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The second messenger cAMP is proapoptotic for numerous
cell types, but the mechanism for this proapoptotic action is not
defined. Here, we use murine CD4*/CD8* S49 lymphoma cells
and isolated thymocytes to assess this mechanism. In WT S49
cells, cAMP acts via protein kinase A (PKA) to induce G, phase
cell cycle arrest and apoptosis. Treatment of WT and cAMP-
Deathless (D-) S49 cells, which lack cAMP-promoted apoptosis,
with the PKA agonist 8-(4-chlorophenylthio)-cAMP (CPT-
cAMP) differentially regulates transcripts for numerous pro-
apoptotic and antiapoptotic proteins. In contrast, kin-S49 cells
(which lack PKA) show no cAMP-promoted changes in tran-
script expression. In this study, we use knockdown and overex-
pression approaches to define the role in cAMP/PKA-promoted
apoptosis of the proapoptotic factor BIM (Bcl-2 interacting
mediator of cell death), whose expression prominently increases
in response to CPT-cAMP treatment of WT but not D- or kin-
S49 cells. Conditional expression of BimL, one of the three
major forms of Bim, increases apoptosis of WT, D-, and kin-S49
cells, whereas inhibition of cAMP-mediated induction of Bim
isoforms by shRNAi attenuates CPT-cAMP-mediated apoptosis
of WT S49 cells. Bim protein levels increase in subpopulations
of CPT-cAMP-treated cells that undergo apoptosis. Thymic
CD4*/CD8" cells isolated from Bim ™/~ mice corroborated the
requirement of Bim expression for cAMP-promoted apoptosis.
Thus, up-regulation of Bim appears to be an important determi-
nant of CAMP/PKA-mediated apoptosis in immature T cells and
may be a mechanism for such apoptosis in other cell types as
well.

Apoptosis, programmed cell death, contributes to a variety of
cellular processes that include embryonic development, tissue
homeostasis, and immune responses. Apoptosis can be stimu-
lated by a variety of “death stimuli,” including DNA damage,
oxidative stress, hormones, cytokines, and drugs and is often
targeted in cancer therapy. The second messenger cAMP has
cell type-dependent effects on apoptosis (as recently reviewed
(1)), being anti-apoptotic in certain cell types (e.g. neutrophils
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(2), eosinophils (3), hepatocytes (4), gastrointestinal epithelial
cells (5), and several others) whereas having proapoptotic
actions in other types of cells (e.g. cardiac myocytes (6) and
certain lymphoid cells (7), in particular poorly differentiated
lymphoblastic cells (8, 9)). Hematological malignancies, includ-
ing large B cell lymphoma and chronic lymphocytic leukemia,
are associated with a deficiency in apoptosis (10, 11). We and
others have implicated the cAMP/PKA pathway as a promising
one to enhance killing of lymphoma and leukemia cells (7, 8,
12-14). Despite the proapoptotic ability of cAMP/PKA, the
mechanisms for this action are poorly defined.

Using murine S49 lymphoma cells, CD4*/CD8™ T cells that
undergo growth arrest in the G, phase of the cell cycle and
apoptosis in response to cAMP-promoted activation of PKA?
(15), we identified mRNAs that differ between WT and kin- S49
cells, which lack PKA (16). In other studies, we showed that
expression of certain apoptotic pathway members are differen-
tially regulated in WT and cAMP-deathless (D-) S49 cells (7,
12), a clonal isolate that undergoes G, arrest but is resistant to
cAMP/PKA-promoted apoptosis (17).

The proapoptotic protein Bim, a BH3-only Bcl family mem-
ber protein, shows a pronounced difference in expression
between WT and D- cells (7, 12), with Bim expression being
higher and longer in the WT cells treated with a cAMP analog
or with a B-adrenergic agonist; moreover, increase in cAMP
does not increase Bim expression in kin- cells (7, 12). Bim trig-
gers apoptosis by promoting the release of cytochrome C from
mitochondria. However, Bim may not be sufficient for inducing
apoptosis, which can involve other BH3-only proteins (18).
Multiple Bim isoforms exist (19), certain of which have been
implicated in promoting T cell and B cell apoptosis (20). In this
study, we used S49 cells (WT, D-, and kin- mutants) and CD4*/
CD8™ thymocytes isolated from WT and Bim ™'~ mice to test
whether Bim mediates cAMP/PKA-promoted apoptotic cell
death in CD4"/CD8™ cells.

