[Autophagy 4:5, 612-620; 1 July 2008]; ©2008 Landes Bioscience

Research Paper

Apoptosis inhibition by Bcl-2 gives way to autophagy in glucocorticoid-

treated lymphocytes

Sarah Swerdlow, Karen McColl, Yiping Rong, Minh Lam, Anu Gupta and Clark W. Distelhorst*

Departments of Medicine, Pharmacology and Pathology; Comprehensive Cancer Center; Case Western Reserve University and University Hospitals of Cleveland; Cleveland,

Ohio USA

Key words: apoptosis, autophagy, lymphocyte, lymphoma, dexamethasone, glucocorticoid, glucocorticosteroid, Bcl-2

Glucocorticosteroid hormones, including prednisone and dexa-
methasone (Dex), have been used to treat lymphoid malignancies
for many years because they readily induce apoptosis in immature
lymphocytes lacking Bcl-2. However, elevated expression of the
anti-apoptotic protein Bcl-2 inhibits apoptosis and contributes
to glucocorticoid resistance. Using the Bcl-2-negative WEHI7.2
lymphoma line as an experimental model, we found that Dex not
only induces apoptosis but also induces autophagy. The caspase
inhibitor Z-VAD-fmk inhibited apoptosis but not autophagy in
Dex-treated cells. Bcl-2 overexpression inhibited Dex-induced
apoptosis even more potently than Z-VAD-fmk and, contrary to
previous reports, Bcl-2 neither interacted with Beclin-1 nor inhib-
ited autophagy. Rather, Bcl-2 overexpression facilitated detection
of Dex-induced autophagy by both steady state methods and flux
measurements, ostensibly due to apoptosis inhibition. Autophagy
contributed to prolonged survival of Bcl-2-positive lymphoma cells
following Dex treatment, as survival was reduced when autophagy
was inhibited by 3-methyladenine. These findings emphasize the
important interplay between apoptosis and autophagy and suggest
a novel mechanism by which Bcl-2, which is frequently elevated
in lymphoid malignancies, contributes to glucocorticoid resistance
and survival of lymphoma cells.

Introduction

Glucocorticosteroid hormones have a wide range of physiological
actions and play critical roles in development and metabolism.
Glucocorticoids are particularly important in the immune system,
especially in the regulation of immune system development and
homeostasis. In the thymus glucocorticoids have both positive and
negative actions.! At physiological concentrations glucocorticoids
promote the survival and proliferation of immature T cells by upreg-
ulating cytokine receptors; but at pharmacological concentrations
glucocorticoids induce apoptosis. Glucocorticoid-induced apoptosis
is mediated through the glucocorticoid receptor, a ligand regulated
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transcription factor, and involves induction of a variety of genes that
contribute to cell death, including the gene encoding the pro-apop-
totic protein Bim.%3 In addition to apoptosis-related genes, gene
expression profiling has uncovered glucocorticoid regulation of genes
involved in cellular metabolism, including genes that regulate glucose
homeostasis and respond to ER stress. 247 This is not surprising
since it has been known for over forty years that glucocorticoids
inhibit glucose uptake and glycolysis in thymocytes.®? These well-
documented effects on lymphocyte metabolism suggested to us that
glucocorticoids might induce macroautophagy (hereafter referred to
as autophagy), as well as apoptosis.

Metabolic stress, induced by nutrient deprivation and growth
factor withdrawal, induces autophagy. Autophagy is a highly
conserved process involved in protein degradation and maintenance
of cellular homeostasis in yeast, plants and mammals.!0-11 Through
this process, cells are able to remain viable during periods of meta-
bolic stress by using their own proteins and organelles as substrates
for energy production, although sustained autophagy ultimately
leads to cell death. Hence, autophagy is often referred to as Type
IT cell death, with apoptosis referred to as Type I cell death.!? Like
apoptosis, autophagy is a genetically programmed process and
the genes encoding autophagy are highly conserved from yeast to
mammals.!®!1 An energy dependent multi-step process, autophagy
begins with the formation of a double membrane structure, known
as the autophagosome, thought to be derived from the endoplasmic
reticulum. Autophagosomes sequester organelles and cytoplasmic
materials, ultimately fusing with lysosomes to form autolysosomes.
Lysosomal hydrolases then degrade the intracellular material for
energy.!?

