for the ALL cell lines. Ten mM
of Dex was used for the CLL samples to induce cell death, as was reported
before.23 Amino-acid starvation was performed by incubating cells in EBSS
medium (Sigma-Aldrich Sweden AB) for 2–4 h to induce autophagy. Experiments
were performed at least three times if not otherwise stated. Error-bars
represent S.D.

Inhibitors and antibodies. The PI3K inhibitor LY294002 was used at 5mM,
3-methyladenine (3-MA) was used at 5 mM, lysosomal inhibitors, monensin – at
1 and 10mM and bafilomycin A1 – at 10 and 100 nM and chloroquine at 10 and
50mM (Sigma-Aldrich Sweden AB). The mouse monoclonal antibody, mAb, against
active Bax, clone 6A7, against Bcl-2 (cat. 554160), Bcl-xL (cat. 610212) and against
Beclin 1 was from Pharmingen. The mAb against active Bak, AM03, clone TC100,
was from Oncogene Research Products (San Diego, CA, USA). The rabbit serum
against phospho-Thr308-Akt, Akt and LC3B were from Cell Signaling (In vitro
Sweden AB, Sweden). The mAbs against human PML were from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA, USA) and against mouse PML from Upstate
(Millipore); rabbit polyclonal serum against PML was from Chemicon Int. The
allophycocyanin-conjugated goat anti-mouse Ig was from Pharmingen and
flourescein isothiocyanate-conjugated swine anti-rabbit from DakoCytomation
(Glostrup, Denmark). The Alexa Fluor 594 goat anti-rabbit IgG was from
Molecular Probes Inc. (Eugene, OR, USA).

Assessment of apoptosis and immunostainings for flow
cytometry. Apoptosis was assessed using either Annexin V FLUOS (Roche
Diagnostics Gmbh, Mannheim, Germany), Annexin V/PI double staining (BD
Pharmingen) or Annexin V/TMRE (TMRE; Molecular Probes Inc.) double stainings,
and for active Bak or Bax as described earlier.39 Only PI staining was performed
when GFP-positive transfected cell population was gated in FL1, and analyzed in
FL3. Stainings were analyzed by FACS Calibur flow cytometer (Becton Dickinson
(BD), San José, CA, USA) using Cell Quest software (BD). For quantification of
monodansylcadaverine, MDC, staining, cells were incubated with 0.05mM MDC
at 371C for 1 h, washed with PBS and acquired on an LSR II Becton Dickinson
flow cytometer equipped with a 355 nm UV laser. Data were analyzed, and
mean fluorescence intensity (MFI) values calculated, using the FlowJo software
(Flow Jo, Tree Star Inc., CR, USA).

Immunostainings for fluorescent microscopy. The active Bax
staining was performed as described earlier.39 The pAkt Thr308 staining was
performed according to the manufacturer’s instructions. Slides were mounted using
Vectashield with DAPI (Vector Lab. Inc.). For labeling and visualization of MDC
labeled vacuoles, cells were fixed in 3% PFA and mounted using Vectashield
without DAPI or with 1 : 10 diluted Vectashield with DAPI. The images were
recorded on a Zeiss Axioplan-2 microscope with a Zeiss dual mode cooled CCD

camera and Axiovision software 4.1. A special UV filter was used for the detection of
MDC staining with excitation at 350±50 nm and emission at 420 nm. The images
were further processed using Photoshop software (Adobe Systems Inc.).

The Duolink reagent for the in situ Proximity Ligation Assay, PLA, was obtained
fromOlink Bioscience (Uppsala, Sweden). Briefly, cells were cytospun on glass slides,
fixed and stained using anti-PML mAb and rabbit serum against Akt. The slides were
then incubated with secondary antibodies linked to oligonucleotides–proximity probes.
Their ligation would lead to a formation of circle DNA that will serve as a template in
rolling circle amplification. These procedures and the detection were performed
according to the manufacturer’s instructions. The controls included stainings where
either one or the other primary antibody was omitted. Images were captured using z-
stacks and deconvolution with inverse filter mode. As the cells are three-dimensional,
the mode ‘extended focus’ was applied to summarize all the dots in a two-dimensional
image. For the quantification, the BlobFinder software supplied by Olink (http://
www.cb.uu.se/~amin/BlobFinder/) was used.

