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Abstract
In the absence of activation signals, circulating human neutrophils and eosinophils undergo
spontaneous apoptosis. The glucocorticoid Dexamethasone (Dex) accelerates apoptosis in
inflammatory cells such as eosinophils, but uniquely delays neutrophil apoptosis. Corresponding to
the opposite effects of Dex on granulocyte apoptosis, we demonstrate that in neutrophils and
eosinophils Dex oppositely affects expression of the anti-apoptotic Bcl-2 family protein Mcl-1L.
Mcl-1L expression declines over time in vitro; however, Dex maintains Mcl-1L expression in
neutrophils. In contrast, Dex accelerates Mcl-1L protein loss in eosinophils. Neither Mcl-1S, a pro-
apoptotic splice variant, nor Bax were affected. Dex treatment in the presence of a translation inhibitor
stabilized existing Mcl-1L protein in neutrophils, while Mcl-1L stability in eosinophils was
unaffected. Accordingly, delay of neutrophil apoptosis by Dex was prevented by antisense Mcl-1L
siRNA. Our findings suggest that regulation of Mcl-1L degradation plays an important role in the
opposite effects of Dex on granulocyte apoptosis.
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1. Introduction
Neutrophils and eosinophils are closely related granulocytes, which are non-dividing, fully
differentiated cells. These granulocytes produce an arsenal of antimicrobial defenses that are
contained in granules within the cell, which include reactive oxygen species and potent
cytotoxic and degradative enzymes [1,2]. Upon stimulation, granulocytes are activated to kill
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invading pathogens by releasing these degradative enzymes in the local millieu. However, if
activated at inappropriate times, the release of anti-microbials from granulocytes can cause
local tissue damage and chronic inflammation.

Glucocorticoids are used to treat a broad range of inflammatory and autoimmune diseases. In
asthmatic patients, glucocorticoids suppress airway inflammation, reduce eosinophil numbers
in bronchial mucosa and peripheral blood, and decrease neutrophil migration into tissues [3].
A portion of the anti-inflammatory effects of Dex can be attributed to their ability to induce
apoptosis in a number of pro-inflammatory cell types. In contrast to their pro-apoptotic effects
on inflammatory cells, Dex inhibits apoptosis in tissue resident cells such as lung epithelium
[4]. Paradoxically, glucocorticoids oppositely affect eosinophil and neutrophil survival.
Circulating granulocytes undergo spontaneous apoptosis in the absence of activation signals;
this apoptosis triggers their clearance by macrophages [5–8]. In the absence of cytokines,
neutrophils undergo spontaneous apoptosis in vitro after 6–24 h [9]. Eosinophils have a longer
life span; they undergo apoptosis in vitro within 2–3 days [10]. The glucocorticoid
Dexamethasone (Dex) dramatically induces eosinophil apoptosis; but Dex actually delays
neutrophil apoptosis [11–13]. The goal of the experiments presented here was to determine the
basis for these opposite apoptotic responses of granulocytes to Dex.

According to previous studies, neutrophils and eosinophils contain few mitochondria. These
mitochondria are not a significant source of respiration; however, they are vital in regulating
apoptosis [14,15]. The release of apoptosis mediators from the mitochondria is primarily
regulated by Bcl-2 family members [16,17]. Pro-apoptotic members of the Bcl-2 family (such
as Bax, Bad, Bcl-XS, Bak, and Bid) trigger the release of apoptosis mediators, such as
cytochrome c (Cyt c). Anti-apoptotic members (such as Bcl-2, Bcl-XL, Mcl-1L, and A1)
stabilize the mitochondrial membrane and neutralize pro-apoptotic proteins [18]. The balance
of pro-apoptotic to anti-apoptotic Bcl-2 family proteins is vital in determining the fate of the
cell [19]. This led us to investigate the role of Bcl-2 family proteins in the opposite effects of
Dex on granulocyte apoptosis.

In both neutrophils and eosinophils, the predominant pro-apoptotic Bcl-2 family member
expressed is Bax [20]. The constitutively high level of Bax expressed in granulocytes is
suspected to play a part in their relatively short life spans. An anti-apoptotic Bcl-2 family
protein, Mcl-1L was also of particular interest due to its half-life of only 2 to 3 h [21]. The
short half-life of Mcl-1L suggests the protein is rapidly expressed in response to a survival
signal; and then it is rapidly degraded once the signal is absent. Additionally, Mcl-1S, a splice
variant of Mcl-1L, has recently been identified [22,23]. Unlike Mcl-1L, Mcl-1S is pro-
apoptotic, but still retains the protein sequence motif thought to target the protein for rapid
degradation. The relative balance of expression of Mcl-1L, Mcl-1S, and Bax proteins is likely
important in the regulation of granulocyte apoptosis by Dex. Therefore, we hypothesized that
Dex has an opposite effect on neutrophil and eosinophil apoptosis through alternate effects on
expression of Bcl-2 family members such as Mcl-1L, Mcl-1S, and Bax.

2. Materials and Methods
2.1 Neutrophil and Eosinophil Isolation

Healthy human donors with absolute peripheral blood eosinophil counts <350/mm3 were used
in a protocol approved by our Institutional Review Board. Written, informed consent was
obtained from each blood donor according to Internal Review Board regulation. Granulocytes
were isolated from whole blood by gravity sedimentation over Ficoll-Hypaque as described
previously [24,25]. Eosinophils were separated by negative magnetic selection from
neutrophils tagged by adherence of anti-FcRγIII coupled to magnetic beads [14,26] (anti-
FcRγIII [3G8] was a gift from Jay Unkeless, Mt. Sinai School of Medicine, NY). Isolated
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eosinophils were >97% pure. Neutrophils and eosinophils were cultured at 37°C in RPMI-1640
media with 100 U/ml penicillin, 100 mg/ml streptomycin, 10% FBS, and L-glutamine at 1 ×
106 cells/ml (Invitrogen, Carlsbad, CA).

