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Protein kinase A (PKA) or cAMP-dependent protein kinase
(cAPK)mediates the synergistic effects of cAMP- and glucocor-
ticoid (GC)-induced apoptosis in lymphoid cells. Using two
human acute lymphoblastic leukemia cell (CEM) clones with
respective GC-sensitive and GC-resistant phenotypes, we dis-
covered that the PKA regulatory subunit isoform RII� is prefer-
entially expressed in the GC-sensitive clone C7–14 cells,
whereas other intracellular cAMP receptors, including the
exchange proteins directly activated by cAMP (Epac), are
expressed at similar levels in both GC-sensitive and GC-resist-
ant clones. High RII� expression level in C7–14 cells is associ-
ated with elevated total PKA cellular activity and cAMP sensi-
tivity, which consequently lead to an increased basal PKA
activity. cAMPanalogs that selectively activate type II PKAreca-
pitulate the effects of forskolin of promoting apoptosis and
antagonizing AKT/PKB activity in both GC-sensitive and GC-
resistant clones, whereas type I PKA-selective agonists do not.
Furthermore, down-regulation of RII� leads to increased AKT/
PKB activation and enhanced GC resistance in C7–14 cells.
These results demonstrate that PKA RII� is responsible for
increased GC sensitivity, critical for cAMP-mediated synergis-
tic cell killing inCEMcells, andmay represent a novel therapeu-
tic target for GC-resistant lymphoid malignancy.

Glucocorticoids (GCs)3 induce apoptosis and/or cell growth
arrest in lymphoid cells andhave beenusedwidely as amainstay
therapy for lymphoid malignancies, especially for acute lym-
phoblastic leukemia (ALL) (1). Some ALL patients develop

resistance during therapy (secondary resistance) or without
prior use of GC (primary resistance), and either form coincides
with a poor prognosis (2–5). Although extensive studies have
revealed that defects in GC-GR signaling pathways, such as
impaired GR expression, GR mutation/isoform variants, and
target gene expression, can contribute to GC resistance (6), the
molecular basis ofmostGC resistance is still poorly understood
(7).GC resistance of several leukemia cell lines can be overcome
by increasing cellular cAMP levels (8). Results from our group
show that the proapoptotic effect of cAMP is mediated by the
classic intracellular cAMP receptor, protein kinase A (PKA)/
cAMP-protein kinase (cAPK), and not by the newly discovered
exchange protein directly activated by cAMP (Epac) (9).
PKA is a serine-threonine kinase that mediates cAMP regula-

tion for a variety of cellular processes (10). The PKA holoenzyme
contains twocatalytic (C) subunit and two regulatory (R) subunits.
There are two major isoforms of PKA, designated as PKA(I) and
PKA(II), due exclusively to differences in the R subunits, RI and
RII, that interact with an identical C subunit (11). Four different R
subunit genes,RI� (12),RI� (13),RII� (14), andRII� (15), havebeen
identified. Three C subunit genes, C�, C�, and C�, have also been
discovered. However, preferential expression of any of these C
subunits with either RI or RII has not been found (16). Themech-
anism underlying the synergy between PKA and GC is poorly
understood. It is not clear which PKA isoform(s) mediates the
synergistic effects of cAMP on GC-induced apoptosis, nor is it
completely understood upon which pathway(s)/effector(s) PKA
and GC converge to exert their effects.
In this study, we used human GC-sensitive and -resistant

CEM cells as model systems to investigate mechanisms of PKA
potentiated apoptosis. We report that RII� subunit of PKA is
reduced in GC-resistant cells, and this reduction/condition is
partially responsible for the decreased GC sensitivity.We dem-
onstrate that activation of PKA(II), but not PKA(I), recapitu-
lates the synergistic proapoptotic effect of cAMP through the
inhibition of the AKT/MCL-1 prosurvival pathway.