EXPERIMENTAL PROCEDURES

Materials—W'T, kin-, and D- S49 cells were obtained from
the University of San Francisco cell culture facility. 8-(4-chlo-
rophenylthio)-adenosine-3’,5"-cyclic monophosphate (CPT-
cAMP) was obtained from Sigma-Aldrich. BimL cDNA was
purchased from Addgene (21). Protease inhibitor mixture was

2 The abbreviations used are: PKA, protein kinase A; D-, deathless; CPT-cAMP,
8-(4-chlorophenylthio)-cAMP; rtTA, reverse tetracycline transactivate.
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obtained from Sigma. NuPage 4 —12% Bis-Tris gel, pPENTR/H1/
TO, pENTR-D TOPO, pENTR5' TOPO, HEK293FT cells,
ViraPower packaging, LR Clonase II enzyme mix, TRIzol, and
the SuperScript III ¢cDNA synthesis kit were obtained from
Invitrogen. The annexin V apoptosis detection kit was obtained
from BD Pharmingen, the pan T cell isolation kit from Miltenyi
Biotec, Bim polyclonal antibody from BD Pharmingen, the sub-
cellular proteome extraction kit from Calbiochem, and cleaved
caspase 3 monoclonal antibody from Cell Signaling Technol-
ogy, Inc. B-Tubulin polyclonal, Calnexin polyclonal, and goat
anti-rabbit-HRP secondary antibodies were obtained from
Abcam. The rtTA ¢cDNA and tetO and EFla promoters were
kindly provided by Dr. Bruce Conklin (J. David Gladstone Insti-
tute, University of San Francisco). The 2K7Bsd lentiviral vector
was kindly provided by Dr. David Suter, University of Geneva
(22). Bim~ /" mice were kindly provided by Dr. Gregg Silver-
man (University of California San Diego).

8§49 Cell Culture—W'T and D- S49 cells were seeded in sus-
pension cultures at a density of 2.5 X 10° cells/ml with Dulbec-
co’s modified Eagle’s medium supplemented with 10% heat-
inactivated horse serum in a humidified atmosphere containing
10% CO, at 37 °C. Cells were incubated with 100 um CPT-
cAMP or 100 uM isoproterenol for the indicated times.

Generation of Bim shRNAi and Tetracycline-regulatable
Constructs—Two Bim short hairpins RNAis were used for
experiments that involved knockdown of Bim. Short hairpin
sequences were designed with Invitrogen BLOCK-iT™ RNAi
Designer. The following double stranded shRNAi oligonucleo-
tides were used: shBim215, 5'-ggagacgagttcaacgaaactcgaaagtt-
tcgttgaactcgtctectttttt-3'; shBim272, 5'-gctgaagaccaccctca-
aatgcgaacatttgagggtggtcttcagetttttt-3; and shBimScramble,
5'-ggttcagaggcagcacgtgectegagecacgtgetgectetgaacctttttt-3'. The
shBimScramble was designed with the GeneScript scramble
software. The sequences were ligated into the pENTR/H1/TO
plasmid according to the manufacturer’s instructions. A three-
way Gateway recombination (23) reaction was then carried out
into the 2K7 lentiviral vector backbone (22) to generate the
GFP/shRNAi-expressing vector depicted in Fig. 1B. To condi-
tionally express BimL we employed a similar three-way Gate-
way strategy using the 2K7 vector backbone. The EFla and tetO
promoter elements were PCR-cloned into the pENTR5' plas-
mids, and the rtTA transactivator (24) and the BimL ¢cDNAs
were PCR-cloned into the pENTR-D-TOPO vectors according
to the manufacturer’s instructions. These “entry” vectors were
then used in three-way Gateway recombination reactions in the
2K7 vector backbones (22) to produce two lentiviral vectors,
one with the EFla promoter driving rtTA in the 2K7Bsd vector
(rendering transduced cells resistant to blasticidin) and the
other with the tetO response element upstream of the BimL
¢DNA in the 2K7Neo vector (rendering transduced cells resis-
tant to neomycin).