2.2 Assessment of Apoptotic Morphology
Granulocytes were cytocentrifuged and stained with Diff-Quik (Baxter, McGraw Park, IL) and
observed under light microscopy for morphological changes, including condensation of the
nucleus and decreased cell volume. At least two hundred cells were examined per condition.

2.3 Immunohistochemistry
Cell samples of 1 × 106 were resuspended in 200 μl PBS and spun onto poly-L-lysine coated
slides (Cytospin, Thermo-Shandon). Slides were fixed with 10% Formalin for 15 min, washed
in PBS, and then placed in 1%BSA/0.1%Saponin at 4°C until processed. Rabbit anti-Bax
(PharMingen) was added at 1:100 in 1% BSA/0.1% Saponin and incubated for 45 min. Non-
specific flourochrome binding in eosinophils was blocked with 0.2% chromotrope 2R between
primary and secondary antibody incubations. Alexa 488 goat anti-rabbit IgG was added at
1:800 in 1% BSA/0.1% Saponin and incubated for 45 min. Cells were mounted with gel mount
(Biomeda, Foster City, CA) and examined by fluorescence microscopy.

2.4 Generation of Mcl-1S Polyclonal Antibody
The frame shift resulting from the skipping of exon 2 produces a unique C-terminal peptide
sequence in Mcl-1S that was used to generate a specific antibody. A 15 amino acid peptide
(RGPRRWHQECAAGFC, corresponding to amino acids 239-253) was used to immunize
rabbits (Genemed Synthesis, San Francisco, CA). Anti-serum was subjected to ammonium
sulfate precipitation and then peptide-specific affinity purification using the SulfoLink Kit from
Pierce (Rockford, IL) following the manufacturer’s protocol. Purified antibody recognized a
single band when used in a western blot. The single band was eliminated when the antibody
was pre-incubated with the Mcl-1S specific peptide used to immunize the rabbit (Fig. 4E),
confirming that the antibody binding is specific for the generated peptide sequence. The anti-
Mcl-1S antibody was designated as anti-Mcl-1S 239.

2.5 Western blot analysis
Neutrophil samples of 1 × 107 cells/condition for Mcl-1 blots and 1 × 106 cells/condition for
Bax blots were used. Eosinophil samples of 1 × 106 cells/condition were used for both protein
blots. For Mcl-1 stability experiments, cells were treated with CHX at 10 μg/ml. At each time
point, cells were counted and equal cell numbers were lysed in SDS sample buffer (125 mM
Tris pH 6.8, 2% SDS, 10% Glycerol, and 10 mM DTT), boiled for 5 min, and then frozen at
−80°C until samples were processed. Proteins were separated on Criterion Tris-HCl SDS-
PAGE gels (10% for Mcl-1 Westerns and 18% for Bax Westerns, BioRad, Hercules, CA) and
then transferred onto PVDF (Immobilon, Millipore, Bedford, MA). Membranes were blocked
with 5% nonfat dry milk in PBS for 1 h at room temperature. Mcl-1 antibody (2 μg/ml) (BD
PharMingen, San Diego, CA), anti-Mcl-1S 239 antibody (1 μg/ml), Bax antibody (1 μg/ml)
(BD PharMingen), or GAPDH antibody (10 μg/ml) (Chemicon, Temecula, CA) was added
and incubated for 1 h. Membranes were then washed in PBS + 0.05% Tween. A goat anti-
mouse horseradish peroxidase secondary antibody (ICN/Cappel, Aurora, OH) was added at a
dilution of 1:2000 in 1% milk and incubated at room temperature for 1 h. Protein bands were
then detected using SuperSignal West Fempto Maximum Sensitivity Substrate and CL-
Xposure film (Pierce, Rockford, IL). BioRad Quantity One software was used to compare
protein expression between samples. Equal loading was confirmed by GAPDH western blots
or by analyzing actin levels by Ponceau S staining.
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2.6 Real Time PCR
Total RNA was extracted using RNA STAT-60 (Tel-Test, Inc., Friendswood, TX) according
to the Tel-Test protocol. RNA was reverse transcribed using the GeneAmp Gold RNA PCR
Core Kit (PE Biosystems, Foster City, CA) with Oligo dT according to manufacturer’s
instructions. cDNA samples were then analyzed by semi-quantitative, real-time PCR using an
ABI 7000 Sequence Detection System (Applied Biosystems, Foster City, CA). Primers and
Taqman probes were designed using ABI Primer Express Software and obtained from Applied
Biosystems. The Mcl-1L forward primer was 5′-CGC AAC CAC GAG ACG G-3′ and the
reverse primer was 5′-TCA CAT CGT CTT CGT TTT TGA T-3′. The sequence of the Taqman
Mcl-1L probe was 5′-FAM-TCC AAG GCA TGC TTC GGA AAC TG-TAMRA-3′. The
Mcl-1S forward primer was 5′-GCA ACC ACG AGA CGG CC-3′ and the reverse primer was
5′-GAT GCC ACC TTC TAG GTC CTC TAC-3′. The sequence of the Taqman Mcl-S probe
was 5′-FAM-TGG AAG AAC TCC ACA AAC CCA TCC TTG G-TAMRA-3′. Primers were
used at 300 nM and probe was used at 200 nM. Real-time reactions were performed using
Taqman Universal PCR Master Mix (Applied Biosystems) according to manufacturer’s
instructions. The amount of Mcl-1 mRNA was normalized against levels of GAPDH mRNA
using Taqman GAPDH Control Reagents (Applied Biosystems). All data was analyzed using
the Comparative CT Method [27].