Western blotting and immunoprecipitation. For western blot
analysis, cells were lysed and protein concentration was quantified as
described.40 Thirty to 40 microgram of protein was loaded for SDS-PAGE. The
membranes were incubated overnight at þ 41C with appropriate primary antibody.
b-actin or b-tubulin (Sigma-Aldrich Sweden AB) were used as loading control.
Secondary peroxidase-conjugated anti-mouse or anti-rabbit antibodies were from
Cell Signaling. Bands were visualized by SuperSignal West Pico chemiluminescent
substrate (Pierce) according to the manufacturer’s protocol. The images were
captured using an LAS-1000 from Fujifilm. Quantification of the band intensity
was performed using Image Gauge, Fujifilm. For immunoprecipitation, IP, cells
were lysed in IP buffer (1% Triton X-100, 40mM Hepes, pH 7.5, 120mM NaCl,
1 mM EDTA, 2,5 mM sodium pyrophosphate and sodium orthovanadate, 10mM
glycerophosphate, 10mM NaF (all from Sigma-Aldrich Sweden AB) and protease
inhibitor cocktail from Roche 1 : 100), and 1mg of proteins were subjected to IP
with anti-PML mAbs overnight. After incubation with protein G-coated beads
(GammaBind G Sepharose, GE Healthcare) and washes, proteins captured on
the beads were separated on PAGE and western was performed using anti-Akt or
anti-PML rabbit serum.

Transmission electron microscopy. RS4;11 cells were incubated with
Dex 100 nM for 24 and 36 h. After indicated times cells were harvested and
processed as described.41 Micrographs were taken at 2000–2500� magnification
and printed copies were used for evaluation.

Constructs, siRNA and transfections. CMV5-HA PKBa T308D/S437D
(Akt DD), encoding PKB/Akt with mutations that mimic the effect of phosphorylation
at corresponding residues, was a kind gift from Dr. DR Alessi at the University of
Dundee, Dundee, Scotland, UK.28 GFP-LC3 was a kind gift from Dr. N Mizushima
at the Tokyo Metropolitan Institute of Medical Science, Tokyo, Japan and
Dr. T Yoshimori at the National Institute of Genetics, Tokyo, Japan.18 RS4;11 cells
(4� 106) were co-transfected with 7.5 or 5mg of plasmids by Amaxa nucleofection
(Reactionlab Sverige AB, Uppsala, Sweden), using solution R, program X-01
according to the manufacturer’s instructions. Following the transfection, cells were
plated in 2 ml of growth medium and cultured for 24 h and then treated with 100 nM
of Dex for the indicated time. siRNA against Lamin (cat. D-001050-01-05), siRNA
against GFP (cat. P-002048-01-20) and siRNA corresponding to the following
cDNA sequence 50-CAGTTTGGCACAATCAATA-30 for Beclin 1 were purchased
from Dharmacon (Lafayette, CO, USA). The siRNA 50-GAGUCGGCCGACUUCUG
GU(dTdT)-3 for PML was purchased from MWG-Biotech AG (Ebersberg,
Germany). For siRNA transfections, RS4;11 cells (4� 106) were electroporated
using Amaxa nucleofection. Cells were immediately diluted in 2 ml of growth
medium and cultured for 48 h for further treatments and analysis. Final concen-
tration of 5–20 nM of siRNA against Beclin 1 or 60 nM of siRNA against PML
was used. The same amount of siRNA against lamin was used as control.
Co-transfection with GFP was used together with Akt DD or Beclin 1 siRNA for
cell death and autophagy assessment. Cell death was assessed as PI positivity in
GFP-gated cells or by Annexin V staining in total populations analyzed by flow
cytometry. Autophagosome formation was assessed by MDC staining in the total
or the GFP-positive cell population by microscopy or FACS. Transfection efficacy
according to GFP gating varied between 2 and 9%.
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