Transduction and Generation of Stable S49 Cells—Lentiviral
particles were generated by cotransfection of HEK293FT cells
with the lentivectors and ViraPower packaging mix in
Optimem media according to the manufacturer’s instructions.
Two days after transfection, the extracellular medium was col-
lected and filtered through a 0.45-u filter. The filtrates were
then spun at 25,000 rpm at 4 °C for 1.5 h. Lentiviral-containing
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pellets were resuspended in 150 ul of PBS with 6 ug/ml poly-
brene and mixed with 5 X 10 S49 cells. Cells and virus were
spun (900 relative centrifugal force for 20 min), transferred to 1
ml of complete medium, and incubated overnight. Forty-eight
hours after infection, cells were placed under selective condi-
tions (10 ug/ml blasticidin, 500 ug/ml G418, or both) for
approximately 2 weeks, a time when there was complete selec-
tion of mock-infected cells.

Isolation and Culture of Thymocytes—Thymuses were iso-
lated from adult female C57BL/6 WT and Bim '~ mice and
mechanically dissociated in 10 ml Hanks” Balanced Salt Solu-
tion (with 10 mm HEPES). Cells were pelleted (900 relative cen-
trifugal force for 5 min) and washed once with MACS buffer
(1X PBS, 1% FBS, 10 mm HEPES), repelleted, resuspended, and
filtered (0.45-u pore size). T cells were isolated from 107 total
thymocytes with the pan T cell isolation kit (Miltenyi Biotec)
according to the manufacturer’s instructions. Isolated T cells
were plated in 24-well plates at a concentration of 4 X 10°
cells/ml in 1640 RPMI medium containing 30 ng/ml IL7; 0.1
mM nonessential amino acids; 1 mm sodium pyruvate; 10 mm
HEPES; 0.1% B-mercaptoethanol; and 15% heat-inactivated,
charcoal-stripped FBS. Cells were then cultured in a humidified
incubator with 10% CO, at 37°C. All procedures were
approved by the Institutional Animal Care and Use Committee
and conform to the National Institutes of Health guidelines for
animal research.

Real-time Quantitative RT-PCR—Total RNA was isolated
from cells with TRIzol and converted to cDNA with a Super
Script III cDNA synthesis kit according to the manufacturer’s
instructions. cDNA amplicons were quantified by incorpora-
tion of SYBR Green (Anaspec) into double-stranded DNA.
Three Bim isoforms (EL, L, and S) were differentiated by
real-time PCR using an identical reverse primer (R, 5'-TAA
GTT TCG TTG AAC TCG TCT CC-3’) and unique forward
primers (EL-F, 5'-GGT CCT CCA GTG GGT ATT TCT C-3’;
L-F, 5'-GAA CCG CAA GAC AGG AGC CC-3’; and S-F,
5'-AGA ACC GCA AGC TTC CAT ACG AC-3'). We com-
pared samples by using the relative (comparative) C, method.
Fold induction or fold repression was measured relative to con-
trols and calculated after adjusting for 18 S RNA using 2~ 44,
where AC, = C, of the gene of interest - C, 18 Sand AAC, = A
C, treatment - A C, control.

Flow Cytometry and Assessment of Annexin V, CD4, and CD8
Labeling—Control and treated cells were grown in triplicate in
2 ml at 3 X 10°/ml in 6-well plates for 24, 48, 72, or 96 h. Cells
were then prepared for CD4-FITC, annexin V-PE, and CD8-
APC staining according to the manufacturer’s instructions as
described (7). Briefly, 2 X 10° cells were stained in 100 ml of 1 X
staining buffer with 5 ml of annexin V-PE, 1 ml of CD4-FITC,
and 1 ml of CD8-APC for 15 min at room temperature. Stained
cells were assessed using a BD FacScan, and files were analyzed
with FlowJo software.

Western Blotting—Cells were harvested by centrifugation,
and proteins from whole cell lysates were solubilized with 200
ml of a radioimmune precipitation assay buffer (PBS, 1% Non-
idet P-40, 0.5% sodium deoxycholate, 0.1%SDS, 200 mMm phen-
ylmethylsulfonyl fluoride, 200 mm sodium orthovanadate, 1
mM DTT). Lysed cells were sonicated twice for 15 s. Subcellular
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fractions (cytosolic and mitochondrial/membrane fractions)
were harvested using a subcellular proteome extraction kit.
Lithium dodecyl sulfate loading buffer containing 3-mercapto-
ethanol was added, and samples were heated (70 °C for 10 min).
Protein lysates (20 ug) were electrophoresed in lanes on precast
NuPage 4—12% Bis-Tris gels. Proteins separated from whole
cell lysates were transferred onto PVDF membranes and then
incubated with antibodies as indicated.