MATERIALS AND METHODS

Reagents—Dexamethesome and shRNA plasmids were pur-
chased from Sigma-Aldrich. Forskolin was purchased from
Alexis Biochemicals (San Diego, CA). Rp-cAMP and 2me, an
Epac activator, 8-piperidinoadenosine-cAMP, 8-hexylamino-
adenosinecAMP, N6-mono-tert-butylcarbamoyladenosine-
cAMP, 5,6-dichloro-1-�-D-ribofuranosylbenzimidazole-3�,5�-
cyclic monophosphorothioate Sp-isomer, and RP-8-CPTcAMPS
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were purchased from BIOLOG Life Science Institute (Bremen,
Germany). Triciribine (TCN) was obtained from the NCI,
National Institutes of Health, Developmental Therapeutics
program. AlmarBlue dye was purchased from BIOSOURCE
(Camarillo, CA).
Cell Culture—HumanCEM cell lines C7–14 and C1–15 cells

were grown in RPMI 1640 supplemented with 5% fetal bovine
serum (Invitrogen). The humanCEMcell linewas isolated from
a patient with acute lymphoblastic leukemia. Subclone C7–14,
sensitive toGC-evoked apoptosis, was derived from the original
sensitive C7 clone. Subclone C1–15, which was derived from
the original resistant C1 clone, remains resistant to GC.
Stable shRNA Transfection of C7–14 Cells by Lentiviral

Infection—Lentiviral supernatant was produced by transient
transfection of HEK293T cells (ATCC, Manassas, VA). A total
of 1�106 cells were seeded in a 6-well plate 24 h before trans-
fection. Transfection was performed by the Lipofectamine
method (Invitrogen), according to the manufacturer’s instruc-
tions. Plasmids used were the short hairpin RNAs in pLKO.1-
puro vector for 1.0 �g/well in a 6-well plate (Sigma-Aldrich).
The viral-containing supernatants were harvested 48 h after
transfection and filtered through a 0.45-�m filter unit. To
transduce CEM cells with lentivirus shRNAs, logarithmically
growing C7–14 cells were seeded at a density of 2�105 cells/
well in 6-well plates. 0.5ml of lentivirus suspension and 8�g/ml
of Polybrenewere added to RPMIwith 5% fetal bovine serum in
a total volume of 1 ml. Cells were allowed to incubate at 37 °C
for 12 h before removing themediumand replacingwith 2ml of
fresh RPMI for expansions of the transductants. 24 h after len-
tiviral infection, cells were selected with puromycin at 2.5
�g/ml for another 5 days before further experiments.
PKA Activity Assay—A radioisotopic method was used to

measure PKA activity in the cell lysate. The kinase reaction
mixture (50�l) contained 50mMMops (pH 7.0), 10mMMgCl2,
0.25 mg/ml bovine serum albumin, 0.1 mM peptide substrate
(kemptide), and 0.1 mM ATP at 100 cpm/pmol, cell lysate con-
taining 20 �g total proteins, and various concentrations of
cAMP. The reaction was pre-equilibrated at room temperature
for 10 min and initiated by adding the peptide substrate. Fol-
lowing a 10-min incubation, aliquots (45 �l) were withdrawn,
spotted onto discs of Whatman P81 paper, and immediately
immersed in 75mM phosphoric acid (10–20ml/sample) to ter-
minate the reaction. After washing three times in phosphoric
acid and oncewith ethanol, the discswere dried under a heating
lamp. Radioactivity was measured by liquid scintillation spec-
trometry. Background counts from reactions that did not con-
tain kemptide were subtracted.
Reverse Transcription-PCR (RT-PCR) Analysis—Cells (5 �

106) were lysed in TRIzol, RNA extraction was performed
according to a standard protocol supplied by the manufacturer
(Invitrogen, Inc.), and pellets were resuspended in RNase-free
water. The cDNA was transcribed with a Superscript RT III
based-protocol.
Immunoblotting Analysis—Protein concentration of cell lysates

was assayed with the Bradford protein assay (Bio-Rad). Equal
amounts of protein (5–30�g) were loaded onto 10% SDS-polyac-
rylamide mini-gels (Bio-Rad) and transferred to polyvinylidene
difluoridemembranes.Afterbeingblockedovernight in5%milk in