2.7 Mcl-1 Antisense Oligonucleotides
Antisense Mcl-1 (5′-GGGGCTTCCATCTCCTCAA-3′) and sense Mcl-1 (5′-
CCCCGAAGGTAGAGGAGTT-3′) oligos designed by Leuenroth et al were obtained from
Oligos Etc. (Wilsonville, OR) [28]. Oligos were complexed with the cationic lipid DOTAP
(Sigma). Five μg DOTAP was added to every 1μg oligos and allowed to complex for 15 minutes
at room temperature prior to adding to culture. Granulocytes were cultured as described above
with a final concentration of 2 μM oligos. Cells were harvested at shown times, cytospin slides
were made, and cells were assessed for apoptotic morphology. Mcl-1 protein knockdown was
confirmed by western blot after 6 h of treatment using 2.5 × 106 treated neutrophils/condition.

2.8 Statistical Analysis
All experiments were conducted a minimum of 3 times, unless stated. Results are displayed as
mean (± standard error of the mean). Significance was determined by two-tailed, paired t-test.

3. Results
3.1 Clustering of Bax protein occurs concurrently with the appearance of apoptotic
morphology in neutrophils and eosinophils

It is unknown at what point in the apoptotic pathway at which Dex has its divergent effects on
neutrophil and eosinophil apoptosis. One key step in the mitochondrial apoptosis pathway is
release of Cyt c from the mitochondria. According to immunofluorescence studies, organellar
localization of Cyt c in neutrophils was lost after 20 h of incubation in media alone. This resulted
in a diffuse labeling throughout the cytoplasm. However, in neutrophils incubated with Dex
for 20 h, Cyt c remained in an organellar localization. In neutrophils, the ability of Dex to
maintain organellar Cyt c localization corresponds with the ability of Dex to delay apoptosis.
In eosinophils, Cyt c was still localized to discrete organelles after 20 h in culture. The
persistence of Cyt c organellar localization is consistent with the longer life span of eosinophils.
In contrast, most eosinophils treated with Dex showed diffuse cytoplasmic labeling of Cyt c
after 20 h (data not shown). Since Dex maintained Cyt c mitochondrial localization in
neutrophils while Dex induced Cyt c release in eosinophils, we concluded that the opposite
effect of Dex on apoptosis occurs upstream of Cyt c release from mitochondria.
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In the cytoplasm of healthy cells, pro-apoptotic Bax is maintained in a monomeric state. Once
apoptosis is induced, Bax is activated which triggers it to homodimerize and translocate to
mitochondria. However, this translocation of Bax is prevented if it is bound and retained in the
cytoplasm by anti-apoptotic Bcl-2 proteins [29]. The movement of Bax from the cytoplasm to
the mitochondria in response to Dex was examined by immunofluoresence. As expected,
freshly isolated neutrophils and eosinophils showed diffuse labeling throughout the cell (not
shown). Isolated neutrophils cultured in vitro for 12 h showed a clustered pattern of Bax
labeling consistent with Bax translocation to organelles such as mitochondria. In Dex-treated
neutrophils, in which apoptosis is delayed, Bax clustering was also delayed (Fig. 1A). Isolated
eosinophils retained diffuse, cytoplasmic labeling of Bax; but Dex treatment induced Bax
clustering (Fig. 1A). In both granulocytes, the appearance of apoptotic morphology (loss of
cell volume and condensed nuclei) and clustered labeling of Bax occurred with similar time
courses. This data further supports a role for Bax translocation in granulocyte apoptosis (Fig.
1B and C).

Over a 24 h culture of untreated and Dex-treated granulocytes, Bax protein expression remained
constant (Fig 1D and E). Although Bax protein levels in eosinophils declined to approximately
50% of 0 h control levels by 36 h, there was no difference in Bax protein levels between
untreated and Dex-treated eosinophils (Fig. 1E). Thus, Dex does not regulate Bax at the level
of protein expression; and the divergent effects of Dex on neutrophil and eosinophil apoptosis
appear to occur upstream of Bax activation.

3.2 Treatment with Dex maintained Mcl-1L protein expression in neutrophils and decreased
Mcl-1L protein expression in eosinophils

In response to agents such as GM-CSF, interleukin-1β, and lipopolysaccharide, Mcl-1L protein
levels have been shown to correlate with changes in the survival rate of neutrophils [30]. To
determine the effect of Dex on Mcl-1L protein expression in neutrophils and eosinophils,
granulocytes were cultured in media alone or with Dex and examined by Western blot for
Mcl-1L. When neutrophils were cultured in media alone, Mcl-1L expression decreased rapidly.
In contrast, even 12 h after treatment, Mcl-1L expression remained high in Dex-treated
neutrophils (Fig. 2A and C). Mcl-1L protein in untreated neutrophils declined to 50% of 0 h
levels by approximately 6.5 h. In Dex-treated neutrophils, Mcl-1L levels did not decline by
half until 10.5 h. The level of apoptosis was then determined by observing changes in
morphology indicative of apoptosis, such as loss of cell volume and condensed nuclei. Fifty
percent of untreated neutrophils had entered apoptosis by 15 h in culture. Fitting with the known
Dex effects on neutrophils, 50% of Dex-treated neutrophils did not enter apoptosis until after
25 h in culture (Fig. 2E). Therefore, corresponding to the ability of Dex to delay apoptosis in
neutrophils, the loss of Mcl-1L in neutrophils precedes changes in apoptotic morphology and
is delayed following Dex treatment.