Statistical Analysis—Data are presented as mean * S.E. and
derived from an average of three independent experiments
unless stated otherwise. The significance of differences between
controls and experimental groups was determined by analysis of
variance or Student’s ¢ tests. A value of p < 0.05 was considered
statistically significant. Statistical analyses were performed with
GraphPad Prism 4.0c (GraphPad Software, Inc.).

RESULTS

S49 lymphoma cellsare CD4*/CD8™" T cells that undergo G,
cell cycle arrest and mitochondria-dependent apoptosis in
response to activation of PKA by increases in endogenous
cAMP or exogenous cAMP analogs (12, 15, 16). DNA microar-
ray studies revealed that numerous transcripts change in
response to increases in cAMP in WT S49 cells but not in kin-
S49 cells that lack PKA. Certain transcripts are differentially
expressed in WT S49 cells compared with D- S49 cells, which
fail to undergo cAMP-promoted apoptosis. The expression of
the proapoptotic protein BIM prominently increases in WT but
not kin- or D- S49 cells (7, 16). We thus set out to test the
hypothesis that BIM is a critical determinant of cAMP/PKA-
promoted apoptosis in S49 cells and other CD4"/CD8™ cells.
Accordingly, we sought to generate cells in which BIM expres-
sion was overexpressed or knocked down and then assessed the
impact of these changes in BIM expression on apoptosis of the
cells.

Bim Contributes to cAMP-mediated Apoptosis—Three iso-
forms of Bim (BimEL, BimL, and BimS) are generated via alter-
native splicing of exons 3 and 4 of the Bim transcript (25) (Fig.
1A). To assess the three isoforms by knocking down their
expression, we created two Bim shRNAi lentiviral constructs
(referred to hereafter as shBim215 and shBim272) that target
exon 2 of Bim mRNA, which is common to all three isoforms.
We also generated isoform-specific RT-PCR primers by flank-
ing unique intron/exon junctions to each isoform (Fig. 14).

We used the 2K7 lentiviral expression vector (22) to generate
stable shBim-expressing WT S49 cells. This vector contains a
central polypurine tract sequence element derived from the
HIV-1 pol gene that increases transduction in T lymphocytes
(26). We designed the vector to express Bim shRNAi and a GFP
marker gene under control of the EF1a promoter, thus enabling
us to track transduction efficiency and shRNAi expression in
stably selected cells (Fig. 1B).

Stable expression of the shBim hairpins inhibited CPT-
cAMP-induced up-regulation of all three Bim mRNA isoforms
in S49 cells (Fig. 1C). BimL and BimEL are the predominant
mRNA isoforms that are expressed. Bim mRNA expression was
attenuated to a greater extent in the shBim215 line than the
sh272 line. Basal levels of Bim mRNA were similar in the WT
and shRNAI lines (Fig. 1C). We hypothesized that this might be
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attributable to heterogeneity in the knockdown of Bim in the
shRNAI lines (because pools of selected cells were used) as a
consequence of variability in lentiviral integration sites or
potential silencing efficacy of shRNAi constructs. Because the
shBim-expressing cell lines also expressed GFP, heterogeneity
in GFP expression provided a means to indirectly assess
shRNAI expression in the stably selected cells. We detected a
moderately high GFP-negative population (40% * 2.6) in the
shScramble and shBim215 cell lines (Fig. 1D) and an even
higher GFP-negative population in the shBim272 cell line
(57% = 0.65). The differences in the percentage of GFP™" cellsin
the shBim215 and shBim272 lines correlated with differences in
extent of Bim knockdown in the two lines, likely explaining why
greater knockdown of Bim mRNA occurs in the shBim215 line
(Fig. 1C). Treatment of the shBim215 cells with CPT-cAMP
decreased the GFP-negative population and enriched for GFP™*
cells (Fig. 1E). We obtained similar results with the shBim272
line (data not shown). To focus on cells expressing the con-
struct, we isolated the GFP™ population from each line by cell
sorting (Fig. 1D). GFP-sorted cells retained enrichment for
GFP™ over several passages. Thus, to use more homogeneous
cell populations, we characterized the effect of repression of
Bim (by shRNAI) in the GFP*-sorted lines.