Tris-buffered saline-Tween, blots were incubated with primary
antibodies for 1.5 h followed by horseradish peroxidase-conju-
gated secondary antibody (1:4,000) for 45 min. Antigen-antibody
complexes were detected by enhanced chemiluminescence.
AlamarBlue Cell Viability Assay—Cell growth was determined

by either classic trypan blue assay or AlamarBlue assay. Cells were
seeded at a density of 10,000 cells (100 �l) per well in a 96-well
plate. The plates were incubated with drugs for 24–72 h.10 �l of
AlamarBluewas added to eachwell and incubated for 4 h at 37 °C.
AlamarBlue is a fluorescent substrate reduced by mitochondrial
enzyme activity in viable cells. Fluorescence intensity was deter-
mined using a Molecular Devices plate reader with an excitation
filter centered on 530 nm and an emission filter centered on 590
nm. Error bars in Figs. 1–4 indicate one standard deviation.

RESULTS

PKA Is Less Sensitive to cAMP-induced Activation in the GC-
resistant Leukemia Clone—We previously reported that total
cellular PKA activity under saturating cAMP concentration
was lower in GC resistance C1–15 cells than in GC-sensitive
C7–14 cells (9). To explore the mechanism of the apparent
differential PKA activities in CEM cells, we measured cellular
PKA activity as a function of cAMP concentration in vitro using
a sensitive radioactive method (17). In the absence of exog-
enously added cAMP, cellular lysates from C1–15 and C7–14
gave minimal PKA activities, suggesting that that most PKA
enzymes exist in the inhibited holoenzyme complex due to the
significant dilution of the endogenous basal cAMP during the
preparation of cell lysates (Fig. 1A). As expected, cellular PKA

FIGURE 1. Levels of PKA activity and isoform expression in C7–14 and
C1–15 cells. A, cellular PKA activity as a function of cAMP concentration
added to cell lysate. B, mRNA expression levels of PKA regulatory subunits
measured by RT-PCR. C, RII� protein expression levels measured by Western
blot. D, Epac1 and Epac2 mRNA expression levels measured by RT-PCR.
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activities increased in a sigmoid manner with increasing cAMP
concentrations. In addition, the cellular PKA activity under sat-
urating cAMP concentration in GC-resistant C1–15 cells was
lower than that in GC-sensitive C7–14 cells, confirming our
earlier study (9). Activation of PKA inGC-resistant C1–15 cells
was significantly less sensitive to cAMP than that in GC-sensi-
tive C7–14 cells (Fig. 1A). The cAMP concentration required to
activate 50% of PKA (AC50) in C1–15 cells was 0.45 � 0.02 �M,
whereas the AC50 in C7–14 cells was 0.15 � 0.01 �M. It is
known that the resting physiological cAMP concentrations are
within the range of 0.1–1.0�M (18). Therefore, we can conclude
from Fig. 1A that basal PKA activity in GC-sensitive cells is
higher than that in GC-resistant cells at physiological
conditions.
Reduced Expression of PKA RII� in GC-resistant Leukemia

Cell Line—There are four human PKA R subunit isoforms, RI�,
RI�, RII� and RII�, each with distinct cellular localization and
cAMP affinity. The observed difference in cAMP sensitivity in
CEMcells could arise from the differential expression of PKAR
isoforms in these cells. Therefore, we compared expression lev-
els of all four PKA R isoforms by RT-PCR between C1–15 and
C7–14 cells. Although the mRNA levels of RI� and RI� were
similar, the expression of RII� in C1–15 cells was dramatically
reduced as compared with that in C7–14 cells (Fig. 1B). No
expression of RII� was detectable in either C1–15 or C7–14
cells (data not shown). We confirmed the differential expres-
sion of RII� at the protein level in C1–15 and C7–14 cells using
a specific RII� antibody (Fig. 1C). In addition to PKAR subunits,
the exchange proteins directly activated by cAMP, Epac1 and
Epac2, are the other known intracellular cAMP receptors.
Their levels of expressionmay also affect PKA cAMP sensitivity
indirectly. We ruled out this possibility. As shown in Fig. 1D,
both Epac1 and Epac2were expressed at similar levels in C1–15
and C7–14 cells.
Decreased RII� Expression Enhances GC Resistance—To