Many highly conserved genes are involved in mediating autophagy,
including Beclin 1 (yeast homologue Atg 6) and the microtubule-
associated protein 1 light chain 3 (LC3, yeast homologue Atg 8).14
Following synthesis, LC3 is converted into a proteolytically processed
form, LC3 I, which is cytoplasmic in location. During the process
of autophagy, LC3 I is modified by conjugation to phosphatidyl-
ethanolamine, giving rise to LC3 II.15 LC3 11 plays an essential
role in autophagosome formation, associating with the inner and
outer membrane of the autophagosome. Increased levels of LC3 11
are indicative of the extent of autophagosome formation in the cell;

therefore LC3 11 is commonly used as a marker of autophagy.'®17
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Because of the known glucocorticoid-mediated metabolic effects
in lymphocytes, the present study was undertaken to determine if
glucocorticoids induce autophagy. At present, the only indication
that steroid hormones induce autophagy comes from work in lower
organisms, including Anguilla rostrata (North American eels) and in
the fat body of insects.!®19 Also, hydrocortisone has been reported
to stimulate an autophagic process in newborn rat hepatocytes.?’
In the present study, we mainly employed the WEHI7.2 murine
T cell lymphoma line. The anti-apoptotic protein Bcl-2 is virtually
absent in WEHI7.2 cells; hence, these cells readily undergo apoptosis
following exposure to the glucocorticoid hormone dexamethasone
(Dex) and represent a good experimental system for investigating
glucocorticoid-induced apoptosis.> Moreover, Tome et al,?! have
shown that glucocorticoid treatment inhibits glucose uptake and
represses glycolysis in WEHI7.2 cells, reflecting similar metabolic
alterations observed in primary thymocytes.®” As reported here, we
discovered that Dex induces autophagy in WEHI7.2 cells, based on
multiple complementary detection methods. Moreover, although it
was reported previously that Bcl-2 inhibits autophagy,???3 we found
that detection of Dex-induced autophagy is enhanced by Bcl-2 over-
expression, ostensibly due to inhibition of Dex-induced apoptosis.
These findings emphasize the important interplay between apoptosis
and autophagy and have important implications regarding the thera-
peutic actions of glucocorticoids in the wide variety of lymphoid
malignancies associated with elevated Bcl-2 expression.

Results

Experiments reported here were performed not only in WEHI7.2
cells lacking Bcl-2 (either wild type WEHI7.2 cells or stable control
transfectants), but also in stable WEHI7.2 transfectants that over-
express Bcl-2. Although the Bcl-2-positive and -negative clones
employed in these experiments have already been extensively char-
acterized,?4 the resistance of Bcl-2-positive clones to apoptosis is
highly relevant to the present study and is therefore documented
in Figure 1. In these experiments, Bcl-2-negative and -positive cells
were treated with Dex for various periods of time and then analyzed
by flow cytometry to determine the percentage of cells undergoing
apoptosis, based on sub-G; DNA content (Fig. 1A). The findings
confirm that Dex induces apoptosis in Bcl-2-negative cells, readily
detected at 2430 hr after Dex addition, and that Bcl-2 overexpres-
sion inhibits Dex-induced apoptosis. Notably, Bcl-2 preserved cell
survival for up to 72 hr following Dex addition. Extended time
points were not tested in Bcl-2-negative cells due to the large amount
of cell death that ensues after Dex treatment for more than 24-30
hr. The anti-apoptotic activity of Bcl-2 in this experimental system
was further confirmed by measuring the activation of caspase-3
(Fig. 1B).

The conversion of 18 kD LC3 I to the 16 kD LC3 II correlates
with autophagy induction.!>!” Therefore, LC3 immunoblotting
was used to test if Dex induces autophagy in WEHI7.2 cells. Serum
reduction was employed as a positive control, since serum reduction
is well known to trigger autophagy.25 Only LC3 I was detected when
untreated cells were cultured in 10% serum (either Bcl-2-negative
or -positive) (Fig. 2A, lanes 5 and 6), whereas both LC3 T and II
were detected when serum was reduced (Fig. 2A, lanes 1 and 2).
Dex treatment for 24 hr did not appear to elevate levels of LC3 II
in either Bcl-2-negative or -positive cells cultured in 10% serum
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Figure 1. Bcl-2 inhibits Dex-induced apoptosis in WEHI7Z.2 cells. (A) The
percentage of propidium iodide-stained cells with sub-G; DNA content,
indicative of apoptosis, following Dex treatment was measured by flow
cytometry and represented in the bar graph (mean + SE; n = 5). Bcl-2-nega-
tive and -positive cells were treated with vehicle or T uM Dex for up to 30 hr
and Bcl-2-positive cells were treated for up to 72 hr. (B) Caspase 3 activity
was measured following 1 uM Dex treatment for 24 hr in Bcl-2-negative and
-positive cells (mean = SE; n = 2).