The enriched population of GFP-positive shRNAi lines
showed significantly (p < 0.05) lower levels of basal Bim expres-
sion in the shBim215 and shBim272 lines compared with the
shScramble controls (Fig. 24). Immunoblotting of membrane-
enriched fractions of shScramble, shBim215, and shBim272
cells treated with 100 um CPT-cAMP for 24 h revealed that the
BimEL and BimL isoforms were repressed in shBim215 and
shBim?272 cells (Fig. 2B).

We assessed for the induction of apoptosis by annexin V
labeling and flow cytometry (Fig. 2C). Annexin V labeling
detects plasma membrane alterations that occur during the
early stages of apoptosis (27). Annexin V-positive S49 cells also
contain cleaved caspase 3 (Fig. 2C, inset), a hallmark of apoptotic
cells (28). Compared with shScramble control cells, both
shBim215- and shBim272-expressing lines were significantly (p <
0.05) resistant to CPT-cAMP-promoted apoptosis (Fig. 2C).

We assessed the two different populations (annexin V-posi-
tive and annexin V-negative) that occur after CPT-cAMP treat-
ment, hypothesizing that the annexin V-positive population
would have higher levels of Bim protein and cleaved caspase 3
compared with annexin V-negative cells. We used cell sorting
to purify each population of shScramble cells treated with CPT-
cAMP for 72 h and found that the Annexin-V-positive cells had
increased levels of Bim and cleaved caspase 3 protein (Fig. 2D).

We also examined the effect of increasing endogenous cAMP
levels on cell viability by stimulating B-adrenergic receptors
with the agonist isoproterenol (100 um). Both shBim215- and
shBim272-expressing S49 cells were protected from apoptosis
induced by isoproterenol compared with what occurred in
response to similar treatment of WT cells (Fig. 2E).

Knockdown of BIM Does Not Alter Cell Growth Kinetics of S49
Cells—Treatment of WT S49 cells induces growth arrest in the
G, phase of the cell cycle. G; growth arrest occurs within 24 h of
PKA activation, thus preceding apoptosis (12, 29). Because
hematopoietic progenitor cells from Bim knockout mice have a
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FIGURE 1. Bim isoform expression and shRNAi-mediated knockdown in WT S49 lymphoma cells. A, schematic of the Bim isoforms and isoform-specific
real-time PCR primer and shRNAi target regions. B, graphic of modular 2K7Bsd (22) shRNAi plasmid that bicistronically expresses GFP. cPPT, central polypurine
tract; WPRE, woodchuck hepatitis virus posttranscriptional regulator element; HIV-1 RRE, HIV-1 Rev response element; LTR, long terminal repeat. C, relative
mRNA expression of Bim isoforms in WT, shBimScramble (control), shBim215, and shBim272 S49 cells, assessed by real-time PCR after 24-h treatment with 100
uMCPT-cAMP. #, p < 0.05 versus untreated; *, p < 0.05 versus +CPT shScramble (n = 3). D, histograms of GFP expression in shRNAi lines (shScramble, shBim215,
and shBim272) before and after sorting cells for their GFP expression. E, overlay of histograms of GFP-positive cells (GFP reporter is bicistronically expressed in

the shRNAI plasmid) in shBim215-expressing S49 cells treated for 48 h with 100 um CPT-cAMP.

delayed transition from G; to S phase (30), we assessed whether
Bim knockdown by shRNAI alters the growth kinetics of WT S49
cells. We found that Bim shRNAi-expressing and shScramble con-
trol cells have similar cell growth kinetics (Fig. 3).

These results are consistent with evidence that the induction
of G, arrest is independent of cAMP/PKA-promoted apoptosis
in S49 cells and thus occurs by mechanisms with different
kinetics, G, arrest occurring within 24h in the majority of cells
and apoptosis occurring more gradually. Rapid growth arrest
that is followed by gradual increases in apoptosis also occurs in
human epidermoid carcinoma (A431) (31), murine splenocytes
(32) and myeloid leukemia cells (33).
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Up-regulation of Bim Induces Apoptosis in S49 Cells and Cor-
relates with Increases in Bim Protein Levels—To determine
whether up-regulation of BimL induces apoptosis of S49 cells,
we generated double-transgenic S49 cells that stably express
the reverse tetracycline transactivator (rtTA) under control of
the Elongation Factor 1 promoter (EF1a) and the tetO response
element upstream of the BimL cDNA so as to regulate BimL
expression with doxycycline (Tet-On) (24).