determinewhether reduced expression of RII� is a contributing
factor for GC resistance, we suppressed the RII� expression in
C7–14 cells using lentivirus-mediated RII�-specific shRNAs.
GC sensitivity was examined thereafter. To eliminate the
potential off-target effects, two independent RII�-specific
shRNA constructs, as well as a non-targeting control shRNA
construct, were used. RT-PCR showed that RII� mRNA levels
were significantly reduced by both RII�-specific shRNAs (Fig.
2A). RII� knockdown in C7–14 cells was further confirmed by
Western blot, using RII�-specific antibodies (Fig. 2B). When
these cells were tested for their responses to GC-mediated cell
killing, RII� knockdown cells were found to bemore resistant to
dexamethasone (Dex) than C7–14 cells transduced with a con-
trol lentivirus shRNA (Fig. 2C). These results suggest that the
level of RII� expression is a significant contributing factor for
GC sensitivity in CEM cells.
Activation of PKA(II), Not PKA(I), Mediates the Synergistic

Effects of cAMP in Potentiating GC-evoked Apoptosis—The
finding that RII� is differentially expressed in C1–15 and
C7–14 cells suggests that RII� may be responsible for the
observed differences in cAMP sensitivity, as well as the syn-
ergistic killing effect of cAMP and GC. To test this hypoth-
esis, selective agonists for cAMP receptors were used in

combination treatment with GC. As expected, Epac activa-
tion by specific agonist 2me did not promote GC-evoked
apoptosis (Fig. 3). Selective PKA I or II agonist pairs were
used to activate PKA(I) or PKA(II), respectively (23, 24). As
shown in Fig. 3, activation of PKA(II) by N6-mono-tert-bu-
tylcarbamoyladenosine 3�, 5�-cyclic monophosphate/5,
6-dichlorobenzimi-dazole riboside 3�, and 5�-cyclic mono-
phosphoro-thioate Sp-isomer, and not PKA(I) by 8-piperidi-
noadenosine 3�, 5�-cyclic monophosphate/8-hexylamino-
adenosine 3�, and 5�-cyclic monophosphate, overcame GC
resistance in C1–15 cells and also showed synergistic killing
effects with GC in C7–14 cells, a result that recapitulated the
effects of forskolin. Similar to forskolin, PKA(II) agonists
also showed a slightly growth inhibitory effects on both CEM
cells. These results suggest that cAMP acts through PKA(II)
to promote GC-evoked apoptosis.
Inhibition of the AKT/MCL-1 Pathway, Downstream of

PKA, Mediates the Synergistic Apoptotic Effect between

FIGURE 2. Suppression of PKA RII� subunit expression by shRNAs reduces
Dex sensitivity in C7–14 cells. A, repression of RII� mRNA expression by
RII�-specific shRNAs as measured by RT-PCR. B, inhibition of RII� protein
expression levels by RII�-specific shRNAs as measured by Western blot. Lane 1,
control shRNA; lane 2, RII� shRNA1; and lane 3, RII� shRNA2. C, cell viability of
C7–14 cells transduced with control or RII�-specific shRNAs in the presence of
various Dex concentrations. p values were indicated by asterisks (relative to
control shRNA); two symbols, p � 0.01.
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cAMP and GC in CEM Cells—Although the connection
between cAMP and GC in synergistic killing of ALL cells has
been established for more than a decade, the underlying
mechanism is still elusive. Our earlier study indicates that
the proapoptotic effect of cAMP is mediated by PKA (9) and
that activation of PKA can lead to potent inhibition of AKT/