(Fig. 2A, lanes 7 and 8), although a discernable elevation of LC3
II was detected when serum-deprived cells were treated for the
same time period with Dex (Fig. 2A, lanes 3 and 4). These findings
suggested that Dex does not induce autophagy when WEHI7.2 cells
are treated for only 24 hr with Dex under optimal culture conditions
(i.e., 10% serum). However, when Bcl-2-positive cells were treated
with Dex for longer periods of time, conversion of LC3 I to LC3 11
was readily detected (Fig. 2B). The induction of autophagy in Bcl-
2-positive cells was dose-related, being readily detected after 48 hr
treatment with either 0.1 or 1 UM Dex, but not lower concentrations
of Dex (Fig. 2C). Bcl-2-negative cells were not treated for longer
than 24 hr with Dex because of the marked degree of cell death that
ensues following more prolonged Dex treatment.

The immunoblotting method employed in Figure 2, which does
not include use of lysosomal inhibitors, constitutes a steady state
measurement.'® To confirm that Dex induces autophagy in Bcl-2-
positive cells, two types of flux measurements were also employed.
The first was to measure the effect of Dex treatment on the degrada-
tion rate of “C-valine-labeled proteins, since autophagy is the major
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Figure 2. Dex induces LC3 Il accumulation in Bcl-2-positive cells. Autophagy
was detected by immunoblotting based on conversion of LC3 | to LC3 II.
Shown are immunoblots representative of multiple experiments. (A) Bcl-2-pos-
itive and -negative cells were treated with either vehicle or 1 uM Dex for 24
hr under normal culture conditions (10% serum) or under low serum condi-
tions (1% serum). Results confirm that serum deprivation induces autophagy,
but suggest that Dex treatment for 24 hr may not induce autophagy. (B)
Bcl-2-positive cells were treated with vehicle or 1 uM Dex for 30 to 72 hr
and immunoblots readily detect conversion of LC3 | to LC3 I, indicating that
prolonged treatment of Bcl-2-positive cells with Dex induces autophagy. (C)
Bcl-2-positive cells were treated for 48 hr with vehicle or 0.001 to 1 uM
Dex, indicating that 0.1 or 1 uM Dex induces autophagy but that lower
concentrations of Dex do not.

mechanism for the degradation of long-lived proteins in cells.!®1”

There was a significant increase in protein degradation following Dex
treatment for 30, 48 and 72 hr (p < 0.01), supporting the conclusion
that Dex induces autophagy in Bcl-2-positive cells (Fig. 3A). The
second flux measurement involved time-lapse imaging of GFP-LC3
to monitor the formation of autophagosomes and subsequent degra-
dation of the LC3 portion of the chimera. Bcl-2-positive cells that
had been transiently transfected with GFP-LC3 were treated with 1
UM Dex and time-lapse images were collected at 30 min intervals
over a 20 hr period. Selected frames tracking two representative
cells throughout the entire movie are shown in Figure 3B and the
full time course is included as a movie in supplemental material.
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Note that lymphocytes adhere only loosely to poly-L-lysine-coated
coverslips and hence the cellular movement observed in this movie is
to be expected. Because LC3 I is cytoplasmic, GFP-LC3 was initially
observed in a diffuse cytoplasmic pattern. Over time following Dex
treatment, GFP-LC3 took on a punctate appearance, corresponding
to the incorporation of LC3 in autophagosome membranes, evident
in the selected movie panels shown in Figure 3B. Examination of the
online movie provides additional information, as follows. First, the
coalescence of GFP-LC3 into a punctate pattern is evident as early
as 4 hr after Dex addition and further increases over time. Also, in
the final movie frames, GFP is seen to switch back from punctate to
diffuse, suggesting that the LC3 was degraded, releasing free GFP
back into the cytoplasm and thus bringing the autophagic process to
completion (for review of autophagic flux process see ref. 16).