Due to the dramatic differences in neutrophil and eosinophil life spans in vitro, later time points
were investigated in the eosinophil in order to examine similar stages in the apoptotic process
of both granulocytes. Mcl-1L expression in untreated eosinophils declined by approximately
50% of the initial levels by 36 h in culture; and Mcl-1L protein was still present at 48 h.
However, Mcl-1L protein expression in eosinophils treated with Dex was dramatically lower
than in untreated eosinophils, requiring only 18 h to decline by 50% from 0 h levels (Fig. 2B
and D). This acceleration of Mcl-1L decline is consistent with the enhanced apoptosis induced
by Dex. After 48 h, only 21% of eosinophils cultured in media alone had entered apoptosis. In
contrast, 50% of eosinophils treated with Dex entered apoptosis by 27 h in culture (Fig. 2F).
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3.3 Dex has a similar effect on Mcl-1L mRNA expression in neutrophils and eosinophils, in
contrast to the opposite effect of Dex on Mcl-1L protein expression

Dex exerts a large portion of its effects through binding to the intracellular glucocorticoid
receptor. This steroid-receptor complex translocates to the nucleus where it interacts with
glucocorticoid response elements in the DNA and thereby, alters gene transcription [31].
Mcl-1L mRNA expression was quantified by real time PCR to determine if the opposite effect
of Dex on Mcl-1L protein in granulocytes occurs at the transcriptional level. In Dex-treated
neutrophils, Mcl-1L mRNA levels peaked around 3 h at which time Mcl-1L mRNA was 3.5
(± 0.5) fold greater than in control neutrophils and Mcl-1L mRNA returned to control levels
by 12h post-treatment (Fig. 3A). Dex also increased levels of Mcl-1L mRNA in eosinophils.
Mcl-1L mRNA was 4.2 (± 0.3) fold higher at 6 h post-treatment and at 12 h Mcl-1L mRNA
expression was at or below control levels (Fig. 3B). Fewer time points were examined in
eosinophils due to limiting amounts of eosinophils and RNA that can be recovered from healthy
normal donors. Although Dex maintained Mcl-1L mRNA expression above that expressed in
untreated cells in both granulocytes, this does not account for the opposite effect of Dex on
Mcl-1L at the protein level. Therefore, the differing effect of Dex on Mcl-1L protein occurs
downstream of early transcriptional regulation of Mcl-1L.

3.4 In contrast to Mcl-1L, Dex does not significantly alter Mcl-1S protein expression
A splice variant of Mcl-1 mRNA encodes Mcl-1S, which is pro-apoptotic in contrast to the
anti-apoptotic activity of Mcl-1L. To determine the effect of Dex on Mcl-1S mRNA expression,
a real time PCR probe, specific for Mcl-1S, was designed to span the gap created by the skipped
exon in this transcript. In neutrophils, Mcl-1S mRNA levels were unchanged in the presence
of Dex (Fig. 4A). However, after 6 h there was about a 3 fold increase in Mcl-1S mRNA in
Dex-treated eosinophils (Fig. 4B).

A polyclonal anti-peptide antibody, anti-Mcl-1S 239 was generated to allow for a specific
examination of the effect of Dex on Mcl-1S protein expression (Fig. 4E). Despite changes in
Mcl-1S mRNA in eosinophils, Western blot analysis detected no change in the amount of
Mcl-1S protein expressed in neutrophils or eosinophils after treatment with Dex (Fig. 4C, D).
Therefore, while Dex alters Mcl-1L protein expression in granulocytes, expression of the splice
variant Mcl-1S remains constant.

3.5 Dex increases Mcl-1L stability in neutrophils, but does not alter Mcl-1L stability in
eosinophils

As demonstrated by Derouet et al, the treatment of neutrophils with the proteasome inhibitor
MG-132 slows the loss of Mcl-1L [32]. Those studies show the short half-life of Mcl-1L is
due in part to its rapid turnover via the proteasome. Therefore, the effect of Dex on Mcl-1L
protein stability in granulocytes was determined by incubating the cells for 6 h with the
translation inhibitor cycloheximide (CHX) (Fig. 5). A portion of these cells were treated with
Dex in addition to CHX to determine if Dex affected the stability of existing Mcl-1L in the
absence of de novo protein synthesis. After treatment with CHX for 2 h, levels of Mcl-1L
protein in neutrophils were dramatically reduced; and after 4 h of CHX treatment, Mcl-1L was
barely detectable. However, in Dex-treated neutrophils, Mcl-1L protein levels remained high
at 2 h; and Mcl-1L was still evident at 4 h despite the lack of de novo protein synthesis (Fig.
5A). Therefore, Dex maintains Mcl-1L expression in neutrophils in part by slowing the
turnover rate of the protein. This was not the case in eosinophils. Mcl-1L also showed decay
in eosinophils within 6 h in the presence of CHX; but unlike the rapid Dex effect in neutrophils,
Dex did not exert a significant effect on the rate of Mcl-1L turnover in eosinophils (Fig. 5B).