PKB (19), which is known for its antiapoptotic role in cancer
drug resistance. To determine whether inhibition of AKT
plays a role in mediating the synergistic proapoptotic effect
between cAMP and GC, we tested the effects of treating
CEM cells with forskolin and/or Dex on AKT activation by
monitoring the levels of phosphorylated AKT. Western blot
analysis using antibodies specific for phospho-AKT showed
that forskolin led to a significant decrease in AKT phospho-
rylation, whereas Dex alone had no effect (Fig. 4A). Inhibi-
tion of AKT phosphorylation by forskolin was mediated by
PKA as activation of Epac by an Epac-specific cAMP analog,
2me, enhanced AKT phosphorylation in both CEM cell lines
(Fig. 4B). Interestingly, the basal AKT phosphorylation level
is higher in GC-resistant C1–15 cells, which is in agreement
with the fact that C1–15 has a lower basal PKA activity.
Forskolin suppressed AKT phosphorylation in a dose-de-
pendent manner in both CEM clones, and inhibition of AKT
phosphorylation was less sensitive to forskolin in C1–15
cells than that in C7–14 cells (Fig. 4C), consistent with our
finding that PKA is less sensitive to cAMP activation in
C1–15 cells (Fig. 1A). To determine whether AKT inhibition
contributes to the synergistic apoptotic effect between
cAMP and GC, we treated CEM cells with an AKT-specific
inhibitor, TCN, with or without Dex cotreatment. As shown
in Fig. 4D, TCN, like forskolin, synergistically promoted GC-
evoked apoptosis in both CEM cell lines. These results con-
firmed that AKT inhibition is critical for the proapoptotic
effect of PKA.
Because activation of mTOR/MCL-1, downstream of AKT,

has been suggested to be a major contributing factor for GC
resistance in ALL, we hypothesized
that activation of PKA may over-
come GC resistance by down-regu-
lating the mTOR/MCL-1 pathway
through inhibitingAKT.To test this
hypothesis, we treated both C1–15
and C7–14 cells with forskolin
and/orDex. The expression levels of
MCL-1 in response to forskolin/
Dex treatments were then exam-
ined by Western blot analysis using
MCL-1-specific antibodies. Our
study showed that C1–15 cells
expressed a higher MCL-1 level as
compared with C7–14 cells and for-
skolin but not Dex significantly
reduced MCL-1 protein levels in
both CEM cell lines (Fig. 4E).
RII�/PKA(II) Activation Inhibits

AKT/MCL-1 Pathway—Since low
expression level of RII� is correlated
to high AKT/MCL-1 pathway activ-
ity, we hypothesize that RII� con-
tributes to GC sensitivity by down-
regulating AKT/MCL-1 pathway
activity. To test this hypothesis, we
knocked down RII� expression by
shRNAs in C7–14 cells and found

FIGURE 3. Activation of PKA(II) sensitizes CEM cells to GC treatment. Cell
viability of C7–14 and C1–15 cells after treatment with Dex and Dex in com-
bination with cAMP agonists selective for PKA(I), PKA(II), and Epac was meas-
ured. FSK, forskolin. p values were indicated by asterisks (relative to vehicle)
and pound signs (relative to Dex treatment); single symbol, p � 0.05; two sym-
bols, p � 0.01. Compound concentrations used are as following: Dex, 0.1 �M

for C7–14 and 1.00 �M for C1–15; forskolin, 10 �M; PKA agonists, 50 �M; 2me,
100 �M.