Based on these findings, we conclude that Dex induces autophagy
in Bcl-2-positive cells. It had been suggested previously that Bcl-2
inhibits autophagy by binding Beclin-1.2> However, in co-immu-
noprecipitation experiments we did not detect an interaction of
Beclin-1 with Bcl-2, although as a positive control we were able to
detect co-immunoprecipitation of the inositol 1,4,5-trisphosphate
receptor (IP3R) with Bcl-2, as described previously in multiple
laboratories (Fig. 4A).2426.27 Qyerall, these findings are consistent
with recent reports indicating that Bcl-2 does not impede autophagy,
but rather enables cells to undergo autophagy by inhibiting apop-
tosis.?82? Moreover, consistent with these reports, we find that
autophagy contributes to the survival of Bcl-2-positive cells when
treated with Dex. Thus, Bcl-2-positive WEHI7.2 cells remain viable
for up to 72 hr when treated with Dex, but die when co-treated with
3-methyladenine (3-MA), a known autophagy inhibitor (Fig. 4B).

Having established that Dex induces autophagy in cells that are
protected from undergoing apoptosis by Bcl-2, we next turned to the
question of whether or not Bcl-2 is required for autophagy induction
by Dex. Our initial examination of LC3 by immunoblotting did
not detect autophagy induction in either Bcl-2-negative or -positive
cells treated with Dex for 24 hr (Fig. 2A) and testing Bcl-2-nega-
tive cells after longer exposure to Dex was impractical due to the
rapid onset of apoptotic cell death. However, rapid degradation of
LC3 II by lysosomal proteases following the fusion of autophago-
somes with lysosomes could conceivably limit autophagy detection
by LC3 immunoblotting. Therefore, a series of immunoblotting
experiments were performed using the lysosomal protease inhibi-
tors pepstatin A and E64d to prevent LC3 II degradation.!®30 In
the course of these experiments we discovered that the transfer of
LC3 II to the membrane during the immunoblotting procedure
was markedly affected by the pH of the transfer buffer, leading to
a technical modification that significantly improved LC3 detection
(Fig. 5A). The pH of Towbin transfer buffer generally employed in
our laboratory for the investigation of many different proteins is
8.3, close to the isoelectric point of LC3 which ranges from 8.73
to 9.14 according to LC3 isoform. In a direct comparison, much
more LC3 II was detected on immunoblotting of Bcl-2-positive cells
when transfer buffer at pH 11.0 was employed versus transfer buffer
at pH 8.3 (Fig. 5A). This particular experiment was performed in
Bcl-2-positive cells. Note that Dex-induced LC3 II elevation was
not detected at 24 hr when LC3 protein transfer was less than
optimal (i.e., transfer buffer pH 8.3), even with the use of lyso-
somal protease inhibitors, but was detected using improved transfer
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Figure 3. Flux measurements confirm the induction of autophagy by Dex in
Bcl-2-positive cells. (A) Induction of protein degradation by Dex in Bcl-2-posi-
tive cells. Cells were labeled with 14C-valine for 24 hr, washed and then
treated with vehicle or 1 uM Dex for the indicated times. Trichloroacetic acid
precipitates (pellet) and supernatants (media) were dissolved and the amount
of protein degradation was calculated as the ratio of cpm from the media to
the cpm of the pellet. There was a significant (p < 0.01) increase in protein
degradation in the Dex treated versus the vehicle treated samples at each
time point. Symbols represent mean = SE, n = 3 (B) GFP-LC3 accumulation
in autophagosomes induced by Dex in Bcl-2-positive cells. Cells were trans-
fected with GFP-LC3 and conversion of GFP-LC3 from a diffuse to punctate
pattern, indicative of autophagosome formation, was recorded by time-lapse
microscopy at 30 min intervals over a 20 hr period following the addition of
1 uM Dex. Images taken at the indicated times are representative of findings
in two separate experiments. Scale bar is 20 microns.