These data allowed us to calculate the half-life of Mcl-1L in neutrophils and eosinophils in the
presence of CHX alone or with CHX and Dex. In eosinophils, Mcl-1L had a half-life of
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approximately 3.6 h when treated with CHX. Addition of Dex resulted in a Mcl-1L half-life
of 3 h, but this difference was not statistically significant (Fig. 5D). In CHX-treated neutrophils,
Mcl-1L displayed a shorter half-life of only 1.8 h. In contrast to Dex effects on Mcl-1L in
eosinophils, Dex actually increased the half-life of Mcl-1L in neutrophils to approximately 3.5
h (Fig. 5C). Therefore, Dex treatment extends the half-life of Mcl-1L in neutrophils to the half-
life that was observed in untreated eosinophils. This data demonstrates that in neutrophils Dex
decreases Mcl-1L degradation; while in eosinophils Dex exerts a negligible effect on Mcl-1L
degradation. Therefore, an important factor in the opposite effects of Dex on neutrophil and
eosinophil apoptosis is the early alteration of Mcl-1L protein stability in neutrophils.

3.6 Anti-apoptotic Effect of Dex on Neutrophils is Prevented by Mcl-1 Antisense
Oligonucleotides

Mcl-1 antisense oligonucleotides, previously designed by Leuenroth, were used to determine
the importance of Mcl-1 in the Dex-induced delay of neutrophil apoptosis [28]. Within 12 h,
Mcl-1 antisense oligos significantly induced neutrophil apoptosis above control levels (Fig 6A,
p < 0.005, n=6); whereas Dex alone decreased apoptosis significantly (less than 5% apoptosis,
p < 0.02). Similar results were seen out to 20 h (not shown). When neutrophils were treated
with Dex following uptake of Mcl-1 antisense oligos, the ability of Dex to delay apoptosis was
significantly inhibited (p < 0.001, n=6 for Dex plus antisense versus Dex alone). Therefore,
we conclude that Mcl-1L protein expression is essential in Dex inhibition of neutrophil
apoptosis. As end-differentiated phagocytic cells, uptake of liposomes alone or liposomes with
sense constructs appeared to activate the neutrophils and tended to inhibit apoptosis. However,
Mcl-1 antisense oligos overcame this possible protective effect and significantly induced
neutrophil apoptosis. Additionally, only Mcl-1 antisense oligos abrogated the protective effect
of Dex, sense oligos did not, further supporting the importance of Mcl-1L expression in
preventing neutrophils from entering apoptosis. Western blotting confirmed antisense oligos
knocked down Mcl-1 protein expression (Fig 6B), as shown by Leuenroth [28].

4. Discussion
As suggested by our results, spontaneous granulocyte apoptosis proceeds through the
mitochondrial pathway. Cyt c release from mitochondria is affected in an opposite fashion by
Dex; this opposite effect parallels the opposite effect of Dex on granulocyte apoptosis. This
led us to hypothesize that Dex was exerting these opposite effects on granulocytes by
differentially regulating a factor involved in the control of apoptosis mediator release from
mitochondria.

Mitochondrial membrane potential and release of apoptosis mediators from mitochondria into
the cytoplasm are regulated by Bcl-2 related proteins [17,33]. According to our studies,
clustering of the pro-apoptotic Bcl-2 related protein Bax around mitochondria closely
corresponds to induction of granulocyte apoptosis. The delay of neutrophil apoptosis by Dex
is accompanied by a delay in Bax movement to the mitochondria. Similarly, Dex-induced
apoptosis in eosinophils corresponds to a mitochondria-like organellar localization of Bax. As
suggested by recent studies, pro-apoptotic Bcl-2 related proteins that contain Bcl-2 homology
(BH) regions 1-3, such as Bax, are directly responsible for executing the induction of Cyt c
release [34]. In both granulocytes, this is consistent with our data that show the features of
apoptotic morphology and organellar clustering of Bax appear concurrently. Bax protein levels
were not altered by Dex in either granulocyte. This suggests that Dex does not affect Bax at
the level of expression but rather alters activation or localization of Bax at the post-translational
level.

As neutrophils undergo spontaneous apoptosis, the anti-apoptotic Bcl-2 protein Mcl-1L
decreases; in addition, Mcl-1L protein levels appear to be closely linked to cytokine-mediated
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neutrophil survival [28,30,35]. These previous findings prompted our investigation of Mcl-1L
expression in relation to Dex treatment. Our data make the novel observation that Dex has an
opposite effect on Mcl-1L protein expression in neutrophils and eosinophils. This opposite
effect of Dex on Mcl-1L corresponds to the opposite effect of Dex on neutrophil and eosinophil
apoptosis. As compared to untreated neutrophils, Mcl-1L expression following Dex treatment
was sustained. The ability of Dex to maintain expression of anti-apoptotic Mcl-1L in
neutrophils is consistent with the ability of Dex to delay neutrophil apoptosis.

Once again in contrast to the Dex-treated neutrophils, the decline of Mcl-1L protein in Dex-
treated eosinophils was accelerated. In untreated eosinophils, Mcl-1L did not decline to 50%
of its initial level until 36 h. Dex treatment cut that time in half. As demonstrated in neutrophils,
Mcl-1L protein levels also corresponded to levels of eosinophil apoptosis. Therefore, Dex
maintained expression of Mcl-1L in neutrophils; while Dex increased Mcl-1L loss in
eosinophils. Since real time PCR demonstrated that Dex had similar effects on Mcl-1L mRNA
expression in both granulocytes, this divergent effect of Dex on Mcl-1L protein expression is
likely to occur at the post-transcriptional level.