FIGURE 4. Activation of PKA inhibits AKT activation and MCL-1 levels in CEM cells. A, levels of phosphoryl-
ated AKT in response to Dex and/or forskolin treatment measured by Western blot using AKT phospho-specific
antibodies. B, levels of phosphorylated AKT in response to 8-CPT-2�-O-Me-cAMP (100 �M) treatment. C, levels of
phosphorylated AKT as a function of forskolin concentration. D, cell viability of CEM cells after treatment with
AKT inhibitor TCN and/or Dex. p values were indicated by asterisks (relative to vehicle) and pound signs (relative
to Dex treatment); two symbols, p � 0.01. E, levels of MCL-1 protein expression after Dex (0.1 �M for C7–14 and
1.00 �M for C1–15) and/or forskolin treatment as measured by Western blot using MCL-1-specific antibodies.
D, dexamethasone; F, forskolin; and DF, dexamethasone � forskolin. Total Akt level (as shown in panel A) was
used as a loading control. Compound concentrations used are as following unless specifically indicated: Dex,
0.1 �M for C7–14 and 1.00 �M for C1–15; forskolin, 10 �M; 2me, 100 �M; TCN, 5 �M.
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that AKT phosphorylation and MCL-1 protein levels were
increased (Fig. 5A) in response to RII� reduction. These
results further demonstrate that high levels of RII� play an
important role in repressing the AKT/MCL-1 pathway activ-
ity in GC-sensitive C7–14 cells. Consistent with this notion,
when CEM cells were treated with PKA isoform-specific
agonists, the levels of phosphorylated AKT and MCL-1 pro-
tein expression were reduced by PKA(II)-specific agonists
but not PKA(I)-specific agonists (Fig. 5B). Taken together,
these results suggest that RII�/PKA(II�) play a critical role in
regulating the AKT/MCL-1 pathway and in determining the
GC-sensitivity in CEM cells.

DISCUSSION

cAMP inhibits cell growth and synergistically promotes
GC-dependent apoptosis in lymphoid leukemia cells. Induc-
tion of Bcl-2-interacting mediator of cell death (BIM), inhi-
bition of the hedgehog pathway, and activation of p38MAPK
(mitogen-activated protein kinase) have been suggested as
playing roles in the synergistic proapoptotic effect between
cAMP and GC (9, 20, 21), but the precise mechanism and
determinants for the particular cAMP-mediated synergistic
effects are not clear. Our previous studies document PKA,
and not Epac, as the mediator of the synergistic proapoptotic
effects of cAMP (9). We report here that PKA activation in
the GC-sensitive C7–14 cells is more sensitive to cAMP than
that in GC-resistant C1–15 cells. Among all known intracel-
lular cAMP receptors, we also find a close connection
between PKA cAMP sensitivity and levels of RII� expression.
The expression level of RII� in C7–14 cells was substantially
higher than that of C1–15. RII� is normally present at high
levels in adipose, brain, and hematopoietic tissues (22). CEM
cell clones are at the early stages of T-lymphocyte matura-
tion (23). CEM C7–14 and C1–15 are subclones of CEM C7
and C1, respectively; these were obtained by soft agar clon-
ing, without selection, from the original CEM line (24). That
line was grown from peripheral blood lymphoblasts of a child
with ALL, who was in relapse after treatment that included
GC. The clones are karyotypically alike. Thus it seems likely
that the shift in RII� expression and consequent GC resist-
ance had been selected for in vivo, prior to in vitro culturing.

In agreement with our finding of the involvement of RII�
in regulating GC sensitivity in ALL cells, activation of
PKA(II) and not PKA(I) recapitulates the effects of the ade-
nyl cyclase stimulator forskolin; selective PKA(II) agonists

inhibit cell growth and strongly synergize with GC to induce
cell death in both GC-sensitive and GC-resistant CEM cells,
whereas selective PKA(I) agonists have no effects. PKA(I)
and PKA(II) have been shown to function distinctly in cell
proliferation and differentiation (10). PKA(I) expression is
induced when cells undergo proliferation due to physiolog-
ical stimulation, and overexpression of PKA(I) has been
observed in human cancer cell lines and primary tumors. On
the contrary, high expression levels of PKA(II), particularly
PKA(II�) were associated with differentiation and growth
arrest. Our study suggests that PKA(II) may also play a role
in drug resistance in cancer chemotherapy; PKA(II), when
activated, not only inhibits cell growth but also promotes
GC-induced cell apoptosis in CEM cells. Resistance in
response to GC is a strong prognostic marker in leukemia for
general sensitivity to chemotherapy. Thus PKA(II) agonists,
as a sensitizer of GC, potentially represent a new therapeutic
option for GC-resistant ALL patients.
Although PKA(II) activation alone only slows cell growth,