conditions (i.e., transfer buffer pH 11.0) (Fig. 5A). Therefore,
subsequent experiments primarily designed to test for autophagy
induction by 24 hr of Dex treatment in Bcl-2-negative versus Bcl-
2-positive cells employed only pH 11.0 transfer buffer. As shown in
Figure 5B, Dex-induced LC3 II elevation was detected in both Bcl-2-
negative and -positive cells when lysosomal protease inhibitors were
used to stabilize LC3 II, but a significant elevation of LC3 II was not
detected when either Bcl-2-negative or -positive cells were treated
with Dex in the absence of lysosomal protease inhibitors. Also, the
addition of lysosomal protease inhibitors markedly enhanced LC3
IT detection (compare lane 3 versus lane 9 in Fig. 5B). Thus, we
conclude that a combination of optimal protein transfer conditions
plus treating cells with lysosomal protease
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experiment caspase activation was monitored
by immunoblotting to detect caspase-medi-
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ated cleavage of poly-ADP-ribose polymerase
(PARP), a well-documented caspase target.

Treatment of WEHI7.2 cells with 1 UM Dex
for 24 hr induced considerable cell death WB: IP3R
(44% viability compared to 90% viability

for vehicle-treated cells) accompanied by

PARP cleavage (Fig. 6, lane 4). Co-treatment
with Z-VAD-fmk significantly inhibited cell
death and PARP cleavage in cells treated with
Dex for 24 hr (84% viability compared
to 90% viability for vehicle-treated cells)
(Fig. 6, lane 7). Analysis of LC3 revealed
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Figure 4. Contribution of autophagy to survival of Bcl-2-positive cells treated with Dex. (A) Failure to
defect an interaction of Beclin-1 with Bcl-2. Bcl-2 immunoprecipitates from Bcl-2-negative and -positive
WEHI7.2 cells were investigated by immunoblotting using either antibody to Beclin-1 or antibody to
IP3R. The results, confirmed in two separate experiments, indicate that IP3R but not Beclin-1 co-immu-
noprecipitates with Bcl-2. (B) Decreased viability of Bcl-2-positive cells following treatment with 3-MA
and Dex. Bcl-2-positive cells were treated with T pM Dex, 1T mM 3-MA plus vehicle or T mM 3-MA
plus 1 uM Dex (mean + SE, n = 3).
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Figure 6. Effect of apoptosis inhibition on autophagy induction by Dex in
Bcl-2-negative cells. Bcl-2-negative cells were treated with vehicle or 1 pM
Dex and lysosomal protease inhibitors as indicated. In addition, a portion
of the cells were cotreated with Z-VAD-fmk. Caspase activity was monitored
according fo PARP cleavage detected by immunoblotting. Dex-induced PARP
cleavage was inhibited by Z-VAD-fmk, which enhanced accumulation of LC3
Il in Dex-treated cells.
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suggesting that autophagy detection is enhanced by apoptosis inhibi-
tion (Fig. 6, lane 7). But treatment with Z-VAD-fmk was not nearly
as effective at inhibiting apoptosis as Bcl-2 overexpression and hence
was unable to preserve the viability of Dex-treated cells for prolonged
T ohr 24hr periods of time. Hence, virtually all Bcl-2-negative cells were
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to examine a sufficient number of cells by EM to reach quantita-
tively significant conclusions, EM provided qualitative information
supporting the conclusion that Dex induces autophagy (Fig. 7).
Autophagosomes were rarely detected in vehicle-treated Bcl-2-nega-
tive cells (Fig. 7A, Part i and ii) and vehicle-treated Bcl-2-positive
cells (Fig. 7B, Part i and ii). Autophagosomes were detected in a small
proportion of Dex-treated Bcl-2-negative cells, with a representa-
tive example shown in Figure 7A, Part iv. Chromatin condensation
indicative of apoptosis was only detected in Bcl-2-negative cells
following Dex treatment (Fig. 7A, Part iii) and was not detected in
Bcl-2-positive cells (Fig. 7B). Bcl-2-positive cells afforded a better
opportunity for a more detailed examination by EM because of
their more prolonged survival compared to Bcl-2-negative cells
in the face of Dex treatment. In these cells, autophagic vacuoles,
including both autophagosomes and autolysosomes, were detected
by EM at 30, 48 and 72 hr after Dex treatment (Fig. 7B, Part
ili~vi). Moreover, autophagosomes appeared to take up a progres-
sively greater proportion of the cytoplasmic space with time (Fig.
7B). Representative images illustrate three vacuoles with degraded
intracellular components at 30 hr with Dex (Fig. 7B, Part iii and iv).
Also, both an autophagosome and an autolysosome are illustrated in
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Figure 7. Electron microscopic detection of autophagic vesicles in Dex-treated cells. Bcl-2-negative cells (A) and Bcl-2-positive cells (B) were treated with
either vehicle or 1T uM Dex for the indicated time periods. Shown are representative images at the following magnifications (A): (Part i) 3,600X, (Part ii-iv)
5,400X; (B): (Part i) 4,000X, (Part ii and iii) 6,000X, (Part iv) 30,000X, (Part v) 15,000X, (Part vi) 8,000X. In (Part v), * indicates an autophagosome and