Double-transgenic WT (Fig. 44) and D- (Fig. 54) S49 cells
displayed a doxycycline-dependent increase in BimL protein
levels. Alterations in the doxycycline response observed
between WT and D- cells likely results from variations in viral
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FIGURE 4. Up-regulation of BimL induces apoptosis in WT S49 cells. WT S49
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doxycycline after 24 h (B), and quantification of annexin V staining (n = 3) (C). The
inset represents an overlay of representative histograms of annexin V-stained cells
treated with increasing doses of doxycycline. *, p < 0.05 compared with time 0.

titer and multiplicity of infection, as evidenced by the longer
recovery time of D- cells during selection after viral transduc-
tion. The dose-dependent increase in BimL protein levels cor-
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with the indicated concentrations of doxycycline (Doxy) and then assessed
for BimL protein expression on the basis of data from the immunoblot
analysis shown in the inset and with quantitation by densitometry (A),
representative data of annexin V staining with increasing concentrations
of doxycycline after 24 h (B), and quantification of annexin V staining (n =
3) (O). The inset represents an overlay of representative histograms of
annexin V-stained cells treated with increasing doses of doxycycline.
*,p < 0.05 compared with time 0.

related closely with the number of WT (Fig. 4) and D- (Fig. 5)
cells undergoing apoptosis. Similar results were observed in
double transgenic kin- cells (data not shown). As a control, we
treated single transgenic EFla-rtTA-expressing WT cells with
a similar range of doxycycline (up to 1 ug/ml) and found no
increase in annexin V labeling (data not shown). These results
indicate that increased expression of BimL induces apoptosis of
WT, D-, and kin- S49 cells and imply that an inability of D- and
kin- cells to increase Bim expression in response to cAMP
accounts for their lack of cAAMP/PKA-promoted apoptosis.
Bim Expression Is Required for cAMP-mediated Apoptosis of
CD4"/CD8" Thymocytes—We isolated T cells from WT and
Bim ™/~ knockout mice (34) to determine whether the cAMP
pathway mediates apoptosis in primary isolates of different
populations of T cells. We found that CPT-cAMP significantly
increases apoptosis of WT CD4*"/CD8* thymocytes but has no
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FIGURE 6. Bim is required for CPT-cAMP-mediated apoptosis of CD4+/
CD8+ thymocytes. T cells were isolated from Bim */* (WT) and Bim /™ mice,
incubated with CPT-cAMP, and then assessed for apoptosis, as determined by
the expression of annexin V. A, representative annexin V histograms of CD4*/
CD8*-gated cell populations isolated from WT C57BI6 and Bim /™~ mice incu-
bated for 6 h and 12 h = 100 um CPT-cAMP. The solid lines indicate cells
treated with 100 um CPT-cAMP, and the dashed lines represent vehicle-
treated cells. Annexin V-positive gates are represented as solid lines above the
histograms. B, quantification of annexin V staining in CD4"/CD8" double-
positive and CD4*/CD8™ single-positive thymocytes shows enhanced CPT-
cAMP-promoted apoptosis of the double-positive cells. n = 3 replicates of a
representative experiment. *, p < 0.05; **, p < 0.005.

effect on Bim '~ CD4"/CD8™ thymocytes. Moreover, the apo-
ptotic sensitivity to CPT-cAMP is specific to CD4*/CD8™ dou-
ble-positive because WT and Bim ~/~ CD4"/CD8 " thymocytes
showed no response to CPT-cAMP (Fig. 6). Thus, PKA activa-
tion selectively increases the apoptosis of double-positive, i.e.
immature, thymocytes.

DISCUSSION

WT S49 cells, but not kin- cells that lack PKA activity, show
numerous changes in expression of transcripts in response to
treatment with CPT-cAMDP, thus indicating that such changes
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in S49 cells are mediated by PKA and not other cAMP-regu-
lated signaling pathways (e.g. Epac activation) (16). We also
identified transcripts of pro- and antiapoptotic genes that are
differentially regulated by CPT-cAMP treatment of WT and D-
S49 cells (7, 12). On the basis of their resistance to apoptosis but
not other effects of cAMP (17), the D- cells enabled us to focus
on transcripts that mediate proapoptotic effects of cAMP/PKA.
WT, but not D-, cells show up-regulation of the proapoptotic
gene Bim 24 h after CPT-cAMP treatment, suggesting that Bim
may mediate cAMP killing (7). The current data show that the
transcriptional regulation of Bim by PKA is likely to be an
important mechanism for cAMP-promoted apoptosis of S49
cells.