CHX treatment of granulocytes allowed us to examine the effect of Dex on Mcl-1L protein
stability in the absence of de novo protein synthesis. The addition of Dex to eosinophils in the
presence of CHX demonstrated no significant effects on Mcl-1L decay. However, Dex
treatment of neutrophils in the absence of de novo protein synthesis prolonged the life of
existing Mcl-1L protein. A critical step in the divergent effects of Dex on granulocyte apoptosis,
as suggested by our data, is the delay in Mcl-1L protein degradation in neutrophils; however,
this is not the case in eosinophils. In eosinophils, examination of the half-life of Mcl-1L protein
in the CHX experiments demonstrated that Mcl-1L has a half-life around 3 h. As previously
noted, Dex treatment did not alter the half-life of Mcl-1L protein in eosinophils. In neutrophils,
Mcl-1L demonstrated a shorter half-life of only 1.8 h. In contrast to the negligible effect of
Dex on Mcl-1L stability in eosinophils, Dex treatment increased the half-life of Mcl-1L to
approximately 3.5 h in neutrophils. This delay of Mcl-1L degradation is consistent with the
pattern we observe with Dex-treated neutrophils in which Dex induces both delayed loss of
Mcl-1L and delayed apoptosis. Our observation that Mcl-1 activity can be regulated through
control of its rate of degradation has been recently confirmed. As shown by Kato et al, inhibition
of neutrophil apoptosis by cyclic AMP agonists prevents Mcl-1 degradation [36]. It has also
been shown that treatment of neutrophils with the proteasome inhibitor MG-132 prevents loss
of Mcl-1L [32]. Mcl-1L degradation is controlled in part by polyubiquination. This
polyubiquination is believed to be a result of the action of a enzyme homologous to the BH3-
only Bcl-2 related proteins, recently identified by Zhong et al, termed Mcl-1 ubquitin ligase
E3 (Mule) [37]. Therefore, we speculate that Mcl-1L expression is regulated in part through
proteasomal degradation. This may indicate another point of divergent regulation between
neutrophils and eosinophils that remains to be delineated.

In contrast to the opposite effect of Dex on Mcl-1L protein expression and stability, Dex
exhibits similar effects on Mcl-1L mRNA expression in both cell types. This does not account
for the decrease in Mcl-1L protein expression in eosinophils that is detected following 18–24
h of Dex treatment. In the absence of transcription and translation, Dex treatment of eosinophils
does not induce a loss of Mcl-1L protein. Therefore, the data suggests that de novo protein
synthesis is necessary in eosinophils for either the eventual increase in Mcl-1L degradation or
decrease in Mcl-1L translation. It is also worth noting that the protein stability of Mcl-1L is
inherently greater in eosinophils than in neutrophils. Since recent findings have detected a
specific regulator of Mcl-1L processing and degradation, it will be of future interest to
determine the expression and role of Mule in Dex-induced or Dex-delayed apoptosis in these
two granulocytes.
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Results from Mcl-1 antisense oligonucleotide experiments confirmed the importance of
Mcl-1L protein regulation in the ability of Dex to delay neutrophil apoptosis. Within 12 h in
culture, inhibition of Mcl-1L protein production in neutrophils increased the rate of apoptosis
over neutrophils incubated in media alone. When Dex was added following Mcl-1 antisense
oligo uptake, a large portion of its anti-apoptotic effect was lost. These results demonstrated
that the full effect of Dex on neutrophil apoptosis is dependent on its ability to regulate Mcl-1L
protein stability within the cell.

A splice variant of Mcl-1L produces the pro-apoptotic BH3-only protein Mcl-1S [22,23].
Mcl-1S, as shown by previous yeast two-hybrid studies, can bind Mcl-1L [22]. This binding
could allow for another level of Mcl-1L regulation. Mcl-1S could displace Mcl-1L from its
associated proteins (such as Bax), therefore, inhibiting the anti-apoptotic effects of Mcl-1L.
However, our analysis of Mcl-1S protein showed that Dex had no significant effect on
expression of the splice variant in either granulocyte. Despite the fact that Mcl-1S also contains
the PEST motifs thought to target Mcl-1L for rapid degradation, a decrease in Mcl-1S protein
was not observed at early time points when apoptotic changes were seen. Therefore, we
conclude that there are unique mechanisms regulating turnover of Mcl-1L versus Mcl-1S.

Data presented here imply that glucocorticoids affect regulators of Mcl-1L turnover in
neutrophils through a mechanism not entirely dependent on protein synthesis, since we observe
these effects even in the presence of CHX. Along with the ability of activated glucocorticoid
receptors to directly alter transcription by binding to DNA, the glucocorticoid receptor has also
been shown to bind to transcription factors such as NF-κB and AP-1 [38,39]. Studies suggest
that most DNA binding and protein-protein interactions of the activated GR work to alter
transcription. However, since our CHX data show that protein synthesis is not necessary for
alterations in Mcl-1L decay, we conclude that some effects of Dex on granulocyte apoptosis
are mediated through other mechanisms, potentially including protein-protein interactions that
are not dependent on the ability of Dex to alter transcription.

In our granulocyte model, the anti-apoptotic effects of Mcl-1L are believed to antagonize the
pro-apoptotic effect of Bax. As shown by yeast two-hybrid and co-immunoprecipitation
experiments, Mcl-1L can bind Bax [40,41]. This suggests the apoptosis inhibiting ability of
Mcl-1L could be due in part to its ability to directly bind Bax, therefore, preventing movement
of Bax to mitochondria. As demonstrated by Gardai et al, Bax is phosphorylated in its inactive
state and this phosphorylated form of Bax shows enhanced heterodimerization with Mcl-1L in
neutrophils. Since Mcl-1S can bind Mcl-1L, Mcl-1S could function by displacing Bax from
Mcl-1L. This competition for binding to Mcl-1L would free Bax to induce apoptosis. Bax and
Mcl-1S levels remain constant even in the presence of Dex, while Mcl-1L levels changed in
response to Dex treatment. Though interactions with other Bcl-2 family members are
undoubtedly involved, our data indicate Mcl-1L expression is a key regulatory step in
granulocyte apoptosis.