** indicates an autolysosome.

the Dex-treated Bcl-2-positive cells (Fig. 7B, Part v). Remarkably, at
72 hr of Dex treatment autophagic vacuoles occupy much of the cell

(Fig. 7B, Part vi).
Discussion

Here we report that the glucocorticosteroid hormone Dex induces
autophagy in the murine T cell lymphoma line WEHI7.2. Following
current recommendations, autophagy was documented by both
steady state methods and flux measurements.'® Autophagy induc-
tion was detected in both Bcl-2-negative and Bcl-2-positive cells,
although autophagy detection was clearly enhanced in the Bcl-2
overexpressing cells. In Bcl-2-negative cells, Dex induced both apop-
tosis and autophagy. In this case, apoptosis overwhelmed any obvious
protective effect that autophagy might provide. But apoptosis was
markedly inhibited by Bcl-2 overexpression, making it much easier
to detect autophagy in Bcl-2-positive cells than in Bcl-2-negative
cells. Moreover, autophagy appears to contribute significantly to the
prolonged survival of Bcl-2-positive cells following Dex treatment,
as treating these cells with the autophagy inhibitor 3-MA triggered
cell death.
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The observation that Dex induces autophagy may appear unex-
pected in view of earlier reports indicating that rapamycin, a known
autophagy inducer, enhances apoptosis induction by Dex.3234 At
first this may seem paradoxical, as rapamycin is reported to induce
autophagy through inhibition of mTOR.?> However, mTOR also
reduces expression of a number of anti-apoptotic proteins, including
Bcl-2 and Mdl-1.333% Thus, we speculate that rapamycin may
possibly enhance Dex-induced apoptosis by downregulating expres-
sion of anti-apoptotic proteins.

Also, finding that both serum withdrawal and Dex treatment
induce autophagy in Bcl-2-positive cells appears to be in conflict
with reports that Bcl-2 inhibits autophagy by binding to Beclin-1.22
As reported in this earlier study, under nutrient rich conditions Bcl-
2 binds to Beclin-1 and thereby inhibits autophagy, but following
nutrient starvation Bcl-2 dissociates from Beclin-1.22 Also, consistent
with the concept that Bcl-2 is capable of inhibiting autophagy, it
has recently been reported that dissociation of Bcl-2 from Beclin-1
by the Bcl-2 antagonist ABT737 triggers autophagy.’® Because of
these reports, we entertained the concept that perhaps Dex induces
autophagy in Bcl-2-positive cells by causing dissociation of Bcl-2
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from Beclin-1; however, Beclin-1 does not co-immunoprecipitate
with Bcl-2 even in untreated WEHI7.2 cells. Notably, we found that
Bcl-2-positive lymphocytes also undergo autophagy in response to
serum withdrawal. Moreover, our findings are consistent with recent
evidence that Bcl-2, by inhibiting apoptosis, enables autophagy
to occur when cells are subjected to metabolic stress, the DNA
damaging agent etoposide or the kinase inhibitor staurosporine.?%3

A variety of assays were employed to detect autophagy in the
present study. As discussed in a recent review no one single assay is
perfect; hence, the use of a combination of assays is advisable.!® The
finding that Dex induces autophagy was supported by each of the
assays performed herein. Through experience gained in conducting
these studies we found that increasing the pH of the transfer buffer
above the isoelectric point of LC3 markedly enhanced LC3 detection
by immunoblotting. Initially we did not detect autophagy in Bcl-2-
negative cells until this technical modification was made.