CD4"/CD8™ thymocytes (the phenotype as WT S49 cells
(35)) are more susceptible to a variety of death stimuli com-
pared with CD4 or CD8 single-positive cells (36). The current
findings support this idea because CD4"/CD8" thymocytes
display higher levels of basal apoptosis than do CD4*/CD8~
thymocytes. In vitro culture conditions likely induce the high
levels of basal apoptosis in CD4"/CD8* thymocytes (Fig. 6, 37,
38). In light of this, we modified culture conditions in an
attempt to increase thymocyte viability (i.e. by increasing IL7
and lowering glucose levels), but these maneuvers did not
improve viability (data not shown). CD4*/CD8" thymocytes
express high levels of the death receptor Fas (37, 39, 40). Acti-
vating the Fas pathway can induce apoptosis of CD4"/CD8*
thymocytes independent of activation or induction of Bim (37).

It has been postulated that double-positive thymocytes are
“primed for death” and contain mitochondria that are enriched
with activators of mitochondrial outer membrane permeabili-
zation (e.g BAX, BAK) (41). This priming renders the mito-
chondria more sensitive to exposure to BH3-only domain pro-
teins (such as Bim). The failure of Bim /" cells to prime their
mitochondria is postulated to result in the loss of negative
selection during T cell maturation and autoimmunity (36, 42).
Our results suggest that the cAMP/PKA pathway, which is con-
trolled by numerous extracellular signaling molecules through
G protein-coupled receptor activation, may contribute to the
negative selection of thymocytes.

Consistent with this idea, the innervation of the thymus by
the sympathetic nervous system increases postnatally (43). Lit-
tle is known, however, about the physiological role of this sym-
pathetic innervation. Studies in S49 cells suggest that sympa-
thetic nerve termini may trigger apoptosis of CD4%/CD8"
thymocytes by releasing neurotransmitters that increase intra-
cellular cAMP levels (e.g. norepinephrine), in turn activating
PKA and up-regulating Bim. Our results with thymocytes from
Bim knockout mice support this possibility (Fig. 6). cAMP/PKA
induces apoptosis in CD4"/CD8™ cells but not single-positive
cells. Such results suggest that increases in cAMP act via PKA to
promote the negative selection of CD4"/CD8™ cells in vivo.

Bim is regulated by transcriptional and posttranscriptional
events, including phosphorylation and ubiquitination (18). For
example, Bim can be phosphorylated by ERK and then targeted
for ubiquitin-mediated degradation, thereby protecting cells
from apoptosis (44). Results in S49 cells imply that cAMP/PKA
regulate Bim at the transcriptional level because apoptosis
commences 24 h after treatment with CPT-cAMP (Fig. 34), a
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time that correlates with accumulation of Bim protein (12). The
PKA-regulated transcription factors ATF1 and cAMP response
element-binding protein may regulate Bim. Using the RVista
analysis tool (45), we identify an evolutionarily conserved
cAMP response element approximately 1.5 kb upstream from
the transcriptional start site of Bim, suggesting that it may be
targeted by cAMP/PKA-regulated transcription factors.

The data shown here raise the possibility that Bim may con-
tribute to cAMP/PKA-mediated cell death in other settings
where activation of this signaling pathway induces apoptosis
(e.g cardiac myocytes (6) and chronic lymphocytic leukemia (8,
9)). However, further studies are required to test this idea. Glu-
cocorticoids also can induce Bim expression in lymphoid cells,
including S49 cells (12, 46 —48) and can promote apoptosis of
certain lymphoid cells. Such effects can be additive or synergis-
tic with cAMP/PKA (49, 50).

The current results thus demonstrate that the transcriptional
regulation of Bim is a key step in PKA-regulated apoptosis of
S49 cells and, by inference, other cell types in which cAMP/
PKA are proapoptotic. Altered transcriptional kinetics of Bim
also define the basis of the cAMP-deathless phenotype in D-
S49 cells. As such, these cells, as well as kin- cells, should be
useful in further studies of how cAMP/PKA control the tran-
scription of Bim as a forerunner of apoptosis initiated by
cAMP/PKA in S49 cells and potentially other cell types.
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