Mcl-1L protein loss occurs more rapidly in Dex-treated eosinophils than in eosinophils
incubated in media alone; and Mcl-1L loss parallels the enhanced rate of apoptosis in Dex-
treated eosinophils. Potentially, this decline in Mcl-1L would leave a larger proportion of Bax
free to induce apoptosis. In contrast, Dex slows the loss of Mcl-1L protein in neutrophils.
Consistent with our model, maintenance of Mcl-1L protein by Dex, due in part to delayed
degradation in neutrophils, would maintain Mcl-1L in a surplus over Mcl-1S. This would allow
excess Mcl-1L to inhibit the apoptotic effect of Bax. At early time points, we do not observe
changes in Mcl-1L half-life in response to Dex in eosinophils. Therefore, another mechanism
may be involved in the eosinophil that causes the increased rate of decline in Mcl-1L protein
and accelerated induction of apoptosis by 18 h. While the reduction of Mcl-1 degradation by
Dex appears to be transcription-independent in neutrophils, the induction of Mcl-1 degradation
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in eosinophils may be a result of the well characterized transcriptional effects of Dex.
Therefore, the increase in Mcl-1 degradation at later time points may be the result of a build
up of pro-apoptotic or degradative proteins produced upon initial transcriptional activation by
Dex. It will be of future interest to determine the mechanism which regulates eosinophil Mcl-1
degradation in response to Dex.

Recent findings of Madsen-Bouterse et al in bovine blood neutrophils confirm the importance
of Bcl-2 family expression in response to Dex [42]. These studies found that Dex induced an
increase in mRNA and protein expression of another anti-apoptotic Bcl-2 family member, A1.
Unlike Mcl-1L, A1 protein levels do not decrease as neutrophils undergo spontaneous
apoptosis [43]. Therefore, it will be necessary to examine knockdown or over-expression
studies with A1 to determine its role in Dex-delayed apoptosis. Our findings demonstrated that
lowering the levels of Mcl-1L protein greatly inhibited the anti-apoptotic effect of Dex, but
did not completely eliminate its effects. In neutrophils, the combined regulation of Mcl-1L and
A1 by Dex may account for the full effect on the rate of apoptosis. A Dex-induced decrease in
Bak mRNA was also detected by Madsen-Bouterse et al, but they were unable to detect a
change in Bak protein expression in cultured neutrophils. However, Bak protein changes were
detected in animals treated with Dex [42]. Although this decrease in Bak expression may be
important for the full effects of Dex in vivo, this data does not suggest that changes in Bak are
necessary for the Dex-delayed apoptosis that is observed in vitro.

Our findings that Dex exerts its effects through alterations in Bcl-2 family expression are
supported by a large number of others. However, it has also become clear that the effect of
Dex on Bcl-2 family mRNA and protein is unique among various cell types. In lung epithelial
cells, Dex increases expression of the human inhibitor of apoptosis (h-IAP) protein, but does
not alter expression of any other Bcl-2 family members [4]. In hepatocytes, Dex prevents death
receptor-mediated apoptosis by up-regulating cellular FLICE inhibitory protein (cFLIP)
expression, but Dex does not affect the expression of Bcl-2, Bcl-xL, or Mcl-1L [44]. In
fibrosarcoma development, Dex inhibits apoptosis by increasing Bcl-xL mRNA and protein
expression [45]. In contrast, Dex protects ovarian follicular cells from apoptosis by increasing
the rate of Bcl-2 translation, while having no effect on Bcl-2 transcriptional rates [46]. These
varied responses to glucocorticoids by different cell types point to the importance of carefully
investigating the exact mechanism of action by Dex in each cell type of interest.

The effects of glucocorticoids are generally anti-inflammatory. Glucocorticoids induce
apoptosis in inflammatory cells such as lymphocytes and macrophages; while they prevent
apoptosis in lung epithelial cells and other tissue resident cells. This produces a model in which
glucocorticoids decrease the life span of inflammation-inducing cells, while protecting the
surrounding tissue. Consistent with the anti-inflammatory properties of glucocorticoids, Dex
induces apoptosis in eosinophils. Paradoxically, Dex delays apoptosis in neutrophils. Data
presented here broaden the understanding of how Dex regulates granulocyte apoptosis through
alterations in Mcl-1L degradation. Further understanding of these processes may shed light on
the anti-inflammatory properties of glucocorticoids. In addition, understanding the
mechanisms regulating apoptosis that cause an opposite reaction to Dex in granulocytes may
allow therapeutic targets to be identified that will enable selective induction of neutrophil or
eosinophil apoptosis.
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Dex  