Although it is clear from the present study that Dex induces
autophagy, the mechanism is yet to be elucidated. Through gene
expression profiling in the CEM T cell leukemia line* and the
WEHI7.2 T cell lymphoma line,? it is known that glucocorticoids
repress the expression of genes encoding most of the enzymes
involved in glycolysis. Consistent with these gene expression changes,
metabolic profiles generated in WEHI7.2 cells by NMR spectroscopy
indicate that Dex induces a generalized downregulation of glycolysis
rather than a block at a single step in this complex process.?! These
findings, coupled with earlier evidence that glucocorticoids inhibit
lymphocyte glucose uptake,® 92! suggest that glucocorticoid-induced
autophagy may be a consequence of metabolic stress, although formal
proof of this hypothesis will require further investigation.

The discovery that Dex induces autophagy has important clinical
implications. The glucocorticoid hormones prednisone and dexa-
methasone are commonly used to treat lymphoid malignancies,
stemming from the 1940’s when increased adrenal activity was
observed to induce involution of the thymus®® and glucocorticoid
administration was found to induce regression of lymphoid tumors
in mice and humans.?? Several decades later it was discovered that
the negative effect of glucocorticoids on lymphocyte survival was
due to induction of apoprosis.* Interestingly, it was reported in the
same time period that an autophagic pathway is active in untreated
normal human lymphocytes and chronic lymphocytic leukemia cells
that accounts for up to one-third of the cells overall protein degra-
dation.*! Now we report for the first time that glucocorticosteroid
hormones induce autophagy in lymphoma cells and that autophagy
induction is particularly evident when Bcl-2 is overexpressed. Bcl-
2 is frequently overexpressed in lymphoid malignancies, causing
resistance to glucocorticoid-induced apoptosis.*>*3 Our observation
that Dex induces autophagy in Bcl-2 overexpressing WEHI7.2 cells
and that autophagy supports prolonged survival of Bcl-2 overex-
pressing cells treated with Dex is consistent with recent evidence that
autophagy maintains the survival of metabolically stressed cancer
cells when apoptosis is blocked by Bcl-2.2% Thus, it is likely that
autophagy contributes to the survival of Bcl-2-positive lymphoma
and leukemia cells in patients treated with glucocorticoids. If so,
it may prove useful to target autophagy to enhance the therapy of
lymphoid malignancies.
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Methods

Reagents. Dexamethasone was purchased from Sigma and
4C-valine from GE Healthcare. E64d and Caspase Inhibitor I
(Z-VAD-fmk) were purchased from BioMol and pepstatin A from
Roche. All other chemicals were from Amresco.

Cell culture. WEHI7.2 cells were cultured in Dulbecco’s Modified
Eagle’s Medium supplemented with 2 mM L-glutamine, 0.1 mM
non-essential amino acids and 10% bovine calf serum. As described
previously?* cells were stably transfected with an expression vector
encoding full-length human Bcl-2, followed by isolation of indi-
vidual clones on soft agar. Control cells, which were transfected
with an empty expression vector, are Bcl-2-negative. Bcl-2 is readily
detected by immunoblotting in cells transfected with the Bcl-2
expression vector; therefore these cells are referred to as Bcl-2-posi-
tive. Dex was dissolved in 100% ethanol vehicle and WEHI7.2 cells
were treated with either vehicle or concentrations of Dex ranging
from 0.001 uM-1 uM, for up to 72 hr. Where indicated cells were
cultured in the presence of lysosomal inhibitors E64d at 5 ug/ml and
pepstatin A at 10 ug/ml, which were added at the same time as either
ethanol vehicle or Dex. E64d was dissolved in 100% ethanol and
pepstatin A was dissolved in dimethyl sulfoxide (DMSO).

Immunoblotting. Cells were lysed in buffer containing 50 mM
Tris pH 7.5, 1% Triton X-100, 0.1% (w/v) sodium dodecyl sulfate,
150 mM NaCl, 200 mM DTT and a complete Mini protease inhib-
itor cocktail (Roche Applied Science) for 30 min at 4°C. Cell lysates
containing ~50 Ug of protein were separated by either 15% or 4—
20% gradient SDS-PAGE and transferred in either Towbin transfer
buffer (25 mM Tris, 192 mM glycine and 20% methanol, pH 8.3) or
CAPS transfer buffer (10 mM CAPS (3-cyclohexylamino-1 propane-
sulfonic acid), 10% methanol and NaOH to pH 11.0) to PVDF for
1-1.5 hr at 25-100 volts. An extract from serum starved Neuro 2A
cells (Axxora, NT-0911-2) was used as an LC3 Standard.