it strongly sensitizes cells to GC-dependent apoptosis.
Defective apoptosis is a hallmark of cancer (26), whereas the
ability to activate the apoptotic program is an important
determinant of efficacy for many anticancer drugs (27). We
therefore investigated the AKT/mTOR/MCL-1 signaling
pathway, which is known to be affected by cAMP/PKA. High
level expression of the antiapoptotic MCL-1 is correlated
with in vitro GC resistance in primary B-lineage leukemia
cells (28). The mTOR/MCL-1 pathway is critical for the GC
sensitivity in several leukemia cell lines, including CEM-C1
cells (29). In a recent report concerning the CEM subclone
C1–15, the GC-resistant clone we study herein, direct inhi-
bition of mTOR was shown to sensitize the cells to GC (30).
In B cells, activation of PKA leads a reduced expression of
MCL-1 protein (31). Consistent with these reports, we found
that PKA(II) activation inhibits the AKT/MCL-1 pathway,
whereas reduced RII� expression up-regulates AKT/MCL-1
in CEM cells. Since MCL-1 inhibition has been indicated to
be a major factor for GC resistance, these results suggest that
down-regulation AKT/MCL-1 by PKA(II) may play a impor-
tant role for mediating the synergy killing effects between
cAMP and GC. Taken together, these studies suggest that
PKA(II) may sensitize cells to GC-induced apoptosis by
inhibiting the AKT/MCL-1 pathway. These results, com-
bined with our earlier observations (9), suggest a mechanism
in which cAMP/PKA exerts its synergism with GC through
regulating AKT/MCL-1/Bim and hedgehog signaling in
CEM cells (Fig. 6). Although an understanding of the precise
mechanism by which cAMP/PKA(II) inhibits the AKT/
MCL-1 pathway in CEM cells will require further study, we
note that cAMP is capable of inhibiting translocation of
PDK1 to the plasma membrane and the lipid kinase activity
of phosphatidylinositol 3-kinase (25), both of which could
contribute to inhibition of AKT activity.
In conclusion, we show that RII�/PKA(II) is the major medi-

ator of cAMP to promote GC-induced apoptosis in ALL cells
and that activation of RII�/PKA(II) inhibits the AKT/mTOR/
MCL-1 prosurvival pathway. Therefore, RII�/PKA(II) repre-

FIGURE 5. RII�/PKA(II), but not PKA(I), regulates AKT/MCL-1 in CEM cells.
A, levels of phosphorylated AKT (P-AKT) and MCL-1 protein in C7–14 cells
transduced with control or RII�-specific shRNAs. B, levels of phosphorylated
AKT and MCL-1 protein in CEM cells after treatment with cAMP agonists selec-
tive for PKA(I) or PKA(II) Lane 1, vehicle control; lane 2, PKA(I) agonists; and lane
3, PKA(II) agonists.
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sent a novel therapeutic target for overcoming GC-resistant in
ALL patients.
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FIGURE 6. Mechanism of PKA(II)-mediated synergistic killing effect of
cAMP and glucocorticoid. In this study, we reveal a mechanism, represented
by the schematic diagram in black, showing that activation PKA(II) by cAMP
converges with the GC-mediated pathway eventually affecting downstream
Bim expression, to synergistically regulate cellular apoptosis in ALL cells. In
addition, our earlier studies (highlighted in gray) show that suppressing
hedgehog (Hh) pathway is another important component of the mechanism
of synergistic cell killing of lymphoid cells by GCs and cAMP. BIM, Bcl-2-inter-
acting mediator of cell death. GC, glucocorticoid; AC, adenylate cyclase; Ptch,
Patched; Smo, Smoothened.
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