Dexamethasone

Cyt c  
cytochrome c
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cycloheximide
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Fig 1.
Organellar, clustered localization of Bax closely corresponds with the induction of apoptosis
in neutrophils and eosinophils. (A) Neutrophils and eosinophils were incubated in media alone
or with Dex (20 μM). At designated time points, cells were fixed, permeabilized, probed with
an anti-Bax antibody, and labeled with an Alexa Fluor 488-conjugated secondary antibody. To
compare the movement of Bax with the induction of apoptosis, the percent of neutrophils (B)
and eosinophils (C) demonstrating apoptotic morphology was graphed along with the
percentage of cells showing clustered labeling of Bax. To examine apoptotic morphology, 1 ×
105 cells were collected at each time point, cytocentrifuged, stained with Diff-Quik, and
analyzed for apoptotic features including decreased cell volume and condensed nuclei. At least
200 cells were examined per condition. * denotes p<0.05 for Dex-treated cells versus control
cells at each time point. At the time points indicated, 1 × 106 neutrophils (D) or eosinophils
(E) were harvested and examined for Bax protein expression by Western blot.
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Fig 2.
Dex maintains Mcl-1L expression in neutrophils and accelerates the loss of Mcl-1L in
eosinophils. Neutrophils (A) and eosinophils (B) were incubated in the absence or presence of
Dex (20 μM). Neutrophils (1 × 107cells) and eosinophils (1 × 106 cells) were processed and
examined for Mcl-1L expression by Western blot at each of the designated time points.
Densitometry of Mcl-1L Western blots shows the expression of Mcl-1L in neutrophils (C) and
eosinophils (D) as a percent of 0 h control. At each time point, 1 × 105 neutrophils (E) and
eosinophils (F) were cytocentrifuged, stained with Diff-Quik, and analyzed for apoptotic
morphology. At least 200 cells were examined per condition. * denotes p<0.05 for Dex-treated
cells versus control cells at each time point.
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Fig 3.
Dex up-regulates Mcl-1L mRNA expression in both neutrophils and eosinophils. Neutrophils
and eosinophils were cultured in media alone or with Dex (20 μM). A) Total RNA was isolated
from neutrophils at times 0, 3, 5, 7, and 12 h. B) Total RNA was isolated from eosinophils at
0, 6, and 12 h after incubation. Real time PCR was used to examine Mcl-1L mRNA levels over
these time courses. Mcl-1L mRNA levels were normalized against GAPDH mRNA expression.
At each time point, we determined the ratio of expression of Mcl-1L mRNA expression in Dex-
treated cells versus control cells. * denotes p<0.05 for each time point versus 0 h.
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Fig 4.
Mcl-1S protein expression remained constant during Dex treatment in neutrophils and
eosinophils, despite changes in mRNA. A) Total RNA was isolated from neutrophils incubated
in media alone or with Dex (20 μM) at 0, 3, 5, 7, and 12 h after incubation. B) RNA was isolated
from untreated and Dex-treated eosinophils at 0, 6, and 12 h after incubation. Mcl-1S mRNA
expression was analyzed by real time PCR and was normalized against GAPDH mRNA
expression. The ratio of expression of Mcl-1S mRNA in Dex-treated cells versus control cells
was calculated at each time point. * denotes p<0.05 for Dex-treated cells versus control cells
at each time point. 1 × 107 neutrophils (C) and 1 × 106 eosinophils (D) were processed and
examined for Mcl-1S protein expression by Western blot. E) The specificity of the Mcl-1S 239
antibody was tested by probing blots that contained boiled cell lysates of either 1 × 106 or 1 ×
107 total neutrophils. The two sets of samples were run on the same gel, transferred, and then
cut and blotted with either the Mcl-1S 239 antibody or the Mcl-1S 239 antibody pre-incubated
with the peptide used to raise it (RGPRRWHQECAAGFC, corresponding to the unique amino
acids 239-253 of Mcl-1S). The detection of a single band with the antibody alone, and the
disappearance of the band upon addition of the peptide confirmed the specificity of the Mcl-1S
239 antibody (representative experiment shown, n=2).
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Fig 5.
Dex enhances Mcl-1L protein stability in neutrophils, but not in eosinophils. Neutrophils (A
and C) and eosinophils (B and D) were cultured with CHX (10 μg/ml) to eliminate de novo
protein synthesis. Cells were either cultured in the absence or presence of Dex (20 μM) to
determine the effect of Dex on the stability of existing Mcl-1L protein. Neutrophils and
eosinophils were analyzed by Western blot, as in figure 2, at 0, 2, 4, and 6 h to determine how
much of the initial Mcl-1L was still present. Densitometry of western blots is graphed on a log
scale as a percent of the 0 h control value for neutrophils (C) and eosinophils (D) treated with
CHX alone (closed circles) or treated with CHX and Dex (open circles). The solid lines
represent the best fit exponential decay for CHX-treated samples and the dashed lines represent
the best fit exponential decay for CHX and Dex-treated samples. * denotes p<0.05 for Dex-
treated cells versus control cells at each time point.
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Fig 6.
Mcl-1 antisense oligos induce neutrophil apoptosis and inhibit the anti-apoptotic effect of Dex.
Neutrophils were cultured in media alone (C), or with the addition of Mcl-1 antisense oligos
(AS), Dex, Dex plus Mcl-1 antisense (Dex + AS), Dex plus Mcl-1 sense (Dex + S), or Mcl-1
sense oligos (S), for 12 h. A) Neutrophils were cytocentrifuged onto slides, and stained with
Diff Quik in order to determine the percentage of cells demonstrating apoptotic morphology.
* denotes p< 0.02 for Dex versus control and for antisense versus control, ** denotes p< 0.02
for Dex + AS versus Dex alone, n=6. B) Western blot of neutrophil protein confirmed that
Mcl-1 antisense oligos (AS) knocked down Mcl-1 protein after 6 h of treatment relative to
media alone (M), sense oligos (S), vehicle control (C), Dex, or proteasome protection by
MG-132 (MG) (representative experiment shown, n=2).
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