Anti-LC3 antibody from MBL International Corporation
(#PDO012) was used in initial experiments (Fig. 2) but following
its discontinuation anti-LC3 antibody from Novus Biologicals
(#NB1002331) was used in all subsequent experiments. Anti-actin
antibody was from Sigma-Aldrich. Bands on immunoblots were visu-
alized by adding ECL or ECL plus (GE Healthcare).

Immunoprecipitation. Co-immunoprecipitation procedures were
described previously.?* The following antibodies were used: anti-
human Bcl-2 (BD Biosciences), anti-IP3R type 1 (Calbiochem) and
anti-Beclin 1 (BD Biosciences).

GFP-LC3 expression and time-lapse imaging. Bcl-2-positive cells
were transiently transfected by electroporation with the pEGFP-C1-
LC3 plasmid, kindly provided by Tamotsu Yoshimori and Noboru
Mizushima!® using previously described electroporation condi-
tions.*¥ After incubation for 1 hr, 1 pM Dex was added to the cells
which were then incubated in poly-L-lysine coated MatTek culture-
ware plates for 1 hr at 37°C, allowing the cells to adhere. Images were
taken using an inverted Leica DMI 6000 fluorescence microscope,
equipped with an environmental chamber set at 37°C and 7% CO,.
Fluorescence images were acquired every 30 min over a period of 20
hr, controlled by MetaMorph (Vers. 7.04), using a 20X/0.4 CORR
HCX PL FLUOTAR objective.

Protein degradation assay. The rate of protein degradation was
measured as previously described.*> Bcl-2-positive cells were labeled
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for 24 hr in 30 ml of DMEM containing a concentration of 0.2
UCi per ml C-valine. Cells were washed with PBS three times to
remove unincorporated 4C-valine. The cells were further incubated
in DMEM without '4C-valine for 1 hr and then treated with 1 uM
Dex or vehicle for 30, 48 or 72 hr. To precipitate cellular proteins
10% trichloroacetic acid was added and the cells were incubated at
4°C for 10 min and centrifuged. Trichloroacetic acid precipitates and
supernatants were dissolved and radioactivity was counted in a liquid
scintillation counter (Beckman LS6000IC). The amount of protein
degradation at each time point was calculated as the ratio of the cpm
from the media to the cpm from the pellet.

Caspase 3 activity. Caspase 3 activity was measured using an
assay based on the enzymatic cleavage of the fluorogenic caspase-3
substrate Ac-DEVD-AFC (Calbiochem). Cell lysates were harvested
and lysed in 60 uL buffer (150 mmol/L NaCl, 10 mmol/L HEPES
(pH 7.4) and 1% CHAPS). Then caspase-3 activity was measured in
black plastic well plates containing 100 Ug protein from cell lysates,
1 ug Ac-DEVD-AFC and reaction buffer (50 mmol/L Tris-HCI (pH
7.2), 100 mmol/L KCI, 10% sucrose, 0.1% CHAPS, 10 mmol/L
DTT) to make a total volume of 100 uL/well. After incubation for
1 hr at 37°C, fluorescence emission (excitation 365-380 nm and
emission 430—460 nm) was measured on a Victor 3 plate reader
(Perkin-Elmer) and expressed as arbitrary relative fluorescent units.

Electron microscopy. Cells were fixed for 2 hr at room tempera-
ture in a 0.05 M phosphate-buffered solution (pH 7.4) containing
2.5% glutaraldehyde, 2% paraformaldehyde and 4% sucrose and
then postfixed in 1% osmium tetroxide for 1 hr. Samples were then
dehydrated in ascending concentration of ethanol and embedded in
Epon 812. Ultrathin sections were stained with 2% uranyl acetate in
50% methanol and lead citrate, and then examined in a JEOL 1200
EX electron microscope (Japan).

Flow cytometry. Flow cytometry was performed to detect and
quantify apoptotic cells. Cells were stained with propidium iodide
for 30 min, run on a EPICS-XL MCL and analyzed with Winlist as
previously described.?
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